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This book has been writcen co support students studying for AQA 
A Level Biology. The sections covered are shown in the contents list, 
which also shows you the page numbers for the main topics within 
each section. There is also an index at the back to help you find what 
you are looking for. If you are studying for AS Biology, you will only 
need to know the content in the blue box for the AS exams. 
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ALevel exams will cover content from Year 1 and Year 2 and will be at a 
higher demand. You will also carry out practical activities throughout 
your course. There are twelve required practicals: six from the AS and 
six A-Level. 
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Learning objectives 
' At the beginning of each 

topic, there is a list of 
learning objectives. 

' These are matched to the 
specification and allow you 
to monitor your progress. 

' A specification reference is 
also included. 
Specification reference: 3.1.1 

Synoptic link 

These highlight how the sections 
relate to each other. Linking 
different areas of biology together 
becomes increasingly important, 
and you will need to be able to 
do this. 

There are also links to the 
mathematical skills on the 
specification. More detail can be 
found in the maths section. 

Study tips 

Study tips contain prompts to 
help you with your revision. 

Hint 

Hint features give other 
information or ways of thinking 
about a concept to support your 
understanding . 

• 


This book contains many different features. Each feature is designed to 

foster and stimulate your interest in Biology, as well as supponing and 
developing the skills you will need for your examinations. 

Terms that you will need to be able to define and understand are 
shown in bold type within the text. 

Where terms are not explained within the same topic, they are 
highlighted in bold orange text. You can look these words up in 
the glossary. 

These features contain important and interesting applications of 
biology in order to emphasise how scientists and engineers 
have used their scientific knowledge and understanding to develop 
new applications and technologies. There are also application features to 
develop your maths skills, with the icon e. and to develop your practical 

skil ls, with the icon O· 

Extension features 

These features contain material that is beyond the specification 
designed to stretch and provide you with a broader knowledge and 
understanding and lead the way into the types of thinking and areas 
you might study in further education. As such, neither the detail nor 
the depth of questioning will be required for the examinations. But 
this book is about more than getting through the examinations. 

1 	 Extension and application features have questions that link the 
material with concepts that are covered in the specification. 
Answers can be found in the answers section at the 
back of the book. 

Summary questions 

1 	 These are short questions that test your understanding of the 
topic and allow you to apply the knowledge and skills you have 
aquired. The questions are ramped in order of difficulty. 

2 	 fi Questions that will test and develop your mathematical 
and practical skills are labelled with the mathematical symbol 
[fi) and the practical symbol [O J. 
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Introduction at the opening 

of each section summarises 

what you need to know. 
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Practice questions at the 

end of each chapter and 

each section, including 

questions that cover 

practical and maths skills. 

There are also additional 

practice questions at the 

end of the book. 
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at least 103 of your exam will 

involve mathematical skills. 

Practical skills section with 

questions for each suggested
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This book is supported by next generation Kerboodle, offering unrivalled digital 
support for independent study, differentiation, assessment, and the new practical 
endorsement. 

If your school subscribes to Kerboodle, you will also find a wealth of additional 
resources to help you with your studies and with revision: 

Study guides 

Maths skills boosters and calculation worksheets 

• On your marks activities to help you achieve your best 

• Practicals and fol low up activities to support the practical endorsement 

• Interactive objective tests that give question-by-question feedback 

• Animations and revision podcasts 

• Self-assessment checklists. 


Revise with ease using 
 - --­

If you are a teacher reading this, Kerboodle also has plenty of further 
assessment resources, answers to the questions in the book, and a digital 
markbook along with full teacher support for practicals and the worksheets, 
which include suggestions on how to support and stretch your students. All 
of the resources are pulled together into teacher guides that suggest a route 
through each chapter. 
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Chapter titles 
1 Biological molecules 

2 Nucleic acids 

Introduction 
Biology covers a wide field or informarion over a considerable size 
range. On the one hand it involves the movement of electrons in 
photosynthesis and on the ocher, the migrations o( popu lacions around 
the Earth. Jn the same way, living organisms have an extremely 
diverse range of form and function. 

This section explores the fundamenta l bui lding blocks of these 
organisms - the molecules o( which th eir cells are composed. Their 
cells are made up of only a few groups or molecu les that react 
chemically with each other in very simi lar ways. More importantly, 
these molecules are all based on carbon. 

Examples of biologically important carbon-based molecules that will 
be explored in this section: 

• 	 Carbohydrates that are a respiratory substrate from which cells 
release the energy required to carry out their runctions. They also 
have structural roles in cell walls, and form part of glycoproteins 
and glycolipids which act as recognition sites in plasma membranes. 

• 	 Lipids form a major component or plasma membranes. They also 
make up certain hormones and act as respiratory substrates. 

• 	 Proteins display a very diverse range of strucLUre and therefore 
function also. They too are found in plasma membranes but 
perhaps their most importanc role is as ell7.ymes. ln addicion they 
are chemical messengers with in and between cel ls as well as being 
important components of the blood, for cxamrle antibod ies. 

• 	 Nucleic acids such as deoxyribonucleic acid (DNA) carry genetic 
information that determines the s1 ructure of proteins. Others, 
like ribonucleic acid (RNA) have a role in the synthesis of these 
proteins. 

A review of biologically impor1an1 molecules would not be complete 
without a mention of water. IL is not a carbon-based molecule but, 
despite its simplicity, serves a wide range of roles in living organisms. 
It is the most common component of cells and all life as we know it 
relies on this simple molecule. 

Working scientifically 
The study of biological molecules provides many opportunities to carry 
out practical work and to develop practical skills. A required practical 
activity is an investigation into the effect of a named variable on the 



raLe of an enzyme-controlled rcacLion. In ca rrying ouL Lhis acLiviLy you 
should look Lo develop pracLical skills such as: 

• 	 using appropria te instrumentation Lo record quanLiLaLivc 
measurements 

• 	 using laborato ry glassware apparatus and qualitative reagents LO 

identify bio logical molecules 

• 	 identifying vMiablcs that must be controlled and calculating the 
uncertainty of the measurements you make 

• 	 conside ring margins of error, accuracy and precision of data. 

You will requ ire a range or mathematical ski lls, including th e abil ity 
to use a calculato r's logarithmic functions, to plot two variables from 
experimenta l data and draw and use the slope of a tangent to a curve 
as a measure o r ra te o r change. 

r 

What you already know 

While the material in this unit is intended to be self-explanatory, there is certain 
information rrom GCSE that will prove helpful ro the understanding of this section. 
This information includes: 

0 The glucose produced by plants during photosynthesis may be converted imo 
insoluble starch ror storage 

0 During aerobic respira tion chemica l reactions occur that use glucose and oxygen 
to release energy 

0 Some glucose in plan ts and a lgae is used to produce fa t for sto rage, and cellu lose 
which strengthens the cell wall and proteins 

0 	 Protein molecules a rc made up of long chains of amino acids. These long 
chains a rc folded to prod uce a specific shape tha t enables othe r molecu les to 
fit imo the pro tei n 

0 Pro teins act as structura l components of tissues such as muscles, hormones, 
antibod ies and catalysts 

0 Cata lysts increase the ra te of chemical reactions - biological catalysts arc 
proteins called enzymes 

0 The shape of an emyme is vital for its function. High temperatures change the 
shape or the emyme 

0 Differem enLymes work best at different pH values 

0 Some e117ymes work outside the body's cells 



Learning objectives 
-+ 	 Describe what a mole is, 

and what is meant by 
a molar solution. 

-+ 	 Explain bonding and the 
formation of molecules. 

-+ 	 Describe polymerisation 
and state what 
macromolecules are. 

-+ Describe condensation 
and hydrolysis. 

-+ Describe metabolism. 

Specification reference: 3.1.1 

Synoptic link 

Examples of Polynucleotides 
are given in Topic 2.1 and of how 
polypeptides are formed in Topics

I 8.4 and 8.5. 	 ) 
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Biological molecules are particular groups of chemicals that are found 
in living organisms. Their study is known as molecular biology. All 
molecules, whether biological or not, are made up of units called atoms. 

Bonding and the formation of molecules 
At0ms may combine with each other in a number of ways: 

• 	 Covalent bonding - atoms share a pair of electrons in their outer 
shells. As a result the outer shell of both atoms is filled and a more 
stable compound, called a molecule, is formed. 

• 	 Ionic bonding - ions with opposite charges attract one another. 
This electrostatic attraction is known as an ionic bond. For 
example, the positively charged sodium ion Na+ and negatively 
charged chloride ion CI- form an ionic bond ro make sodium 
chloride. Ionic bonds are weaker than covalent bonds. 

• 	 Hydrogen bonding - the electrons within a molecule arc not 
evenly distributed but tend to spend more time at one position. This 
region is more negatively charged than the rest of the molecule. 
A molecule with an uneven distribution of charge is said to be 
polarised, in other words it is a polar molecule. The negative 
region of one polarised molecule and the positively charged region 
of another attract each other. A weak electrostatic bond is formed 
between the two. Although each bond is individually weak, they 
can collectively form important forces that alter the physical 
properties of molecules. This is especially true for water. 

Polymerisation and the formation 
of macromolecuLes 
Certain molecules, known as monomers, can be linked together to 
form long chains. These long chains of monomer sub-units are called 
polymers and the process by which they arc formed is therefore 
called polymerisation. The monomers of a polymer are usually 
based on carbon. Many, such as polythene and polyesters, are 
industrially produced. Others, like polysaccharides. polypeptides and 
polynucleotides, are made naturally by living organisms. The basic 
sub-unit of a polysaccharide is a monosaccharide or single sugar 
(Topic 1.3). for example glucose. Polynucleotides are formed from 
mononucleotide sub-units. Polypeptides are formed by linking together 
peptides that have amino acids as their basic sub-unit (Topic 1.6). 

Condensation and hydrolysis reactions 
Tn the formation of polymers by polymerisation in organisms, each 
time a new sub-unit is attached a molecule of water is formed. 
Reactions that produce water in this way arc termed condensation 
reactions. Therefore the formation of a polypeptide from amino acids 
and that of the polysaccharide starch from the monosaccharide glucose 
are both condensation reactions . 



Polymers can be broken down through the addition of water. Water 
molecules are used when breaking the bonds that link the sub-units 
of a polymer, thereby splitting the molecule into its constituent parts. 
This type of reaction is called hydro lysis ('hydro'= water; 'lysis' = 
splitting). Thus polypeptides can be hydrolysed into amino acids, and 
starch can be hydrolysed into glucose. Figure l summarises atomic and 
molecular organisation. 

EXAMPLES INCLUDE 

CONDENSATION1 
NUCLEOTIDES MONOSACCHARIDES 

HYDROLYSISt 
POLYNUCLEOTIDES POLYSACCHARIDES 

(NUCLEIC ACIDS) (CARBOHYDRATES) 

.A. Figure 1 Summary ofatomic and molecular organisation 

Metabolism 
All the chemical processes that take place in living organisms are 
collectively called metabolism. 

The mole and molar solution 
The mole is the SI unit for measuring the amount of a substance and is 
abbreviated ro mol. 

One mole contains the same number of particles as there are in 12g 
of carbon-12 atoms e2C). l2g of carbon-12 atoms contain 6.022 x 1023 

carbon atoms. 6.022 x I 023 is called the Avogadro number or Avogadro 
constant. 

A m olar solution (M) is a solution that contains one mole of solute in 
each litre of solution. A mole is the molecular mass (molecular weight) 
expressed as grams (=one gram molecular mass). 

As an example, to make a molar solution of sodium chloride we must 
first find its molecular mass. 

The chemical formula for sodium chloride is NaCl, which means that 
a molecule of sodium chloride contains one sodium atom and one 
chlorine atom. The atomic weight of sodium (Na) is 23 while that 
of chlorine (Cl) is 35.5. The molecular mass of NaCl is therefore 
Na (23) +Cl (35.5) =NaCl (58.5). 

Therefore, a I M solution of sodium chloride contains 58.5 grams 
of sodium chloride in I litre of solution. 

• 




1.1 Introduction to biological molecules 

Atoms, Isotopes and t he formation of ions 

Atoms 

Atoms are the smallest units of a chemical element that 
can exist independently. An atom comprises a nucleus 
that contains particles called protons and neutrons 
(the hydrogen atom is the only exception as it has 
no neutrons]. Tiny particles called electrons orbit the 
nucleus of the atom. The main features of these sub­
atomic particles are: 

• 	 Neutrons - occur in the nucleus of an atom and have 
the same mass as protons but no electrical charge. 

• 	 Protons - occur in the nucleus of an atom and 
have the same mass as neutrons but do have a 
positive charge. 

• 	 Electrons - orbit in shells around the nucleus but a 
long way from it. They have such a small mass that 
their contribution to the overall mass of the atom is 
negligible. They are, however, negatively charged and 
their number determines the chemical properties of 
an atom. 

In an atom the number of protons and electrons is the 
same and therefore there is no overall charge. 

Two important terms are: 

• 	 the atomic number - the number of protons in an atom 

• 	 the mass number - the total number of protons and 
neutrons in an atom. 

The atomic structure of three biological elements is given 
in Figure 2. 

Isotopes 

While the number of protons in an element always 
remains the same, the number of neutrons can vary. 
The different types of the atom so produced are cal led 
isotopes. Isotopes of any one element have the same 
chemical properties but differ in mass. Each type is 
therefore recognised by its different mass number. 
Isotopes, especially radioactive ones, are very useful 
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in biology for tracing the route of certain elements in 
biological processes and for dating fossils. 

HYDROGEN 
atomic nucleus 

proton ' \(posrtlvely charged) __,' I 

electron /, 
~~~~~:;e~~~~~)/,_ --­
orbit around the 
nucleus 

electron shell / 

atomic number 

number of protons 

number of neutrons 0 

number of electrons 

mass number 

CARBON 
... - -- ....,,atomic number 6 ~ ... -- ......,I ' ,number of protons 6 I ' 

I ' number of neutrons 6 I 
I 

~ n 
Inumber of electrons 6 

I 

® " 
I 

\ 

mass number 12 ' 0 , '1- ... ---, 

OXYGEN 
, ...- --- ­, , ... Q.

atomic number 8 , .... -- ... 
8 	 ' Inumber of protons ~ 

IJ 
number of neutrons 8 I I 

n 

I 

CID 
' \ 

'->Inumber of electrons 8 I 

JI mass number 16 	 ,-\a , 
---- .0- ' 

.A. Figure 2 Atomic structure ofthree 
commonly occurring biological elements 



The formation of ions 	 an additional electron it becomes a negatively 
charged chloride ion, written as c1-. 

If an atom loses or receives an electron it becomes an ion. 
More than one electron may be lost or received, for 

• 	 The loss of an electron leads to the formation of a example the loss of two electrons from a calcium atom 
positive ion, for example, the loss of an electron forms the calcium ion, Ca2•.1ons may be made up of more 
from a hydrogen atom produces a positively charged than one type of atom, for example a sulfate ion is formed 
hydrogen ion, written as W. when one sulfur atom and four oxygen atoms receive two 

• 	 The receiving of an electron leads to the formation of electrons and form the sulfate ion, S04 
2- . 

a negative ion, for example, ifa chlorine atom receives 

1 	 a Name the element that contains one proton and one electron. 


b If an atomic particle with no overall charge is added to this element, state which general term can be used 

to describe the new form of the element. 

c Determine by what percentage the element's mass number is altered by the addition of this new particle. 

d Determine how the atomic number is affected by the addition of this new particle. 

2 	 a State what is formed ifa negatively charged particle is removed from a hydrogen atom. 


b State how the mass number is changed by the removal of this negatively charged particle . 


• 




Learning objectives 
-+ 	 Describe how carbohydrates 

are constructed. 

-+ 	 Describe the structure of 
monosaccharides. 

-+ 	 Describe how to carry out the 
Benedict's test for reducing 
and non-reducing sugars. 

Specification reference: 3.1.2 

Hint 

In biology certain prefixes are 
commonly used to indicate 
numbers. There are two systems, 

one based on Latin and the 
other on Greek. The Greek terms 
which are used when referring to 
chemicals are: 

• mono - one • penta - five 

• 	 di - two • hexa - six 

• 	 tri - three • poly- many 

• 	 tetra - four 

0H 	 H 

HO 	 OH 

a-glucose 

0 OHH 

HHO 

p-glucose 

A Figure 1 Molecular arrangemenrs 
of a-glucose and {3-glucose ljive carbon 
atoms at the inrersection ofthe lines 
and one at the end ofthe vertical line at 
the tap have been omitted for simplicity. 
Each line represenrs a covalent bond) 
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As rhe word suggests, carbohydrates are carbon molecules (carbo) 
combined with water (hydrate). Some carbohydrate molecules are 
small while others are large. 

Life based on carbon 
Carbon atoms have an unusual feature. They very readily form bonds 
with other carbon atoms. This allows a sequence of carbon atoms of 
various lengths tO be built up. These form a 'backbone' along which 
other atoms can be attached. This permits a large number of different 
types and sizes of molecule, all based on carbon. The variety of life that 
exists on Earth is a consequence of living organisms being based on 
the versatile ca rbon atom. Carbon-containing molecules are known as 
organic molecules. In living organ isms, there arc relatively few other 
atoms that attach to carbon. Life is therefore based on a sma ll number 
of chemical elements. 

The making of large molecules 
Many organic molecules. including carbohydrates, arc made up of a 
chain of individual molecules. Each of the individual molecules that 
make up these chains is given the general name monomer. Examples 
of monomers include monosaccharides. amino acids and nucleotides. 
Monomers can join together to form long chains called polymers. 
How this happens is explained in Topic 1.3. Biological molecules like 
carbohydrates and proteins are often polymers. These polymers are 
based on a surprisingly small number of chemical elements. Most are 
made up of just four elements: carbon, hydrogen, oxygen and nitrogen. 

In carbohydrates. the basic monomer unit is a sugar, otherwise known as 
a saccharide. A single monomer is therefore called a monosaccharide. 
A pair of monosaccharides can be combined to form a disaccharide. 
Monosaccharides can also be combined in much larger numbers to 
form polysaccharides. 

Monosaccharides 
Monosaccharides are sweet- tasting, soluble substances that have the 
general formula (CH2 0),,, where n can be any number from three 
to seven. 

Examples of monosaccharides include glucose, galactose and fructose. 
Glucose is a hexose (6-carbon) sugar and has the formula C6H120 6. 

However, the acorns of carbon, hydrogen and oxygen can be arranged 
in many different ways. For example, glucose has two isomers ­
a-glucose and J3-glucose. Their structures are shown in Figure 1. 

Test for reducing sugars 8 
All monosaccbarides and some disaccharides (e.g., maltose) are reducing 
sugars. Reduction is a chemical reaction involving rhe gain of electrons 
or hydrogen. A reducing sugar is therefore a sugar that can donate 
electrons to (or reduce) another chemical, in this case Benedict's reagent. 
The test for a reducing sugar is therefore known as the Benedict's test . 



IBenedict's reagent is an alkaline solution of copper(D) sulfate. When a 
reducing sugar is heated wich Benedict's reagent it forms an insoluble 
red precipitate of coppe r( I) oxide. The test is carried out as follows: 

• 	 Add 2 cm 3 of the food sample to be tested to a test tube. If the 
sample is not already in liquid form, first grind it up in water. 

• 	 Add an equal volume of Benedict's reagent. 

• 	 Heat the mixture in a gently boiling water bath for five minutes. 

Study tip 

The Benedict's test may be a 
practical exercise but be certain to 
learn the details of the procedure. 
Add Benedict's and look for a red 

colour' is not enough. 

Food sample dissolved Equal volume of Heated in water bath. 
in water. Benedict's reagent If reducing sugar present 

added. solution turns orange- brown. 

I).. 

.&. Figure 2 The Benedict's test 

.&. Figure 3 Ifa reducing sugaris present
Summary questions on orange-brown colouris formed 

1 	 Large molecules often contain carbon. Explain why this is. 

2 	 State the general name for a molecule that is made up of many similar 

repeating units. 


3 	 9 Explain why Benedict's reagent turns red when heated with a 


reducing sugar. 


Semi-quantitative use of the Benedict's test 9 
Table 1 shows the relationship between the The Benedict's test was carried out on five food samples. 

concentration of reducing sugar and the colour of the The results are shown in Table 1. 

solution and precipitate formed during the Benedict's 
 'YTable 1 
test. The differences in colour mean that the Benedict's 
test is semi-quantitative, that is it can be used to 
estimate the approximate amount of reducing sugar 
in a sample. 

0 dark brown 
E yellowish green 

1 List the letters in sequence of the increasing 

amount of reducing sugar in each sample. 


2 Suggest a way, other than comparing colour 

changes, in which different concentrations of 

none very low low medium high reducing sugar could be estimated. 

.&. Figure 4 Results of Benedict's test according 3 Explain why it is not possible to distinguish 

to the concentration ofreducing sugar present between very concentrated samples, even when 
their concentrations are different. 

• 




Learning objectives 
' Explain how monosaccharides 

are linked together to form 
disaccharides. 

' Describe how a-glucose 
molecules are linked to 
form starch. 

' Describe the test for 
non-reducing sugars. 

' Describe the test for starch. 

Specification reference: 3.1.2 

Study tip 

Be clear about the difference 
between the terms 'condensation' 
and 'hydrolysis'. Both involve the 
use of water in reactions. However, 
condensation is the giving out of 
water in reactions while hydrolysis 
is the taking in of water to split 
molecules in reactions. 

Hint 

To help you remember that 
condensation is giving out water, 
think of condensation when you 
breathe out on a cold morning. This 
is water that you have given out in 
your breath. 
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In Topic 1.2 we saw that in carbohydrates, the monomer unit is 
called a monosaccharide. Pairs of monosaccharidcs can be combined 
to form a disacch aride . Monosaccharides can also be combined in 
much larger numbers to form po lysaccha rides. 

Disaccharides 
When combined in pairs, monosaccharides form a disaccharide. 
For example: 

• Glucose joined to glucose forms maltose. 

• Glucose joined to fructose forms sucrose. 

• Glucose joined to galactose forms lactose. 

When the monosaccharides join, a molecu le of water is removed and 
the reaction is therefore called a con densation reaction. The bond 
that is formed is called a glycosidic bond . 

When water is added to a disaccharide under suitable conditions, it 
breaks the glycosidic bond releasing the constirnenr monosaccharides. 
This is called hydrolysis (addition or water that causes breakdown). 

Figure la) illustrates the formation of a glycosidic bond by the removal 
of water (condensation reaction). Figure I b) shows the breaking of the 
glycosidic bond by the addition of water (hydrolysis reaction). 

a Formation ofglycosidic bond by removal ofwater (condensation reaction) 

a-glucose a-glucose maltose 

U--------Uco~'ob-ob 

HO OH HiO OH HO O OH ......~ 

i ~ 
H•o glycosidic bond 

2 

b Breaking ofg/ycosidic bond by addition of water (hydrolysis reaction) 

maltose a-glucose a-glucose 

HO~-cx~Hci.H
u.H 
•---L---,

H 0 ' 


~ .? .J 

.A. Figure 1 Formation and breaking afa glycosidic bond by condensation and hydrolysis 

Test for non-reducing sugars f) 
Some disaccharides (e.g. maltose) arc reducing sugars. To detect these 
we use the Benedict's test, as described in Topic l .2, Carbohydrates ­
monosaccharides. Other disaccharides, such as sucrose, arc known 



as non-reducing sugars because they do not change the colour of 
Benedict's reagent when they are heated with it. In order to detect a 
non-reducing sugar it must first be hydrolysed into its monosaccharide 
components by hydrolysis. The process is carried out as follows: 

• 	 If the sample is not already in liquid form, it must first be ground up 
in water. 

• 	 Add 2 cm3 of the rood sample being tested to 2 cm3 of Benedict's 
reagent in a test tube and filter. 

• 	 Place the test tube in a gently boiling water bath for 5 minutes. If 
the Benedict's reagent does not change colour (the solution remains 
blue), then a reducing sugar is not present. 

• 	 Add another 2 cm 3 or the food sample to 2 cm3 of dilute hydrochloric 
acid in a test tube and place the rest tube in a gently boiling water 
bath for five minutes. The dilute hydrochloric acid will hydrolyse 
any disaccharide present into its constituent monosaccharides. 

• 	 Slowly add some sodium hydrogencarbonate solution to the test 
tube in order to neutralise the hydrochloric acid. (Benedict's reagent 
will not work in acidic conditions.) Test with pH paper to check that 
the solution is a lkaline. 

• 	 Re-test the resulting solution by hearing it with 2 cm3 of Benedict's 
reagent in a gently boiling water bath (or five minutes. 

• 	 If a non-reducing sugar was present in the original sample, the 
Benedict's reagent will now turn orange- brown. This is due to the 
reducing sugars that were produced from the hydrolysis of the 
non-reducing sugar. 

Polysaccharides 
Polysaccharides are polymers, formed by combining together many 
monosaccharidc molecules. The monosaccharides are joined by 
glycosidic bonds that were formed by condensation reactions. 
As polysaccharides arc very large molecules, they are insoluble. This 
feature makes them suitable for st0rage. When they are hydrolysed, 
polysaccharides break down into disaccharides o r monosaccharides 
(Figure 2). Some polysaccharides, such as cellulose (see Topic 1.4), 
are not used for storage but give structural support tO plant cells. 

polysaccharide 

i 
C>-C> C>-C> C>-C> C>-C> C>-C> d1sacchande 

i 
C> C> 0 C> C> C> C> C> C> C> monosaccharide 

• Figure 2 The hydrolysis ofo polysocchoride into disocchorides and monosocchorides 

Starch is a polysaccharide chac is found in many pans of plants in 
the form of small granules or grains, for example starch grains in 
chloroplasts. le is formed by the joining of between 200 and I00 000 
a-glucose molecules by glycosidic bonds in a series of condensation 
reactions. More details or starch and its functions are given in 
Topic 1.4. 

Hint 

Polysaccharides i llustrate an 

important principle: that a few 

basic monomer units can be 

combined in a number of different 

ways to give a large range of 

different biological molecules. 

• 




1.3 Carbohydrates - disaccharides and polysaccharides 

1 Two drops or iodine solution 

added to test solutt0n 


2 If starch is present 1t turns 
the iodine a blue black colour 

• 	 Figure 3 Test for starch 

• 


Test for starch 
Starch is easily detected by its ability to change the colou r of the iodine 
in potassium iodide solution from yellow to blue-black (Figure 3). 
The test is carried out at room temperature. The test is carried out 
as follows: 

• 	 Place 2 cm3 of tbe sample being tested into a test tube (or add two 
drops of the sample into a depression on a spotting tile). 

• 	 Add two drops of iodine solution and shake or stir. 

• 	 The presence of starch is indicated by a blue-black coloration. 

Summary questions 

1 	 Identify which one, or more, monomer units make up each of the 

fol lowing carbohydrates. 


a 	 lactose 

b 	 sucrose 

c 	 starch 

2 	 Glucose (C H 0 ) combines with fructose (C 0 ) to form the 
6 12 6 6

H12 6
disaccharide sucrose. From your knowledge of how disaccharides are 
formed, deduce the formula of sucrose. 

3 	 OTo hydrolyse a disaccharide it can be boiled with hydrochloric acid 

but ifhydrolysis is carried out by an enzyme a much lower 

temperature (40 •c) is required. Explain why . 




In organisms, a wide range of different molecules with very different 
properties can be made from a limited range of smaller molecules. 
What makes the larger molecules different is the various ways in 
which the smaller molecules arc combined to form them and small 
differences in the monomers used. You will look at some of these 
larger molecules by considering three important polysaccharides. 

Starch 
Starch is a polysaccharide that is found in many parts of a plant in 
the form of sma ll grains. Especially large amounts occur in seeds 
and storage organs, such as potato tubers. It forms an important 
component of food and is the major energy source in most diets. 
Starch is made up of cha ins of a-glucose monosaccharides linked by 
glycosidic bonds that are formed by condensation reactions . 
The chains may be branched or unbranched. The unbranched chain is 
wound into a tight coil that makes the molecule very compact. 
The structure of a starch molecule is shown in Figure 1. 

Stains deep blue with iodine solution 
20'.}-5CXX) a-glucose units/molecule 
unbranched helical chain. 

a -glucose 
molecules 

The OH groups are 
pointing inwards and 
these form the 
hydrogen bonds. That 
hold the helix m place. 

A Figure 1 Structure of a starch molecule 

The main role of starch is energy storage, something its structu re is 
especially su ited for because: 

• 	 it is insoluble and therefore doesn't affect water potential, so water 
is not drawn into the cells by osmosis 

• 	 being large and insoluble, it does not diffuse out of cells 

• 	 it is compact, so a lot of it can be srored in a small space 

• 	 when hydrolysed it forms a-glucose, which is both easily 
transported and readily used in respiration 

• 	 the branched form has many ends, each of which can be acted on 
by enzymes simultaneously meaning that glucose monomers arc 
released very rapidly. 

Starch is never found in animal cells. Instead a similar polysaccharide, 
called glycogen, serves the same role. 

Learning objectives 
-+ 	 Explain how a-glucose 

monomers are arranged to 
form the polymers of starch 
and glycogen. 

-+ 	 Explain how J3-glucose 
monomers are arranged to 
form the polymer cellulose. 

-+ 	 Explain how the molecular 
structures of starch, glycogen 
and cellulose relate to their 
functions. 

Specification reference: 3.1.2 

A Figure 2 False colour scanning 
electron micrograph {SEM} ofstarch 
grains {blue] in the cells of a potato. 
Starch is a compact storage material. 

• 




1.4 Starch, glycogen and cellulose 

Glycogen 
Glycogen is found in animals and bacteria but never in plant cells. 
Glycogen is very similar in structure to starch but has shorter chains 
and is more highly branched. It is sometimes called 'animal starch' 
because it is the major carbohydrate storage product of animals. 
In animals it is stored as small granules mainly in the muscles and 
the Liver. The mass of carbohydrate that is stored is relatively small 
because fat is the main storage molecule in animals. Its structure suits 
it for storage because: 

• 	 it is insoluble and therefore docs not tend to draw water into the 
cells by osmosis 

• 	 being insoluble, it does not diffuse oul of cel ls 

• 	 it is compact, so a lot of it can be stored in a small space 

• 	 It is more highly branched than starch and so has more ends that 
can be acted on simultaneously by enzymes. It is rherefore more 
rapidly broken down to form glucose monomers, which are used 
in respiration. This is important to an ima ls which have a higher 
metabolic rate and therefore respiratory rate than plants because 
they are more active. 

Cellulose 
Cellulose differs from starch and glycogen in one major respect: it is 
made of monomers of j3-glucose rather than a-glucose. This seemingly 
small variation produces fundamental differences in the structure and 
function of this polysaccharide. 

Rather than forming a coiled chain like starch, cellulose has straight, 
unbranched chains. These run parallel to one another, allowing 
hydrogen bonds (Topic 1.6, Proteins) to form cross-linkages 
between adjacent chains. While each individual hydrogen bond 
adds very little to the strength of the molecule, the sheer overall 
number of them makes a considerable contribution to strengthening 
cellulose, making it the va luable structural materia l that it is. The 
a rrangement of /3-gl ucose cha ins in a cellulose molecu le is shown in 
Figure 3. 

Simpllhed represenlat1on of the arrangement of glucose chains 

i=-=--=-- hydrogen The cellulose chain, unlike that of starch. has , ~, ~. ' bonds 
adjacent glucose molecules rotated by 180".

forming This allows hydrogen bonds to be formed 
cross between the hydroxyl (-OH) groups on
bndges 

ad)ilcent parallel chains that help to give 
cellulose its structural stabthly.·---- ' ·---- .0-glucose molecules 


2 The OH groups

H '9_1jj ~CHO~H i>1CH 

20: !9-l:IJ 0: occur on both sides 
of the molecule ··- :oi::r .---­·0.1:1; H --- , H :Q_l:lj H and so 11 can form 


0 0 hydrogen bonds 

0 with other chains 


<1111 Figure 3 Structure of a 
CH 0H H I9.8J CH 0H H :Q8J on both sides. 

2 2	 cellulose molecule 

• 




The cellulose molecules are grouped together to form microfibrils 
(Figure 4) which, in turn, are arranged in parallel groups called fibres. 

Cellulose is a major component of plant cell walls and provides 
rigidity to the plant cell. The cellulose cell wall also prevents the cell 
from bursting as water enters it by osmosis. It does this by exerting 
an inward pressure that stops any further influx of water. As a result, 
living plant cells are turgid and push against one another, making 
non-woody parts of the plant semi-rigid. This is especially important in 
maintaining stems and leaves in a turgid state so that they can provide 
the maximum surface area for photosynthesis. 

In summary, the structure of cellulose is suited to its function of 
providing support and rigid ity because: 

• 	 cellulose molecules arc made up of /3-glucose and so form long 
stra ight, unbranched chains 

• 	 these cellulose molecu lar chains run parallel to each other and are 
crossed linked by hydrogen bonds which add collective strength 

• 	 these molecules are grouped to form microfibrils which in turn are 
grouped to form fibres a ll of which provides yet more strength. 

A Figure 4 Structure ofo cellulose microfibril 

Summary questions 

From the fol lowing list of carbohydrates choose one or more that most 
closely fit each of the statements below. Each carbohydrate may be used 
once, more than once, or not at all. 

a-glucose starch cellulose {3-glucose glycogen 


1 Stains deep blue with iodine solution. 


2 Is known as 'animal starch'. 


3 Found in plants. 


4 Are polysaccharides. 


5 Monosaccharide found in starch. 


6 Has a structural function. 


7 Can be hydrolysed. 


8 Easily moves in and out of cells by facilitated diffusion. 


Synoptic link 

More detail of the cell wall in 
plants is given in Topic 3.4 and its 
importance in supporting non­
woody plant tissues is discussed j 
in Topic 4.3. _ 

• 




Learning objectives 
' 	 Describe the structure of 

triglycerides and how this 
relates to their function. 

' 	 Describe the roles of lipids. 

' 	 Describe the structure of 
a phospholipids and how this 
relates to their function. 

' 	 Describe the test for a lipid. 

Specification reference: 3.1.3 

Hint 

Fats are generally made of saturated 
fatty acids, while oils are made of 
unsaturated ones. 

Fats are solid at room temperature 
( 10-20 •c). whereas oils are liquid. 
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Lipids are a varied group of substances that share the following 
characteristics: 

• 	 They contain carbon, hydrogen and oxygen. 

• 	 The proportion of oxygen to carbon and hydrogen is smaller than 
in carbohydrates. 

• 	 They are insoluble in water. 

• 	 They are soluble in organic solvents such as alcohols and acetone. 

The main groups of lipids are triglycerides (fats and oils) and 
phospholipids. 

Roles of lipids 
Lipids have ma ny roles, one role of lipids is in the cell m embran es 
(cell-surface membranes and membranes around orga nel les) . 
Phospholipids contribute to the flexibility of membranes and the 
transfer of lipid-soluble substances across them. Other roles of 
lipids include: 

• 	 so urce of en ergy. When oxidised, lipids provide more than twice the 
energy as the same mass or carbohydrate and release valuable water. 

• 	 waterp roofing. Lipids are insoluble in water and therefore useful 
as a waterproofing. Both plants and insects have waxy, lipid cuticles 
that conserve water, while mammals produce an oily secretion from 
the sebaceous glands in the skin. 

• 	 insulation . Fats are slow conductors or heat and when swred 
beneath the body surface help to retain body heat. They also act as 
electrical insulators in the myelin sheath around nerve cells. 

• 	 p rotect ion. Fat is often stored around delicate organs, such as 
the kidney. 

Fats arc solid at room temperature (10-20 °C) whereas oils are liquid. 

Triglycerides 
Triglycerides are so called because they have th ree (tri) fatty acids 
combined with glycerol (glyceride). Each fa tty acid forms an ester bond 
with glycerol in a condensation reaction (Figure l ). Hydrolysis of a 
triglyceride therefore produces glycerol and rhree fatty acids. 

Hooc---i fatty acid 1 I CH2ooc -J fatty acid 1 I 
I 

HOOC~CH OOC --i fatty acid 2 I+ 3H20 

I 
HOoc---i fatty acid 3 CH200C-j fatty acid 3 I 

glycerol + 3 fatty acids ~ triglyceride + 3 water 

• Figure 1 The formation of a triglyceride. The three fatty acids may all be the same, 
thereby forming asimple triglyceride, or they may be diff erenr, in which case a mixed 
triglyceride is produced. In either case it is a condensation reaction 



As the glycerol molecule in all triglycerides is the same, the differences 
in the properties of different fats and oils come from variations 
in the fatty acids. There are over 70 different fatty acids and all have a 
carboxyl (-COOH) group with a hydrocarbon chain attached. If 
this chain has no carbon-carbon double bonds, the fatty acid is then 
described as saturated, because all the carbon atoms are linked to the 
maximum possible number of hydrogen atoms, in other words they 
are saturated with hydrogen atoms. If there is a single double bond, it 
is m ono-unsaturated - if more than one double bond is present, it is 
polyunsaturated . These differences are illustrated in Figure 2. 

The structure of trig lycerides related to their properties 
• 	 Triglycerides have a high ratio of energy-storing carbon-hydrogen 

bonds to carbon atoms and are therefore an excellent source 
of energy. 

• 	 Triglycerides have low mass to ene rgy ratio, making th em good 
storage molecules beca use much energy can be stored in a sma ll 
volume. This is especia lly bene fi cial to animals as it red uces the 
mass they have to carry as they move around. 

• 	 Being large, non-polar molecules, triglycerides are insoluble in 
water. As a result their storage does not aftect osmosis in cells or 
the water potential of them. 

• 	 As they have a high ratio of hydrogen to oxygen acorns, triglycerides 
release water when oxidised and therefore provide an important 
source of water, especially for organisms living in dry deserts. 

Phospholipids 
Phospholipids are similar to lipids except that one of the fatly acid 
molecules is replaced by a phosphate molecule (Figure 3). Whereas 
fatty acid molecules repel water (are hydrophobic), phosphate 
molecules attract water (are hydrophilic). A phospholipid is therefore 
made up of two pans: 

• 	 a hydrophilic 'head', wh ich interacts with water (is auracted to it) 
but not with [at 

• 	 a hydrophobic 'ta il', which orients itself away from water but 
mixes read il y w ith fat. 

Molecules that have two ends (poles) that behave differently in 
this way are said to be polar. This means that w hen these polar 
phospholipid molecules are placed in water they position themselves 
so that the hydrophilic heads are as close to the water as possible 
and the hydrophobic tails are as far away from the water as 
possible (Figure 4). 

long chain 
fatty acid hydrocarbons 

hydrophobic]fatty acid (repels water)
polar end of 


molecule{

hydrophilic lfhospha 


(attracts water) 


A Figure 3 Structure ofa phospholipid 

saturated 
(no double bonds between carbon atoms) 
0 H H H H HH H H H 
~ I I I I I I I I I 
1-r-r-9-9-9-9-r-9-9- H? HH H H H H H H H 

H 

mono-unsaturated 
(one double bond between carbon atoms) 

Q H H HH H H /-f 
~ I I I I I I / /-f /-f
1-r-9-9-9-9- c=c-/_._/ 

0 H H H H H I f" H 
I 	 H H 
H 

The double bonds cause the molecule 
to bend. They cannot therefore pack 
together so closely making them liquid 
at room temperature. i.e. they are oils. 

A Figure 2 Saturated and unsaturated 
fatty acids 

Study tip 
Do not use terms like 'water-loving' 
and 'water-hating'. Use the correct 
scientific terms 'hydrophilic' 
and 'hydrophobic'. 

• 




1.5 Lipids 

Synoptic link 

You will learn more about cell 
recognition in Topic 5.1, Defence 
mechanisms and their role in 
cell-surface membranes in Topic 
4.1 Structure of cell surface 
membranes.. 

• 


The structure of phospholipids related to their properties 
• 	 Phospholipids are polar molecules, having a hydrophilic phosphate 

head and a hydrophobic tail of two fatty acids. This means that in 
an aqueous environment, phospholipid molecules form a bilayer 
within cell-surface membranes. As a result, a hydrophobic barrier is 
formed between the inside and outside of a cell. 

• 	 The hydrophilic phosphate 'heads' of phospholipid molecules help 
to hold at the surface of the cell-surface membrane. 

• 	 The phospholipid structure allows them to form glycolipids by 
combining with carbohydrates within the cell-surface membrane. 
These glycoUpids are important in cell recogn ition. 

Test for lipids 9 
The test for lipids is known as the emulsion test and is carried out 
as follows: 

1 Take a completely dry and grease-free test 1ube. 

2 To 2 cm3 of the sample being tested, add 5 cm3 of ethanol. 

3 Shake the tube thoroughly to dissolve any lipid in the sample. 

4 Add 5 cm3 of water and shake gently. 

5 A cloudy-white colour indicates the presence of a lipid. 

6 As a control, repeat the procedures using water instead of the 
sample; the final solution should remain clear. 

The cloudy colour is due to any lipid in the sample being finely 
dispersed in the water to form an emulsion. Light passing through this 
emulsion is refracted as it passes from oil droplets to water droplets, 
making it appear cloudy. 

Summary questions 

1 	 In the fol lowing passage state the most suitable word for each of the 
letters a toe. 


Fats and oils make up a group of lipids called a which, when hydrolysed, 

form band fatty acids. A fatty acid with more than one carbon- carbon 

double bond is described as c. In a phospholipid the number of fatty 

acids is d; these are described as e because they repel water. 


2 	 List two differences between a triglyceride molecule and a phospholipid 
molecule. 

3 	 Organisms that move, e.g. animals, and parts of organisms that move, 
e.g., some plant seeds, use lipids rather than carbohydrates as an 
energy store. Suggest one reason why this is so. 



Proteins arc usually very large molecules. The types of carbohydrates 
and Lipids in all organisms arc relatively few and they are very similar. 
However, each organism has numerous proteins that differ from species 
to species. The shape of any one type of protein molecule differs from 
that of all other types of proteins. Proteins are very important molecules 
in living organisms. Indeed the word 'protein' is a Greek word meaning 
'of first importance' . One group of proteins, enzymes, is involved in 
almost every living process. There is a vast range of different enzymes 
that between them perform a very diverse number of functions. 

Structure of an amino acid 
Amino acids arc the basic monomer units which combine to make 
up a polymer ca lled a polypeptide. Polypeptides can be combined to 
fo rm proteins. About 100 amino acids have been identified, of which 
20 occur natura ll y in proteins. The fact that the same 20 ami no acids 
occur in all living organisms provides indirect evidence for evolution. 

Every amino acid has a central carbon atom to which are attached four 
different chemica l groups: 

• 	 amino group (-NH2 ) - a basic group from which the amino part of 
the name amino acid is derived 

• 	 carboxyl group (-COOH) - an acidic group which gives the amino 
acid the acid part of its name 

• 	 hydrogen atom (-H) 

• 	 R (side) group - a variety of different chemical groups. Each amino 
acid has a different R group. These 20 naturally occurring amino 
acids differ only in their R (side) group. 

The general structure of an amino acid is shown in Figure l. 

The formation of a peptide bond 
In a similar way tha t monosaccharide monomers combine to form 
disaccharides (see Topic 1.3), so amino acid monomers can combine 
to form a dipeptide. The process is essentially the same: namely the 
removal of a water molecu le in a condensation reaction. The wa ter 
is made by combin ing an - Oil from the carboxyl group of one amino 
acid with an - 11 from the amino group of anorher amino acid. The 
rwo amino acids then become linked by a new peptide bond between 
the carbon atom of one amino acid and the nitrogen atom of rhe 
ocher. The formation of a peptide bond is illusrrared in Figure 3. In a 
similar way as a glycosidic bond of a disaccharide can be broken by rhe 
addition of water (hydrolysis), so the peptide bond of a dipepride can 
also be broken by hydrolysis w give irs two constituent amino acids. 

The primary structure of proteins - polypeptides 
Through a series of condensation reactions, many amino add monomers 
can be joined together in a process called polymerisation. The resulting 
chain of many hundreds of amino adds is called a polypeptide. The 
sequence ol amino acids in a polypeptide chain forms the primary 
structure of any protein. As we shall see in Topic 8.L this sequence is 

Learning objectives 
-+ 	 Explain how amino acids are 

linked to form polypeptides ­
the primary structure 
ofproteins. 

-+ 	 Explain how polypeptides 
are arranged to form the 
secondary structure and 
then the tertiary structure 
of a protein. 

-+ 	 Explain how the quaternary 
structure of a protein is 
formed. 

-+ 	 Describe the test for proteins. 

Specification reference: 3.1.4.1 

amino group 

Rgroup 


a range of chemical R _ _ ...,
1 


groups different 1n 

each amino acid 


carboxyl group 

A Figure 1 The general structure afan 
amino acid 

R 

I 

H N- C - COOH 

2 I 

H 

A Figure 2 Simplified structural 
formula ofan amino acid 
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1.6 Prote ins 

peptide 
...__condensat•on- ­_ - __ __ It®"I bond 

hydrolysis 

water 
molecule 

dipeptide 

A Figure 3 The formation ofa peptide bond 

amino 
acid 2 

Synoptic link 

You will learn more about DNA 
structure in Topic 2.1, and its 
function in Topic 8.1. 

Study tip 
Distinguish between condensation 
reactions (molecules combine 
producing water) and hydrolysis 
reactions (molecules are split up 
by taking in water). 

hydrogen 
bonds 

A Figure 4 Structure ofthe a-helix 

• 


determined by DNA. As polypeptides have many (usua lly hundreds) 
of the 20 naturally occurring amino acids joined in different sequences, 
it follows that there is an almost lim itless number or possible 
combinations, and therefore types, of primary protein structure. 

It is the primary structure of a protein that determines its ultimate 
shape and hence its function. A change in just a single amino acid in 
this primary sequence can lead to a change in the shape of the protein 
and may stop it carrying out its runction. In ocher words, a protein's 
shape is very specific to its function. Change its shape and it will 
function less well, or differently. 

A simple protein may consist of a single polypeptide chain. More 
commonly, however, a protein is made up of a number of polypeptide 
chains. 

The secondary structure of proteins 
The linked amino acids that make up a polypeptide possess both -NH 
and-C=O groups on either side of every peptide bond. The hydrogen 
of the -NH group has an overall positive charge while the 0 of the 
-C=O group has an overall negative charge. These rwo groups 
therefore readily form weak bonds, ca lled hydrogen bonds. This 
causes the long polypeptide chain to be twisred in to a 3-D shape, 
such as the coil known as an a -hel ix. Figure 4 illustrates the structure 
of an a-helix. 

Tertiary structure of proteins 
The a-helices of the secondary protein structure can be twisted and folded 
even more to give the complex, and often specific, 3-D structure of each 
protein (Figure 5). This is known as the tertiary structure. This sm1cture 
is maintained by a number of dillerem bonds. Where the bonds occur 
depends on the primary strncture of the protein. These bonds include: 

• 	 disulfide bridges - which are fairly strong and therefore nor 
easily broken. 

• 	 ion ic bonds- which arc formed between any carboxyl and amino 
groups that are not involved in forming peptide bonds. They are 
weaker than disulfide bonds and arc easily broken by changes in pH. 

• 	 h ydrogen bonds - which are numerous bur easily broken . 



It is the 3-D shape or a protein that is important when it comes to 
how it functions. It makes each protein distinctive and allows it to 
recognise, and be recognised by, other molecules. It can then interact 
with them in a very specific way. 

d 	The quaternary structure anses from the combinanon of a number of 
different polypeptide chains and associated non-protein (prosthetic) 
groups into a large, complex protein molecule, e.g., haemoglobin. 

1::-1-- 1..- 1 


a 	The primary structure of a protein is the sequence of amino acids 
found 1n its polypeptide chains. This sequence determines its 
properties and shape. Following the elucidation of the amino acid 
sequence of the hormone insulin by Frederick Sanger in 1954, the 
primary structure of many other proteins 1s now known. 

c 	The tertiary structure •s due lo the bending and twisting of the 
polypeptide helix into a compact structure. All three types of 
bond, d1sulf1de, ionic and hydrogen, contribute to the 
maintenance of the tertiary structure . 

.A. Figure 5 Structure ofproteins 

Quaternary structure of proteins 
Large proteins often form complex molecules containing a number 
of individua l polypeptide chains that are linked in various ways. 
There may also be non-protein (prosthetic) groups associated with 
the molecules (Figure 5d), such as the iron-containing haem group in 
haemoglobin. Remember that. although the 3-D structure is important 
to how a prote in functions, it is the sequence of amino acids (primary 
structure) that determines the 3-D shape in the first place. 

Test for proteins 9 
The most reliable protein test is the Biuret test, which detects peptide 
bonds. It is performed as rollows: 

• 	 Place a sample of the solution w be tested in a test tube and add an 
equal volume of sodium hydroxide solution at room temperature. 

• 	 Add a few drops of very dilute (0.05 %) copper(II) sulfate solution 
and mix gently. 

• 	 A purple coloration indicates the presence of peptide bonds and 
hence a protein. If no protein is present, the solution remains blue. 

b 	The secondary structure is the shape which the polypeptide 
chain forms as a result of hydrogen bonding. This is most often a 
spiral known as the a-helix, although other configurations occur. 

polypeptide 
chain 1 

polypeptide 
chain 2 

prosthetic 
group 

Hint 
Think of the polypeptide chain as a 
piece of string. In a fibrous protein 
many pieces of the string are twisted 
together into arope, while in a 
globular protein the pieces of string, 
usually fewer, are rolled into a ball. 

Study tip 
You can simply refer to adding 
Biuret reagent to test for protein. 
A purple colour shows protein is 
present - a blue colour indicates 
that protein is absent. 

• 




1.6 Proteins 

Summary questions 

1 Name the type of bond that joins amino acids together. 

2 State the type of reaction involved in joining amino acids together. 

3 List/our different components that make up an amino acid. 

Proteins perform many different roles in living organisms. 
Their roles depend on their molecular shape, which can be 
of two basic types. 

• 	 Fibrous proteins, such as collagen, have structural 
functions. 

• 	 Globular proteins, such as enzymes and haemoglobin, 
carry out metabolic functions. 

It is the very different structure and shape of each of 
these types of proteins that enables them to carry out 
their functions. 

Fibrous proteins 
Fibrous proteins form long chains which run parallel to 
one another. These chains are linked by cross-bridges and 
so form very stable molecules. One example is collagen. 

Its molecular structure is as follows: 

• 	 The primary structure is an unbranched polypeptide 
chain. 

• 	 In the secondary structure the polypeptide chain is 
very tightly wound. 

• 	 Lots of the amino acid, glycine helps close packing. 

• 	 In the tertiary structure the chain is twisted into a 
second helix. 

• 	 Its quaternary structure is made up of three such 
polypeptide chains wound together in the same way 
as individual fibres are wound together in a rope. 

Collagen is found in tendons. Tendons join muscles to 
bones. When a muscle contracts the bone is pulled in the 
direction of the contraction. 

1 	 Explain why the quaternary structure of collagen 

makes it a suitable molecule for a tendon. 


The individual collagen polypeptide chains in the fibres 
are held together by bonds between amino acids of 
adjacent chains. 

• 


2 	 Suggest how the cross·linkages between the amino 
acids ofpolypeptide chains increase the strength 
and stability of acollagen fibre. 

The points where one collagen molecule ends and the 
next begins are spread throughout the fibre rather than all 
being in the same position along it. 

3 	 Explain why this arrangement of collagen molecules 
is necessary for the efficient functioning of a tendon. 

~Figure 6 Fine 
structure ofthe 
fibrous protein 
collagen 

each polypeptide forms 
a long, unfolded strand 

the 
individual long 
polypeptide fibrous 
strands are molecular 
tightly shape 
wound 
around one 
another 

~Figure 7 Structure of 
fibrous proteins 

fibrous protein, 
e.g.• collagen 



Enzymes arc globular proteins that act as catalysts. Catalysts alter 
the rate of a chemical reaction without undergoing permanent 
changes themselves. They can be reused repeatedly and are therefore 
effective in small amounts. Enzymes do not make reactions happen; 
they speed up reactions that already occur, sometimes by a factor o f 
many millions. 

Enzymes as catalysts lowering activation energy 
Let us consider a typical chemical reaction: 

su crose + water -- glucose + fructose 

(subs t rates) (products) 

For reactions like this to take place naturally a number of conditions 
must be satisfied: 

• 	 The sucrose and wa ter molecu les must collide with sufficien t 
energy to al ter the arrangement or their atoms to form glucose 
and fructose. 

• 	 The free energy of the products (glucose and frnctose) must be less 
than that of the substrates (sucrose and water) . 

• 	 Many reactions require an initial amount of energy to start. The 
minimum amount of energy needed to activate the reaction in this 
way is called the activation en e rgy. 

There is an activation energy level, like an energy hill or barrier, which 
must initially be overcome before the reaction can proceed. Enzymes 
work by lowering this activation energy level (Figure 1). In this way 
enzymes allow reactions LO take place at a lower temperature than 
normal. This enables some metabolic processes to occur rapidly at the 
human body temperature of 37 °C. which is relatively low in terms of 
chemical reactions. Without enzymes these reactions would proceed 
too slowly to sustain life as we know it. 

- - - - - - - - -~

~- - - ­

SUBSTRA . - - ­

--- ~~~.hv~~i~~~~~ 

-~acbvabon energy
with enzyme 

- - - - - - energy level 
lower activation of substrate 

energy 

energy level - - - - - -- - - - - - - - PRODUCTS
of the products 

tune during reaction 

A Figure 1 How enzymes lower activation energy 

Learning objectives 
-+ 	 Explain how enzymes speed 

up chemical reactions. 

-+ 	 Describe how the structure of 
enzyme molecules relates 
to their function. 

-+ Explain the lock and key 
model ofenzyme action. 

-+ Explain the induced-fit model 
of enzyme action. 

Specification reference: 3.1.4.2 

Hint 

Free energy is the energy of a 
system that is available to 
perform work. 

I 

Hint 

To help you understand the 
importance of enzymes, it is 
necessary to appreciate that they 
catalyse a wide range of reactions 
both inside the cell [intracellular) 
and outside the cell [extracellular J. 
In doing so, enzymes determine 
the structures and functions of all 
parts of living matter from cells to 
complete organisms. 

• 




1.7 Enzyme action 

Hint 

If a stone is lying behind a mound, 
we need to expend energy to 
move it down a hillside, either 
by pushing the stone over the 
mound or reducing the height of 
the mound. Once it starts to move, 
the stone gathers momentum 
and rolls to the bottom. Hence an 
initial input of energy (activation 
energy) starts a reaction that 
then continues of its own accord. 
Enzymes achieve the equivalent of 
lowering the mound of earth. 

Study tip 

The substrate does nor have the 
'same shape' as the active site. The 
substrate has a complemenrary 
shape to the active site. 
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Enzyme structure 
From Topic 1.6 you will be aware thaL enzymes, being globular 
proteins, have a specific 3-D shape tha t is the result of their sequence 
of amino acids (primary protein stucturc). A specifi c region or the 
enzyme is functional, this is known as the active site. The active 
site is made up of a relatively small number of amino acids. The 
active site forms a small depression within the much larger enzyme 
molecule. 

The molecule on which the enzyme acts is called the substrate. This 
fits neatly into this depression and forms an enzyme-substrate 
complex (Figure 2). The substrate molecule is held within the active 
site by bonds that temporarily form between certain am ino acids of the 
active site and groups on the substrate molecule. 

- substrate molecule 
situated within the 
enzyme's active site 

single polypeptide chain 
of 50 amino acids which 
Form the enzyme 

2 of the 6 amino 
acids which bind 
to the substrate 

bond such as a amino acids 
hydrogen bond not forming 
which maintains part of the 
enzyme's shape active site 

.A Figure 2 Example ofan enzyme- substrate complex showing the six out ofthe 
50 amino acids thatform the active site 

Induced fit model of enzyme action 
Scienrists often try to explain their observa tions by producing a 
representation of how something works. This is known as a scientific 
model. Examples include the physical models used to explain enzyme 
action. The induced fit model of enzyme action proposes that the 
active sire forms as the enzyme and substrate inieract. The proximity 
of the substrate (a change in the environment or the enzyme) leads to 
a change in the enzyme that forms the functional active site (Figure 
3). In other words, the enzyme is flexible and can mould itself around 
the substrate in the way that a glove moulds itself to the shape of the 
hand. The enzyme has a certain general shape, just as a glove has, but 
rhis alters in the presence of the substrate. As it changes irs shape, the 
enzyme purs a strain on the substrate molecule. This srrain distorts a 
parricular bond or bonds in the substrate and consequenrly lowers the 
activation energy needed to break the bond. 

Any change in an enzyme's environment is likely to change its 
shape. The very act of colliding with its substrate is a change in its 
environment and so its shape changes - induced fit. 



substrate molecule product molecules active site 

Ll~ free to accept~ 	 V another pair of
active site ... substrate molecules,-L.., ... IL----1=- enzyme molecule 

enzyme molecule resumes original
changes shapeenzyme shapeenzyme molecule slightly as the 

enzymemolecule substrate molecule 
moleculebinds with its active site 

enzyme-substrate molecule enzyme-substrate complex enzyme + product molecule 

• Figure 3 Mechanism of enzyme action 

Summary questions 

1 Define a catalyst. 


2 Explain why enzymes are effective in tiny quantities. 


3 Outline why changing one of the amino acids that make up the active 

site could prevent the enzyme from functioning. 


4 Explain why changing certain amino acids that are not part of the active 

site also prevents the enzyme from functioning. 


One earlier model of enzyme action 
proposed that enzymes work in the 
same way as a key operates a 
lock - each key has a specific 
shape that fits and operates only 
a single lock. In a similar way, a 
substrate will only fit the active 
site of one particular enzyme. 
This model was supported by the 
observation that enzymes are 
specific in the reactions that they 
catalyse. The shape of the substrate 
[key] exactly fits the active site of 
the enzyme [ lock). This is known 

as the lock and key model. 

One limitation of this model is 
that the enzyme, like a lock, is 
considered to be a rigid structure. 
However, scientists had observed 
that other molecules could bind 

Lock and key model of enzyme action 

to enzymes at sites other than 
the act ive site. In doing so, they 
altered the activity of the enzyme. 
This suggested that the enzyme's 
shape was being altered by the 
binding molecule. In other words, its 
structure was not rigid but flexible. 
In true scientific fashion this led 
to an alternative model being 
proposed, one that better fitted 
the current observations. This was 
the called the induced fit model 
as described above. The induced 
fit model is therefore a modified 
version of the lock and key model. 

1 	 Explain why the induced fit 
model is a better explanation 
of enzyme action than the 
lock and key model. 

' 

• Figure 4 Molecular computer graphics 
image ofthe enzyme ribonuclease 
A{right] and its substrate (left} 
approaching the enzyme's active site 

Hint 

Enzymes have an active site but 
not all proteins are enzymes. 
Many proteins have binding sites 
or receptor sites that are not active 
sites. Some hormones are proteins 
and these have receptor sites but 

they are not active sites. 

• 




Learning objectives 
' Describe how the rate of an 

enzyme-controlled reaction 

is measured. 

' Explain how temperature 
affects the rate of an enzyme­

controlled reaction. 

' Explain how pH affects the 
rate of an enzyme-controlled 

reaction. 

' Explain how substrate and 
enzyme concentration affect 

the rate of reaction. 

Specification reference: 3.1.4.2 
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Before considering how pH and temperature arrect enzymes, it is 
worth bearing in mind that, for an enzyme to work, it must: 

• 	 come into physical contact with its ~ubstrate, 

• 	 have an active site which fits the substrate. 

Almost all factors that influence the rate at which an enzyme works 
do so by affecting one or both of the above. In order to investigate 
how enzymes are affected by various factors we need to be able to 
measure the rate of the reactions they cata lyse. 

Measuring enzyme-catalysed reactions 
To measure th e p rogress of an enzyme-ca talysed reaction we usually 
measu re its time-course, that is how long it takes for a particu lar event 
to run its course. The two changes most frequently measured are: 

• 	 the formation of the products of the reaction, for example the 
volume of oxygen produced when the enzyme ca talase acts on 
hydrogen peroxide (Figure 1) 

• 	 the disappearance of the substrate, for example the reduction in 
concentration of starch when it is acted upon by amylase (Figure 2). 

Although the graphs in Figures l and 2 differ, the explanation for their 
shapes is the same: 

• 	 At first there is a lot of substrate (hydrogen peroxide or starch ) but 
no product (water and oxygen, or maltose). 

• 	 It is very easy for substrate molecule!> to come into contact with the 
empty active sites on the enzyme molecules. 

• 	 All enzyme active sites are fi lled at any given moment and the 
substrate is rapidly broken down into its products. 

• 	 The amount of substrate decreases as it is broken down, resulting in 
an increase in the amount of produ ct. 

• 	 As the reaction proceeds, there is less and less substrate and more 
and more product. 

• 	 It becomes more difficult for the substrate molecu les to come 
into contact with the enzyme molecules because there arc fewe r 
substrate molecules and also the product molecules may 'get in 
the way' of substrate molecules and prevent them reaching an 
active site . 

• 	 lt therefore takes longer (or the substrate molecules to be broken 
down by the enzyme and so its rate of disappearance slows, and 
consequently the rate of format ion of product also slows. Both 
graphs 'tail off'. 

• 	 The rate of reaction continues to slow until there is so little 
substrate that any further decrease in its concentra tion cannot 
be measured. 

• 	 The graphs flatten out because all the substrate has been used up 
and so no new product can be produced . 



Measuring rate of change 8 
We can measure the change in the rate of a reaction at any point on 
the curve of a graph such as those in Figures 1 and 2. We do so by 
measuring the gradient at our chosen point. The gradient is equal to 
the gradient of the tangent tO the curve at that point. This tangent 
is the point at which a straight line touches the curve but without 
cutting across it (sec Maths skills chapter). 

Accurately drawing the tangent t0 a curve is not easy but can be 
achieved by making use of the normal line. The normal line is a line 
that passes through a point at a 90° angle. 

Let us look at an example. In Figure 3, you see the curve showing 
the formation of oxygen due to the action of catalase on hydrogen 
peroxide. Suppose you want t0 measure the rate of change in this 
reaction at point X as shown on Figure 3. You draw the tangent to the 
curve at this point as shown on Figure 3. Using this line you can find 
h d" · at e gra 1cnt, 111 your case= J;· 

This technique is useful in a variety of practical situations, including 
ones involving measuring the rates of enzyme reactions. 

Before we look at the effects of different factors on the rate of 
enzyme action, it is important to stress the fundamental experimental 
technique of changing only a single variable in each experiment. 
When investigating the effect of a named variable on the rate of an 
enzyme reaction all the other variables must be kept constant. For 
example, if measuring the effect of temperature, then pH, enzyme 
concentration and substrate concentration must be kept constant and 
all possible inhibitors should be absent. Another thing to remember 
is that the active site and the substrate are not 'the same', any more 
than a key and a lock arc the same - in some senses they are more like 
opposites. The correct term is complementary. 

Effect of temperature on enzyme action 
A rise in remperature increases the kinetic energy of molecules. As 
a result, th e molecules move around more rapidly and collide with 
each orher more often. In an enzyme-catalysed reaction, this means 
that the enzyme and substrate molecules come together more often 
in a given time. There are more effective collisions resulting in more 
enzyme-substrate complexes being formed and so the rate of reaction 
increases. 

Shown on a graph, this gives a rising curve. However, the temperature 
rise also begins to cause the hydrogen and other bonds in the enzyme 
molecule to break. This results in the enzyme, including its active site, 
changing shape. At first, the substrate fits less easily into this changed 
active site, slowing the rare of reaction. For many human enzymes this 
may begin at temperatures of around 45°C. 

At some point, usually around 60 °C, the enzyme is so disrupted that 
it stops working altogether. It is said to be denatured. Denaturation 
is a permanent change and. once ir has occurred, the enzyme does not 
function again. Shown on a graph, the rate of this reaction follows 

tangent to curve at point X 
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.A Figure 3 Measuring the gradient at a 
poinr on a curve 

Study tip 

Rate is always expressed 

per unit time. 
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1.8 Factors affecting enzyme action 

10 20 30 40 50 60 
temperature/°C 

.A Figure 4 Effect of temperature on the 
rote of an enzyme·controlled reaction 

salivary 
pepsin amylase 

sucrase arg1nase 

2 45 10 
pH 

.A Figure S Effect ofpH on the rote 
ofan enzyme-contra/led reaction 

Hint 
When considering how factors 
affect enzyme action, think 
'shape change'. 

Study tip 
Enzymes are not alive and so 
cannot be 'killed'. Use the correct 
term: denatured . 
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a falling curve. The actual effect of temperature on the rate of an 
enzyme reaction is a combination or these two factors (Figure 4). 
The optimum working temperature differs from enzyme to enzyme. 
Some work fastest at around I 0 °C, while others continue to work 
rapidly at 80 °C. For example, emymes used in biological washing 
powders and in the polymerase chain reaction (Topic 21.3). Many 
enzymes in the human body have an optimum temperature of about 
40 °C. Our body temperatures have, however, evolved to be 37 °C. 
This may be related to the following: 

• 	 Although higher body temperatures would increase the metabolic 
rate slightly, the advantages are offset by the addit.ional energy 
(food) that would be needed to maintain the higher temperature. 

• 	 Ocher proteins, apart from enzymes, may be denatured at higher 
temperatures. 

• 	 At higher temperatures, any further rise in temperature, for 
example, during illness, might denature the enzymes. 

Different species of mammals and birds have different body 
temperatures. many birds, for example, have a normal body 
temperature of around 40°C because they have a high metabolic rate 
for the high energy requirement or flight. 

Effect of pH on enzyme action 
The pH of a solution is a measure of its hydrogen ion concentration. 
Each enzyme has an optimum pH, that is a pH at which it works 
fastest (Figure 5). The pH of a solution is calculated using the formula: 
pH= -log [H+]. A hydrogen ion [H+] concentration or l x 10-9 

10
therefore has a pH of 9. In a similar way to a change in temperature 
affecting the rate of enzyme action, a change in pH away from the 
optimum affects the rate of enzyme action. An increase or decrease 
in pH reduces the rate of enzyme action. H the change in pH is more 
extreme then, beyond a certain pH, the enzyme becomes denatured . 

The pH affects how an enzyme works in the following ways: 

• 	 A change in pH alters the charges on the amin o acids that make 
up the active site of the enzyme. As a result, 1he substrate can 
no longer become attached to the active site and so the enzyme­
substrare complex cannot be formed. 

• 	 Depending on how sign ificant the change in pH is, it may cause the 
bonds maintaining the enzyme's tert iary structure to break. The 
active site therefore changes shape. 

The arrangement of the active site is partly determined by the 
hydrogen and ionic bonds between - NH2 and -COOH groups of the 
polypeptides that make up the enzyme. The change in H+ ions affects 
this bonding, causing the active site to change shape. 

It is important to note that pH fluctuations inside organisms are 
usually small, this means they are far more likely to reduce an 
enzyme's activity than to denature it. 



Effect of enzyme concentration on the 
rate of reaction 9 
Once an active site on an enzyme has acted on its substrate, it is 
free to repeat the procedure on another substrate molecule. This 
means that enzymes, being catalysts, are not used up in the reaction 
and therefore work efficiently at very low concentrations. In some 
cases, a single enzyme molecule ca n act on millions of substrate 
molecules in one minute. 

As long as there is an excess of substrate. an increase in the amount 
of enzyme leads to a proportionate increase in the rate of reaction. 
A graph of the rate of reaction against enzyme concentration will 
initially show a proportionate increase. This is because there is more 
substrate than the enzyme's active sites can cope with. If you therefore 
increase the enzyme concentration, some of the excess substrate 
can now also be acted upon and the rate o( reaction will increase. I[, 
however, the substrate is limiting, in other words there is not sufficient 
to supply a ll the enzyme's active sites a t one time, then any increase in 
enzyme concentration will have no e[(ect on the rate of reaction. The 
rate of reaction will therefore stabilise at a constant level, meaning the 
graph will level off. This is because the available substrate is already 
being used as rapidly as it can be by the existing enzyme molecules. 
These events arc summarised in Figure 6. 

- excess 
substrate moleculessubstrate 

in active sites ofmolecules 
enzyme molecules 

M.---- enzyme ~ 
~LJ molecules~~@]~ 

low enzyme concentration intermediate enzyme concentration 

There are too few enzyme molecules to With twice as many enzyme molecules 
allow all substrate molecules to find an available, all the substrate molecules can 
active site at one time. The rate of occupy an active site at the same time. 
reaction is therefore only half the The rate of reaction has doubled to its 
maximum possible ror the number of maximum because all active site are 
substrate molecules available. filled ! 

enzyme concentration enzyme concentration 

A Figure 6 Effect ofenzyme concentration on the rate afenzyme action 

Practical link ~ 

Required practical l. Investigation 
into the effect of a named 
variable on the rate of an enzyme 
controlled reaction. 

hiih enzime concentration 

The addition of further enzyme molecules 
has no effect as there are already enough 
active sites to accomodate all the 
available substrate molecules. There is no 
Increase in the ra te of reaction. 

• 

enzyme concentration 



1.8 Factors affecting enzyme action 

• Figure 7 Enzymes in the algae 
in this hot spring remain functional 
at temperatures of80 'C whereas in 
most organisms they are denatured at 

temperatures of40 •c 

empty active sites 

'"~~~ 

low substrate concentration 

There are too few substrate molecules to 
occupy all the available active sites. The 
rate of reacbon is therefore only half lhe 
maximum possible for the number of 
enzyme molecules available. 

Effects of substrate concentration 

on the rate of enzyme action 

If the concentration of enzyme is fixed and substrate concentration 
is slowly increased, the rate of reaction increases in proportion to 
the concentration of substrate. This is because, at low substrate 
concentrations, the enzyme molecules have only a limited number 
of substrate molecules to collide with, and therefore the active sites 
of the enzymes are not working to full ca pa city. As more substrate is 
added, the active sites gradually become filled, until the point where 
all of them are working as fast as they can. The rate of reaction is at 
its maximum (Vmax). After that, the addition of more substrate wiLI 
have no effect on the rate of reaction. In other words, when there is 
an excess of substra te, the rate of reaction levels off. A summary of the 
effect of substra te concentration on the ra te ol' enzyme action is given 
in Figure 8 . 

excess substrate molecules unable 
lo ftnd any free active sites

substrate molecules in active enzyme ""...----..site of enzyme molecules molecules 

~ 
~®~ 

intermediate substrate concentration high substrate concentration 

With twice as many substrate molecules available, The addition of further substrate molecules 
all the active Sites are occupied at ooe bme. The has no effect as all active sites are already 
rate of reachon has doubled to its maximum occupied at one time. There is no increase in 
because all the active sites are filled. the rate of reaction 

substrate concentration substrate concentration substrate concentration 

• Figure 8 Effect of substrate concentration on the rate ofan enzyme·controlled reaction 

• 




Enzyme action @ 8 
Different enzymes can function at a wide range of temperatures. Shrimps 
that live in Arct ic waters have enzymes that function fastest at around 4 •c 
and are denatured at around 15 •c. By contrast, bacteria that live in hot 
springs have enzymes that function fastest at 95 •c and continue to operate 
effectively above 100 •c. These bacteria are called thermophilic [heat­
loving] bacteria. 

Enzyme Xis produced by thermophilic bacteria and hydrolyses many 
proteins including haemoglobin and egg albumin. 

Enzyme Yis found in the stomach of young mammals where it acts on a 
single soluble protein found in milk, causing it to coagulate {clot). 

1 a From the descriptions, comment on the differences in the specificity 
of the two enzymes. 

b Enzymes X and Y are each used for different commercial purposes. 
Suggest what this might be in each case. 

c Suggest a possible purpose of enzyme Yin the mammalian stomach. 

d Use the information about the two enzymes to suggest a possible 
difference in the type of bonding found in the tert iary structure of 
each. Explain your reasoning. 

An experiment was carried out with enzyme X in which the time taken for 
it to fully hydrolyse 5 g of its protein substrate was measured at different 
temperatures. It is important when investigating the effect of a named 
variable on the rate of an enzyme reaction that the other variables are kept 
constant. For example, if measuring the effect of temperature, then pH, 
enzyme concentration, substrate concentration must be kept constant and 
all possible inhibitors should be absent. The following data were obtained: 

Temperature / 0C Time I min for hydrolysis Rate of reaction µ 
of protein 1/time 

15 5.8 

25 3.4 

35 1.7 

45 0.7 

55 0.6 

65 0.9 

75 7.1 

2 a fO Calculate the relative rate of reaction for each temperature. 

b fO Plot a graph that shows the effect of temperature on the rate of 
reaction of enzyme X. 

c fO Measure the optimum temperature for the action of enzyme X. 

d 9 Suggest how you might determine this optimum temperature 
more precisely. 

Summary questions 

1 	 Explain why enzymes 
function less well at lower 
temperatures. 

2 	 Explain how high temperatures 
may completely prevent 
enzymes from functioning. 

3 	 Enzymes produced by 
microorganisms are 
responsible for spoiling food. 
Using this fact and your 
knowledge of enzymes, deduce 
why each of the following 
procedures are carried out. 

a 	 Food is heated to a high 
temperature before 
being canned. 

b 	 Some foods, such as 
onions, are preserved 
in vinegar. 

4 	 fO Calculate the pH of a 
solution that has a hydrogen 
ion concentration of 0.0001 M 

• 




Learning objectives 	 Enzyme inhibit0rs are substances that directly or indirectly interfere 
with the functioning of the active site or an enzyme and so reduce 

' Describe the nature of enzyme its activity. There are a number of types of enzyme inhibitor, two of 
inhibition. 

which are: 
' Explain how competitive 

• competitive inhibitors - whid1 bind to the active site of the enzymeinhibitors and non-competitive 
• non-competitive inhibitors - which bind co the enzyme at ainhibitors affect the active site. 


position other than the active site. 

Specification reference: 3.1.4.2 

Competitive inhibitors 
Competitive inhibitors have a molecu lar shape similar tO that of the 
substrate. This allows them to occupy the active site of an enzyme. 
They therefore compete with the substra te for the available active 

substrate molecule 
sites (Figure 1 ). It is the difference between the con ce ntration of theoccupying the active 

site of the enzyme inhibitor and the concen tration of the substrate that determines thesubstrate 
molecule effect that this has on enzyme activity. If the substrate concentration 
unable to is increased, the effect of the inhibitor is reduced. The inhibitor is 
occupy the not permanently bound tO the active site and so, when it leaves, active site 

another molecule can take its place. This cou ld be a substrate or 
inhibitor molecule, depending on how much of each type is present. 
Sooner or later, all the substrate molecules will occupy an active site, 

TI 
S 

inhibitor molecule but the greater the concentration of inhibitor, the longer this will 
occupying the active take. An example of competitive inhibition occurs with an importantsite of the enzyme 

respiratory enzyme that acts on succinate. Another compound,
• Figure 1 Competitive inhibition 

called malonate, can inhibit the enzyme because it has a very similar 
molecular shape to succinate. It therefore easily combines with the 
enzyme and blocks succinate from combining with the enzyme's 
active site. Another example is the inhibition of the enzyme 
transpeptidase by penicillin. 

substrate molecule still fits the actrve site but Non-competitive inhibitors 
not in a way that allows the reaction to proceed 

Non-competi tive inhibitors attach 
themselves to th e enzyme at a 
binding sire which is not the active 
site. Upon a rraching to the enzyme. 

enzyme molecule the inhibitor alters the shape of 
shape is changed the enzyme and thus its active due to presence of 
the inhibitor molecule site in such a way that substrate 

molecu les can no longer occupy it. 
and so the enzyme cannot functionenzyme molecule 
(Figure 2). As the substrate and the 

1 Inhibitorabsent - the substrate attaches 2 Inhibitor present - the inhibitor prevents inhibitor are not competing for the 
to theacbve SJte ofthe enzyme 1n the normal the normalenzyme-substrate complex 

same site, an increase in substrate way. ReacfJOfl takes place as normal. being f()(med. The reac00n rate is reduced. 
concentration does not decrease the 

• Figure 2 Non-competitive inhibition 	 effect of 1he inhibitor (Figure 3). 

• 




Control of metabolic pathways 

A metabolic pathway is a series of reactions in which can be maintained relatively constant. This is known as 
each step is catalysed by an enzyme. In the tiny end-product inhibition. This type of inhibition is usually 
space inside a single cell, there are many hundreds of non-competit ive. 
different metabolic pathways. The pathways are not at 
all haphazard, but highly structured. The enzymes that 1 	 Different conditions affect how enzymes work. 
control a pathway are often attached to the membrane Name one that might vary between one organelle 
of a cell organelle in a very precise sequence. Inside and another. 
each organelle optimum conditions for the functioning of 2 	 Suggest why enzymes are attached to the 
particular enzymes may be provided. To keep a steady inner membrane of an organelle 'in a very 
concentration of a particular chemical in a cel l, the same precise sequence'. 
chemical often acts as an inhibitor of an enzyme at the 3 	 If an end product inhibits enzyme 8 rather than 
start of a react ion. enzyme A, predict what would be: 

a the initial effect on the concentrat ion ofLet us look at the example illustrated in Figure 4. The 
intermediate 1end product inhibits enzyme A. If for some reason the 

concentration of end product increases above normal, b the overall longer term effect on the 
then there will be greater inhibition of enzyme A. As concentration of the end product. 
a result, less end product will be produced and its 4 	 Suggest one advantage of end-product inhibition 
concentration will return to normal. If the concentration being non-competit ive rather than competitive. 
of the end product falls below normal there will be less of Relate your answer to how the two types of 
it to inhibit enzyme A. Consequently, more end product inhibition take place. 
will be produced and, again, its concentration will return 
to normal. In this way, the concentration of any chemical 

enzyme> 1ntermed1ate enzyme> intermediate enzyme> intermediate enzyme end 
substrate 

f 
1 B 2 C 3 D > product 

inhibition (negative feedback) 
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A. Figure 4 Inhibition 

Summary questions 

1 	 Distinguish between a competitive and a non-competitve inhibitor 

2 	 O An enzyme-controlled reaction is inhibited by substance X. 
Suggest a simple way in which you could tell whether substance Xis 
acting as a competi tive or a non-competitive inhibitor. 

maximum rate of reaction 
~---~~--

/ 
fixed concentration 
of competitive 
1nhibitOI' 

f1Xed concentration or 
non-compelltive 

.... Figure 3 Comparison of 	 1nh1bitOI' 
competitive and non-competitive 
inhibition on the rate ofon enzyme­
controlled reaction at different 
substrate concentrations 

------------

absence of 
1nhibitOI' 

substrate concentra!Jon 



Practice questions: Chapter 1 

(a) 	 The table shows some substances round in cells. Complete the table LO show the 
properties or these substances. Put a tick in the box H the statement is correct. 

• 


Substance contains only 
the elements carbon, 

hydrogen and oxygen 

Substance is made from 
amino acid monomers 

Substance is found in both 
animal cells and plant 
cel ls 

(4 marks) 
(b) 	 The diagram shows two molecules of ~-gl ucose. 

0H 	 OH HO 

HO 	 H H 

On the diagram, draw a box around the atoms that arc removed when the two 
~-glucose molecules are joined by condensation. (2 marks) 

(c) 	 (i) Hydrogen bonds are important in cellulose molecules. Explain why. (2 marks) 
(ii) A starch molecule has a spiral shape. Explain why this shape is important 

to its function in cells. (I mark) 
AQA Jan 2011 

2 	 (a) Omega-3 fatty acids are unsaturated. What is an unsaturated rauy acid? (2 marks) 
(b) 	 Scien tis ts investigated the relationsh ip between the amount of omega-3 fauy acids 

eaten per day and the risk of coronary heart d isease. The graph shows their results. 
Do the dara show that eati ng omega -3 fauy acids prevents coronary heart disease? 
Explain your answer. (3 marks) 

LOO 

H 

OH 

3l 
~ 0.90 
'5 
t 

~ 0.80 

~ 

~ 0 .70 
0 
(.) 

0 
~ 0.60 
·;: 

0 

0 

0 

0.50 "'----~-~-~-~-~>--~ 
0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 
amount of omega-3 fatty acids eaten per dayI g 

(c) 	 Olestra is an artificial lipid. It is made by attaching fauy acids, by condensation. to 
a sucrose molecule. The diagram shows the structure of olestra. The letter R shows 
where a fatty acid molecu le has attached . 
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Chapter 1 Biological molecules 
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'--~ 
O~H 

CH20 R 
x 

H OR OR H 

(i) 	 Name bond X. (/mark) 
(ii) 	 A triglyceride does not contain sucrose or bond X. Give one other way 

in which the structure of a triglyceride is different to olestra. (/mark) 
(iii) Starting with sepa rate molecules of glucose, fructose and fatty acids, 

how many molecules of water would be produced when one molecule 
of olestra is formed? (I mark) 

AQA Jan 20 11 

A technician investigated the effect of temperature on the rate of an enzyme-controlled 
reaction. At each temperature, he started the reaction using the some volume of substrnte 
solution and the same volume of enzyme solution. 

15 37•c 

.S 
u 
::i
'8'1' 2s·c... E 10 
a.'Q 
0 tlO 
c: .... 
0 l!! 
; ::i 
<1>­... >< 5~E 
<.>c: 
0 
<.> 

0 

/ 
......­

v 
I , , , 

.. ' , 

I 
, , .. 

, , , 

I _,, 
,,, 

I ,_, •'
, 

0 60 120 180 240 
time after start of reaction Is 

A Figure 2 shows his results 

(a) 	 Give o ne other factor the technician would have controlled. (/mark) 
(b) 	 Calcu late the rate of reaction at 25°C. (2 marks) 
(c) 	 Describe and explain the differences between the two curves. (5 marks) 

AQA SAMS PAPER 1 



Learning objectives 
-+ Describe the structure of 

a nucleotide. 

-+ Describe the structure of RNA. 

-+ Describe the structure of DNA. 

Specification reference: 3.1. 5.1 

Study tip 
Spelling can make a difference. 
'Thymine' is a base in DNA but 
'thiamine' is vitamin 81. 

organic base 

•Figure 1 Simplified structure ofa 
nucleotide 

Study tip 
Do not get confused between DNA 
and proteins. ONA is a sequence of 
bases but proteins are a sequence 
of amino acids. Nucleotides join to 
form a polynucleotide, amino acids 
join to form a polypeptide. 

• 


Nucleic acids are a group of the most important molecules 
of which the best known are ribonucleic acid (RNA ) and 
deoxyribonucleic acid (DNA). The double helix structu re of 
deoxyribonucleic acid (DNA) makes it immediately recognisable. 
DNA carries genetic information. The identification of this 
extraordinary molecule as the material that passes on the features 
of organisms from one generation to the next. is one of the most 
remarkable feats of experimental biology. The discovery of the 
precise molecular arrangement of DNA was no less remarkable. 
Despite its complex structure, DNA is made up of nucleotides that 
have just three basic components. 

Nucleotide structure 
Individual nucleotides are made up of three components: 

• 	 a pentose sugar (so called because it has five carbon atoms) 

• 	 a phosphate group 

• 	 a nitrogen-containing organic base. These are: cytosine C, thymine 
T , Uracil U, adenine A and guanine G. 

The pentose sugar, phosphate group and organic base are joined, 
as a result of condensation reactions, to form a single nucleotide 
(mononucleotide) as shown in Figure l. Two mononucleotides 
may, in cum, be joined as a result of a condensation reaction 
between the deoxyribose sugar 

T Table 1 Components ofnucleotides.of one mononucleotide and the 
phosphare group of another. The 
bond formed between them is 
called a phosphodiester bond 
(Figure 3). The new structure 
is called a dinucleotide. 
The continued linking of 
mononucleotides in this way 
forms a long chain known as a 
polynucleotide. In addition 
to DNA and RNA, some other 
biologically important molecules 
contain nucleotides. For simplicity 
the various components of 
nucleorides are represented by 
symbols, as shown in Table I. 

Name of molecule Symbol 

phosphate 

pentose sugar • 
adenine •adenine 

guanine uarnne 

cytosine cytosine 

thymine thymine 

uracil uracil 



Ribonucleic acid (RNA) structure 
Ribonucleic acid is a polymer made up of nucleotides. It is a single, 

adernnerelatively shon, polynucleotide chain in which the pentosc sugar is 
always ribose and the organic bases arc adenine, guanine, cytosine 
and uracil (Figure 2). One type of RNA transfers genetic information 
from DNA to the ribosomes. The ribosomes themselves arc made up of - cytosine
proteins and another type of RNA. A third type of RNA is involved in 
protein synthesis. 

DNA structure 
In 1953. James Watson and Francis Crick worked out the structure of 
DNA, following pioneering work by Rosalind Franklin on the X-ray 
diffraction patterns of DNA. This opened the door for many of the 

cytosine
major developments in biology over the next half-century. 

In DNA the pemose sugar is deoxyribose and the organic bases are 
adenine, thymine, guanine and cytosine. DNA is made up of two 

uracilstrands of nucleotides (polynucleotides). Each of the two strands is 
extremely long, and they are joined together by hydrogen bonds 
formed between certain bases. In its simplified form, DNA can be 
thought of as a ladder in which rhe phosphate and deoxyribose A Figure 2 Section ofon RNA molecule 

molecules alternate to form rhe uprights and the organic bases pair 
together to form the rungs (Figure 4). 

Base pairing 
The bases on the two strands of DNA attach to each other by hydrogen 
bonds. It is these hydrogen bonds that hold the two strands together. 
The base pairing is specific: 

• Adenine always pairs with thymine 

• Guanine always pairs with cyt0sine 

As a result of these pairings, adenine is said to be 
complementary to thymine and guanine is said to be guanine 

complementary to cytosine. 

It follows that the quantities of adenine and thymine in 
DNA arc a lways the same, and so a re the quanti ties of 
guanine and cytosine. Howeve r, the ratio of adenine and 
thymine to guanine and cytosine va ries from species to 
species. 

The double helix 
In order to appreciate the structure of DNA, you need 
to imagine the ladder-like arrangement of the two cytosine 
polynuclcotidc chains being twisted. In this way, the 
uprights of phosphate and deoxyribose wind around 
one another to form a double helix. They form the 
structural backbone of the DNA molecule. 

deoxyribose 

phosphate 

OH 
deoxyribose 

A Figure 3 The structure of o phosphodiester bond 
between a guanine nucleotide and ocytosine nucleotide 

• 




2.1 Structure of RNA and DNA 

The upflghts are composed 

of deoxyr1bose-phosphate 

molecules, and the rungs 

are pairs of bases. 


10 base pairs 

.& Figure 5 The double helix structure 

ofONA 

Hint 

In every molecule of DNA, the 
phosphate group, the deoxyribose 
and the four bases are always the 
same. What differs between one 
DNA molecule and another are 
the proportions, and more 
importantly the sequence, of 
each of the four bases. 

More detail on mutations is given 
in Topic 9.1, Gene mutations, and 
about protein synthesis in Topic 8.4, 
Polypeptide synthesis ­
transcription and splicing . 

• 


guanine :::::: 

..., thymine:: \ 
.& Figure 4 Basic structure ofONA 

ONA structure may be likened to a ladder in which alternating phosphate and 

deoxyribose molecules make up the 'uprights' and pairs oforganic bases comprise the 

'rungs'. Note the base pairings are always cytosine-guanine and adenine-thymine. 

This ensures a standard 'rung' length. Nate also that the 'uprights' run in the opposite 

direction to each other [i.e. are antiparallel} . 

The stability of DNA 

DNA is a stable molecule because: 


• 	 The phosphodiester backbone protects the mo re chemically reactive 
organic bases inside the double helix. 

• 	 Hydrogen bonds link the organic base pa irs fo rming bridges 
(rungs) between the phosphodieste r uprig ht s. As there are 
three hydrogen bonds between cyst ine a nd guanine, the higher 
the proportion of C- G pai rings. the more stable the ONA 
molecule. 

There are other interactive fo rces between the base pairs that hold the 
molecule together(= base stacking). 

Function of DNA 
ONA is the hereditary material responsible for passing genetic 
information from cell to cell and generation to generation. fn total, 
there are around 3.2 billion base pairs in the DNA of a typical 
mammalian cell. This vast number means tha t there is an almost 
infinite variety of sequences or bases alo ng the length of a DNA 
molecule. Tt is this variety that provides the genetic diversity within 
living organisms. 

The DNA molecule is adapted to carry out irs functio ns in a number 
of ways: 

• 	 It is a very stable structure which no rmall y passes fro m generation 
to generation without change. Only ra re ly does it mutate. 



• 	 Its two separate strands are joined only with hydrogen bonds, 
which allow them to separate during DNA replication (Topic 2.2) 
and protein synthesis. 

• 	 It is an extremely large molecule and therefore carries an immense 
amount of genetic information. 

• 	 By having the base pairs within the helical cylinder of the 
deoxyribose-phosphare backbone, the genetic information is to 
some extent protected from being corrupted by outside chemical 
and physical forces. 

• 	 Base pairing leads to DNA being able to replicate and to transfer 
information as mRNA. 

The function of the remarkable molecule that is DNA depends on the 
sequence of base pairs that it possesses. This sequence is important 10 

everything it does and, indeed, to life itself. 

Summary questions 

1 List the three basic components of a nucleotide. 


2 Suggest why the base pairings of adenine with cytosine and guanine 


with thymine do not occur. 


3 If the bases on one strand of DNA are TGGAGACT, determine the base 

sequence on the other strand. 

4 fi) If 19.9% of the base pairs in human DNA are guanine, calculate what 

percentage of human DNA is thymine. Show your reasoning. 

Unravelling the role of DNA 8 
We now take for granted that ONA is the hereditary 
material that passes genetic information from cel l to cell 
and generation to generation. This was not always the 
case because there were other contenders for this role, in 
particular proteins. 

With the knowledge available at the time, scient ists 
thought that proteins were the more likely candidate 
because of their considerable chemical diversity. ONA 
was considered to have too few components and to be 
chemically too simple to fulfil the role. However, not all 
scientists were convinced and so they set about finding 
experimental evidence to determine the true nature of 
hereditary materia I. 

1 	 Assess the advantages of scientists questioning 
the validity of a current theory rather than 
automatically accepting it. 

Scientists work by using observations and current 
knowledge to form a hypothesis. From this, they 
make predictions about the outcome of a part icular 
investigation. By carrying out this investigation a number 
of times, they collect the experimental evidence that 
allows them to accept or reject their hypothesis. 

2 	 Explain what is meant by the term 'hypothesis' in 
the scientific sense. 

Investigations were needed to test the hypothesis that 
DNA was the hereditary material. 

One investigation to test the hypothesis that DNA was the 
hereditary material involved experiments using mice and 
a bacterium that can cause pneumonia. The bacterium 
exists in two forms: 

• 	 a safe form that does not cause pneumonia, known 
as the R-strain, 

• 




2.1 Structure of RNA and DNA 

• 	 a harmful form that causes pneumonia, known as 
the S-strain. 

healthy mouse healthy mouse 

Mice were separately 
injected with living t t 
bacteria of the safe 
form and dead 
bacteria from the ~~ 
harmful form. t t 
The group of mice 
injected with the living 
safe form of bacteria 

living safe deadremained healthy, as 
form harmful form 

did the group injected 
with the dead harmful I 
form of bacteria. l 

both typesSo, when mice were 
injected together

injected with both types 
together, it would not 
have been surprising 
to get a similar result. ~ 
These mice, however, l 
developed pneumonia. mouse develops pneumonia 
The experiment and the A 	Figure 7 Summary of an 
results are summarised experiment to determine the nature 
in Figure 7. ofhereditary material in an organism 

Living bacteria of the harmful form were isolated from 
the mice with pneumonia. There are three possible 
explanations for this: 

• 	 Experimental error, for example, the harmful forms in 
the mixture were not all killed. 

• 	 The living safe form had mutated into the harmful 
form. This is possible but extremely unlikely, 
especially given that the experiment was repeated 
many times with the same result. 

• 	 Pneumonia is caused by a toxin. The harmful form of 
the bacterium has the information on how to make 
the toxin but, being dead, cannot do so. The safe 
form has the means of making the toxin but lacks 
the information on how to do so. The information on 
how to make the toxin may have been transferred 
from the harmful form to the safe form, which then 
produced it. 

3 fi state what simple procedure could be carried 

out to discount the first explanation. 


4 Mutations happen very rarely. Explain why this 

helps to discount the second explanation . 


• 


The third explanation was considered worthy of further 
investigation and so a series of experiments was 
designed and carried out as follows: 

• 	 The living harmful bacteria that were found in the 
mice with pneumonia, were collected. 

• 	 Various substances were isolated from these bacteria 
and purified. 

• 	 Each substance was added to suspensions of living 
safe bacteria to see whether it would transform them 
into the harmful form. 

• 	 The only substance that produced this transformation 
was purified ONA. 

• 	 When an enzyme that breaks down DNA was added, 
the ability to carry out the transformation ceased. 

Other experiments provided further proof that ONA was 
the hereditary material and also suggested a mechanism 
by which it could be transferred from one bacterial cel l 
to another. 

• 	 It had been observed that viruses infect bacteria, 
causing the bacteria to make more viruses. 

• 	 As the virus is made up of just protein and ONA, one 
or the other must possess the instructions that the 
bacteria use to make new viruses. 

• 	 The protein and ONA in the viruses were each labelled 
with a different radioactive element. 

• 	 One sample of bacteria was infected by viruses with 
radioactive protein while another sample was infected 
by viruses with radioactive DNA. 

• 	 In a later stage, the viruses and bacteria in both 
samples were separated from one another. 

• 	 Only the sample with bacteria that had been infected 
by viruses labelled with radioactive ONA showed signs 
of radioactivity. 

This was evidence that DNA was the material that had 
provided the bacteria with the genetic information 
needed to make the viruses. It also showed how 
ONA can be passed from one bacterium to another, 
for example, by viruses. 

5 	 Anew scientific discovery often presents moral, 

economic and ethical issues. Justify why it is 

necessary for society to analyse the risks and 

benefits of these discoveries before they are 

developed. 




Aprime location 

In order to understand how nucleotides are arranged 
in nucleic acids, it is necessary to know how the 
carbon atoms in the pentose molecule are numbered. 
Of particular importance is the numbering of the 
3' (3-prime) and 5' (5-prime) carbon atoms. 
The 5' carbon has an attached phosphate group, 
while the 3' has a hydroxyl group. 

Figure 8 shows a nucleotide with the 3' and 5' carbon 
atoms marked on its pentose sugar. 

When nucleotides are organised into the double 
strands of a DNA molecule, one strand runs in the 
5' to 3' direction while the other runs the opposite 
way - in the 3' to 5' direction. The two strands are 
therefore said to be antiparallel. 

0 

organic base 

OH 

""'Figure 8 Nucleotide showing positions ofthe 
3-prime (3' ) and 5-prime (5') carbon atoms on the 
pentase sugar 

Nucleic acids can only be synthesised 'in vivo' in the 
5'-to-3' direction. This is because the enzyme DNA 
polymerase that assembles nucleotides into a DNA 
molecule can only attach nucleotides to the hydroxyl 
(OH) group on the 3' carbon molecule. 

\~ 

.3 
~· 

3· 

3 

""' Figure 9 ONA molecule showing the 3-prime 
and 5·prime carbon atoms labelled. Notice that one 
strand runs 5' to 3' while the other runs 3' to 5'. They 
are antiparallel 

1 	 Suggest what the term 'in vivo' means in the 
context of synthesising DNA. 

2 	 From your knowledge of the way enzymes work, 
explain why ONA polymersae can only attach 
nucleotides to the hydroxyl (OH) group on the 3' 
carbon molecule. 

• 




Learning objectives 
' Describe the events which 

take place during DNA 
replication. 

' Describe the formation of a 
new polynucleotide strand. 

' Explain the semi-conservative 
process of DNA replication. 

Specification reference: 3.1.5.2 

Alevel students will learn more 
about use of DNA polymerase in 
Topic 21.3 The Polymerase chain 
reaction. 

Study tip 
Remember that ONA replication 
uses complementary base pairings 
to produce two identical copies. 

• 


The cells that make up organisms arc always derived from existing 
cells by the process of division. Cell division occurs in two main stages: 

• 	 Nuclear divis ion is the process by which the nucleus divides. 
There are two types of nuclear division, mitosis and meiosis . 

• 	 Cytokinesis follows nuclear division and is the process by which 
the whole cell divides. 

Before a nucleus divides its DNA must be replicated (copied). This is 
to ensure that all the daughter cells have the genetic information to 
produce the enzymes and other proteins that they need. 

The process of DNA replication is clearly very precise because all t.he new 
cells are more or less genetically ident ical to the original one. How then 
does DNA replication take place? It is the semi-conservative model that 
is universally accepted. 

Semi-conservative replication 
For semi-conservative replication to take place there arc four 
requirements: 

• 	 The four types of nucleotide, each with their bases of adenine, 
guanine, cytosine or thymine, must be present. 

• 	 Both strands of the DNA molecule act as a template for the 
attachment of these nucleotides. 

• 	 The enzyme DNA polymerase. 

• 	 A source of chemical energy is required to drive the process. 

The process of semi-conservative replication is illustrated in Figure 1. 
lt takes place as follows: 

• 	 The enzyme DNA helicase breaks the hydrogen bonds linking the 
base pairs of DNA. 

• 	 As a result the double helix separates into its two strands and 
unwinds. 

• 	 Each exposed polynucleotide strand then acts as a template to 
which complementary free nucleotides bind by specific base pairing 

• 	 Nucleotides are joined together in a condensation reaction by the 
enzyme DNA polymerase to form the 'missing' polynucleotide 
strand on each of the two original polynuclcotidc strands of DNA. 

• 	 Each of the new DNA molecules contains one of the original DNA 
strands. that is, half the original ONA has been saved and built into 
each of the new DNA molecules (Figure 2). The process is termed 
'semi-conservative replication'. 



a A representative portion of DNA, which b An enzyme, DNA helicase, causes the two c DNA helicase completes the splitting of the 
is about to undergo replication. strands of the DNA to separate by breaking strand. Meanwhile, free nucleotides that have 

the hydrogen bonds that join the been activated bind specifically to their 
complementary bases together. complementary bases. 

d 	Once the activa ted nucleotides are bound, they are 
joined together by DNA polymerase which makes 
phosphodiester bonds (bottom three nucleotides). 
The remaining unpaired bases continue to attract thei r 
complementary nucleotides. 

free 
nucleotides 

e 	 Finally, all the nucleotides are joined to form a complete polynucleotide 
chain using DNA polymerase. In this way, two identical strands of DNA 
are formed. As each strand retains half of the original DNA material, this 
method of rephcalion is called the semi-conservative method. 

onginal new new •, original 
strand strand strand '. strand 

.6. Figure 1 The semi-conseJVative replication ofDNA 

original DNASummary questions molecule 

1 	 If the bases on a portion of the original strand of ONA are 

ATGCTACG, determine the equivalent sequence of bases on the 
 DNA 
newly formed strand. 

2 	 Explain why the process of ONA repl ication is described as semi­
conservative. ~ion 

3 	 If an inhibitor of ONA polymerase were introduced into a cell, 

explain what the effect would be on ONA replication. 


DNA new DNA 
polymerase molecules 

.6. Figure 2 Role ofDNA polymerase in the 
semi-conseJVative replication ofONA 

• 




2.2 DNA replication 

•a conservative 
This account illustrates how scientists use theories and 
models to attempt to explain observations. Scientific 
progress is made when experimental evidence is 
produced that supports a new theory or model. 

When James Watson and Francis Crick worked out the 
structure of DNA in 1953, with the help ofRosalind Franklin's 
X-ray diffraction studies, they remarked in their paper: 

It has not escaped our notice that the specific 
pairing we have postulated immediately 
suggests a possible copying mechanism for 
the genetic material. 

Their idea, namely the semi-conservative method, was, 
however, only one of two possible mechanisms. Both 
needed to be scientifically tested before a definite 
conclusion could be drawn. The two hypotheses were: 

• 	 The conservative model suggested that the original 
DNA molecule remained intact and that a separate 
daughter DNA copy was built up from new molecules 
of deoxyribose, phosphate and organic bases. Of 
the two molecules produced, one would be made of 
entirely new material while the other would be entirely 
original material [Figure 3) . 

• 	 The semi-conservative model proposed that the 
original DNA molecule split into two separate strands, 
each of which then replicated its mirror image [i.e. the 
missing half). Each of the two new molecules would 
therefore have one strand of new material and one 
strand of original material (Figure 3 J. 

If we look at Figure 3, we can see that the distribution 
of the strands from the original DNA molecule after 
replication is different in each model. To find out which 
mechanism was correct was therefore easy, at least in 
theory - simply label the original ONA in some way and 
then look at how it was distributed after repl ication. The 
next stage was to design an experiment to test which 
hypothesis was correct. Two scientists, Meselsohn and 
Stahl, achieved this in a neat and elegant experiment. 

They based their work on three facts: 

• 	 All the bases in ONA contain nitrogen. 

• 	 Nitrogen has two forms: the lighter nitrogen 14Nand 
the isotope 15N, which is heavier. 

• 	 Bacteria will incorporate nitrogen from their growing 
medium into any new DNA that they make. 

• 


b semi-conservative 

daughter 
DNA 

- = parental DNA - = daughter DNA 

parental 
DNA 

daughter 
DNA 

A. Figure 3 Different models ofDNA 

replicotion 


They reasoned that bacteria grown on a medium 
containing 14Nwould have DNA that was lighter than 
bacteria grown on a medium containing 15N. They labelled 
the original DNA of bacteria by growing them on a medium 
of 1sN. They then transferred the bacteria to a medium 
of 14N for a single generation to allow it to replicate once. 
The mass of each 'new' ONA molecule would depend upon 
which method of replication had taken place (Figure 3 J. 
To separate out the different DNA types, they centrifuged 
the extracted DNA in a special solution. The lighter the 
DNA, the nearer the top of the centrifuge tube it collected. 
The heavier the DNA, the nearer the bottom of the tube 
it col lected [see Topic 3.1 J. They also analysed the DNA 
after two, then three, generations. By interpreting the 
results they could determine which hypothesis was 
correct. Their work is summarised in Figure 4. 

1 Name the part of the ONA molecule that contains 

nitrogen. 


2 Explain why, after one generation, all the DNA is 

made up of an equal mixture of 14N and 15N. 




3 

4 

S 

8 Suppose DNA were replicated by the conservative model. Sketch a 
tube showing the position of ONA after one generation.
9 From Figure 4, copy the chart for tube 4. Draw bars on the chart to 
show the percentage of each of the three possible types of ONA. 
9fjAfter three generations (tube 5), calculate what percentage of 
the ONA will be made up of 14 Nonly. 

0 
bacteria 
grown in 

"N medium 

bacteria grown 1n "N 
medium for many 

generations 

bacteria transferred to "N medium 

and samples removed at 


intervals shown 


alter one alter two after three 
generation generations generations 

~~-< ~I ) 
DNA extracted DNA extract suspended DNA suspension 

from bacteria in special solution centrifuged 
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0 
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both strands 
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.&. Figure 4 Summary afexperiments to determine the nature ofDNA replication 




Learning objectives 
' Define what energy is and 

why organisms need it. 

' Explain how ATP 
stores energy. 

' Describe how ATP is 
synthesised. 

' Describe the role of ATP in 
biological processes. 

Specification reference: 3.1.6 

Study tip 
You cannot 'make' energy or 
'produce' energy. Energy can only 
be transformed from one type to 
another and it can be transferred 
or released - you need to think 
and write in these terms. 

' ' 
' ' 
:-adenos1ne~ 

:+-adenosme monophosphate (AMPl-+i 

r-adenosine diphosphato (ADP) 

: 
;.__ adenosme trlphosphate (ATP) ----­

A. Figure 1 Structure ofATP 

energy released For use by cells 

+ 

hydrolysis 

ATP 

condensalton 

energy supplied From respiration 

A Figure 2 Interconversion ofATP and ADP 

• 

All living organisms require energy in order to remain alive. This energy 
comes initially from the Sun. Plants use solar energy to combine water 
and carbon dioxide into complex organic molecules by the process of 
phot0synlhesis. Both plants and animals then oxidise these organic 
molecules to make adenosine triphosphate (ATP), which is used as the 
main energy source to carry out processes within cells. 

Structure of ATP 
The ATP molecule (Figure 1) is a phosphorylated macromolecule. 
It has three parts: 

• 	 adenine - a nitrogen-containing orga nic base 

• 	 ribose - a sugar molecule with a 5-carbon ring structu re (pentose 
sugar) that acts as the backbone t0 which 1hc other parts are attached 

• 	 phosphates - a chain of three phosphate groups. 

How ATP stores energy 
Adenosine triphosphate (ATP) is a nucleotide and as the name 
suggests, has three phosphate groups. These arc the key to how ATP 
stores energy. The bonds between these phosphate groups are unstable 
and so have a low a ctivat ion energy, which means they are easily 
broken. When they do break they release a considerable amount of 
energy. Usually in living cells it is only the terminal phosphate that is 
removed, according to the equation: 

ATP + 	 ADP + + E 

adenosine a denosine in organic energy 

t rip h osphate diphosphate phosphate 


As water is used to convert ATP to ADP. this is known as a hydrolysis 
reaction. The reaction is ca talysed by the enzyme ATP h ydrolase 
(ATPase) . 

Synthesis of ATP 

The co11versio11 of ATP to ADP is a reversjble reaction and therefore 
energy can be used to add an inorgan ic phosphate to ADP to re-form 
ATP according to the reverse of the equation above. This reaction is 
catalysed by the enzyme ATP syn thase. As water is removed in 
this process, the reaction is known as a condensation reaction. 
Figure 2 summarises the interconversion of ATP and ADP. 

The synthesis of ATP from ADP involves the addition of a phosphate 
molecule to ADP. It occurs in three ways: 

• 	 in chlorophyll-containing plant cells during photosynthesis 
(photophosphorylation) 

• 	 in plant and animal cells during respiration (oxidative 
phosphorylation) 

• 	 in plant and animal cells when phosphate groups are transferred 
from donor molecules to ADP (substrate-level phosphorylation). 



Roles of ATP 
The same feature that makes ATP a good energy donor, namely the 
instability of its phosphate bonds, is also a reason why it is not a good 
long-term energy store. Fats, and carbohydrates such as glycogen, 
serve this purpose fa r better. ATP is therefore the immediate energy 
source of a cell. As a resul t, cells do not store large quantities of ATP, 
but rather just maintain a few seconds' supply. This is not a problem, 
as ATP is rapidly re-formed from ADP and inorganic phosphate (P;) 
and so a little goes a long way. ATP is a better immediate energy 
source than gl ucose for the following reasons: 

• 	 Each ATP molecule releases less energy than each glucose molecule. 
The energy fo r reactions is therefore released in smaller, more 
manageable quantities rather than the much greater, and therefore 
less manageable, release of energy from a glucose molecule. 

• 	 The hydrolysis of ATP to ADP is a single reaction that releases 
immediate energy. The breakdown of glucose is a long series of 
reactions and therefore the energy release takes longer. 

ATP caru1ot be stored and so has to be continuously made within the 
mitochondria of cells that need it. Cells, such as muscle fibres and the 
epithelium of the small intestine, which require energy for movement 
and active transport respectively, possess many large mitochondria. 

ATP i.s used in energy-requiring processes in cells including: 

• 	 metabolic processes. ATP provides the energy needed to build up 
macromolecules from their basic units. For example, making starch 
from glucose or polypeptides from amino acids. 

• 	 movement. ATP provides the energy for muscle contraction. In 
muscle contraction, ATP provides the energy for the filaments of 
muscle to slide past one another and therefore shorten the overall 
length of a muscle fibre. 

• 	 active transport. ATP provides the energy to change the shape 
of carrier proteins in plasma membranes. This allows molecules or 
ions to be moved against a concentration gradient. 

• 	 secretion. ATP is needed to form the lysosomes necessary for the 
secretion of cell products. 

• 	 activation of molecules. The inorganic phosphate released 
during the hydrolysis of ATP can be used to phosphorylate other 
compounds in order to make them more reactive, thus lowering 
the activation energy in enzyme-catalysed reactions. For example ­
the addition of phosphate to glucose molecules at the start of 
glycolysis. 

Summary questions 

1 	 ATP is sometimes referred to as 'an immediate energy source'. 


Explain why. 


2 	 Explain how ATP can make an enzyme-catalysed reaction take place 

more readily. 


3 	 State three roles of ATP in plant cells. 

Hint 

Think of the unstable bonds that 
link the phosphates in ATP as 
coiled springs. Due to these spring­
like bonds the end phosphate is 
straining to break away from its 
nearest partner. Any small addit ion 
of energy and the end phosphate 
springs away, releasing all the 
energy that is stored in the 'spring', 
that is, stored in the bond. 

Hint 

ATPis synthesised during 
reactions that release energy and 
it is hydrolysed to provide energy 
for reactions that require it. 

Study tip 

Don't think about ATP as a 'high­
energy' substance. ATP is an 
'intermediate energy' substance 
that is used to transfer energy. 

Synoptic link 

Concentration gradients are looked 
at in more detail in Topic 4.4, while 
the role of lysosomes in secretion 
is covered in Topic 3.4. 

• 




Learning objectives 
' Describe the structure ofthe 

water molecule. 

' State the properties of the 
water molecule. 

' Explain the importance of 
the water molecule to living 

organisms. 

' Describe inorganic ions and 
their roles. 

Specification reference: 3.1.? 
and 3.1.8 
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~ hydrogen bond 

• Figure 1 Water molecules showing 
hydrogen bonding 

• Figure 2 Due to surface tension, 
pond skaters walk on water 
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Water is a major component of cells. Although water is the most 
abundant liquid on Earth, iL is certainly no ordinary molecule. Its 
unusual properties are due Lo its dipolar nawrc and the subsequent 
hydrogen bonding that this allows. 

The dipolar water molecule 
A water molerule is made up of two atoms of hydrogen and one 
of oxygen as shown in Figure 1. Although the molecule has no 
overall charge, the oxygen atom has a slight negative charge, while 
the hydrogen atoms have a slight positive one. In other words. the 
water molerule has both positive and negative poles and is therefore 
described as dipolar. 

Water and hydrogen bonding 
Different poles attract, and therefore the positive pole of one water 
molecule will be attracted to the negalive pole of another water 
molecule. The attractive force between these opposite charges is 
called a hydrogen bond (Figure I ). Although each bond is fairly weak 
(about one-tenth as strong as a covalent bond), together they form 
important forces that cause the water molecules to stick together, 
giving water its unusual properties. 

Specific heat capacity of water 
Because water molecules stick together, it takes more energy (heat) 
to separate them than would be needed if they did not bond to one 
another. For this reason the boiling point of water is higher than 
expected. Without its hydrogen bonding, water would be a gas (water 
vapour) at the temperatures commonly found on Earth and life as we 
know it would not exist. For the same reason, it takes more energy 
to heat a given mass of water. that is water has a high specific heat 
capacity. Water therefore acts as a buffer against sudden temperature 
variations, making the aquatic environmen t a tempera ture-stable one. 
As organisms are mostly water, it also buffers them aga inst sudden 
temperature changes especially in terrestrial environments. 

Latent heat of vaporisation of water 
Hydrogen bonding between water molecules means that it requires a 
lot of energy to evaporate l gram of water. This energy is called the 
latent heat of vaporisation. Evaporation of wacer such as sweat in 
mammals is therefore a very effective means of cooling because body 
heac is used to evaporate the water. 

Cohesion and surface tension in water 
The tendency of molecules to stick together is known as cohesion. 
With its hydrogen bonding, water has large cohesive forces and these 
allow it tO be pulled up through a tube, such as a xylem vessel in 
plants. In the same way, where water molecules meet air they tend 



to be pulled back into the body of water rather than escaping from it. 
This force is called surface tension and means that the water surface 
acts like a skin and is strong enough to support small organisms such 
as pond skaters (Figure 2). 

The importance of water to living organisms 
Water is the main constituent of all organisms - up to 98% of a 
jellyfish is water and mammals are typically 65% water. Water is also 
where life on Earth arose and it is the environment in which many 
species stilJ live. It is important for other reasons too. 

Water in metabolism 
• 	 Water is used to break down many complex molecules by 

hydrolysis, for example, proteins to amino acids. Water is also 
produced in condensation reactions. 

• 	 Chemical reactions take place in an aqueous medium. 

• 	 Water is a major raw material in photosynthesis. 

Water as a solvent 
Water readily dissolves other substances: 

• 	 gases such as oxygen and carbon dioxide 

• 	 wastes such as ammonia and urea 

• 	 inorganic ions and small hydrophilic molecules such as amino 
acids, monosaccharides and ATP 

• 	 enzymes, whose reactions take place in solution. 

Other important features of water 
• 	 Its evaporatfon cools organisms and allows them to control their 

temperar.ure. 

• 	 It is not easily compressed and therefore provides support, for 
example the hydrostatic skeleton of animals such as the earthworm 
and turgor pressure in herbaceous plants. 

• 	 1t is transparent and therefore aquatic plants can photosynthesise 
and also light rays can penetrate the jelly-like fluid that fills the eye 
and so reach the retina. 

Inorganic ions 
Inorganic ions are found in organisms where they occur in solution in 
the cytoplasm of cells and in body fluids and as well as part of larger 
molecules. They may be in concentrations that range from very high 
to very low. 

Inorganic ions perform a range of functions. The specific function a 
particular ion performs is related to its propetties. For example, as we 
saw in Topic 1.6, iron ions are found in haemoglobin where they play 
a role in the transport of oxygen. Other examples we have looked 
at include the phosphate ions that form a structural role in DNA 
molecules (Topic 2.1) and a role in storing energy in ATP molecules 
(Topic 2.3). Hydrogen ions are important in determining the pH of 
solutions and therefore the functioning of enzymes (Topic 1.8). We 
shall see in Topic 4.5 that sodium ions are important in the transport 
of glucose and amino acids across plasma membranes. 

·. . ·.r . ·" . 
' ~t c. 

\ 
A Figure 3 Evaporation ofwater 
during sweating helps to maintain body 
temperature 

Synoptic link 

Xylem vessels will be covered in 
Topic 7.7 and condensation and 
hydrolysis were covered in 
Topic 1.3. 

Summary questions 

In the following passage, state 
the missing word indicated by the 
letters a- f. 

A water molecule is said to be 
a because it has a positive and 
a negative pole as a result of the 
uneven distribution of b within it. 
This creates attractive forces 
called c between water molecules, 
causing them to stick together. 
This stickiness of water means 
that its molecules are pulled 
inwards at its surface. This force 
is called d. Water is able to split 
large molecules into smaller ones 
by a process known as e. Water is 
the raw material for the process of 
fin green plants. 

• 




Practice questions: Chapter 2 


• 


(a) Figure 1 shows one base pair of a DNA molecule. 

F 

•Figure 1 

(i) Name part F of eacl1 nucleotide. 
(ii) Scientists determined that a sample of DNA contained 18% adenine. 

What were the percentages o[ thymine and guanine in this sample of DNA? 

(1 mark) 

(2 marks) 
AQA SAMS PAPER l 

(b) 	 Organisms vary widely in the number of genes they have. Figure 2 shows the total 
length of DNA in six organisms plotted against the number of functiona l genes. The 
length of DNA is measured in numbers of base pairs. 
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(i) 	 A double-stranded DNA molecule is 2 pm long for every thousand base 
pairs. Use Figure 2 LO calculate the total length of DNA in a human cell 
in metres. Show your working. (2 marks) 

(ii) 	 Calcula te the ratio of DNA length to number or gene5 in humans and 
in Escherichia coli and suggest why there is this difference. (2 marks) 

2 Figure 3 shows a short section of a DNA molecule. 

Q 



Chapter 2 Nucleic acids 

• 


(a) Name parts R and Q. (2 marks) 

(b) Name the type or bonds that join A and B. (/mark) 
(c) Ribonucleasc is an emyme. It is 127 amino acids long. What is the 

minimum number or DNA bases needed to code for ribonuclease? (/mark) 
(d) Figure 2 shows the sequence of DNA bases coding (or seven amino acids 

in the e111ymc ribonuclease. 
Figure 2 

GTI TAC TAC TCT TCT TCT TIA 
The number or each type or amino acid coded for by this sequence of DNA bases is shown in 
the table. 

Amino acid Number present 

Arg 3 

Met 2 

Gin 1 

Asn 1 

Use the table and Figure 2 to work out the sequence of amino acids in this part ol' the 
enzyme. Write your answer in the boxes below. 

IGin 

(/mark) 
(e} Explain how a change in a sequence of DNA bases could result in a 

non-functional emyme. (3 marks) 
AQA Jan 2010 

3 (a) Hydrogen bonds occur between water molecules. Explain how these 
affect the properties of water as a habitat for organisms. (2 marks) 

(b) Give two inorganic ions within the human body and describe one runction 
of each. (4 marks) 

(c) Explain the importance of the hydrolysis reaction of ATP. (2 marks) 
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Section 1 Biological molecules 

, 
Practical skills 	

""' 

In this section you have met the following 
practical skills: 

• 	 How to carry out tests for a variety of 
food substances. For example: 

Benedict's reagent to test for 
reducing and non-reducing sugars 

iodine in potassium iodide 
solution to test for starch 

the Biuret test for proteins 

the emulsion test for lipids. 

• 	 The importance of keeping all other 
variables constant except the one 
being investigated, when carrying out 
investigations such as the effects of 
different factors on enzyme action. 

, 

, " 
Maths skills 
In this section you have metthe following 

maths skills: 


• 	 How to measure change in the rate of a 
reaction using a tangent to a curve. 

• 	 Finding the frequency of all the bases 

on a DNA strand when given only 

information on some of the bases 


present. 


• 	 Choosing the best way of presenting 
your results when investigating the rate 
of enzyme-controlled reactions. 

~ 

Extension task 
Research the following two topics using any 
source of information available to you, for 
example, textbooks, journals, the internet etc. 

Proteins are very diverse in their structure and 
functions and so are involved in all processes 
of living organisms including: nutrition, 
respiration, transport, growth, excretion, 
support, movement, sensory perception, 
coordination and reproduction. For each of 
these, state the name of one different specific 
protein that is involved in each process and 
state its function. 

----• 


A common riddle is: which came first, the 
chicken or the egg? A similar conundrum for 
scientists is: which came first, the enzyme 
needed to make the nucleic acid or the nucleic 
acid needed to make the enzyme? 

It used to be thought that all enzymes 
were proteins but we now know that some 
reactions in cells are catalysed by non-protein 
molecules. Find out about these molecules 
and use the information to explain why these 
non-protein molecules provide an answer to 
the question, which came first - the enzyme 
or the nucleic acid? 



Section 1 Practice questions 

• 


(a) 	 Some seeds contain lipids. Describe how you could use the emulsion test to show that 
a seed contains lipids. (J marks) 

(b) 	 A triglyceride is one type of lipid. The diagram shows the structure or a triglyceride 
molecule. 

H H H H H H 
I I I I I I 
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I 	 I I I I 
H 	 H H H H 

p••·------------------------------~
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H -	 C - C - C - C - C - C - H0 :o 
I 	 I I I 
H H H H 

·- ---------------- ----------------· 
H 	 H H H 
I 	 I I I 

11 -	 C - 0 :o C - C - C = C - C - H 
I : I I 
H H H 

(i) 	 A triglyceride molecule is formed by condensation. From how many 
molecules is this triglyceride formed? (I mark) 

(ii) 	 The structure of a phospholipid molecule is different rrom that of a 
triglyceride. Describe how a phospholipid is different. (2 marks) 

(iii) Use the diagram co explain what is meant by an unsacurated fatty acid. (2 marks) 
AQA Jan 2012 

2 	 Read the following passage. 

Aspirin is a very useful drug. One or its uses is to reduce rever 
and inflammation. Aspirin does this by preventing cells rrom producing 
substances called prosraglandins. Prostaglandins are produced by 
an enzyme-controlled pathway. Aspirin works by inhibiting one or the 
enzymes in this pathway. Aspirin attaches permanently to a 
chemical group on one of the monomers that make up the active site of this enzyme. 

The enzyme that is involved in the pathway leading to the production 
of prostaglandins is also involved in the pathway lead ing to the 
production of thromboxane. This is a substance that promotes blood 
clotting. A small daily dose of aspirin may reduce the risk or 
myocardia I infarction (heart attack) . 
Use information from the passage and your own knowledge to answer the following 
questions 
(a) 	 Name the monomers that make up the active site or the enzyme (lines 6 - 7). 

(1 mark) 
(b) 	The diagram shows the pathways by which prostaglandins and thromboxane 


arc formed. 


substance A 

1 
substance B 

1enzyme X 

substance C 

enzyme y ~enzyme Z 

prostaglandins thromboxane 

10 
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Sect ion 1 Biological molecules 

• 


(i) 	 Aspirin only affects one of the enzymes in this pathway. Use informa tion 
in lines 5 - 7 to explain why aspirin does not afCect the other enzymes. (2 marks) 

(ii) 	 Which en1yme, X. Y or Z, is inhibited by aspirin? Explain the evidence 
from the passage that supports your answer. (2 marks) 

(c) 	 Aspirin is an en1yme inhibitor. Explain how aspirin prevents substrate 
molecules being convened to product molecules. (2 marks) 

(d) 	 Aspirin may reduce the risk of myocardial infarction (lines 8 - 12). 
Explain how. 	 (J marks) 

AQA Jan 2012 

The diagram shows part of a DNA molecule 

(a) 	 (i) DNA is a polymer. What is the evidence from the diagram that 
DNA is a polymer? (1 mark) 

(ii) 	 Name the pans of the diagram labelled C. D and E. (3 marks) 
(iii) 	 Jn a piece of DNA, 34% of the bases were thymine. 

Complete the table to show the names and percentages of the other bases. 

Name of base 	 Percentage 

Thymine 34 

34 

(2 marks) 
(b) 	 A polypeptide has 51 amino acids in its primary structure. 

(i) 	 What is the minimum number of DNA bases required to code for the 
amino acids in this polypeptide? (I mark) 

AQA Jan 20 12 



Chapter titles 
3 Cell structure 

4 Transport across cell 

membranes 

5 Cell recognition and 

the immune system 

Introduction 
The cell is the fundamental unit of life. All organisms, whatever their 
cype or size, are composed of cells. All new cells are derived from 
existing ones by one of the following the processes of binary fission 
(prokaryotic cells), mitosis and meiosis (eukaryotic cel ls). Cells contain 
the genetic material of an organism and metabolic processes take place 
within them. 

Cells aU share certain basic features and yet show remarkable diversity 
in both structure and funct.ion. Their differences are the resu lt of 
additional features that have arisen over tinie. This provides indirect 
evidence for evolution. Eukaryotic cells have a nucleus, or nuclear 
region, at some stage of their existence. Cells arc all surrounded by a 
cell-surface membrane and in eukaryotic cells there are also internal 
membranes. 

The structure of the plasma membrane is basically the same whether 
it forms the cell-surface membrane or any of the internal membranes 
within the cell. lt controls the passage of substances across it by passive 
and active transpon. The cell-surface membrane acts as the boundary 
between the cell and its environment. It may exclude some substances 
while retaining others. Some substances may pass freely across it, 
while others are prevented from doing so at one moment. only to pass 
freely across on another occasion. 

The cell -surface membrane is made up a lmost entirely of proteins and 
phospholipids. Certain proteins that are embedded in the membrane 
are involved in communication between cel ls (cell signalling) while 
others act as antigens, allowing the cel l to be recognised by the 
immune system as either 'self' or 'non-self' (foreign). Antigens play 
an important role in defence against disease and immunity. Various 
cells such as T lymphocytes and B lymphocytes interact to combat 
infections and to prevent symptoms arising when there are future 
infect.ions by the same pathogen. These immun e responses can be 
artificially induced by the process of vaccination. 

Working scientifically 
The sLUdy of cells gives plenty of scope to carry out practical work and 
develop practical skills. Required practical activities arc: 

• 	 The preparation of stained squashe'> or CCII'> from plant root tips 
and the sening up and use of an optical microscope to identify the 
stages of mitosis in these stained squashes. You will also be required 
to use your observations to calculate a mitotic index. 

• 	 The production of a dilution series of a solute to produce a calibration 
curve with which to identify the water potential of a plant tissue. 



• 	 An investigation into the effect of a named variable on the 
permeability of cell-surface membranes. 

You will require a range of mathematical skills - in particular the ability to 

use percentages, make order of magnitude calculations, plOL two variables 
[rom experimenta l data and draw and determine the intercept of a graph. 

,. 

What you already know 

While the material in th is unir should be understood without much prior 

knowledge, th ere is ce rtain information from GCSE that will prove helpful. 

This information includes: 


0 	 Mosr human and anima l cells have a nucleus, cytoplasm, cell membrane, 

mitochondria and ribosomes. 


0 	 Plant and algal cells also have a cell wall made of cellulose, which strengthens 
the cell. Plant cells often have chloroplasts and a permanent vacuole filled with 
cell sap. 

0 	 A bacterial cell consists of cytoplasm and a membrane surrounded by a cell 
wall - the genes are not in a distinct nucleus. 

0 	 In body cells the chromosomes are generally found in pairs. Body cells divide 
by mitosis. When a body cell divides by mitosis, copies of the genetic material 
are made then the cell divides once to form two genetically identical body 
cells. Mitosis occurs during asexual reproduction or growth or to produce 
replacement cells. 

0 	 Diffusion is th e net movement of molecules from a region where they are of a 
h igher concentration to a region with a lower concentration. 

0 	 Osmos is is the diffusion of water from a dilute to a more concen trarcd 
solurion through a selectively permeable membrane 1ha 1 a llows the passage 
o[ water molecules. 

0 	 Substances arc sometimes absorbed against a concentration gradient. This 
involves the use of ATP from respiration. The process is called active transport. 
Active transport enables cells to absorb ions from very dilute solutions. 

0 	 Microorganisms that cause infectious disease are called pathogens. White blood 
cells help to defend against pathogens by ingesting them, producing antibodies 
and antitoxins. 

0 The immune system of the body produces specific antibodies that lead to the 
death of a particular pathogen. This leads to immunity from that pathogen. 

0 People can be immunised against a disease by introducing small quantities of 
dead or inactive forms of the pathogen into the body (vaccination). 



Learning objectives 
-+ Explain the principles of 

magnification and resolution. 

-+ Describe what cell 
fractionation is. 

-+ 	 Explain how 
ultracentrifugation works. 

Specification reference: 3.2.1.3 

Study tip 
Make sure that you use scientific 
terms correctly. For example, light 
has a longer wavelength than a 
beam of electrons. It's not correct 
to say that optical microscopes 
have a longer wavelength than 
electron microscopes though. 

MS 1.8, 0.1, 0.2 and 2.2, see 
Chapter 22. 

T Table 1 Units oflength 

Unit 

kilometre 
metre 

millimetre 

micrometre 

nanometre 

size 
of object 

Symbol 

km 
m 

mm 

µm 
nm 

Equivalent 
in metres 

103 

1 
10- 3 

10- 6 

10-9 

.A Figure 1 The equation triangle 
for calculating the size ofimage, 
magnification and size of object 
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The cell is the basic unit of life. However, with a few exceptions, cells 
are not visible to the naked eye and their structure is only apparent 
when seen under a microscope. 

Microscopy 8 
Microscopes are instruments that produce a magnified image of 
an object. A simple convex glass lens can act as a magnifying glass 
but such lenses work more effectively Hthey are used in pairs in a 
compound light microscope. The relatively long wavelength of light 
rays means that a light microscope can only distinguish between two 
objects if they are 0.2 µm, or further, apart. This limitation can be 
overcome by using beams of electronc; rather than beams of light. 
With their shorter wavelengths, the beam of electrons in th e electron 
microscope can distinguish between two objects only 0.1 nm apart. 

Magnification 9 
The material that is put under a microscope is referred to as the 
object. The appearance of this material when viewed under the 
microscope is referred to as the image. 

The magnification of an object is how many times bigger the image is 
when compared to the object. 

'fi. 	 t' s ize of imagemagru ca ion = 
s ize of real object 

In practice, it is more likely that you will need to calculate the size of 
an object when you know the size of the image and the magnification. 
In this case: 

. . s ize of image
size of real object = 'fi . 

magm catio n 

The important thing Lo remember when calcu lating the magnHication 
is to ensure that the units of length (Table I) arc the same for both the 
object and the image. 

Worked example 
An object rhat measures 100 nm in length appears IO mm long in a 
photograph. What is the magnification of the object? 

size of image = IO mm 
size of real o bject 100 nm 

Now convert the measurements to the same units - normally the 
smallest - which in this case is nanometres. There arc I 0 000 000 
nanometres in IO millimetres and therefore the magnification is: 

size of image = lOOOOOOOnm = 100000 = x l OOOOO t im es 
size of reaJ o bject 100 n m I 

These figures can also be expressed in standard form as follows: 

size of image = 107 = 105 = x l 05 

size of real o bject 102 I 



Resolution 
The resolution, or resolving power, of a microscope is the minimum 
distance apart that two objects can be in order for them to appear 
as separate items. Whatever the type of microscope, the resolving 
power depends on the wavelength or form of radiation used. In a 
light microscope it is about 0.2µm. This means that any two objects 
which are 0.2 µm or more apart will be seen separately, but any object~ 
doser than 0.2 µm will appear as a single item. In other words, greater 
resolution means greater clarity, that is the image produced is dearer 
and more precise. 

Increasing the magnification increases the si.ze of an image, but does 
not always increase the resolution. Every microscope has a limit of 
resolution. Up LO this point increasing the magnification will reveal 
more detail but beyond this point increasing the magnifica tion will not 
do this. The object. while appearing larger, will j ust be more blurred. 

Cell fractionation 9 
In order to study the structure and function of the various organelles 
that make up cells, it is necessary w obtain large numbers of isolated 
organelles. 

Cell fractionation is the process where cells arc broken up and the 
different organelles they contain arc separated out. 

Before cell fractionation can begin, the tissue is placed in a cold, buffered 
solution of the same water potential as the tissue. The solution is: 

• 	 cold - to reduce enzyme activity that might break down the organelles 

• 	 is of the same water potenrial as the tissue - to prevent organelles 
bursting or shrinking as a result of osmotic gain or loss of water 

• 	 buffered - so that the pH docs not fluctuate. Any change in pH 
could alter the structure of the organelles or affect the functioning 
of enzymes. 

There are two stages to cell fractiona tion: 

Homogenation 
Cells are broken up by a homogeniser (blender}.This releases the 
organelles from the cell. The res ultant fluid, known as homogenate. 
is then filtered to remove any complete cells and large pieces of debris. 

Ultracentrifugation 
Ultracentrifugation is the process by which the fragments in the filtered 
homogenate are separated in a machine called a centriluge. This spins 
tubes of homogenate at very high speed in order to create a centrifugal 
force. For animal cells, the process is as follows: 

• 	 The tube of filtrate is placed in the centriluge and spun at a slow speed. 

• 	 The heaviest organelles, the nuclei, are forced to the bottom of the 
tube, where they form a thin sediment or pellet. 

• 	 The fluid at the top of the tube (supernatant) is removed, leaving 
just the sediment of nuclei. 

• 	 The supernatant is transferred to another tube and spun in the 
centrifuge at a faster speed than before. 

I 

Hint 

Practise working out actual sizes 
from diagrams and photographs with 
agiven scale. Practice makes it easy. 

a 

x 1000000 

.A Figure 2 The effect of progressive 
magnification ofa portion ofhuman skin 

Study tip 

Remember that the solut ion used 
during cell fractionation prevents 
organelles bursting or shrinking 
as a result of osmotic gain or 
loss of water. Oon't refer to cells 
bursting or shrinking. This is a 
common error! 

• 




3.1 Methods of studying cells 

Summary questions 

1 	 Distinguish between 
magnification and resolution. 

2 	 fi An organelle that is S µm 
in diameter appears under a 
microscope to have a diameter 
of 1 mm. Calculate how many 
times the organelle has been 
magnified. 

3 	 fi Acell organelle called a 
ribosome is typically 25 nm 
in diameter. Calculate its 
diameter when viewed under 
an electron microscope that 
magnifies it 400 000 times. 

4 	 fi At a magnification of 
x12 DOD a structure appears 
to be 6 mm long. Determine its 
actual length. 

s 	8 Chloroplasts have a greater 
mass than mitochondria but 
a smaller mass than nuclei. 
Starting with a sample of plant 
cells, describe briefly how you 
would obtain a sample rich in 
chloroplasts. Use Figure 3 to 
help you. 

6 	 fi Using the magnifications 
given in Figure 2, calculate 
the actual size of the following 
organelles as measured 
along the line labelled X- Y. In 
your answer, use the most 
appropriate units from Table 1. 

a The organelle in box e 

b The organelle in box g 

• 

• 	 The next heaviest organelles, the mitochondria, are forced to the 
bottom of the tube. 

• 	 The process is continued in th is way so tha t, a t each increase in 
speed, the next heaviest organelle is sed ime nted and separaced out. 

A summary of cell fractionation is given in Figure 3. 

1. lissue is cut up and 2. Cut-up tissue 3. Homogenised tissue is spun 
kept in a cold, buffered further broken in an ultracentrifuge at a low 
solution. up ma homogeniser. speed for 10 minutes. 

4. Result of being spun m 

ultracentrifuge at low speed (e.g. 1 000 x gravity). 


supernatant 1 

5. Spun in ultracentrifuge 
at medium speed (e.g. 3 500 x gravity). 

sediment 1 supernatant 2 ...... 

sediment2 supernatant 3 

6. Spun in ultracentrifuge 
at high speed 
(e.g. 16 500 x gra\llty). 

sed1ment3 

Organelles to be separated out Speed of centrifugation / revolutions min -1 

nuclei 1000 

mitochondria 3 500 

lysosomes 16 500 

A Figure 3 Summary of cellfractionation 

The techniques of cell fractionation and ultracentrifugation enabled 
considerable advances in biological knowledge. They allowed a detailed 
study of the structure and function of organelles, by showing what 
isolated components do. 

~ Figure 4 An ultracentrifuge 
used to separate the various 
components of cell homogenate 



LighL microscopes have poor resoluLion as a result of the relatively 
long wavelength of light. In the 1930s, however, a microscope was 
developed that used a beam of electrons instead of light. This is called 
an electron microscope and it has two main advantages: 

• 	 The electron beam has a very short wavelength and the microscope 
can therefore resolve objects well - it has a high resolving power. 

• 	 As electrons are negatively charged the beam can be focused using 
electromagnets (Figure 2). 

The best modern electron microscopes can resolve objects that 
are just O. l nm apart - 2000 times better than a light microscope. 
Because electrons are absorbed or deflected by the molecules in air, 
a near-vacuum has to be created within the chamber of an electron 
microscope in order for it ro work effectively. 

light source 	 electron source Q 

condenser lens magnetic condenser D D 

object 

objective lenses 

intermediate 

image 


intermediate image • I l . 
eyepiece lenses 

(projector) 	 magnetic projector D 0 

~ 
human eye 	 fluorescent screen 

£. Figure 2 Compor1son ofradiation pathways in light and electron microscopes 

Learning objectives 
-+ 	 Explain how electron 

microscopes work. 

-+ 	 Explain the differences 

between a transmission 

electron microscope 

and a scanning electron 

microscope. 

-+ 	 Describe the limitations ofthe 

transmission and the scanning 

electron microscopes. 

Specification reference: 3.2.1.3 

£. Figure 1 Scientist looking at a sample 
using a transmission electron microscope 
{TEM] 

• 




3.2 The e lectron microscope 

Study tip 
Remember that the greater resolving 
power of an electron microscope 
compared to a light microscope is 
due to the electron beam having a 
shorter wavelength than light. 

Study tip 

Look at photographs taken with an 
SEM and aTEM and make sure ':JOU 
can identif':J cell organelles. Don't 
just rel':J on diagrams. 

• 


There are two types of electron microscope: 

• 	 the transmission electron microscope (TEM) 

• 	 the scanning electron microscope (SEM). 

The transmission electron microscope 
The TEM consists of an electron gun that produces a beam of electrons 
that is focused onto the specimen by a condenser electromagnet. In a 
TEM, the beam passes through a thin section or the specimen. Parts of 
this specimen absorb electrons and therefore appear dark. Other pans 
of the specimen allow the electrons to pass through and so appear 
bright. An image is produced on a screen and this can be photographed 
to give a photomicrograph. The resolving power of the TEM is 
0.1 nm although this cannot always be achieved in practice because: 

• 	 difficulties preparing the specimen limit the resolution that can be 
achieved 

• 	 a higher energy electron beam is required and this may destroy the 
speci men . 

The main limitations of the TEM arc: 

• 	 The whole system must be in a vacuum and therefore living 
specimens cannot be observed. 

• 	 A complex 'staining' process is required and even rhen the image is 
not in colour. 

• 	 The specimen must be extremely thin. 

• 	 The image may contain artefacts. Artefacts are things that result 
from the way the specimen is prepared. Artefacts may appear 
on the finished photomicrograph but are not pan of rhe natural 
specimen. It is therefore not always easy to be sure rhat what we 
see on a photomicrograph really exists in thar form. 

In the TEM the specimens must be extremely thin to allow electrons 
to penetrate. The result is therefore a flat, 2-D image. We can partly 
get over this by taking a series of sections through a specimen. We can 
then build up a 3-D image of the specimen by looking at the series of 

~Figure 3 Part afan animal cell 
seen under a TEM 



ph otomicrographs produced. However, th is is a slow and complicated 
process. One way in which th is probJem has been overcome is the 
developmen t of the SEM. 

The scanning electron microscope 
All the limitations of the TEM also apply to the SEM, except that 
specimens need not be extremely thin as electrons do not penetrate. 
Basically similar to a TEM, the SEM directs a beam of electrons on to 
the surface of the specimen from above, rather than penetrating it 
from below. The beam is then passed back and forth across a portion 
of the specimen in a regular pattern. The electrons are scattered by th e 
specimen and the pattern of this scattering depends on the contou rs 
of the specimen surface. We can build up a 3-D image by computer 
analysis of the pattern of scattered electrons and secondary electrons 
p roduced. The basic SEM has a lower resolving power than a TEM, 
around 20 nm, but is still ten times better than a light microscope. 

A Figure 4 False-colour [SEM} ofa 
pollen grain from o marigold plant 

A Figure 5 False -colour SEM ofhuman red blood cells 

Summary questions 

1 Explain how the electron microscope is able to resolve objects better 
than the light microscope. 

2 Explain why specimens have to be kept in a near-vacuum in order to be 
viewed effectively using an electron microscope. 

3 	 State which of the biological structures in the following list can be 
resolved using each of the microscopes below: 
plant cell (100 µm) DNA molecule (2 nm) virus (100 nm) 
actin molecule (3.S nm) a bacterium ( 1 µm) 

a a light microscope 


b a transmission electron microscope 


c a scanning electron microscope. 


4 In practice, the theoretical resolving power of an electron microscope 
cannot always be achieved. Explain why not. 

5 G In a photomicrograph, an organelle measures 25 mm when its actual 
size is S µm. Calculate the magnification of this photomicrograph. 

• 



Learning outcomes Measuring cells 
' Explain how to calibrate an When using a light microscope. we can measure the size of objects using 

eyepiece graticule. an eyepiece graticule. The graticule is a glass disc that is placed in the 

' Explain how to measure eyepiece of a microscope. A scale is etched on the glass disc. This scale 

cell size using an eyepiece is typically lOmm long and is divided int0 100 sub-divisions as shown 
in Figure 1. The scale is visible when looking down the eyepiece of thegraticule. 
microscope.

' 	 Learn how to calculate the 
size of a specimen and/or 
magnifications from drawings 
and photographs. 

Specification reference: 3.2.1.3 

10 20 30 40 50 60 70 80 90 100 

I I I I I I 

eyepiece 
grahcule scale 

\ stage micrometer 
scale 

10 20 30 40 50 60 70 80 90 100 

I I I I I I 

0 10 20 30 

• 
.A. Figure 1 An eyepiece graticule and how it is calibrated 



The scale on the eyepiece graticule cannot be used directly to measure 
the size of objects under a microscope's objective lens because each 
objective lens will magnify to a different degree. The graticule must 
first be calibrated for a particular objective lens. Once calibrated in this 
way, the graticule can remain in position for future use, provided the 
same objective lens is used. 

It is therefore sensible to record the results of the calibration for a 
particular objective lens and to leave this attached to the microscope. 
This will save you having to recalibrate each time you want to 
measure the size or the object being viewed under the microscope. 

Calibrating the eyepiece graticule 
To calibrate an eyepiece graticule you need to use a special mkroscope 
slide called a stage microm eter . This slide also has a scale etched 
onto it. Usually the sca le is 2 mm long and its smallest sub-divisions 
are 0.01 mm (lO µ m). 

When the eyepiece graticule scale and the stage micrometer scales are 
lined-up as shown in Figure 1, it is possible to calcula te the length of 
the divisions on the eyepiece graticule. For example, you can see in 
Figure 1, that: 

• 	 10 units on the micrometer scale are equivalent to 40 units on the 
graticule scale 

• 	 therefore I unit on the micrometer scale equals 4 units on the 
graticule scale 

• 	 as each unit on the micrometer scale equals 10 µm, each unit on 
the graticule equals I 0 + 4 = 2.5 µm. 

IL is easy to calculate the scale for differem objective lenses by dividing 
the differences in magnification. For example, if an objective lens 
magnifying x40 gives a calibration of 25 µm per graticule unit, then 
an objective lens magnifying x400 ( 10 times greater) will mean a 
graticule unit is equiva lent 10 25 µm + 10 = 2.5 µm. 

~ 
Calculat ing linear magnifications of \!J 
drawings and photographs 
You may need 10 ca lcula te the magnification • II you measure the length of X-Y as drawn 
of a drawing or photograph of an object under on the photograph you £ind it is 23 mm long. 
a microscope. You have looked at how the • As the line represents 5 µm in the cell, you 

calculation is made. Now try an example using 
 also need w convert your measurement in 

an aclllal phot0graph. 
 the phot0graph to microns (µm). 23 µm = 

Look at Figure 2 or part or an animal cell seen 23000µm. 

under a transmission electron microscope. On 
 • II 23000µm on the photograph is equivalent 
this photograph a red line X-Y is marked. This to 5 µm in the cell, then the magnification 

line represents a length or 5 µm of the actual cell. 
 must be 23 000 + 5 =4600 rimes. 

Using this information, calculate the magnification 

of the phot0graph as follows: 

• 

0 



3.3 Microscope measurements and calculations 

~ 
~ 

Calculating actual sizes of specimens 
from drawings and photographs 
You have seen how the size of an object can be 
calculated when you know the magnification 
and the image size. You can see how this is 
done again using a photograph. In Figure 2, the 
magnification is x4600. Calculate the actual size 
of a mitochondrion shown in the photo. 

This mitochond1ion is labelled A. To calculate its 
actual size: 

• 	 Measure the diameter of mi tochondrion A. 
As it is not truly spherical you need to 

calculate the mean of a number of different 
diameters. The mea n is 20 mm. 

• 	 The size of the image is 20rnrn (20000pm).A Figure 2 Part ofan animal cell seen under a TEM. 
• 	 The actual size ot the mirochondrion equals 

the size of the image .;. magn ification or 
20000pm.;. 4600 =4.3pm. 

Summary questions 

In the following passage, state the missing word indicated by each letter a-h. 

To measure the size ofan object under a a microscope you can use an 
b graticule and a c micrometer. Before you can use the graticule to measure 
the size of objects it must first bed. To do this you line up the scale on the 
eyepiece with that on the micrometer using an objective lens that magnifies 
400 times. Suppose this shows that SO graticule units are equivalent to 
10 micrometer units. If each micrometer unit is 10 µm, then each graticule 
unit equals e µm. Ifan objective lens magnifying 100 times is used, each 
graticule unit would be equivalent to f µm. A photograph of a cell under 
an electron microscope is magnified 5000 times. On the photograph the 
nucleus measures 100 mm in diameter. The actual size of the nucleus is 
therefore g µm. Achloroplast that is Sµm in diameter measures 15 mm in a 
drawing made of a plant cell as seen under a microscope. The magnification 
of this drawing is therefore h times . 

• 




Each cell can be regarded as a metabolic companment, a separate 
place where the chemical processes or that cell occur. Cells arc orten 
adapted to perform a particular function. Depending on that function, 
each cell type has an internal structure that suits it for its job. This 
is known as the ultrastructure of the cell. Eukaryotic cells have 
a distinct nucleus and possess membrane-bounded organelles. They 
differ from prokaryotic cells, such as bacteria. More details of these 
differences are given in Topic 3.6. Using an electron microscope, we 
can see the structure of organelles within cells, details of which are 
described below. The most important of these organelles are described 
below, with the exception of the cell-surface membrane. 

The nucleus 
The nucleus (Figure l ) is the most prominent feature of a eukaryotic 
celL such as an epithelial cell. The nucleus contains the organism's 
hereditary marerial and controls the cell's activities. Usually spherical 
and between 10 and 20 pm in diameter, the nucleus has a number 
of parts. 

• 	 The nuclear envelope is a double membrane that surrounds the 
nucleus. lls outer membrane is continuous with the endoplasmic 
reticulum or the cell and often has ribosomes on its surface. H 
controls the entry and exit of materials in and out of the nucleus 
and contains the reactions taking place within it. 

• 	 Nuclear pores allow the passage of large molecules, such as 
messenger RNA, out of the nucleus. There are typically around 
3000 pores in each nucleus. each 40- lOOnm in diameter. 

• 	 Nudeoplasm is the granular, jelly-like material that makes up the 
bulk of the nucleus. 

• 	 Chromosomes consist of protein-bound, linear DNA. 

• 	 The nucleolus is a small spherical region within the nucleoplasm. 
It manufactures ribosomal RNA and assembles the ribosomes. 
There may be more than one nucleolus in a nucleus. 

The functions of the nucleus are to: 

• 	 act as the control centre of the cell through the production of 
mRNA and tRNA and hence protein synthesis (see Topic 8.4) 

• 	 retain the genetic material of the cell in the form of DNA and 
chromosomes 

• 	 manufacture ribosomal RNA and ribosomes. 

The mitochondrion 
Mitochondria (Figures 2 and 3) are usually rod-shaped and 1- 10 pm in 
length. They are made up of the following structures: 

• 	 Around the organelle is a double membrane that controls the 
entry and exit of material. The inner of the two membranes is 
folded to form extensions known as cristae. 

Learning objectives 
-+ 	 Describe the structure and 

functions of the nucleus, 
mitochondria, chloroplasts, 
rough and smooth 
endoplasmic reticulum, 
Golgi apparatus, Golgi 
vesicles and lysosomes. 

-+ 	 Describe the structure and 
function of the cell wall in 
plants, algae and fungi. 

-+ 	 Describe the structure and 
function of the cell vacuole 
in plants. 

Specification reference: 3.2.1.1 

Hint 

When you look at a group of animal 
cells, such as epithelial cells, under 
a light microscope you cannot 
see the cell-surface membrane 
because it is too thin to be 
observed. What you actually see is 
the boundary between cells. 

Synoptic link 

The cell-surface membrane is 
covered in Topic 4.1, and DNA is 
covered in Topics 2.1, 2.2 and 8.2. 

nuclear 
envelope nucleoplasm 

I
chromatin 

J 

I 
 nuclear 

In places the nuclear pores 
membrane 1s continuous with 
the endoplasmic reticulum . 

.A. Figure 1 The nucleus 

• 




3.4 Eukaryotic cell structure 

I inner membrane 
I 

outer membrane 

.A. Figure 2 The basic s tructure of a 
mitochondrion {top]; false-colour TEM 
ofo mitochondrion {bottom) 

Link 

Alevel students will learn about 
the function of chloroplasts 
function in photosynthesis in 
Chapter 11 Photosynthesis 

Hint 

Chloroplasts have ONA and may 
have evolved from free-living 
prokaryotic cells, but they are 
organelles, not cells. 

• 


• 	 Cristae are extensions or the inner membrane, which in some 
species extend across the whole width of the mitochondrion. These 
provide a large surface area For the auachment of enzymes and 
other proteins involved in respiration. 

• 	 The matrix makes up Lhe remainder of the mitochondrion. It contains 
protein, lipids, ribosomes and DNA Lhat allows the mitochondria co 
concrol the produaion of some their own proteins. Many enzymes 
involved in respiration are found in the matrix. 

Mitochondria are the sites of the aerobic stages of respiration (the 
Krebs cycle and the oxidative phosphorylation pathway). They 
are therefore responsible for the production of the energy-carrier 
molecule, ATP, from respiratory substrates such as glucose. Because 
of this, the number and size of the mitochondria, and the number 
of their cristae, are high in cells that have a high level of metabolic 
activiry and therefore require a plentiful supply of ATP. Examples of 
metabolically active cells include muscle and epithelial cells. Epithelial 
cells in the intestines require a lot of ATP in the process of absorbing 
substances from the intestines by active transport. 

cross section or mitochondrion 
showing the arrangement or the 
cristae (matrix not shown) 

....111!!!!!!!11 

.A. Figure 3 Mitochondria 

Chloroplasts 
Chloroplasts (Figure 4) arc the organelles that carry out photosynchesis 
(see Topic 11.2). They vary in shape and size but a rc typically 
disc-shaped, 2-10 pm long and 1 pm in diameter. The following 
are their main features: 

• 	 The chloroplast envelope is a double plasma membrane that 
surrounds the organelle. It is highly selective in what it allows to 
enter and leave Lhe chloroplast. 

• 	 The ~rana are stacks of up to I 00 disc-like structures called 
thylakoids. Within the thylakoids is the photosynthetic pigment 
called chlorophyll Some thylakoids have tubular extensions that 
join up with thylakoids in adjacent grana. The grana are where the 
first stage of photosynthesis (light absorption) cakes place. 

• 	 The stroma is a Ouid-filled matrix where the second stage of 
photosynthesis (synthesis of sugars) takes place. Within the stroma 
are a n umber of other structures, such as sta rch grains. 

Chloroplasts are adapted to their function of ha rvesti ng sun light and 
carrying out photosynthesis in the following ways: 



I• 	 The granal membranes provide a large surface area for the 
attachment of chlorophyll, electron carriers and enzymes that carry 
out the first scage of photosynthesis. These chemicals are attached 
to the membrane in a highly ordered fashion. 

• 	 The fluid of the s1roma possesses all the enzymes needed to make 
sugars in the second stage of photosynthesis. 

• 	 Chloroplasts contain both DNA and ribosomes so they can quickly and 
easily manufacture some of the proteins needed for photosynthesis. 

outer membrane 

a Chloroplast structure 

thylakoid 

b Grana and lhylakoids 

.A Figure 4 Chloroplast structure 

Endoplasmic reticulum 
The endoplasmic reticul um (ER) is an elaborate, three-dimensional 
system of sheet- li ke membranes, spreading through the cytoplasm 
of the cells. It is continuous with the outer nuclear membrane. The 
membranes enclose a network of tubules and flattened sacs called 
cisternae (see Figure 5). There are two types of ER: 

• 	 Rough endoplasmic reticulum (RER) has ribosomes present 
on the outer surfaces of the membranes. Its functions are to: 

a provide a large surface area for the synthesis of proteins and 
glycoproteins 

b 	 provide a pathway for the transport of materials, especially 
proteins, throughout the cell. 

• 	 Smooth endoplasmic reticulum (SER) lacks ribosomes on its 
surface and is often more tubular in appearance. Its functions arc to: 

a synthesise, store and transport lipids 


b synthesise, store and transport carbohydrates. 


Study tip 

Not all plant cells have 
chloroplasts. Think about root cells. 
These are below the soil surface 

where light rarely penetrates and 
so no photosynthesis is possible. 

• 




3.4 Eukaryotic cell structure 

protein-containing lt follows that cells that manufacture and sLOre la rge quantities of 
vesicle from rough carbohydrates, proteins and lipids have a very extensive ER. Such cells 
endoplasmic reticulum include liver and secre tory cells, for example th e epithelial cells that 
transferring substances line the intestines. 
to the Golgi apparatus 

__() 
primary lysosomes .__....._ 

formed by Golgi ......._ I"\ 

apparatus -.......bf' - hydrolytic 


\ enzymes 

particle to be -~ ~ 
broken down/ .......... . 

vesicle (phagosome) 

formed from phagocytosis l 

or bacterium or membrane 

formed around worn-out 

organelle 


l enzymes hydrolyse 

the particle 


soluble products are l 
absorbed into cytop:m 0 
cell-surface - ~~ 

membrane of cell • ~ . 


insoluble debris "' 
is egested 

A Figure 6 The Golgi apparatus and the 
formation andfunctioning of a lysosome 
{top};false-colour TEM ofo Golgi 
apparatus {orange] {bottom] 

• 


lamellae of endoplasmic 
reticulum made 
up of double 
membrane 

A Figure S Structure ofRER {above]; false-colour TEM of a section through RER 
{RER; red} {right] 

Golgi apparatus 
The Golgi apparatus occurs in almost a ll eukaryotic cells and is similar 
to the SER in structure except that it is more compact. It consists of a 
srack of membranes that make up fl attened sacs, or cisternae, \-vith 
small rounded hollow structures ca lled vesicles. The prote ins and 
lipids produced by the ER are passed through the Golgi apparatus 
in strict sequence. The Golgi modifies these proteins often adding 
non-protein components, such as carbohydra te, to rhem. It also 
'labels' them, allowing them to be accura te ly sorted and sent to their 
correct destinations. Once sorted, the modified proteins and lipids are 
transported in Golgi vesicles which are regularly pinched off from the 
ends of the Golgi cisternae (Figu re 6). These vesicles may move to the 
cell surface, where they fuse with the membran e and release their 
contents to the outside. 

The functions of the Golgi appararus a re to: 

• 	 add carbohydrate to proteins to form glycoprote ins 

• 	 produce secretory enzymes, such as those secre ted by the pancreas 

• 	 secrete carbohydrates, such as those used in making cell walls 
in plants 

• 	 transport, modify and store lipids 

• 	 form lysosomes. 

The Golgi apparatus is especia lly well developed in secretory cells, 
such as the epithelial cells that line the intestin es . 



Lysosomes 
Lysosomcs arc formed when the vesicles produced by the Golgi 
apparatus contain enzymes such as proteases and lipases. They also 
contain lysozymcs, enzymes that hydrolyse the cell walls of certain 
bacteria. As many as 50 such enzymes may be contained in a single 
lysosomc. Up to l .O µm in diameter, lysosomes isolate these enzymes 
from the rest of the cell before releasing them, either t0 the outside or 
into a phagocytic vesicle within the cell (Figure 6). 

The functions of lysosomcs arc to: 

• 	 hydrolyse material ingested by phagocytic cells, such as white blood 
cells and bacteria 

• 	 release enzymes ro the outside of the cell (exocytosis) in order to 
destroy material around the cell 

• 	 digest worn out organelles so that the useful chemicals they arc 
made of can be re-used 

• 	 completely break down cells after they have died (autolysis). 

Given the roles tha t lysosomes perform, it is not surprising that they 
are especially abundant in secretory cells, such as epithelial cells, and 
in phagocytic cells. 

Ribosomes 
Ribosomes arc small cytoplasmic granules found in all cells. They may 
occur in the cytoplasm or be associated with the RER. There arc two 
types, depending on the cells in which they are found: 

• 	 SOS - found in cukaryotic cells, is around 25 nm in diameter. 

• 	 70S - found in prokaryotic cells, mitochondria and chloroplasts, is 
slightly smaller. 

Ribosomes have two subunits - one large and one small (Figure 7) ­
each of which contains ribosomal RNA and protein. Despite their small 
size, they occur in such vast numbers that they can account for up 
to 25 % of the dry mass of a cell. Ribosomes are the site of in protein 
synthesis. 

Cell wall 
Characteristic or all plant cells, the cell wall consists of microfibrils 
of the polysaccharidc cellulose, embedded in a matrix. Cellulose 
microfibrils have considerable strength and so contribute to the overall 
strength of the cell wall. Cell walls have the following features: 

• 	 They consist or a number of polysaccharides, such as cellulose. 

• 	 There is a thin layer, called the middle lamella, which marks the 
boundary between adjacent cell walls and cements adjacent cells 
together. 

The functions of the cellulose cell wall are: 

• 	 to provide mechanical strength in order to prevent the cell 
bursting under the pressure created by the osmotic entry of water 

I 

Hint 

To help you understand the 
functions of the Golgi apparatus, 
think of it as the cell's post 
office, but receiving, sorting and 
delivering proteins and lipids, 
rather than letters. 

Hint 

Lysosomes can be thought of as 
refuse disposal operatives. They 
remove useless and potentially 
dangerous material (e.g., bacteria) 
and reuse the useful parts, 
disposing of only that which 
cannot be recycled. 

20nm 

1
sub-unit 

A Figure 7 Structure of a ribosome 

Synoptic link 

Look back to Topic 1.4, to refresh 

your knowledge of cel lulose. 

Osmosis wil l be covered in 

Topic 4.3. 


Study tip 

Plant cells have a cell-surface 
membrane and a cell wall, not just 

a cell wall. 

• 




3.4 Eukaryotic cell structure 

• 	 to give mechanical strength to the plant as a whole 

• 	 to allow water to pass along it and so contribute to the movement 
of water through the plant. 

The cell walls of algae are made up of either cellulose or glycoproreins, 
or a mixture of boch. 

The cell walls of fungi do not contain cellulose but comprise a mixture 
of a nitrogen-containing polysaccharide called chitin, a polysaccharide 
called glycan and glycoproteins. 

Vacuoles 
A fluid-filled sac bounded by a single membrane may be termed a 
vacuole. Within mature plant cells there is usually one large central 
vacuole. The single membrane around it is called the tonoplast. 
A plant vacuole contains a solution or mineral salts, sugars, amino 
acids, wastes and sometimes pigments such as anthocyanins. 

Plant vacuoles serve a variety of functions: 

• 	 They support herbaceous plants, and herbaceous parts of woody 
plants, by making cells turgid. 

• 	 The sugars and amino acids may act as a temporary food store. 

• 	 The pigments may colour petals to attract pollinating insects. 

Relating cell ultrastructure to function 
As each organelle has its own function, it is possible 10 deduce, 
with reasonable accuracy, the role of a cell by looking at the number 
and size of the organelles it contains. For example, as mitochondria 
produce ATP that is used as a temporary energy store, it follows 
that cells with many mitochondria arc likely to require a lot of ATP 
and therefore have a high rate of metabolism. Even within each 
mitochondrion, the more dense and numerous the cristae, the greater 
the metabolic rate of the cell possessing these mitochondria. 

Summary questions 

1 State in which process ribosomes are important. 

2 List three carbohydrates that are absorbed by an 

epithelial cell of the small intestine. 

3 	 State the organelle that is being referred to in each of 

the following descriptions: 

a It possesses structures called cristae. 

b It contains chromatin. 

c It synthesises glycoproteins. 

d It digests worn out organelles. 

• 


4 	 The following list gives a type of cell and a brief 

description of its role. Suggest two organelles that 

might be numerous and/or well developed in each of 

the cells. 

a A sperm cell swims a considerable distance 

carrying the male chromosomes. 

b One type of white blood cell engulfs and digests 

foreign material. 

c Liver cells manufacture proteins and lipids at a 

rapid rate . 



In multicellular organisms, cells are specialised t0 perform specific 
functions. Similar cells arc then grouped together into tissues, tissues 
into organs and organs into systems for increased efficiency. 

Cell specialisation 
To stay alive, all cells of a multicellular organism perform certain 
basic functions. However, no one cell can provide the best conditions 
for all functions. Therefore the cells of multicellular organisms are 
each specialised in differenr ways to perform a particular role. Each 
specialised cell has evolved more or fewer of certain organelles and 
scrucrnres to suit the role it carries out. 

The first group of cells in an embryo are all initially identical. As it 
matures, each cell takes on its own individual characteristics that 
suit it to the function t har ir will perform when it is mature. In other 
words, each cell becomes specialised in structure to suit the role that it 
will carry out. 

All the cells in an organism, such as a human, are produced by mitotic 
divisions from the fertilised egg. It follows that they all contain exactly 
the same genes. I low then does the cell become specialised? Every 
cell contains the genes needed for ir to develop into any one of rhe 
many different cells in an organism. But only some of these genes are 
switched on (expressed) in any one cell, at any one time. Different 
genes are swirched on in each rype of specialised cell. The rest of the 
genes are switched off. 

le is not just the shape of differenr cells chat varies, but also the numbers 
of each of their organelles. For example, a muscle or sperm cell will 
have many mitochondria, while a bone cell has very few. White blood 
cells have many lysosomes while a muscle cell has very few. 

The cells of a multicellular organism have therefore evolved to 

become more and more suited to one specialised function. These cells 
are adapted tO their own particular function and perform it more 
effectively. As a resu lt, the w hole organism functions efficiently. 

Tissues 
For working efficiency, cells arc normally aggregated together. Such a 
collection of simi lar cells that perform a specific function is known as a 
tissue. Examples or tissues include: 

• 	 epithelial tissues (sec Topic 4.5), which are found in animals and 
consist of sheets or cells. They line the surfaces of organs and often 
have a protective or secretory function. There are many similar 
types, including those made up of thin, flat cells that line organs 
where diffusion takes place, for example the alveoli of the lungs 
(sec Topic 6.8), and ciliated epithelium that Jines a duct such as the 
trachea (sec Topic 6.6). The cilia arc used to move mucus over the 
epithelial surface. 

Learning objectives 
-+ Discuss the advantages of 


cellular differentiation. 


-+ Describe how cells are 

arranged into tissues. 


-+ Describe how tissues are 

arranged into organs. 


-+ 	 Describe how organs are 
arranged into organ systems. 

Specification reference: 3.2.1.1 

Link 

Alevel students will also learn 
about the roles of unspecialised 
cells in Topic 20.2 Stem cells and 
totipotency 

palisade 
mesophyll 

epidermis 
spongy 
mesophyll 

A Figure 1 Some ofthe various tissues 

that make up the organ called a leaf 

• 




3.5 Cell specialisation and organisation 

circulatory heart 
system 

organ system organ 

muscle muscle cell 
tissue cell 

• Figure 2 The circulatory system as 
an example ofan organ system 

• 


• 	 xylem (see Topic 7.8), which occurs in plants and is made up of a 
number of similar cell types. It is used to transport water and mineral 
ions throughout the plant and also gives mechanical support. 

Organs 
Just as cells are aggregated into tissues, so tissues are aggregated into 
organs. An organ is a combination of tissues that are coordinated 
to perform a variety of functions, although they often have one 
predominant major function. Ln animals, for example, the stomach is 
an organ that is involved in the digestion of certain types of food. It is 
made up of tissues such as: 

• 	 muscle to churn and mix the stomach contents 

• 	 epithelium to protect the stomach wall and produce secretions 

• 	 connective tissue to hold together th e other tissues. 

ln plants, a leaf (Figure l} is an organ made up of the following tissues: 

• 	 palisade mesophyll made up of leaf palisade cells that carry out 
photosynthesis 

• 	 spongy mesophyll adapted for gaseous dirfusion 

• 	 epidermis to protect the leaf and allow gaseous diffusion 

• 	 phloem to transport organic materials away from the leaf 

• 	 xylem to transport water and ions into the lear. 

lt is not always easy to determine which structures are organs. Blood 
capillaries, for example, are not organs whereas arteries and veins 
are both organs. All three structures have the same major function, 
namely the transport of blood. However, capillaries are made up of 
just one tissue - epithelium - whereas arteries and veins are made up 
of many tissues, for example, epithelial, muscle and other tissues. 

Organ systems 
Organs work together as a single unit known as an organ system. These 
systems may be grouped together to perform particular functions more 
efficiently. There are a number of organ systems in humans. 

• 	 The digestive system digests and processes food. Lt is made up 
of organs that include the salivary glands. oesophagus, stomach, 
duodenum, ileum, pancreas and live r. 

• 	 The respiratory system is used for breathing and gas exchange. 
ll is made up of organs that include the trachea, bronchi and lungs. 

• 	 The circulatory system (Figure 2) pumps and circulates blood. 
It is made up of organs that include the heart, arteries and veins. 

Summary questions 

1 Explain what is meant by a tissue. 


2 Explain why an artery is described as an organ whereas a blood 

capillary is not. 


3 State whether each of the following is a tissue or an organ. 


a heart b xylem c lungs d epithelium . 




Although cells come in a diverse variety of size, shape and [unction, 
they arc of two main types: 

• 	 Eukaryotic cells are larger and have a nudeus bounded by nuclear 
membranes (nuclear envelope). 

• 	 Pro k aryotic cells are smaller and have no nucleus or nuclear 
envelope. 

The structure of a generalised prokaryotic cell is shown in Figure I. 
The differences between prokaryotic and eukaryotic cells are listed 
in Table 1. 

Structure of a bacterial cell 
Bacteria occur in every habitat in the world - they are versatile, 
adaptable and very successful. Much of their success is a result of their 
small size, normally ranging from 0.1 tolOpm in length. Their cellular 
structure is relatively simple (Figure l ). All bacteria possess a cell wall, 
which is rnade up or murein. This is a polymer of polysaccharides 
and peptides. Many bacteria further protect themselves by secreting a 
cap sule of mucilaginous slime around this wall. 

Inside the cell wall is the cell-su rface m embrane, within which is the 
cytoplasm that contains 70S ribosomes. These ribosomes arc smaller 
than those in the cytoplasm of eukaryotic cells (80S), but nevertheless 
still synthesise proteins. Bacteria store food reserves as glycogen 
granules and oil droplets. The genetic material in bacteria is in the form 
of a circular stran d of DNA. Separate from this are smaller circular 
pieces of DNA, called plasmids. These can reproduce themselves 
independently and may give the bacterium resistance to harmful 
chemicals, such as antibioiics. Plasmids are used extensively as vectors 
(carriers of genetic information) in genetic engineering. The roles of 
the main structures in a bacterial cell are summarised in Table 2. 

T Table 1 Comparison ofprokoryotic and eukaryotic cells 

Prokaryotic cells Eukaryotic cells 

no true nucleus, only an area where ONA distinct nucleus, with a nuclear 

is found envelope 

(Pro) ONA is not associated with DNA is associated with proteins 

proteins called histones. 

some DNA may be in the form of circular There are no plasmids and DNA is 
strands called plasmids linear. 

no membrane-bounded organelles membrane-bounded organelles, such 
as mitochondria, are present 

no chloroplasts, only bacterial chloroplasts present in plants 

chlorophyll associated with the cell- and algae 

surface membrane in some bacteria 

ribosomes are smaller (?OS) ribosomes are larger (BOS) 
cell wall made of murein where present, cell wall is made 

(peptidoglycan) mostly of cellulose (or chitin in fungi) 

may have an outer mucilaginous layer no capsule 

called a capsule 

Learning objectives 
-+ Describe the structure of 

prokaryotic cells. 

-+ Distinguish prokaryotic cells 
from eukaryotic ones. 

Specification reference: 3.2.1.2 

T Table 2 Roles ofstructures found in o 
bacterial cell 

• 


Cell Role 
structure 

cell wall 

-
capsule 

physical barrier that 
excludes certain 
substances and 
protects against 
mechanical damage 
and osmotic lysis 

protects bacterium 
from other cells 
and helps groups 
of bacteria to stick 
together for further 
protection 

cell-surface acts as a differentially 
membrane permeable layer, which 

controls the entry and 
exit of chemicals 

circular possesses the genetic 
ONA information for the 

replication of 
bacterial cells 

plasmid possesses genes that 
may aid the survival 
of bacteria in adverse 
conditions, e.g. 
produces enzymes 
that break down 
antibiotics 



3.6 Prokaryotic cells and viruses 

flagellum - there may be 
more than one - used 

for locomotion (only certain -----­ capsule - a mucilaginous 
species) --.__ layer of slime (only certain species) 

I 

cell wall - 10-SOnm 
thick, made of murem 

cytoplasm - jelly-like, 
contains enzymes and 

cell-surfaceother soluble materials 
membrane 

ribosomes - smaller plasmid - small circular piece of
.A Figure 2 False·colour TEM of the than in eukaryotic cells DNA (only certain species) 
cholera bacterium, Vibrio cholerae 

genetic material 
(RNA) Viruses are acell ular, non-living particles. They 

are smaller than bacteria, ranging in size from 
20-300nm. They contain nucleic acids such 
as DNA or RNA as genetic material but can only

capsid 
multiply inside living host cells. The nucleic acid is 
enclosed within a protein coat called the capsid. 

reverse_..,..........,__ ..... ~~ 


Some viruses, like the human immunodeficiencylipid envelope 
(enzyme) virus, are further surrounded by a lipid envelope. The 

matrix lipid envelope, or if this is not present, the capsid, 
have attachment proteins which are essential to 

.A Figure 3 Structure ofthe human immunodeficiency virus {HIV} allow the virus to identify and artach to a host cell. 

transcriptase 

Summary questions 

1 Table 3 lists some of the features of cells. For the letter in each box, write 

down one of the following: 

'present' if the feature always occurs 

'absent' if it never occurs 

'sometimes' if it occurs in some cells but not others. 

• Table 3 Features ofprokaryotic and eukaryatic cells 

.A Figure 1 Structure ofa generalised bacterial cell 

Viruses 

Feature Prokaryotic cell Eukaryotic cell 

nuclear envelope A 8 

cell wall c 0 

flagellum E F 

ribosomes G H 

plasmid I J 

cell -surface membrane K L 

mitochondria M N 

• 
2 f) Ifa bacterium is 6 µm long and a virus is 150 nm long, calculate how 

many times larger the bacterium is than the virus . 



Cell division can take place by either mitosis or meiosis: 

• 	 Mitosis produces two daughter cells that have the same number of 
chromosomei. as the parent cell and each other. 

• 	 Meiosis produces four daughter cells, each with half the number 
of chromosomes of rhe parent cell. We shall consider meiosis in 
Topic 9.2. 

The structure of a chromosome is shown in Figure 1. 

Mitosis 
Mitosis is division of a cell that results in each of the daughter cells 
having an exact copy of the DNA of the parent cell. Except in the 
rare event of a mulation, the genetic make-up of the two daugh ter 
nucle i is a lso identica l to that of the parent nucleus. Mitosis is always 
preceded by a period during which the cell is not dividing. This period 
is ca lled in terphase. Tt is a period of conside rable cell ular activity 
that includes a very important event, the replication of DNA. The 
two copies of DNA after replication remain joined at a place called 
the centromere. Although mitosis is a continuous process, it can be 
divided into four stages for convenience: 

Prophase 
In prophasc, the chromosomes first become visible, initially as long 
thin threads, which later shorten and thicken. Animal cells contain 
two cylindrical organelles called centriolcs, each of which moves to 
opposite ends (called poles) of the cell. From each of the ccntriolcs, 
spindle fibres develop, which span the cell from pole to pole. 
Collectively, these spindle fibres are called the spindle apparatus . 
As plant cells lack centrioles but do develop a spindle apparatus, 
ccntriolcs arc clearly not essential t0 spindle fibre formation. The 
nucleolus disappears and the nuclear envelope breaks down, 
leaving the chromosomes free in the cyroplasm of the cell. These 
chromosomes arc drawn towards the eq uator of the cell by 
the spindle fibres attached to the centromere. 

Metaphase 
By metaphasc the chromosomes a rc seen to be made up of two 
chroma Lids. Each chroma tid is an identical copy of DNA from the 
parent cell. The chromatids arc joined by the centromere (Topic 8.2) . 
It is to this centromere that some m icrotubules from the poles are 
auached, and the chromosomes are pulled along the spindle apparatus 
and arrange themselves across the cquaror of the cell. 

Anaphase 
In anaphase, the ccntromcrcs divide into two and the spindle fibres 
pull the individual chromatids making up the chromosome apart. 
The chromatids move rapidly to their respective, opposite poles of the 
cell and we now refer to them as chromosomes. The energy for the 
process is provided by mitochondria, which gather around the spindle 
fibres. If cells are treated with chemicals that destroy the spindle, the 
dlfomosomes remain at the equator, unable to reach the poles. 

Learning objectives 
-+ Describe what mitosis is. 

-+ State when ONA replication 
takes place. 

-+ Explain the importance 
of mitosis. 

Specification reference: 3.2.2 

Study tip 
It is important to remember that 
the replication of ONA takes place 
during interphase before the 
nucleus and the cell divide. 

Synoptic link 
The replication of ONA was covered 

in Topic 2.2, ONA replication. 

chromaltd 

.A Figure 1 Structure ofa chromosome 

Synoptic link 
We will learn about the 
centromere in Topic 8.2, ONA and 

chromosomes. 

• 




3.7 Mitosis 

Chromosomes reach pales 
and become indistinct 

Nuclear envelope reforms 
Nucleolus reforms 
Spindle disintegrates 

Telophase and cytokinesis 
In this stage, the chromosomes reach their respective poles and 
become longer and thinner. finally disappearing altogether, leaving 
only widely spread chromatin. The spindle fibres disintegrate and 
the nuclear envelope and nucleolus re- form. Finally the cytoplasm 
divides in a process called cytokinesis. The process is illustrated and 
explained in Figure l. 

interphase 
cell-surface membrane cytoplasm 

Cell is actively synthesising proteins 
Chromosomes invisible 
Prior to mitosis, DNA replicates 

telophase 
,,-----... I - - ­

0 f-®

I 

cell division - the division of the 
cytoplasm along this line 

chromatid pair ­

chromatid 
anaphase 	 metaphase 

.;:)_4 " 
~c ~ 

<:" ? 
~ 7 

Spindle fibres attached to chromatids contract 
Chromatlds are pulled towards poles 

ro hase 

) 

- spindle 

fibres 

chromatid (one of 
a pair) 

Chromosomes become 
visible 

Nuclear envelope 
disintegrates 

Nucleolus disappears 

I -

Spindle forms 
Chromosomes line up on the centre of the cell 

A. Figure 1 The stages of mitosis in an animal cell 

Practical link ~ 

Required practical 2. Preparation 

of stained squashes of cel ls from 

plant root tips; set-up and use of 

an optical microscope to identify 

the stages of mitosis in these 

stained squashes and calculation 

of a mitotic index. Also measuring 

the apparent size of cells in the 

r~ot tip and calculating their actualj 

size. 	 . 
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Cell division in prokaryotic cells 
Cell division in prokaryotic cells Lakes place by a process called binary 
fission as follows: 

• 	 The circular DNA molecule replicates and both copies attach to the 
cell membrane. 

• 	 The plasmids also replicate. 

• 	 The cell membrane begins to grow between the two DNA molecules 
and begins to pinch inward, dividing the cyt0plasm into two. 

• 	 A new cell wall forms between the two molecules of DNA, dividing 
the original cell into two identical daughter cells, each with a single 
copy of the circular DNA and a variable number of copies of the 
plasmids. 

Replication of viruses 
As viruses are non-living, they cannot undergo cell division. Instead 
chey replicate by attaching co their host cell with the attachment 
proteins on their surface. They then inject their nucleic acid into the 
host cell. The genetic information on the injected viral nucleic acid 
then provides the 'instructions' for the host ce ll 's metabolic processes 
to start producing the viral components, nucleic acid, enzymes and 
structural proteins, which are then assembled into new viruses . 



The importance of mitosis 

Mitosis is important in organisms as it produces daughter cells that are 
genetically identical to the parent cells. Why is it essential to make exact 
copies of existing cells? There are three reasons: 

• 	 growth. When two haploid cells (e.g., a sperm and an ovum) fuse 
together to form a diploid cell, it has all the genetic information needed 
to form the new organism. If the new organism is to resemble its 
parents, all the cells that grow from this original cell must be genetically 
identical. Mitosis ensures that this happens. 

• 	 repair. If cells are damaged or die it is important that the new cells produced 
have an identical structure and function to the ones that have been lost. 

• 	 reproduction single-celled organisms divide by mitosis to give two new 
organisms. Each new organism is genetically identical to the parent organism. 

1 	 Suggest an advantage and a disadvantage of having offspring that 

are genetically identical to their parents. 


• 

Summary question 

1 	 In the following passage about mitosis, state the most appropriate word 
that is represented by each of the letters. 


The period when a cell is not dividing is called a. The stage of mitosis when 

the chromosomes are first visible as distinct structures is called b. 

During this stage thin threads develop that span the cell from end to end 

and together form a structure called the c. Towards the end of this stage, 

the d breaks down and the e disappears. The stage when the chromosomes 

arrange themselves across the centre of the cell is called f. During the 

stage called g the chromatids move to opposite ends of the cell. 


.A Figure 2 Stages of mitosis 

The photographs in Figure 2 show cells at various stages 
of mitosis. 

Mitosis is acontinuous 'Y Table 1 
process. When 
mitosis is viewed 
under a microscope, 
the observer only 
gets asnapshot of 
the process at one 
moment in time. The 
ratio ofthe number 

Stage Number of cells 

interphase 890 
prophase 73 

metaphase 20 

anaphase 9 
telophase 8 

ofcells undergoing mitosis to the total number ofcells is 
called the mitotic index. The number of cells at each stage 
of mitosis is proportional to the time each cell spends 

undergoing that stage. Table 1 ••••II 
shows the number of cells at 
each stage of mitosis during 
one observation. 

1 	 State the names of the five different stages 
represented by the letters A- E in Figure 2. In each 
case give a reason for choosing your answer. 

2 	 fj From Table 1, if one complete cycle takes 20 
hours, calculate how many minutes were spent in 
metaphase. Show your working. 

3 	 fjCalculate in what percentage of the cells 

the chromosomes would have been visible. 

Show your working. 


• 




Learning objectives 
-+ 	 Describe the three stages of 

the cell cycle. 

-+ 	 Describe what happens 
during interphase. 

-+ 	 Explain how mitosis is 
controlled. 

-+ 	 Describe how cancer and 
its treatment relate to the 
cell cycle. 

Specification reference: 3.2.2 

Hint 

lnterphase is sometimes known 
as the resting phase because no 
division takes place. In one sense, 
this description could hardly be 
further from the truth because 
interphase is a period of intense 
chemical activity. 

cytokinesis 

interphase 

Only some cells in multicellular organisms retain the ability to divide. 
Those that do not divide continuously. but undergo a regular cycle 
of division separated by periods of cell growth. This is known as the 
cell cycle and has three stages: 

I interphase. which occupies most of the cell cycle. and is sometimes 
known as the resting phase because no division takes place 

2 nuclear division. when the nucleus divides eirher inro two 

3 
(mitosis) or four (meiosis) 
division of the cytoplasm (cytokinesis), which follows nuclear 
division and is the process by wh ich the cytoplasm divides to produce 
two new cells (mitosis) or four new cells (meiosis) (Topic 9.2). 

The length of a complete cell cycle varies greatly amongst organisms. 
Typically, a mammalian cell takes about 24 hours LO complete a cell 
cycle. of which about 90% is in terphase. 

The various stages of the cell cycle arc shown in Figure 1. 

Figure 2 shows the variations in mass of a diploid cell and the DNA 
within it during the cell cycle. 
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A Figure 2 Variation in the mass ofa diploid cell and the DNA within it 
during the cell cycle 

Cancer and the control of mitosis 
Cancer is a group of diseases (around 200 in total) caused by a growrh 
disorder of cells. Ir is the result of damage to the genes thar regulate 
mitosis and the cell cycle. This leads co uncontrolled growrh and 
division of cells. As a consequence. a group of abnormal cells, called 
a tumour, develops and constantly expands in size. Tumours can 
develop in any organ of the body, but are most commonly found in 

• 




the lungs, prostaLe gland (male), breast and ovaries (female), large 
intestine, stomach, oesophagus and pancreas. A tumour becomes 
cancerous if it changes from benign to malignant. 

Most cells divide by mitosis, either to increase the size of a tissue during 
development (growth) or to replace dead and worn out cells (repair). 
The rate of mitosis can be affected by the environment of the cell and 
by growth factors. It is also controlled by two types of gene. A mutation 
to one of these genes results in uncontrolled mitosis. The mutant cells 
so formed are usually structurally and functionally different from 
normal cells. Most mutated cells die. However, any that survive are 
capable of dividing to form clones of themselves and forming tumours. 
Malignant tumours grow rapidly, are less compact and are more likely 
to be life-threatening, while benign ones grow more slowly, are more 
compact and arc less likely to be life-threatening. 

Treatment of cancer 
The treatment of cancer often involves killing dividing cells by blocking 
a part of the cel l cycle. In this way the cell cycle is disrupted and cell 
division, and hence cancer growth, ceases. Drugs used to treat cancer 
(chemotherapy) usually disrupt the cell cycle by: 

• 	 preventing DNA from replicating 

• 	 inhibiting the mctaphase Stage of mitOSiS by interfering with 
spindle formation. 

The problem with such drugs is that they also disrupt the cell cycle of 
normal cells. However, the drugs arc more effective against rapidly 
dividing cells. As cancer cells have a particularly fast rate of division, 
they are damaged to a greater degree than normal cells. Those normal 
body cells, such as hair-producing cells, that divide rapidly are also 
vulnerable to damage. This explains the hair loss frequently seen in 
patients undergoing cancer treatment. 

Link 

Alevel students will learn more 
about cancer in Topic 20.S Gene 
expression and cancer. 

Summary questions 

1 	 List the three main stages of 

the cell cycle. 

2 	 fi) Using Figure 2, state at 
what time(s), or during which 
period, each of the following 
occur: 

a cell division 


b replication of DNA. 


1st doseTreating cancer G 
1.0 ! 2nd dose 


The graph in Figure 3shows the effect of § J 3rd dose 


a chemotherapy drug that kills dividing ~ 0.8 
cells. It was given to acancer patient once -­~ 0.6 
every three weeks starting at time zero. u 

The graph plots the changes in the number ~0.4 

of healthy cells and cancer cells in atissue .2l 
§0.2 '\ healthy cells 

over the treatment period of 12 weeks. c: cancer ceHs ~ 
0.0 

0 3 6 9 12 S It would be possible to kill more time/weeks 

cancer cells if the same dose of the 


.A Figure 3 Changes in the numberdrug was given more frequently or 
ofheahhy cells and cancer cells 

the frequency was kept the same 
in o tissue during a chemotherapy 

but a larger dose ofthe drugwas 
treatment of12 weeks

used each time. Suggest why 

a the drug was not given more frequently 

b the dose of the drug was not increased. 


.A Figure 4 Patient undergoing 
chemotherapy treatment 

• 




Practice questions: Chapter 3 


An amoeba is a single-celled, eukaryoLic organism. Scientists used a transmission elecLron 
microscope LO study an amoeba. The diagram shows its structure. 

. . :~:·:·~..:.: .:. 

i'.~~i~'~":?~f;9~.i~~r: . 
y z 

(a) 	 (i) Name organelle Y. (I mark) 
(ii) 	 Name two other structures in the diagram which show thaL the amoeba 

is a eukaryotic cell. (2 marks) 
(b) 	 What is the function of organelle Z? (I mark) 
(c) 	 The scientists used a transmission electron microscope to srndy the structure 

or the amoeba. Explain why. (2 marks) 
AQA June 2012 

2 The photograph shows pan of the cytoplasm of a cell. 

• 

2 	 (a) (i) Organelle Xis a mitochondrion. What is the function of this organelle? (1 mark) 
(ii) 	 Name organelle Y. (1 mark) 

(b) 	 This photograph was taken using a transmission electron microscope. The 
sLructure of the organelles visible in the photograph could not have been 
seen using an optical (light) microscope. Explain why. (2 marks) 

AQA Jan 2013 

3 The diagram shows a chloroplast as seen with an e lectron microscope. 

x y 

magnification x 30000 



Chapter 3 Cell structure 

• 


(a) 
(b) 
(c) 

Name X and Y . 
Describe the function of a chloroplast. 
Calculate the maximum length of this chloroplast in micrometres (pm). 
Show your working. 

(2 marks) 
(2 marks) 

(2 marks) 
AQA Jan 2012 

4 (a) The table shows some features of cells. Complete the table by pulling a tick in the box 
if the feature is present in the cell. 

Cell-surface membrane 

Flagellum 

Nucleus 

(J marks) 
(b) The diagram shows part o f an epithelial cell rrom an insect's gut. 

lumen of gul 


microvillus 


blood 

Th is cell is adapted for the three functions Listed below. Use the diagram 10 explain 
how 1his cell is adapted for each of these functions. 

Use a differen t fea ture in the diagram for each of your answers. 
(i) the active transport of substances from the cell into the blood 
(ii) the synthesis of enzymes 
(iii) rapid diffusion of substances from the lumen of the gut into the 

cytoplasm 

(2 marks) 
(2 marks) 

(I mark) 
AQA Jan 2012 



-----------

,4 Transport across cell membranes 

4.1 Structure of the cell-surf ace 

membrane 

Learning objectives 
-+ 	 Describe the structure ofthe 

cell-surface membrane. 

-+ 	 Describe the functions of 
the various components of 
the cell-surface membrane. 

-+ 	 Explain the fluid-mosaic 
model of cell membrane 
structure. 

Specification reference: 3.2.3 

hydrophi lic phosphate head 

hydrophobic hydrocarbon tails 

.A. Figure 1 A simplified diagram ofa 
phospholipid bilayer. 

Hint 

Organelles such as mitochondria 
and chloroplasts are surrounded 
by two plasma membranes. 
The term cell-surface membrane 
is reserved only for the plasma 
membrane around the cell. 

• 


All membranes around and within all cells (including those around 
and within cell organelles) have the same basic structure and are 
known as p lasma membranes. 

The cell-surface membrane is the name specifically given to the plasma 
membrane that surrounds cells and forms the boundary between the 
cell cytoplasm and the environment. It allows different conditions 
to be established inside and outside a cell. It controls the movement 
of substances in and out of the cell . Before we look at how the cell ­
su rrace membrane achieves this, we need first to look in more detail at 
the molecules that form its stru cture. 

Phospholipids 
We looked at the molecular structure of a phospholipid in Topic 1.5. 
Phospholipids form a bilayer (see Figure 1 ). They are important 
components of cell-surface membranes for the following reasons: 

• 	 The hydrophilic heads of both phospholipid layers point to the 
outside of the cell-surface membrane anracted by water on both 
sides. 

• 	 The hydrophobic tails of both phospholipid layers point into 
the centre of the cell membrane, repelled by the water on 
both sides. 

Lipid -soluble material moves through the membrane via the 
phospholipid portion. The functions of phospholipids in the 
membrane are to: 

• 	 a llow lipid-soluble substances to enter and leave the cell 

• 	 prevent water-soluble substances entering and leaving the cell 

• 	 make the membrane flexible and self-sca ling. 

Proteins 
Proteins are interspersed throughout the cell surface membrane. 
They are embedded in the phospholipid bi layer in two main ways: 

• 	 Some proteins occur in the surface of the bilayer and never extend 
completely across it. They act either to give mechanical suppon to 
the membrane or, in conjunction with glycolipids, as cell receptors 
for molecules such as hormones. 

• 	 Other proteins completely span the phospholipid bilayer from 
one side to the other. Some arc protein ch a nnels, which form 
water-filled tubes to allow water-soluble ions to diffuse across 
the membrane. Others are carrie r p roteins that bind to ions or 
molecules like glucose and amino acids, then change shape in order 
tO move these molecules across the membrane. 



The functions of the proteins in the membrane are to: 

• 	 provide structural support 

• 	 act as channels transporting water-soluble subscances across 
the membrane 

• 	 allow active transport across the membrane through carrier proteins 

• 	 form cell-surface receptors for identifying cells 

• 	 help cells adhere together 

• 	 act as receptors, for example for hormones. 

Cholesterol 
Cholesterol molecules occur within the phospholipid bilayer of 
the cell-surface membrane. They add strength to the membranes. 
Cholesterol molecules are very hydrophobic and therefore play an 
important role in preventing loss of water and dissolved ions from 
the cell. They also pull together the fatty acid tails of the phosphoJipid 
molecu les, li miting their movement and that of other molecu les but 
without making the membrane as a whole too rigid. 

The functions of cholesterol in the membrane are to: 

• 	 reduce lateral movement or other molecules including 
phospholipids 

• 	 make the membrane less riuid at high temperatures 

• 	 prevent leakage or wacer and dissolved ions from the cell. 

Glycolipids 
Glycolipids arc made up or a carbohydrate covalently bonded with a lipid. 
The carbohydrate portion extends from the phospholipid bilayer into 
the watery environment outside the cell where it acts as a cell-surface 
receptor for specific chemicals, for example the human ABO blood system 
operates as a result of glycolipids on the cell-surface membrane. 

The functions of glycolipids in the membrane are to: 

• 	 act as recognition si tes 

• 	 help main ta in the stabil ity of the membrane 

• 	 help cells to attach to one another and so form tissues. 

Glycoproteins 
Carbohydrate chains are acrached to many extrinsic proteins on 
the outer surface of the cell membrane. These glycoproteins also 
act as cell-surface recep10rs, more specifically for hormones and 
neurotransmitters. 

The functions of glycoproceins in che membrane are to: 

• 	 act as recognition sites 

• 	 help cells to attach to one another and so form tissues 

• 	 allows cells to recognise one anocher, for example lymphocytes 
can recognise an organism's own cells. 

I 

Study tip 

When representing a phospholipid 
it is important to be accurate. It 

has asingle phosphate head and 
two fatty acid tails. All too often 
students show too many heads 

and/or too many tails. 

Hint 

All plasma membranes found 
around and inside cells have the 
same phospholipid bilayer structure. 
What gives plasma membranes 
their different properties are the 
different substances they contain ­
especially proteins. 

Link 

Alevel students will find out more 
about the role of glycoproteins 
as cell surface receptors for 
hormones and neurotransmitters 
in Topic 15.6 Transmission 
across a synapse and Topic 16.3 
Hormones and the regulation of 
blood glucose concentration. 

• 




4.1 Structure of the cell-surface membrane 

Functions of membranes within cells 

control the entry and exit of 
materials in discrete organelles such 
as mitochondria and chloroplasts 

separate organelles from cytoplasm 
so that specific metabolic reactions 
can take place within them 

provide an internal transport 
system, e.g., endoplasmic reticulum 

isolate enzymes that might damage 
the cell, e.g., lysosomes 

-
provide surfaces on which reactions 
can occur, e.g., protein synthesis 
using ribosomes on rough 
endoplasmic reticulum 

Practical link ~ 

Required practical 4. Investigation 
into the effect of a named variable 
on the permeability of cell-surface 
membranes. 

Summary questions 

1 	 State the overall function of 
the cell-surface membrane. 

2 	 State which end of the 
phospholipid molecule lies 
towards the inside of the 
cell -surface membrane. 

3 	 State through which molecule 
in the cell-surface membrane 
each of the following are likely 
to pass in order to get in or out 
of a cell. 

a a molecule that is soluble 
in lipids 

b a mineral ion 

4 	 From your knowledge of 
the cell-surface membrane, 
suggest two properties that a 
drug should possess if it is to 
enter a cell rapidly. 

• 


Permeability of the cell-surface membrane 
The cell-surface membrane controls the movement of substances into 
and out of the cell. In general most molecules do not freely diffuse 
across it because many arc: 

• 	 not soluble in lipids and therefore cannot pass through the 
phospholipid layer 

• 	 too large to pass through the channels in the membrane 

• 	 of the same charge as the charge on the protein channels and so. 
even if they are small enough to pass through, they arc repelled 

• 	 electrically charged (in other words are polar) and therefore have 
difficulty passing through the non-polar hydrophobic tails in the 
phospholipid bilayer. 

Fluid-mosaic model of the cell-surface membrane 
The way in which all the various molecules arc combin ed into the 
structure of the cell-surface membrane is shown in Figu re 2. This 
arrangement is known as the fluid-mosa ic m odel for the following 
reasons: 

• 	 fluid because the individual phospholipid molecules can move 
relative t0 one another. This gives the membrane a flexible 
structure that is constantly changing in shape 

• 	 mosaic because the proteins that are embedded in the phospholipid 
bilayer vary in shape, size and pattern in the same way as the stones 
or tiles of a mosaic. 

. . glycohpid acts as a recognition 
g1yc?prote1n - br~nch1~g carbohydrate site, e.g., for cholera toxins 
portion of a ~rotein which acts as a 	 cholesterol _ adds strength 
recognition site for chemicals, e.g .. hormones 

\ 
<.., 

hydrophilic 
heads of 
phospholipidprotein 
moleculesmolecule 

t - point outwards lying on 
hydrophobic tails 

channel protein the surface 
or phosphollp1d 

molecule spanning molecules 
the phospholip1d layer - point inwards 

protein 
molecule 
partly 
embedded 

.&. Figure 2 The fluid-mosaic made/ af the cell-surface membrane 



The exchange of substances between cells and the environment occurs 
in ways that require metabolic energy (active transport) and in ways that 
do not (passive transport). Diffusion is an example of passive transport. 

Explanation of simple diffusion 
As all movement involves energy, it is possibly confusing to describe 
diffusion as passive transport. In this sense, 'passive' means that the 
energy comes from the natural, inbuilr motion of particles, rather than 
from some external source such as ATP. To help understand diffusion 
and other passive forms or transport it is necessary to understand that: 

• 	 all particles are constanrly in motion due to the kinetic energy that 
they possess 

• 	 th is motion is random, with no set pattern to th e way the particles 
move around 

• 	 particles are constanrly bouncing off one another as well as off 
other objects, for example, the sides of the vessel in which they 
are conrained. 

Given these facts, particles that are concentrated together in part of a 
closed vessel will, or their own accord, distribute themselves evenly 
throughout che vessel as a result of diffusion. 

Diffusion is therefore denned as: 

the net movement of molecules or ions from a region 
where they are more highly concentrated to one where 
their concentration is lower until evenly distributed. 

We saw in Topic 4.1 that most molecules do not easily pass across the 
cell-surface membrane. Amongst the few molecules that can diffuse 
across membranes are small, non-polar molecules such as oxygen and 
carbon dioxide. 

Facilitated diffusion 
We saw in Topic 4. 1 that plasma membranes a re not read ily 
permeable to molecules. On ly sma ll, non -polar molecu les like oxygen 
can diffuse across them easily. Charged ions and pola r molecules do 
not diffuse easily because of the hydrophobic nature of the fatty-acid 
tails of the phospholipids in the membrane. The movement of these 
molecules is made easier (facilitated) by transmembrane channels 
and carriers that span the membrane. The process is therefore called 
facilitated diffusion. 

Facilitated diffusion is a passive process. It relies only on the inbuilt 
motion (kinetic energy) or chc diffusing molecules. There is no 
external input of ATP from respiration. Like diffusion, it occurs down a 
concentration gradient, but it differs in that it occurs at specific points 
on the plasma membrane where there are special protein molecules. 
Two types of protein arc involved - protein channels and carrier 
proteins. Each has a different mechanism. 

Learning objectives 
-+ 	 Explain what diffusion is and 

how it occurs. 

-+ 	 Explain what affects the rate 

of diffusion. 

-+ 	 Distinguish between 


facilitated diffusion and 


diffusion. 


Specification reference: 3.2.3 

Hint 

Remember that diffusion is the net 

movement of particles. All particles 

move at random in diffusion; it 

is just that more move in one 

direction than in the other. This is 

due to concentration differences. 

Hint 

Diffusion only occurs between 

different concentrations of the 

same substance. For example, 

it may occur between different 

concentrations of oxygen or 

between different concentrations 

of carbon dioxide. It never occurs 

between different concentrations 

of oxygen and carbon dioxide . 

• 




4.2 Diffusion 

plasma membrane 	 Protein channels 
These proteins form water-fi lled hydrophilic channels acrosshigh 

concentration the membrane. They allow specific water-soluble ions to 

pass through . The channels are selective, each opening in 

carrier the presence of a specific ion. If the particular ion is nm 
protein present, the channel remains closed. In this way, there is 

control over the entry and exit of ions. The ions bind withParticles are taken 
up by carrier proteins the protein causing it to change shape in a way that closes i t 
which as a result to one side of th e membrane and opens i t to the mher side. 
change shape. 

particle 	 Carrier proteins 
An alternative form of facilita ted di ffusion involves ca rrier 
proteins that span the plasma membrane. When a molecule 
such as glucose that is specific to the protein is present, it 
binds with the protein. This causes it to change shape inThe change in 

shape causes the such a way that the molecule is released Lo the inside of the o _particles to be membrane (Figure 2). No external energy is needed for this. 
released on the o -

The molecules move from a region wh ere they are highly
other side of 

concentrated to one of lower concentration, using only thethe membrane. 
kinetic energy of the molecules them selves. 

A 	Figure 2 Facilitated diffusion involving Summary questions 
carrier proteins 

Study tip 

Diffusion is proport ional to the 
difference in concentration 
between two regions (the 
concentration gradient) . It is 
incorrect to state that diffusion is 
proportional to concentration. 

Hint 

Remember that protein channels 
and carrier proteins have binding 
sites, but these are different to 
active sites. 

•. 


1 	 State three factors that affect the rate of diffusion. 

2 	 Contrast faci litated diffusion and diffusion. 

3 	 Explain why facilitated diffusion is a passive process. 

4 	 Glucose molecules are transported into cells through the pores in the 
proteins that span the phospholipid bilayer. Explain why they do not 

pass easily through the phospholipid bilayer. 

5 	 List two changes to the structure of cell-surface membranes that would 
increase the rate at which glucose is transported into a cell. 

6 	 fQ Oxygen is required by cells for respiration. This diffuses into the 
blood through the epithelial layers of the alveoli and blood capillaries. 
Calculate by how much each of the following changes would increase or 

decrease the rate of diffusion of oxygen. 

a 	 The surface area of the alveoli is doubled. 

b 	 The surface area of the alveoli is halved and the oxygen 

concentration gradient is doubled. 


c 	 The oxygen concentration gradient is halved and the total thickness 
of the epithelial layers is doubled. 

d 	 The oxygen concentration of the blood is halved and the carbon 
dioxide concentration of the alveoli is doubled . 



In the last topic we learned about diffusion. We now turn our 
attention to a special case of diffusion, known as osmosis. Osmosis 
only involves the movement of water molecules. 

What is osmosis? 
Osmosis is defined as: 

the passage of water from a region where it has a higher 
water potential to a region where it has a lower water 
potential through a selectively permeable membrane. 

Cell-surface membranes and other plasma membranes such as 

those around organelles are selectively permeable, that is, they are 

permeable to water molecules and a few other small molecules, but 

not to larger molecu les. 


Solutions and water potential 

A solute is any substance rhat is dissolved in a solvent, for example, 

water. The solute and the solvent together form a solution. 


Water potential is represented by the Greek letter psi('!'), and is 

measured in units or pressure, usually kiloPascals (kPa). Water 

potential is the pressure created by water molecules. Under standard 

conditions of temperature and pressure (25 °C and 100 kPa), pure 

water is said to have a water potential of zero. 


It follows that: 

• 	 the addition of a solute co pure water will lower its water potential 

• 	 the water potential of a solution (water+ solute) must always be 
less than zero, that is, a negative value 

• 	 the more solute that is added (i.e., the more concentrated a 
solution), the lower (more negative) its water potential 

• 	 water will move by osmosis from a region of higher (less negative) 
water potential (e.g., -20 kPa) to one of lower (more negative) 
water potential (e.g., -30 kPa). 

One way of finding the water potential of cells or tissues is to place 
them in a series of solutions of different water potentials. Where 
there is no net gain or loss of water from the cells or tissues, the water 
potential inside the cells or tissues must be the same as that of the 
external solution. 

Explanation of osmosis 
Consider the hypothetical situation in Figure 1 overleaf, in which a 
selectively permeable plasma membrane separates two solutions. 

• 	 The solution on the ldt has a low concentration of solute molecules 
while the solution on the right has a high concentration of solute 
molecules. 

• 	 Both the solute and water molecules are in random motion due to 
their kinetic energy. 

Learning objectives 
-+ 	 Describe the nature of 


osmosis. 


-+ 	 State the water potential of 

pure water. 

-+ 	 Describe the effect of solutes 

on water potential. 

-+ 	 Explain how water potential 

affects water movement. 

-+ 	 Explain what happens when 

animal cells and plant cells 

are placed into pure water. 

Specification reference: 3.2.3 

Practical link ,~ 

Required practical 3. Production 

of a dilution series of a solute 

to produce a calibration curve 

with which to identify the water 

potential of plant tissue. 

Link 

A level students will discover how 

the water potential of the blood 

is control led in Topic 16.S Cont rol 

of blood water potential and 

Topic 16.6 Role of the nephron in 

osmoregulation 

Hint 

Remember that, while diffusion can 

be the movement of any molecule, 

osmosis is the movement of water 

molecules only . 

• 




4.3 Osmosis 

Study tip 
Remember that all water potential 
values are negat ive. The highest 
water potential is zero. Therefore 
the lower the water potential, the 
more negative it becomes. 

Solution of lower concentration 

Fewer solute molecules 0 
Higher water potential 

0 
G 0 

Solute molecules 

0 

G 
o oo 

0 0
0 

~ ~ 
0 

0 
0 

l 0 

0 ~ 

' 
Q 

Q 

A 
G 	

solute molecule 

__9-0 
cannot pass o Q G 
through the 
selectively permeable Q o O 

0 

Gmembrane 0 
Q

0 0 ()- water molecule0
0 QWater molecules can 0 

pass across the G 
0 0Gselectively permeable 

0membrane 

• 	 The selectively permeable plasma membrane, however, only allows 
water molecules across it and not solute molecules. 

• 	 The water molecules diffuse from the left -hand side, which 
has the h igher water potential. to the right -hand side, which 
has the lower water potential, tha t is, down a water potential 
gradient (Figure 2). 

• 	 At the point where the water potentia ls on either side of the 
plasma membrane are equal, a dynamic equilibrium is established 
and there is no net movement of wate r. 

0 Solution of higher concentration 

More solute molecules0 0 Lower water potential 

0 
o o 
0 

00 

o O 

selectively permeable plasma membrane 

A 	Figure 1 Osmosis 

Understanding water potential 
The highest value of water potential, that of pure water, is zero, and so 
all other values are negative. The more negative the value, the lower 
the water potential. 

Osmosis and animal cells 
key Animal cells, such as red blood cells, con ta in a variety of solutes 
xkPa water potential of cell dissolved in their watery cytoplasm. If a red blood cell is placed in pure 
...,. direction of water movement 

water it will absorb water by osmosis because it has a lower water 
potential. Cell surface membranes are very thin (711111) and, although 

\/ 
-400kPa 200kPa they are flexible, they cannot stretch to any great extent. The cell­

surface membrane will therefore break, bursting the cell and releasing 
its contents (in red blood cells this is called haemolysis). To prevent 
this happening, animal cells normally live in a liquid which has the 
same water potential as the cells. In our example, the liquid is the 
blood plasma. This and red blood cells have the same water potential.

-600kPa 
rf a red blood cell is placed in a solution with a water potential 
lower than its own, water leaves by osmosis and the cell shrinks andwater moves from higher water 


potential to lower water potential. becomes shrivelled (see Table I ). 

The highest water potential 1s zero 


A Figure 2 Movement of water between 
cells along a water potential gradient 

• 




.A. Figure 3 SEMofred blood cells that have been placed in a .A. Figure 4 Onion epidermal cells showing plasmolysis. The 

solution of lower woter potential. Water has left by osmosis and protoplasts, with their vacuoles containing red liquid, have shrunk 

the cells hove become shrunken and shrivelled and pulled awayfrom the cell walls 

T Table 1 Summary ofosmosis in an animal cell, for example, a red blood cell 

Summary questions 

1 	 Explain what is meant by 
a selectively permeable 
membrane. 

2 	 Under standard conditions 

of pressure and temperature, 
what is the water potential 
of pure water? 

3 	 fi) Four cells have the 
following water potentials: 

Cell A= -200 kPa 
Cell B = -250 kPa 
Cell C = -100 kPa 
Cell 0 = -150 kPa. 

Determine the order in which 
the cells have to be placed for 
water to pass from one cell to 
the next if they are arranged 
in a line. 

• 


higher (less 
negative) 

contents, including 
haemoglobin, 
are released 

l,. 

v 
remains of 
cell-surface 
membrane 

equal 

neither enters 
nor leaves 

no change 

normal red 
blood cell 

lower (more 

negative) 

leaves cell 

shrinks 

haemoglobin ts 
more concentrated, 
giving cell a darker 

appearance 

cell shrunken 
and shrivelled 



4.3 Osmosis 

T Table 2 Summary ofosmosis in a plant cell 
.--~~~~~~~~~~~~~~~~~~~---. 

higher (less negative) equal lower (more negative) 

enters cell neither enters nor leaves 

swells no change 

leaves cell 

shrinks 

turgid incipient plasmolysis 
1--~~~~~~~~-+~~-

plasmolysed 

protoplast pushed 
against cell wall 

protoplast beginning to pull 
away from the cell wall 

protoplast completely pulled 
away from the cell wall 

For the purposes of the following explanations, the plant 
cell can be divided into three parts: 

• 	 the central vacuole, which contains a solution of 
salts, sugars and organic acids in water 

• 	 the protoplast, consisting of the outer cell-surface 
membrane, nucleus, cytoplasm and the inner 
vacuole membrane 

• 	 the cellulose cell wall, a tough, inelastic covering that 
is permeable to even large molecules. 

Like animal cells, plant cells also contain a variety of 
solutes, mainly dissolved in the water of the large cel l 
vacuole that each possesses. When placed in pure water 
they also absorb water by osmosis because of their lower 
(more negative) water potential. Unlike animal cells, 
however, they are unable to control the composition 
of the fluid around their cells. Indeed, plant cells are 
normally permanently bathed in almost pure water, which 
is constantly absorbed from the plant's roots. Water 
entering a plant cell by osmosis causes the protoplast to 
swell and press on the cell wall. Because the cell wall is 
capable of only very limited expansion, a pressure builds 
up on it that resists the entry of further water. In this 
situation, the protoplast of the cell is kept pushed against 
the cell wall and the cell is said to be turgid . 

• 


If the same plant cell is placed in a solution with a lower 
water potential than its own, water leaves by osmosis. The 
volume of the cell decreases. A stage is reached where 
the protoplast no longer presses on the cellulose cell wall. 
At this point the cell is said to be at incipient plasrnolysis. 
Further loss of water will cause the cell contents to shrink 
further and the protoplast to pull away from the cell wall. 
In this condition the cell is said to be plasmolysed. These 
events are summarised in Table 2. 

1 	 Explain why an animal cel l placed in pure water 

bursts while a plant cel l placed in pure water 

does not. 


2 	 8 Plant cells that have a water potential of 
-600 kPa are placed in solutions of different water 
potentials. Determine in each of the following cases 
whether, after 10 minutes, the cells would be turgid, 
plasmolysed or at incipient plasmolysis. 
a Solution A=- 400 kPa 
b Solution 8 =-600 kPa 
c Solution C =- 900 kPa 
d Solution D=pure water 

3 	 8 An animal cell with a water potential of 
-700 kPa was placed in each of the solutions. 
Deduce in which solutions the cell is likely to burst. 



We have looked at diffusion and osmosis, both of which are passive 
processes, that is they occur without the use of metabolic energy. The 
transport of some molecules in and out of cells involves a process that 
uses metabolic energy. This process is active transport. 

What is active transport? 
Active transport is: 

the movement o f molecules or ions int o or out of a cell 
from a regio n o f lo w e r concentration to a region of h igher 

concen t ra t ion using ATP and ca rrier proteins. 

In active transport ATP is used to: 

• 	 directly move molecules 

• 	 individually move molecu les using a concentration gradient which 
has already been set up by (direct) active transport. This is known 
as co-tra nsport and is further explained in Topic 4.5. 

lt differs from passive forms of transport in the following ways: 

• 	 Metabolic energy in the form of ATP is needed. 

• 	 Substances are moved against a concentration gradient, that is from 
a lower to a higher concentration. 

• 	 Carrier protein molecules which act as 'pumps' are involved. 

• 	 The process is very selective, with specific substances being 
transported. 

Direct active transport of a single molecule or ion is described below. 

• 	 The carrier proteins span the plasma membrane and bind to the 
molecule or ion to be transponed on one side of it. 

• 	 The molecule or ion binds to receptor sites on the carrier protein. 

• 	 On the inside of the cell/organelle, ATP binds to the protein, 
causing it 10 split into ADP and a phosphate molecule. As a result. 
the protein molecu le changes shape and opens to the opposite side 
of the membrane. 

• 	 The molecu le or ion is then released to the other side of 
the membrane. 

• 	 The phosphate molecule is released from the protein which causes 
the protein to revert to its original shape, ready for the process to 
be repeated. The phosphate molecule then recombines with the 
ADP to form ATP during respiration. 

These events are illustrated in Figure 1. It is important to distinguish 
between active transport and facilitated diffusion. Both use carrier 
proteins but facilitated diffusion occurs down a concentration gradient, 
while active transport occurs against a concentration gradient. This 
means that facilitated diffusion does nor require metabolic energy, 
while active transport does. The mecabolic energy is provided in the 
form of ATP. 

Learning objectives 
-+ Explain the process of active 

transport. 

-+ Describe the conditions 

required for active transport. 

Specification reference: 3.2.3 

Study tip 
Carrier proteins have a specific 

tertiary structure and will only 

t ransport particular substances 

across a membrane. They have 

binding sites - these are different 

to the active sites of enzymes. 

• 




4.4 Active transport 

Hint 

Different carrier proteins are 

involved in facilitated diffusion 

and active t ransport but any given 

protein carrier is very specific 

about what it carries and by which 

method. 

• 


Sometimes more than one molecu le or ion may be moved in the 
sa me direction at the sa me time by active transport. Occasionally, the 
molecule or ion is moved into a cell/organelle ac the same time as 
a different one is being removed from it. One example of this is the 
sodium- potassium pump. 

rn the sodium- potassium pump, sodium ions are actively removed 
from the cell/organelle while potassium ions are actively taken in from 
the surroundings. This process is essential to a number of imponant 
processes in the orga nism, including the creation of a nerve impulse. 

outside cell / organelle membrane inside cell / organelle 
r--"'----, 

carrier protein 

spanning 

membrane 


moloo"'' N 
Molecules bind to ~ " o 

carrier protein and ~ 

ATP attaches to the 

membrane protein 

on the inside of 

the cell/organelle. 

Binding of phosphate 

ion to protein causes 

the protein to change Q 

shape so that access 

for the molecules is Q 

open to the inside of 

the membrane but 

closed to the outside. 


• Figure 1 Active transport 

Summary questions 

1 	 State one similarity and one difference between active transport and 

facilitated diffusion. 

2 	 The presence of many mitochondria is typical of cells that carry out 


act ive transport. Explain why this is so. 


3 	 In the production of urine, glucose is initially lost from the blood but is 

then reabsorbed into the blood by cells in the kidneys. Explain why it is 

important that this reabsorption occurs by active transport rather than 

by diffusion . 



To illustrate how the various forms of movement across membranes 
occur in a particular situation, you can look at how products of 
digestion like glucose and amino acids are absorbed in the ileum 
(small intestine). Firstly let us look at how the rate of transport across 
membranes and into cells may be increased. 

Increasing the rate of movement across membranes 
The epithelial cells lining the ileum possess microvilli (see Figure l ). 
These are finger-l ike projections of the cell-surface membrane about 
0.6 µm in length. They are collectively termed a 'brush border' 
because, when viewing rhem under a light microscope, they look like 
the bristles on a brush. The microvilli provide m ore surface area for 
the insertion of ca rrier proteins through which d iffusion, facilitated 
diffusion and active transport can take p lace. Another mechanism 
to increase transport across membranes is to increase the number of 
protein channels and carrier proteins in any given area of membrane 
(i.e., increase their density). 

The role of diffusion in absorption 
Diffusion (Topic 4.2) is the net movement of molecules or ions from 
a region where they are highly concentrated to a region where their 
concentration is lower. 

As carbohydrates and proteins are being digested continuously, 
there is normally a greater concentration of glucose and amino 
acids within the ileum rhan in the blood. There is therefore a 
concentration gradient down which glucose moves by facilitated 
diffusion from inside the ileum into the blood. Given that the blood 
is constantly being circulated by the heart, the glucose absorbed into 
it is continuously being removed by the cells as they use it up during 
respiration. This helps to maintain the concentration gradient between 
the inside of the ileum and the blood (Figure 2 ). This means the rate 
of movem ent by facilitated diffus ion across epithelial cell-surface 
membra nes is increased. 

Role of active transport in absorption 
At best, diffusion only results in the concentrations either side of the 
intestina l epithelium becoming equal. This means that not all the 
available glucose and amino acids can be absorbed in this way and 
some may pass out of the body. The reason why this does not happen 
is because glucose and amino acids are also being absorbed by active 
transport (see Topic 4.4). This means that all the glucose and amino 
acids should be absorbed into the blood. 

The actual mechanism by which they are absorbed from the small 
intestine is an example of co-tra nsport. This term is used because 
either glucose or amino acids are drawn into the cells along with 
sodium ions that have been actively transported out by the 
sodiu m-potassium pump (see Topic 4.4). It takes place in the 
following manner (see Figure 3): 

Learning objectives 
-+ 	 Describe the part villi and 

microvilli play in absorption. 

-+ 	 Explain how the products of 
carbohydrate digestion are 
absorbed in the ileum. 

-+ 	 Explain the roles of diffusion, 
active transport and 
co-transport in the process. 

Specification reference: 3.Z.3 

.._ Figure 1 Microvilli on an epithelial 
cellfrom the small intestine 

I 

Study tip 

Do not confuse villi and microvilli. 
Vil li (Topic 6.10) are 1 mm 
projections of the wall of the 
ileum while microvilli are 0.6 µm 
projections of the cell·surface 
membrane of the epithelial cells 
that line this wall. Microvilli are 
therefore more than one thousand 
times smaller than villi. 

• 




4.5 Co-transport and absorption of glucose in the ileum 

cavity (lumen) of ileum cavity (lumen) of ileum 
carbohydrate, e.g. starch sodium ion 

o-o-crcro 
m1crov111i thydrolysis 


(brush border) 0 ~ 


monosaccharides, 
e.g. glucose 
(high concentration 
as starch is constantly 
hydrolysed) 

blood 
capillary 

monosaccharide (low concenlration as it 

is constantly removed by blood flow) 


cell of ileum 

.A Figure 2 Absorption ofmonosaccharides (e.g., glucose] by 
diffusion in the ileum 

1 	 Sodium ions are actively transported out of epithelial cells, by 
the sodium-potassium pump, into the blood. This takes place in 
one type of protein -carrier molecule found in che cell-surface 
membrane of the epithelial cells. 

2 	 This maintains a much higher concentration of sodium ions in the 
lumen of the intestine than inside the epithelial cells. 

3 	 Sodium ions diffuse into the epithe lial ce lls down chis 
concentration gradient through a diffe rent type of protein carrier 
(co-transport protein) in the cell-surface membrane. As the 

Summary questions sodium ions diffuse in through this second carrier protein, they 
carry either amino acid molecules or glucose molecules into the 

1 State three ways in which ceII with them. 
the rate of movement across 4 The glucose/amino acids pass into the b lood plasma by facilitated 
membranes can be increased. diffusion using another type of carrier. 

2 Explain why the term Both sodium ions and glucose/amino acid molecules move into 
'co· transport' is used to the cell, but while the sodium ions move down their concentration 
describe the transport of gradient, the glucose molecules move againsl their concentration 
glucose into cells. gradient. Ir is the sodium ion concentration grad ient, rather than 

3 In each of the fol lowing ATP directly, that powers the movemen t of glucose and amino acids 
events in the glucose into the cells. This makes it an indirect rather than a direct form of 


co-transport system, state active cranspon. 


whether the movements 

are active or passive. 


a 	 Sodium ions move out of 

the epithelial cell. 


-- --"--­

epithelial 

e (Na+) (high 
concentration) 

.A Figure 3 Co· transport of a glucose molecule 

lipids in the ileum will be covered 
b 	 Sodium ions move into the in Topic 6.10, the structure of 

epithelial cell. glucose was described in Topic 1.2 
Glucose molecules move and the structure of amino acids in 
into the epithelial cell. Topic 1.6 . 

• 

c 



Oral rehydration therapy 8 
There are a number of diarrhoeal diseases that infect 
the intestines. Diarrhoea kills many people, especially 
the very young, and yet a treatment to prevent death 
is relatively simple. This treatment is oral rehydration 
therapy. 

Diarrhoea is an intestinal disorder where watery faeces 
are produced frequently. The causes include: 

• 	 damage to the epithelial cells lining the intestine 

• 	 loss of microvilli due to toxins 

• 	 excessive secretion of water due to toxins, for 
example cholera toxin 

As a result of diarrhoea. insufficient nuid is taken into, 
and/or excessive nuid is lost from, the body. Either way, 
dehydration results and may be fatal. 

To treat diarrhoeal diseases it is vital to rehydrate the 
patient. Just drinking water is ineffective for two reasons: 

• 	 Water is not being absorbed from the intestine ­
indeed, as in the case of cholera, water is actually 
being lost from cells. 

• 	 Drinking water does not replace the electrolytes 
(ions) that are being lost from the intestinal cells. 

It is possible to 
replace the water 
and electrolytes 
intravenously by a drip, 
but this requires trained 
personnel and means 
the patient is confined 
to bed for much of the 
time. What is required 
is a suitable mixture 
of substances that 
can safely be taken by 
mouth and which will be 
absorbed by the intestine. 

But how can the patient be rehydrated if the intestine is 
not absorbing water? As it happens, there is more than 
one type of carrier protein in the plasma membranes 
of epithelial cells that absorbs sodium ions. The trick 
is to develop a rehydration solution that uses these 
alternative pathways. As sodium ions are absorbed, so 
the water potential of the cells falls and water enters the 
cells by osmosis. Therefore. a rehydration solution needs 
to contain: 

• 	 water - to rehydrate the tissues 

• 	 sodium ions - to replace the sodium ions lost from 
the epithelium of the intestine and to optimise use of 
the alternative sodium-glucose carrier proteins 

• 	 glucose - to stimulate the uptake of sodium ions 
from the intestine and to provide energy 

• 	 potassium ions - to replace lost potassium ions and 
to stimulate appetite 

• 	 other electrolyes - such as chloride ions and citrate 
ions to help prevent electrolyte imbalance and a 
condition cal led metabolic acidosis. 

The ingredients 
can be mixed and 
packaged as a 
powder and then the 
solution made up 
with boiled water as 
needed. It can then 
be administered by 
people with minimal 
training. The solution 
must be given 
regularly. and in 

large amounts, throughout the illness. 


Oral rehydration solutions do not prevent or cure 

diarrhoea. They simply rehydrate and nourish the patient 

until the diarrhoea is cured by some other means. 


When commercial products are not available it is possible to 

use an inexpensive, home-made rehydration solution. This 

can be made up of eight level teaspoons of sugar+ 1 level 

teaspoon of table salt dissolved in 1 litre of boiled water. 


1 List two reasons why glucose is included in the 

mixture. 


2 Table salt is sodium chloride. List three reasons 

why it is included in the mixture. 

3 Explain why is it essential that the water is boiled. 
4 Bananas are rich in potassium.It is sometimes 

recommended that mashed banana is added to 
the mixture. List two reasons why this might help 
the patient recover. 

S 	 Suggest another advantage of adding banana 
before drinking the mixture, especially in the case 
of children. 

• 
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4 .5 Co-transport and absorption of glucose in the ileum 

6 	 Sports drinks contain a high proportion of glucose 
to help replace that used during strenuous 
exercise. Explain in terms of water potential 
why these drinks are therefore not suitable to 
rehydrate those suffering from diarrhoea. 

The development of oral rehydration solutions resulted 
from a long process of scientific experimentation. 

Early rehydration solutions led to side effects, especially 
in children. These were caused by excess sodium and so 
mixtures with lower sodium content, but more glucose, 
were tested. Unfortunately the additional glucose 
lowered the water potential in the lumen of the ileum so 
much that it started to draw out even more water from 
the epithelial cel ls. This made the dehydration even 
worse. Lowering the glucose content reduced this effect 
but, as glucose also acted as a respiratory substrate, 
it reduced the amount of energy being supplied to the 
patient. One answer was to use starch in place of some of 
the glucose. 

7 	 Explain why using starch is better than using 

glucose. 


Starch is broken down steadily by amylase and maltase 
in the ileum into its glucose monomers. By experimenting 
with different concentrations of starch, a rehydration 
solution was developed that released glucose at the 
optimum rate for it to be taken up as it was produced, 
without it adversely influencing the water potential. 
Further scientific research is being carried out to find the 
best source of starch. 

Rice starch is a popular choice for two main reasons: 

• 	 It is readily available in many parts of the world, 
especially those where diarrhoeal diseases are 
common. 

• 	 It also provides other nutrients like amino acids. 
Not only are these nutrients nutritionally valuable 
but they also help the uptake of sodium ions from 
the ileum. 

As rice flour produces a very viscous solution, it is not 
easy to swallow . 

• 


8 	 Suggest one possible method of reducing the 
viscosity of the rice flour solut ion and explain how 
it works. 

We have seen how the development of an improved 
medicine takes place in a number of stages, each of 
which must be tested for its safety. While initial testing 
can be done on tissue cultures and animals, to be sure of 
a drug's effectiveness and safety, it must eventually be 
tested on humans. 

9 	 Consider why drugs must ultimately be tested on 
humans. 

Testing is normally carried out in four phases. 

• 	 A small number [20- 80) of usually healthy people 
are given a t iny amount of the drug to test for side 
effects rather than to see if the drug is effective. The 
dose may be increased gradually in a series of such 
trials. This stage takes around six months. 

• 	 The drug is given to a slightly larger number of 
people [ 100- 300) who have the condition the drug 
is designed to treat. This is to see that it works and 
to look at any safety issues. This stage takes up to 
two years. 

• 	 A large-scale trial of many thousands of patients 
takes place. Many are given a dummy drug called a 
placebo. Often, neither the scientists nor the patients 
know who has taken the real drug and who has taken 
the placebo until after the trial. This is known as a 
double-blind trial. These trials take many years. 

• 	 If the drug passes all these stages it may be 
granted a licence, but its use and effects are still 
monitored over many years to check on any 
long-term effects. 

10 Suggest a reason why a placebo is necessary to 

ensure that the results of a drug trial can be 

relied upon. 


11 Suggest why the results of a 'double-blind' trial 

might be more reliable than one in which the 

patients knew whether they were taking the real 

drug or a placebo. 
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Practice questions: Chapter 4 


A student investigated the eHect or putting cylinders cut from a potato into sodium 
chloride solutions or different concentration. He cut cylinders from a potato and weighed 
each cylinder. lie then placed each cylinder in a test tube. Each test tube contained a 
different concentration of sodium chloride solution. The tubes were left overnight. He 
then removed the cylinders from the solutions and reweighed them. 
(a) 	 Before reweighing, 1he student blotted dry the outside of each cylinder. 

Explain why. (2 marks) 
The ~tudent repeated the experiment several times at each concentration or 
sodium chloride solution. His results are shown in the graph. 
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(b) 	The student made up all the sodium chloride solutions using a 1.0 mot dm- 3 sodium 
chloride solution and distilled water. 
Complete the table to show how he made 20 cm3 of a 0.2 mo! dm- 3 sodium chloride 
solution. 

Volume of 1.0 mol dm-3 sodium chloride solution Volume of distilled water 

(I mark) 
(c) 	 The student calculated the percentage change in mass rather than the change 

in mas~. 
Explain the advantage of this. (2 marks) 

(d) 	The student carried out several repeats at each concentration or ~odium 
chloride solution. Explain why the repeats were important. (2 marks) 

(e) 	 Use the graph to find the concentration of sodium chloride solution that 

has the same water potential as the potato cylinders. 


3mot dm­
(I mark) 

AQA Jan 2011 

Some substances can cross the cell-surface membrane of a cell by simple diffusion 
through the phospholipid bi layer. Describe other ways by which substances cross 
this membrane. (5 marks) 

AQA Jan 20 13 

• 
2 



Practice questions: Chapter 4 

3 (a) 	 Give two ways in which active transport is dirferent from facilitated diHusion. (2 marks) 

Scientists investigated the effect of a drug called a proton pump inhibitor. The drug 
is given as a tablet to people who produce too much acid in their stomach. It binds 
co a carrier protein in the surface membrane of cells lining the stomach. This carrier 
protein usually moves hydrogen ions into the stomach by active transport. 

The scientists used two groups of people in their investigation. All the people 
produced too much acid in their stomach. People in group P were given the drug. 
Group Q was the control group. 

The graph shows the results. 

treatment 
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(b) (i) 	 The scientists used a control group in this trial. Explain why. (I mark) 
(ii) Suggest how the control group would have been treated. 	 (2 marks) 

(c) 	 Describe the effect of taking the drug on acid secretion. (I mark) 
AQA June 20 11 

(d) 	Calcula te the percentage decrease in acid secretion of group P compared LO group Q 
af1er 8 hours. (2 marks) 

4 	 Scientists investiga ted the percentages of different types or lipid in plasma membranes 
£rom different types of cell. Table 2 shows some of their results . 



Chapter 4 Transport across cell membranes 

'YTable 2 

• 


Cholesterol 17 23 0 

Glycolipid 7 3 0 

70Phospholipid 54 60 

14 30Others 22 

(a) 	 The scientists expressed their results as Percentage of lipid in plasma membrane 
by mass. Explain how they would find these values. (2 marks) 

(b) 	 Cholesterol increases the stability of plasma membranes. Cholesterol docs this by 
making membranes less flexible. 
Suggest one advan tage of the d iCfercnt percentage of cholesterol in red blood 
cells compared with cells lining the ileum. (I mark) 

(c) 	 H. coli has no cholesterol in its cell-surface membrane. Despite this, the cell 
maintains a constant shape. Explain why. (2 marks) 

AQA SAMS AS PAPER t 



5 Cell recognition and the 

immune system 
5.1 Defence mechanisms 

Learning objectives 
~ 	Describe the main defence 

mechanisms of the body. 

~ 	Explain how the body 
distinguishes between its 
own cells and foreign cells. 

Specification reference: 3.2.4 

A Figure 1 Baby bay covered with 
measles rash. Measles is a highly 
infectious viral disease that mainly 
affects young children before they have 
acquired immunity to it 

Hint 

The defensive mechanisms can 
be likened to the defences of a 
castle hundreds of years ago. The 
physical barrier is like the walls of 
the castle, the phagocytes are like 
the foot soldiers patrolling in the 
castle, who seek out and kill any 
intruders, and the lymphocytes 
are like specialised soldiers who 
respond to specific threats and 
use the intelligence gained from 
previous attacks to recognise, and 
quickly destroy, future intruders. 

NB Don't use these descriptions in 
an examination! 

• 


Tens of millions of humans die each year from infectious diseases. Many 
more survive and others appear never to be affected in the first place. 
Why are there these differences? 

Any infection is, in effect, an interaction between the pathogen and 
the body's various defence mechanisms. Sometimes the pathogen 
overwhelms the defences and the individual dies. Sometimes the 
body's defence mechanisms overwhelm the pathogen and the 
individual recovers from the disease. Having overwhelmed the 
pathogen, however, the body's defences seem to be better prepared for 
a second infection from the same pathogen and can kill it before it can 
cause any harm. This is known as immun ity and is the main reason 
why some people are unaffected by certain pathogens. 

There is a complete range of intermediates between the stages described 
above. Much depends on the overall state of health of an individual. 
A fit, healthy adult will rarely die of to an infection. Those in ill health, 
the young and the elderly arc usually more vulnerable. 

Defence mechanisms 
The human body has a range of defences to protect itsell from pathogens 
(Figure 2). Some are general and immediate defences like the skin forming 
a barrier to the entry of pathogens and phagocytosis (see Topic 5.2). Others 
are more specific, less rapid but longer-lasting. These responses involve a 
type of white blood cell called a lymphocyte and take two forms: 

• 	 cell-mecliared responses involving T lymphocytes 

• 	 humoral responses in volving B lymphocytes. 

Before we look in deta il at these defence mechanisms, let us fi rst 
conside r how the body distinguishes its own cells from fo reign material. 

Recognising your own cells 
To defend the body from invasion by foreign material, lymphocytes 
must be able to distinguish the body's own cells and molecules (self) 
from those that are fo reign (non -se lf) . If they could not do this, the 
lymphocytes would destroy the organism's own tissues. 

Each type of cell, self or non-self. has specific molecules on itS surface 
that identify it. While these molecules can be of a variety of types, it is 
the proteins that are the most important. This is because proteins have 
enormous variety and a highly specific tertiary structure. It is this variety 
of specific 3-D structure that distinguishes one cell from another. It is these 
protein molecules which usually allow the immune system tO identify: 

• 	 pathogens, for example the human immunodeficiency virus 
(see Topic 5.7). 

• 	 non-self material such as cells from other organisms of the same 
species . 



• 	 toxins including those produced by certain pathogens like the 
bacterium that causes cholera. 

• 	 abnormal body cells such as cancer cells. 

All of the above are potentially harmful and their identification 
is the first stage in removing the threat they pose. Although this 
response is clearly advantageous to the organism, it has implications 
for humans who have had tissue or organ transplants. The immune 
system recognises these as non-self even though they have come from 
individuals of the same species. It therefore artempts to destroy the 
transplant. To minimise the effect of this tissue rejection, donor tissues 
for transplant are normally matched as closely as possible to those of the 
recipient. The best matches oflen come from relatives that are genetically 
close. In addition, immunosuppressant drugs are often administered to 
reduce the level of the immune response that still occurs. 

II is important to remember that specific lymphocytes are not produced 
in response Lo an inl'ection, bur that they already exist - all ten 
million different types. Given rhat there are so many different types 
of lymphocytes, there is a high probability that, when a pathogen 
gets into the body, one of these lymphocytes will have a protein r 
on its surface that is complementary to one of 
the proteins of the pathogen. In other words, the 
lymphocyte will 'recognise' the pathogen. Not 
surprisingly with so many different lymphocytes, 
there are very few of each type. When an infection 
occurs, the one type already present that has the 
complementary proteins to those of the pathogen 
is stimulated to divide to build up its numbers to a 
level where it can be effective in destroying it. This 

't' 
non specific 


response is immediate 

and the same for all pathogens 


.A. Figure 3 False-colour SEM of a single 
human lymphocyte {blue] and red blood 
cells {red) 

defence mechanisms 

specific 

response is slower and 


specific to each pathogen 


physical cell-mediated humoral 
barrier phagocytosis response response 

e.g.. skin 	 T lymphocytes B lymphocytes 

is called clonal selection and you will learn more .A. Figure 2 Summary ofdefence mechanisms 

about it in Topic 5.4. This explains why there is a time lag between 
exposure to the pathogen and body's defences bringing it under control. 

How lymphocytes recognise cells belonging to the body 
• 	 There are probably around ten million different lymphocytes present 

at any time, each capable of recognising a different chemical shape. 

• 	 In the fetus, these lymphocytes are constantly colliding with other cells. 
• 	 Infection in the fetus is rare because it is protected from the outside 

world by the mother and, in particular, the placenta. 

• 	 Lymphocytes will therefore collide almost exclusively with the body's 
own material (self). 

• 	 Some of the lymphocytes will have receptors that exactly fit those 
of the body's own cells. 

• 	 These lymphocytes eirher die or are suppressed. 

• 	 The only remaining lymphocytes are those that might fit foreign 
material (non-self), and cherefore only respond to foreign material. 

• 	 In adults, lymphocytes produced in the bone marrow initially only 
encounter self-antigens. 

• 	 Any lymphocytes that show an immune response to these self­
antigens undergo programmed cell death (apoptosis) before they 
can differentiate into mature lymphocytes. 

• 	 No clones of these anti -seH lymphocytes will appear in the blood, 
leaving only those that might respond to non-sell antigens. 

Summary questions 

1 	 State two differences between 

a specific and a non-specific 

defence mechanism. 

2 	 After a pathogen gains ent ry 
to the body it is often a 

number of days before the 

body's immune system 

begins to control it. Suggest a 
possible reason why this is so. 

3 	 In the above case, suggest 

why it would be inaccurate to 

say that the body takes days 

to 'respond' to the pathogen. 

• 




,I 5.ly Phagocytosis

,!_, c·~ 

Learning objectives 
-+ 	 Describe the first line of 

defence against disease. 

-+ 	 Explain the process of 
phagocytosis. 

-+ 	 Describe the role of lysosomes 
in phagocytosis. 

Specification reference: 3.2.4 

.& Figure 1 Human skin forms o tough 
outer layer thatforms o barrier to the 
entry of pathogens 

Synoptic link 

Look back at Topic 3.4, Eukaryotic 
cell structure to remind yourself of 
the role of lysosomes in the cell. 

.& Figure 2 Folse-colour SEM of o 

phagocyte (redJengulfing tuberculosis 
bacteria (yellow}, o process known as 
phogocyrosis 

• 


If a pathogen is to infect the body it must first gain entry. Clearly 
then, the body's first line of defence is to form a physical or chemical 
barrier to entry. Should this fail, the next line of defence is the white 
blood cells. There are two types of white blood cell: phagocy tes 
and lymphocytes. Phagocytes ingest and destroy the pathogen by a 
process caUed phagocytosis before it can cause harm. Lymphocytes are 
involved in immune responses (Topics 5.3 and 5.5). 

Despite various barriers pathogens still frequently gain entry and the 
next line of defence is then phagocytosis. 

Phagocytosis 
Large particles, such as some types of bacteria, can be engu lfed by cells 
in the vesicles formed from the cell-surface membrane. This process 
is called phagocytosis. In the blood, the types of white blood cells that 
carry out phagocytosis are known as phagocytes. They provide an 
important defence against the pathogens that manage co enter the 
body. Some phagocytes travel in the blood bur can move out of blood 
vessels into other tissues. Phagocycosis is illustrated in Figure 2 and is 
summarised below and in Figure 3. 

• 	 Chemical products of pathogens or dead, damaged and abnormal 
cells act as attractants, causing phagocytes to move towards the 
pathogen (e.g., a bacterium) . 

• 	 Phagocytes have several rccepwrs on their cell-surface membrane 
that recognise, and attach to, chemicals on the surface of the 
pathogen. 

• 	 They engulf the pathogen to form a vesicle, known as a 
phagosome. 

• 	 Lysosomes move towards the vesicle and ruse with it. 

• 	 Enzymes called lysozymes are present within the lysosome. These 
lysozymes destroy ingested bacteria by hydrolysis of their cell walls. 
The process is the same as that for the digestion of food in the 
intestines. namely the hydrolysis or larger, insoluble molecules into 
smaller. soluble ones. 

• 	 The soluble products [rom the breakdown ol' the pathogen are 
absorbed into the cytoplasm o[ the phagocyte . 



• 

I 

The phagocyte 1s attracted to the pathogen by chemical ~pathogen 
products of the pathogen. It moves towards the (e.g.. bacterium) 
pathogen along a concentration gradient 

chemical products 
of pathogen 

3 Lysosomes within the phagocyte migrate 2 	 The phagocyte has several receptors on its 
towards the phagosome formed bycell-surface membrane that attach to chemicals 
engulfing the bacterium on the surface of the pathogen 

4 	The lysosomes release their lysozymes into 5 The hydrolysis products of the bacterium are 
the phagosome, where they hydrolyse absorbed by the phagocyte 
the bacterium 

1----4-	

breakdown debris --+----+­phagosome ____,______,,,~ 

lysosomes release --' of pathogen 
lysozymes into 
phagosome 

.& Figure 3 Summary ofphagocytosis 

Summary questions 

1 	 In the following passage, state the missing word indicated by each 
letter a- d. 

Pathogens that invade the body may be engulfed by cells which carry 
out a. The engulfed pathogen forms a vesicle known as a b. Once 
engulfed the pathogen is broken down by enzymes called c released 
from organelles called d. 

2 	 Among other places, lysozymes are found in tears. Suggest a reason 
why this is so. 



5.3 ; T lymphocytes and cell-mediated 
--- immunity 

Learning objectives 
' 	 State the definition of an 

antigen. 

' 	 Describe the two main types 
of lymphocyte. 

' 	 Explain the role ofT cells 
[T lymphocytes) in 
cell-mediated immunity. 

Specification reference: 3.2.4 

Study tip 
It is always necessary to describe 
events in detail using the 
appropriate scientific terms. For 
example, in immunity questions 
vague references to 'cells fighting 
disease' should be avoided. 

• 


The initial response of the body to infection is non-specific (see 
Topic 5.2). The next phase is the primary immune response that 
confers immunity. Immunity is the ability of organisms to resist 
infection by protecting against disease-causing microorganisms or their 
t0xins that invade their bodies. It involves the recognition of foreign 
material (antigens) . 

Antigens 
An antigen is any part of an organism or substance that is recognised 
as non-self (foreign) by the immune system and stimulates an immune 
response. Antigens are usually proteins tha t are part of the cell-surface 
membranes or cell walls of invading cells, such as m icroorganisms, or 
abnormal body cells, such as cancer cells. The presence of an antigen 
triggers the producrion of an antibody as part o l' the body's defence 
system (see Topic 5.4) . 

Lymphocytes 
Tmmune responses such as phagocyrosis arc non-specific (see Topic 5.2) 
and occur whatever the infection. The body also has specific responses 
that react to specific antigens. These arc slower in action at first, but they 
can provide long-term immunity. This specific immune response depends 
on a type of white blood cell called a lymphocyte. Lymphocytes are 
produced by stem cells in the bone marrow. There are two types of 
lymphocyte, each with its own role in the immune response: 

• 	 B lymphocytes (B cells) arc so called because they mature in the 
bone marrow. They are associated with humoral immunity, that is, 
immunity involving antibodies that arc present in body flu ids, or 
'h umour' such as blood plasma. This is described in more detail in 
Topic 5.5. 

• 	 T lymphocytes (T cells) are so called because th ey mature in the 
thymus gland. They are associated with cell -mediated immunity, 
tha t is immunity involving body cells. 

Cell-mediated immunity 
Lymphocytes respond to an organism's own cells that have been 
infected by non-self materia l from a different species, for example a 
virus. They also respond to cells from other individuals of the same 
species because these are genetically different. These therefore have 
different antigens on their cell-surface membrane from the antigens 
on the organism's own cells. T lymphocytes can distinguish these 
invader cells from normal cells because: 

• 	 phagocytes that have engulfed and hydrolysed a pathogen present 
some of a pathogen's antigens on their own cell-surface membrane 

• 	 body cells invaded by a virus present some of the viral antigens on 
their own cell-surface membrane. 



• 	 transplanted cells from individuals of the same species have 
different antigens on their cell-surface membrane 

• 	 cancer cells are diffe rent from normal body cells and present 
antigens on their cell-surface membranes. 

Cells that display fo re ign antigens on their surface are called antigen­
presenting cells beca use they can present ancigens of other cells on 
their own cell-surface membrane. 

T lymphocytes will only respond to antigens thac are presented on 
a body cell (rather than to amigens within the body Iluids). This type of 
response is called cell-m ediated immunity or the cellular response. 
The role of the receptors on T cells is important. The receptors on ead1 
T cell respond to a single antigen. It follows that there is a vast number 
of different types of T cell, each one responding to a different antigen 
(see Topic 5.1). The stages in the response ofT lymphocytes to infection 
by a pathogen are summarised in Figure 1 and explained below. 

l Pathogens invade body cells or are taken in by phagocytes. 

2 The phagocyte places antigens from the pathogen on its cell­
surface membrane. 

3 Receptors on a specific helper T cell (TH cell) fit exactly onto 
these antigens. 

4 This attachment activates the T cell to divide rapidly by mitosis and 
form a clone of gene tically identical cells. 

5 The cloned T cells: 

a develop into memory cells that enable a rapid response to 
future infections by the same pathogen 

b stimulate phagocytes to engulf pathogens by phagocytosis 

c stimulate B cells to divide and secrete their antibody 

d activate cyto toxic T cells (Tc cells). 

antigen from pathogen 

-~e 
e 

Tcell Tcell 

helper Tcell's receptor thatantigen-presenting 

frts the particular antigen
cell. e.g.. phagocyte 

.6. Figure 1 Summary of the role ofTcells in cell-mediated immunity 

How cytotoxic T cells kill infected cells 
Cytotoxic T cells (Tc cells) kill abnormal cells and body cells that arc 
infected by pathogens, by producing a protein called perforin that 
makes holes in the cell-surface membrane. These holes mean the 
cell membrane becomes freely permeable to all substances and the 

Hint 

Three terms that are frequent ly 

confused are antigen, antibody 
and antibiotic. When dealing with 

immunity put antibiotic out of 

your mind - it has nothing to do 

with immunity. 

Becomes a memory cell that circulates 
in the blood and tissue fluid in 
readiness to respond to a future 
infection by the same pathogen 

Stimulates B cells to divide 

Stimulates phagocytosis 
by phagocytes 

Activates cytotoxic Tcells (Tc cells) 
to kill infected cells by making 
holes 1n thetr cell-surface membranes 

• 




5.3 T lymphocytes and cell-mediated immunity 

cell dies as a result. This illustrates the vita l importance of cell -surface 
membranes in maintaining the integrity of cells and hence their 
survival. The action of T cells is most effective against viruses because 
viruses replicate inside cells. As viruses use living cells in which to 

replicate, this sacrifice of body cells preve ncs viruses multiplying and 
infecting more celJs. 

Summary questions 

1 Define an antigen 

2 State two similarities between 

T cells and B cells. 

3 State two differences between 

T cells and B cells. 

• 


.A. Figure 2 False-colour SEM of two human cytotoxic T cells {yellow) attacking a 
cancer cell {red) 

Avian (bird) flu is caused by one ofmany strains of the influenza virus. 

Although it is adapted primari ly to infect birds, the HSN1 st rain of the virus 

can infect other species, including humans. Avian flu affects the lungs and 

can cause the immune system to go into overdrive. This results in a massive 

overproduction ofT cells. 

1 	 From your knowledge of cell-mediated immunity and lung structure 


suggest why humans infected with the HSNl virus may sometimes 


die from suffocation. 


2 	 Suggest a reason why any spread of bird flu across the world is likely 

to be very rapid . 



We saw in Topic 5.3 that the first phase of the specific response to 
infection is the mitotic division of specific T cells to form a done of Lhe 
relevant T cells to build up their numbers. Some of these T cells produce 
faaors Lhat stimulate B cells to divide. It is these B cells that are involved 
in Lhe next phase of the immune response: humoral immunity. 

Humoral immunity 
Humoral immunity is so called because it involves antibodies (see 
Topic 5.5), and antibodies are soluble in the blood and tissue fluid of 
the body. An old-fashioned word for body fluids is 'humour'. There are 
many different types of B cell, possibly as many as ten million, and each 
B cell stans to produce a specific antibody that responds to one specific 
antigen. When an antigen, for example, a protein on the surface of a 
pathogen, fore ign cell, toxin, damaged or abnormal cell, enters the blood 
or tissue fluid, there will be one B cell that has an antibody on its surface 
whose shape exactly fits rhe antigen, that is, they are complementary. 
The antibody therefore attaches ro this complementary antigen. The 
antigen enters the B cell by cndocytosis and gets presented on its 
surface (processed). TH cells bind ro rhese processed antigens and 
stimulate this B cell to divide by mitosis (see Topic 3.7) to form a clone 
of identical B cells, all of which produce the antibody that is specific to 
the foreign antigen. This is called clonal selection and accowus for the 
body's ability to respond rapidly ro any of a vast number of antigens. 

ln practice, a rypical pathogen has many different proreins on its surface, 
all of which act as antigens. Some pathogens, sud1 as the bacterium that 
causes cholera, also produce toxins. Each toxin molecule also acrs as an 
antigen. Therefore many different B cells make dones, each of which 
produces its own type of antibody. As each clone produces one specific 
antibody these antibodies are referred to as monoclonal antibodies 
(see Topic 5.5). In each clone, rhe cells produced develop into one of two 
types of cell: 

• 	 Plasma cells secrete antibodies usually into blood plasma. These 
cells survive for only a few days, but each can make around 2000 
antibodies every second during its brief lifespan. These antibodies 
lead to the destruction of the antigen. The plasma cells are therefore 
responsible for the immediate defence of the body against infection. 
The production of antibodies and memory cells (see below) is 
known as the primary immune response . 

• 	 Memory cells arc responsible for the secondary immune 
response. Memory cells live considerably longer than plasma cells, 
often for decades. These cells do not produce antibodies directly, 
but circulate in the blood and tissue fluid. When they encounter 
Lhe same antigen at a later date, they divide rapidly and develop 
into plasma cells and more memory cells. The plasma cells produce 
Lhe antibodies needed to destroy the pathogen, while Lhe new 
memory cells circulate in readiness for any future infection. In this 
way, memory cells provide long-term immunity against the original 
infection. An increased quantity of antibodies is secreted at a faster 
rate than in the primary immune response. It ensures that a new 
infection is destroyed before it can cause any harm - and individuals 

Learning objectives 
-+ 	 Explain the role ofB cells 


(B lymphocytes) in 

humoral immunity. 


-+ 	 Explain the roles of plasma 
cells and antibodies in the 
primary immune response. 

-+ 	 Explain the role of memory 
cells in the secondary 
immune response. 

-+ 	 Explain how antigenic 
variation affects the body's 
response to infection. 

Specification reference: 3.2.4 

Hint 

Remember that Bcells with the 
appropriate antibody to bind 
to antigens of a pathogen are 
not produced in response to 
the pathogen. They are present 
from birth. Being present, they 
simply multiply in response to 
the pathogen. 
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5.4 B lymphocytes and humoral immunity 

are often totally unaware that they have ever been infected. Figure l 
ill ustrates the relative amounts of antibody produced in the primary 
and secondary immune responses. 

The role of B cells in immunity is explained below and summarised 
in Figure 2. 

0 

0 	
attach to antigens processed

invading on pathogen andantigen
pathogen destroy it 

(= primary response) 

plasma cell 

antigen 

circulate in blood and tissue 
flu id in readiness to respond 
to a future infection by the 

8-cell --+ same pathogen by dividingB cell 
antibody and developing into plasma 

cells that produce antibodies 0 
<· secondary response) 

activated helper T cells 
memory cell 

A Figure 2 Summary ofrole of8 cells in humoral immunity 

I The surface antigens of an invading pathogen are taken up by a B cell. 

2 The B cell processes the antigens and presents them on its surface. 

3 Helper T cells (activated in the process described in Topic 5.3) attach 
to the processed antigens on the B cell thereby activating the B cell. 

4 The B cell is now activated to divide by mitosis to give a clone of 
plasma cells. 

5 The cloned plasma cells produce and secrete the specific antibody 
that exactly tits the antigen on the pathogen's surface. 

6 The antibody attaches to antigens on th e pathogen and destroys 
them (see Topic 5.5). 

7 Some B cells develop into memory cells. These can respond to 
future infections by the same pathogen by dividing rapidly and 
developing into plasma cells that produce antibodies. This is the 
secondary immune response. 

Summary questions 

1 Explain why the secondary immune response is much more rapid than the 
primary one. 

2 Contrast the cell-mediated and humoral responses to a pathogen. 

3 	 Plasma cells can produce around 2000 protein antibodies each second. 
Suggest three cell organelles that you might expect to find in large 
quantities in a plasma cell, and explain why . 

• 


A Figure 3 False-colour TEM of a plasma 
cell. Plasma cells are mature 8 lymphocytes 
that secrete antibodies. Note the well· 
developed rough endoplasmic reticulum 
{yellow dotted lines) where the antibodies 
are synthesised. 



In Topic 5.4 we saw how B cells respond co antigens by producing 
antibodies. Let us now look at antibodies and how they work in 
more detail. 

Antibodies 
Antibodies are proteins with specific binding sites synthesised by B 
cells. When the body is infected by non-self material, a B cell produces 
a specific antibody. This specific antibody reacts with an antigen 
on the surface of the non-self material by binding to them. Each 
antibody has two ide111ical binding sites. The antibody binding sites are 
complementary to a specitic antigen. The massive variety of antibodies 
is possible because they are made of proteins - molecules that occur in 
an almost infinite number of forms. 

Antibodies are made up of four polypeptide chains. The chains of one 
pair are long and are called heavy chains, while the chains of the 
other pair are shorter and are known as light chains. Each antibody 
has a specific binding site that fies very precisely onto a specific antigen 
to form what is known as an a ntigen-antibody complex. The 
binding site is different on different antibodies and is therefore called 
the varia ble region. Each binding site consists of a sequence of amino 
acids that form a specific 3-D shape that binds directly to a specific 
antigen. The rest of the antibody is known as the constant region. 
This binds to receptors on cells such as B cells. The structure of an 
antibody is illustrated in Figure l. 

How the antibody leads to the destruction of the antigen 
lt is important to understand chat antibodies do not destroy antigens 
directly but rather prepare the antigen for destruction. Different 
antibodies lead to the destrucrion of an antigen in a range of ways. 
Take the example of when the anrigen is a bacterial cell- antibodies 
assist in its destruction in two ways: 

• 	 They cause agglutination of the bacterial cells (Figure 2). 1n this 
way clumps of bacterial cells are formed, making it easier for the 
phagocytes to locare them as they are less spread-out within the body. 

• 	 They then serve as markers Lhat stimulate phagocytes to engulf the 
bacterial cells 10 which they are attached. 

heavy - ­

variable 
regionlight 
(different in chain 
different 
antibodies) 

chain 

7 
constant 
region 

receptor 
binding site 

Learning objectives 
-+ 	 Describe the structure of an 


antibody. 


-+ 	 Describe the functions of 


antibodies. 


-+ 	 Describe the nature of a 


monoclonal antibody. 


-+ 	 Explain how monoclonal 


antibodies are produced. 


-+ 	 Explain how monoclonal 

antibodies are used to target 

specific substances and cells. 

Specification reference: 3.2.4 

Hint 

One molecule fitting neatly with 

another is a recurring theme 

throughout biology. We met it 

with enzymes [see Topic 1.7] and 

with T cells [see Topic 5.3] and 

it features again here. While the 

'lock and key' image is helpful, 

remember that, with the induced 

fit model of enzyme action, the 

molecules are flexible rather 

than rigid. This is the same for 

antibodies. The image of a hand 

fitt ing a glove is therefore perhaps 

a better one when it comes to 

understanding the process. 

Study tip 

Agglutination is possible because 

each antibody has two antigen 

binding sites. 

<Ill Figure 1 Structure ofan antibody 
{lefr]; molecular model ofan antibody 
{right]. This Y-shaped protein is produced 
by B lymphocytes as part of the 
immune response 

• 



5.5 Antibodies 

antibody 

antigen 
bmd1ng 
site 

bacterial 
cell 

Each antibody attaches to two bactenal cell, 
causing them to clump together 

.A Figure 2 Agglutination 
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Monoclonal antibodies 
We have seen that a bacterium or Olhcr microorganism entering 
the body is likely t0 have many hundreds of different antigens on its 
surface. Each antigen will induce a dirferent B cell to multiply and 
form a clone of itself. Each of these clones will produce a different 
antibody. It is of considerable medical value to be able to produce 
antibodies outside the body. IL is even beuer if a single type of 
antibody can be isolated and cloned. Such antibodies arc known as 
monoclonal antibodies. 

Monoclonal antibodies have a number of useful functions in science 
and medicine . 

Targeting medication to specific cell types by attaching a 
therapeutic drug to an antibody 
As an antibody is very specific to pa11icular an ligen (protein}, 
monoclonal antibodies can be used to 1arger specific substances and 
specific cells. One type of cell they can target is cancer cells. Monoclonal 
antibodies can be used to treat cancer in a number of ways. By far the 
most successful so far is direct monoclonal anribody therapy. 

• 	 Monoclonal antibodies are produced that are specific to antigens on 
cancer cells. 

• 	 These antibodies are given to a patient and auach themselves to the 
receptors on their cancer cells. 

• 	 They attach to the surface of their cancer cells and block the 
chemical signals that stimulate their uncontrolled growth . 

An example is herceptin, a monoclonal antibody used to treat breast 
cancer. The advantage of direct monoclonal antibody therapy is that 
since the antibodies are not toxic and are highly specific, they lead to 

fewer side effects than other forms of therapy. 

Another method, called indirect monoclonal antibody therapy. 
involves attaching a radioactive or cytotoxic drug (a drug that kills 
cells) to the monoclonal antibody. When the antibody at.taches to the 
cancer cells, it kills them. 

For obvious reasons, monoclonal antibod ies used in this way are 
referred to as 'magic bullets' and can be used in sma ller doses, as they 
are targeted on specific sites. Using them in smaller doses is not only 
cheaper but also reduces any side effects the drug might have. 

Medical diagnosis 
Monoclonal antibodies are an invaluable tool in diagnosing disease 
with over a hundred different diagnostic products based on them. 
They are used for the diagnosis of influenza, hepatitis and chlamydia 
infections where they produce a much more rapid result than 
conventional methods of diagnosis. They are important in diagnosing 
certain cancers. For example, men with prostate cancer often produce 
more of a protein called prostate specific antigen (PSA) leading 
to unusually high levels of it in the blood. By using a monoclonal 
anribody that interacts with this antigen, it is possible to obtain a 
measure of the level of PSA in a sample of blood. While a higher than 



normal level of PSA is not itself diagnostic of the disease, it gives an 
early warning of its possibility and the need for further tests. The use 
of antibodies in the ELISA test is discussed in Topic 5.7. 

Pregnancy testing 
It is important that a mother knows as early as possible that she is 
pregnant, not least because there are certain actions she can take 
to ensure the welfare of herself and her unborn baby. The use of 
pregnancy testing ki1s that can easily be used at home has made 
possible the early detection of a pregnancy. These kits rely on the 
fact that the placenta produces a hormone called human chorionic 
gonadatrophin (hCG) and that this is found in the mother's urine. 
Monoclonal antibodies present on the test strip of a home pregnancy 
testing kit are linked to coloured particles. If hCG is present in rhe 
urine it binds to these anribodies. The hCG-antibody-colour complex 
moves along the strip unri l it is trapped by a different rype of antibody 
creating a coloured line. 

Ethical use of monoclonal antibodies 
The development of monoclonal antibodies has provided society with 
the power and opportunity w treat diseases in hitherto unknown 
ways. However, with this power and opportunity comes responsibility. 
The use of monoclonal antibodies raises some ethical issues. 

• 	 Production of monoclonal antibodies involves the use of mice. 
These mice arc used co produce both antibodies and tumour cells. 
The production of tumour cells involves deliberately inducing 
cancer in mice. Despite the specific guidelines drawn up to 

minimise any suffering, some people still have reservations about 
using animals in this way. 

• 	 Monoclonal anribodies have been used successfully to rreat a 
number of diseases. including cancer and diabetes, saving many 
lives. There have a lso been some dearhs associated with their 
use in rhe trea1menr of mulriple sclerosis. It is important that 
patients have full knowledge of the risks and benefits of these 
drugs before giving permission for them to be used (=informed 
consent). 

• 	 Testing for the sa fety of new drugs presents certain dangers. In 
March 2006, six healthy volunteers took part in the trial of a new 
monoclonal an1ibody (TGN1412) in London. Within minutes 
they suffered muhiple organ failure, probably as a result of T cells 
overproducing chemicals that stimulate an immune response or 
auacking the body tissues. All the volunteers survived, but it raises 
issues about the conduct of drug trials. 

Society must use the issues raised here, combined with current 
scientific knowledge about monoclonal antibodies, to make 
decisions about their use. We must balance the advantages that a 
new medicine provides with the dangers that its use might bring. 
Only then can we make informed decisions at individual, local, 
national and global levels about the ethical use of drugs such as 
monoclonal antibodies. 

.A Figure 3 Home pregnancy testing kit 
showing a positive result. These kits use 
monoclonal antibodies 

.A Figure 4 A scientist adding 
monoclonal antibodies to human tissue 
samples in order to detect cancer 

Study tip 

When discussing social and ethical 
issues such as these, do not resort 
to comments such as "Who are we 

to play God?". General arguments 
should be supported with sound 
biology . 

• 




5.5 Antibodies 

Summary questions 

1 	 Suggest wh!:J antibodies made of proteins, rather than carbohydrates or 
fats, are more likel!:J to be effective against a wide range of diseases. 

2 	 Distinguish between an antigen and an antibody. 

3 	 Discuss whether drug trials should be limited to volunteers who are 
terminally ill with a condition that the monoclonal antibody is designed 

to treat. 

Producing monoclonal antibodies 8 
The production of a large quantit ies of a specific antibody 
has long been recognised as useful. The problem had 
always been that B cells are short-lived and only divide 
inside a living organism. Nowadays, large quantities of a 
single antibody can be produced outside the body. 

There was much competition among scientific research 
teams to overcome the problem of getting B cells to grow 
indefinitely outside ofthe body and a variety of methods 
was investigated. Cesar Milstein and Georges Kohler 
evaluated these methods in relation to the behaviour 
of cancer cells. In 1975, they produced a solution to the 
problem by developing the following procedure: 

• 	 Amouse is exposed to the non-self material against 
which an antibody is required. 

• 	 The B cells in the mouse then produce a mixture of 
antibodies, which are extracted from the spleen of the 
mouse. 

• 	 To enable these B cells to divide outside the body, 
they are mixed with cel ls that divide readily outside 
the body, for example, cel ls from a cancer tumour. 

• 	 Detergent is added to the mixture to break down the 
cell-surface membranes of both types of cell and 
enable them to fuse together. The fused cells are 
called hybridoma cells. 

• 	 The hybridoma cells are separated under a 
microscope and each single cell is cultured to form 
a clone. Each clone is tested to see whether it is 
producing the required antibody. 

• 	 Any clone producing the required antibody is grown 
on a large scale and the antibodies are extracted from 
the growth medium. 

• 	 Because these antibodies come from a clone formed 
from a single B cell, they are called monoclonal 
antibodies . 

• 


.A. Figure 5 False-colour SEM ofhybridoma cell 
used to produce monoclonal antibodies 

As these monoclonal antibodies come from mouse 
tissue, they have to be modified to make them like 
human cells before they can be used. This process is 
called humanisation. 

1 	 From your knowledge of membrane structure, 
suggest a reason why detergent might causes B 
cel ls and tumour cel ls to fuse. 

2 When the detergent is added to the cel ls, the 
mixture is gently agitated. Suggest a reason why. 

3 Explain why cells from cancer tumours are used to 
fuse with the Bcells? 

4 Some Bcells and tumour cells fuse together. 
Suggest which other cel ls might also fuse together. 

5 Explain why it is necessary to carry out 
'humanisation' of the monoclonal antibodies. 

6 	 One way to eliminate the need for humanisation 
would be to inject humans with an antigen and then 
extract the antibodies produced in response to it. 
Suggest reasons why this is considered unethical. 



Immunity is the ability of an organism to resist infection. This 
immunity takes two forms. 

• 	 Passive immunity is produced by the introduction of antibodies 
into individuals from an outside source. No direct contact with the 
pathogen or its antigen is necessary LO induce immunity. Immunity 
is acquired immediately. As the antibodies are not being produced 
by the individuals themselves, the antibodies are not replaced 
when they are broken down, no memory cells are formed and 
so there is no lasti ng immunity. Examples of passive immunity 
include anti-venom given to the victims of snake bites and the 
immunity acquired by the fetus when antibodies pass across the 
placenta from the mother. 

• 	 Active immunity is produced by stimulating the production of 
antibodies by th e individuals' own immune system. Direct contact 
with the pathogen or its antigen is necessary. immunity takes time 
to develop. It is genera lly long-lasting and is of two types: 

• 	 Natural active immunity results from an individual becoming 
infected with a disease under normal circumstances. The body 
produces its own antibodies and may continue to do so for 
many years. 

• 	 Artificial active immunity forms the basis of vaccination 
(immunisation). It involves inducing an immune response in an 
individual, without them suffering the symptoms of the disease. 

Vaccination is the introduction of the appropriate disease antigens into 
the body, either by injection or by mouth. The intention is to stimulate 
an immune response against a particular disease. The material 
introduced is called vaccine and, in whatever form (see below), 
it contains one or more types of antigen from the pathogen. These 
antigens stimulate the immune response as described in Topics 5.3 
and 5.4. The response is slight because only a small amount of antigen 
has been in troduced, However, the crucial factor is that memory cells 
(see Topic 5.4) are produced. These remain in the blood and allow a 
greater, and more immediate, response to a future infection with the 
pathogen. The resul t is that there is a rapid production of antibodies 
and the new infection is rapidly overcome before it can cause any 
harm and with few, if any, symptoms. 

When carried ouL on a large scale, this provides protection against 
disease not only for individuals, but also for whole populations. 

Features of a successful vaccination programme 
Lt is important to understand that vaccination is used as a precautionary 
measure to prevent individuals contracting a disease. It is not a means of 
treating individuals who already have the disease. Some programmes of 
vaccination against diseases have had considerable success. Yet. in other 
instances, similar measures have been less successful. The success of a 
vaccination programme depends on a number of factors: 

• 	 A suitable vaccine must be economically available in sufficient 
quantities ro immunise most of the vulnerable population. 

Learning objectives 
-+ 	 Describe the nature 

of vaccines. 

-+ 	 Describe the features of 

an effective vaccination 

programme. 

-+ 	 Explain wh!:J vaccination 

rarely eliminates a disease. 

-+ 	 Discuss the ethical issues 

associated with vaccination 

programmes. 

Specification reference: 3.2.4 

A Figure 1 The development ofnew 
vaccines is a highly technological 
process requiring sterile conditions 

• 




5.6 Vaccination 

about mutations in Topic 20.1 Gene 
mutations 

• 


• 	 There must be few side-effects, if any, rrom vaccination. Unpleasant 
side-effects may discourage individu als in the population Crom 
being vaccinated. 

• 	 Means of producing, storing and transporting the vaccine must 
be available. This usually involves technologically advanced 
equipment, h ygienic conditions and refrigerated transport. 

• 	 There must be the means or administering the vacci ne properly at 
the appropriate time. This involves training stafr with appropriate 
skills at different centres throughout the population. 

• 	 It must be possible to vaccinate the vast majority of the vulnerable 
population to produce herd immunity. 

Herd immunity 
Herd inununity arises when a sufficiently large proportion of the 
population has been vaccinated to make i.t difficult for a pathogen to 

spread within that population. The concepl is based on the idea that 
pathogens are passed from individual to individua l when in close 
contact. Where the vast majority or the popu lation is immune, it is 
highly improbable that a susceptible individual will come in contact with 
an infected person. 1n this way those individuals who are nor immune to 

the disease are nevertheless protected. 

Herd immunity is important because it is never possible to vaccinate 
everyone in a large population. For example, babies and very young 
children are not vaccinated because their immune system is not yet 
fully functional. lt could also be dangerous to vaccinate those who 
are ill or have compromised immune systems. The percentage of the 
population that must be vaccinated in order to achieve herd immunity 
is different for each disease. To achieve herd immunity, vaccination 
is best carried out at one time. This means that, for a certain period, 
there are very few individuals in the population with the disease and 
the transmission of the pathogen is inte rrupted. 

Why vaccination may not eliminate a disease 
Even when these criteria for successful vaccination arc met, it can still 
prove extremely dilficult to eradicate a disease. The reasons are as follows: 

• 	 Vaccination fails to induce immunity in certain individuals, for 
example people with defective immune systems. 

• 	 individuals may develop the disease immediately after vaccination 
but before their immunity levels are high enough to prevent it. 
These individuals may harbour the pathogen and reinfect others. 

• 	 The pathogen may mutate frequently, so that its antigens change 
suddenly rather than gradually. This means that vaccines suddenly 
become ineffective because the new antigens on the pathogen 
are no longer recognised by the immune system. As a result the 
immune system does not produce the antibodies to destroy the 
pathogen. This antigenic variability happens with the influenza 
virus, which drnnges its amigens frequently. Immunity is therefore 
short-lived and individuals may develop repeated bouts of 
influenza during their lifetime . 



• 	 There may be so many varieties of a particular pathogen that it 
is almost impossible to develop a vaccine that is effective against 
them all. For example, there are over 100 varieties of the common 
cold virus and new ones are constantly evolving. 

• 	 Certain pathogens 'hide' from the body's immune system. either 
by concealing themselves inside cells, or by living in places out 
of reach, such as within the intestines, for example, the cholera 
pathogen. 

• 	 Individuals may have objections to vaccination for religious, 
ethical or medical reasons. For example, unfounded concerns 
over the measles. mumps and rubella (MMR) triple vaccine has 
led a number of parents to opt for separate vaccinations for their 
ch ildren, or to avoid vaccinat.ion altogether. 

The ethics of using vaccines 
As vaccinations have saved millions of lives. it is easy to accept 
vaccination programmes without question. However, they do raise 
eth ical issues that need 10 be addressed if such programmes are to 
command widespread support. The production and use of vaccines 
raises the following questions: 

• 	 The production or existing vaccines, and the developmem of new 
ones, often involves the use or animals. How acceptable is this? 

• 	 Vaccines have side-effects that may sometimes cause long-term 
harm. How can the risk of side-effects be balanced against rhe risk 
of developing a disease that causes even greater harm? 

• 	 On whom should vaccines be tested? How should such trials be 
carried out? To what extent should individuals be asked to accept 
risk in the interests of the public health? 

• 	 ls it acceptable to trial a new vaccine with unknown healrh risks 
only in a country where the targeted disease is common, on the basis 
that the population there has most to gain if it proves successful? 

• 	 To be fully effective the majority, and preferably all, of the 
population should be vaccinated. Ts it right, in the interests of 
everyone's health, that vaccination should be compulsory? If 
so, should this be a t any time, or just when there is a potential 
epidemic? Ca n people opt out? If so. on what grounds: religious 
belief, medica l circumstances, personal belief? 

• 	 Should expensive vaccination programmes continue when a 
disease is almost eradicated, even though this might mean less 
money for the treatmenr of other diseases? 

• 	 How can any individual health risks from vaccination be balanced 
against the advantages of controlling a disease for the benefit or the 
population at large? 

Summary questions 

1 	 Distinguish between active immunity and passive immunity. 

2 	 Explain why vaccinating against influenza is not always effective. 

A Figure 2 Vaccination programmes 
for children have considerably reduced 
deathsfrom infectious diseases 

Study tip 

When discussing ethical issues, 
always present a balanced view 
that reflects both sides ofthe 
debate and support your arguments 
with relevant biological information. 

• 




5.6 Vaccination 

In 1988, a combined vaccine for measles, mumps 
and rubella (MMR) was introduced into the UK to 
replace three separate vaccines. All three diseases are 
potentially disabling. Mumps can lead to orchitis in men 
possibly causing sterility and measles is potentially 
lethal. Ten years later a study was published in a 
well-respected medical journal. This suggested that 
there was a higher incidence of autism among children 
who had received the triple MMR vaccine than those who 
had received separate vaccinations. Autism is a condition 
in which individuals have impaired social interaction and 
communication skills. 

In the wake of the media furore that fol lowed, many 
parents decided to have their chi ldren vaccinated 
separately for the three diseases, while others opted 
for no vaccination at all. Parents of autistic chi ldren 
recalled that symptoms of the disorder emerged at 
around 14 months of age - shortly after the children 
had been given the MMR vaccination, adding to public 
concern about the MMR vaccine. The incidence of 
measles, mumps and rubella rose. 

The vast majority of scientists now think that the vaccine 
is safe. A number of facts have emerged since the first 
research linking the MMR vaccine to autism. 

• 	 The author of the research had a conflict of interests. 
He was also being paid by the Legal Aid Board to 
discover whether parents who claimed their children 
had been damaged by MMR had a case. Some 
children were included in both studies. 

• 	 Further studies, including one in Japan involving over 
30 000 children, have found no link between the MMR 
vaccine and autism. 

• 	 The sample size of the initial research was very small 
re lative to later studies. 

• 	 The journal that published the initial research has 
publicly declared that, had it known all the facts, it 
would not have published the work. 

1 	 Autism experts point out that many of the 

symptoms of autism first occur around the age 

of 14 months. Explain why this information is 

relevant to the debate on whether MMR vaccine 

and autism are linked. 


2 	 Discuss how an organisation funding research 

might influence the outcome of that research 

without dishonestly altering the findings. 


• 


Even without this additional 
evidence, care has to be 
exercised when looking at 
data, specially where there 
are correlations between 
two factors, In this example, 
almost all the population had 
been vaccinated with the 
MMR vaccine. There would 
therefore be a correlation 
between people who had 
been vaccinated and almost .A Figure 3 MMR 
everything _ what they vaccination phial 

ate, where they lived etc. For example, data would have 
shown that that the majority of chi ldren who died in 
road accidents had been given the MMR vaccine. It 
does not follow that MMR causes road accidents. It was 
clearly a difficult choice for parents. Some parents, 
understandably, opted for separate vaccinations. Others 
mistrusted vaccinations in general and left their children 
unprotected. As a result, some children have developed 
disabilities that could have been avoided. On the other 
hand, had the research proved valid, it would have been 
those who held faith with the MMR vaccine who would 
have been putting their children's health at risk. It was a 
real dilemma. 

The public sometimes believe that all such evidence must 
be true and accept it uncritically. However, all scientific 
evidence should be initially treated with caution - after 
all it is fellow scientists who are often quickest to 
criticise. There are various reasons for this caution: 

• 	 To be universally accepted, a scientific theory must 
first be critically appraised and confirmed by other 
scientists in the field. The confirmation of a theory 
takes t ime. 

• 	 Some scientists may not be acting totally 
independently but may be funded by other people 
or organisations who are anticipating a particular 
outcome from the research. 

• 	 Scientists' personal beliefs, views and opinions may 
influence the way they approach or represent their 
research. 

• 	 The facts, as presented by media headline writers, 
companies, governments and other organisations, may 
have been biased or distorted to suit their own interests. 

• 	 New knowledge may challenge accepted scientific 
beliefs; theories are being modified all the time . 



I The human immunodeficiency Ill
\·.-::_-->­,l, "' virus (HIV) 

The human immunodeficiency virus causes the disease acquired 
immune deficiency syndrome (AIDS) . Among contagious diseases 
it is a relative newcomer, having been first diagnosed in 1981. 
In this topic we will look at the structure of HIV and how it leads to 
the symptoms of ATOS. 

Structure of the human immunodeficiency virus 
The structure of llJV is shown in Figure 1. On the outside is a lipid 
envelope, embedded in which are peg-like attachment p roteins. 
Inside the envelope is a protein layer called the capsid that encloses 
two single strands of RNA and some enzymes. One of these enzymes 
is reverse transcriptase, so-ca lled because it catalyses the production 
of DNA from RNA - the reverse reaction to that carried out by 
transcriptase. The presence of reverse transcriptase, and consequent 
ability to make DNA l'rom RNA, means that HIV belongs to a group of 
viruses called retroviruses. 

genetic material 
(RNA) 

lipid envelope 
reverse -----=~':::---t:--:---:---Y 

transcriptase 
(enzyme) 

.A. Figure 1 Structure ofHIV 

Replication of the human immunodeficiency virus 
Being a virus, HIV cannot replicate itself. Instead it uses its genetic 
material tO instruct the host cell's biochemical mechanisms to produce 
the components required to make new HIV. It does so as follows: 

• 	 Following infection HIV enters the bloodstream and circulates 
around the body. 

• 	 A protein on the IIIV readily binds to a protein called CD4. While this 
protein occurs on a number of different cells, HIV most frequently 
attaches to helper T cells (see Topic 5.3). 

• 	 The protein capsid fuses with the cell-surface membrane. The RNA 
and enzymes of HIV enter the helper T cell. 

• 	 The HIV reverse transcriprase converts the virus's RNA into DNA. 

Learning objectives 
' Describe the structure of the 

human immunodeficiency 
virus. 

' Explain how the human 
immunodeficiency 
virus replicates. 

' Explain how the human 
immunodeficiency 
virus causes AIDS. 

' Describe the treatment and 
control of AIDS. 

' Explain how the ELISA 
test works. 

' Explain why antibiotics are 
ineffective against viruses. 

Specification reference: 3.2.4 

Reverse transcriptase is an 

• 

important enzyme in recombinant 
ONA technology and Alevel 
students will discover more about 
this in Topic 21.1 Producing ONA 
fragments. 



5.7 The human immunodeficiency virus (HIV) 

.A. Figure 2 Colourised TEM ofHIV 
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• 	 The newly made DNA is moved into the helper T cell's nucleus 
where it is inserted into the cell's ONA. 

• 	 The HIV DNA in the nucleus creates m essenger RNA (mRNA), 
using the cell's enzymes. This mRNA contains the instructions for 
making new viral proteins and the RNA LO go into the new HIV. 

• 	 The mRNA passes our of the nucleus through a nuclear pore and 
uses the cell's protein synthesis mechanisms to make HIV particles. 

• 	 The HIV particles break away from the helper T cell with a piece 
of its cell-surface membrane surrounding them which forms cheir 
lipid envelope. 

Once infected with HIV a person is said to be HIV positive. However. 
the replication of HIV often goes into dormancy and only recommences, 
leading to AIDS, many years later . 

How HIV causes the symptoms of AIDS 
The hum.an immunodeficiency vi rus specifica lly attacks helper T 
cells. HIV causes ALDS by kil ling or interfering with the normal 
functioning of helper T cells. An uninfected person normally has 
between 800 and 1200 helper T cells in each mm 3 of blood. In a 
person suffering from AIDS this number can be as low as 200mrn-3. 

We have seen (Topic 5.3) that helper T cells are important in cell ­
mediated immunity. Without a sufficienL number of helper T cells, 
the immune system cannot stimulate B cells to produce antibodies 
or the cytotoxic T cells that kill cells infected by pathogens. Memory 
cells may also become infected and destroyed. As a result, the body 
is unable to produce an adequate immune response and becomes 
susceptible to other infections and cancers. Many AIDS sufferers 
develop infections of the lungs, intestines, brain and eyes, as well as 
experiencing weight loss and diarrhoea. IL is these secondary, diseases 
that ultimately cause death. 

HIV does not kill individuals directly. By infecting the immune system, 
HIV prevents it from functioning normally. As a result those infected 
by HIV are unable to respond effectively to other pathogens. lt is 
these infections, rather than HIV, that ultimately cause ill health and 
eventual death . 

The ELI SA test 
ELISA stands for enzyme linked immunosorbant assay. It uses 
antibodies to not only detect the presence of a protein in a sample but 
also the quantity. IL is extremely sensitive and so can detect very small 
amounts of a molecule. To understand how the test works, imagine 
that we are trying to find whether a particular protein, in this case an 
antigen, is present in a sample. The procedure is as follows: 

• 	 Apply the sample to a surface, for example a slide, to which all the 
antigens in the sample will auach. 

• 	 Wash the surface several times to remove any unattached antigens. 

• 	 Add the antibody that is specific to the antigen we are trying to 
detect and leave the two to bind together. 

• 	 Wash the surface to remove excess antibody. 



• 	 Add a second anLibody that binds with the first antibody. This 
second antibody has an enzyme attached to it. 

• 	 Add the colourless substrate of the enzyme. The enzyme acts on 
the substrate to change it into a coloured producc. 

• 	 The amount of the antigen present is relative to the intensity of 
colour that develops. 

This basic technique can be used to detect ITTV and the pathogens of 
diseases including wberculosis and hepatitis. ELISA is especially useful 
where the quantity of an antigen needs to be measured. In testing 
for particular drugs in the body for example. The mere presence of a 
drug is often less important than its quantity as many drugs are found 
naturally in low concentrations. ELISA is therefore very useful in both 
drug and allergen tests. 

Why antibiotics are ineffective against viral 
diseases like AIDS 
Antibiotics work in a number of dHferent ways. One is by preventing 
bacteria from making norma l cell walls. 

In bacterial cells, as in plam cells, water constantly enters by 
osmosis. This entry of water would normally cause the cell to burst. 
That it doesn't burst is due to the wall that surrounds all bacterial 
cells. This wall is made of murein (peptidoglycan) a tough material 
that is not easily stretched. As water enters the cell by osmosis, 
the cell expands and pushes against the cell wall. Being relatively 
inelastic, the cell wall resists expansion and so halts further entry of 
water. Antibiotics like penicillin inhibit certain enzymes required for 
the synthesis and assembly of the peptide cross-linkages in bacterial 
cell walls. This weakens the walls, making them unable to withstand 
pressure. As water enters naturally by osmosis, the cell bursts and 
the bacterium dies. 

Viruses rely on the host cells to carry out their metabolic activities 
and therefore lack their own metabolic pathways and cell structures. 
As a resul t antibiotics arc ineffective because there are no metabolic 
mechanisms or cell structures for them to disrupt. Viruses also have 
a protein coat rather than a murein cell wall and so do not have siLes 
where antibiotics can work. In any case. when viruses are within an 
organism's own cells, antibiotics cannot reach them. 

Summary questions 

1 	 Explain why is HIV called a retrovirus. 

2 	 Distinguish between HIV and AIDS. 

3 	 Tuberculosis (TB) is a lung disease spread through the air. Suggest a 
possible reason why the widespread use of condoms might help reduce 
the incidence ofTB in a population. 

Synoptic link 

Osmosis was covered in Topic 4.3 
and the structure of RNA in Topic 
2.1. 

• 




Practice questions: Chapter 5 


• 


(a) What is a pathogen? (I mark) 
(b) When a pathogen enters the body it may be destroyed by phagocytosis. 

Describe how. (4 marks) 
(c) When a pathogen causes an infection, plasma cells secrete antibodies 

which destroy this pathogen. Explain why these antibodies arc only 
effective against a specific pathogen. (2 marks) 

AQA June 2012 

2 The diagram shows an antibody molecule. 

Polyl>'ptid< ~ 
chains 

Variable 
region 

(a) What is the evidence from the diagram that this antibody has 
a quaternary structure? (J mark) 

(b) Scientisrs use this antibody co derect an antigen on the bacterium 
that causes stomach ulcers. Explain why the antibody will only 
dcccct this antigen. (3 marks) 

AQAJan 2012 

3 The table shows the cumulative rise in cases of the Week Number 
infectious disease Ebola over a five week 

Number 

of deathsperiod in 2014. 
(a) Plot a graph of the above information 1 70 20 

with the number of weeks on the X axis (/mark) -

(b) Calculate the rate of increase in number 2 112 40 
of cases of Ebola in the time period shown 
on the graph. (2 marks) 

3 168 95 

(c) A scientist suggests that the increase in the 4 200 119 
number of cases in the following six months 
will be exponen t.ial. Explain how plotting the 5 230 134 

next six months' data on a log scale would 
show whet her the increase is exponen tial. (/mark) 

6 250 148 

(4 marks) 

of cases 

(d) 	Ebola is a rare disease in the human populatio n, but can be passed 
on to humans from wild anima ls. Suggest, using your knowledge of 
the immune system, why the disease spreads fast once it is present 
in one human in an urban area. 

4 	 Read the following passage. 

Microfold cells are found in the epithelium of the small intestine. Unlike other 
epithelial cells in the small intestine, microfold cells do not have adaptations ror the 
absorption of food. 

Microfold cells help co protect against pathogens that enter the intestine. They have 
recepror proteins on their cell-surface membranes that bind to antigens on the 5 

surface of pathogens. The miaofold cells take up the antigem and transport them to 

cells of the immune system. Antibodies are then produced which give protection 
against the pathogen. 

Scientists believe char it may be possible to develop vaccines that make use of 
microfold cells. These vaccines could be swallowed in tablet form. 	 10 

Use information from the passage and your own knowledge to amwer the 
following questions. 

(a) 	 Microfold cells do not have adaptations for the absorption of food (lines 2-3). 
Give two adaptations that other epithelial cells have for the absorprion of food. (2 marks) 
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Chapter S Celt recognition and the immune system 
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(b) 	 (i) Microfold cells have receptor proteins on their cell-surface membranes 
that bind to antigens (line 5). What is an antigen? (I mark) 

(ii) 	 Microrold cells take up the antigens and transport them to cells 
or the immune system (lines 6-7). Antigens are not able to pass 
through the cell-surface membranes of other epithelial cells. 
Suggest two reasons why. (2 marks) 

(c) 	 Scientists believe that it may be possible to develop vaccines that make 
use of microfold cells (lines 9-10). Explain how this sort of vaccine 
would lead to a person developing immunity to a pathogen. (5 marks) 

AQA June 2013 

Read the passage below. 

Most cases or cervical cancer are caused by infection with Human Papilloma Virus 
(TTPV). This virus can be spread by sexual contact. There are many types ol' TTPV, 
each iden tified by a number. Most of these types are harmless but types 16 and 18 
are most likely w cause cervical cancer. 

A vaccine made from HPV types 16 and 18 is offered to girls aged 12 to I 3. Three 
injections of the vaccine are given over six months. lo clinical trials, the vaccine has 
proved very effective in protecting against HPY types 16 and 18. However, it wil l be 
many years before it can be shown that this vaccination programme has reduced 
cases of cervical cancer. Uncil then, smear tests will continue to be offered to 
women, even if they have been vaccinated. A smear test allows abnorma l cells in 10 

the cervix to be identified so that they can be removed before cervical cancer 
develops. 

The Department of Health has estimated that 80% of girls aged 12 to 13 need to be 
vaccinated to achieve herd immunity to HPY types 16 and 18. Herd immunity is 
where enough people have been vaccinated to reduce significantly the spread of 15 

HPV through the population. 

Use information from this passage and your own knowledge to answer the 

following questions. 

(a) 	 HPV vaccine is offered to girls aged 12 to 13 (line 5). Suggest why it is 

offered to this age group. (/ mark) 
(b) 	The vaccine is made from HPV types 16 and 18 (line 5). Explain why this 

vaccine may not protect against other types of this virus. (2 marks) 
(c) 	 Three injections of the vaccine arc given (lines 5 to 6). 

Us1: your knowledge of immunity to suggest why. (2 marks) 
(d) 	lt will be many years before it can be shown that this vaccination 

programme has reduced cases of cervical cancer (lines 7 to 9). 
Suggest two reasons why. (2 marks) 

(e) 	 Smear tests will continue to be offered to women, even if they have been 
vaccinated (lines 9 to 10). Suggest why women who have been vaccinated 
still need LO be offered smear tests. (I mark) 

AQA Jan 201 1 

The table shows the uptake of the vaccine in one year in four health authority areas. 

health number of girls number of girls 
authority area aged 12-13 vaccinated 

A 14053 11151 

B 12789 10743 

c 11892 8662 

D 8054 6524 

(f) 	 Analyse mathematically which of these areas would be most likely to show 
a reduction in the spread of HPV through the population (lines 14 to 16). 
Use calculations to support your answer. (2 marks) 
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, 
Practical skills 
In this section you have met the following 
practical skills: 
• 	 How to use an optical microscope to 


measure the size ofan object using 


an eyepiece graticule 


• 	 Howto calibrate an eyepiece graticule 

• 	 Understanding the processes of cell 

fractionation, homogenation and 

ultracentrifugation 


• 	 Using scientific knowledge to solve 

practical problems 


• 	 Considering ethical issues when 

carrying out experiments. 


, 
Extension task 
You are a research scientist working for 


a major pharmaceutical company that is 

developing immunosuppressant drugs to 

prevent rejection of newly transplanted 

tissue. Your section leader has asked you 


to consider the features that any new 

immunosuppressant drug should have. She 

has asked you to produce a report under the 


following headings: 


Possible method(s) of transporting the drug 

across cell membranes. 

Cells of the immune system that the drug 

should be targeted at. 


Section 2 Cells 

, 
Maths skills 
In this section you have metthe following 
maths skills: 

• 	 Using percentages in calculating a 

mitotic index 


• 	 Calculating magnifications and altering 
the magnification formula to determine 
the size of the image and/or real object 

• 	 Making use of appropriate units in 

calculations 


• 	 Changing the subject of an equation 

• 	 Calculating arithmetical means 

• 	 Interpreting graphs and finding values 

using the intercept of a graph. 


How the effects of the drug on the targeted 
cells will reduce the likelihood of the 
transplanted tissue being rejected. 
Possible side effects on other cells. 
Likely detrimental effects of the 
immunosuppressant drug on the recipients 
and how these might be overcome. 

Using the information given in the section 
of the book you have just completed, and 
additional information from textbooks, 
journals and the internet, write a report in 
around 1000 words. Use clear scientific 
terminology and specific biological terms. 

•
-




Section 2 Practice questions 

Figure 6 represems part of a DNA molecule. 

• 


(i) Draw a box around a single nucleotide. (I mark) 

Table 4 shows the percemage of bases in each of the strands of a DNA molecule. 

DNA strand %of each base -strand 1 16 

strand 2 21 34 

(ii) Complete Table 4 by adding th e missing values. 	 (2 marks) 
(iii) 	 During replication, the rwo DNA strands separa1e and each acts as a 1emplate 

for the production of a new strand. As new DNA s1rands arc produced, 
nucleotides ca n only be added in 1he 5' to 3' direction. 
Use Figure 6 and your knowledge of enzyme action and DNA replica1ion 
10 explain why new nucleotides can only be added in a 5' 10 3' direction. (4 marks) 

AQA SAMS A LEVEL PAPER 1 

2 The diagram shows an epithelial cell from the small imcstinc. 
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Section 2 Cells 

• 


(a) (i) Name organelle Y. (I mark) 
(ii) There are large numbers of organelle Yin this cell. Explain how these 

organelles help the cell LO absorb the products of digestion. (2 marks) 
(b) 	 This diagram shows the cell magnified 1000 times. Calculate the actual 

length of the cell between points P and Q. Give your answer in pm. 
Show your working. 

(I mark) 
(c) 	 Coeliac disease is a disease of the human digestive system. In coeliac disease. 

the structures labelled Z are damaged. 


Although people with cocliac disease can digest proteins they have low 

concentrations of amino acids in their blood. 


Explain why they have low concentrations of amino acids in their blood. (2 marks) 
AQA Jan 2010 

The human im munodeficiency virus (HIV) leads to the development of 
acquired immunodeficiency syndrome (AIDS) . Eventually, people wilh 
AlDS die because they arc unable to produce an immune response 
to palhogens. 

Scien1ists arc lrying LO develop an effective vaccine to protect people 
against mv. There are three main problems. HfV rapidly enters hos1 
cells. l!IV causes the death of T cells that activate B cells. HlV shows 
a lot of an1igenic variabili1y. 

Scientists have experimented with different types of vaccine for HIV. 
One type contains HIV in an inactivated form. A second type contains to 
attenuated HIV which replicates in the body but does not kill host cells. 
A third type uses a di£fcrent, non-pathogenic virus to carry genetic 
information from HIV into the person's cells. This makes the person's 
cells produce HIV proteins. So far, these types of vaccine have not 
been considered safe to use in a mass vaccination programme. 15 

Use the information in the passage and your own knowledge to answer the following 
questions. 

(a) 	 People with AIDS die because they are unable to produce an immune 
response 10 pa1hogens (lines 2-4). fa..'Plain why this leads to death. (3 marks) 

(b) 	 Explain why each of 1he following means that a vaccine might not be 
effec1ive against HTV. 
(i) 	 IllV rapidly enters host cells (lines 6-7). (2 marks) 
(ii ) 	 mv shows a lot of antigenic variability (lines 7-8). (2 marks) 

(c) 	 So far. these types of vaccine have not been considered safe Lo use in 
a mass vaccina tion programme (Iines 14-1 5). Suggest why they have 
not been considered safe. (3 marks) 

AQ/I Jan 20 I 3 
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Chapter titles 
6 Exchange 

7 Mass transport 

Introduction 
All cells and organisms exchange materia l between themselves and 
their environment. To enter or leave an organism, substances must 
pass across a plasma membrane. Single-celled and small multicellular 
organisms can satisfactorily exchange mare rials over their body 
surfaces using diffusion alone, especially if th eir metabolic rate is low. 
As organisms evolved and became larger, their surface area ro volume 
ratios decreased and specia lised respiratory su rfaces evolved to meet 
the increasing requirement to exchange ever larger quantities of 
materials. 

Where large size is combined with a high metabolic rate there is 
a requirement for a mass transport system to move substances 
between the exchange surface and the cells of which the organism 
is composed. ln animals these systems often involve circulating a 
specialised transport medium (blood) through vessels using a 
pump (heart) . 

Planes do not move from place 10 place and have a relatively low 
metabolic rate and consequently reduced demand for oxygen and 
glucose. Coupled with their large surface area, essential for obtaining 
light for photosynthesis, they have not evolved a pumped circulatory 
system. Plants do, however, cransport water up from their roots to 
the leaves and distribute the products of photosynthesis. Their mass 
transport system comprises vessels too - xylem and phloem, but the 
movement of fluid within them is largely a passive process. 

The interna l e nvironment. of a cell or organism differs from the 
environment around it. The cells of large multicellular a nim als are 
su rrounded by tissue flu id, the composit ion of which is kept within 
a suitable metabolic range. In both p lants and ani ma ls, it is the mass 
transport system that maintains the fina l diffusion gradients which 
allows substances to be exchanged across cell-surface membranes. 

Working scientifically 
Studying exchange between organisms and the environment allows you 
to carry out practical work and 10 develop practical skills. A required 
practical activity is the dissection of an animal or plant gas exchange 
system or mass transport system or of an organ within such a system. 

You will require a range of mathematical ~kill!>; in particular the ability 
to change the subject of an equation and calculate the surface areas 
and volumes ol various shapes. 



, 
What you already know 
The material in this unit is intended to be self-explanatory. However, there is 
some knowledge from GCSE that will aid your understanding of this section. This 
information includes: 

0 	 The effectiveness of a gas-exchange surface is increased by having a la rge surface 
area, being thin, having an efficient blood supply and being ventila ted. 

0 	 In humans the surface area of the lungs is increased by alveoli and that of the 
small intestine by villi. The villi provide a large surface area with an extensive 
network of capillaries to absorb the products of digestion by difrusion and active 
transport. 

0 	 Breathing in involves the ribcage moving out and up and the diaphragm 

becoming naner. Breathing out involves these changes being reversed. 


0 	 In plants, water and mineral ions are absorbed by roots, the surface area of 

which ii> increased by root hairs. 


0 	 Plants have stomata in their leaves through which carbon dioxide and oxygen 
are exchanged with the atmosphere by diffusion. The size of stomata is 
controlled by guard cells that surround them and help control water loss. 

0 	 In flowering plants, xylem tissue transports water and mineral ions from the 
roots Lo the stem and leaves and phloem tissue carries dissolved sugars from the 
leaves w the rest of the plant. 

0 	 ln animals a circulatory system transports substances using a heart, which is a 
muscu la r o rgan with four main chambers - left and right atria and ventricles. 

0 	 Blood flows from the heart to the organs through arteries and returns through 
veins. Arteries have thick walls containing muscle and elastic fibres. Veins have 
thinner walls and often have valves to prevent back-flow of blood. 

0 	 Blood is a tissue and consists of plasma in which red blood cells, white blood 
cells and platelets are suspended. 

0 	 Red blood cells have no nucleus and are packed with haemoglobin. In the lungs 
haemoglobin combines with oxygen to form oxyhaemoglobin. In other organs 
oxyhaemoglobin splits up into haemoglobin and oxygen. 

0 	 White blood cells have a nucleus and form pan of the body's defence system 
against microorganisms. 



I 

Learning objectives 
' 	 Explain how the size of an 

organism and its structure 
relate to its surface area to 
volume ratio. 

' 	 Describe how larger 
organisms increase their 
surface area to volume ratio. 

' 	 Explain how surfaces are 
specially adapted to facilitate 
exchange. 

Specification reference: 3.3.1 

Study tip 
In a cell the lowest oxygen 
concentration is inside the 
mitochondria, where oxygen 
is used up in respiration. 
Mitochondria also contain the 
highest concentration of carbon 
dioxide. This maintains the 
diffusion gradient for these gases 
in and out of the cell. 

• 

The external environment is different from the internal environment 
found within an organism and within its cells. To survive, o rganisms 
transfer materials between the two environmenrs. This transfer takes 
place at exchange surfaces and always involves crossing cell plasma 
membranes. The environment around the cells of multicellular 
organisms is called tissue fluid . The majority of cells are too far 
from exchange surfaces for diffusion alone to supply or remove their 
tissue fluid with the various materials needed to keep its composition 
relatively constant. Therefore, once absorbed, materials are rapidly 
distributed ro the tissue fluid and the waste products retu rned ro the 
exchange surface for removal. This involves a mass transport system. 
It is this mass transport system that maintains the diffusion gradients 
that bring materials to a nd from the cell -surface membranes. 

The size and metabolic rate of an organism will affect the amount of 
each material that is exchanged. For example, organisms with a high 
metabolic rate exchange more materials and so require a larger surface 
area ro volume ratio. In turn this i~ reflected in rhe type of exchange 
surface and transport system that evolved to meer rhe requirements of 
each organism. In this chapter we will invesrigate the adaptations of 
exchange surfaces and transport systems in a varicry of organisms. 

Examples of things that need t0 be interchanged between an organism 
and its environment include: respiratory gases (oxygen and carbon 
dioxide); nutrients (glucose, fatty acids. amino acids. vitamins, 
minerals); excretory products (urea and carbon dioxide); and heat. 

Except for heat, these exchanges can Lake place in two ways: 

• 	 passively (no metabolic energy is required), by diffusion and 
osmosis 

• 	 actively (m etabolic energy is requ ired), by active transport. 

Surf ace area to volume ratio 
Exchange takes p lace at the surface of an organism, but the materials 
absorbed are used by the cells that mostly make up its volum e. For 
exchange to be effective, the exchange surface(s) of the organism must 
be large compared with its volume. 

Small organisms have a surface area that is large enough, compared 
with their volume, to allow efficient exchange across their body surface. 
However, as organisms become larger, their volume increases at a faster 
rate than their surface area (Table 1 ). Because of this, simple diffusion of 
substances across the outer surface can only meet the needs of relatively 
inactive organisms. Even if the outer surface could supply enough of a 
substance, it would still take too long for it LO reach the middle of the 
organism if diffusion alone was the method of transpon. Organisms have 
evolved one or more of the following features: 



T Table 1 How the surface oreo to volume ratio gets smaller as an object becomes larger 

Length of Surface area of whole Volume of cube 

edge of a cube (area of one (length x width x 

cube I cm side x 6 sides) I cm2 height) I cm3 

1 lx6 = 6 lxlxl= l 

2 4 x 6 = 24 2x2x2= 8 

3 9 x 6 = 54 3 x 3 x 3 = 27 

4 16 x 6 = 96 4x4x 4 = 64 

5 25x6 = 150 5 x 5 x 5 = 125 

6 36 x 6 = 216 6 x 6 x 6 = 216 

Ratio of surface area 

to volume (surface 

area + volume) 

6 -= 6.0: 1 
1 

24
-g=3.0: 1 

54 
27= 2.0: 1 

96 
64= 1.5 : 1 

150 = 12 · 1 
125 .. 

216 
216 = 1.0 : 1 

• 	 a flattened shape so that no celJ is ever far from the surface (e.g. a 
flatworn1 or a leaf) 

• 	 specialised exchange surfaces with large areas to increase the 
surface area to volume ratio (e.g., lungs in mammals, gills in fish). 

You may be asked to calculate the surface area to volume ratio of 
cells with different shapes. To make these calculations reasonably 
straightforward, cells or organisms may have to be assumed to have a 
uniform shape although in practice they almost never do. 

a cube has 

6 sides 

A. Figure 1 Calculating volume 

~ 

Calculating the surface area to volume ratio of cells with different shapes ~ 


For example, let us assume a cell has the shape of a sphere that is lOµm in diameter. The surface area 

of a sphere is calculated using the formula: 4nr2 


In our example: r = 5 µm (radius= half the diameter) and we will use the value of n as 3.14. 


Therefore the surface area of the cell= 4 x 3.14 x (5 x 5) = 314µm 2 

nr3The volume of a sphere is calculated using the formula: ~
3 

Therefore the volume of the cell =~ x 3.14 x (5 x 5 x 5) = 523.33 µm 3 

The surface area to volume ratio is therefore 3 14 7 523.33 = 0.6: l 

Features of specialised exchange surfaces 
To allow effective transfer of materials across specialised exchange 
surfaces by diffusion or active transport, exchange surfaces show the 
following characteristics: 

• 	 a large surface area relative to the volume of the organism which 
increases the rate of exchange 

• 	 very thin so that the diffusion distance is short and therefore 
materials cross the exchange surface rapidly 

• 	 selectively permeable to allow selected materials to cross 

Hint 

Remember that substances not 

only have to move into cells through 

the cell-surface membrane but also 

into organelles like mitochondria 

through the plasma membrane 

that surrounds them. All plasma 

membranes are therefore thin not 

just cell-surface membranes. 

• 




6.1 Exchange between organisms and t heir environment 

• movem ent of the envi ronmen tal m edium, for example, air, to 
Summary questions maintain a diffusion gradient 

• 	 A transport system to ensure the m ovem ent of the internal medium. 
1 	 Name four general things for example blood, in order to maintain a diffusion gradient. 

that need to be exchanged 
We saw in Topic 4.2 that the relationship between certain of these 

between organisms and their 
factors can be expressed as: 

environment. 
. surface area x di fference in concentration 

2 	 fj Calculate the surface area diffU SIOll oc ----------------- ­
le ngth of d iffusio n path

to volume ratio of a cube 
Being thin, specialised exchange surfaces are easily damaged andthat has sides 10 mm long. 
dehydrated. They are therefore often located inside an organism.

3 	 Name three factors that 
Where an exchange surface is located inside the body, the organism

affect the rate of diffusion of 
needs to have a means of moving the ext ernal m edium over the 

substances into cells. surface, e.g. a means of ventilating the lungs in a mammal. 

The graph in Figure 2 shows the surface area to volume ratios of 
different-sized cubes. The ratios are actually 1:1, 2:1,3:1 etc. but are shown 

as single numbers for ease of plotting. 

1 	 Microscopic organisms obtain their oxygen by diffusion in across 

their body surface. Using the graph, explain how they are able to 

obtain sufficient oxygen for their needs. 


2 	 The blue whale (Figure 3) is the largest organism on the planet. 

It spends much of its life in cold waters with temperatures 
 2 3 4 5 6 
between 0 •c and 6 •c. Use the graph to explain one way in which length of sides of cube/cm 
large size is an advantage to blue whales. 

• Figure 2 Surface area to volume ratios 

• 


Calculating a surface area to volume ratio fj 
Consider the shape shown in Figure 4, which has 
dimensions marked on it. Use the information 
below to calculate the rat io of surface area to 
volume of this shape (to two decimal places). 

The area of a disc (l ike those at the ends of 
an enclosed cylinder) is calculated using the 

2formula nr

The external surface area of an enclosed cylinder 
is calculated using the formula 2rtrh + 2rtr2. 

12cm 

• Figure 4 



6.2 Gas exchange in single-celled 

organisms and insects 


Gas exchange in single-celled organisms 
Single-celled organisms are small and therefore have a large surface 
area to volume ratio. Oxygen is absorbed by diffusion across their 
body surface. which is covered only by a cell-surface membrane. In 
the same way, carbon dioxide from respiration diffuses out across their 
body surface. Where a living cell is surrounded by a cell wall, this is no 
additional barrier to the diffusion of gases. 

Gas exchange in insects 
As with all terrestrial organ isms, insects have evolved mechanisms to 
conserve water. The increase in surface area required for gas exchange 
conflicts wi th conserving water because water will evaporate from 
it. How insects overcome water loss is discussed in Topic 6.5. For gas 
exchange, insects have evolved an internal network of tubes called 
tracheae. The tracheae arc supported by strengthened rings to 
prevent them lrom collapsing. The tracheae divide into smaller dead­
end tubes called tracheoles. The tracheoles extend throughout all the 
body tissues o[ the insect. In this way atmospheric air, with the oxygen 
it contains, is brought directly to the respiring tissues, as there is a 
short diffusion pathway from a tracheole to any body cell. 

Respiratory gases move in and out of the tracheal system in three ways. 

• 	 Along a diffusion gradient. When cells are respiring, oxygen is 
used up and so its concentration towards the ends of the tracheoles 
falls. This creates a diffusion gradient that causes gaseous oxygen 
to diffuse from the atmosphere along the tracheae and tracheoles 
to the cells. Carbon dioxide is produced by cells during respiration. 
This creates a diffusion gradient in the opposite direction. This 
causes gaseous carbon dioxide to diffuse along the tracheoles and 
tracheae from the cel ls to the atmosphere. As diffusion in air is 
much more rapid than in water, respiratory gases are exchanged 
quickly by this method . 

• 	 Mass transport. The contraction of muscles in insects can squeeze 
the trachea enabling mass movements of air in and out. This 
further speeds up the exchange of respiratory gases. 

• 	 The ends of the tracheoles are filled with water. During periods 
oi major activity, the muscle cells around the tracheoies respire 
carry out some anaerobic respiration. This produces lactate, which 
is soluble and lowers the water potential of the muscle cells. Water 
therefore moves into the cells from the tracheoles by osmosis. The 
water in the ends of the tracheoles decreases in volume and in 
doing so draws air further into them. This means the final diffusion 
pathway is in a gas rather than a liquid phase. and therefore diffusion 
is more rapid. This increases rhe rare ar which air is moved in the 
tracheoles but leads ro greater warer evaporarion. 

Gases enter and leave tracheae through tiny pores, called spiracles, 
on the body surface. The spiracles may be opened and closed by a 
valve. When the spiracles arc open, water vapour can evaporate from 

Learning objectives 
-+ Describe how single-celled 

organisms exchange gases. 

-+ Explain how terrestrial 
insects balance the need 
to exchange gases with the 
need to conserve water 

-+ Explain how insects 
exchange gases. 

Specification reference: 3.3.2 

As a starting point for this topic, 
it would be useful to revise Topics 
4.2 and 4.3. 

Hint 

Every cell of an insect is only a 
very short distance from one of the 
tracheae or tracheoles and so the 
diffusion pathway is always short 

spiracle body surface fluid-filled ends 
of tracheoles 

muscle fibre 

A Figure 1 Port ofan insect tracheal 
system 

• 




6.2 Gas exchange in single-celled organisms and insects 

Required practical 5. Dissection 

of animal or plant gas exchange 
system or mass transport system 

or of an organ within such a 

system. 

the insect. For much of the time insects k eep their spiracles closed to 
prevent this water loss. Periodically they open th e spiracles to allow gas 
exchange. Part of an insect tracheal system is illustrated in Figure I. 

The tracheal system is an efficient method or gas exchange. It does, 
h owever, have some limitations. It relies mostly on diffusion to exchange 
gases between the environment and the cells. For dirfusion to be 
effective, the diffusion pathway needs to be shon which is why insects 
are of a small size. As a result the length of the diffusion pathway limits 
the size that insects can attain. Not that being small has hindered insects. 
They are one of the most successrul groups of organisms on Earth. 

Summary questions 

1 	 Name t he process by which 

carbon dioxide is removed 

from a single·celled organism. 

2 	 Explain why there is a conflict 

in terrestrial insects between 

gas exchange and conserving 

water. 

3 	 Explain how the tracheal 

system limits the size of 

insects. 
•Figure 2 Scanning electron micrograph {SEM] ofa spiracle ofan insect 

An experiment was carried out to measure the concentration of oxygen and 
carbon dioxide in the tracheal system of an insect over a period of t ime. 
During the experiment the opening and closing of the insect's spiracles was 
observed and recorded. The results are shown in Figure 3. 

1 Describe what happens to the concentration of oxygen in the tracheae 
when the spiracles are closed. 

2 Suggest an explanation for this change in the concentration of oxygen 
when the spiracles are closed. 

3 Use the information provided by the graph to suggest what causes the 

spiracles to open. 
4 Suggest an advantage of these spiracle movements to a terrestrial insect. 
S Fossil insects have been discovered that are larger than insects that 

occur on Earth today. What does this suggest about the composition of 
the atmosphere at the time when these fossil insects lived. 

• 
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Fish have a waterproof, and therefore a gas-tight, outer covering. 
Being rela tively large they also have a small surface area to volume 
ratio. Their body surface is therefore not adequate to supply and 
remove their respira tory gases and so, like insects and humans, they 
have evolved a specialised internal gas exchange surface: the gills. 

Structure of the gills 
The gills are located within rhe body of the fish, behind the head. They 
are made up of gill fi laments. The gill filaments are stacked up in a 
pile, rather like the pages in a book. At right angles to the filaments 
are gill lamellae, which increase the surface area of the gills. Water is 
taken in through th e mouth and forced over the gills and our through 
an opening on each side of rhe body. The position and arrangement 
of the gill filaments and gi ll lamellae are shown in Figure 1. From 
this figure you wi ll notice rhar the flow of water over the gill lamellae 
and the flow of blood within rhem are in opposite directions. This is 
known as a countercurrent How. 

waler flow, running in opposite 
direction to blood flow in 
capillaries of gill lamella 

.A. Figure 1 Arrangement ofgills in a fish and direction ofwaterflow over them 

Learning objectives 
-+ 	 Describe the structure of 

fish gills. 

-+ 	 Describe how water is passed 

along fish gills. 

-+ 	 Explain the difference 

between parallel flow and 

countercurrent flow. 

-+ 	 Explain how countercurrent 

flow increases the rate of gas 

exchange. 

Specification reference: 3.3.2 

blood capillary 
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6.3 Gas exchange in fi sh 

Study tip 
Maintaining steep diffusion 
gradients for oxygen involves 
bringing it constantly to the 
exchange surface (by ventilation) 
and carrying it away from the 
surface (by mass transport in 
the blood). 

Study tip 
Always refer to blood and water 
flowing in opposite directions 
in the countercurrent system. 
Describe how this maintains a 
difference in oxygen concentration 
and a diffusion gradient across the 
whole length of the gill lamellae. 

Summary questions 

1 	 In relation to fish gills, 
describe what is meant by 
countercurrent flow. 

2 	 Outline why countercurrent 
flow is an efficient means of 
exchanging gases across the 
gills of fish. 

3 	 Mackerel are active, fast­
swimming fish while plaice 
spend most of their lives 
moving slowly on the sea 
bed. There are differences in 
the gills of these two types 
of fish. Suggest what these 
differences might be 

4 	 Water flow over fish gills is 
one-way whereas the flow of 
air in and out of the lungs is 
two-way. Suggest why one­
way flow is an advantage 
to fish. 

• 


lt is important for ensuring that the max imum possible gas exchange is 
achieved. If the water and blood flowed in the same direction, far less 
gas exchange would take place. 

The countercurrent exchange principle 
The essential feature of the countercurrent exchange system is that the 
blood and the water that flow over the gill lamellae do so in opposite 
directions. This arrangement means that: 

• 	 Blood that is already well loaded with oxygen meets water, which 
has its maximum concentration of ox ygen. Therefore diffusion of 
oxygen from the water to the blood takes place. 

• 	 Blood with little oxygen in it meets wa ter which has had most, but 
not all, of its oxygen removed. Again, dirfusion or oxygen from the 
water to blood takes place. 

As a result, a diffusion gradient for oxygen uptake is maintained across 
the entire width of the gill lamellae. In this way, about 80% of the 
oxygen available in the water is absorbed into the blood of the fish. If 
the flow of water and blood had been in the same direction (parallel 
fl ow), the diffusion gradient would only be maintained across part of 
the length of the gill lamellae and only 50% of the available oxygen 
would be absorbed by the blood. 

countercurrent flow 
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0 
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0 '------ --------- • into the blood. 
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Di !fusion of oxygen 
A diffusion gradient 1s maintained for 
only half of the distance across the gill 
lamellae. Only 50% of the oxygen 
from the water diffuses into the blood. 

distance along gi ll plate 

.A Figure 2 Parallelflow and cauntercurrent flow in the gills ofa fish 



Like animal cells, all plant cells require oxygen and produce carbon 
dioxide during respiration. When iL comes to gas exchange, however, 
plams show one important difference from animals. Some plant cells 
carry out photosynthesis. During photosynthesis, plant cells take in 
carbon dioxide and produce oxygen. AL Limes the gases produced in one 
process can be used for the other. This reduces gas exchange with the 
external air. Overall, this means that the volumes and types of gases that 
arc being exchanged by a plant leaf change. This depends on the balance 
between the rates of photosynthesis and respiration. 

• 	 When photosyn thesis is taking place, although some carbon dioxide 
comes from respiration of cells, most of it is obtained from the 
external air. In the same way, some oxygen from photosyn thesis is 
used in respira Lion but most o f it diffuses out of the plant. 

• 	 When ph otosynt hesis is not occurring, for example, in tbe da rk, 
oxygen difl'uses into the leaf because it is constantly being used by 
cells during respirat ion. In the same way, carbon dioxide produced 
during respira tion difruses out. 

Structure of a plant leaf and gas exchange 
In some ways, gas exchange in plants is similar to that of insects 
(see Topic 6.2). 

• 	 No living cell is far from che external air, and therefore a source of 
oxygen and carbon dioxide. 

• 	 Diffusion takes place in the gas phase (air), which makes it more 
rapid than if it were in water. 

Overall, therefore, there is a short, fast diffusion pathway. In addition, 
the air spaces inside a leaf have a very large surface area compared 
with the volume of living tissue. There is no specific transport system 
for gases, which simply move in and through the plant by d iffusion . 
Most gaseous exchange occurs in the leaves, which show the following 
adapta tions for rapid diffus ion: 

• 	 many sma ll pores, called stomata, and so no cell is Car from a stoma 
and therefore the d iffusio n pa thway is sho rt (Figure l ) 

• 	 numerous interconnecting a ir-spaces tha t occur throughout 
the mesophyll so rhar gases can readily come in contact with 
mesophyll cells 

• large surface area of mcsophyll cells for rapid diffusion. 

The structure of a leaf is shown in Figure 2. 

Stomata 
Stomata are minute pores chat occur mainly, but not exclusively, on the 
leaves, especially the underside. Each scoma (singular ) is surrounded 
by a pair of special cells (guard cells). These cells can open and close rhe 
stomata! pore (Figure 3). In this way they can control the rate of gaseous 
exchange. This is imponant because terrestrial organisms lose water by 
evaporation. Plants have evolved co balance the conflicting needs of gas 
exchange and control of water loss. They do this by closing scomata at 
times when water loss would be excessive. 

Learning objectives 
-+ Describe how plants 

exchange gases. 

-+ Describe the structure of a 

dicotyledonous plant leaf. 

-+ 	 Explain the adaptations 

of leaves for efficient gas 

exchange. 

Specification reference: 3.3.2 

Study tip 

The diffusion gradients in and 

out of the leaf are maintained 

by mitochondria carrying out 

respiration and chloroplasts 

carrying out photosynthesis. 

Hint 
Remember that plant cells 

respire all the t ime, but only 

plant cells with chloroplasts 

photosynthesise - and then only 

when the conditions are right. 

.A Figure 1 False-colour SEM ofopen 
stomoro on rhe surface o leaf 
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6.4 Gas exchange in the leaf of a plant 

The graph in Figure 4 shows the volume of carbon dioxide 
produced by a sample of tomato plants at different light 
intensities. 

volume of 
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co 
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1 Name the process which produces carbon dioxide 
in the tomato plants. 

2 Name the process which uses up carbon dioxide 
in the tomato plants. 

3 Explain why, at point X, carbon dioxide is neither 
taken up nor given out by the tomato plants. 

4 8 A plant at a light intensity of 10000 lux produced 
115 cm3hour- 1of carbon dioxide. When the light 
intensity was increased to 15000 lux the amount 

1of carbon dioxide produced was 160 cm3hour- . 

Calculate the percentage increase in carbon dioxide 
at 15000 lux to four significant figures. 

5 	 Some herbicides cause the stomata of plants to 
close. Suggest how these herbicides might lead 
to the death of a plant. 

6 	 Suggest what information is provided by the point 
at which the line of the graph meets the y-axis . 

a leaf structure 

thin outer a stoma closed 
wall 

thick inner 
wall 
thin outer b stoma open 
wall 

chloroplast 

cytoplasm 

vacuole · · 0~.. 
inner 
wall 

stomata! aperture 

.A Figure 3 Surface view ofa stoma 
closed and open 

.A Figure4 

chloroplasts 

vacuole 
nucleus 

cell pore 

b vertical section through a dicotyledonous leaf 

.A Figure 2 Section through a leaf of a dicotyledonous plant showing gas exchange 
when photosynthesis is toking place 

Summary questions 

1 State two similarities between gas exchange in a plant leaf and gas 

exchange in a terrestrial insect. 

2 State two differences between gas exchange in a plant leaf and gas 
exchange in a terrestrial insect. 

3 Explain the advantage to a plant of being able to control the opening and 
closing of stomata. 



In LerresLrial organisms like insects and plants problems arise from 
the opposing needs or an efficient gas-exchange system and the 
requirement to conserve water. The fea tures that make a good gas­
exchange sysLem arc the same features that increase water loss. In order 
to survive, Lerrestrial organisms must limit their water loss withouL 
compromising the efficiency or their gas-exchange systems. The gas 
exd1ange surfaces or terrestrial organisms are inside the body. The air at 
Lhe exchange surface is more or less 100% saturated with water vapour. 
This means Lhere is less evaporation of water from the exchange surface. 

Limiting water loss in insects 
Most insects arc terrcsLrial (live on land) . The problem for all terrestrial 
organisms is tha t water easily evaporates from the surface of their bodies 
and they can become dehyd rated. They have evolved adaptations to 
conserve wa ter. 

However, efficient gas exchange requ ires a thin, permeable su rface with 
a large area. These features conflict with the need to conserve water. 
Overall, as a terrestrial organism, the insect has to balance the opposing 
needs of exchanging respiratory gases with limiting water loss. 

Insects have evolved Lhc following adaptations that reduce water loss: 

• 	 Sma ll surface a rea to volume ra tio tO minimise the area over 
which water is lost. 

• 	 Waterp roof coverings over their body surfaces. In the case 
of insects this covering is a rigid outer skeleton of chitin that is 
covered with a waterproof cuticle. 

• 	 Spiracles arc Lhc openings of the tracheae at the body surface and 
these can be closed to reduce water loss. This conflicts with the 
need [or oxygen and so occurs largely when the insect is al rest. 

These features mean that insects cannot use their body surface to diffuse 
respiratory gases in the way a single-celled organism does. Instead 
they have an internal network of tubes called tracheae tha t carry air 
containing oxygen directly to the tissues (see Topic 6.2) . 

Limiting water loss in plants 
While plants a lso have waterproof coverings, they cannot have a small 
surface area to volume ratio. This is because they phot0synthesise, and 
photosynthesis requires a large leaf surface area for the capture of light 
and for the exchange or gases. So how do plants limit water loss? 

To reduce water loss, terrestrial plants have a waterproof covering over 
pans of the leaves and the ability to close stomata when necessary. 
Certain plants with a restricted supply of water, have also evolved a 
range of other adaptations to limit water loss through transpiration. 
These plants arc called xero phytes. 

Xerophytes arc plants that are adapted to living in areas where water 
is in short supply. Without these adaptations these plants would 
become desiccated and die. 

Learning objectives 
-+ 	 Explain how terrestrial plants 

and insects balance the need 

for gas-exchange and the 

need to conserve water. 

Specification reference: 3.3.2 

.A Figure 1 Conifers have needle·like 
leaves to reduce water loss 

.A Figure 2 Holly has leaves with a thick 
waxy cuticle rhor reduces water loss 
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6.5 Limiting wat e r loss 

Hint 

Climate change affects rainfall 
and rate of evaporation of water. 
As a result, the distribution of 
plant species changes. As regions 
become drier, so the number 
of xeroph\jtic plants in them 
increases. 

A Figure 3 This cactus stores water in 
its swollen stem. The leaves are 
needle-like to reduce their surface area 
and hence water loss 

Study tip 

When explaining adaptations 
of xeroph\jtic plants to reduce 
water loss alwa\js relate these 
adaptations to reducing the water 
potential gradient and therefore 
slower diffusion, less water loss 
from air spaces and hence reduced 
evaporation of water . 
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The main way of surviving in habitats where there is a high rate of 
water loss and a limited water supply is to reduce the rate at which 
water can be lost through evaporation. As the vast majority of water 
loss occurs through the leaves, it is these organs chat usually show 
most modifications. Examples of these modifications include: 

• 	 a thick cuticle. Although the waxy cuticle on leaves forms a 
waterproof barrier, up to I0% of water loss can still occur by this 
route. The thicker the cuticle, the less water can escape by this 
means. for example holly. 

• 	 rolling up of l eaves. Most leaves have their stomara largely, or 
encirely, confined to the lower epidermis. The rolling of leaves in 
a way rhat protects the lower epidermis from the oucside helps 
to trap a region of still air within the rolled leaf. This region 
becomes sarurated with water vapour and so has a very high 
water potential. There is no water potential gradient between 
the inside and outside of the leaf and there l'ore no water loss. 
Marram grass rolls its leaves. 

• 	 hairy leaves. A thick layer of hairs on leaves, especially on the 
lower epidermis, traps still, moist air next to the leaf surface. The 
water potential gradient between the inside and the outside of the 
leaves is reduced and therefore less water is lost by evaporation. 
One type of heather plant has this modification. 

• 	 stomata in pits or grooves. These again trap srill, moisc air next 
co rhe leaf and reduce the water pocential gradient. Examples of 
planrs using chis mechanism include pine trees. 

• 	 a reduced s urface area to volume ratio of the leaves. We 
saw in Topic 6.1 that the smaller the surface area to volume ratio, 
the slower the rate of diffusion. By having leaves that are small 
and roughly circular in cross-section, as in pine needles. rather 
than leaves that are broad and flat, the rate of water loss can be 
considerably reduced. This reduction in surface area is balanced 
against the need for a sufficient area for photosynthesis to meet the 
requirements of the plant. 

Summary questions 

1 Insects a nd plants face the same problems when it comes to living on 
land. What is the main problem they share? 

2 State one modification to reduce water loss that is shared by plants and 
insects. 

3 Insects limit water loss by having a small surface area to volume ratio. 
Wh\j is this not a feasible wa\J of limiting water loss in plants? 

4 Plants such as marram grass roll up their leaves, with the lower 
epidermis on the inside, to reduce water loss. 

a Explain how rolling up their leaves helps to reduce water loss. 

b Why would rolling the leaf the other way (with the upper epidermis 
on the inside) not be effective in reducing water loss? 



Xerophytes are typically thought of as desert plants, which show a wide 
range of adaptations for coping with hot, dry conditions. However, similar 
adaptations may also be seen in plants found in sand dunes or other dry, 
windy places in temperate climates where rainfall is high and temperature 
relat ively low. These adaptations are essential because the rain quickly 
drains away through the sand and out of the reach of the roots, making 
it difficult for these plants to obtain water. Plants living on salt marshes 
near the coast may have their roots drenched in water but find it difficult 
to absorb it. In addition, coastal regions are exposed to high wind speeds, 
which increase transpiration rates. Plants living in cold regions often 
have difficulty obtaining water for much of the year. Most plants living in 
these habitats show xerophytic modifications to enable them to reduce 
transpiration and so survive. 

• 

A. Figure 4 Sand dunes 

1 List two reasons why plants growing on sand dunes (Figure 4] need 
to have xerophytic features even though there is plentiful rainfall. 

2 Explain in terms of water potential why salt marsh plants have 
difficulty absorbing water, despite having plenty around their roots. 

3 Explain why plants in cold regions 'have difficulty obtaining water 
from the soil for much of the year'. 

4 	 Plants living in cold regions often reduce water loss by having leaves 
with a small surface area to volume ratio. This reduces the surface 
area available to capture light for photosynthesis. Photosynthesis is, 
in part, an enzyme-controlled process. Suggest a reason why having 
a smaller leaf area does not reduce the rate of photosynthesis in the 
sameway as it would for plants in warmer cl imates. 
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.A. Figure 1 The gross structure ofthe humon gas-exchange system 

Learning objectives 
-+ Describe how the human gas­

exchange system is arranged. 

-+ Explain the functions of 
the human gas-exchange 
system. 

Specification reference: 3.3.2 

All aerobic organisms require a constant supply of oxygen to release 
energy in the form of ATP during respirarion. The carbon dioxide 
produced in rhe process needs to be removed as its build-up could be 
harmful to the body. 

The volume of oxygen that has to be absorbed and rhe volume 
of carbon dioxide that must be removed are large in mammals 
because: 

• 	 they are relatively large organisms with a large volume of 
Jiving cells 

• 	 they maintain a high body temperature which is related to them 
having high metabolic and respiratory rates. 

As a result mammals have evolved specia lised surfaces, ca lled 
lungs, to ensure efficient gas exchange between the air and 
their blood. 



Mammalian lungs 
The lungs are the site of gas exchange in mammals. They are located 
inside the body because: 

• 	 air is not dense enough tO support and protect these delicate 
structures 

• 	 the body as a whole would otherwise lose a great deal of water and 
dry out. 

The lungs are supported and protected by a bony box called the 
ribcage. The ribs can be moved by the muscles between them. The 
lungs are ventilated by a tidal stream of air, thereby ensuring that 
the air within them is constantly replenished. The main parts of the 
human gas-exchange system and their structure and functions are 
described below. 

• 	 The lungs are a pair of lobed structures made up of a series of 
highly branched tubules, called bronchioles, which end in tiny air 
sacs called alveoli. 

• 	 The trachea is a flex ible airway that is supported by rings of 
cartilage. The cartilage prevents the trachea collapsing as the 
air pressure inside falls when brea thing in. The tracheal walls 
are made up of muscle, lined with ciliated epithelium and 
goblet cells. 

• 	 The bronchi are two divisions of the trachea, each leading to 
one lung. They are similar in structure to the trachea and, like 
the trachea, they also produce mucus to trap dirt particles and 
have cilia that move the dirt-laden mucus towards the throat. The 
larger bronchi are supported by cartilage, although the amount of 
cartilage is reduced as the bronchi get smaller. 

• 	 The bronchioles are a series of branching subdivisions of the 
bronchi. Their walls are made of muscle lined with epithelial cells. 
This muscle allows them to constrict so that they can control the 
flow of air in and out of the alveoli. 

• 	 The alveoli are minute air-sacs, with a diameter of between 
100 µm and 300 µm, at the end of the bronchioles. Between the 
alveoli there are some collagen and elastic fibres . The alveoli are 
lined with epithelium. The elastic fibres allow the alveoli to stretch 
as they fill with air when breathing in. They then spring back 
during breathing out in order to expel the carbon dioxide-rich air. 
The alveolar membrane is the gas-exchange surface. 

Summary questions 

1 	 State two reasons why humans need to absorb large volumes of oxygen 
from the lungs. 

2 	 List in the correct sequence all the structures that air passes through 

on its journey from the gas-exchange surface of the lungs to the nose. 


3 	 Explain how the cells lining the trachea and bronchus protect the alveoli 
from damage. 

Hint 

The ending '·ioles' is commonly 
used in biology to denote a smaller 
version of a structure. Hence 
'bronchioles' are small bronchi, 
and 'arterioles' are small arteries. 

A Figure 2 False-colour X-ray ofthe 
bronchus and bronchioles ofa healthy 
human lung 

A Figure 3 False-colour SEM of a 
section ofthe epithelium ofthe trachea 
showing ciliated cells [green] 

• 




Learning objectives 
' Explain how and why air is 

moved into the lungs when 
breathing in. 

' Explain how air is moved out 
of the lungs when breathing 

out. 

' Explain what is meant by 
pulmonary ventilation and 
how it is calculated. 

Specification reference: 3.3.2 

Hint 

Do not write about 'respiration' 
when you mean 'breathing' and 
vice versa. 

Hint 

There are two basic physical laws 
that will help you to understand the 
movement of air during breathing: 

Within a closed container, as the 
volume of a gas increases its 
pressure decreases. Similarly, as 
the volume of a gas decreases so 
the pressure increases. 

Gases move from a region where 
their pressure is higher to a region 
where their pressure is lower. 
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To maintain diffusion of gases across the alveolar epithelium, air is 
constantly moved in and out of the lungs. This process is called breathing, 
or ventilation. When the air pressure of the atmosphere is greater than 
the air pressure inside the lungs, air is forced into the lungs. This is called 
inspiration (inhalation). When the air pressure in the lungs is greater 
than that of the atmosphere, air is forced out of the lungs. This is called 
expiration (exhalation). The pressure changes within the lungs are 
brought about by the movement of three sets of muscles: 

• 	 the diaphragm, which is a sheet of muscle that separates the thorax 
from the abdomen 

• 	 the intercostal muscles, which lie between the ribs. There are two 
sets of intercostal muscles: 

• 	 the internal intercostal muscles, whose contraction leads 
to expiration 

• 	 the external intercostal muscles, whose contraction leads 
to inspiration. 

Figure I shows the arrangement of these various muscles. 

diaphragm 

.&. Figure 1 The arrangement ofthe diaphragm ond intercostal muscles 

Inspiration 
Breathing in is an active process (it uses energy) and occurs as follows: 

• 	 The external intercostal muscles contract, while the internal 
intercostal muscles relax. 

• 	 The ribs are pulled upwards and outwards, increasing the volume 
of the thorax. 

• 	 The diaphragm muscles contract, causing it to flatten, which also 
increases the volume of the thorax. 

• 	 The increased volume of the thorax results in reduction of pressure 
in the lungs. 

• 	 Atmospheric pressure is now greater than pulmonary pressure, and 
so air is forced into the lungs . 



Expiration 
Breathing out is a largely passive process (it does not require much 
energy) and occurs as follows: 

• 	 The internal intercostal musdes contract, while the external 
intercostal muscles relax. 

• 	 The ribs move downwards and inwards, decreasing the volume of 
the thorax. 

• 	 The diaphragm muscles relax and so it is pushed up again by the 
contents of the abdomen that were compressed during inspiration. 
The volume of the thorax is therefore further decreased. 

• 	 The decreased volwne of th e thorax increases the pressure in the lungs. 

• 	 The pulmonary pressure is now greater than that of the 
atmosphere, and so air is forced out of the lungs. 

During normal quiet breathing, the recoil of the elastic tissue in the 
lungs is the main cause of air being forced out (like air being expelled 
from a partly inflated balloon). Only under more strenuous conditions 
such as exercise do the various muscles play a major part. 

Summary questions vx 

1 	 From the graphs in Figure 3, calculate the rate of breathing of this 

person. Give your answer in breaths per minute. Show how you arrived 

at your answer. 


2 	 If the volume ofair in the lungs when the person inhaled was 3 ODO cm3 

calculate the volume of air in the lungs after the person had exhaled. 
Show your working. 

3 	 Explain how muscles create the change of pressure in the alveoli over 


the period 0 to 0. 5 s. 


Pulmonary ventilation f.j 
It is sometimes useful to know how much air is taken in and out of the lungs 
in a given time. To do this we use a measure called pulmonary venti lation 
rate. Pulmonary venti lation rate is the total volume of air that is moved into 
the lungs during 1 minute. To calculate it we multiply together two factors: 

• 	 tidal volume, which is the volume of air normally taken in at each breath 
when the body is at rest. This is usually around 0.5 dm3. 

• 	 breathing (ventilation) rate, that is, the number of breaths taken in 
1 minute. This is normally 12-20 breaths in a healthy adult. 

Pulmonary ventilation rate is expressed as dm3 min-1. 

To summarise: 
pulmonary ventilation rate= tidal volume x breathing rate 


(dm3 min-1] (dm3) (min- 1) 


1 	 A person has a pulmonary ventilation rate of 10.2 dm3 min- 1 and a 

tidal volume of 0.6 dm3. Calculate the person's breathing rate. 

BREATHING IN 
(inspiration) 

, ;,;, ....~ 
ribcage ~ 

moves outwards .._~~ 

'"'""gm "''""' ____.~ downwards ""t-

BREATHING OUT 
(expiration) 

'"""' ..., 
ribcage /1~,

moves inwards / ~ 

position of ribcage .......--:fl:)
: 	~ 
when breathing in ', ~ 

I 

diaphragm moves • 

upwards 


A Figure 2 Position ofribs ond 
diaphragm during inspiration andexpiration 
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Learning objectives 
' Describe the essential 

features of exchange 
surfaces. 

' Explain how gases are 
exchanged in the alveoli of 
humans. 

Specification reference: 3.3.2 

branch of 
pulmonary vein 

branch of 

alveolar capillaries 

alveolus terminal 
bronchiole 

.& Figure 1 Alveoli 

.& Figure 3 False-colour SEM ofa 
section ofhuman lung tissue showing 
alveoli surrounded by blood capillaries 
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The site of gas exchange in mammals is the epithelium of the alveoli. 
These alveoli are minute air sacs some 100-300 µmin diameter and 
situated in the lungs. To ensure a constant supply of oxygen to the 
body, a diffusion gradient must be maintained at the alveolar surface. 
We saw in Topic 6.l that, to enable efficient transfer of materials across 
them, exchange surfaces are thin, partially permeable and have a large 
surface area. To maintain a diffusion gradient, there also has to be 
movement of both the environmental medium (for example, air) and 
the internal medium (for example, blood). 

.& Figure 2 External appearance ofa group ofalveoli 

Being thin, these specialised exchange surfaces arc easily damaged and 
therefore are often located inside an organism for protection . Where 
an exchange surface, such as the lungs, is located inside the body, the 
organism has some means of moving the external medium over the 
surface, for example a means of ventilating the lungs in a mammal. 
This is because dillusion alone is not fast enough tO maintain adequate 
transfer of oxygen and carbon dioxide along the trachea, bronchi and 
bronchioles. Breathing is basically a form of mass transport. 

Role of the alveoli in gas exchange 
There are about 300 million alveoli in each human lung. Their total 
surface area is around 70 m2 - about half the area of a tennis court. 
Their structure is shown in Figures l and 2. Each alveolus is lined with 



epithelial cells only 0.05 µm to 0.3 µm thick. Around each alveolus is a 
network of pulmonary capilla ries, so narrow (7-1 0 µm ) that red blood 
cells are flattened against the thin capillary walls in order to squeeze 
through. These capillaries have walls that are only a single layer of 
cells thick (0.04-0.2µm). Diffusion of gases between the alveoli and 
the blood will be very rapid because: 

• 	 red blood cells arc slowed as they pass through pulmonary 
capillaries, allowing more time for diffusion 

• 	 the distance between the alveolar air and red blood cells is reduced 
as the red blood cells are flauened against the capillary walls 

• 	 the walls of both alveoli and capillaries are very thin and therefore 
the distance over which diffusion takes place is very short 

• 	 alveoli and pulmonary capillaries have a very large total 
surface area 

• 	 breathing movements consta ntly ventilate the lungs. and the 
action of the heart constantly circulates blood around the a lveoli. 
Together. these ensure that a steep concentration gradient of the 
gases to be exchanged is maintained 

• 	 blood flow through rhe pulmonary capillaries maintains a 
concentration gradient. 

The diffusion of gases in an alveolus is illustrated in Figure 4. 

inhaled air 

cavity of alveolus 

alveolar 
duel 

endothelial 
cell of 
capillary 

red blood cell 
compressed against 
capillary wall 

blood plasma----...~A~::i. 

pulmonary 
capillary 

.A. Figure 4 Diffusion of gases in on alveolus 
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Hint 

The diffusion pathway is short 
because the alveoli have only a 
single layer of epithelial cells and 
the blood capillaries have only a 
single layer of endothelial cells. 
Don't say they have cells with thin 
membranes. 

Summary questions 

1 	 Explain how each of the 
following features contributes 
to the efficiency of gas 
exchange in alveoli. 

a 	 The wall ofeach alveolus 
is not more than 0.3 µm 
thick. 

b 	 There are 300 million 
alveoli in each lung. 

c 	 Each alveolus is covered 
by a dense network of 
pulmonary blood capil laries. 

d 	 Each pulmonary capillary 
is very narrow. 

2 	 fi If the number of alveoli in 
each lung was increased 
to 600 million and the 
pulmonary ventilation was 
doubled, calculate how many 
times greater the rate of 
diffusion would be. 

• 




6.8 Exchange of gases in the lungs 

A correlation occurs when a change in one of two variables is renected by 
a change in the other variable. 

The interpretation of the data in Figure 5 shows that there is a correlation 
between drinking alcohol and breast cancer. What we cannot do from 
these data, however, is to conclude that drinking alcohol is the cause 
of breast cancer. The data seem to suggest this is the case but there 
is no actual evidence here to prove it. There needs to be a clear causal 
connection between drinking alcohol and breast cancer before you 
we can say that the case is proven. These data alone show only a 
correlation and not a cause. It could be that women who are stressed 
drink more alcohol and that it is the stress, rather than the alcohol, that 
causes breast cancer. To prove that drinking alcohol is the cause of 
breast cancer we would need experimental evidence to show that some 
component of the alcoholic drink led directly to women getting breast 
cancer. Recognising the distinction between a correlation and a causal 
relationship is a necessary and important skill. 

Figure 6 shows how the incidence of lung cancer changes with the 
number of cigarettes smoked a day.What can we conclude from this 
data? Well, nothing real ly. We can see that the more cigarettes that are 
smoked, the greater are the number of deaths from lung cancer. In other 
words, there is a positive correlation between the two factors. However, 
we cannot conclude that it is the cigarette smoke that causes lung 
cancer. It may just be coincidence, or it could be that smokers are more 
stressed or drink more alcohol and these factors might be the cause 
of the cancer. Even though this graph does not itself establish a link, 
scientists have produced compelling experimental evidence to show that 
smoking tobacco definitely can cause lung cancer. 

1 State a correlation shown in figure 6. 

2 Explain why the information provided does not show a causal 


relationship with the correlation you have identified. 
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Study tip 

It is important to be clear that a 
correlation does not mean that 
there is a causal link. 
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There are a number of specific risk factors that increase 
the probability of someone suffering from lung disease. 
In this context 'lung disease' refers to chronic obstructive 
pulmonary disease (COPO), which includes emphysema 
and chronic bronchitis. These risk factors include: 

• 	 Smoking. 90% of people suffering from COPO are, or 
have been, heavy smokers. 

• 	 Air pollution. Pollutant particles and gases (e.g., 
sulfur dioxide) increase the likelihood of COPO, 
especially in areas of heavy industry. 

• 	 Genetic make-up. Some people are genetically more 
likely to get lung disease, others less so; this explains 
why some lifelong smokers never get lung disease 
while others die early. 

• 	 Infections. People who frequently get other chest 
infect ions also show a higher incidence of COPO. 

• 	 Occupation. People working with harmful chemicals, 
gases and dusts that can be inhaled have an 
increased risk of lung disease. 

Here is an analysis of some data relating to the most 
significant risk factor - smoking. 

The world's longest-running survey of smoking began in the 
UK in 1951. This survey and other ones elsewhere in the 
world have revealed a number of general statistical facts 
about smokers.Look at Figure 7. What does it tell us 

100 
1-14 cigarettes

90 per day 
80 
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Ci) 	 60 
Q) 

5000 
2 
c 15-24 cigarettes
Q) 	 40 

per day ~ 
Q) 	 30 a. 

20 over 25 

10 cigarettes per day 

40 50 60 70 80 90 
age/years 

A Figure 7 Life expectancy related ro the 
number ofcigarettes smoked 

• 	 All the lines start at 100%. This shows that the whole of 
this group of the population were alive at the start of 
the survey. What else does this tell us? As the scale of 
the independent variable (age in years] has its origin 
at 35 it suggests that everyone in this group must have 
been at least 35 years old at the start of the survey. 

• 	 All the lines follow approximately the same pattern: 
they decline slowly at first and then at an increasing 
rate until at some point all lines cross the x-axis. 
This describes the shape but what does it actually 
show? Namely that only a few people die between the 
ages of 35 and 60 but that, after age 60, the death 
rate becomes increasingly rapid unti l, at some point 
everyone in the group has died. 

• 	 What about the differences between the four separate 
coloured lines? Each represents a different group 
distinguished by the number of cigarettes smoked 
each day. At every age beyond 35 years, the more 
cigarettes smoked, the fewer people remain alive. This 
difference is more marked the greater the age. 

• 	 At what age did the members of each group die? 
Well the line representing the group who smoked 
more than 25 cigarettes a day crosses the x-axis 
at 82 years, showing that no one in the group 
lived beyond that age. By contrast, some of the 
non-smokers lived beyond 90 years. 

• 	 What is the overall interpretation? Namely that the 
more cigarettes smoked per day, the earlier, on 
average, a smoker dies. 

The interpretation of the data in Figure? shows there is 
a correlation between smoking and premature death. 
This does not, however, prove that smoking is the cause 
of an early death. The data seem to suggest this is the 
case but there is no evidence here to prove that it is so. 
There needs to be a clear causal connection between 
smoking and death before you can say that the case is 
proven. These data alone show only a correlation and not 
a cause. To prove that smoking is the cause of early death 
in smokers the correct scientific process needs to be 
followed. There are three main stages: 

1 	 Establish a hypothesis to try to explain the 
correlation; this should be based on current 
knowledge. 

Z Design and perform experiments to test the 
hypothesis. 

3 Establish the causal link and formulate theories to 
explain it. 

This is precisely what happened in establishing the 
causal link between smoking and lung cancer. 

• 




6.8 Exchange of gases in the lungs 

1 List four risk factors associated with lung disease. 
2 f) Use Figure 7 to determine what percentage of 

non-smokers are likely to survive to age 80. 
3 	 f) Calculate how many times greater is the 

likelihood of a non·smoker living to age 70 than 
someone who smokes over 25 cigarettes a day. 

4 About 10 to 15 years after giving up smoking the 
risk of death approaches that of non·smokers. Use 
this information to explain to a 40·year-old who 
smokes 30 cigarettes a day the likely impact on her 
life expectancy of giving up smoking immediately. 

S Data showing a causal link between smoking 
and lung disease has led to statutory restrictions 
on the sources of risk factors. Suggest some 

restrictions that have been introduced and how 
these might reduce the incidence of lung disease. 

6 	 Pulmonary fibrosis is a lung disease that causes 
the epithelium of the lungs to become irreversibly 
thickened. It also leads to reduced elasticity of 
the lungs. 
One symptom of the disease is shortness of 
breath, especially when exercising. Suggest why 
this symptom arises. 

7 	 One measure of lung function is Forced Expiratory 
Volume [FEV). This is the volume of air that can 
forcibly be blown out in one second, after full 
inspiration. Suggest how pulmonary fibrosis might 
effect FEV and explain why. 

Smoking and lung cancer G 
Life insurance companies have calculated that, on average, 
smoking a single cigarette lowers an individual's life expectancy 
by 10.7 minutes - longer than it takes to smoke the cigarette! 
While this is a statistical deduction rather than a scientific 
one, there is now clear scientific evidence to support the view 
that smoking cigarettes damages your health and reduces life 
expectancy. One type of evidence comes from correlations 
between cigarette smoking and certain diseases. 

Figure 8 shows deaths from lung cancer in the UK correlated to 
the number of cigarettes smoked per year during a period in the 
last century. Study it carefully and then answer the questions. 

1 Determine in which decade smoking reached its peak for 
the following: 
a males b females 

2 Explain how the graphs show that there is a correlation between 
the number of cigarettes smoked and deaths from lung cancer in 
both sexes. 

3 In both sexes, the number of deaths per year from lung cancer 
increased over the period 1910 to 1970. Suggest three possible 
reasons for this. 

4 Suggest a reason why there is a time lag between the number 
of cigarettes smoked and a corresponding change in the 
number of deaths from lung cancer. 
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The human digestive system is made up of a long muscular tube and 
its associated glands. The glands produce enzymes that hydrolyse 
large molecules into small ones ready for absorption. The digestive 
system (Figure I ) is therefore an exchange surface through which food 
substances are absorbed. 

tongue -// 

sal ivary gla nds~~ ;. 

oesophagus-------- ­

lobe of hver ---- ­

transverse limb __.....,~ 

or the large intestine descending limb of 
;______ the large intestine 

ascending hmb -- ­ (colon)

of large intestine 


__.;;.___ _ small intestine (colon) 

(ileum) 


-+--------- rectum 
------ anus 

A Figure 1 Human digestive system 

Major parts of the digestive system 
• 	 The oesophagus carries food from the mouth to the stomach. 

• 	 The stomach is a muscular sac with an inner layer that produces 
enzymes. Its role is to store and digest food, especially proteins. It 
has glands that produce enzymes which digest protein. 

• 	 The ile um is a long muscular tube. Food is further digested in the 
ileum by enzymes that are produced by its walls and by glands that 
pour their secretions into it. The inner walls of the ileum are folded 
into villi, which gives them a large surface area. The surface area of 
these villi is further increased by millions of tiny projections, called 
microvilli, on the epithelial cells of each villus. This adapts the 
ileum for its purpose of absorbing the products of digestion into the 
bloodstream. 

• 	 The large intestine absorbs water. Most of the water that is 
absorbed is water from the secretions of the many digestive glands. 

• 	 The rectum is the final section of the intestines. The faeces are 
stored here before period ically being removed via the anus in a 
process called egestion . 

Learning objectives 
-+ 	 Describe the structure and 

function ofthe major parts of 

the digestive system. 

-+ 	 Explain how the digestive 


system breaks down 


food both physically and 


chemically. 


-+ 	 Explain the role of enzymes 

in digestion of carbohydrates, 

lipids and proteins. 

Specification reference: 3.3.3 

Study tip 

Digestion is the process in which 

large molecules are hydrolysed 

by enzymes into small molecules, 

which can be absorbed and 

assimilated. 
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6.9 Enzymes and digestion 

Hint 

The contents of the intestines are 
not inside the body. Molecules 
and ions only truly enter the body 
when they cross the cells and 
cell·surface membranes of the 
epithelial lining of the intestines. 

Hint 

All organisms are made up of 
the same biological molecules 
and therefore your food consists 
almost entirely of other organisms, 
or parts of them. You must first 
hydrolyse them into molecules 
that are small enough to pass 
across cell·surface membranes. 

Topic if you revisit Topics 1.3, 1.5, 
1.6 and 1.7. 

It will help you understand this 

• 

• 	 The salivary glands are situated near the mouth. They pass their 
secretions via a duct into the mouth. These secretions contain the 
enzyme amylase, which hydrolyses starch into maltose. 

• 	 The pancreas is a large gland situated below the stomach. Il 
produces a secretion called pancreatic juice. This secretion contains 
proteases co hydrolyse proteins, lipase to hydrolyse lipids and 
amylase co hydrolyse starch. 

What is digestion? 
In humans, as with many organisms, digestion takes place in 
two stages: 

l 	 physical breakdown, 

2 chemical digestion. 

Physical breakdown 
1f the food is large, it is broken down in to sma ller pieces by m ea ns of 
structures such as the teeth . This not on ly makes it possible to ingest 
the food but also provides a large surface area for chemical digestion. 
Food is churned by the muscles in the stomach wall and this also 
physically breaks it up. 

Chemical digestion 
Chemical digestion hydrolyses large, insoluble molecules into smaller, 
soluble ones. lt is carried out by enzymes. All digestive enzymes 
runction by hydrolysis. Hydrolysis is the splitcing up of molecules by 
adding water to the chemical bonds that hold them together. Enzymes 
are specific and so it follows that more than one enzyme is needed to 
hydrolyse a large molecule. Usually one enzyme hydrolyses a large 
molecule into sections and these sections are then hydrolysed into 
smaller molecules by one or more additional enzymes. There are 
different types of digestive enzymes, three of which are particularly 
important: 

• 	 Carbohydrases hydrolyse carbohydrates, ultimately to 
monosaccharides. 

• 	 Lipases hydrolyse lipids (fa ts and oils) in to glycerol and 
fatty acids. 

• 	 Proteases hydrolyse proteins, u ltimately to amino acids. 

You ca n n ow look at these th ree groups of digestive enzymes in 
more deta il. 

Carbohydrate digestion 
ft usually takes more than one enzyme 10 completely hydrolyse a large 
molecule. Typically one enzyme hydrolyses the molecule into smaller 
sections and then other enzymes hydrolyse these sections further into 
their monomers. These enzymes are usually produced in different 
parts of the digestive system. It is obviously important that enzymes 
are added to the food in the correct sequence. This is true of starch 
digestion. 

Firstly the enzyme amylase is produced in the mouth and the 
pancreas. Amylase hydrolyses the alternate glycosidic bonds of the 
starch molecule to produce the disaccharidc maltose. The maltose is 



in turn hydrolysed into the monosaccharide a -glucose by a second 
enzyme, a disaccharidasc called maltase . Maltase is produced by the 
lining or ileum. 

In humans the process takes place as follows: 

• 	 Saliva enters the mouth from the salivary glands and is thoroughly 
mixed with the food during chewing. 

• 	 Saliva comains salivary amylase. This starts hydrolysing any 
stard1 in the food to maltose. It also contains mineral salts that help 
to maintain the pH at around neutral. This is the optimum pH for 
salivary amylase to work. 

• 	 The food is swallowed and enters the stomach, where the 
conditions arc acid ic. This acid denatures the amylase and 
prevents rurther hydrolysis of the starch. 

• 	 After a time the food is passed into the small intestine, where it 
mixes with the secre1ion from the pancreas called pancreatic juice. 

• 	 The pancreatic ju ice contains pancreatic amylase. This 
continues the hydrolysis of any remaining starch to maltose. 
Alkaline sa lts arc produced by both the pancreas and the 
intestinal wa ll LO maintain the pH at around neutral so that the 
amylase can function. 

• 	 Muscles in the intestine wall push che food along the ileum. Irs 
epithelial lining produces che disaccharidase maltase. Maltase is 
not released into the lumen of che ileum but is part of to the 
cell-surface membranes of che epichelial cells that line the ileum. It 
is therefore referred co as a membrane-bound disaccharidase. 
The maltase hydrolyses che malcose from starch breakdown into 
ex-glucose. 

In addition to the digescion of malcose described above, there are 
two ocher common disaccharides in the diet that are hydrolysed ­
sucrose and lactose. 

Sucrose is found in many natural foods, especially fruits. Lactose 
is found in milk, and hence in milk products, such as yoghurt and 
cheese. Each disaccharide is hydrolysed by a membrane-bound 
disaccharidase as fo llows: 

• 	 Sucrase hydrolyses rhe single glycosidic bond in the sucrose 
molecule. This hydrolysis produces the two monosaccharides 
glucose and fructose. 

• 	 Lactase hydrolyses the single glycosidic bond in the lact0sc 
molecule. This hydrolysis produces the two monosaccharides 
glucose and galactosc. 

Lipid digestion 
Lipids arc hydrolysed by enzymes called lipases. Lipases are enzymes 
produced in the pancreas that hydrolyse the ester bond found in 
triglycerides to form fatly acids and monoglycerides. A monoglyceride 
is a glycerol molecule with a single fatly acid molecule attached. Lipids 
(fats and oils) arc firstly spli1 up imo tiny droplets called micelles 
(Topic 6.10) by bile salts, which arc produced by the liver. This 
process is called e muls ification and increases the surface area of the 
lipids so that the action of Ii pases is speeded up. 

• 




6.9 Enzymes and digestion 

Hint 

Enzyme names usually end in 

'·ase' and start with the the first 

part of the name of their substrate 

(the substance on which they 

act). Hence maltase hydrolyses 

maltose, and sucrase hydrolyses 

sucrose. 

Protein digestion 
Proteins are large, complex molecules that arc hydrolysed by a group 
of enzymes called p ep t idases (proteases). There arc a number of 

different peptidases: 

• 	 Endopeptidases hydrolyse the peptide bonds between amino 
acids in the central region of a protein molecule forming a series of 
peptide molecules. 

• 	 Exopeptidases hydrolyse the peptide bonds on the terminal amino 
acids of the peptide molecules formed by endopeptidases. Ln this 
way they progressively release dipeptides and single amino acids. 

• 	 Dipep t idases hydrolyse the bond between the two amino acids of 
a dipeptide. Dipeptidases are membrane-bound, being part of the 
cell-surface membrane of the epithelial cells lining the ileum . 

Summary questions 

1 Define hydrolysis. 


2 List two structures that produce amylase. 


3 Suggest why the stomach does not have villi or microvilli. 


4 Name the final product of starch digestion in the gut. 


5 List three enzymes produced by the epithel ium of the ileum. 


Lactose intolerance 

Milk is the only food of human babies and so they 
produce a relatively large amount of lactase, the enzyme 
that hydrolyses lactose, the sugar in milk. As milk forms 
a less significant part of the diet in adults, the production 
of lactase diminishes as children get older. This reduction 
can be so great in some adults that they produce litt le, or 
no, lactase at all. 

This was not a problem to our ancestors but can be 
to humans of today. Humans that produce no lactase 
cannot hydrolyse the lactose they consume. When 
the undigested lactose reaches the large intestines, 
microorganisms hydrolyse it. This gives rise to small 
soluble molecules and a large volume of gas. This can 
result in diarrhoea because the soluble molecules 
lower the water potential of the material in the colon. 
The condit ion is known as lactose intolerance. Some 
people with the condit ion cannot consume milk or milk 
products at all while others can consume them only in 
small amounts. 
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A Figure 3 Milk and milk products 

1 a 	 Suggest the process by which micoorganisms 
produce 'a large volume of gas' in lactose 
intolerant individuals. 

b Suggest a reason why this gas is unlikely to be 
carbon dioxide. 

2 Suggest an explanat ion why lactose intolerance is 
a problem for modern day humans but wasn't for 
our ancestors. 

3 Explain how the lowering of water potential in the 
colon can cause diarrhoea . 



We have seen in Topic 6.9 how enzymes hydrolyse carbohydrates, fats 
and proteins. The products or this hydrolysis are monosaccharides, 
amino acids, monoglyccridcs and fatty acids. We will now sec how 
these products are absorbed by the ileum. 

Structure of the ileum 
The ileum is adapted to the function of absorbing the products of 
digestion. The wall of the ileum is folded and possesses finger-like 
projections. about I mm long, called villi (Figure 2) . They have thin 
walls, lined with epithelial cells on the other side of which is a rich 
network or blood capillaries. The vill i considerably increase the surface 
a rea of the ileum and therel'ore accele rate the rate of absorption. 

Villi arc situated at the interrace between the lumen (cavity) of 
the intesti nes (in cfrect outside the body) and the blood and other 
tissues inside the body. They are pa rt of a specialised exchange 
surface adapted for the absorption ol' the products of digestion. Their 
properties increase the dficiency of absorption in the following ways: 

• 	 They increase the surrace area for diffusion. 

• 	 They are very thin walled, thus reducing the distance over which 
diffusion takes place. 

• 	 They contain muscle and so are able tO move. This helps to 
maintain dirfusion gradients because their movement mixes 
the contents or the ileum. This ensures that, as the products or 
digestion are ab!>orbed from the food adjacent to the villi, new 
material rich in the products or digestion replaces it. 

• 	 They are we ll supplied with blood vessels so that blood can carry 
away absorbed molecules and hence maintain a diffusion gradient. 

• 	 The epithelial cells lining the villi possess microvilli (Figure 1). 
These arc finger-like projections of the cell -surface membrane that 
further increase the surrace a rea for absorption. 

<1111 Figure 1 Light micrograph afa 
section through a villus in the small 
intestine. Villi are projections that 
increase the surface area for the 
absorption offood. They are covered 
in microvilli {smaller, finger-like 
projectionsJthat further increase this 
surface area 

Learning objectives 
-+ 	 Describe the structure of the 

ileum_ 

-+ 	 Explain how the ileum is 

adapted for the function of 

absorption. 


-+ Explain how monosaccharides 
and amino acids are absorbed. 

' Explain how triglycerides are 
absorbed. 

Specification reference: 3.3.3 

Synoptic link 

You will better understand the 
contents of this Topic if you first 
read through Topics 4.2, 4.5 and 
7.6. 

.A Figure 2 False-colour SEM ofvilli 
{brown) in the lining of the ileum 
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6.10 Absorption of the products of digestion 

Absorption of amino acids and monosaccharides 
The digestion of proteins produces amino acids, whi le that of 
carbohydrates produces monosaccharides such as glucose, fruc10se 
and galactose. The methods or absorbing these products arc the same, 
namely diffusion and co-transport. We saw how glucose and amino 
acids arc absorbed in the ileum by these processes in Topic 4.2 and 4.5. 

Absorption of triglycerides 
Once formed during digestion, monoglyccrides and fatty acids remain 
in association with the bile salts that initially emulsified the lipid 
droplets (see Topic 6.9). The structures formed arc called micelles. 
They are tiny, being around 4-7 nm in diameter. Through the 
movement of material within the lumen of the ileum, the micelles 
come into contact with the epithelial cells lining the vill i or the ileum. 
Here the m icelles break down, releasing the monoglycerides and fatty 
acids. As these are non-polar molecu les, they easily d iffuse across the 
cell-su rface membrane into the epithelial cells. 

Once inside the epithelia l cells, monoglycerides and fatty acids are 
transported to the endoplasmic reticulum where they are recombined 
to form triglycerides. Starting in the endoplasmic reticulum and 
continuing in the Golgi apparatus, the triglycerides associate with 
cholesterol and lipoproteins to form structures called chylomicron s. 
Chylomicrons are special particles adapted for the transport or lipids. 

Chylomicrons move out of the epithelial cells by exocytosis. 
They enter lymphatic capillaries called lacteals that are found at 
the centre of each villus. The process is illustrated in Figure 2. 

lipid 
droplet 

Monoglycendes and fatty 
acids in combination 
with bile sails 

• 1 
• micelles 
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monoglyceride f 
microvillus 

epithelial 
cell 

endoplasmic 
reticulum 

chylom1cron 
released by 
exocytosis 

Chylom1crons pass to 

... Figure 2 The absorption lacteal 
lymphatic vessels 
and thenthe 

of triglycerides bloodstream 
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From here, the chylomicrons pass, via lymphatic vessels, into the 
blood system. The Lriglycerides in the chylomicrons are hydrolysed by 
an enzyme in the endothelial cells of blood capillaries (see Topic 7.6) 
from where they diffuse into cells. 

Absorption of fatty acids f) 

Bile salts play a role in the digestion and absorption of fatty acids. One 
end of the bile salt molecule is soluble in fat [lipophilicJ but not in water 
[hydrophobic]. The other end is soluble in water [hydrophilic] but not in fat 
[lipophobic]. Bile salt molecules therefore arrange themselves with their 
lipophilic ends in fat droplets, leaving their lipophobic ends sticking out. In 
this way they prevent fat droplets from sticking to each other to form large 
droplets, leaving only tiny ones [micellesJ. It is in this form that fatty acids 
reach the epithelial cel ls of the ileum where they break down, releasing the 
fatty acids for absorption. 

An experiment was carried out to investigate the absorption of fatty acids. 
Six sections of intestine were filled with a fatty acid called oleic acid. To each 
section were added different mixtures of other contents as shown in Table 1. 

lodoacetate inhibits an enzyme involved in glycolysis - a stage of the 
respiratory process in cells that involves phosphorylation. 

T Table 1 

./ x x x x 2.9 

./ x ./ x x 1.1 

./ ./ x x x 2.6 

./ ./ ./ x x 5.8 

./ x x ./ x 8.5 

./ x x ./ ./ 0.0 
./ =substance present X =substance absent 

From the information in Table 1: 

1 f) List three pieces of evidence that support the idea that the 
absorption of fatty acids in the intestine is increased if they are 
combined with a compound of glycerol and phosphate. 

2 f) Recognise the evidence supporting the view that the absorption 
of fatty acids involves phosphorylation. 

Summary questions 

1 	 List three organelles that you 
would expect to be numerous 
and/or well developed in an 
epithelial cell of the ileum, 
giving a reason for your choice 
in each case. 

2 	 Name the other chemical that 
moves across epithelial cells 
with glucose molecules during 

co-transport. 

3 	 In addition to having microvilli, 
state one other feature of the 
epithelial cells of the ileum 
that would increase the rate of 
absorption ofamino acids. 

• 




Practice questions: Chapter 6 

• 


l (a) 	 Flatworms are small animals that live in water. They have no ~pecialised gas 
exchange or circulatory systems. The drawing shows one type of flatworm. 

1---i 
lmm 

(i) 	 Name the process by which oxygen reaches the cells inside the body 
of this flatworm. (I mark) 

(ii) 	 The body of a flatworm is adapted for efficient gas exchange between 
the water and the cells inside the body. Using the diagram, explain 
how two features of the flatworm's body allow efficient gas exchange. (2 marks) 

(b) 	 (i) A leaf is an organ. What is an organ? ( l mark) 
(ii) 	 Describe how ca rbon dioxide in the air outside a leaf reaches mesophyll 

cells inside the leaf. (3 marks) 
AQA .lune 20 12 

2 	 (a) The diagram shows the structure of the human gas exchange system. 

Q 

diaphragm 

Name organs 
p 
Q 	 (1 mark) 

(b) 	 Explain how downward movement of the diaphragm leads 10 air enrering 
the lungs. (2 marks) 

AQA Jan 2013 

3 The diagram shows the position of the diaphragm at times P and Q. 

p 	 Q 

trachea 

lung 

diaphragm 



4 
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Chapter 6 Exchange 

(a) 	 Describe what happens to the diaphragm between times P and Q lo bring 
about the change in its shape. (2 marks) 

(b) 	 Air moves into the lungs between times P and Q. Explain how the 
diaphragm causes this. (3 marks) 

(c) 	 Describe how oxygen in air io the alveoli enters the blood in capillaries. (2 marks) 
AQA June 2012 

insects such as beetles obtain oxygen by drawing air into their tracheae through spiracles. 
Diving beetles live in ponds. They carry a bubble of air under their wing cases when they 
swim underwater. The bubble supplies afr to the spiracles. When the bubble has been used 
up, the beetle comes to the surface co collect a new bubble. 

An investigation was carried out into the eHect of temperature on divi ng beetles. Three 
beetles, A, B and C. or the same species, were observed in thermoslatically-controlled 
water baths. The number or times each beetle surfaced to renew its a ir bubble was 
coun ted at three different temperat ures. 

The resu lts arc shown in Table I below. 

10 10 12 8 
1---­

20 22 18 

30 44 48 38 

(a) 	 Calculate the mean number of times the air bubble was renewed per hour 
at each temperature. (/mark) 

(b) 	 Sketch a graph to show rhe relationship between temperature and the 
mean number or times rhe air bubble was renewed per hour and name 
the shape of the line obtained. (2 marks) 

(c) 	 The number or times rhe air bubble is renewed per hour is related to a 
beetle's need for oxygen co carry out aerobic respiration, which is catalysed 
by enzymes. Explain what the data reveal about the size of the effect 
or each I 0°C rise in temperature on the rate of respiration. (2 marks) 

Forced expiratory volume (FEV) is the greatest volume of air a person can 
breathe out in I second . 

Forced vital capacity (FVC) is the greatest volume of air a person can breathe out in a 
single breath. Figure 2 shows results for the volwne of air breathed out by three groups 
of people. A, B and C. Group A had healthy lungs. Groups B and Chad different lung 
conditions that affect breathing. 
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Practice questions: Chapter 6 

(a) 	 Calculate the percentage drop in FEV for group C compared with the 
healthy people. (I mark) 

(b) 	 Asthma aHects bronchioles and reduces flow or air in and out or the lungs. 
Fibrosis does not aifect bronchioles; it reduces the volume of the lungs. 
Which group, B or C, was Lhe one containing people with fibrosis of their lungs? 
Use the information provided and evidence rrom Figure 2 to explain your answer. 

(J marks) 
AQA SAMS A LEVEL PAPER I 

6 An animal cell takes in oxygen over its surface area but uses oxygen in proportion to its 
volume. Size and shape affect the ratio of surface area to volume of a cell, and therefore 
aHect the efficiency of oxygen uptake. 
(a) 	 Complete the table to compare the surface area to volume ratios of the four model 

cells described. (4 marks) 

model cell description surface area / µm2 volume / µm3 ratio of surface area 

to volume 

cube, side length 4 µ m 
-

sphere, diameter 4 µ m 
-

cube, side length 6 µm 

96 

50.3 33.5 

216 

sphere, diameter 6µm 1:1 

(b) 	 Summarise what the results show about the errect or ~it<: and shape on the 
ability of a cell to obtain enough oxygen for its need!,. (2 marks) 

7 (a) 	 Describe how you would use a simple respirometer to measure the oxygen 
uptake of Sg of maggots. (5 marks) 

(b) 	 A srndent takes respirometer readings by measuring the distance moved by 
the marker fluid along a capillary tube in ten minutes. Explain what 
calculations need to be performed to obtain an hourly oxygen uptake race 
per gram of maggots. (3 marks) 

8 	 Breathing out as hard as you can is called forced expiration. 
(a) 	 Describe and explain the mechanism that causes forced expiration. (4 marks) 

1\vo groups of people volunteered to take part in an experiment. 
• People in group A were healthy. 

6.0 ---~-~-~ • People in group B were recovering from an asthma attack. 

Each person breathed in as deeply as 1hey could. They then breathed out 

by forced expiration. 

A scientist measured the volume ol' a ir breathed ou t during forced 

expiration by each person. 

Forced expiration volume (FEV) is the volume or air a person can breathe 

out in I second. 


(b) 	Using daLa from the first second or forced expiration, calculate Lhe 
percentage decrease in the FEV for group B compared with group A . 

(I mark) 
(c) 	 The people in group B were recovering from an asthma auack. 

Explain how an asthma attack caused the drop in the mean FEV 
shown in Figure 4 . (4 marks) 

AQA SAMS AS PAPER 
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In the last chapter we looked at how substances are exchanged 
between the internal and external environments. This chapter looks 
at how these substances arc distributed throughout an organism. 
Before considering mass transport systems, it begins by looking at an 
important group of molecules that are highly adapted for transporting 
oxygen - the haemoglobins. 

Haemoglobin molecules 
The haemoglobins arc a group of chemically similar molecules 
found in a wide variety of organisms. Jn Topic 1.6 we investigated 
the structure of proteins and how their shape is important to their 
functions. Haemoglobins arc protein molecules with a quaternary 
structure that has evolved LO make it efficient at loading oxygen 
under one set of conditions but unloading it under a different set 
of conditions. The structure of a haemoglobin molecule is shown in 
Figure I. It is made up as follows: 

• 	 primary structure, sequence of amino acids in the four 
polypeptide chains 

• 	 secondary structure, in which each of these polypeptide chains is 
coiled into a helix 

• 	 tertiary structure, in which each polypeptide chain is folded 
into a precise shape - an important factor in its ability to carry 
oxygen 

• 	 quaternary structure, in which all four polypeptides are linked 
together to form an almost spherical molecule. Each polypeptide is 
associated with a haem group - which contains a ferrous (Fe2+) ion. 
Each Fe2+ ion can combine with a single oxygen molecule (02), 

making a total of four 0 2 molecules that can be carried by a single 
haemoglobin molecule in humans. 

Loading and unloading oxygen 
The process by which haemoglobin binds with oxygen is called 
loading, or associating. Jn humans this rakes place in the lungs. 

The process by which haemoglobin releases its oxygen is called 
unloading, or dissociating. In humans this cakes place in the tissues. 

Haemoglobins with a high affinity for oxygen take up oxygen more 
easily, but release it less easily. Haemoglobins with a low affinity for 
oxygen take up oxygen less easily, but release it more easily. 

The role of haemoglobin 
The role of haemoglobin is co transport oxygen. To be efficient at 
transporting oxygen, haemoglobin must: 

• 	 readily associate with oxygen at the surface where gas exchange 
takes place 

• 	 readily dissociate from oxygen a t those tissues requiring it. 

Learning objectives 
' Describe the structure and 

function ofhaemoglobins. 

' Explain the differences 
between haemoglobins in 

different organisms and the 

reasons for these differences. 

' Explain what is meant by 
loading and unloading of 

oxygen. 

Specification reference: 3.3.4.1 

/J-polypeptide 

~ 


a-polypeptide 

each chain 1s attached to a haem 
group that can combine with oxygen 

A Figure 1 Quaternary structure of a 
haemoglobin molecule 

A Figure 2 Computer graphic 
represenration of a haemoglobin 
molecule showing two pairs of 
polypeptide chains {orange and blue] 
associated with a haem group {red] 
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7.1 Haemoglobin 

Study tip 
A change in the environment of 

any protein changes its tertiary 

structure and therefore affects 

the way it functions. This explains 

why haemoglobin binds with 

oxygen in the lungs and releases 

it in the tissues. 
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These two requirements may appear to contradict each other, but they 
are achieved by a remarkable property of haemoglobin. It changes its 
affinity (chemical attraction) for oxygen under different conditions 
(Table I). ft achieves this because its shape changes in the presence of 
certain substances. such as carbon dioxide. In the presence of carbon 
dioxide, the new shape of the haemoglobin molecule binds more 
loosely to oxygen. As a result haemoglobin releases its oxygen. 

T Table 1 Affinity ofhaemoglobin for oxygen under different conditions 

Region of Oxygen Carbon dioxide Affinity of Result 


body concentration concentration haemoglobin 


for oxygen 


gas exchange 
 oxygen is 

surface 

high low high 

associated 

respiring low high low oxygen is 

tissues dissociated 

Why are there different haemoglobins? 
Scientists long ago observed that many organisms possessed 
haemoglobin. They proposed that it carried oxygen from the 
gas-exchange surface to the tissues that required it for respiration. If 
so, this meant that it must readily combine with oxygen. Consequently 
they investigated the ability of haemoglobin from different organisms 
to combine with oxygen. Results showed that there were different 
types of haemoglobins. These exhibited different properties relating to 
the way they took up and released oxygen. 

Why do different haemoglobins have different affinities for oxygen? 

The answer, scientists discovered, lies in the shape of the molecule. 
Each species produces a haemoglobin with a slightly different amino 
acid sequence. The haemoglobin of each species therefore has a 
sl ightly different tertiary and quaternary structure and hence different 
oxygen binding properties. Depending on its structure haemoglobin 
molecules range from those that have a high affinity for oxygen tO 

those that have a low affinity for oxygen. 

Summary questions 

1 	 Describe the quaternary structure of haemoglobin. 

2 	 Explain how DNA leads to different haemoglobin molecules having 


different affinities for oxygen. 


3 	 When the body is at rest, only one of the four oxygen molecules carried 

by haemoglobin is normally released into the tissues. Suggest why this 

could be an advantage when the organism becomes more active. 

4 	 Carbon monoxide occurs in car exhaust fumes. It binds permanently to 

haemoglobin in preference to oxygen. Suggest a reason why a person 

breathing in car-exhaust fumes might lose consciousness . 



Having looked at haemoglobin in LOpic 7 .1, let us now consider its 
properties. How does it load and unload oxygen and what effect docs 
carbon dioxide have on this process? 

Oxygen dissociation curves 
When haemoglobin is exposed to different partial pressures of oxygen, 
it does not bind the oxygen evenly. The graph of the relationship 
between the saturation of haemoglobin with oxygen and the partial 
pressure of oxygen is known as the oxygen dissociation curve (sec 
Figure I). The explanation for the shape of the oxygen dissociation 
curve is as follows: 

• 	 The shape of the haemoglobin molecule makes it difficul t for 
the fi rst oxygen molecule to bind w one of the sites on its four 
polypeptide subun its because they a re closely united. Therefore at 
low oxygen conccmrations, li tt le oxygen binds to haemoglobin. 
The gradient of the curve is shallow ini tially. 

• 	 However, the binding of this first oxygen molecule changes the 
quaternary structure of the haemoglobin molecule, causing it to 
change shape. This change makes it easier for the other subunits 
to bind to an oxygen molecule. In other words, the binding of 
the first oxygen molecule induces the other subunits to bind to an 
oxygen molecule. 

• 	 It therefore takes a smaller increase in the partial pressure of 
oxygen to bind the second oxygen molecule than it did LO bind the 
first one. This is known as positive cooperativity because binding 
of the first molecule makes binding of the second easier and so on. 
The gradient of the curve steepens. 

• 	 The situation changes, however, after the binding of the third 
molecule. While in theory it is easier for haemoglobin to bind the 
fourth oxygen molecule, in practice it is harder. This is simply due to 
probability. With rhe majority of the binding sites occupied, it is less 
likely that a single oxygen molecule will find an empty site to bind to. 
The grad ient of the curve reduces and the graph flattens off. 

We saw in Topic 7. 1 that there are different types of haemoglobin 
molecules in different species, each with a different shape and hence 
a different affin ity for oxygen. In addition, the shape of any one type 
of haemoglobin molecule can change under different conditions. 
These [acts both mean that there are a large number of different 
oxygen dissociation curves. They all have a roughly similar shape 
but differ in their position on the axes. 

The many different oxygen dissociation curves are better understood 
if two facts are always kept in mind: 

• 	 The further to the left the curve, the greater is the affinity of 
haemoglobin for oxygen (so it loads oxygen readily but unloads 
it less easily}. 

• 	 The further LO the right the curve, the lower is the affinity of 
haemoglobin for oxygen (so it loads oxygen less readily but unloads 
it more easily). 

Learning objectives 
-+ 	 Describe the nature of an 


oxygen dissociation curve. 


-+ 	 Explain the effect of carbon 
dioxide concentration on the 
curve and the reasons why. 

-+ 	 Explain how the properties of 
the haemoglobins in different 
organisms relate to the 
environment and way of life 
of the organism concerned. 

Specification reference: 3.3.4.1 
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Haemoglobin that is 100% 
saturated with oxygen has the 
maximum number of oxygen 
molecules it can bind to. If 50% 
saturated, it has half the maximum 

number it can bind to. 
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A Figure 1 Oxygen dissociation curve 
for adult human haemoglobin 
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7.2 Transport of oxygen by haemoglobin 

Hint 

Measuring oxygen concentration 
The amount of a gas that is present 
in a mixture of gases is measured 
by the pressure it contributes 
to the total pressure of the gas 
mixture. This is known as the 
partial pressure of the gas and, in 
the case of oxygen, is written as 
p02. It is measured in ki loPascals 
kPa. Normal atmospheric pressure 
is 100 kPa. As oxygen makes up 
21%of the atmosphere, its partial 
pressure is normally 21 kPa. 

saturation of 
haemoglobin 
with oxygen I % 
100 

50 

5 
partial pressure of oxygen I kPa 

.A. Figure 2 The effect of carbon 
dioxide concentration on the oxygen 
dissociation curve 
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Effects of carbon dioxide concentration 
Haemoglobin has a reduced a£finity for oxygen in the presence of 
carbon dioxide. The greater the concentration of carbon dioxide, the 
more readily the haemoglobin releases its oxygen (the Bohr effect). 
This explains why the behaviour of haemoglobin changes in different 
regions of the body. 

• 	 At the gas-exchange surface (e.g., lungs). the concentration of 
carbon dioxide is low because it diffuses across the exchange 
surface and is excreted from the organism. The affinity of 
haemoglobin for oxygen is increased, which, coupled with the high 
concentration of oxygen in the lungs, means that oxygen is readily 
loaded by haemoglobin. The reduced carbon dioxide concentration 
has shifted the oxygen dissociation curve to the left (Figure 2). 

• 	 In rapidly respiring tissues (e.g., muscles), the concentration of carbon 
dioxide is high. The affinity of haemoglobin for oxygen is reduced, 
which, coupled with the low concentration of oxygen in the muscles, 
means that oxygen is readily un loaded from the haemoglobin into 
the muscle cells. The increased carbon dioxide concentration has 
shifted the oxygen dissociation curve to the right (Figure 2). 

We have seen that the greater the concentration of carbon dioxide. 
the more readily haemoglobin releases its oxygen. This is because 
dissolved carbon dioxide is acidic and the low pH causes haemoglobin 
to change shape. Let us see how this works in the transport of oxygen 
by haemoglobin. 

Loading, transport and unloading of oxygen 
• 	 At the gas-exchange surface carbon dioxide is constantly being 

removed. 

• 	 The pH is slightly raised due to the low concentration of 
carbon dioxide. 

• 	 The higher pH changes the shape of haemoglobin int0 one that 
enables it tO load oxygen readily. 

• 	 This shape also increases the affinity of haemoglobin for oxygen, so 
it is not released while being transported in the blood to the tissues. 

• 	 In the tissues, ca rbon dioxide is produced by respiring cells. 

• 	 Carbon dioxide is acidic in solution, so rhc pH of the blood within 
the the tissues is lowered. 

• 	 The lower pH changes the shape of haemoglobin into one with a 
lower affinity for oxygen. 

• 	 Haemoglobin releases its oxygen into the respiring tissues. 

The above process is a flexible way of ensuring that there is always 
sufficient oxygen for respiring tissues. The more active a tissue, the 
more oxygen is unloaded. This works as follows: 

The higher the rate of respiration -+ the more carbon dioxide the 
tissues produce-+ the lower the pH the greater the haemoglobin 
shape change -+ the more readily oxygen is unloaded -+ the more 

oxygen is available for respiration . 



In humans, haemoglobin normally becomes saturated with oxygen 
as it passes through the lungs. In practice not all haemoglobin 
molecules a re loaded with their maximum four oxygen molecules. As 
a consequence, the overall sa turation of haemoglobin at atmosphe ric 
pressure is norma lly around 97%. When this haemoglobin reaches 
a tissue with a low respiratory rate, only one of these molecules will 
normally be released. The blood re turning to the lungs will the refore 
contain haemoglobin tha t is still 75 pe r cent saturated with oxygen. If 
a tissue is very active, for example, an exercising muscle, then three 
oxygen molecules w ill usua lly be unloaded from each haemoglobin 
molecule . These events a re shown in Figure 3. 

Diffe rent species have different types of haemoglobin, each with its own 
diffe rent oxygen dissociation curve. These different types have evolved 
within species as adaptations to different environments and conditions. 
For example, species of animals that live in an environment with a 
lower partial pressure of oxygen have evolved haemoglobin that has 
a higher affinity for oxygen than the haemoglobin of animals that live 
where the partial pressure of oxygen is higher. 

Take for example the lugworm, an animal that lives on the seashore. 

The lugworm is not very active, spending almost all its life in a U-shaped 
burrow. Most of the time the lugworm is covered by sea water, which it 
circulates through its burrow. Oxygen diffuses into the lugworm's blood 
from the water and it uses haemoglobin to transport oxygen to its tissues. 

When the tide goes out. the lugworm can no longer circulate a fresh 
supply of oxygenated water through its burrow. As a result, the wate r 
in the burrow con tains progressively less oxygen as the lugworm 
uses it up. The lugworm has to extract as much oxygen as possible 
from the water in the burrow if it is to survive until the tide covers 
it again. Figure 4 shows the oxygen dissociation curve of lugworm 
haemoglobin compa red to that of adult human haemoglobin. 

The dissociation curve is shifted far to the left of that of a human. 
This means that the haemoglobin of the lugworm is fully loaded with 
oxygen even when there is little available in its environment. 

Another example is the llama. It is an animal that lives at high altitudes. 
At these altitudes the atmospheric pressure is lower and so the 
partial pressure of oxygen is also lower. It is therefore difficult to load 
haemoglobin with oxygen . Llamas also have a type of haemoglobin that 
has a higher affinity fo r oxygen than human haemoglobin. In other 
words it is shifted to the left of that of human haemoglobin. 

A. Figure S Three lugworms lying on sand (left}; lugwarm casts at the entrances ta 
their burrows {right) 

Key 
- Haemoglobin molecule 

tha t 1s fully loaded with 
oxygen in the lungs 

- Haemoglobin molecule in 
a resting tissue unloads 
only 25% of its oxygen 

- Haemoglobin molecule in 
an active !Issue unloads 
75% of its oxygen 
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7.2 Transport of oxygen by haemoglobin 

Summary questions vx 

1 Study Figure 3 on the previous page and answer the 
following questions: 

a State at what partial pressure of oxygen the 
haemoglobin is 50% saturated with oxygen. 

b 	 Determine the percentage saturation of 
haemoglobin with oxygen when the partial 
pressure of oxygen is 9 kPa. 

c 	 In an exercising muscle the partial pressure of 
oxygen is 4 kPa while in the lungs it is 12 kPa. 
Calculate the percentage of the oxyhaemoglobin 
from the lungs that will have released its oxygen 
to an exercising muscle. 

2 a Describe the effect of increased carbon dioxide 
concentration on oxygen dissociation. 

b State how this changes the saturation of 
haemoglobin with oxygen. 

Flight in birds and swimming in fish are both energy­
demanding processes. The muscles that move a bird's 
wings are powerful and require a lot of oxygen to enable 
them to respire at a sufficient rate to keep the body 
airborne. Flight muscles have a very high metabolic rate 
and, during flight, much of the blood pumped by the 
heart goes to these muscles.While birds use a great 
deal of energy opposing gravity in a medium that gives 
little support, fish have a different problem. They expend 
considerable energy swimming in a medium that is very 
dense and therefore difficult to move through. 

1 	 Suggest whether the oxygen dissociation curve of 
a pigeon is shifted to the right or left of the curve 
for a human. Explain your answer. 

2 	 The mackerel is a type of fish that swims freely in 
the surface waters of the sea. These fish rely on 
their ability to swim very fast in order to escape 
from predators. The plaice is a marine fish that 
uses a different strategy. These fish spend much of 
their lives stationary or moving very slowly on the 
sea bed, where they are camounaged by their skin 
colour. The two fish are of relatively similar mass. 
Sketch a graph to show what you would expect to 
be the relative positions of the oxygen dissociation 
curves ofthese two fish. 
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3 A rise in temperature shifts the oxygen dissociation 
curve to the right. Suggest how this enables an 
exercising muscle to work more efficiently. 

4 In Figure 4, line A is drawn at a partial pressure of 
oxygen of 2 kPa. This is the partial pressure of oxygen 
found in lugworm burrows after the sea no longer 
covers them. Use figures from the graph to explain 
why a lugworm can survive at these concentrations 
of oxygen while a human could not. 

S Haemoglobin usually loads oxygen less readily 
when the concentration of carbon dioxide is high 
(the Bohr effect). The haemoglobin of lugworms does 
not exhibit this effect. Explain why to do so could be 
harmful. 

6 In terms of obtaining oxygen, suggest a reason why 
lugworms are not found higher up the seashore. 

.& Figure 6 Mackerel {topJlive in surface waters and swim 
rapidly. Plaice {bottom) live on the sea bed and move very 
slowly 



Size matters 8 
Mice are small mammals and therefore have a large 
surface area to volume ratio. As a result they tend to 
lose heat rapidly when the environmental temperature 
is lower than their body temperature. Figure 7 shows 
the oxygen dissociation curve for the haemoglobin of a 
mouse compared to that of adult human haemoglobin. 

1 	 The partial pressure of oxygen at which 
haemoglobin is 50 per cent saturated is known as 
the unloading pressure. Calculate the difference 
between the unloading pressure of human 
haemoglobin and that of mouse haemoglobin. 

2 	 The oxygen dissociation curve of the mouse is 
shifted to the right of that for a human. 
a Explain what difference this makes to the way 

oxygen is unloaded from mouse haemoglobin 
compared to human haemoglobin. 

b Suggest an advantage this has for the 
maintenance of body temperature in mice. 

c 	 The position of the oxygen dissociation 
curve for a mouse means that its 
haemoglobin loads oxygen less readily 
than human haemoglobin. Given that the 
partial pressure of oxygen in air is normally 
21 kPa, use the graph to explain why this 
is of no disadvantage to the mouse. 
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3 	 Sketch a graph to show the shapes and relative 
positions of the oxygen dissociation curves of the 
following mammals: 
a a human 

b an elephant 

c a shrew. 

4 Ice fish live in the Antarctic and are the only 
vertebrates to completely lack haemoglobin. Suggest 
one reason why they can survive in the seas around 
Antarctica without haemoglobin in their blood. 

• 




Learning objectives 
' 	 Explain why large organisms 

move substances around 
their bodies. 

' 	 Describe the features ofthe 
transport systems oflarge 
organisms. 

' 	 Describe the circulatory 
system of mammals. 

Specification reference: 3.3.4.1 

Synoptic link 

Auseful starting point to this topic 

would be to revise information Ou 
diffusion [Topic 4.2) and surface 
~a to volume ratios [Topic 6.1 J. 

A Figure 1 Large organisms require 
a uansport system to take materials 
from exchange surfaces to the cells that 
needthem 
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Diffusion is fast enough for transport over short distances (sec Topic 4.2). 
The efficient supply of materials over larger distances requires a mass 
transport system. 

Why large organisms have a transport system 
AJI organisms exchange materials between the mselves and their 
environment. We have seen that in small o rganisms this exchange 
takes place over the surface of the body (see Topic 6.2). However, 
with increasing size, the surface area to volume ratio decreases 
to a point where the needs of the organism cannot be met by the 
body surface alone (see Topic 6.1 ). Specialist exchange surfaces are 
therefore required to absorb nutrients and respiratory gases, and 
remove excretory products. These exchange surfaces are located in 
specifi c regions of the orga nism. A rranspon system is requi red to take 
materials from cells to excha nge surfaces and from exchange surfaces 
to cells. Materials have to be transported between exchange su rfaces 
and the environment. They also need to be transported between 
different parts of the organism. As organisms have evolved into larger 
and more complex structures, the tissues and organs of which they 
are made have become more specialised and dependent upon one 
another. This makes a transport system all the more essential. 

Whether or not there is a specialised transpo rt medium, and whether 
or not it is circulated by a pump, depends o n two factors: 

• 	 the surface area to volume ratio, 

• 	 how active the organism is. 

The lower the surface area Lo volume ratio, and the more active the 
organism, the greater is the need for a specialised transport system 
with a pump. 

Features of transport systems 
Any large organism encounters the same problems in transporting 
mate rials w ith in itself. Not su rprisingly, the transport systems of many 
organ ism s have many common features: 

• 	 A suitable medium in which to carry materials, for example blood. 
This is normally a liquid based on water because water readily 
dissolves substances and can be moved around easily, but can be a 
gas such as air breathed in and out of the lungs. 

• 	 A form of mass transport in which the transport medium is moved 
around in bulk over large distances - more rapid than diffusion. 

• 	 A closed system of tubular vesse ls that contains the transport 
medium and forms a branching ne two rk ro distribute it to all pans 
of the organism. 

• 	 A mechanism for moving the transport medium within vessels. 
This requires a pressure difference be tween one part of the system 
and another. 

It is achieved in two main ways: 

a Animals use muscular contraction eith er of rhe body muscles or of 
a specialised pumping organ, such as the heart (see Topic 7.4) . 



b 	 Pla n ts re ly on natura l, passive processes such as the evaporation o l' 
water {see Topic 7.8). 

• 	 A mechanism to maintain the mass flow movement in one 
direction, ror example, valves. 

• 	 A means of controlling the flow of the transpon m edium to suit 
the changing needs of different pans of the organism. 

• 	 A mechanism for the mass flow of water or gases, for example, 
intercostal muscles and diaphragm during breathing in mammals. 

Circulatory systems in mammals 
Mammals have a closed, double circulatory system in which 
blood is confined to vessels and passes twice through the heart for 
each complete circuit of the body (Figure 2). This is because, when 
blood is passed through the lungs, its pressure is reduced. If it were 
to pass immediately to the rest of the body its low pressure would 
make circulation very slow. Blood is therefore returned to the heart lo 
boost its pressure before being circulated to the rest of the tissues. As a 
result, substances are delivered 10 the rest of the body quickly, which 
is necessary as mammals have a high body temperature and hence a 
high rate of metabolism. The vessels that make up the circulatory 
system of a mammal are divided into three types: arteries, veins and 
capillaries. We will look in more detail at these in Topic 7.6. 

The arrangement of the ma in arteries and veins that make up the 
circulatory system of a mammal is shown in Figure 3. 

Although a transport system is used 10 move substances longer 
distances, the final pan of the journey 10 cells is by diffusion. The final 
exchange from blood vessels into cells is rapid because it takes place 
over a large surrace a rea, across short distances and there is a steep 
diffusion gradient. 

-- deoxygenated blood -- oxygenated blood 
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.A. Figure 3 Plan ofthe mammalian circulatory system 
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Study tip 

Almost all cells in the body are 
within 1 mm of a capillary - a 
short diffusion path. 

Summary questions 

1 	 Name the blood vessel in each 
of the following descriptions: 

a 	 joins the right ventricle of 
the heart to the capillaries 
of the lungs 

b 	 carries oxygenated blood 
away from the heart 

c 	 carries deoxygenated 
blood away from the 
kidney 

d 	 the first main blood vessel 
that an oxygen molecule 
reaches after being 
absorbed from an alveolus 

e 	 has the highest blood 
pressure. 

z 	State two factors that make it 
more likely that an organism 
will have a circulatory pump 
such as the heart. 

3 	 State the main advantage of 
the double circulation found in 
mammals . 
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Learning objectives 
' Describe the appearance of 

the heart and its associated 
blood vessels. 

' Explain why the heart is made 
up of two adjacent pumps. 

' Explain how the structure of the 
heart is related to its functions. 

Specification reference: 3.3.4.1 

Study tip 
Although the left ventricle has a 
thicker wall than the right ventricle, 
their internal volumes are the 
same. They have to be, otherwise 
more blood would be pumped out of 
one side of the heart than the other. 

.A. Figure 1 Pressure changes in blood 
vessels 

Study tip 
The left and right sides of the heart 

both contract together . 
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The hean is a muscular organ that lies in the thoracic cavity behind 
the sternum (breastbone). It operates continuously and tirelessly 
throughout the life of an organism. 

Structure of the human heart 
The human hean is really two separate pumps lying side by side. The 
pump on the left deals with oxygenated blood from the lungs, while 
the one on the right deals with deoxygcnatcd blood from the body. 
Each pump has two chambers: 

• 	 The atrium is thin-walled and elastic and stretches as it collects 
blood. 

• 	 The ventricle has a much thicker muscular wall as it has to 
contract strongly to pump blood some distance, either to the 
lungs or to the rest of the body. 

Why have two separate pumps? Why not just pump the blood 
through the lungs to collect oxygen and then straight to the rest of the 
body before returning it to the heart? The problem with such a system 
is that the blood has to pass through tiny capillaries in the lungs in 
order to present a large surface area for che exchange of gases (see 
Topic 6.8). In doing so, chere is a very large drop in pressure and so 
the blood flow to che resc of che body would be very slow. This drop in 
pressure is illustrated in Figure l. Mammals therefore have a system 
in which the blood is returned to the heart 10 increase its pressure 
before it is distributed to the rest of the body. It is essenrial to keep 
the oxygenated blood in the pump on the left side separate from the 
deoxygenated blood in the pump on the right. 

The right ventricle pumps blood only to the lungs, and it has a 
thinner muscular wall than the left ventricle. The left ventricle, in 
contrast. has a thick muscular wall, enabling it to contract to create 
enough pressure to pump blood to the rest of the body. Although the 
two sides of the heart are separate pumps and, after birth, chere is no 
mixing of the blood in each of them, they nevertheless pump in time 
with each other. Both atria contract together and then both ventricles 
contract together, pumping the same volume or blood. 

Between each atrium and ventricle are valves that prevent the 
backflow of blood into the atria when the vcncricles contract. There 
are two valves: 

• 	 the left atrioventricular (bicuspid) va lve 

• 	 the right atrioventricular (tricuspid) valve 

Each of the four chambers of the heart is connected 10 large blood 
vessels that carry blood towards or away from the heart. The ventricles 
pump blood away from the heart and into the arteries. The atria 
receive blood from the veins. 



IVessels connecting th e heart to the lungs are called pulm onary vessels. 
HintThe vessels connected to the four chambers are therefore as follows: 

• 	 The aorta is connected to the le ft ventricle and carries oxygenated 
blood to a ll pans or the body except the lungs. 

• 	 The ven a cava is connected to the right atrium and brings 
deoxygena ted blood back from the tissues of the body (except 
the lungs) . 

• 	 The p ulmo n ary a r tery is connected to the right ventricle and 
carries deoxygenated blood to the lungs. where its oxygen is 
replenished and its carbon dioxide is removed. Unusually for an 
artery, it carries deoxygenated blood. 

• 	 The pulm o n ary vein is connected to the left atrium and brings 
oxygenated blood back from the lungs. Unusually for a vein, it 
carries oxygena ted blood. 

The struclllre of the heart and its associated blood vessels is shown 
in Figure 2. 
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A Figure 2 Section through the human heart 

Supplying the heart muscle with oxygen 
Alchough oxygena ted blood passes through the lefc side of che heart, 
che heart does not use this oxygen co meet ics own greac respiracory 
needs. Inscead, the heart muscle is suppHed by ics own blood vessels, 
called the coron ary arteries, which branch off the aorta shortly after 
it leaves the bea n. Blockage of these arteries, for example by a blood 
clot, leads to myocardial infarction. or heart attack, because an area 
of the heart muscle is deprived of blood and therefore oxygen also. The 
muscle cells in this region are unable to respire (aerobically) and so die. 

An easy way to recall which 
heart chambers are attached to 
which type of blood vessel is to 
remember that A and V always go 
together. Hence: Atria link to Veins 
and Arteries link to Ventricles. 

right -
coronary 
artery 

ventricle 

A Figure 3 External appearance of the 

human heart showing the blood supply 

to the heart muscle 

Summary questions 

1 	 Name the blood vessel that 
supplies the heart muscle with 
oxygenated blood. 

2 	 State whether the blood 
in each of the following 
structures is oxygenated or 
deoxygenated: 

a vena cava 

b pulmonary artery 

c left atrium. 

3 	 List the correct sequence of 
four main blood vessels and 
four heart chambers that a 
red blood cell passes through 
on its journey from the lungs, 
though the heart and body, 
and back again to the lungs. 

4 	 Suggest why it is important to 
prevent mixing of the blood in 
the two sides of the heart. 
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7.4 The structure of the heart 

There are a number of factors that separately increase 
the risk of an individual suffering from cardiovascular 
disease. When combined together, four or five of these 
factors produce a disproportionately greater risk 
(Figure 4 ]. These risk factors include the following. 

0 10 20 30 40 50 60 70 00 90 100 
% risk of stroke 

6. Figure 4 The combined impact of six risk factors 
on the likelihood ofo 10-year-old man experiencing a 
stroke in the next ten years 

Smoking 

Smokers are between two and six times more likely to 
suffer from heart disease than non-smokers. Giving up 
smoking is the single most effective way of increasing life 
expectancy. There are two main constituents of tobacco 
smoke that increase the likelihood of heart disease: 

• 	 Carbon monoxide combines easily, but irreversibly, 
with the haemoglobin in red blood cells to form 
carboxyhaemoglobin. It thereby reduces the 
oxygen-carrying capacity of the blood. To supply the 
equivalent quantity of oxygen to the tissues, the 
heart works harder. This can lead to raised blood 
pressure that increases the risk of coronary heart 
disease and strokes. In addition, the reduction in the 
oxygen-carrying capacity of the blood means that it 
may be insufficient to supply the heart muscle during 
exercise. This leads to chest pain (angina] or, in 
severe cases, a myocardial infarction (heart attack]. 

• 	 Nicotine stimulates the production ofthe hormone 
adrenaline, which increases heart rate and raises blood 
pressure. As aconsequence there is a greater risk of 
smokers suffering coronary heart disease or a stroke. 
Nicotine also makes the platelets in the blood more 
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'sticky'. and this leads to ahigher risk of thrombosis 
and hence of strokes or myocardial infarction. 

High blood pressure 

If your genes cause you to have a high blood pressure, 
altering your lifestyle will not change this fact. Lifestyle 
factors such as excessive prolonged stress, certain 
diets and lack of exercise, increase the risk of high blood 
pressure. These are factors over which the individual can 
exert control. High blood pressure increases the risk of 
heart disease for the following reasons: 

• 	 As there is already a higher pressure in the arteries, 
the heart must work harder to pump blood into them 
and is therefore more prone to fa ilure. 

• 	 Higher blood pressure within the arteries means 
that they are more likely to develop an aneurysm 
(weakening of the wall) and burst, causing 
haemorrhage. 

• 	 To resist the higher pressure within them, the walls 
of the arteries tend to become thickened and may 
harden, restricting the flow of blood. 

Hint 

Always remember that risk factors 
increase the probability of getting 
heart disease, but they do not 
mean that someone will certainly 
get it. Heavy smokers, with high 
blood pressure and high blood 
cholesterol, may never develop 
heart disease, they are just more 
likely to (see Figure 5). 

Blood cholesterol 

Cholesterol is an essential component of membranes. As 
such, it is an essential biological molecule which must 
be transported in the blood. It is carried in the plasma as 
tiny spheres of lipoproteins [lipid and protein]. There are 
two main types: 

• 	 high-density lipoproteins (HOLs), which remove 
cholesterol from tissues and transport it to the liver 
for excretion. They help protect arteries against heart 
disease 

• 	 low-density lipoproteins (LOLs). which transport 
cholesterol from the liver to the tissues, including the 



artery walls, which they infiltrate, leading to 
the development of atheroma, which may lead to 
heart disease. 

Diet 

There are a number of aspects of diet that increase the 
risk of heart disease, both directly and indirectly: 

• 	 High levels of salt raise blood pressure. 

• 	 High levels of saturated fat increase low-density 
lipoprotein levels and hence blood cholesterol 
concentration. 

By contrast, foods that act as antioxidants, for example, 
vitamin C, reduce the risk of heart disease, and so does 
non-starch polysaccharide (dietary fibre). 

A calculated risk 

Figure S shows the effect of three of the above risk 
factors on the chance of heart attack in American men. 
Study the data and answer the questions: 

1 	 Asmoker with high blood pressure wishes to 
reduce his risk of heart attack. If he could only alter 
one factor, would he be better giving up smoking or 
reducing his blood pressure? Explain your answer. 

2 	 A non-smoker with high blood pressure has a blood 
cholesterol level of S mmol dm-3. Over a period of 
3 years this concentration increases to 8 mmol 
dm-3. Calculate how many times greater his risk of 
heart disease is. Show your working. 

key 
- smoker. high blood pressure 

- non-smoker. high blood pressure 

- smoker. low blood pressure 

- non-smoker. low blood pressure 
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A 	 Figure S Effects ofblood pressure, 
smoking and blood cholesterol on the 
risk ofheart attack in American men 

3 	 Two non-smoking men with low blood pressure both 
have a blood cholesterol level of 5 mmol dm-3. One 
of them starts to smoke and the blood cholesterol 
level of the other increases to 7 mmol dm-3. State 
which man is now at the greater risk from heart 
disease. Explain your answer. 
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Learning objectives 	 The hean undergoes a sequence of events that is repeated in 
humans around 70 times each minute when a t rest. This is known 

' 	 Describe the stages of the as the cardiac cycle. There arc two phases to the beating of the 
cardiac cycle. heart: contraction (systole) and relaxation (diastole) . Contraction 

' 	 Explain how valves control occurs separately in the ventricles and the atria and is therefore 
the flow of blood through the described in two stages. For some of the time. relaxation takes place 
heart. simultaneously in all chambers of the heart and is therefore treated as 

a single phase in the account below, which is illustrated in Figure 1.' 	 Explain the volume and 
pressure changes which take 
place in the heart during the Relaxation of the heart (diastole) 
cardiac cycle. Blood returns to the atria of the heart through the pulmonary vein 

Specification reference: 3.3.4.1 	 (from the lungs) and the vena cava (from the body). As the atria fill, 
the pressure in them rises. When this pressure exceeds that in the 
ventricles, the atrioventricular valves open a llowing the blood to 
pass into the ventricles. The passage of blood is aided by gravity. The 
muscular walls of both the atria and ventricles are relaxed at this stage . 
The relaxation of the ventricle walls causes them to recoil and reduces 
the pressure within the ventricle. This causes the pressure to be lower 
than that in the aorta and the pulmonary artery, and so the semi-lunar 
valves in the aorta and the pulmonary artery close, accompanied by 
the characteristic 'dub' sound of the heart bea t. 

1. Blood enters atria and ventricles 2. 	 3. Blood pumped into pulmonary
atria contract to 

arteries and the aorta.from pulmonary veins and vena cava. push remaining 
blood into ventricles 

semi-lunar 
valves closed 

left and nght left and nght ~(H-ff-~ztj::::::,,,_ left and nght 
\\a.tJ-i.-:"IF""l"I'- atnoventricular atrioventricular atrioventricular 

valves open valves closedvalves open 

blood pumped 
 ventricles contract and 

relaxation of 	 from atria to walls thicken 
ventricles allows blood ventricles 

to enter from atria Contraction of ventricles (ventricular systole) 


Contraction of atria (atrial systole) Atria relax. Ventricles contract, pushingRelaxation of heart (diastole) 
Atria contract, pushing blood into blood away from heart through pulmonary

Atria are relaxed and fill with blood. the ventricles. Ventricles remain relaxed. arteries and the aorta.
Ventricles are also relaxed . 

.A Figure 1 The cardiac cycle 

Contraction of the atria (atrial systole) 
The contraction of the atrial walls, along with the recoil of the relaxed 
ventricle walls, forces the remaining blood into the ventricles from 
the atria. Throughout this stage the muscle of the ventricle walls 
remains relaxed. 

Contraction of the ventricles (ventricular systole) 
Aher a short delay to allow the ventricles to fill with blood, their walls 

about how the cardiac cycle is 
contract simultaneously. This increases the blood pressure within them, 

controlled in Topic 14.5 Control of 
forcing shut the atrioventricular valves and preventing back flow of blood 

heart rate. 
into the atria. The 'lub' sound of these valves closing is a d1aracteristic 
of the heart beat. With the atrioventricular valves closed, the pressure 
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in the ventricles rises rurther. Once it exceeds that in the aorta and 
pulmonary artery, blood is rorced from the ventricles into these vessels. 
The ventricles have thick muscular walls which mean they contract 
forcdully. This creates the high pressure necessary to pump blood 
around the body. The thick wall of the leh ventricle has to pump blood 
to the extremities or the body while the relatively thinner wall of the 
right ventricle, has to pump blood to the lungs. 

Valves in the control of blood flow 
Blood is kept fl owing one direction through the heart and around the 
body by the pressure created by the heart muscle. Blood will always 
move from a region of higher pressure to one of lower pressure. There 
are, however, situations within the circulatory system when pressure 
differences would result in blood flowing in the opposite direction 
from that which is desirable. l n these circumstances, valves are used to 
prevent any unwan ted backflow of blood. 

Valves in the cardiovascular system are designed so that they open 
whenever the dirference in blood pressure either side of them favours 
the movement of blood in the required direction. When pressure 
differences are reversed, that is, when blood would tend to flow in the 
opposite direction to that which is desirable, the valves are designed to 
close. Examples or such valves include: 

• 	 Atrioventricular valves between the left atrium and ventricle 
and the right atrium and ventricle. These prevent backflow of blood 
when contraction of the ventricles means that ventricular pressure 
exceeds atrial pressure. Closure of these valves ensures that, when 
the ventricles contract, blood within them moves to the aorta and 
pulmonary artery rather rhan back to the atria. 

• 	 Semi-lunar valves in the aorta and pulmonary artery. These prevent 
backflow of blood into the ventricles when the pressure in these 
vessels exceeds that in the ventricles. This arises when the elastic walls 
of the vessels recoil increasing the pressure within them and when 
the ventricle walls relax reducing the pressure within the ventricles. 

• 	 Pocket valves in veins (see Topic 7.6) that occur th roughout the 
venous system. These ensu re tha t when the veins are squeezed, 
e.g. when skele ta l muscles contract. blood flows back towa rds the 
heart rather than away from it. 

The design of these valves is basically the same. They are made up 
of a number or flaps of tough, but flexible, fibrous tissue, which are 
cusp-shaped, in other words like deep bowls. When pressure is greater 
on the convex side of these cusps, rather than on the concave side, 
they move apart to let blood pass between the cusps. When pressure 
is greater on the concave side than on the convex side, blood collects 
within the 'bowl' of rhc cusps. This pushes them together to form a 
tight fit that prevents the passage of blood (Figure 2). 

Pressure and volume changes of the heart 
Mammals have a closed circulatory system, in ocher words the blood 
is confined to vessels, and this allows the pressure within them to be 
maintained and regulated. Figure 4 illustrates the pressure and volume 
changes, and associated valve movements, that take place in the heart 
during a typica l cardiac cycle. 

a Valve open 
cusp of 
valve higher blood pressure above 

\ valve forces it open 

'Ila 	 string-like
P1 r Lower blood pressure tendons 
muscles beneath valve 

b Valve closed 
lower blood pressure 
cannot open valve 

higher blood cusps of valves 
pressure beneath fit closely together 
valve forces rt closed 

A Figure 2 Action of the valves 

semi-lunar 
valves 

A Figure 3 Fo/se·colour SEM ofthe 
semi·lunar valve of the aorta 
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atrioventricular: 
valve I 

closes 
I 
I 

.A. Figure 4 Pressure and volume changes, and associated valve movements, in the left side ofthe heart during the cardiac cycle 

Summary questions 

1 Name the chamber of the heart that produces the greatest pressure. 

2 State whether each of the following statements is true or false. 

a The left and right ventricles contract together. 

b Veins have pocket valves. 

c Semi-lunar valves occur between the atria and ventricles. 

d fi Ifa person's cardiac output is 4.9 dm3 min- t and their heart rate 
is 70 beats a minute, then their stroke volume is 0.7 dm3 . 
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7.5 The cardiac cycle 

Study tip 
Do not mix up cardiac output 
and pulmonary ventilation 
(see Topic 6.7, The mechanism of 
breathing). While both measure 
volumes, the first involves blood 
and the heart (cardiac) and the 
second involves air and the lungs 
(pulmonary]. 

relaxing relaxingleft atrium 

contracting relaxingleft ventricle 

Ventricular pressure is low at 
first, but gradually increases 
as the ventricles fill with blood 
as the atria contract. The left 
atrioventricular valves close 
and pressure rises 
dramatically as the thick 
muscular walls of the ventricle 
contract. As pressure rises 
above that of the aorta, blood 
is forced into the aorta past 
the semilunar valves. Pressure 
falls as the ventricles empty 
and the walls relax. 

Atrial pressure IS always 
relatively low because the thin 
walls or the atnum cannot 
create much force. It IS 

highest when they are 
contracling, but drops when 
the left atrtOVentricular valve 
closes and its walls relax. The 
atria then fill with blood, which 
leads to a gradual build-up of 
pressure until a slight drop 
when the left atrioventricular 
valve opens and some blood 
moves into the ventricle. 

Cardiac output 
Cardiac output is the volume of blood pumped by one ventricle of Lhe 
heart in one minute. It is usually measured in dm3 min- 1 and depends 
upon two factors: 

• the heart rate (the rate at which the heart beats) 

• the stroke volume (volume of blood pumped out at each beat). 

Cardiac output = heart rate x stroke volume 
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Aoltlc pressure rises 
when ventricles contract 
as blood is forced into the 
aorta. It then gradually 
falls, but never below 
around 12 kPa, because 
of the elasticity of its wall, 
which creates a rec0tl 
action - essential if blood 
is to be constantly 
delivered to the bssues. 
The recoil produces a 
temporary nse 1n 
pressure at the start c:J 
the relaxation phase. 

Ventricular volume rises 
as the atria contract and 
the ventricles fill with 
blood, and then drops 
suddenly as blood is 
forced out mto the aorta 
when the semilunar 
valve opens. Volume 
increases again as the 
ventricles fill with blood. 

I 
I 
I 
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3 	 In each case, state what is being described. 

a On contraction it forces blood into the ventricles. 

b The relaxation phase of the heart. 

c Structures that prevent flow of blood from the aorta into the left 

ventricle. 

4 After a period of training, the heart rate is often decreased when 
at rest although the cardiac output is unchanged. Suggest an 
explanation for this. 

5 fi)Use Figure 4 to calculate the heart rate in beats per minute. Show 

your working. 

6 f) If a person has a stroke volume of 0.065 dm3 and a cardiac output of 
5.2 dm3 min 1, calculate their heart rate. 

Hint 

Two facts will help you to 
understand the rather complex 

graph shown in Figure 4. 

• 	 Pressure and volume within a 
closed container are inversely 
related. When pressure 
increases, volume decreases, 
and vice versa. 

• 	 Blood, like all fluids, moves 
from a region where its 
pressure is greater to one 
where it is lower, i.e. it moves 
down a pressure gradient. 

Electrocard iogram 

During the cardiac cycle, the heart undergoes a series of 
electrical current changes. These are related to the waves 
of electrical activity created by the sinoatrial node and 
the heart's response to these. If displayed on a cathode 
ray oscilloscope, these changes can produce a trace 
known as an electrocardiogram. Doctors can use this 
trace to provide a picture of the heart's electrical activity 
and hence its health. In a normal electrocardiogram 

a 	 b 

(ECG] there is a pattern of large peaks and small troughs 
that repeat identically at regular intervals. An ECG 
produced during a heart attack shows less pronounced 
peaks and larger troughs that are repeated in a similar, 
but not identical, way. During a condition called 
fibrillation, the heart muscle contracts in a disorganised 
way that is reflected in an irregular ECG. 

c 

~!rt 

~~ ~ 
r. 

•Figure 6 Three different electrocardiogram {ECG] traces 

1 	 The three ECG traces shown in Figure 6 represent 
an ECG trace for: 
• 	 a normal heart 

• 	 a heart in fibrillation 

• during a heart attack 

Using the letters a, band c, suggest which trace 
corresponds to which heart condition. Give 
reasons for your answers. 

Maths skill 1.3, see Chapter 22. 

• 



Learning objectives 
' Describe the structures of 

arteries, arterioles and veins. 

' Explain how the structure of 
each of the above vessels is 
related to its function. 

' Explain the structure of 
capillaries and how it is 
related to their function. 

Specification reference: 3.3.4.1 

Study tip 

Arteries, arterioles and veins carry 
out transport not exchange; only 
capillaries carry out exchange. 

Study tip 

The elastic tissue of arteries will 
stretch and recoil. It is not muscle 
and will not contract and relax. 
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artery 

lumen -----re!rtl 
lining layer -----llt:ffl 

I 

muscle layer 

.A Figure 1 Comparison ofarteries, veins ond copillaries 

In Topic 7.3 we saw that, in larger organisms, materials arc transported 
around the body by the blood that is confined to blood vessels. This 
topic looks in more detail at these vessels. 

Structure of blood vessels 
There are different types of blood vessels: 

• 	 Arteries carry blood away from rhe heart and into arterioles. 

• 	 Arterioles are smaller arteries that control blood flow from 
arteries tO capillaries. 

• 	 Capillaries are tiny vessels that link arterioles to veins. 

• 	 Veins ca rry blood from capillaries back to the heart. 

Arteries, arterioles and veins all have the same basic layered structure. 
From the outside inwards, these layers arc: 

• 	 tough fibrous outer layer that resists pressure changes from both 
within and outside 

• 	 muscle layer that can contract and so control rhe flow of blood 

• 	 elastic layer that helps t0 maintain blood pressure by stretching 
and springing back (recoiling) 

• 	 thin inner lining (endothelium) that is smooth to reduce 
friction and thin to allow diffusion 

• 	 lumen that is not actually a layer but the central cavity of the 
blood vessel through which the blood nows. 

What differs between each type of blood vessel is the relative 
proportions of each layer. These differences arc shown in Figure 1. 
Arterioles are not included because they arc similar to arteries. They 
differ from arteries in being smaller in diameter and having a relatively 
larger muscle layer and lumen. The differences in structure arc related 
to the differences in the function that each type of vessel performs. 

vein 	 capillary 

lumen ----,..;....;. 

lining layer ---4li~~~A 

muscle layer 

'"~" T-1 

iming layer 
1 
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Artery structure related to function 
The function of arteries is to transport blood rapidly under high 
pressure from the heart to the tissues. Their structure is adapted to this 
function as follows: 

• 	 The muscle layer is thick compared to veins. This means 
smaller arteries can be constricted and dilated in order to control 
the volume of blood passing through them. 

• 	 The e lastic layer is re latively thick compared to veins 
because it is important that blood pressure in aneries is kept high 
if blood is to reach the extremities of the body. The elastic wall is 
stretched at each beat of the heart (systole). It then springs back 
when the heart relaxes (diastole) in the same way as a stretched 
elastic band. This stretching and recoil action helps to mainta in 
high pressure and smooth pressure surges created by the beating of 
the heart. 

• 	 The overall thickness of the wall is great. This also resists the 
vessel bursting under pressure. 

• 	 There a re no valves (except in the arteries leaving the heart) because 
blood is under constant high pressure due to the heart pumping blood 
into the arteries. I t therefore tends not to flow backwards. 

Arteriole structure related to function 
Arterioles carry blood, under lower pressure than arteries, from 
arteries to capillaries. They also control the flow of blood between the 
two. Their structure is related to these functions as follows: 

• 	 The muscle layer is relatively thicker than in arteries. The 
contraction of this muscle layer allows constriction of the lumen 
of the arteriole. This restricts the flow of blood and so controls its 
movement intO the capillaries that supply the tissues with blood. 

• 	 The elastic layer is relatively thinner than in arteries because 
blood pressure is lower. 

Vein structure related to function 
Veins transport blood slowly, under low pressure, from the capillaries in 
tissues to the heart. Their struct ure is related to this function as follows: 

• 	 The muscle layer is relatively thin compared to arteries because 
veins carry blood away from tissues and therefore their constriction 
and dilation cannot control the flow of blood to the tissues. 

• 	 The elastic layer is relatively thin compared to arteries because 
the low pressure of blood within the veins will not cause them to 
burst and pressure is too low to create a recoil action. 

• 	 The overall thickness of the wall is small because there is no 
need for a thick wall as the pressure within che veins is too low to 
create any risk or bursting. le also allows chem to be flacrened easily, 
aiding the flow of blood within them (see below). 

• 	 There are valves at inte rvals throughout to ensure that blood 
does not flow backwards, which it might otherwise do because 
the pressure is so low. When body muscles contract, veins are 
compressed, pressurising the blood within them. The valves ensure 
that this pressure directs rhe blood in one direction only: towards the 
heart (Figure 3). 

,/ 

• Figure 2 Artery {left] and vein {right] 

---- wall of vein 

Blood flowing towards the heart 
passes easily through the valves. 

blood flowing away 
from the heart pushes 
flaps of valve closed 

valve closed 

Blood flowing away from the heart 
pushes valves closed and so blood 
is prevented from flowing any further 
in this direction. 

.._ Figure 3 Action afvalves in veins in 
ensuring one·wayflaw af blaad 
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7.6 Blood vessels and their functions 

.A Figure 4 Folse-colour SEM ofa 
section through a capillary with red 
blood cells passing through it 

.A Figure 5 Resin cast ofa capillary 
network from the large intestine 
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Capillary structure related to function 
The function of capillaries (Figures 4 and 5) is to exchange metabolic 
materials such as oxygen, carbon dioxide and glucose between the 
blood and the cells of the body. The now of blood in capillaries is much 
slower. This allows more time for the exchange of materials. 

The structure of capillaries is related to their funcrion as follows: 

• 	 Their walls consis t mostly of the lining layer, making them 
extremely thin, so the distance over which diffusion takes place is 
short. This allows for rapid diffusion of materials between the blood 
and the cells. 

• 	 They are numerous and highly branched, thus providing a 
large surface area for exchange. 

• 	 They have a narrow diameter and so permeate tissues, which 
mea ns that no cell is fa r from a capillary and there is a short 
diffusion pathway. 

• 	 Their lumen is so narrow that red blood cells are squeezed fla t 
against the side of a capillary. This brings them even closer to the cells 
to which they supply oxygen. This again reduces the diHusion distance. 

• 	 There are spaces between the lining (endothelial) cells that 
allow white blood cells to escape in order 10 deal wirh infections 
within tissues . 

Although capillaries are small, they cannot serve every single cell 
directly. Therefore the final journey of metabolic materials is made in a 
liquid solution that bathes the tissues. This liquid is called tissue fluid . 

Tissue fluid and its formation 
Tissue fluid is a watery liquid that conta ins glucose, amino acids, fatty 
acids, ions in solution and oxygen. Tissue fluid supplies all of these 
substances to the tissues. In return, it receives carbon dioxide and 
other waste materials from the tissues. Tissue fluid is therefore the 
means by which materials are exchanged between blood and cells 
and, as such, it bathes all the cells of the body. It is the immediate 
environment of cells and is, in efl'ecl, where they live. Tissue fluid 
is fo rmed from blood plasma, and the composition of blood plasma 
is con trolled by various homeostatic systems. As a resu lt tissue fl uid 
provides a mostly consta nt environment for the cells it su rrounds. 

Formation of tissue fluid 
Blood pumped by the heart passes along arteries, then the narrower 
arterioles and, finally, the even narrower capil laries. Pumping by the 
heart creates a pressure, called hydros tatic pressure, at the arterial 
end of the capillaries. This hydrostatic pressure causes tissue fluid to 
move out of the blood plasma. The outward pressu re is, however, 
opposed by two other forces: 

• 	 hydrostatic pressure of the tissue fluid outside rhe capillaries, which 
resists outward movement of liquid 

• 	 the lower water potential or the blood, due to the plasma proteins, 
that causes water to move back inro the blood within the capillaries. 

However, the combined effect of all these forces is to create an overall 
pressure that pushes tissue fluid out of the capillaries at the arterial 



end. This pressure is only enough to force small molecules out of the 
capillaries, leaving all cells and proteins in the blood because these are 
too large to cross the membranes. This type of filtration under pressure 
is called u ltrafiltration. 

Return of tissue fluid to the circulatory system 
Once tissue fluid has exchanged metabolic materials with the cells 
it bathes, it is re turned to the circulatory system. Most tissue fluid 
returns to the blood plasma directly via the capillaries. This return 
occurs as follows: 

• 	 The loss of the tissue fluid from the capillaries reduces the 
hydrostatic pressure inside them. 

• 	 As a result, by the time the blood has reached the venous end of 
the capillary network its hydrostatic pressure is usually lower than 
that of the tissue fluid outside it. 

• 	 Therefore tissue lluid is forced back into the capillaries by the 
higher hydrostatic pressure outside them. 

• 	 In addition, the plasma has lost water and still contains proteins. 
It therefore has a lower water potential than th e tissue fluid. 

• 	 As a result, water leaves the tissue by osmosis down a water 
potential gradient. 

The tissue fluid has lost much of its oxygen and nutrients by diffusion 
into the cells that it bathed, but it has gained carbon dioxide and waste 
materials in return. These events are summarised in Figure 6. 

lymph 

lymphatic capillary 

tissue fluid containing 

tissue fluid containing carbon dioxide and 

oxygen and nutrients 


blood from blood to 
heart heart__..,. --+ 

artery 	 vein 

.._Figure 6 Formotion ond return of tissue fluid 

Not aU the tissue fluid can recurn to the capillaries; the remainder 
is carried back via the lymphatic system. This is a system of vessels 
that begin in the tissues. Initially they resemble capillaries (except 
that they have dead ends), but they gradually merge into larger 
vessels that fo rm a network throughout the body. These larger 
vessels drain the ir contents back into the bloodstream via two ducts 
that join vein s close to the heart. 

I 

Hint 

To help prevent cells and proteins 
from leaking out, capillaries have a 
little fibrous tissue around them. 

• 




The graph in Figure 8 shows certain features of the rate of 
flow of blood from and to the heart through a variety blood flow tota l cross· 

sectional 
of blood vessels. 

1 Describe the changes in the rate of blood flow as i 
blood passes from the aorta to the vena cava. 

2 Explain why blood pressure in region A fluctuates 

up and down. 
3 Explain why the rate of blood flow decreases 

between the aorta and capillaries. 

4 Explain how the rate of blood flow in the capillaries 

increases the rate of exchange of metabolic 

materials. 

5 Explain why the structure of capillaries increases 

the efficiency of the exchange of metabolic 

substances. 
A. Figure 8 Flowofblood to andfrom the heart 

• 

7.6 Blood vessels and their functions 

The contents of the lym pha tic system (lymph) a re nor moved by the 
pumping of the heart. Instead chey a re moved by: 

• 	 hydrost a tic pressure of the tissue (] u id tha t has left the capillaries 

• 	 contractio n o f bod y muscles that squeeze the lymph vessels ­t ultrafiltrat1on 

blood 
plasma 

valves in the lymph vessels e nsure that th e flu id inside them m ovesreabsorption
urn away from the tissues in the direction or the heart. 

of l~:ph ~U A summary of the me thods of tissue fluid forma tion and its re turn toISS~
lymph fluid the bloodscream is shown in Figure 7. 
ve sels 

Summary questions 

1 State one advantage of having: 

a 	 thick elastic tissue in the walls of arteries 

b 	 relatively thick muscle walls in arterioles 
A. Figure 7 Formation and return of 

c 	 valves in veinstissue fluid to the bloodstream 
d only a lining layer in capi llaries. 

2 	 Table 1 shows the mean wall thickness of TTable 1 

different blood vessels in a mammal. 

Suggest the letter that is most likely to 

refer to a the aorta, b a capillary, ca vein, 

d an arteriole and e the renal artery. 

3 	 State what forces tissue fluid out of the 

blood plasma in capillaries and into the 

surrounding t issues. 

4 	 List the two routes by which tissue fluid 

returns to the bloodstream. 

Blood 

vessel 

A 

B 

c 
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Mean wall 

thickness/mm 

1.000 

0.001 

2.000 
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0.030 



In plants water is absorbed by the roots through extensions called root 
hajrs. In flowering plants the vast majority of water is transported 
through hollow, thick-walled tubes called xylem vessels. The 
main force that pulls water through the xylem vessels in the stem 
of a plant is the evaporation of water from leaves - a process called 
transpiration. The energy for this is supplied by the sun and 
the process is therefore passive. It is therefore logical to begin an 
explanation of how water moves through the xylem from the point 
where water evaporates from the surfaces of cells surroundjng the 
stomata! air space and water vapour diffuses out of the stomata! pore. 

Movement of water out through stomata 
The humidity o( the atmosphere is usually less than that of the air 
spaces next to the stomata (see Figure 2) . As a result there is a water 
potential gradient from the air spaces through the stomata to the air. 
Provided the stomata are open, water vapour molecules diffuse out of 
the air spaces into the surrounding air. Water lost by diffusion from 
the air spaces is replaced by water evaporating from the cell walls of 
the surrounding mesophyll cells. By changing the size of the stomata! 
pores, plants can control their rate of transpiration. 

Movement of water across the cells of a leaf 
Water is lost from mesophyll cells by evaporation from their cell walls 
to the air spaces of the leaf. This is replaced by water reaching the 
mesophyll cells from the xylem either via cell walls or via the cytoplasm. 
In the case of the cytoplasmic route the water movement occurs because: 

• 	 mesophyll cells lose water to the air spaces by evaporation due to 
heat supplied by the sun 

• 	 these cells now have a lower water potential and so water enters 
by osmosis from neighbouring cells 

• 	 the loss of water from these neighbouring cells lowers their water 
potential 

• they, in turn, take in water from their neighbours by osmosis. 

In this way, a water potential grad ient is established that pulls water 
from the xylem, across the leaf mesophyll, and finally out into the 
atmosphere. These events arc summarised in Figure 2 on the next page. 

Movement of water up the stem in the xylem 
The main factor 1ha1 is responsible for the movement of water 
up the xylem, from the roots 10 the leaves, is cohesion-tension. 
The movement of water up the stem occurs as follows: 

• 	 Water evaporates from mesophyll cells due to heat from the sun 
leading to transpiration. 

• 	 Water molecules form hydrogen bonds between one another and 
hence tend to stick together. This is known as cohesion. 

• 	 Water forms a continuous, unbroken column across the mesophyll 
cells and down the xylem. 

Learning objectives 
-+ Define what transpiration is. 

-+ Explain how water moves 

through the leaf. 

-+ Explain how water moves up 

the xylem. 

-+ Explain the cohesion-tension 

theory of water transport. 

Specification reference: 3.3.4.2 

.A Figure 1 False-ca/our SEM showing 
hollow, rubular xylem vessels adopted to 

transport water 
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7.7 Transport of water in the xylem 

photosynthesis and Alevel 
students will learn more about its 
role in this process in Topic 11.1 An 
overview of photosynthesis 

£. Figure 3 Section rhrough o leaf 
showing the tissues involved in rhe 
movemenr of water 
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_...-waxy cuticle 

___-upper epidermal cell 

water moving along a water 
potential gradient to mesophyll 
cell for use 1n photosynthesis 

xylem vessel 

water moving along a water 
potential gradient by: 

- cell wall pathway 

- cytoplasmic pathway 

air space 

mesophyll cell 

stoma 

£. Figure 2 Movement ofwater across leaf 

• 	 As water evaporates from the mesophyll cells in the leaf into the air 
spaces beneath the stomata, more molecules of water are drawn up 
behind it as a result of this cohesion. 

• 	 A column of water is therefore pulled up the xylem as a result of 
transpiration. This is called the tran spiratio n pull. 

• 	 Transpiration pull puts the xylem under tension, that is, there is a 
negative pressure within the xylem, hence th e name cohesion­
tension t heory. 

Such is the force of the transpiration pull that it can easily raise water 
up the lOO m or more of the ta llest trees. There are severa l pieces of 
evidence to support the cohesion- tension theory. These include: 

• 	 Change in the diameter of tree trunks according to the rate of 
transpiration. During the day, when transpira tion is at its greatest, 
there is more tension (more negative pressure) in the xylem. This 
pulls the walls of the xylem vessels inwards and causes the trunk to 

shrink in diameter. At night when transpiration is at its lowest, chere 
is less cension in the xylem and so the diameter of the trunk increases. 

• 	 If a xylem vessel is broken and air enters it, the tree can no longer 
draw up water. This is because the continuous column of water is 
broken and so the water molecules can no longer stick together. 

• 	 When a xylem vessel is broken, water does not leak out, as would 
be the case if it were under pressure. lnstead air is drawn in, which 
is consiscent with it being under tension. 

Transpiration pull is a passive process and therefore docs not require 
metabolic energy to take place. Indeed, the xylem vessels through 



whi ch the water passes are dead and so cann ot actively move th e 
water. Xylem vessels have no end walls which means that xylem 
forms a series of conti nuous, unbroken tubes from root to leaves, 
which is essentia l to the cohesion-tension theory of wa ter flow 
up che stem. Energy is nevenheless needed to drive the process of 
transpiration. This energy is in the form of h eat that evaporates water 
from the leaves and it ult imately comes from the sun. 

Figure 4 summarises the movement of water from the soil, th rough 
the plant, and into the atmosphere. 

water is drawn up in 
the transpiration stream 
as a result of the cohesive 
forces between water 
molecules 

~ cell wall pathway 

- cytoplasmic pathway 


root hair cell 

.A. Figure 4 Summary afwater transport through a plant 

Summary question 

1 	 State the most suitable word, 
or words, represented by a- f 
in the passage below. 

Water leaves from the air 
spaces in a plant by a process 
called a. This takes place 
mainly through pores called 
bin the epidermis of the leaf. 
Water evaporates into the air 
spaces from mesophyll cel ls. 
As a result these cells have a 
c water potential and so draw 
water by d from neighbouring 
cells. In this way, a water 
potential gradient is set up 
that draws water from the 
xylem. Water is pulled up 
the xylem because water 
molecules stick together - a 

phenomenon called e. During 
the night the diameter of a 
tree trunk f. 

If you put your arms around a suitably sized tree trunk in the middle of the 
day your fingers will just touch on the far side of the tree. Try to hug the 
same tree at night and your fingers wil l probably no longer meet. The graph 
in Figure 5 shows why. It shows the rate of water flow up a tree and the 
diameter of the tree trunk over a 24-hour period. 

1 At what time of day is transpiration rate greatest? Explain your 
answer using information in Figure 5. 

2 Describe the changes in the rate of flow of water during the 
24-hour period. 

3 Explain in terms of the cohesion-tension theory the changes in the 
rate of flow of water during the 24-hour period. 

4 Explain the changes in the diameter of the tree trunk over the 
24-hour period. 

5 If the tree was sprayed with ammonium sulfamate, a herbicide that kills 
living cells, the rate of water flow would be unchanged. Explain why. 
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.A. Figure 5 Variation ofrate ofwater 
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7.7 Transport of water in the xylem 

It is almost impossible to measure transpiration because 
it is extremely difficult to condense and collect all the 
water vapour that leaves all the parts of a plant. What 
we can easily measure, however, is the amount of water 
that is taken up in a given time by a part of the plant such 
as a leafy shoot. About 99% of the water taken up by a 
plant is lost during transpiration, which means that the 
rate of uptake is almost the same as the rate at which 
transpiration is occurring. We can then measure water 
uptake by the same shoot under different conditions, e.g. 
various humidities, wind speeds or temperatures. In this 
way we get a reasonably accurate measure of the effects 
of these conditions on the rate of transpiration. 

The rate of water loss in a plant can be measured using a 
potometer (Figure 6). The experiment is carried out in the 
following stages: 

• 	 A leafy shoot is cut under water. Care is taken not to 
get water on the leaves. 

• 	 The potometer is filled completely with water, making 
sure there are no air bubbles. 

• 	 Using a rubber tube, the leafy shoot is fitted to the 
potometer under water. 

• 	 The potometer is removed from under the water and 
all joints are sealed with waterproof jelly. 

• 	 An air bubble is introduced into the capillary tube. 

• 	 The distance moved by the air bubble in a given time 
is measured a number of t imes and the mean is 
calculated. 

reservoir of 
water 

syringe 
cut end of ---tf'.&I 
shoot 

-tf:!j...---tap 

rubber tube 

capillary tube 

millimetre scale 

• 	 Figure 6 Apotomerer 
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• 	 Using this mean value, the volume of water lost is 
calculated. 

• 	 The volume of water lost against the time in minutes 
can be plotted on a graph. 

• 	 Once the air bubble nears the junction of the reservoir 
tube and the capil lary tube, the tap on the reservoir 
is opened and the syringe is pushed down until the 
bubble is pushed back to the start of the scale on the 
capil lary tube. Measurements then continue as before. 

• 	 The experiment can be repeated to compare the 
rates of water uptake under different conditions, for 
example at different temperatures, humidity, light 
intensity, or the differences in water uptake between 
different species under the same condit ions. 

1 	 From your knowledge of how water moves up the 
stem,suggest a reason why each of the following 
procedures is carried out: 
a The leafy shoot is cut under water rather than 

in the air. 
b All joints are sealed with waterproof jelly. 

2 State what assumption must be made if a potometer 
is used to measure the rate of transpiration. 

3 	 The volume of water taken up in a given time can 
be calculated using the formula rrr2/ [where 
7t = 3.142, r =radius of the capillary tube, and 
I = the distance moved by the air bubble). In an 
experiment the mean distance moved by the air 
bubble in a capillary tube of radius 0.5 mm during 
1 min was 15.28 mm. Calculate the rate of water 
uptake in cm3 h 1. Show your working. 

4 	 If a potometer is used to compare the transpiration 
rates of two different species of plant, suggest one 
feature of both plant shoots that should, as far as 
possible, be kept the same. 

5 	 Suggest reasons why the results obtained from 

a laboratory potometer experiment may not be 

representative of the transpiration rate of the 

same plant in the wild. 


air bubble 



Specialised plant cells 

The root hair cell 

Figure 7 shows the structure of a root hair cell. Each root 
hair is an extension of a root epidermal cell. Root hairs 
are the exchange surfaces in plants that are responsible 
for the absorption of water by osmosis and mineral ions 
by active transport. 

1 State two features shown in Figure 7 that suit a 
root hair cell to its function of absorbing water and 
mineral ions. 

Z Define osmosis. 
3 Explain in terms of water potential how water 

might be absorbed into a root hair cell. 
4 Suggest the name of an organelle that you might 

expect to occur in large numbers in a root hair cell, 
giving a reason for your answer. 

Xylem vessels 

Xylem vessels vary in appearance, depending on the 
type and amount of thickening of their cell walls. As they 
mature, their walls incorporate a substance called lignin 
and the cells die. The lignin often forms rings or spirals 
around the vessel. The structure of xylem vessels is 
shown in Figure 8. 

5 	 The process of transporting water in plants in the 
transpiration stream involves water being pulled 
up the plant, which causes a negative pressure in 
the xylem vessels. Explain how xylem vessels are 
adapted to cope with this. 

6 	 Name two other features shown in Figure 8 that 
suit xylem vessels to their function of transporting 
water up a plant. 

7 	 Suggest one advantage ofxylem vessels being dead 
cells in order to carry out their function effectively. 

8 	 Suggest another possible feature of lignin, 
other than its mechanical strength, that would 
be useful in ensuring that water was carried 
up the plant. 

9 	 The thickening of the cell wall in xylem vessels is 
often spiral. Suggest three advantages to the plant 
of having this arrangement rather than continuous 
thickening. 

cellulose 
cell wall 

nucleus 

.& Figure 7 A root hair cell {top]; root 

hairs on radish seedlings arefor the 
absorption ofworer and mineral ions 
{bottom} 

longitudinal section 

transverse sect ion 

• 

in xylem vessel 

.& Figure 8 Xylem vessels seen in 
longitudinal ond transverse section 

spiral 
thickening 



7.8 Transport of organic substances in 
the phloem 

Learning objectives 
' Describe the mass flow 

mechanism for the transport 

of organic substances in the 

phloem. 

' Summarise the evidence for 
and against the mass flow 

mechanism. 

Specification reference: 3.3.4. 2 
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tube element 
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view 

cellulose cell 
wall 

sieve pore 
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'- sieve tube 
element 

cytoplasm 

A Figure 1 Phloem os seen under o 

light microscope 
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The process by which organic molecules and some mineral ions are 
transponed from one part of a plant to another is called tra ns location. 
In flowering plantS, the tissue that transports biological molecules is 
called phloem. Phloem is made up of sieve tube clements, long thin 
structures arranged end to end. Their end walls arc perforated tO form 
sieve plates. Associated with the sieve tube clements are cells called 
companion cells. The structure of phloem is shown in Figure I. 

Having produced sugars during photosynthesis, the plant transports them 
fTom the sites of production, known as sources, to the places where they 
will be used directly or stored for future use - known as sinks. As sinks 
can be anywhere in a plant - sometimes above and sometimes below the 
source - it follows that the translocation of molecules in phloem can be 
in either direction. Organic molecules to be transported include sucrose 
and amino acids. The phloem also transports inorganic ions such as 
potassium, chloride, phosphate and magnesium ions. 

Mechanism of translocation 
It is accepted that materials are transported in the phloem and that 
the rate of movement is t00 fast to be explained by diffusion. What is 
in doubt is the precise mechanism by which translocation is achieved. 
Current thinking favours the mass flow theory, a theory that can be 
divided into three phases: 

1. Transfer of sucrose into sieve elements from 
photosynthesising tissue 
• 	 Sucrose is manufactured from the products of photosynthesis in 

cells with chloroplasts. 

• 	 The sucrose diffuses down a concentration gradient by facilitated 
diffusion from the photosynthesising cells into companion cells. 

• 	 Hydrogen ions are actively transported from compan ion cells into 
the spaces within cell walls using ATP. 

• 	 These hydrogen ions then diffuse down a concentration gradient. 
through carrier proteins into the sieve tube elements. 

• 	 Sucrose molecules are transported along with the hydrogen 
ions in a process known as co-transport (Topic 4.5). The protein 
carrie rs are therefore also known as co-tra n sport proteins. 

2. Mass flow of sucrose through sieve tube elements 
Mass flow is the bulk movement of a substance through a given 
channel or area in a specified time. Mas~ flow of sucrose through sieve 
tube elements takes place as follows: 

• 	 The sucrose produced by phowsynthesising cells (source) is actively 
transponed intO the sieve tubes as described above. 

• 	 This causes the sieve tubes to have a lower (more negative) water 
potential. 

• 	 As the xylem has a much higher (less negative) water potential 
(see Topic 7.7), water moves from the xylem into the sieve tubes by 
osmosis, creating a high hydrostatic pressure within them. 



A Figure 2 Colourised SEM ofsieve 
plates 

• 	 At the respiring cells (sink), sucrose is either used up during 
respiration or convened to starch for storage. 

• 	 These cells therefore have a low sucrose content and so sucrose is 
actively transported into them from the sieve tubes lowering their 
water potential. 

• 	 Due to this lowered water potential, water also moves into these 
respiring cells, from the sieve tubes, by osmosis. 

• 	 The hydrostatic pressure of the sieve tubes in this region is 
therefore lowered. 

• 	 As a result of water entering the sieve tube elements at the source 
and leaving at the sink, there is a high hydrostatic pressure at the 
source and a low one at the sink. 

• 	 There is therefore a mass flow of sucrose solution down this 
hydrostatic gradient in the sieve tubes. 

While mass flow is a passive process, it occurs as a result of the active 
transport of sugars. Therefore the process as a whole is active which is 
why it is affected by, for example, temperature and metabolic poisons. 
A model of this theory is shown in Figure 3 and th.e evidence for and 
against the mass How theory is listed in Table I. 

Cell A - has membrane 
permeable only to water 
It contains a solution with 
a high concen tration of 
sucrose. it represents 
the leaf of a plant. 

Water enters eelI A 
by osmosis because 
it has a lower water 
potential than the 
water surrounding it. 

glass tube linking cell A to 
cell B represents the phloem 

direction of flow 

of sucrose solution 


direction of 

water flow 


glass tube linking the two vessels ­
represents the xylem 

Cell B - has a membrane 
permeable only to water 
It contains a solution with 
little sucrose. It represents 
respiring or storage regions 
of the plant, e.g., roots. 

Water leaves 
because it is forced 
out due to the 
high pressure 
potential created 
in A. 

Provided sucrose is continually produced in A (leaf) and continually 
removed at B (e.g., root}, the mass flow ofsucrose from A to B continues. 

A Figure 3 Model illustrating the movement ofsucrose by mass flow in phloem 

'Y Table 1 Evidencefor and against the mass flow theory 

Evidence supporting the mass flow hypothesis 

• 	 there is a pressure within sieve tubes, as shown by sap 
being released when they are cut. 

• 	 the concentrat ion of sucrose is higher in leaves (source) 
than in roots (sink). 

• 	 downward flow in the phloem occurs in daylight, but 
ceases when leaves are shaded, or at night. 


increases in sucrose levels in the leaf are followed by similar 

increases in sucrose levels in thephloem a little later. 


• 	 metabolic poisons and/or lack of oxygen inhibit 
translocation of sucrose in the phloem. 

companion cells possess many mitochondria and 
readily produce ATP. 

Evidence questioning the mass flow hypothesis 

• 	 the function of the sieve plates is unclear, as they would 
seem to hinder mass flow (it has been suggested that 
they may have a structural function, helping to prevent 
the tubes from bursting under pressure). 

• 	 not all solutes move at the same speed - they should do 
so ifmovement is by mass flow. 

• 	 sucrose is delivered at more or less the same rate to all 
regions, rather than going more quickly to the ones with 
the lowest sucrose concentration, which the mass flow 

theory would suggest. 

• 




•• 

7.8 Trans port of organic substances in the phloem 

• 


3. Transfer of sucrose from t he sieve tube elements into 
storage or other sink cells 
The sucrose is active ly transported by compan ion cells, out of the sieve 
tubes and into the sink cells. 

The process of translocation of sucrose in phloem is ill ustrated in 
Figure 4. 

phloem sieve 

tube element 

... 

SOURCE 
e.g., photosynthesing 
cell 

sucrose made 
in cytoplasm 

companion cell 

SINK 
e.g., resp1nng cell 

grain 

£. Figure 4 Movement of sucrose from source to sink through the 
phloem ofo plant 

Summary questions 

State the most suitable word or words represented by the letters a- k in the 

passage below. 

Transport of sucrose in plants occurs in the tissue called a, from places 

where it is produced, known as b, to places where it is used up or stored, 

called c. One theory of how it is translocated is called the d theory. Init ially 

the sucrose is transferred into e elements by the process of f . The sucrose 

is produced by g cells that therefore have a h water potential due to this 

sucrose. Water therefore moves into them from the nearby I tissue that 

has a j water potential. The opposite occurs in those cells (sinks) using up 

sucrose, and water therefore leaves them by the process of k . 



We have seen that water is ca rried in xylem while sugars and amino 
acids arc carried in phloem. How can we be sure that this is the case? 
This topic looks at some of the evidence and how it is obtained. 

Ringing experiments 
Woody stems have an ourer protective layer of bark on the inside of 
which is a layer of phloem that extends all round the stem. Inside the 
phloem layer is xylem (Figure 1 ). 

At the start of a ringing experiment, a section of the outer layers 
(protective layer and ph loem) is removed around the complete 
circumference of a woody stem while it is still attached to the rest of the 
plant. After a period of rime, the region of the stem immediately above 
the mjssing ring of tissue is seen to swell (Figure 1). Samples of the 
liquid that has accumu lated in this swollen region are found to be rich in 
sugars and other dissolved organic substances. Some non-photosynthetic 
tissues in the region below rhe ring (towards the roots) are found to 
wither and die, while those above the ring continue to grow. 

These observations suggest rhat removing the phloem around the stem 
has led to: 

• 	 the sugars of the phloem accumulating above the ring, Leading co 
swelling in this region 

• 	 the interruption of now of sugars to the region below the ring and 
the death of tissues in this region. 

The condusion drawn from this type of ringing experiment is that 
phloem, rather than xylem, is the tissue responsible for translocating 
sugars in plants. As the ring of tissue removed had not extended into 
the xylem, its continuity had not been broken. If it were the tissue 
responsible for transloca ting sugars you would not have expected 
sugars to accumulate above the ring nor tissues below it to die. 

Tracer experiments 
Radioactive isotopes are useful for tracing the movement of 
substances in plants. for example the isotope 14C can be used to 
make radioactively labelled carbon dioxide (14C02 ). If a plant is then 
grown in an atmosphere containing 14C02, the 14 C isotope will be 
incorporated into the sugars produced during photosynthesis. These 
radioactive sugars can then be traced as they move within the plant 
using autoradiography. In our example, this involves taking thin 
cross-sections of the plant stem and placing them on a piece of X-ray 
film. The film becomes blackened where it has been exposed to the 
radiation produced by the 14C in the sugars. The blackened regions 
are found to correspond 10 where phloem rissue is in the stem. As the 
other tissues do not blacken rhe film, it follows that they do not carry 
sugars and that phloem alone is responsible for their translocation. 

Learning outcomes 
-+ 	 Describe the use of ringing 

experiments to investigate 

transport in plants. 

-+ 	 Describe the use of tracer 

experiments to investigate 

transport in plants. 

-+ 	 Explain the evidence that 

trans location of organic 

molecules occurs in the 

phloem. 

Specification reference: 3.3.4.2 

woody stem before 
ringing protective outer 

bark 
phloem 

xylem 
pith 

ring of protective 
layer and phloem 
1s removed around 
the circumference 
of the stem 

woody stem after 
ringing 

stem immediately 
above the ring swells 
due to accumulation 
of sugars 

.6. Figure 1 Ringing ofo woody stem 
ond its results 
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7.9 Investigating transport in plants 

Summary questions 

1 a Suggest what difference 
there would be between 
the results of a ringing 
experiment carried out 
in the summer and one 
carried out in the winter. 

b Explain the reason for 
the difference you have 
suggested. 

2 	 Squirrels sometimes strip 
sections of bark from around 
branches. Explain why these 
branches might die. 

3 	 Suggest how a branch with 
a complete ring ofphloem 
stripped from it by squirrels 
might still survive. 

4 	 Explain why squirrels are 
unlikely to cause the death 
of a large mature tree by 
stripping some bark from 
its trunk. 

5 	 Study Figure 2 and suggest an 
explanation for: 

a 	 Why there is a time lag 
between the maximum 
sucrose content in the 
leaves and the phloem in 
the stem and roots. 

b 	 Why the sucrose 
concentration in the 
phloem in the stem is lower 
than that in the leaves. 

• 


Evidence that translocation of organic molecules 
occurs in phloem 
The techniques described are only two of the pieces of evidence 
that support the view that translocation of organic molecules such 
as suga rs takes place in phloem. A more complete list of evidence is 
given below. 

• 	 When phloem is cut, a solution of organic molecules flow out. 

• 	 Plants provided with radioactive carbon dioxide can be shown to 

have radioactively labelled carbon in phloem after a short time. 

• 	 Aphids are a type of insect that feed on plants. They have needle­
like mouthparts which penetrate the phloem. They can therefore 
be used tO extract the contents of the sieve tubes. These contents 
show daily variations in the sucrose content of leaves that are 
mirrored a Little later by identical changes in the sucrose content of 
the phloem Figure 2. 

• 	 The removal of a ring of phloem from around the whole circumference 
of a stem leads to the accumulation of sugars above the ring and their 
disappearance from below it. 
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.A. Figure 2 Diurnal variation in sucrose content 
of/eaves and phloem 
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Sucrose conte t 
of phloem in 
the stem 
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time of day 

Using radioactive tracers to find which tissue 
transports minerals • e 

In an experiment to determine whether minerals are transported in xylem 
or phloem, a plant was grown in a pot. One branch (Y) on each plant had 
a 225 mm section of its phloem and xylem separated by inserting strips 
of impervious wax paper between them as shown in Figure 3. A225 mm 
section of another branch (X) of the same plant that had not had its xylem 
and phloem separated by wax paper was used as a control. 



sample 
sites 

phloem 
xylem 

wax paper 

.6 Figure 3 Portion ofbranch ofplant 
showing how xylem and phloem are 
separated by wax paper and where 
samples were token 

The plant was watered with a solution that contained radioactive potassium 
(42 K). After 5 hours absorbing radioactive 42 K, sections of the experimental 
branch were tested for the quantity of 42K in the xylem and phloem. The 
sections tested are labelled on Figure 3. 

The equivalent positions on the control branch were also tested for 42K. 

The results are shown in Table 1. 

T Table 1 

1 53 4? 53 
2 09 
3 56 44 01 

4 15 
5 52 48 59 

4? 

91 

99 
85 

41 

1 Draw a conclusion from the data in the table. 
2 Justify your conclusion with supporting evidence. 
3 Explain the fact that the levels of 42K are similar in the xylem and 

phloem of branch Yin sections 1 and 5. 
4 	 The control (branch X) was an identical length of a different branch 

that had not had wax paper placed between the xylem and phloem. 
Suggest a way in which this control could have been improved. 
Explain why the change you suggest is an improvement. 

• 




Practice questions: Chapter 7 

• 


l Lugworms live in mud where the partial pressure o[ oxygen is low. The graph shows 
oxygen dissociation curves for a lugworrn and for a human. 

parltaI pressure (p02) -
(a) 	 Explain the advantage to the lugworm of having haemoglobin with a 

dissociation curve in the position shown. (2 marks) 
(b) 	 In humans, substances move out of the capillaries to form tissue fluid. 

Describe how this tissue fluid is returned to the circulawry system. (3 marks) 
AQA June 20 I l 

2 The 1able shows pressure changes in the left side of the heart during one cardiac cyde. 
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(a) 	 Between which times is the valve between the atrium and the ventricle closed? 
Explain your answer. (2 marks) 

(b) 	The maximum pressure in the ventricle is much higher than that in the atrium. 
Explain what causes this. (2 marks) 

(c) 	 Use the information in the table to calculate the heart rate in beats 
per minute. ( l mark) 

AQA June 2011 

3 	 (a) (i) An arteriole is described as an organ. Explain why. (J mark) 
(ii) 	 An arteriole contains muscle fibres. Explain how these muscle fibres 

reduce blood Clow to capillaries. (2 marks) 

(b) 	 (i) A capillary has a thin wall. This leads to rapid exchange or substances 
between the blood and tissue fluid. Explain why. (/mark) 

(ii) 	 Blood flow in capillaries is slow. Give the advantage or this. (J mark) 

(c) 	 Kwashiorkor is a disease caused by a lack of protein in the blood. This leads 
to a swollen abdomen due Lo a build up of tissue nuid. 
Explain why a lack of protein in the blood causes a build up of tissue nu id. (3 marks) 

AQA Jan 2013 

4 (a) 	 Scienrists measured the rate of water flow and the pressure in the xylem in a small 
branch. Their results arc shown in the graph. 



Chapter 7 Mass transport 

0.0 

- 1.0 

pressure 
inside 
xylem/ -2.0MPa 
(--) 

-3.0 
\ 

\ 
\ ... 

-4.0 

8 

7 

6 

rate of5 
water flow 

4 1n xylem/mm3 
per minute 

3 ( ----) 

2 

0 
00.00 12.00 

time of day 

00.00 

(i) 

(ii) 

Use your knowledge of t ranspiration to explain the changes in the ra te 
of flow in the xylem shown in the graph. 
Explain why the va lues for the pressure in the xykm an: negotive. 

(3 marks} 
(I mark) 

(b) Doctors measured rhe thickness of the walls of three blood vessels in a large group 
of people. Their results are given in the table. 

Name of vessel Mean wall thickness I mm 

(±standard deviation) 

Aorta S.7 ± 1.2 

Pulmonary artery 1.0 ± 0.2 

Pulmonary vein O.S ± 0.2 

(i) 	 Explain the difference in thickness between the pulmonary artery and 
the pulmonary vein. (I mark) 

(ii) The thid.ness of the aorta wall changes all the time during each cardiac cycle. 
Explain why. (3 marks) 

(iii) 	 Which of the three blood vessels shows the greatest variation in wall thickness? 
Explain your answer. (I mark) 

(c) 	 Describe how tissue fluid is formed and how it is returned to the 
circulatory system. (6 marks) 

AQA .June 20 12 

5 	 Explain how water emers xylem from the endoderrn is in the root and is then 
transported to the leaves. (6 marks) 

AQA June 20 I 3 

6 	 The tabk shows measurements of pulse rate, systolic blood pressure and diastolic blood 
pressure of an individual after sitting in a chair or walking fast or running. 

level of activity pulse rate I beats systolic pressure I diastolic pressure I stroke volume I 

min ­ 1 kPa kPa ml 

s itt ing 62 1S.S 10.4 SS 

after walking S8 19.2 10.7 74 

after running 106 23.8 11.1 88 

(a) Calculate the changes in systolic pressure as the level of activity increases. (2 marks) 
(b) Explain the difference in the effect of exercise on systolic and diastolic 

pressure. (3 marks) 
(c) Calculate the cardiac output of this individual after running. Give you 

answer in dm1 min- 1• (I mark) 
(d) Predict and explain the effect on potential cardiac output of daily exercise 

sessions over a six month period. (2 marks) 

----• 



Section 3 Summary 
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Section 3 Organisms exchange substances with their environment 

r 	 ., 
Practical skills 
In this section you have met 
the following practical skills: 

• 	 Evaluatingthe results of 
scientific experiments 

• 	 Using appropriate 

apparatus, such 

as apotometer, to 

obtain quantitative 

measurements 


• 	 Commenting on 

experimental design 

and suggesting 

improvements. 


~ 

, 	 ., 

Maths skills 
In this section you have met the following maths skills: 


Calculating surface area to volume ratios 
• 
• 	 Changing the subject in pulmonary ventilation and 

cardiac output equations 

• 	 Using appropriate units in calculations 

• 	 Substituting values in, and solving, algebraic 

equations 


• 	 Interpreting graphs and translating information 

between graphical and numerical forms 


• 	 Recognising expressions in decimal and standard forms 

• 	 Understanding simple probability 

• 	 Interpreting bar charts . 
.... 	 ~ 

Extension tasks 
Using the knowledge that you have gained 
from this section make a comprehensive list 
of each of the following: 

a The general features ofall transport systems. 

b The differences between transport 
systems in plants and transport systems 
in animals. 

c An explanation for each of the differences 

you have listed under b). 

Figure 1 shows you how to take a person's 
pulse at the wrist. Each pulse is equivalent to 
a single heartbeat. 

You should take each person's pulse for 
30 seconds and double the reading to give the 
number of heart beats per minute (heart rate). 

Find out what is meant by the 'recovery 
heart rate' and then design and carry out 
an experiment to determine any difference 
between the recovery heart rate of people 
who exercise frequently and those who do 
not. Draw conclusions from your results and 
suggest an explanation for them . 

• 




Section 3 Practice questions 

l Large insects contracL muscles associated wiLh the abdomen LO force air in and out of 
the spiracles. This is known as 'abdominal pumping'. The table shows the mean rate of 
abdominal pumping of an insect before and during night. 

Stage of flight Mean rate of abdominal pumping I 
dm3 of air kg-1 hour-1 

• 


During 	 186 

(a) Calculate the percentage increase in the rate of abdominal pumping before and 
during night. 

Show your working. 


(b) 	 Abdominal pumping increases the ert1ciency of gas exchange between the 
tracheoles a nd muscle Lissue of the insect. Explai n why. 

(c) 	 Abdomina l pumping is an adaptation not found in many small insects. 
These small insects obtain sufficient oxygen by diffusion. 
Expla in how their small size enables gas exchange to be cl'flcient withou t 
the need (or abdomina l pumping. 
The graph shows the concemraLion of oxygen inside the tracheoles or an 
insect when at rest. It also shows when the spiracles arc fully open. 
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(d) 	Use the graph to calculate the frequency o f spiracle open ing. Show your 
working. 

(e) 	 The insect opens its spiracles at a lower frequency in very dry conditions. 
Suggest one advantage of this. 

(f) 	 The ends of tracheoles connect directly with the insect 's muscle tissue and 
are filled with water. When flying, water is absorbed into the muscle tissue. 

(2 marks) 

(2 marks) 

(1 mark) 

(2 marks) 

(I mark) 

Removal or water from the tracheoles increases the rate of diffusion of oxygen 
between the tracheoles and muscle tissue. Suggest one reason why. (I mark) 

AQA June20t3 

2 (a) Describe how proteins arc digested in the human gut. (4 marks) 
AQA SAMS A LEVEL PAPER l 

(b) 	 The enzyme lipase catalyses the digestion of lipids. The optimum pH of one 
version of this enzyme is 4.7. Calculate the concentration of hydrogen ions 
in a solution of pH 4.7. (2 marks) 
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Section 3 Organisms exchange substances with their environment 

Newborn babie~ can be red with breast milk or with formula milk. Both types of 

milk contain carbohydrates, lipids and proteins. 

• 	 Human breast milk also contains a bile-activated lipase. This emyme b thought tO be 

inactive in milJ.. but activated by bile in the small intestine of the newborn baby. 
• 	 Formula milk does not contain a bile-activated lipase. 


Scientists investigated the benefits of breast milk compared with formula milk. 

The scientists used kitlens (newborn cats) as model organisms in their laboratory investigation. 

(a) 	 Other than ethical reasons. suggest two reasons why they chose to use cats 

as model organisms. (2 marks) 
(b) 	 Before staning their experiments, the scientists confirmed that. like human 

breast milk, cat's milk also contained bile-activated lipase. To do this, they 
added bile to cat's milk and monitored the pH of the mixture. 
Explain why monitoring the pH of the mixture could show whether the 
cat's milk contained lipase. (2 marks) 

The scientists then took I 8 ki ttens. Each kitten had been breastfed by its 

mother for the previous 48 hours. 

The scientists divided the kittens randomly into three groups of six. 
• 	 The kiuens in group 1 were fed formula milk. 
• 	 The kittens in group 2 were fed formula milk plus a supplcmcnt containing 


bile-activated lipase. 

• The kittens in group 3 were fed breast milk taken from their mothers. 


Each kiLLen was red 2 cm 1 of milk each hour for 5 days. 

The scientists weighed the ki11ens at the start of the investigation and on each day 

for 5 days. 


group 1 group 2 group 3 

rorm ula formula breast 
plus lipase milk 

type of milk given to kittens 

A Figure 5 shows the scientists' results. 

(c) 	 Whal can you conclude from Figure 5 about the importance of bile-activated 
lipase in breast milk? 	 (J marks) 
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Chapter titles 

8 DNA, genes and 
protein synthesis 

9 Genetic diversity 
and adaptation 

10 Biodiversity 
... 

..... 
Introduction 
A look at the living world around us is enough to demonstrate the 
striking variety of lile. This biodiversity is reflected not just in the 
multipliciry of different species, but also in 1he range of differem 
individuals within a single species. Then there is the variety o[ different 
tissues, organs and cells that make up one individual. All this diversity is 
primarily the result of the genes that each organism possesses. It is not 
entirely genetic however, the environmen t plays its part by modjfying 
1he characterisrics determined by an individua l's genes. 

~ 

A gene is fotrnd on a specific region of a ONA molecule known as 
the locus. DNA is a remarkable molecule, carrying vast amounrs 
of information in che form of its sequence or nucleotide bases. The 
base sequence of each gene carries coded genetic information that 
determines, in wm, the sequence of amino acids in an organism's 
proteins. The generic code is universal, being the same for all living 
organisms and therefore provides indirect evidence that organisms 
have evolved from one anocher. 

DNA is a very scable molecule. It has to be ii it is 10 reliably transfer 
informarion from one generation to the next in a way thar faichfully 
reproduces the characteristics of the parents in the offspring. How 
then has che generic diversity that is so evident arisen if DNA is not 
easily alrered? There are a number of mechanisms. The process of 
sexual reproduction introduces variety in a number of ways, not least 
the combining of two different sets of genes - one from each parent. 
1n addition, meiosis at some point in the life cycle leads to a random 
shuffling of the chromosomes. Then there are sponraneous random 
changes ro DNA called mutations. Despite being rare, they are rhe 
basis of genetic change and evolution. 

From the diverse range of individuals in a popula1ion of a species there 
will be some that are better adapted to the particular conditions that 
exist at the rime they are alive. These individuals will be more likely 
to survive and breed and therefore pass on their alleles to the next 
generation. 1n this way populations may evolve by narural selection 
into new species. 

Measuring diversity within a species can be achieved by comparing 
differences in the sequence of nucleotide bases in an individual's DNA 
or in the sequence of amino acids in the proteins char this DNA codes 
for. Measuring biodiversity within a community can be achieved by 
using an index of diversity or species richness. 



Working scientifically 
The study of genetic informa tion, variation and relationships be tween 
orga nisms provides scope to perform practical work and to develop 
practical skills. A requi red practical activity is the use of aseptic 
techniques 10 investigate the eJfect of antim icrobial substances on 
bacterial grow1h. 

A range of mathema tical skills will be needed in your work, in panicular 
the ability 10 use power and logarithmic fun ctions of a calculator, use 
a logarithmic sca le, find arithmetic means, understand measures of 
dispersion incl uding standard deviation and substitute values in algebra ic 
equa tions. 

What you already know 

The material in this unit is intended to be self-explanatory, but there arc certain facts 
from GCSE that will help your understanding of this section. These facts include: 

0 Petri dishes and culture media must be steri lised before use to kill unwanted 
microorganisms. 

0 Inoculating loops are used to transfer microorganisms to culture media and 
they must be sterilised by passing them through a flame. 

0 The lid of the Petri dish should be secured with adhesive tape to prevent 
microorganisms from the a ir contaminating the culture . 

0 The 1ype of cell d ivision in which a cell divides to iorm gametes is ca lled meiosis. 

0 Sex ua l reprodu ction gives rise to variation because, wh en ga mer.cs fuse, one of 
each pa ir o f a lleles comes from each parent. 

0 Chromosomes are made up of large molecules of DNA (deoxyribonucleic acid), 
which has a double helix structure. 

0 A gene is a sma ll section of DNA. 

0 Each gene codes for a particular combination of amino acids that make a 
specific protein . 

0 Genetic variation is due to a population having a wide range of alleles that 
control their characteristics. 

0 In each population, the alleles that control the characteristics which help the 
organism 10 survive are selected. 

0 Quantitative data on the distribution of o rganisms can be obtained by random 
sampling w ith quadrats and sampling along a tra nsect. 

http:gamer.cs


8 	 DNA, genes and protein 
synthesis 
8.1 Genes and the genetic code 

Learning objectives 
~ Describe the nature of a gene. 

~ Explain how genes code for 

polypeptides. 

Specification reference: 3.4.1 

Synoptic link 

To help you understand this topic 
you would would benefit from 
reminding yourself of the structure 
of a polypeptide [Topic 1.6 J and 
the structure and replication of 
ONA (Topics 2.1and2.1). 

Hint 

Remember that the sequence of 
amino acids coded for by ONA is the 
primary structure of a protein. It 
is the primary structure that gives 
rise to the tertiary structure and 
hence the shape of the protein. So 
ONA codes indirectly for the shape 
of proteins, including enzymes. 

Study tip 

DNA codes for amino acids but it is 
made up ofnucleotides. Acommon 
mistake is to state that DNA is 
made up of amino acids. 

• 


Once it had been established that DNA was the means by which 
genetic information was passed from generation to generation, 
scientists puzzled as to exactly how DNA derermined the features of 
organisms. Before we look at this problem, we need first to be clear 
about what is meant by a gene. 

What is a gene? 
A gene is a secti.on of DNA that conta ins the coded information for 
making polypeptides and functional RNA. The coded information is 
in the form of a specific sequence of bases a long the DNA molecule. 
Polypeptides make up proteins and so genes determine the proteins 
of an organism. Enzymes are proteins. As enzymes control chemical 
reactions they are responsible for an o rgan ism's development and 
activities. Jn other words genes, along with environmental factors, 
determine the nature and development of a ll organisms. A gene is a 
section of DNA located at a particular position, called a locus, on a 
DNA molecule. The gene is a base sequence of DNA that codes for: 

• 	 the amino acid sequence of a polypeptide 

• 	 or a functional RNA, including ribosomal RNA and rransfer RN As 
(Topic 8.3). 

One DNA molecule carries many genes. 

£. Figure 1 Computer graphics representation of a short section ofDNA 
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The genetic code 
In trying to discover how DNA bases coded for amino acids, scientists 
suggested that there must be a minimum of three bases that coded for 
each amino acid. Their reasoning was as follows: 

• 	 Only 20 different amino acids regularly occur in proteins. 

• 	 Each amino acid must have its own code of bases on the DNA. 

• 	 Only four different bases (adenine, guanine, cytosine and thymine) 
arc present in ONA. 

• 	 Jf each base coded for a different amino acid, only four different 
amino acids could be coded for. 

• 	 Using a pair of bases, 16 (42) different codes are possible, which is 
still inadequate. 

• 	 Three bases produce 64 (43) different codes, more than enough to 

satisfy the requirements of 20 amino acids. 

As the code has three bases for each amino acid, each one is called 
a triplet. As there are 64 possible triplets and only 20 amino acids, it 
follows that some amino acids are coded for by more than one triplet. 

Features of the genetic code 
Further experiments have revealed the following features of the 
genetic code. 

• 	 A few amino acids are coded for by only a single triplet. 

• 	 The remaining amino acids are coded for by between two and 
six triplets each. 

• 	 The code is known as a 'degenerate code ' because most amino 
acids are coded for by more than one triplet. 

• 	 A triplet is always read in one particular direction along the 
DNA strand. 

• 	 The start of a ONA sequence that codes for a polypeptide is always 
the same triplet. This codes for the amino acid methionine. Jf 
this first methionine molecule does not form part of the final 
polypeptide, it is later removed. 

• 	 Three triplets do not code for any amino acid. These are called 'stop 
codes' and mark the end of a polypeptide chain. They act in much 
the same way as a full stop a t the end of a sentence. 

• 	 The code is n on-overlapping, in other words each base in the 
sequence is read only once. Thus six bases numbered J23456 are read 
as triplets 123 and 456, rather than as triplets 123, 234, 345, 456. 

• 	 The code is universal. with a few minor exceptions each triplet 
codes for the same amino acid in all organisms. This is indirect 
evidence for evolution. 

Much of the DNA in eukaryotes does not code for polypeptides. For 
example, between genes there are non-coding sequences made up of 
multiple repeats of base sequences. Even within genes, only certain 
sequences code for amino acids. These coding sequences are called 
exons. Within the gene these exons are separated by further non-coding 
sequences called introns. Some genes code for ribosomal RNA and 
transfer RNAs. 

Summary questions 
I 

1 Describe what a gene is. 

2 Calculate how many bases are 
required to code for a chain of 
six consecutive amino acids. 

3 Explain how a change in one 
base along a DNA molecule 
may result in an enzyme 
becoming non-functional. 

4 A section of DNA has the 
following sequence of 
bases along it: 
TAC GCT CCG CTG TAC. All of the 
bases are part of the code 
for amino acids. The first base 
in the sequence is the start 
of the code. 

a Calculate the number 
of amino acids that the 
section of DNA codes for. 

b 	 Determine which two 
sequences code for the 
same amino acid. 

c 	 It is possible that this 
sequence codes for many 
different amino acids or 
many copies of the same 
amino acid. From your 
knowledge of the genetic 
code explain how this 
can happen. 

• 




8.1 Genes and the genetic code 

Table 1 is a genetic code table showing the amino acids 
that each codon (set of three nucleotides in mRNA) is 
translated into during protein synthesis. An amino acid 
is indicated by three letters of its name, for example 
arg =arginine, ile =isoleucine. To find the code for any 
amino acid you find the relevant three letters (usually 
the first three) of its name in Table 1 and then read: 

'Y Table 1 The genetic code. The bose sequences shown ore 
those on mRNA 

u c A G 

u Phe Ser Tyr Cys u 
Phe Ser Tyr Cys ( 

Leu Ser Stop Stop A 

Leu Ser Stop Trp G 

c Leu Pro His Arg u 
Leu Pro His Arg c 
Leu Pro Gin Arg A 

Leu Pro Gin Arg G 

A lie Thr Asn Ser u 
lie Thr Asn Ser c 
lie Thr Lys Arg A 

Met Thr Lys Arg G 

G Val Ala Asp Gly u 
Va l Ala Asp Gly c 
Va l Ala Glu Gly A 

Va l Ala Glu Gly G 

• 

• 	 the first base in the sequence from the column on 
the left 

• 	 the second base in the sequence from the row at 
the top 

• 	 the third base in the sequence from the column to 
the right. 

You can also use the table to find an amino acid that is 
coded for by a particular codon. For example, UGC codes 
for the amino acid Cys ( cysteine J: 

• 	 the first letter (U J is in the column on the left 

• 	 the second letter ( G J is in the row at the top 

• 	 the third letter [CJ is in the column to the right. 

You will notice that most amino acids have more than 
one codon ( s J, for example alanine [ala] has four 
codon [ s) GCU, GCC, GCA and GCG. 

Using Table 1, answer the following questions. In each 
case identify amino acids by their three-letter codon ( s). 

1 	 List the two amino acids that have only one codon 
and state what it is in each case. 

2 	 Name the amino acids that have each of the 

following codon. 

a CUC 

b AAA 

c GAU 


3 	 For each of the following base sequences on a 
ONA molecule, deduce the sequence of amino 
acids in the order in which they would occur in the 
resultant polypeptide. 
a ATGCGTTAAGGCAGT 
b GCTAAGTTTCCAGAT 



In Topic 3.6 we saw that. accord ing to their organisation, there arc two 
types of cell: prokaryotic cells and eukaryotic cells. We looked at 
some of the differences between the two. These differences extend 10 

their DNA: 

• 	 In prokaryotic cells, such as bacteria, the DNA molecules are 
shorter, form a circle and arc not associated with protein molecules. 
Prokaryotic cells therefore do not have chromosomes. 

• 	 In eukaryotic cells, the DNA molecules are longer. form a line (are 
linear) rather than a circle and occur in association with proteins 
called histones to form structures called chromosomes. The 
mitochondria and ch loroplasts of eukaryotic cells also contain DNA 
which, like the DNA of prokaryotic cells, is short, circular and not 
associated with proteins. 

Chromosome structure 
Chromosomes are only visible as distinct structures when a cell is 
dividing. For che rest of the time they are widely dispersed throughout 
the nucleus. When they first become visible at the start of cell division 
chromosomes appear as two threads, joined at a single point (Figure 1). 
Each thread is called a chromatid because DNA has already replicated 
to give two identical DNA molecules. The DNA in chromosomes is held 
by histones. The considerable length of DNA found in each cell (around 
2m in every human cell) is highly coiled and folded as illustrated in 
Figure 2. Let us look carefully at this diagram. 

DNA double helix 

DNA molecule 

DNA combined 
with histones 

DNA- histone 
complex is coiled 

Coils fold to form 
loops 

Loops coil and pack 
together to form 
the chromosome 

chromosome 

A Figure 2 How DNA is pocked into o chromosome 

Learning objectives 
-+ 	 Distinguish between the ONA 

in prokaryotic cells and the 
ONA in eukaryotic organisms. 

-+ Describe the structure of a 
chromosome. 

-+ Explain how genes are 
arranged on a ONA molecule. 

-+ Describe the nature of 
homologous chromosomes. 

-+ Explain what is meant by 
an allele. 

Specification reference: 3.4.1 

A Figure 1 Structure ofa chromosome 

Study tip 

Oo not confuse the two threads 
( chromatids) of a chromosome 
with the two strands of the ONA 
double helix. 

• 




8.2 DNA and chromosomes 

Hint 

It is often mistakenly thought 
that humans have just 
46 chromosomes throughout 
the body, rather than 46 in 
every single cell (except sperm 
and eggs). 

.A. Figure 3 False-colour SEMofa group 
ofhuman chromosomes 

Hint 

Oo not confuse genes and alleles. 
Agene refers to a particular 
characteristic such as blood 
groups. Genes can exist in two or 
more different forms called alleles. 

• 


We already know that DNA is a double helix. From rhe diagram we 
will see that this helix is wound around histones lO fix ir in position. 
This DNA- histone complex is then coiled. The coil, in tum, is looped 
and further coiled before being packed intO the chromosome. In this 
way a lot of DNA is condensed into a single chromosome. Cf we follow 
the diagram carefully we will see that a chromosome contains just a 
single molecule of DNA, although this is very long. This single DNA 
molecule has many genes along its length (see Topic 8.1 ). Each gene 
occupies a specific position (locus) along the DNA molecule. 

Although the number of chromosomes is always the same for normal 
individuals of a species, it varies from one species to another. For 
example, while humans have 46 chromosomes, potato plants have 
48 and dogs have 78. In most species, there is an even number of 
chromosomes in the cells of adults. 

Homologous chromosomes 
Sexually produced organisms. such as humans, arc the result of 
the fusion of a sperm and an egg, each of which contributes one 
complete set of chromosomes Lo the offspring. Therefore, one of 
each pair is derived from the chromosomes provided by the mother 
in the egg (maternal chromosomes) and the other is derived from 
the chromosomes provided by the father in the sperm (paternal 
chromosomes). These are known as homologous pairs and the total 
number is referred to as the diploid number. In humans this is 46. 

A homologous pair is always two chromosomes that carry the same 
genes but not necessarily the same alleles of the genes. 

For instance. a homologous pair of chromosomes may each possess 
genes for tongue rolling and blood group, but one chromosome may 
carry the allele for non-roller and blood group A, while the other 
carries the allele for roller and blood group 8. During meiosis, the 
halving of the number of chromosomes is done in a manner which 
ensures that each daughter cell receives one chromosome from each 
homologous pair. In this way each cell receives one gene for each 
characteristic of the organism. When these haploid cells combine. the 
diploid state. with paired homologo us chromosomes, is restored. 

What is an allele? 
An allele is one of a number of alternative forms of a gene. We 
have seen that genes are sections of DNA that contain coded 
information in the form of specific sequences of bases. Each gene 
exists in two, occasionally more, diHerent forms. Each of these 
forms is called an allele. Each individual inherits one allele from 
each of its parents. These two alleles may be the same or they may 
be different. When rhey are different, each allele has a different base 
sequence, therefore a different amino acid sequence, so produces a 
different polypeptide. 

Any changes in the base sequence of a gene produces a new allele of 
that gene (=mutation) and results in a difre rent sequence of amino 
acids being coded for. This different amino acid sequence will lead 



to the production of a different polypeptide, and hence a different 
protein. Sometimes this different protein may not function prope rly or 
may not function at a ll. When the protein produced is an enzyme, it 
may have a diffe rent shape. The new shape may not fit the enzyme's 
substrate. As a result the enzyme may not function and this can have 
serious consequences for the organism. 
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.A. Figure 4 The 46 chromosomes ofa human showing them in their 2 2 pairs, as well 
os the X and Y sex chromosomes 

Summary questions 

1 Contrast the ONA of a prokaryotic cell with that of a eukaryotic cell. 


2 State the function of the protein found in chromosomes. 


3 Explain how the considerable length of a ONA molecule is compacted 

into a chromosome. 

4 	 f) Suppose the total length of all the DNA in a single human muscle 
cell is 2.3 m. 

a Ifall the ONA were distributed equally between the chromosomes, 
calculate the mean length of ONA in each one. 

b Calculate in mm the length of DNA in a human brain cell. 

Synoptic link 

To remind you how the shape of 
an enzyme is important to the 
way it works look back at Topic 
1.7. We shall also learn more 
about the importance of meiosis 
in producing genetic variation in 
Topic 9.2 

the roles of chromosomes and 
alleles in inheritance in Chapter 17 

Inherited change. J 

• 




Learning objectives 
-+ Describe what the genetic 

code is and its main features 

-+ Describe the structure of 
ribonucleic acid (RNA). 

-+ 	 Describe the structure 
and the role ofmessenger 
RNA (mRNA). 

-+ 	 Describe the structure 
and the role oftransfer 
RNA (tRNA). 

Specijication reference: 3.4.1 

adenine 

cytosine 

.A. Figure 1 Section ofribonucleic 
acid {RNA} molecule 
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In Topic 8.1 we learned about the importance of DNA and how it 
carries coded information for the sequence of amino acids that make 
up a protein. In this topic, we will turn our atLention LO exactly how 
DNA triplets are used LO make the proteins that they code for. 

Transferring the coded information 
We know that the sequence of nucleotide bases in DNA determines 
the sequence of amino acids in the proteins ol an organism. In 
eukaryotic cells DNA is largely confined to the nucleus. However, 
the synthesis of proteins takes place in the cytoplasm. So how is the 
coded information on the DNA in the nucleus transferred to the 
cytoplasm where it is translated into proteins? The answer is that 
sections of the DNA code are transcribed on to a single-stranded 
molecule called ribonucleic acid (RN A). 

There are a number of types of RNA. The one that transfers the DNA 
code from the nucleus to the cytoplasm acts as a type of messenger 
and is hence given the name messenger RNA, or mRNA for short. 
This mRNA is small enough to leave the nucleus through the nuclear 
pores and to enter the cytoplasm, where the coded information that 
it contains is used to determine the sequence of amino acids in the 
proteins which are synthesised there. 

The term codon refers to the sequence of three bases on mRNA that 
codes for a single amino acid. 

There are two other terms that are relevant: 

• 	 Genome - the complete set of genes in a cell, including those in 
mitochondria and/or chloroplasts. 

• 	 Proteome - the full range of proteins produced by the genome. 
This is sometimes called the complete proteome, in which case 
the term proteome refers to the proteins produced by a given type 
of cell under a ce11ain set of condi tions. 

We saw in Topic 2.1 that DNA is composed of two nucleotide chains 
wound around each other (double helix). We will now look a t the 
structure of a related molecule that is usually made up of a single 
nucleotide chain: ribonucleic acid (RNA) . 

Ribonucleic acid (RNA) structure 
Ribonucleic acid (RNA) is a polymer made up of repeating 
mononucleotide sub-units (Figure l). It forms a single strand in 
which each nucleotide is made up of: 

• 	 the pentose sugar ribose 

• 	 one of the organic bases adenine (A), guanine (G), cytosine (C) and 
uracil (U) 

• 	 a phosphate group . 



the 3 bases forming the anticodon 

.A Figure 3 Clover-leofsrrucrure oftRNA 

.A Figure 2 Computer artwork ofa rRNA 
molecule 
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The two types of RNA that are imponant in protein synthesis are: 

• messenger RNA (mRNA) 

• transfer RNA (tRNA). 

Messenger RNA (mRNA) 
Consisting of thousands of mononucleotides, mRNA is a long strand 
that is arranged in a single helix. The base sequence of mRNA is 
determined by the sequence of bases on a length of DNA in a process 
called transcription. There is a great variety of different types of 
mRNA. Once formed, mRNA leaves the nucleus via pores in the 
nuclear envelope and enters the cytoplasm, where it associates with 
the ribosomes. There it acts as a template for protein synthesis. Its 
structure is suited 10 this function because it possesses information in 
the form of codons (three bases tha t are complementary to a triplet in 
DNA). The sequence of codons determines the amino acid sequence 
of a speciiic polypeptide tha t will be made. 

Transfer RNA (tRNA) 
Transfer RNA (tRNA) is a relatively small molecule that is made up of 
around 80 nucleotides. It is a single-stranded chain folded into a clover­
leaf shape, with one end of the chain extending beyond the other. This 
is the pan oi the tRNA molecule to which an amino acid can easily 
attach. There are many types of tRNA. each of which binds co a specific 
amino acid. AL the opposite end of the tRNA molecule is a sequence 
of three other organic bases, known as the anticodon. Given that the 
genetic code is degenerate there must be as many tRNA molecules as 
there are cocting triplets. However, each tRNA is specific to one amino 
acid and has an anticodon that is specific to that amino acid. 

J point of attachment 
of amino acid 

Synoptic link 

A third type of RNA, ribosomal RNA, 

was covered in Topic 3.4. 

v 
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8.3 Structure of ribonucleic acid 

Summary questions 

1 Distinguish between the 
structure of mRNA and the 

structure of tRNA. 

Z State three ways in which the 
molecular structure of RNA 
differs from ONA. 

3 Distinguish between a codon 
and an anticodon. 

You will recall from Topic 8.1 that the organic bases in DNA pair up in 
a precise way, for example, guanine pairs with cytosine, and adenine 
pairs with thymine. These are known as complementary base pairs. In 
RNA, however, the base thymine is always replaced by a similar base 
called uracil. RNA can join with both DNA and other RNA molecules 
by complementary base pairing. The complementary base pairings that 
RNA forms are therefore: 

• 	 guanine with cytosine 

• 	 adenine with uracil (in RNA) or thymine (in DNA). 

During protein synthesis, an anticodon pairs with the three 
complementary organic bases that make up the codon on mRNA. The 
tRNA structure (Figure 3 ). with its end chain for auaching amino acids 
and its anticodon for complementary base pairing with the codon of 
the mRNA, is structurally suited to its role of lining up amino acids on 
the mRNA template during protein synthesis. 

Table 1 compares the structure, function and composition of DNA, mRNA and tRNA. 

T Table 1 Comparison ofDNA, mRNA and tRNA 

largest molecule of the three molecule is smaller than ONA but smallest molecule of the three 

larger than tRNA 
r- ­

double-helix molecule clover-shaped moleculesingle-helix molecule (except in a 
few viruses) 

pentose sugar is deoxyribose pentose sugar is ribose pentose sugar is ribose 

I 	 I-

organic bases are adenine, 
guanine, cytosine and thymine 

found mostly in the nucleus 

quantity is constant for all cells 
of a species (except gametes) 

chemically very stable 

-
organic bases are adenine, 

guanine, cytosine and uracil 

manufactured in the nucleus but 
found throughout the cel l 

quantity varies from cell to cell 
and with level of metabolic activity 

I 

Less stable than DNA or tRNA, I chemically more stable than mRNA but 
individual molecules are usually less stable than DNA 
broken down in cells within 
a few days. 

organic bases are adenine, guanine, 
cytosine and uracil 

manufactured in the nucleus but found 
throughout the cell 

quantity varies from cel l to cell and with 
level of metabolic activity 

1 	 Table 1 states that, for DNA, the 'quantity is constant for all cells of a species (except gametes)'. 

a State how the quantity in a gamete differs from that in a body cell. 

b Explain the significance of the difference you have described. 


2 	 Explain an advantage of: 

a DNA being a chemically stable molecule 

b mRNA being broken down relatively quickly . 


• 




We saw in Topic 1.6 that proteins are made up of one or more 
polypeptides. Proteins, especially enzymes, are essential to all aspects 
of life. Every organism needs to make its own, unique, proteins. 
The biod1emical machinery in the cytoplasm of each cell has the 
capacity to make every protein from just 20 amino acids. Exaclly 
which proteins it manufactures depends upon the instructions that 
are provided, at any given time, by the DNA in the cell's nucleus. The 
basic process is as follows. 

• 	 DNA provides the instructions in the form of a long sequence of bases. 

• 	 A complementary section of part of this sequence is made in the form 
of a molecule ca lled pre-mRNA - a process called t ranscription . 

• 	 The pre-mRNA is spliced 10 form mRNA. 

• 	 The mRNA is used as a template to which complementary tRNA 
molecu les attach and the amino acids they carry are linked to form 
a polypeptide - a process called t ranslation. 

The process can be likened to a bakery, where the basic equipment 
and ovens (cell organelles) can manufacture any variety of cake 
(protein) from relatively few basic ingredients (amino acids). Which 
particular variety of cake is made depends on the recipe (genetic code) 
that the baker uses on any particular day. By choosing different 
recipes at different times, rather than making everything all the 
time, the baker can meet seasonal demands, adapt to changing 
customer needs and avoid waste. 

ONA replication can be likened to the publication of many copies of 
a recipe book {genome); making a photocopy of a recipe to use in 
the bakery is therefore transcription. Making the cakes, using the 
photocopied recipe, is translation. If the book is not removed from 
the library, many copies of the recipe can be made, and the same 
cakes ca n be produced in many places at the same time or over 
many yea rs. 

Transcription 
Transcription is the process of making pre-mRNA using part of the 
DNA as a template. The process, which L~ illustrated in Figure 1, is 
as follows. 

• 	 An enzyme acts on a specific region of the DNA causing the 
two strands to separate and expose the nucleotide bases in 
that region. 

• 	 The nucleotide bases on one of the two DNA strands, known 
as the tem p late st rand, pair with their complementary 
nucleotides from the pool which is present in the nucleus. The 
enzyme RNA polymerase then moves along the strand and joins 
the nucleotides together to form a pre mRNA molecule. 

Learning objectives 
' Explain how pre-messenger 

RNA is produced from 
DNA in the process called 
transcription 

' Describe how pre-messenger 
RNA is modified to form 
messenger RNA. 

Specification reference: 3.4.2 

Hint 

The bakery analogy is to help 
understanding but this should not 
be used when you are writing a 
scientific explanation. 

direction of 
movement of 
RNA polymerase 

area of 
effect of 
RNA 

f 
polymerase 

template 
strand of 
DNA 

• 
A Figure 1 Summary oftranscription 



8.4 Polypeptide synthesis - transcription and splicing 

how transcription and translation 
are controlled in Topic 20.3 
Regulation of transcription and 
translation. 

Summary questions 

1 	 Describe the role of RNA 
polymerase in transcription. 

2 	 State which other enzyme is 
involved in transcription and 

describe its role. 

3 	 Explain why splicing of 
pre-mRNA is necessary. 

4 	 Asequence of bases along 
the template strand of DNA 

is ATGCAAGTCCAG. 

a 	 Deducethesequenceof 
bases on a pre-messenger 
RNA molecule that has 
been transcribed from this 
part of the ONA molecule. 

b 	 Calculate how many 
amino acids t he sequence 
codes for. 

5 	 Agene is made up of 756 
base pairs. The mRNA that 
is transcribed from this gene 
is only 524 nucleotides long. 
Explain why there is this 
difference. 

• 


• 	 In this way an exposed guanine base on the DNA binds to the 
cytosine base of a free nucleotide. Similarly. cytosine links to 
guanine, and thymine joins to adenine. The exception is adenine, 
which links to uracil rather than thymine. 

• 	 As the RNA polymerase adds the nucleotides one at a time to build 
a strand of pre-mRNA, the DNA strands rejoin behind it. As a result, 
only about 12 base pairs on the DNA are exposed at any one time. 

• 	 When the RNA polymerase reaches a particular sequence of bases 
on the DNA that it recognises as a 'stop' triplet code, it detaches, 
and the production of pre-mRNA is then complete. 

Splicing of pre-mRNA 
In prokaryotic cells, transcription results directly in the production 
of mRNA from DNA. In eukaryotic cells transcription results in the 
production of pre-mRNA, which is then spliced LO form mRNA. The 
DNA of a gene eukaryotic cells is made up of sections called exons 
that code for proteins and sections called introns that do not. These 
intervening imrons would prevent the synthesis of a polypeptide. In 
the pre-mRNA of eukaryotic cells. The base sequences corresponding 
to the introns are removed and the functional exons are joined 
together during a process called splicin g. As most prokaryotic cells do 
not have intrans, splicing of their DNA is unnecessary. The process of 
splicing is shown in Figure 2. 

template strand of DNA 


ex on intron exon intron ex on tntron exon intron exon 


!transcription 

pre-mRNA 


ex on intron ex on inIron exon intron ex on 1ntron exon 


1splicing 

mRNA 


exon exon exon exon exon 


intron intron 1n1ron 1ntron 


A Figure 2 Splicing ofpre-mRNA to form mRNA 

The mRNA molecules are too large to diffuse ou t of the nucleus and 
so, once they have been spliced, they leave via a nuclear pore. Outside 
rhe nucleus, the mRNA is attracted to the ribosomes to which ir 
becomes attached, ready for the next stage of the process: translation. 



In Topic 8.4 we looked at how the triplet code of DNA is transcribed 
into a sequence or codons (genetic code) on messenger RNA (mRNA). 
The next stage is to translate the codons on the mRNA into a sequence 
of amino acids that make up a polypeptide. 

There are about 60 dirrerent tRNAs. A particular tRNA has a specific 
anticodon and attaches 10 a specific amino acid. Each amino acid 
therefore has one or more tRNA molecule, with its own anticodon 
of bases. 

Synthesising a polypeptide 
Once mRNA has passed out of the nuclear pore it determines the 
synthesis of a polypeptide. The fo llowing explanation of how a 
polypeptide is made is illustrated in Figures 3 and 4. (The information 
given in brackets below is only to help you follow the process and 
does nor need to be learned.) 

• 	 A ribosome (Figure 4, part 1) becomes attached to the starting 
codon (AUG) at one end of rhe mRNA molecule. 

• 	 The tRNA molecule with the complementary anticodon sequence 
(UAC) moves to the ribosome and pairs up with the codon on the 
mRNA. This tRNA carries a specific amino acid (methionine). 

• 	 A tRNA molecule with a complementary anticodon (UGC) pairs 
with the next codon on the mRNA (ACG). This tRNA molecule 
carries another amino acid (threonine). 

• 	 The ribosome moves along the mRNA, bringing together two tRNA 
molecules at any one time, each pairing up with the corresponding 
two codons on the mRNA. 

• 	 The two amino acids (methonine and threonine) on the tRNA are 
joined by a peptide bond using an enzyme and ATP which is 
hydrolysed to provide the required energy. 

• 	 The ribosome moves on to the third codon (GAU) in the sequence on 
the mRNA, thereby linking the amLno acids (threonLne and aspanic 
acid) on the second and third tRNA molecules (Figure 4, part 2) . 

• 	 As this happens, the first tRNA is released from its amino 
acid (meth ion ine) and is free to collect another amino acid 
(methionine) from the amino acid pool in the cell. 

• 	 The process continues in this way, with up to 15 amino acids 
being added each second, un til a polypeptide chain is built up 
(Figure 4, part 3). 

• 	 Up to 50 ribosomes can pass immediately behLnd the first, so that 
many identical polypeptides can be assembled simultaneously 
(Figure 3). 

• 	 The synthesis or a polypeptide continues until a ribosome reaches 
a stop codon. At this point, the ribosome, mRNA and the last tRNA 
molecule all separate and the polypeptide chaLn is complete. 

In summary. the DNA sequence of triplets that make up a gene 
determine the sequence of codons on mRNA. The sequence of codons 
on mRNA determine the order in which the tRNA molecules line up. 

Learning objectives 
-+ 	 Explain how a polypeptide 

is synthesised during the 
process of translation. 

-+ 	 Describe the roles of 
messenger RNA and transfer 
RNA in translation. 

Specification reference: 3.4.2 

point of attachment of amino acid 
~ 

Anticodon this sequence of ACG means 
that the amino acid cysteine will attach to 
the other end of this tRNA molecule. This 
anticodon will combine with the codon 
UGC on a mRNA molecule during the 
fonnatoo of a polypepltde. The mRNA 
codon UGC therefore translates into the 
amino acid cysteine. 

A Figure 1 Simplified structure ofone 
type of tRNA 

large sub-unit 

small sub-unit 

A Figure 2 Structure ofa ribosome. The 
smaller sub· unit fits into a depression on 
the surface of the larger one 

Hint 

Remember that there is no thymine 
in any RNA molecule. It is uracil in 
RNA that pairs with adenine. 

• 
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8.5 Polypeptide synthesis - translation 

Study tip 
ATP has two roles in translation. 
It is required to provide energy 
to attach amino acids to 
tRNA and also to attach amino 
acids together. 

peptide bond forms 

t 

ribosome ribosome moves ­
alongmRNA 

ribosome ~ 

ribosome 
moves 
along 
mRNA 

3 - 4 
' s 

" 6' 
\ 

~\-:-7 polypeptide chain 

.p 

.A. Figure 3 Polypeptide formation 

They, in turn, detennine the sequence of amino acids in the 
polypeptide. In this way genes precisely determine which proteins 
a cell manufactures. As many of these proteins are enzymes, genes 
effectively control the activities of cells. 

Assembling a protein 
Sometimes a single polypeptide chain is a functional protein. Often, 
a number of polypeptides are linked together ro give a functional 
protein (quaternary structure). Whar happens to the polypeptide next 
depends upon the protein being made, but usually involves 
the following: 

• 	 The polypeptide is coiled or folded, producing its secondary structure. 

• 	 The secondary structure is folded, producing the tertiary structure. 

• 	 Different polypeptide chains, along wi th any non-protein groups, 
are linked to form the quaternary structure. 

Summary questions 

1 	 Name the cell organelle involved in translation. 

2 	 Acodon found on a section of mRNA has the sequence of bases AUL 

List the sequence of bases found on: 


a the tRNA anticodon that attaches to this codon; 


b the template strand of ONA that formed the mRNA codon. 


3 Describe the role of tRNA in the process of translation. 


4 A strand of mRNA has 64 codons but the protein produced from it has 

only 63 amino acids. Suggest a reason for this difference . 


.A. Figure 4 Translation 

• 
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Figure 5 shows the formation of part of a polypeptide 

along a section of eight codons. Codons 4 and 5 have been 
left blank. Using Figure 5 and Table 1 answer the fol lowing 
questions. 

1 Name the structures X and Y. 
2 Recall the chemical group shown on the end of the 

polypeptide chain. 
3 Determine the anticodon sequence on tRNA 

molecule4. 
4 Deduce the sequence of the first five amino acids 

in the polypeptide. 
5 Determine the sequence of bases on that portion of 

DNA from which codons 1 - 3 are transcribed. 
6 	 A DNA mutation results in the base cytosine 

being replaced by uracil in codon 8. Explain the 
significance of this change. 

7 Another mutant form of a gene causes the 
inversion (reversalJ of the code for the amino acid 
glutamine (Glu]. 
a Consider all possible outcomes from this 

change and explain the effect on the 
polypeptide in each case. 

b 	 If the polypeptide formed from this mutant 
gene forms part of an enzyme, suggest two 
reasons why it might fail to function. Explain 
your answer. 

y 

C AG 

8 

T Table 1 The base sequences shown are those on mRNA 

First 
position 

u 

c 

A ,______ 

~ 

G 
'-

Phe 

Phe 

Leu 

Leu 

Leu 

Leu 

Leu 

Leu 

lie - -
lie 

lie 

Met - . 
Val -
Val 

Val 

Val 

Second position Third 
position 

-
Ser Tyr Cys u 
Ser Tyr Cys 1 c 
Ser Stop Stop A 

Ser Stop Trp G 

Pro His , Arg u 
Pro His Arg c 
Pro Gin Arg A 

Pro Gin Arg G 

Th r Asn Ser u 
Thr Asn Ser c 
~ 

Thr Lys Arg A 

Thr Lys Arg G 

Ala Asp Gly u 
Ala Asp Gly c 
Ala Glu Gly A 

Ala Glu Gly G 

• 



8.5 Polypeptide synthesis - translation 

Cracking the code 9 
How exactly did scientists decipher which amino acid 
was coded for by which codon? Nirenberg and others 
did so by making synthetic mRNA and using this to 
make polypeptides. 

The basic stages of the experiments were as follows: 

• 	 Cell extracts with the necessary components to make 
polypeptides were obtained and treated with DNase. 

• 	 Synthetic mRNA was added to the extract and all 
2D amino acids attached to their appropriate tRNA. 

• 	 One amino acid was radioactively labelled with 
carbon 14 [14C) while the remaining 19 had normal, 
non-radioactive carbon 12 (12C). 

• 	 The extracts were incubated and the polypeptide 
produced was later extracted. 

• 	 The radioactivity level of the polypeptide produced in 
each case was measured. 

1 	 Suggest a reason why DNase was added to the 

cell extract. 


• 	 In one experiment the radioactive amino acid was 
phenylalanine and four mixtures, differing only in 
their mRNA, were set up as follows: 

• 	 mRNA made up of a chain of nucleotides 
containing only the base adenine = poly A 

• 	 mRNA made up of a chain of nucleotides 

containing only the base uracil = poly U 


• 	 mRNA made up of a chain of nucleotides 
containing only the base cytosine= poly C 

• no mRNA was present. 

The results are shown in Table 2. 

T Table 2 Results ofexperiment using radioactively 
lobe/led phenylalanine 

Type of synthetic mRNA Radioactivity I counts min· 1 

poly A so 
poly U 39800 

poly C 38 

none 44 

• 


2 State one codon for the amino acid phenylalanine 
that is suggested by the results of this experiment. 
Explain your answer. 

3 	 Explain why a mixture without any synthetic 
RNA was used. 

Using this method Nirenberg deciphered 47 of the 
64 possible codons in the genetic code. The remaining 
17 codons, however, gave ambiguous results. This led 
another scientist, called Khorana, to devise a different 
technique. He formed very long mRNA molecules that 
had a repeating sequence of nucleotide bases, such as 
GUGUGUGUGUGUG. The polypeptide produced by this 
mRNA was made up of alternating cysteine and val ine 
amino acids. The question was, what was the codon for 
each amino acid? 

4 	 Suggest why it is not possible to say what the 

codon is for each amino acid. 


From Nirenberg's earlier experiments, Khorana knew that 
UGU was a codon for cysteine. This meant that GUG was 
a codon for valine. By analysing the results of similar 
experiments using specific sequences of mRNA he was 
able to decipher the complete genetic code and to show 
that the code was degenerate. Further experiments by 
Nirenberg verified these findings. 

5 The genetic code can be described as degenerate 
but not ambiguous. Discuss this statement. 

6 	 Despite all these experiments, it was stil l not 
possible to find the amino acids coded for by 
certain codons. Explain why not. 



Practice questions: Chapter 8 


1 The diagram shows a short sequence of DNA bases. 

TTTGTATACTAGTCTACTTCGTTAATA 
(a) (i) What is the maximum number of amino acids for which this 

sequence of DNA bases could code? (I mark) 
(ii) The number of amino acids coded for could be £ewer than your 

answer to part (a)(i). 
Give one reason why. (I mark) 

(b) Explain how a change in the DNA base sequence for a protein may result 
in a change in the structure of the protein. (J marks) 

(c) A piece of DNA consisted of 74 base pairs. The two strands of the DNA. 
strands A and 8 , were analysed to find the number of bases of each type 
that were present. Some of the results are shown in the table. 

Strand A 26 

Strand B 19 9 

Complete the table by writing in the missing values. (2 marks) 
AQA June 20 l l 

2 Figure 1 shows a short section of' a DNA molecule. 

R 

Q 

(a) Name pans R and Q . 
(i) R 
(ii) Q (2 marks) 

(b) Name the bonds that join A and B. (I mark) 
(c) Ribonuclcase is an enzyme. It is 127 amino acids Jong. 

What is the minimum number of DNA bases needed to code for ribonuclease? (I mark) 
(d) 	Figure 2 shows the sequence of DNA bases coding for seven amino acids in 

the enzyme ribonuclease. 

GTTTACTACTCTICTTCTTTA 
.6. Figure2 

The number of each type of amino acid coded for by this sequence of DNA bases is shown 
in the table. 

Amino acid Number present 

Arg 3 

Met 2 
Gin 1 

Asn 1 

Use the table and Figure 2 lO work om the sequence of amino acids in this pan of the 
enzyme. Write your answer in the boxes below. 

Gin 	

•(I mark) 



Practice questions: Chapter 8 

(e) Explain how a change in a sequence of DNA bases could resu lt in 
a non-functional enzyme. (J marks) 

AQA Jan 2010 

3 (a) What name is used for the non-coding sections of a gene? (I mark) 
Figure 1 shows a DNA base sequence. It also shows the effect of two mutations on 
this base sequence. Figure 2 shows DNA triplets that code for different amino acids. 

Original DNA base sequence A T T G G c G T G T c T 

Amino acid sequence 

Mutation 1 DNA base sequence A T T G G A G T G T c T 

Mutation 2 DNA base sequence A T T G G c c T G T c T 

.._Figure 1 

DNA triplets Amino acid 

GGT, GGC, GGA, GGG Gly 

GTT, GTA, GTG, GTC Val 

ATC,ATT,ATA lie 

TCC, TCT, TCA, TCG Ser 

CTC, CTT,CTA,CTG Leu 

.._ Figure 2 

(b) 	 Complete Figure 1 to show the sequence of amino acid~ coded for 
by the original DNA base sequence. (I mark) 

(c) 	 Some gene mucations affect the amino acid sequence. Some mutations do noc. 
Use the infom1ation from Figure 1 and Figure 2 tO explain 
(i) 	 whether mutation 1 affects the amino acid sequence (2 marks) 
(ii) 	 how mutation 2 could lead to the formation of 

a non-functional enzyme. (J marks) 
(d) 	Gene mucarions occur spontaneously. 

(i) 	 During which part of the cell cycle are gene mutations most 
likely to occur? (/mark) 

(ii) Suggest an explanation for your answer. (/mark) 
AQA June 20 10 

4 	 The diagram shows part of a pre-mRNA molecule. 

A u c c G U 
I I I I 

st:::::__ part X 

(a) 	 (i) Name the two substances that make up part X. (I mark) 
(ii) 	 Give the sequence of bases on the DNA strand from which this 

pre-mRNA has been transcribed. (1 mark) 
(b) 	 (i) Give one way in which the structure of an mRNA molecule 

is different from the structure of a tRNA molecule. (I mark) 
(ii) 	 Explain the difference between pre-mRNA and mRNA. (I mark) 

(c) 	 The table shows the percentage of different bases in two prc-mRNA molecules. 

The molecules were transcribed from the DNA in differenc pares of a chromosome. 

• 
Middle 38 20 24 

End 	 31 22 26 



5 

6 

Chapter 8 DNA, genes and protein synthesis 

• 


(i) 	 Complete the table by writing the percemage of uracil (U) in the 
appropriate boxes. (/mark) 

(ii) 	 Explain why the percentages of bases from the middle part of the 
chromosome and the end part are different. (2 marks) 

AQA June 201 l 

Figure 3 represents one process that occurs during protein synthesis. 

amino acid 

molecule Q 

AUGCCGUACCGACU 
I I 	 I I I I t I I I I II I 

(a) 	 Name the process shown. (I mark) 

(b) 	 Iden tify the molecu le labelled Q . (/mark) 

(c) 	 rn Figure 3. the first codon is AUG. Give the base sequence of the 
complementary DNA base sequence and the missing anticodon. (2 marks) 

Table 1 shows the base triplets chat code for two amino adds. 

T Table 1 

Amino acid Encoding base triplet 

Aspartic acid GAC,GAU 

Proline CCA, CCG, CCC, CCU 

Aspartic acid and praline are both amino acids. 
(d) 	Describe how two amino acids differ from one another. You may use 

a diagram to help your description. (I mark) 
(e) 	 Deletion of the sixth base (G) in the sequence shown in Figure 3 would change 

the nature of the protein produced but substitution of the same base wou ld not. 
Use the information in Table 1 and your own knowledge to explain why. (J marks) 

AQA SAMS PAPER 2 

Table 6 lists the chromosome n umbers and genome sizes of four p lant species. 

One Mbp (mega base pair) is equal to l 000000 base pairs of DNA. 


TTable 6 

name chromosome number[s] genome size (Mbp] 

Ambore/la 2n = 26 870 

sweet rush 2n = 18 392 

monkey flower 2n= 28 430 _._ 

(a) 	 Calculate the mean number of base pairs per chromosome in sweet rush, 
expressing your answer in standard form. (2 marks) 

(b) 	 Modern techniques allow the genomes to be sequenced. but only 
750 base pairs can be read at a time. 


Calculate the smallest number of DNA fragments that would need to be 

made to sequence the DNA of monkey flower. (2 marks) 




Learning objectives 
' Describe gene mutations. 

' Explain how deletion and 
substitution ofbases result 
in different amino acid 

sequences in polypeptides. 

' Explain why some mutations 
do not result in a changed 
amino acid sequence. 

' Describe what chromosome 
mutations are. 

Specification reference:3.4.3 

Synoptic link 

You will find it easier to follow 
this topic if you first revise DNA 
structure and replication (Topics 
2.1 and 2.2). genes and the 

triplet code (Topic 8.1 J as well as 
chromosome structure (Topic 8.2). 

Hint 

The various gene mutations are 
illustrated by specific examples 
that name bases and amino acids. 
These are only to illustrate the 
points being made and do not need 
to be remembered. 

• 


Any change to the quantity or the base sequence of the DNA of an 
organism is known as a mutatio n. Mutations occurring during the 
formation of gametes may be inherited, often producing sudden and 
distinct differences between individuals. Any change to one or more 
nucleotide bases, or a change in the sequence of the bases, in DNA is 
known as a gene mutation. 

We have seen that a sequence of triplets on DNA is transcribed into 
mRNA and is then translated into a sequence of amino acids that make 
up a polypeptide. It follows that. any changes ro one or more bases in 
the DNA triplets could resul t in a change in the am ino acid seq uence of 
the polypeptide. Gene mutations can arise spontaneously during DNA 
replication and include base substitution and base deletion. 

Substitution of bases 
The cype of gene mutation in which a nucleotide in a DNA molecule 
is replaced by another nucleotide that has a different base is known 
as a substitution. As an example, consider the DNA triplet of bases, 
guanine-thymine-cytosine (GTC) that codes for the amino acid 
glutamine. If the final base, cytosine, is replaced by guanine, chen 
GTC becomes GTG. GTG is one of the DNA triplet chat codes for the 
amino acid histidine and this then replaces the original amino acid: 
glutamine. The polypeptide produced will differ in a single amino 
acid. The significance of this difference will depend upon che precise 
role of the original amino acid. If it is important in forming bonds 
that determine the tertiary structure of the linal protein, then the 
replacement amino acid may not form the same bonds. The protein 
may then be a different shape and therefore not function properly. For 
example, if the protein is an enzyme. its active sile may no longer fir 
the substrate and it will no longer ca talyse the reaction. 

The effect of the mutation is different if the new lripler of bases still 
codes for the same amino acid as before. Th is is due to the degenerate 
nature of the genetic code, in which most amino acids have more than 
one codon. For instance, if the third base in our example is replaced by 
thymine, then GTC becomes GIT. However, as both DNA triplets code 
for glutamine, there is no change in rhe polypeptide produced and so 
the mutation will have no effect. 

Deletion of bases 
A gene mutation by deletion arises when a nucleotide is lost from 
the normal DNA sequence. The loss or a single nucleotide from 
the thousands in a typical gene may seem a minor change but the 
consequences can be considerable. Usually the amino acid sequence of 
the polypeptide is entirely different and so the polypeptide is unlikely 
to function correctly. This is because the sequence of bases in DNA is 



read in units or three bases (triplet). One deleted nucleotide causes 
all triplets in a sequence to be read differently because each has been 
shifted to the ldt by one base as shown in Figure l. 

subs1tut1on of ~ 
adenine at • 
position 2 T A CA G ~ T A Cl 

DNA sequence T Gc A GcT A c c 	 ~ G A lJ G 

RNA sequenceI IA UC' IG~
amino acid th " »'"'~meth"""ne 

met on•ne vstet meth'!""ne 

sequence Deletion of r c Ar cJA eel 
guanine at . G A U G G 

position 2 senre rgini tryptopi;ian 

A Figure 1 Effect ofsubstitution and deletion mutations on amino acid sequence. 

Chromosome mutations 
Changes in the structure or number of whole chromosomes are called 
chromosome mutations. 

Chromosome mutations can arise spontaneously and take two forms: 

• 	 Changes in whole set s of chromosomes occur when organisms 
have three or more sets of chromosomes rather than the usual two. 
This condition is called polyploidy and occurs mostly in plams. 

• 	 Changes in the number of individual chromosomes. 
Sometimes individual homologous pairs of chromosomes fail 
to separate during m eiosis (see Topic 9.2). This is known as 
non-disjunction and usually results in a gamete having either 
one more or one fewer chromosome. On fertilisation with a gamete 
that has the normal complement of chromosomes. the resultant 
offspring have more or fewer chromosomes than normal in all their 
body cells. An example of a non-disjuncrion in humans is Down's 
syndrome. where individuals have an additional chromosome 21. 

More detail on mutations will 

be provided to those students 

studying A level in Topic 20.1 Gene 

mutations. ) 

Hybridisation and polyploidy 

Around 10 000 years ago, in regions of the Middle East 
known as the 'ferti le crescent', groups of humans are 

thought to have gathered the grain of the wild einkorn 

wheat and emmer wheat using sickles made of antlers. 

In time, these farmers began to sow their crops. Although 

they knew nothing of genetics, they wi ll naturally have 

selected the seed from the varieties that suited their 

needs rather than types that did not. Continued selection 

over the intervening years has produced the modern 

high-yielding varieties of wheat that we cultivate today. 

These modern varieties are the result of a process known 

as hybridisation. Hybridisation is combining the genes 

of different varieties or species of organisms to produce 

a hybrid. Sometimes this is followed by organisms 

that have additional complete sets of chromosomes 

[polyploidy]. How then can polyploidy arise? 

Polyploidy can come about in severa l different ways. 

One is for the chromosomes not to separate into two 

distinct sets during meiosis. Gametes could then be 

produced that have both sets, in other words they 

• 
A Figure 2 Einkorn wheat [Triticurn urartu) 



9.1 Gene mutation 

£Figure 3 Goot grass [Aegilops speltoides) 

£ Figure 4 Emmer wheat (Triticum turgidum] 

are diploid rather than haploid. If these fused with 
one another the offspring could have four sets of 
chromosomes - they would be tetraploid. Alternatively, 
if a diploid gamete fused with a haploid gamete, the 
offspring would have three sets of chromosomes ­
they would be tr iploid. 

Sometimes hybrids can be formed by combining 
sets of chromosomes from two different species. For 
example, by cross·pollination between two closely 
related plants leading to successful fertilisation. These 
hybrids are usually sterile. If, however, the hybrid has 
a chromosome number that is a multiple of the original 
chromosome number, a new fertile species can arise 
because chromosomes have homologous partners 
and so meiosis is possible. Modern wheat plants have 
arisen due to a combination of both these forms of 
polyploidy . 

• 


Hybridisation in wheat 
Einkorn wheat (Triticum urartu) is a wild form of wheat 
that has 14 chromosomes. It is thought that around 
500 000 years ago it hybridised by cross-pollination with 
Aegilops speltoides, a type of goat grass that also had 
14 chromosomes. This gave rise to a new hybrid species 
called emmer wheat (Triticum turgidum). This species 
therefore had four sets ofchromosomes (28 chromosomes) 
and was therefore tetraploid.Emmer and einkorn wheat were 
the first ones harvested by humans around 10000 years 
ago. Sometime shortly after, further hybridisation occurred 
when the tetraploid emmer wheat with its 28 chromosomes 
cross-pollinated with another type of goat grass [Aegilops 
tauschii) with 14chromosomes. The new hybrid species now 
had 42, or six sets of chromosomes, in other words it was 
hexaploid.Thisspecies is Triticum aestivum or bread wheat, 
which is the type ofwheat grown today. 

£Figure 5 Bread wheat [Triticum aestivum] 



The development of modern wheat is summarised in 
1 	 Explain why hybrids formed by combining sets 

Figure 6. of chromosomes from two different species are 

emkorn 
Tnticum urartu 

14 chromosomes 

goat grass 2emmerwheat 
Trit1cum turgidum Aeg//ops t.auschii 

14 chromosomes 

hybridisation leading 
to increase of 

chromosome number 

28 chromosomes 

'. 

often sterile. 

goat grass 1 
 2 	 Selective breeding has led to strains of wheat with 

Aeg1/ops speltoideS 
shorter stems. Suggest an advantage to farmers 

14 chromosomes of these strains of wheat. 
3 Explain why Triticum urartu and Triticum turgidum hybndisabon leading 


to doubling of are classified as different species. 

chromosome number


'. 

• 


bread wheat 
Trlticum aestivum 

42 chromosomes 

.&. Figure 6 The development ofmodern varieties ofwheat 
by hybridisation 

Summary questions 

1 	 The following is a sequence of 12 nucleotides within a much longer 
mRNA molecule: AUGCAUGUUACU. Following a gene mutation the same 
12-nucleotide portion of the mRNA molecule is AUGCUGUUACUG. Name 
the type of gene mutation that has occurred. Show !:JOUr reasoning. 

2 Explain wh!:J a deletion gene mutation is more likel!:J to result in a change 
to an organism than a substitution gene mutation. 

3 Explain why a mutation that is transcribed onto mRNA may not result in 
an!:J change to the polypeptide that it codes for. 

4 	 Errors in transcription occur about 100 000 times more often than 
errors in ONA replication. Explain why errors in DNA replication can be far 
more damaging than errors in transcription. 



Learning objectives 
-+ 	 Describe why meiosis is 

necessary. 

-+ 	 Describe the process of 
meiosis. 

-+ 	 Explain how meiosis creates 
genetic variation. 

Specification reference: 3.4.3 

Synoptic link 
The outcome of mitosis was 
covered in topic 3.7, Mitosis. 
Chromosomes were covered in 
Topic 8.2, DNA and chromosomes. 

life cvcle of most animals 

mitosis 

spare producing ~t.i~:t• 
<main plant) 

life cvcle of fern 

.A. Figure 1 Acomparison ofthe life 
cycles ofmost animals with that of 
afern 
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Cell division occurs in one ol two ways: 

• 	 Mitosis produces two daughter cells with the same number o[ 
chromosomes as the parent cell and as each other. 

• 	 Meiosis usually produces four daughter cells, each with half the 
number of chromosomes as the parent cell. 

Importance of meiosis 
In sexual reproduction two gamete-; fuse to give rise to new offspring. 
If each gamete had a full set of chromosomes (diploid number) 
then the cell that they produce has double this number. In humans, 
the diploid number of chromosomes is 46, wh ich means that this 
cell would have 92 ch romosomes. This doubling of the number of 
chromosomes would continue at each general ion. Tt follows that, in 
order to mainta in a constant number of chromosomes in the adults of 
a species, th e number of chromosomes must be halved a t some stage 
in the life cycle. This halving occurs as a result of meiosis. In most 
animals meiosis occurs in the formation of ga metes. Tn some plants 
such as ferns, however, gametes arc produced by mitosis. In the fern 
life cycle meiosis occurs in the formation of spores (Figure I ) . 

Every diploid cell of an organism has two complete sets of 
chromosomes: one set provided by each parent. During meiosis, 
homologous pairs of chromosomes separate, so that only one 
chromosome from each pair enters a daughter cell. This is known 
as the haploid number of chromosome~ which, in humans, is 23. 
When two haploid gametes fuse at fertilisation, the diploid number of 
chromosomes is restored. 

The process of meiosis 
Meiosis involves two nuclear divisions that normal ly occur 
immediately one after the other: 

1 	 In the first division (meiosis 1) homologous chromosomes 
pair up and their chromatids wrap around each other. Equivalent 
portions of these chromatids may be exchanged in a process called 
crossing over. We shall see the significa nce of this later. By the 
end of this division the homologous pairs have separated, with one 
chromosome from each pair going into one of the rwo daughter cells. 

2 	 In the second meiotic division (me iosis 2) the chromatids 
move apart. At the end of meiosis 2, four cells have usually been 
formed. In humans, each or these cells contains 23 chromosomes. 

This is summarised in Figure 2. 

In addition to halving the number of ch romosomes, meiosis also 
produces genetic variation among the offspring, which may lead to 
adaptations that improve survival chances. Meiosis brings about this 
genetic variation in the following two ways: 

• 	 independent segregation of homologous chromosomes 

• 	 new combinations of maternal and paternal a lle les by crossing over. 



~8 

paternal 
chromosome ~8--8 

meiosis 2@z~::::::how•~ s~e 

a single pair of homologous ~8
homologous chromosomes 

chromosomes are separated into 


different cells 


chromatids 
are separated by 
a further division 
into four cells 
each with a single 
chromatid.A. Figure 2 Summary of meiosis 

Before we look at these two processes in more detail, let us recall the 
meaning of three important terms: 

• 	 gen e - a length of DNA that codes for a polypeptide 

• 	 locus - the position of a gene on a chromosome or DNA molecule 

• 	 allele - one of the differe01 forms of a particular gene. 

• 	 hom o logous chromosom es - a pair of chromosomes, one 
maternal and one paternal. that have the same gene loci. 

Independent segregation of homologous chromosomes 
During meiosis l, each chromosome lines up alongside its homologous 
partner (see Figure 3). In humans, for example, this means that there 
will be 23 homologous pairs o( chromosomes lying side by side. When 
these homologous pairs arrange themselves in this line they do so 
at random. One of each pair will pass to each daughter cell. Whicb 
one of the pair goes into the daughter cell, and with which one or 
any of the other pairs, depends on how the pairs are lined up in the 
parent cell. Since the pairs are lined up at random, the combination 
of chromosomes or maternal and paternal origin that go into the 
daughter cell at meiosis I is also a matter of chance. This is called 
independe n t segregatio n . 

Variety from new genetic combinations 
Each member of a homologous pair of chromosomes has exactly the 
same genes and therefore determines the same characteristics (e.g., 
tongue rolling and blood group). However, the alleles of these genes 
may differ (e.g., they may code for rollers or non-rollers, or blood group 
A or B). The independent assortment. of these chromosomes therefore 
produces new genetic combinations. An example is shown in Figure 3. 

Hint 

Imagine your chromosomes as two 
packs of 23 cards, red and blue, 
in which the cards are labelled 
from A to W. You were given the red 
pack by your mother and the blue 
pack by your father. Independent 
segregation is like dealing a card, of 
each letter in turn, at random from 
either of these two packs. Your final 
hand of 23 cards could contain any 
proportion of red and blue cards. In 
fact there are 223 (over 8 million) 

different possible combinations. 

• 




arra ngement P 

----\tl,) 
~oq\ 
~ meiosis 2 

non-~oq\
1-----\d_j 

non-~o~ 

meiosis 2 

L----~oq\ 

(Note that the chromosomes carrying the gene 
for tongue rolling have lined up the opposite way) 

9.2 Meiosis and genetic variation 

Link 

A level students wil l be provided 

with more detail on the effects 

of independent segregation 

of chromosomes in Topic 17.4 
Oihybrid inheritance. 

stage 1 

In this diagram we look at just two homologous pairs. The stages shown 
on the figure are: 

• 	 Stage 1. One of che pair of chromosomes includes the gene for 
tongue rolling and carries one allele for roller and one for non­
roller. The ocher duomosome includes the gene for blood group 
and carries the allele for blood group A and the allele for blood 
group B. There are two possible arrangements, P and Q, of the cwo 
chromosomes at the start of meiosis. Both are equally probable, but 
each produces a different outcome in terms of the characteristics 
that may be passed on via the gametes. 

• 	 Stage 2. At the end of meiosis I, the homologous chromosomes 
have segregated into two separat e cells. 

• 	 Stage 3. At the end of meiosis 2, the chromosomes have segregated 
into chromatids producing four gametes for each arrangement. 
The actual gametes are different, depend ing on the original 
arrangement (P or Q) of the chromosomes al stage 1. 

Arrangement P produces the following types of gamete with alleles for: 

• 	 roller and blood group B 

• 	 non -roller and blood group A. 

Arrangement Q produces the following types of gamete with alleles for: 

• 	 non-roller and blood group B 

• 	 roller and blood group A. 

stage 2 stage 3 

gametes Features that the gamete 


might pass on to 
~ol'4\ the offspring 


roller and blood group B 

non-roller and blood group A 

011-~oq\ 
\d_) 

, ____ -no_o~ 
non-roller and blood group B 

~ 

\d_) 
roller and blood group A\ol'4\ 

~ 
.A Figure 3 Generic varialion produced as a resull ofindependent segregaiion ofchromosomes during meiosis. This diagram illusua1es 
!he independenr segregalion of1wofeawres, rongue rolling and blood group, tho! are carried on separole chromosomes 

• 




Where the cells produced in meiosis are gametes these will be genetically 
different as a result of the different combinations of the maternal and 
paternal chromosomes/alle les they contain. These haploid gametes fuse 
randomly at fe rtilisacion. The haploid gametes produced by meiosis fuse 
to restore the diploid sta te . Each gamete has a different make-up and 
their random fusion therefore produces variety in the offspring. Where 
the gametes come from different parents (as is usually the case) two 
different genetic make-ups are combined and even more variety results. 

Genetic recombination by crossing over 
We saw above tha t, during meiosis I. each chromosome lines up 
alongside its homologous pa rtner. The following events then take place: 

• 	 The chromalids of ea ch pa ir become twisted around one another. 

• 	 During this twisti ng process tension s are created and portions of 
the chromatids break off. 

• 	 These broken portions might then rejoin with the chroma tids of its 
homologous pa rtne r. 

• 	 Usua lly it is the equiva lent portions of homologous ch romosomes 
that are exchanged. 

• 	 In this way new genetic combinations of maternal and paternal 
alleles are produced (Figure 4). 

The chromatids cross over one another many times and so the process is 
known as crossing over. The broken-off portions of chromalid recombine 
with another chromatid, so this process is called recombination. 

The effect of this recombination by crossing over on the cells produced 
at the end of meiosis is illustrated in Figure 5. Compare the four cells 

~8 
~8--89 ......., ..,...., 

Parent cell with -- ­
homologous 
~8 	 ­
chromosomes ~ 

after crossing over 


88
and recombination -·­

All four cells produced 
have a different 
genetic composition 

.&. Figure S Genetic variation as a result ofrecombination by crossing over 

Chromat1ds of homologous 
chromosomes twist around 
one another, crossing over 
many times 

Simplified representatton 
of a single cross over 

point of breakage 

Result of a single cross 
over showing equiva lent 
portions of the chromatid 
having been exchanged 

.&. Figure 4 Crossing over 

Hint 

Imagine your packs of blue and red 
cards again. Recombinat ion is like 
taking a red card and a blue card, 
each with the same number, and 
tearing an identical portion from 
each card and attaching it to the 
other card, so that you have new 
cards that are part red and part 
blue. You can do this in an almost 
infinite number of ways and all 
before you start to deal them 
as before! 

• 




9.2 Meiosis and genetic variation 

Summary questions 

1 	 Acell is examined and found 
to have 27 chromosomes. Is it 
likely to be haploid or diploid? 
Explain your answer. 

2 	 State two ways in which 
meiosis leads to an increase in 
genetic variety. 

3 	 Study Figure 2. Imagine that 
both alleles of the gene on 
the smaller chromosome are 
for blood group A(rather than 
blood groups Aand B). List all 
the different combinations of 
alleles in the gametes. 

4 	 Amule is a cross between a 
horse (64 chromosomes) and 
a donkey (62 chromosomes). 
Mules therefore have 
63 chromosomes. From your 
knowledge of meiosis, suggest 
why mules are sterile. 

s 	 tiCalculate the number 
of possible chromosome 
combinations produced 
from the fertilisation of two 
gametes, each of which 
contains five chromosomes 
(assume there is no crossing 
over). 
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that result with those shown in Figure 2. Ir there is no recombination 
by crossing over only two different types of cell are produced. However, 
if recombination does occur, four different cell types are produced. 
Crossing over therefore increases genetic variety even further. 

Possible chromosome combinations following meiosis 
Homologous pairs of chromosomes line up at the equator of a cell 
during meiosis L Either one of a pair can pass into each daughter 
cell (independent segregation) and so there are a large number of 
possible combinations of chromosomes in any daughter cell. It is 
possible to make a mathematical ca lculation based on the number of 
chromosomes in an organism to determine th e number of possible 
combinations of chromosomes For each daugh ter cell. The formula is: 

211 where n =the number of pa irs of homologous chromosomes. 

So an organism with 4 homologous pairs or chromosomes can produce 
24 or 16 possible different combina tions of chromosomes of maternal 
and paternal origin in its daughter cells as a resu lt of meiosis. 

We have also seen that variety is further increased through the 
random pairing of male and female gametes. Where the gametes 
come from dillerent parents two diiferent genetic complements with 
different alleles are combined, providing yet more variety. Again, we 
can calculate this mathematically using the formu la: 

(2")2 where n = the number of pairs of homologous chromosomes. 

Using our example of an organism with 4 homologous pairs of 
chromosomes, there are (2")2 or 256 different combinations of 
chromosomes in the offspring produced as the result of sexual 
reproduction. 

These calculations are based on chromosomes staying intact throughout 
meiosis. ln practice we know that crossing over between chromatids 
during meiosis I exchanges sections of chromosomes between 
homologous pairs in the process called recombination. As recombination 
occurs each time gametes are made, it will greatly increase the number 
of possible chromosome combinations in the gametes. 

Worked example 
Calculate the number of possible chromosome combinations 
produced from the fertilisation of two gametes from separate 

~ 
~ 

individuals whose diploid number is 12 (assume no crossing over). 

As you are looking at the possible chromosomes in the offspring 
(after fertilisation), you must use the formula: 

(2")2, where n = the number of pairs of homologous chromosomes. 

First you need tO find the value of n. 

You are told the diploid number is 12. 

Therefore the number of pairs of homologous chromosomes 
is 12-;- 2 = 6. 


Substiruting in the formula you get: (2<' )2 = 4096 . 




Organisms arc varied. Around 1.8 million species of organisms on 
Earth have been identified and named. Many more arc unnamed or 
undiscovered. Estimates or the total number of species on this planet 
today range from 5 million LO 100 million. All of these species arc 
different. 

Even between members or the same species there are a multitude of 
differences. Almost every one of the 7.3 billion people alive in 2014 
arc similar enough to be recognised as humans and yet different 
enough to be distinguished from one another. What makes us and 
other species similar and yet different? 

Genetic diversity 
We saw Topic 8. L that it is DNA which determines the considerable 
variety of proteins that make up each organism. Therefore genetic 
similarities and di[l'erences between organisms may be defined in 
terms of variation in DNA. Hence it is differences in DNA that lead to 
the vast genetic diversi ty we find on Earth. 

We also saw in Topic 8.1 that a section of DNA that codes for one 
polypeptide is ca lled a gene. All members of the same species have the 
same genes. For example, all humans have a gene for blood group, just 
as all snapdragons (Amirrhinum majus) have a gene for petal colour. 
Which blood group humans have depends on which two alleles of 
the gene they possess. Likewise, rhe colour of a snapdragon's petals 
depends on which two alleles for peral colour it possesses. Organisms of 
the same species differ in their combination of alleles, not their genes. 

Genetic diversity is described as rhe total number of different alleles in 
a population. A population is a group of individuals of the same species 
that live in the same place and can interbreed. A species consists of 
one, or more, populations. The greater the nwnber of different alleles 
that all members of a species possess. the greater the generic diversity 
of that species. Genetic diversity is reduced when a species has fewer 
different a lleles. The greater the genetic diversity, the more likely that 
some individuals in a popu lation will survive an environmental change. 
This is because or a wider range of alleles and therefore a wider range of 
characteristics. Th is gives a greater probability that some individual will 
possess a characteristic that suits it to the new enviromnental conditions. 
Genetic diversity is a factor that enables natural selection to occur. 

Natural selection in the evolution of populations 
Not all alleles or a population are equally likely to be passed tO 

the next generation. This is because only certain individuals are 
reproductively successrul and so pass on their alleles. 

Reproductive success and allele frequency 
Dirferences between the reproductive success of individuals aHccts 
allele frequency in populations. The process works like this: 

• 	 Within any population or a species there will be a gene pool 
contain ing a wide variety of a lleles. 

Learning objectives 
-+ Explain why organisms are 

different from one another. 

-+ Describe what factors 

influence genetic diversity. 

-+ 	 Explain how reproductive 

success affects allele 

frequency within a gene pool. 

-+ 	 Explain how genetic diversity 

enables natural selection. 

Specification reference: 3.4.4 

A Figure 1 Examples ofgenetic 
diversity {from top to bottom]: anemone; 
lichens; mountain goat;fritillary butterfly 

• 




9.3 Genetic diversity and adaptation 

Hint 

Remember that an allele is one 
alternative form of a gene and, as 
such, is a length of DNA on one 
chromosome of a homologous pair. 

natural selection is given in Topic 
18.3 Natural selection, for those 
students studying A level. 

Summary questions 

1 	 State whether each of the 
fo llowing is likely to increase 

or decrease genetic diversity: 

a 	 increasing the variety of 
alleles within a population 

b 	 breeding together closely 
related cats to develop 
varieties with longer fur 

c 	 mutation (permanent 
change to the DNA) of 
an allele. 

2 	 Explain how a difference in its 
DNA might lead to an organism 
having a different appearance 
and hence the species 
showing greater genetic 
diversity . 
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• 	 Random mutation of alleles within this gene pool may result in 
a new allele of a gene which in most cases will be harmful. 

• 	 However in certain environments. the new allele or a gene might give 
its possessor an advantage over other individuals in the population. 

• 	 These individuals will be better adapted and therefore more likely 
to survive in their competition with others. 

• 	 These individuals are more likely to obtain the available resources 
and so grow more rapidly and live longer. As a result, they will 
have a better chance of breeding successfu lly and producing more 
offspring. 

• 	 Only those individuals that reproduce successfully will pass on 
their alleles to the next generation. 

• 	 Therefore it is the new allele that gave the parents an advantage in 
the competition for survival that is most likely to be passed on to 
the next generation. 

• 	 As these new in dividuals a lso have the new, 'advantageous' 
allele, they in turn are more likely tO survive, and so reproduce 
successfu lly. 

• 	 Over many generations, the number of individuals wirh the new, 
'advantageous' allele will increase at the expense of the individuals 
with the 'less advantageous' alleles. 

• 	 Over time, the frequency of the new, 'advantageous' allele in 
the population increases while that of the 'non-advantageous' 
ones decreases. 

Tt must be stressed that what is 'advantageous' depends upon the 
environmental conditions at any one time. For example, alleles for black 
body colour may be 'advantageous' as camouflage against a smoke ­
blackened wall, but 'non-advantageous' against a snowy landscape. 

The peppered moth, Biston 

betularia normally has a light 

colour that camouflages it against 

the light background of the lichen­

covered trees on which it rests. 

In 1848 a dark (melanic) form 

of the peppered moth appeared 

in Manchester. At this t ime, most 

buildings, walls and trees in the city 

were blackened by the soot from 


A Figure 2 Light and dark varieties 
SO years of industrial development. 

ofthe peppered moth
Both types of the moth are 

shown in Figure 4 against this blackened background. By 1895, 98% of 

Manchester's population of the moth was of the black type. 


1 	 Suggest an explanation that accounts for the change from the light to 
dark variety of the moth. 



Selection is the process by which organisms that are better adapted 
to their environment tend to survive and breed, while those that are 
less well adapted tend not to. Every organism is subjected to a process 
of selection, based on its suitability for surviving the conditions that 
exist at the time. Different environmental conditions favour different 
d1aracteristics in the population. Depending on which characteristics 
are favoured, selection will produce a number of different results. 

• 	 Selection may favour individuals that vary in one direction from 
the mean of the population. This is called directional se lection 
and changes the characteristics of the population. 

• 	 Selection may favour average individuals. This is called stabilising 
selection and preserves the characteristics of a population. 

Most characteristics are in fl uenced by more than on e gene(polygen es). 
These types of characteristics are more influenced by the environment 
than ones determined by a single gene. The effect of the environment 
on polygenes produces individuals in a population that vary about 
the mean. When you plot this variation on a graph you get a normal 
distribution curve. The next part of this topic looks at how these two 
types of selection affect this curve. 

Directional selection 
If the environmental conditions change, the phenotypes (the 
observable physical and biochemical characteristics of an organism) 
that arc best suited to the new conditions are most likely to survive. 
Some individuals, which fall to either the left or right of the mean, 
will possess a phenotype more suited to the new conditions. These 
individuals will be more likely to survive and breed. They will therefore 
contribute more offspring (and the alleles these offspring possess) to 
the next generation than other individuals. Over time, the mean will 
then move in the direction of these ind ividuals. To explain, let us take 
the example of the development of an tibiotic resistance in bacteria . 

Shortly after the discove ry of antibiotics it became apparent that the 
effectiveness of some antibiotics at killing bacteria was reduced. It 
was found that these popu lations of bacteria had developed resistance 
to antibiotics such as penici ll in. The resis tance was not due to the 
developmen t of tolerance LO the antibiotic, but rather a chance 
mutation within the bacteria. We saw in Topic 9.1 that a mutation is a 
d1ange in DNA that results in different characteristics, usually due to a 
change to some protein. As an example of directional selection, let us 
look at the case of resistance to penicillin: 

• 	 A spontaneous mutation occurred in the allele of a gene in a 
bacterium that enabled it to make a new protein. The new protein 
was an enzyme that broke down the antibiotic penicillin before it 
was able to kiJI the bacterium. The enzyme was given the name 
penicillinase. 

• 	 The bacterium happened, by chance, to be in a situation 
where penicillin was being used to treat an individual. In these 
circumstances, the mutation gave the bacterium an advantage in 

Learning objectives 
-+ 	 Describe what selection is 

-+ 	 Describe the environmental 

factors which exert selection 

pressure 

-+ 	 Explain what stabilising and 

directional selection are. 

Specification reference: 3.4.4 

• Figure 1 One in every six prescriptions 
issued by doctors in the UK isfor on 
antibiotic 

Link 

A level students will expand their 

knowledge of types of selection 

in Topic 18.4 Effects of different 

forms of selection on evolution. 

• 
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9.4 Types of selection 

Study tip 
Remember that resistance is 
the result of a chance mutation. 
These are rare events. If they 
were common events it is unlikely 
that any antibiotics would still be 
effective in treating disease. 

New mutations that give bacteria 
resistance to antibiotics arise 
randomly all the time. However, 
the more we use antibiotics the 
greater the chance that the mutant 
bacterium wil l gain an advantage 
over the normal variety. 

Required practical 6. Use of aseptic 
techniques to investigate the 

effect ol aot;mkmb;•I substonm J 
on microbial growth. 

.A Figure 3 The use ofmony anribiotics 
in hospitals increases the chance of 
multiple antibiotic resistance developing 
in bacteria 
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being able to use penicillinase to break down the antibiotic and so 
survive while the rest or the popula tion o r bacteria were killed by it. 

• 	 The baccerium that survived was a ble to divide by binary fission 
to build up a small population of penicillin -resistam bacteria. 

• 	 Members of this small penicillin-resistant popula cion we re more 
able to survive, and therefore multiply, in the presence of penicillin 
than members of the non-resistant populatio n. 

• 	 The population of penicillin-resistant bacteria increased at the 
expense of the non-resistant populatio n. Consequemly the 
frequency of the allele that enabled the production of penicillinase 
increased in che population. 

• 	 The population's normal distribution curve shifted in the 
direction of a population having greater resistance to penicillin 
(see Figure 2). 

While our example illustrates penici llin resistance, the process applies 
equally to any antibiotic. 

Use of antibiotics puts directional selection 
pressure on the baclenal population. 

original 
population of 	 pop1..'allon of 
non-resistant ant1b1ot1c-res.stant 

"' -ro 
~ 
u s 
0 
0 
c 

bacteria bacteria c.'ter the 

\ 

low antibiotic high antibiotic 

resistance resistance 


.A Figure 2 Directional selection as exemplified by antibiotic 
resistance in bacteria 

le must be stressed that bacteria do not mutate because of the presence 
of antibiotics. Mutations occur randomly and are very rare. However 
as there are so many bacteria around, th e total number of mutations is 
large. Many of these mutations will be of no advantage to a bacterium. 
Indeed most will be harmful, in which case the bacterium will 
probably die. Very occasionall y a muta tio n will be advantageous. Even 
then it depends upon che circumstances. Fo r example, a mutation that 
leads to the production of penicillinase is o nly an advantage when 
the bacterium is in the presence o f pe nicillin. With continued use of 
antibiotics, there is a greater chance that the mutant population will 
out-compete, and replace, the original popula tio n. 

Directional selection therefore results in phenotypes at one extreme of 
the population being selected for and those at the other extreme being 
selected against. 



Stabilising selection 
I 

If environmental conditions remain stable, it is the individuals with 
phenotypes closest to the mean that are favoured. These individuals 
are more likely to pass their alleles on to the next generation. Those 
individuals with phenotypes at the extremes are less likely to pass 
on their alleles. Stabilising selection therefore tends to eliminate the 
phenotypes at the extremes. 

Let us look at the example of human birth weights. 

Stabilising selection results in phenotypes around the mean of the 
population being selected for and those at both extremes being 
selected against. These events arc summarised in Figure 4. 

The body mass at birth of babies born at a hospital was measured over 
a 12-year period. In the graph in Figure 5 the percentage of births in 
the popu lation (y-axis on the lcfl) is plotted against birth mass of the 
infants as a histogram. 

Over the same reriod, the infant mortali ty (dea th) rate was also 
recorded. The infant mortality rate is measured on a logarithmic scale 
(y-axis on the right) and plotLed against infant body mass at birth as a 
line graph. 

Looking at the histogram in Figure 4, you will see that the body mass 
of the babies at birth is within a relatively narrow range - mostly 15 

between 2.5 and 4.0 kg. The likely explanation for this can be found 0 
gfrom looking at the line fo r infant mortality. This line climbs steeply 

where the birth weight is below 2. 5 kg and again where it is above 
4.0 kg. In other words, there is a much greater risk of infant death 
when the birth we ight is outside the range 2.5-4.0 kg. Bigger isn't 
always better. 
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Hint 

Selection acts on phenotypes and 
this has an indirect effect on the 
inheritance of alleles from one 

generation to the next. 

opllmum birth individuals 

mass with favoured 

phenotypes 

individuals 

with 

increasing birth mass ­

€ 


peak is 

higher and 

the spread 

is narrower 

5 10 15 20 25 
increasing birth mass ­

A Figure 4 Stabilising selection 

Hint 

If the environmental change is 
great enough, there may be no 
phenotype suited to the new 
conditions, in which case the 
population will die out. 

• 




9.4 Types of selection 

Summary questions 

1 What is selection? 

2 Distinguish between 
directional selection and 
stabilising selection. 

3 A severe cold spell in 1996 
killed over 50% of swallows 

living on cliffs in Nebraska. 
Biologists collected nearly 
2000 dead swallows from 

beneath the cliffs and captured 
around 1000 living ones. By 
measuring the body mass of 
the birds, they found that birds 
with a larger than average body 
mass survived the cold spell 
better than ones with a smaller 

than average body mass. State, 
giving your reasons, which 
type of selection was taking 
place here. 
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This illustrates stabilising selection because the mortality rate is greater at 
the two extremes. The infants with the highest and lowest birth masses 
are more likely to die (are being selected against) while those around 
the mean are less likely to die (are being selected for/favoured). The 
population's characteristics are being preserved rather than changed. 

Stabilising selection therefore results in phenotypes around the mean 
of the population being selected for and those at both extremes being 
selected against. These events are summarised in Figure 5. 

Natural selection results in species that arc better adapted to the 
environment that they live in. These adaptations may be: 

• 	 Anatomical, such as shorter ears and thicker fur in arctic foxes 
compared tO foxes in warmer climates. 

• 	 Physiological. for example oxidising of fat rather than 
carbohydrate in kangaroo rats to produce addi tional water in a dry 
desert environment. 

• 	 Behavioural, such as the autumn migration of swallows from the 
UK to Africa to avoid food shortages in the UK winter. 

Cuckoos lay their eggs in the nests 
of other birds. The host birds will 
often raise these parasite chicks 
alongside their own. 

In many valleys in southern 
Spain, great cuckoos and common 
magpies have lived together for 
hundreds of years. In some valleys, 

however, magpies have been • figure 6 Cuckoos Jay their eggs 
around for centuries but cuckoos (bottom row] in the nests ofmagpies 
have only recently arrived. whose eggs are shown on the upper row 

Scientists placed artificial cuckoo eggs into magpie nests in both types of 
valley. Where cuckoos and magpies had lived together for a long period, 
78% of the magpies removed the cuckoo eggs from their nests. Where 
cuckoos had only recently colonised the valleys, only 14% of the magpies 
removed the cuckoo eggs. 

It would appear that, in the valleys where cuckoos are well established, 
selection has favoured those magpies that removed the cuckoo eggs. 

1 	 Suggest one advantage to the magpies of removing cuckoo eggs from 
their nest. 

2 	 Explain how removing cuckoo eggs increases the probability of the 
alleles for this type of behaviour being passed on to subsequent 
generations. 

3 	 Suggest why this form of behaviour is not shown by magpies in those 
valleys where cuckoos have only recently arrived. 

4 State, with your reasons, which type of selection is taking place here. 
5 Explain how the different behaviour ofthe two groups of magpies might 

lead to selection that produces a change within the magpie population. 
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Practice questions: Chapter 9 

Pbenylketonuria is a disease caused by mutations of the gene coding for the enzyme PAil. 
The table shows part of the DNA base sequence coding for PAH. rt also shows a mutation 
of this sequence which leads to the production of non-functioning PAii. 

DNA base sequence coding c 
for PAH 

A G T T c G c 

DNA base sequence coding c A G T T c I c I c 
fo r non-functioning PAH 

T 

T 

A c G 

A c G 

(a) 	 (i) What is the maximum number of amino acids for which this 
base sequence could code? (1 mark) 

(ii) 	 Explain how this mutation leads to the forma tion of 
non-functioning PATI. (3 marks) 

PAH cata lyses a reaction at the start of two enzyme-controlled path ways. 


The diagram shows these pa thways. 


phenylalanine 

1PAH 

tyrosine 

1 
DOPA 

/~
melanin 	 dopamine 

Ca dark pigment m skin) (a substance required for 
muscle coord1natton) 

(b) 	 Use the information in rhe diagram to give two symptoms you might 
expect to be visible in a person who produces non-functioning PAH. (2 marks) 

(c) 	 One mutation causing phenylketonuria was originalJy only found in 
one population in central Asia. It is now found in many different popularions 
across Asia. Suggest how the spread of this mutation may have occurred. (1 mark) 

AQA Jan 20 12 

Figure 3 shows a pair of chromosomes at the start of meiosis. The letters represent alleles. 

EWEexe 

F~F f t 

• Figure3 

(a) 	 What is an allele? (1 mark) 
(b) 	 Explain the appearance of one of the chromosomes in Figure 3. (2 marks) 
(c) 	 The cell containing this pair of chromosomes divided by meiosis. Figure 4 shows 

the distribution of chromosomes from this pair in four of the gametes produced. 

CD CD CD CD 
• 

•Figure 4 



Practice questions: Chapter 9 
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(i) 	 Some of the gameLes formed during meiosis have new combina tions 
0£ alleles. Explain how the gametes with the combina tions or alleles 
Ef and eF have been produced. (2 marks) 

(ii) 	 Only a few gametes have the new combination or alleles Er and eF. 
Most gameLes have Lhe combination of alleles EF and er. Suggest why 
only a few gametes have the new combination or alleles, Ef and eF. (I mark) 

(d) 	 Figure 5 shows a cell with six chromosomes . 

.A Figure 5 

(i) 	 This cell produces gametes by meiosis. Draw a diagram to show the 
chromosomes in one of the gametes. (2 marks) 

(ii) 	 How many different types of gametes could be produced rrom this cell as 
a result of different combinations of maternal and paternal chromosomes? 	(I mark) 

AQA June 2010 

(e) 	 (i) Calculate the number of different types of gametes that can be 
produced in a species with a diploid number of 24. (1 mark) 

(ii) Assuming random fertilisation, calculate the number of different combinations 
of maternal and paternal chromosomes in the 1ygotes of this species. (J mark) 

3 (a) Explain what is meant by genetic diversity. (l mark) 
(b) 	 Apart from genetic factors what other type of factor causes variation 

within a species? (l mark) 
(c) 	 The spotted owl is a bird. Numbers of spotted owls have decreased over 

the past 50 years. Explain how this decrease may affect genet ic diversi ty. (2 marks) 
AQA June 2011 

4 	 The table shows some differences between th ree varieties of ba nana plant. 

Variety A Variety B Variety C 

44Number of chromosomes in a leaf cel l 22 33 

7.2Growth rate of fruit I cm3 week- 1 2.9 6.9 

7.8Breaking strength of leaf I arbitrary units 10.8 9.4 

(a) (i) How many chromosomes are there in a male gamete rrom variety C? ( l mark) 
(ii) Variety B cannot produce ferti le gametes. Use information in the 

table to explain why. (2 marks) 

In some countries very strong winds may occur. Banana growers in these 
countries choose to grow variety B. 
(b) (i) Use the data in the table to explain why banana growers in 

these countries choose to grow variety B rather than variety A . (l mark) 
(ii) Use the data in the table to explain why banana growers in 

these countries choose to grow variety B rather than variety C. (I mark) 
(c) Banana growers can only grow new variety B plants from suckers. 

Suckers grow from cells at the base of the stem of the parent plant. 
Use your knowledge of cell division to explain how growing variety B on 
a large scale will affect the genetic diversity of bananas. (2 marks) 

AQA Jan 2011 



Sciemists have identified and named around l.8 million differem 
living organisms. No one knows how many types remain to be 
idemified. Estimates ror the total number of species on Earth vary 
from 10 million to I00 million. The figure is likely to be around 
14 million. These represent only the species that exist today. Some 
scientists have estimated that 99% of the species that have existed 
on Earth arc now extinct. and almost all of them have left no fossil 
record. With such a vast number of organisms it is dearly important 
for scientists to name them and son them into groups. 

Classification is the organisa tion of living organisms into groups. This 
process is not random bu t is based on a number of accepted principles. 
Before we examine how orga nisms are grouped according to these 
principles, consider how scientists distinguish one type of organism 
from another. 

The concept of a species 
A species is the basic unit of classification. A definition of a species is not 
easy, but members of a single species have one main thing in common: 

• 	 They are capab le of breeding to produce living, fertile 
offspring. They are therefore able ro produce more offspring. This 
means that, when a species reproduces sexually, any of the genes 
of its individuals can. in theory, be combined with any ocher. 

Naming species - the binomial system 
At one time scientists often gave new organisms a name that described 
their features, for example blackbird. rainbow trout. This practice 
resulted in the same names being used in different parts of che world 
for very different species. Therefore, it was difficu lt for scientists to be 
su re they were rderring to the same organism. Over 200 yea rs ago 
the Swed ish botan ist Li nnaeus overcame this problem by devising a 
common system of naming organisms. This system is still in use today. 

Organ isms arc identified by two names and hence the system is ca lled 
the binomial sys tem . Irs katures arc as fo llows: 

• 	 It is a universal system based upon Latin or Greek names. 

• 	 The first name, called rhe generic name. denotes the genus to 
which rhe organism belongs. This is equivalent to che surname 
used ro idenrify people and shared by their close relarives. 

• 	 The second name, called the sp ecifi c name, denotes the species 
to which the organism belongs. This is equivalent tO the first (or 
given) name used to identify people. However, unlike in humans. 
it is never shared by other species within the genus. 

There arc a number of rules chat are applied tO the use of the binomial 
system in scientific writing: 

• 	 The names arc printed in italics or, if handwritten, they arc 
underlined to indicate that they are scientific names. 

Learning objectives 
' Explain the concept of a 

species is. 

' Outline how species are 

named. 

' Explain how courtship is a 

precursor to mating. 

' Explain the principles of 

classification. 

' Explain how classification is 

related to evolution. 

Specification reference: 3.4.5 

Study tip 

A common error is to state that 

members of the same species are 

capable of breeding to produce 

viable offspring rather than fertile 

offspring. Viable simply means 

alive not fertile. 

• 




10.1 Species and taxonomy 

A Figure 1 {From top to bottom} the 
fungus Mucor mucedo {bread mould]; 
the plant Lathyrus odoratus (sweet 
pea); the animal Felix tigris {tiger]. The 
classification ofthese organisms is 
shown in Table 1 on the next page 
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• 	 The first letter of the generic name is in upper case (capitals), but 
the specific name is in lower case (small letters). 

• 	 If rhe specific name is nor known, ir can be wriucn as 'sp.', 
for example, Felix sp. 

The naming of organisms is in a constant state of change. Currenr 
names reflect the presenr state of scientific knowledge and 
understanding. In the same way, the classification of species is 
regularly changing as our knowledge of their evolution, physical 
fcarures, biochemistry and behaviour increases. 

Courtship behaviour 
Members of the same species have similar. or have the same genes 
and therefore resemble one another physical ly and biochemically. 
This helps them to distinguish members of their own species from 
those of o ther species. The same is true of behaviou r. The behaviour 
of members of the same species is more alike than tha t of members of 
different species. Individuals can therefore recogn ise members of their 
own species by the way they act. Like the physica l and biochemical 
features of a species, the ability to display a behaviour is genetically 
determined. It too has evolved and it inlluences the chances of 
survival. When it comes to survival of the species (as opposed to the 
individuals). courtship and mating are essential. 

No individual lives forever. Reproduction is therefore the means 
by which a species can survive over time. Each individual has 
adaptations that help to ensure that their ONA is passed on, through 
the reproductive process, to the next generation. The females of most 
species only produce eggs at specific times, often as little as once a 
year. It is therefore important to ensure that mating is successful and 
that the offspring have the maximum chance of survival. Courtship 
behaviour helps to achieve this by enabling ind ividuals to: 

• 	 recognise m embers of the ir own s p ecies to ensure that mating 
only takes place between members of the same species because 
only members of the same species can produce ferti le offspring 

• 	 identify a mate that is ca pable of breeding beca use both 
partne rs need to be sexua lly mature, fe rtile and receptive to mating 

• 	 form a pair bond that will lead to successfu l mating and raising of 
offspring 

• 	 syn chronise mat ing so that it takes place when there is the 
maximum probabili ty of the sperm and egg meeting. 

• 	 become able to breed by bringing a member of the opposite sex 
into a physiological state that allows breeding to occur. 

The females of many species undergo a cycle of sexual activity in 
which they can only conceive during a very short time. They are 
often only receptive to mating for a period around the time when 
they produce eggs. Courtship behaviour is used by males tO determine 
whether the female is at this receptive stage. lf she responds with the 
appropriate behavioural response, courtship continues and is likely 
to result in the production of offspring. If she is not receptive, she 
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exhibits a different pattern of behaviour and the male ceases to court 
ber, turning his attentions elsewhere. 

During courtsh ip, animals use signals to communicate with a potential 
mate and with members of their own sex. Typically there is a chain 
of actions between a male and female . The chain of actions is the 
same for all members of a species but differs for members of different 
species. In this way both individuals recognise that their partner is of 
the same species and that they may be prepared to mate. 

Grouping species together - the principles 
of classification 
With so many species, past and present, it makes sense to organise 
them into manageable groups. This allows better communication 
between scientists and avoids confusion. The grouping of organisms is 
known as classification, while the theory and practice of biological 
classification is called taxonomy. 

There are two main forms of biological classification, each used for a 
different purpose. 

• 	 Artificial classification divides organisms according to 
differences that are useful at the time. Such featu res may include 
colour, size, number of legs, leaf shape, etc. These a re described as 
analogous characteristics where they have the same function but 
do not have the same evolutionary origins. For example, the wings 
of butterflies and birds a re both used for flight but they originated 
in different ways. 

• 	 Phylogenetic classification: 

a is based upon the evolutionary relationships between 
organisms and their ancestors 

b 	 classifies species into groups using shared fea rures derived from 
their ancestors 

arranges the groups into a hierarchy, in which the groups are 
contained within larger composite groups with no overlap. 

Relationships in a phylogenetic classification are partly based on 
homologous characteristics. Homologous characteristics have similar 
evolutionary origins regardless of their functions in the adult of a 
species. For example, the wing of a bird, the arm of a human and the 
front leg of a horse all have the same basic structure and evolutionary 
origins and are therefore homologous. 

Organising the groups of species - taxonomy 
Each group within a phylogenetic biological classification is called a 
taxon (plural taxa). Taxonomy is the study of these groups and their 
positions in a hierarchical order, where they are known as taxonomic 
ranks. These are based upon the evolutionary line of descent of the 
group members. A domain is the highest taxonomic rank and three are 
recognised: Bacteria, Archaea (a group of prokaryotcs) and Eukarya. 

A Figure 1 Courtship ofgreat crested 
grebes - the weed presentation dance 

Study tip 

When considering animal 
behaviour always remember that 
animals do not think like humans. 

Hint 

Auseful mnemonic for remembering 
the order of the taxonomic ranks is 
'Delicious King Prawn Curry Or Fat 
Greasy Sausages'. 

• 




10.1 Species and taxonomy 
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Bacte ria are a group of single-celled prokaryotes with the following 
features: 

• 	 the absence of membrane-bounded organelles such as nuclei or 
mitochondria 

• 	 unicellular, although cells may occur in chains or clusters 

• 	 ribosomes are smaller (70S) than in eukaryotic cells 

• 	 cell walls are present and made of mu rein (but never chitin 
or cellulose) 

• 	 single loop of naked DNA made up of nucleic acids but no histones 

Archaea are a group of single-celled prokaryotes that were originally 
classified as bacteria which they resemble in appearance. 

They differ from bacteria because: 

• 	 their genes and protein synthesis a rc more similar to eukaryotes 

• 	 their membranes contain fa tty acid chain s auached to glycerol by 
ether linkages 

• 	 th ere is no murein in their cell walls 

• 	 they have a more complex form of RNA polymerase. 

Eukarya are a group of organisms made up of one or more eukaryotic 
cells. Their features are : 

• 	 their cells possess membrane-bounded organelles such as 
mirochondria and chloroplasts 

• 	 they have membranes containing fatty acid chains attached to 
glycerol by ester linkages 

• 	 nor all possess cells with a cell wall, but where rhey do ir contains 
no murein 

• 	 ribosomes are larger (80S) than in Bacteria and Archaea. 

The Eukarya domain is divided intO four kingdoms: Protoctista, Fungi, 
Pla ntae and Animalia . Within each kingdom the largest groups are 
known as phyla. Organisms in each phylu m have a body plan radically 
different from organisms in any other phylum. Diversity with in each 
phylum allows it to be divided into classes. Each class is divided into 
o rders of organisms that have additional features in common. Each 
order is divided into families and a t this level the differences a re less 
obvious. Each family is divided into gene ra and each genus (singular) 
into species. As examples or how the sysLcm works (rather than names 
to be learnt), the classification of three organisms is given in Table 1. 

T Table 1 Classification ofthree organismsfrom different kingdoms 

Rank Pin mould Sweet pea Tiger 

kingdom Fungi Plantae Animalia 
~~l--~~~~~--1 

phylum 

class 

order 

Zygomycota 

Zygomycetes 

Mucorales 

Angiospermophyta Chordata 
=--+-~~~~~---I 

Oicotyledonae Mammalia 
~--+-~~~~~--! 

osales CarnivoraR 
~~---<I--~~~~~~ 

family 

genus 

Mucoraceae 

Mucor 

Fabaceae Felidae 
~~---<I--~~~~~~ 

Lathyrus Felix 

species mucedo adoratus tigris 



camels pigs ruminants whales hipposPhylogeny 
The hiera rchical orde r of taxonomic ranks is based upon the 
supposed evolutiona ry line o f descent of the group members. 
This evolutionary relationship between organisms is known as 
phylogeny. The te rm is derived from the word 'phylum', which, 
in classifica tion, is a g roup of re lated o r similar o rganisms. The 
phylogeny of an o rganism re fl ects the evolutiona ry branch tha t 

common ancestor 
led up to it. The phylogene tic re lationships of different species are 

The closer the branches, the closer the 
usua lly represented by a tree-like diagram called a phylogenetic evolutionary relationship. Hippos and 
tree. In these diagra ms, the o ldest species is at the base of the tree whales are more closely related than 

hippos and ruminants.while the most recent ones a rc represented by the ends of the 
branches. An exa mple is shown in Figure 3. 	 A Figure 3 A phylogenetic tree showing 

the evolutionary relationship between 
certain mammals 

Summary questions 

1 State the one thing that all members of a species share. 6 a 	 State which group is the closest relative of the 

snakes.
2 List the three features of a phylogenetic system of 

classification. b State whether dinosaurs are more closely related 
to crocodiles or birds.3 	 Explain why species recognition is important in 


courtship. c Suggest what C represents. 


4 	 Suggest a way in which the courtship behaviour of one d Suggest a reason why dinosaurs are not shown 
species might be used to determine which of two other along the time line like all the other groups. 
species is most closely related to it. 

5 	 Rana temporaria is the T Table 2 

frog commonly found 
 Kingdom Animalia 

in Britain. Table 2, which 

is incomplete, shows 

part of its classification. 

State the most appropriate 

name for each of the 

blanks represented by 

the numbers 1- 7. 


1 chordata 

2 amphibia 

3 anura 

4 ranidae 

genus 5 

6 ? 

Figure 4 shows aphylogenetic tree for birds and certain reptiles. 

turtles lizards snakes birds crocodiles present 

common ancestor 	 past 

A Figure 4 
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A Figure S Turtles and crocodiles evolved from 
the same ancestor· but a very long time ago 



10.1 Species and taxonomy 

The difficulties of defining species 

Aspecies may be defined in terms of observable 
similarities and the ability to produce fert ile offspring. 
There are, however, certain difficulties with this 
definition. These include: 

• 	 Species are not fixed forever, but change and evolve 
over time. In time, some individuals may develop into 
a new species. 

• 	 Within a species there can be considerable variation 
among individuals. Al l dogs, for example, belong to 
the same species, but artificial selection has led to a 
variety of different breeds. 

• 	 Many species are extinct and most of these have left 
no fossil record. 

• 	 Some species rarely, if ever, reproduce sexually. 

• 	 Members of different populations of the same species 
may be isolated, for example by oceans, and so never 
meet and therefore never got the opportunity to 
interbreed. 

• 	 Populations of organisms that are isolated from one 
another may be classified as different species. These 
groups may turn out to be of the same species when 
their ability to interbreed is tested. 

• 	 Some types of organism are sterile (see belowJ. 

1 	 Even where groups of extinct organisms have left 
fossil records, it is very difficult to distinguish 
different species. Suggest two reasons why. 

2 	 Suggest reasons why it is often difficult to classify 
organisms as distinct species. 

A horse and a donkey (Figure 2) are capable of mating 
and producing offspring, which are known as mules. 
Ahorse and a donkey are, however, different species 
and the result ing mules are infertile, i.e. they almost 
never produce offspring when mated with each other. 
Why are mules infertile? It is all down to the number of 

• 


chromosomes and the first stage of meiosis. A horse 
has 64 chromosomes (32 pairs] and a donkey has 
62 chromosomes ( 31 pairs]. The gametes of a horse 
and a donkey therefore have 32 and 31 chromosomes 
respectively. When the gametes of a horse and a donkey 
fuse, the offspring (the mule) has 63 chromosomes. 
Gametes are formed by meiosis but there is an odd 
number of chromosomes - they cannot pair up 
appropriately and so the gametes produced are not 
functional and so mules are infertile. However, mitosis 
can take place and therefore a mule grows and develops 
normally. 

There have been occasional cases of a fertile female 
mule. This event is very rare, so much so that the Romans 
had a saying that meant 'when a mule foals', which was 
the equivalent of our modern 'once in a blue moon'. 

3 	 Does the fact that fertile mules occasionally occur 

make a mule a distinct species? Give reasons for 

your answer. 


A Figure 2 Ahorse {right} and a donkey (left}, although 
different species, are capable afmating and producing 
offspring called mules 



Biodivers ity is the general term used to describe variety in the living 
world. It re[ers to the number and variety of living organisms in a 
particular a rea and has three components: 

• 	 Species divers ity refers LO the number of differem species and the 
number or individuals of each species within any one community. 

• 	 Genetic diversity refers to the variety of genes possessed by the 
individuals that make up a population of a species. 

• 	 Ecosystem divers ity refers to the range of differem habitats, 
from a small local habitat to the whole of the Earth . 

One measure or species d iversity is s pecies richness. This is the number 
of different species in a particular a rea a t a given time (community). 
Two comm unities may have the sa me number of species but the 
proportions o f the communi Ly made up of each species may differ 
marked ly. For example, a na tura l meadow and a field o f wheat may 
both have 25 species. However, in the meadow, all 25 species m ight be 
equally abundant, whereas, in the wheat field, over 95% of the plants 
may be a single species of whea t. 

Measuring the index of diversity 
Consider the data shown in Table l about two different habitats. It 
does not tell us much about the differences between the two habitats 
because, in both cases, the total num ber of species and the total 
number of individuals are identical. However, if we measure the 
species diversity, we get a different picture. 

T Table 1 Number and types afspecies found in two different habitats within 
the same ecosystem 

Species found Numbers found in Numbers found in 
habitat X habitat Y 

A 10 3 

s10B 

10 2c 
10 360 

410E 
s sno. of species 

so sono. of individuals 

One way of measuring species diversity is to use an index that is 
calculated as follows: 

d = N (N- 1) 
In(n - 1) 

Where: 

d = index of dive rsity 


N = total number of organisms of all species 


n = total numbe r of organis ms of each species 


I.= the sum of 


Learning objectives 
-+ 	 Describe what we understand 

by species diversity. 

-+ 	 Explain how a diversity index 
is used as a measure of 
species diversity. 

Specification reference:3.4.6 

.A Figure 1 In a tropical rainforest there 
is high species diversity 

.A Figure 2 In the sub-arctic tundra 
there is low species diversity 

• 




10.2 Diversity within a community 

Study tip 

Remember that species richness 
is simply a measure of the number 
of species and takes no account 
of the number of individuals or 
abundance. Species diversity takes 
into account the number of species 
and their relative abundance. 

~ 
Worked example ~ 

Use the index to calculate the species diversity of the two 
habitats. 

You must fi rst calculate n (11 - I ) for each species in each habitat. 
You can then calculate the sum of 11(11 - I) for each species. These 
calculations are shown in Table 2. 

T Table 2 Calculation ofn{n -1) and "f.n{n -1)for habitats X and Y 

Species Numbers (n) n(n ­ 1) Numbers (n) n(n ­ 1) 
found in habitat X found in habitat Y 

A 10 10(9) =90 3 3(2) = 6 

B 10 10(9) =90 5 5(4) = 20 

c 10 10(9) =90 2 2(1) = 2 

D 10 10(9) =90 36 36(35) =1260 

E 10 10(9) =90 4 4(3) = 12 

L.n(n ­ 1) 450 L.n(n ­ 1) 1300 

Hint 

Calculating an index of diversity 
is quantitative as it provides a 
number that makes it easier to 
compare the variety in different 
habitats. It would be so much 
harder, and less precise, if we had 
to rely on qualitative descriptions 
of different habitats to make these 
comparisons. 
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You can now calculate Lhe species diversity index l'or each habita t. 

d =50(49) =2450 =5 44Habitat X: 
450 450 . 

d =50(49) =2450 = l 88Habitat Y: 1300 1300 . 

The higher the valued, the greater is the species diversity. So, 
in this case, although the total number of species and the coral 
number of individuals are the same in both ha bi tars, rhe species 
diversity of habitat X is much greate r. 

Summary questions 

1 Explain what is meant by species diversity. 

2 Table 3 shows the numbers of each of six species of plant found in a 
salt-marsh community. Calculate the species diversity index for this 
salt-marsh community using the formula shown earlier. Show your 

working. 

TTable 3 

Numbers in salt marshSpecies 

24Salicornia maritima 

Halimione portulacoides 20 

7Festuca rubra 

Aster tripolium 3 

Limonium humile 3 

Suaeda maritima 1 

3 Explain why it is more useful to calculate a species diversity index than 
just to record the number of species present . 



Species diversity and ecosystems G 
Biodiversity reflects how well an ecosystem is likely to 
function. The higher the species diversity index, the more 
stable an ecosystem usually is and the less it is affected 
by change, for example, climate change. If there is a 
drought, a community with a high species diversity index 
is much more likely to have at least one species able to 
tolerate drought than a community with a low species 
diversity index. At least some members are therefore 
likely to survive the drought and maintain a community. 

1 	 Scientists believe that the production of 

greenhouse gases by human activit ies is 

contributing to climate change. Explain why an 

increase in greenhouse gases is more likely 

to result in damage to communities with a low 

species diversity index than communities with 

a high index. 


key 
- community with low species diversity 

- community with high species diversity 

- environmental change 

v 


time 

A Figure 3 

In extreme environments, such as hot deserts, only a 
few species have the necessary adaptations to survive 
the harsh conditions. The species diversity index is 
therefore normally low. This usually results in an unstable 
ecosystem in which communities are dominated by 
climatic factors rather than by the organisms within the 
community. In less hostile environments, the species 
diversity index is normally high. This usually results in a 
stable ecosystem in which communities are dominated 
by living organisms rather than climate. 

2 	 The graph in Figure 3 shows the effect of 

environmental change on the stability and the 

functioning of ecosystems. 

a Describe the relationship between 


environmental change and the community with 
a low species diversity index. 

b 	 Explain the different responses to 
environmental change in communities with a 
low and a high species diversity. 

• 
A Figure 4 In harsh environments, like this hot desert, only of ew species ore 
adapted to survive the extreme conditions and therefore species diversity is low 



00.3 Species diversity and human activities 


Learning objectives 
-+ 	 Describe the impact of 

agriculture on species 
diversity. 

-+ 	 Explain the balance between 
conservation and farming. 

Specification reference: 3.4.6 

..& Figure 1 High species diversity in a 
haymeadaw 

..& Figure 2 Law species diversity in a 
field grownfor silage 

..& Figure 3 Less intensively farmed 
agricultural land with hedgerows. 
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In our efforts to provide enough food for the human population at 
a low cost, mankind has had a considerable impact on the natural 
world. This impact has led to a reduction in biodiversity. In this 
topic we will look at how agriculture reduces species diversity and the 
balance between conservation and farming. 

Impact of agriculture 
As natural ecosystems develop over time, they become complex 
communities with many individuals of a large number of different 
species. In other words, these communities have a high index of 
diversity. Agricultural ecosystems are controlled by humans and 
are different. Farmers often select species for particular qualities 
that make them more productive. As a result the number of species, 
and the genetic variety of alleles they possess, is redu ced to the few 
that exhibit the desired features. To be economic, the number of 
individuals of these desirable species needs to be large. Any particular 
area can only support a certain amount of biomass. H most of the 
area is taken up by the one species that the farmer considers desirable, 
it follows that there is a smaller area available for all the other species. 
These many other species have to compete for what little space and 
resources are available. Many will not survive this competition. Even 
if species evolved to adapt to the changes, the population of the 
species would be considerably reduced. ln addition, pesticides are used 
to exclude these species because they compete for the light, mineral 
ions, water and food required by the farmed species. The overall effect 
is a reduction in species diversity. The index of species diversity is 
therefore low in agricultural ecosystems. 

The balance between conservation and farming 
Food is essential for life, and with an ever-expanding human 
population there is pressure to produce it more and more intensively. 
Tn the UK, food production has doubled over the past 40 years. This 
has been achieved by the use of improved genetic variet.ies of plant 
and animal species, greater use of chemical ferti lisers and pesticides. 
greater use of biotechnology and changes in farm practices, leading 
to larger farms and the conversion of land supporting natural 
communities into farmland. These changes have had many ecological 
impacts, but the overriding effect of intensive food production has 
been t0 diminish the variety of ha bi lats within ecosystems and 
consequently reduce species diversity. 

Certain practices have directly removed habitats and reduced species 
diversity. For example: 

• 	 removal of hedgerows and grubbing out woodland 

• 	 creating monocultures, for example replacing natural meadows 
with cereal crops or grass for silage 

• 	 filling in ponds and draining marsh and other wetland 

• 	 over-grazing of land, for example upland areas by sheep, thereby 
preventing regeneration of woodland. 



Other practices have had a more indirect effect: 

• 	 use of pesticides and inorganic fertilisers 

• 	 escape of eUluent from silage stores and slurry tanks into water courses 

• 	 absence of crop rotation and lack of intercropping or undersowing. 

Despite the obvious conflicts between intensive food production and 
conservation, there are a number of management techniques that can 
be applied to in crease species and habitat diversity, without unduly 
raising food costs or lowering yields. Examples of these conservation 
techniques include the following: 

• 	 Maintain existing hedgerows at the most beneficial height and 
shape. An A-shape provides better habitats than a rectangular one. 

• 	 Plant hedges rather than erect fences as field boundaries. 

• 	 Maintain existing ponds and where possible create new ones. 

• 	 Leave wet corners of fields rather than draining them. 

• 	 Plant native trees on land with a low species diversity rather than 
in species-rich areas. 

• 	 Reduce the use of pesticides - use biological control where possible 
or genetically modified organisms that are resistant. to pests. 

• 	 Use organic, rather than inorganic, fertilisers. 

• 	 Use crop rotation that includes a nitrogen-fixing crop, rat.her than 
fertilisers, to improve soil fertility. 

• 	 Use intercropping rather than herbicides to control weeds and 
other pests. 

• 	 Create natural meadows and use hay rather than grasses for silage. 

• 	 Leave the cutting of verges and field edges until after flowering and 
when seeds have dispersed. 

• 	 Introduce conservation headlands - areas at the edges of fields 
where pesticides are used restrictively so that wild flowers and 
insects can breed. 

It is recognised that these practices will make food slightly more 
expensive to produce, and therefore to encourage farmers t.here are a 
number of financial incentives from the Department for Environment, 
Food and Rural Affairs (DEFRA) and the European Union. Maintaining 
biodiversity is very important. If biodiversity is reduced the global living 
system becomes increasingly unstable and we all rely on the global 
system for food and other resources. 

A Figure 4 Intensivelyfarmed 

agricultural land with hedgerows 
removed. 

Summary questions 

1 	 Explain how agriculture has 

reduced species diversity. 

2 	 Explain why there is a 

reduction in species diversity 

when a forest is replaced by 

grassland for grazing sheep 

or catt le. 

3 	 Suggest why the draining of 

ponds on agricultural land 

might have a greater effect 

on biodiversity than removing 

a hedgerow. 

The present rate of species extinction is thought to be 

between 100 and 1000 t imes greater than at any t ime 

in evolutionary history. The main cause of species loss 

is the clearance of land in order to grow crops and meet 

the demand for food from an ever-increasing human 

population. An area of rainforest roughly the size of 

the UK is cleared every year. Throughout the world 

habitats are being lost. Most of this habitat loss has 

entailed the replacement of natural communities of high 

species diversity with agricultural ones of low species 

diversity. The conservation agencies in the UK have made 

estimates of the percentage of various habitats that have 

been lost in the UK since 1900. These estimates are 

shown in Table 1. 

• 




10.3 Species diversity and human activities 

.& Figure 5 Deforestation {left) Heathland {middle} and mixed woodland {right) 

~ Table 1 

Habitat Habitat loss Main reason for habitat loss 
since 1900/% 

hay meadow 95 conversion to highly productive grass and silage 

chalk grassland 80 conversion to highly productive grass and silage 

lowland fens and wetlands 50 drainage and reclamation of land for agriculture 

limestone pavements in England 
-

45 removal for sale as rockery stone 

lowland heaths on acid soils 40 conversion to grasslands and commercial forests 

lowland mixed woodland 40 conversion to commercial conifer plantations and farmland 

hedgerows 30 to make larger fields to accommodate farm machinery 

1 There are currently approximately 350 000 km 4 Suggest in what ways the information in the table 

of hedgerow in the UK. Calculate how many might be used to inform decision-making on 
kilometres there were in 1900. preserving habitats and biodiversity. 

2 Some lowland mixed woodlands have been replaced S The European Union gives grants to farmers to 
by other woodland. Explain how this change might replant hedges. Explain how replanting hedges 
still result in a lower species diversity. might affect the species diversity found on farms. 

3 Suggest one benefit and one risk associated 
with the conversion of hay meadows and chalk 
grasslands to highly productive grass and silage. 

Hedge rows! 
Hedgerows typi fy the conflict between conservation and 
farming. 

They were originally created to mark the boundaries of 
fields and to contain livestock. Over the past 50 years 
there has been a farming revolution with an increase in 
the use of large farm machinery and larger farm sizes. 
Small fields are not suited to the new machinery and so 
hedgerows are removed to make it easier to manoeuvre 
large equipment. Hedgerows also take up land that could 
produce crops and so farmers removed them, often with 
grants that were once available to increase productive 
land area. 

• 


1 	 Suggest three ways in which the removal of hedges 
might benefit the farmer by increasing crop yields. 

Hedges do, however, have a number of uses. They 
increase species diversity and act as corridors along 
which many species move to disperse themselves. 
They also produce food for both animals that live in the 
hedgerow as well as those that do not. Overall they add 
diversity and interest to the countryside. 

2 	 Suggest two ways in which hedges could help 

farmers to increase crop yields in the long term. 




In Topic l 0.1, we saw that classification systems were originally based 
on features that could easily be observed. As science has developed it 
has become possible to use a wider range of evidence t0 determine the 
evolutionary relationships between organisms. 

When organisms evolve it is not only their visible internal and 
external features that change, but also the molecules of which they 
arc made. DNA determines the proteins of an organism, including 
enzymes and proteins determine the features of an organism. It 
follows that changes in the features of a species are due to changes 
in its DNA. Comparing the genetic diversity within, and between, 
species helps scientists to determine the evolutionary relationsh ips 
between them. Let us look a t the different ways that these comparisons 
can be made. 

Comparison of observable characteristics 
Traditionally, genetic diversity was measured by observing the 
characteristics of organisms. This method is based on the fact that 
each observable characteristic is determined by a gene or genes (with 
environmental influences). The variety within a characteristic depends 
on the number and variety of alleles of that gene (plus environmental 
influences). 

Using observable characteristics has its limitations because a large 
number of them are coded for by more than one gene. They are 
polygenic. This means they are nor discrete from one another bur 
rarher vary continuously. Ir is ofren difficulr to distinguish one from 
anorher. Characteristics can also be modified by the environment. 
Differences may therefore be rhe result of different environmental 
conditions rather than differenr alleles. Height in humans for example 
is determined by a number of genes. However. environmental factors 
like diet can influ ence the actual height of an individual. 

For these reasons, inferring DNA differences from observable 
characteristics has been replaced by directly observing DNA sequences 
themselves. This has been made possible through the advances in gene 
technology made over recent years. 

Comparison of DNA base sequences 
With the advent of gene technology, we can now read the base 
sequences of the DNA of any organism. Using various techniques, 
we can now accurately determine the exact order of nucleotides on 
DNA. DNA seq uenci ng is now routinely done by auromatic machines 
and the data produced analysed by computers. In these computerised 
systems, each nucleotide base can be tagged with a different coloured 
fluorescent dye - adenine (green), thymine (red), cytosine (blue) 
and guanine (yellow). This produces a series of coloured bands, each 

Learning objectives 
-+ 	 Explain the use of the 

following techniques in 

comparing genetic diversity 

within, and between, species: 

• 	 observable characteristics 

• 	 basesequenceofDNA 

• 	 base sequence of mRNA 

• 	 amino acid sequence of 
proteins 

-+ 	 Explain how immunological 

comparisons are used to 

investigate variations in 

proteins. 

Specijication reference: 3.4.7 

of which represents one of the four nucleotide bases as shown in .A Figure 1 Compurerscreen display 
Figure I. We can measure the genetic diversity of a species by sampling ofo DNA sequence. Each coloured band 
the DNA of its members and sequencing it tO produce a pattern of represents one ofthefour nucleotide bases 

• 




10.4 Investigating diversity 

Hint 

As ONA determines the features 
of an organism, using the 
similarities in ONA as evidence for 
a close evolutionary relationship 
between species provides a 
direct record. However, some ONA 
is non-functional and does not 
code for proteins. Analysis of this 
ONA can provide new evidence of 
relationships between organisms. 

Summary questions 

1 	 Explain what causes the ONA 
sequences of genes to change 
over a period of time. 

2 	 Using the information in 
Figure 2, state, with reasons, 
which two species are most 
closely related. 

• 


coloured bands. Analysis of these patterns al lows us to compare one 
species with another or one individual with another of the same 
species to determine how diverse they are. The process would be slow 
using the human eye and so the patterns are scan ned by lasers and 
interpreted by computer software to give the DNA nucleotide base 
sequence in a fraction of the time. We can also use these techniques to 
determine the evolutionary relationships between species. 

When one species gives rise to another species during evolution, 
the DNA of the new species will initially be very similar to that of 
the species that gave rise to it. Due to mutations, the sequences 
of nucleotide bases in the DNA of the new species will change. 
Consequently, over time, the new species will accumulate more and 
more differen ces in its DNA. As a result, we would expect species 
that are more closely related to show more similarity in their DNA 
base sequences than species that are more distan tly related. As the re 
are millions of base sequences in every organ ism, DNA contains 
a vast amount of information about the the genetic d iversity a nd 
evolutiona ry history or all orga nisms. 

Comparison of the base sequence of mRNA 
We saw in Topic 8.4 that mRNA is coded for by DNA. The base 
sequences on mRNA are complementary to those of the strand of 
DNA from which they were made. It follows that we can measure 
DNA diversity, and therefore genetic diversity, by comparing the base 
sequence of mRNA. 

Comparison of amino acid sequences in proteins 
The sequence of amino acids in proteins is determined by mRNA 
which, in turn, is determined by DNA. Genetic diversity within, and 
between, species can therefore be measured by comparing the amino 
acid sequences of their proteins. The degree of similarity in the amino 
acid sequence of the same protein in two species wi ll also reflect how 
closely related the two species are. Once the amino acid sequence 
for a chosen protein has been determined for two species, the two 
sequences are compared. This can be done by counring either the 
number of similarities or the n umber of differences in each sequence. 
An example is shown in Figure 2. Here Lhere is a short sequence of 
seven amino acids of the same protein in six different species. The 
table on the right of the figure shows both the number of differences 
and the number of similarities. 

species number 
species 1 


1 2 2 1 2 1 

5 0 3 4 3 

5 7 3 4 3 

6 4 4 1 2 

5 3 3 6 2 

6 4 4 5 5 

2 3 4 5 6 


species 2 

.8 	2
species3 

~ 3c: 
species 4 phe met 0 ser ,g) 4 

~5species 5 phe "' 6 
species 6 phe 


number of similarities 


• Figure 2 Comparison ofamino acid sequence in portofthe same protein in six species 



The precise sequence of human evolut ion has long 

been a mystery. The evidence from different scientific 

techniques is often conflicting. Any conclusions drawn 

from the results of experiments are therefore tentative. 

Consequently scient ists have been trying to refine their 

techniques in an attempt to clarify t he evolut ionary 

relat ionships of humans to other primates. As these new 

techniques have been adopted, our knowledge of primate 

evolution has changed as new evidence has provided a 

better explanation of the relationships between various 

primates. As a result the events in human evolution 

have been, and will cont inue to be, revised. Some of the 

techniques and evidence that have led to these revis ions 

are detailed below. 

The proteins and DNA of organisms show differences 

between each species. These differences are thought to be 

due to changes that have occurred over long periods of t ime. 

The sequences of amino acids in haemoglobin molecules 

have been used to clarify t he evolut ion of primates. The 

amino acids found in seven specific positions in the 

haemoglobin molecules of six different pr imates were 

compared. The results of t he study are shown in Table 1. 
Each amino acid is represented by a d ifferent letter. 

T Table 1 Showing the sequence ofamino acids in seven positions in the haemoglobin ofsix primates 

Primate Position 1 Position 2 Position 3 Position 4 Position 5 Position 6 Position 7 

Human N T R p A E L 

Gibbon D K R 0 T D H 

Gorilla N T K p A D L 

Orang-ut an N K R 0 T D L 

Chimpanzee N T R p A E L 

Lemur N 0 T A T E H 

1 	 Where the amino acid differs from that in human 

haemoglobin, t he letter is shown in red. Use this 

information to list t he evolutionary relationship of 

humans to t he other primat es shown. Start with 

the most closely related primate and end with the 

most d istantly related one. 

2 	 Deduce from figure 3 which two primates t his 

immunological study suggests are t he most 

closely re lated. Give reasons for your answer. 

3 	 Deduce from Figure 3 which primate the study 

suggests is the nearest relative of the orang-utan. 

Give reasons for your answer. 

4 	 The data in Figure 3 show the evolutionary 

re lat ionships between humans and the five 

other primates. Out line in what two ways these 

re lat ionships di ffer from that suggested by the 

haemoglobin study. 

human 	 Another study compared the proteins 

found in a variety of primates using serum containing I 
human blood proteins t immunological techniques. The results of 

t his study are illust rated in Figure 3. 
rabbit 

serum from rabbit containing antibodies 
against the human blood proteins 

• 


serum human chimpanzee gorilla orang-utan lemur 

% 
100 95 95 85 82 35 precipitati on 

.A. Figure3 
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10.4 Investigating diversity 

A further study compared the number of base differences 
Synoptic linkin the first 200 bases of a gene found in five species of 

primate. The results are shown in Table 2 below. To help you follow this application 
and the following extension it 

'f'Table2 
would be useful to revise Topics-

Human 0 L.::.' 5.4 and S.S. 
-+Gorilla 12 0 

--
15Chimpanzee 15 0 

26 J 0Orang-utan 29 33 

49 49 I so 0Lemur 48 

LemurHuman Gorilla Chimpanzee I Orang-utan 

Immunological comparisons of proteins 

The proteins of different species can also be compared using immunological 
techniques. The principle behind this method is the fact that antibodies of 
one species will respond to specific antigens on proteins, such as albumin, 
in the blood serum of another. The process is carried out as follows: 

• 	 Serum albumin from species A is injected into species B. 

• 	 Species B produces antibodies specific to all the antigen sites on the 
albumin from species A. 

• 	 Serum is extracted from species B; this serum contains antibodies 
specific to the antigens on the albumin from species A. 

• 	 Serum from species B is mixed with serum from the blood of a third 
species C. 

• 	 The antibodies respond to their corresponding antigens on the 
albumin in the serum of species C. 

• 	 The response is the formation of a precipitate. 

• 	 The greater the number of similar antigens, the more precipitate is 
formed and the more closely the species are related. 

• 	 The fewer the number of similar antigens, the less precipitate is 
formed and the more distantly the species are related. 

An example of this technique is illustrated in Figure 3. In this case, species 
A is a human, species Bis a rabbit and species C is represented by a 
variety of other mammals. 

• 


rabbit serum with 
anb-human antibodies 

~ 

precipita te 

~ ~ ~ ~ 
rabbit serum added 
to serum of other 
species 

increasing amount of precipitation 
showing a closer evolutionary 

relationship 

The results show that humans are very 
closely related to chimpanzees, less so to 
baboons and even less so lo spider 
monkeys. They are only distantly related to 
dogs. 

A. Figure 4 Immunological comparisons 
ofhuman serum with that of other species 

5 	 Evaluate what evidence there is from Table 2 to 
show that humans are more closely related to 
orang-utans than to lemurs. 

6 	 Evaluate whether these data support the 
evolutionary relationships of these primates 
suggested by the other two studies. Explain your 
answer. 

The conflicting evidence for the relationships between 
different primates illustrates the need to use avariety 
of evidence from different sources in drawing valid 
scientific conclusions. 



n0.5 Quantitative investigations of variation 


One look around us and it b clear that living things differ. If one 
species differs from another this is called interspecific variation 
(Figure l ). But members of the same species also differ from each 
other. This is called intra specific variation. Every one of the 
billions of organisms on planet Earth is unique. Even identical twins, 
who are born with the same DNA, vary as a result of their different 
experiences. How then do we measure the differences between these 
characteristics? 

Making measurements 
All scientists measure th ings, but this is a particular problem for 
biologists. This is beca use they are usually measuring some aspect of 
living organisms and all living organisms are different . For this reason, 
biologists have LO take many measurements of the same thing. They 
cannot reliably determine the height of bu ttercups or the number of 
red cells in 1 mm 3 of human blood by taking a single measurement. 
Equally, they cannot measure every buttercup or human being in 
existence. What they do is rake samples. 

Random sampling 
Sampling involves taking measurements of individuals, selected 
from the population of organisms which is being investigated. In 
theory, if these individuals are representative of the population as 
a whole, then the measurements can be relied upon. But are the 
measurements representative? There are several reasons why they 
might not be, including: 

• 	 sampling bias. The selection process may be biased. The 
investigators may be making unrepresentative choices, either 
deliberately or unwittingly. Are they as likely to take samples of 
buttercups from a muddy area as a dry one? Will they avoid areas 
covered in cow dung or rich in nettles? 

• 	 chance. Even if sampli ng bias is avoided, the individuals chosen 
may, by pure chance, not be representative. The 50 bu ttercup plants 
selected might just happen tO be the 50 tallest in the population. 

The best way to prevent sampling bias is to eliminate, as fa r as 
possible, any human involvement in choosing the samples. This can be 
achieved by carrying out ra ndom sampling. One method is: 

l Divide the Sllldy area into a grid of numbered lines, for example 
by stretching two long tape measures at right angles to each other. 

2 Using random numbers, from a table or generated by a computer, 
obtain a series of coordinates. 

3 	 Take samples at the intersection of each pair of coordinates. 

We cannoc completely remove chance from the sampling process but 
we can minimise its effect by: 

• 	 u sing a large sample size. The more individuals that are selected 
che smaller is the probability that chance will influence che result, 

Learning objectives 
-+ 	 Describe how variation is 

measured. 

-+ Explain what sampling is and 

why it is used. 

-+ Describe the types of 

variation and their causes. 

-+ Explain what is meant by the 

mean and standard variation. 

Specification reference: 3.4.? 

.A Figure 1 Variarion between species 
(inrerspecijic variarian] 

• 




10.S Quantitative investigations of variation 

Study tip 

Remember that intraspecific 
variation is variation within a 

species. 

TTable 1 

Family Number of children 

A 0 

1B 

1c 
10 

2E 
F 2 

3G 
H 4 

I 6 

J 6 ­
K 7 

• 


and the less influence anomalies will have. If we sample only five 
buttercups there is a high probability that they may all be taller 
than average. If we sample 500 there is a much lower probabilty 
that they will all be taller than average. The greater the sample size 
the more reliable the data will be. 

• 	 analysis of the data collected. Accepting that chance will play 
a part, the data collected can be analysed using statistical tests to 
derermine the extent to which chance may have influenced rhe 
data. These rests allow us to decide whether any variation observed 
is rhe result of chance or is more likely 10 have some other cause. 

The normal distribution curve 
Figure 2 shows a normal distribution curve: its bell-shape is typical 

for a feature that shows continuous variation, for example height in 

humans. The graph is symmetrical about a cen tral val ue. Occasionally 

the curve is shifted sligh tly to one side. This is ca lled a skewed 

distribution and is illustrated in Figure 3. There a rc three terms 

associated with normal distribution curves. To illustrate these terms, 

consider the values given in Table 1 that compares the number of 

children in 11 different families. 


The mean (arithmetic mean) 

This the sum of the sampled values divided by the number of items. In 

our example, totaJ the number of children in all families and divide by 

the number of families: 


Total children = 0 + L+ I + I + 2 + 2 + 3 + 4 + 6 + 6 + 7 
= 33 

Total number of families A-K = 11 

Mean= 33 = 3 
11 

The mode 
This is the single value of a sample that occurs most often. In our 
example, more families have one child than any other number. The 
mode is therefore equal to 1. 

The median 
This is the central or middle value of a set of va lues. This requires 
a rranging the values in ascending order. In ou r example, they are 
already arranged in ascending order of the number of children in each 
family. There are 11 families. The sixth family is therefore the middle 
family in the sample. This is family F. Family F has two children and so 
the median = 2. 

Figure 2 shows a typical normal distribution curve in which the mean 
and mode (and often the median) have the same value. Figure 3 
shows a skewed distribution in which the mean, mode and median all 
have different values. 



mean 
mode 

median mode 
mean 

A Figure 2 A normal distribu tion curve A Figure 3 A skewed distribution where 

where the mean, mode and median have the mean, mode and median have 

the same value 	 different values 

Mean and standard deviation 
A normal distribution curve always has the same basic shape (Figure 2). 
It differs in two measurements: its maximum height and its width. 

• 	 The mean is the measurement at the maximum height of the curve. 
As we have seen, the mean of a sample of data provides an average 
value and is useful information when comparing one sample with 
another. It does not, however, provide any information about the 
range of values within the sample. For example, the mean number 
of children in a sample of eight families may be two. However, this 
could be made up of eight families each with two children or six 
families with no children and two fam ilies with eight children each . 

• 	 The standard deviation (s) is a measure of the width of the 
curve . It gives an indication of the range of values either side 
of the mean. A standard deviation is the distance from the mean 
to the point where the curve changes from being convex to 
concave (the point of inflexion). 68% of all the measurements 
lie within± 1.0 standard deviation. Increasing this width to 
almost ± 2.0 (actually± l.96) standard deviations takes in 95% of 
all measurements. These measurements are illustrated in Figure 4. 
To calculate the standard deviation with any accuracy there needs 
to be a minimum n umber of values. 

Calculating standard deviation 
At first sight. the formula for standard deviation can look complex : 

Where: 

~ =the sum of 

x = measured value (from the sample) 

x =mean value 

n = total number of values in the sample. 

However, it is straightforward tO calculate and less frightening if you 
take it step by step. 

MS 1.2, see Chapter 22. 

Study tip 
A large standard variation means 
a lot of variety, white a small 
standard deviation means little 
variety. 

one standard 
deviation 

point of 
inflection 

mean 

68% 

95% 

A Figure 4 The normal dis tribution 

curve showing values for standard 

deviation 

Hint 

Remember to square all the 
numbers, not just the negative 
ones. It is also good practice not 
to round up figures too early in a 
calculat ion. 



10.S Quantitative investigations of variation 

Study tip 

You may need to calculate 
standard deviations as part of 
practical work but you will not be 
asked to do so in written papers. 

Summary questions 
I 

1 	 List two reasons why a sample 
may not be representative of 
the population as a whole. 

2 	 Explain how sampling bias 

may be prevented. 


3 	 Distinguish between the terms 
'mean', 'mode' and 'median' . 

• 


~ 
Worked example ~ 

The following very simple example, using the six measured 

values (x) 4, I, 2, 3, 5 and 0, illustrates each step in the process. 


• 	 Calculate the mean value (x), i.e. 4 + I + 2 + 3 + 5 + 0 = I 5 

15.;. 6 = 2.5 


• 	 Subtract the mean vaJue from each of the measured values 

(x - x). This gives: +l.5, -l.5, -0.5, +0.5, +2.5, -2.5. 


• 	 As some of these numbers are negative, you need to make 
them positive. To do this, square al/ the numbers (x - x)2 . 

Remember tO square all the numbers and not just the negative 
ones. This gives: 2.25, 2.25, 0.25, 0.25, 6.25, 6.25. 

• 	 Add all these squared numbers t0gcthcr: 

L,(x-x)2 =17.5 

• 	 Divide this number by the origina l number of measurements 

less one, i.e. 5: 


I,(x-x)2 17.5 
35n-1 = - 5- = 

• 	 As all the numbers have been squared, the final step is to 
take the square root in order tO get back to the same units as 
the mean: 

L,(x- x)i = J35 = 1.87 
11- l 

You will need to use a calculator to find out the value of standard 
deviations as it will considerably speed up your calculation. In doing 
so you will usually find the calculator provides a long figure running 
to many decimal places. In this example, the calculation ill produces 
the answer l.870828693. Clearly the significance or the latter digits 
is less than the earlier ones. It is normal LO reduce these figures to a 
certain number of significant figures. In this case the answer has been 
rounded down to three significant figures, namely 1.87. 

The number of significant figures to use can vary and you should 
always follow any instructions on how many sign ificant figures to use 
in your answer. In the absence of specific instructions, it is best to use 
che same munber of significant figures as the data you are given or 
are using. For example, in this case the square values were calculated 
to be 2.25, 0.25, 6.25, ere. As these had three significanc figures, the 
same number was used in the final calculation. Remember, however, 
that where a numerical answer to one pan of a question has co be 
used in a subsequem calculacion, the answer to the first pan should be 
carried fon.yard withour rounding it up or down. 
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Practice questions: Chapter 10 

1 	 (a) Whal is a species? (2 marks) 
(b) 	 Scientists investigated the diversity of plams in a small area within a forest. 


The table shows their results. 


Plant species Number of individuals 

Himalayan raspberry - 20 

Heartwing sorrel 15 

Shala tree 09 -
Tussock grass 10 

Red cedar 04 

Asan tree 06 

Spanish needle 8 

Feverfew 8 

The index of diversity can be calculated by the formula 

d = N(N -1) 

_L n(n-1) 


where 
d = index of diversity 
N =total number of organisms of all species 
n = total number of organisms of each species 
(i) 	 Use the formula co calculate the index of diversity of plams in the forest. 

Show your working. (2 marks) 
(ii) 	 The forest was cleared to make more land available for agriculture. 

After the forest was cleared the species diversity of insects in the area 
decreased. 
Explain why. (J marks) 

AQA June 2013 

Organisms can be classified using a hierarchy of phylogenetic groups. 
(a) 	 Explain what is meant by: 

(i) 	 a hierarchy (2 marks) 
(ii) 	 a phylogenetic group. (1 mark) 

(b) 	 Cytochrome c is a protein involved in respiration. Scientists determined 

the amino acid seq uence of human cytochrome c. They then: 

• determined the amino acid sequences in cytochrome c from five other anima ls 
• compared these amino acid seq uences with that of human cytochrome c 
• recorded the number of dirferences in the amino acid sequence compared with 

human cytochrome c. 

The table shows their results. 


• 


Number of differences in the amino acid sequence 
Animal 

compared with human cytochrome c 

A 1 

B 12 

c 12 

D 15 

E 21 



~

Practice questions: Chapter 10 

(i) 	 Explain how Lhese resulLs suggest that animal A is the most closely 
related to humans. (2 marks) 

(ii) 	 A student who looked at these results concluded that animals B and C 
are more closely related to each other than to any or the other animals. 
Suggest one reason why this might not be a valid conclusion. 

(iii) Cytochrome c is more useful than haemoglobin ror studying how 
closely related different organisms are. Suggest o ne reason why. 

(I mark) 

(1 mark) 
AQA June 2013 

3 (a) 

(b) 

What information is required to calculate an index or diversity for a 
particular community? 
Farmers clear tropical forest and grow crops instead. Explain how this 
causes the diversity of irtsects in the area to decrease. 

(J mark) 

(3 marks) 
(c) 	 Farmers manage the ditches that drain water from their fields. If they do 

not, the ditches will become blocked by plants. Biologists investigated the 
effects of two different ways of managing ditches on farmland birds. 

Ditch A was cleared of plants on both banks 
Ditch B was cleared of plants on one bank. 

The graph shows the number of breeding birds of all species a long the two ditches, 
before and after management. 

t1mewhen 
l(l 50 management work 

was carried out 
~ 
"' 'iii 40 
0 

_.. ditch B
"E"' 
.0 30 
ao
c: 

~ 20 .a 
ditch A 

~ 10E 
:J 
c: 

1992 1994 1996 
year 

(i) 	 The points on the graph have been joined with stra ight lines rather than with a 
smooth curve. Explain why they have been joined with straigh t lines. (1 mark) 

(ii} It wou ld have been useful to have had a control diLch in this investigation. 
Expla in why. (1 mark} 

(d) 	A farmer who wanted to increase the diversity of birds on his land read about this 
investigation. 


He concluded chat clearing the plants from one bank would not decrease diversity as 

much as clearing the plants rrom both banks. Evaluate this conclusion. (J marks) 


AQA Jan 2011 

4 Costa Rica is a Central American country. lt has a high level of species diversity. 
(a) 	 There arc over 12 000 species of plants in Costa Rica. Explain how this has 

resulted in a high species diversity of animals. (2 marks) 
(b) 	The number o[ species present is one way 10 measure biodivcrsi1y. Explain 

why an index of diversity may be a more useful measure of biodiversity. (2 marks) 
(c) 	 Crops grown in Costa Rica are sprayed with pesticides. Pcs1icidcs arc substances 

1hat kill pests. Scientists think that pollution of water by pcs1icidcs has reduced the 
number of species of frog. 
(i) 	 Frogs lay their eggs irt pools of water. These eggs are small. Use this information 

to explain why frogs' eggs arc very likely to be affected by pesticides in the 
water. (2 marks) 

• 


~ O+-~~.....-~+-....-~~....-~~~ 
1998 2000 
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Chapter 10 Biodiversity 
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(ii) 	 An increase in 1emperawre leads to evaporation of water. Suggest how 
evaporation may increase the effect of pesticides on lrogs' eggs. (I mark) 

AQA June 2011 

To reduce the damage caused by insect pests, some farmers spray their fields or crop 
plants with pesticide. Many of these pesticides have been shown to cause environmental 
damage. 

Bt plants have been genetically modified Lo produce a toxin that kills insect pesis. The use 
or Bt crop plants has led 10 a reduction in the use of pesticides. 


Scientists have found that some species of insect pest have become resistant to the toxin 

produced by the Bt crop plants. 


Figure 6 shows information about 1he use of BL crops and the number of species of insect 

pest resistant to 1he Bt wxin in one coumry. 
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A Figure 6 

(a) 	 Can you concl ude that the insect pest resistant w Bl toxin round in the 
years 2002 to 2005 was the same insect species? Expla in your answer. (1 mark) 

(b) 	One farmer stated that the increase in the use or Bt crop plants had ca used a 
mutation in one o f the insect species and that this mu1.a1ion had spread 10 other 
species o f insect. Was he correct? Explain your answer. (4 marks) 

(c) 	 There was a time lag between the introduction or Bt crops and the appearance 
of the first insect species that was resistant to the Bt toxin. Explain why the re 
was a 1ime lag. (J marks) 

AQA SAMS AS PAPER 2 

(d) 	Calculate 1he actual increase and the percentage increase in the area used to grow Bt 
crops between 2000 and 2010. (2 marks) 



Section 4 Summary 

• 


splicing polypeptide --protein 
'\. synthesis assemblytriplet code 


of bases homologous '\. (topic 8.4) 

pairs transcription j 

gene --- allele ~translation 
<topic 8.1) 

phylogeny 

/ 

I 
mR\/NAI /amino 

section of chromosomes 
inomy mRN:cids 

(topic 8.3)DN~782J 
RNA 

binomial 
system DNA /


protein Ichromosome DNA ~ 
synthesis species sequences 
(topic 8) concept 

(topic 10. l l 

m"ra\ )''8) go~!< io~t•o 
gene mutation variation and relationships 

(topic 9.ll between organismsI \ (section 4) 

substitution Ideletion 
of bases . /independent 

/ segregation 

observable 
characteristics 

\ 
techniques comparison 

genetic diversity/ (topio 10.41 

biodiversitymeiosis 

crossing _______--{topic 9.2) 


over 
 mdztolD~ 
I 

genetic diversity measuring 
diversity (topic 10.2) variation 
topic 9.3) selection (topic 10.5)

)

/pressures
different 
alleles 

random 
sampling/ human impact


allele frequency ---- natural 
 on diversity 
gene pool selection normal distribution 

I 
(topic 10.3) 

curve 

~ agriculture/farming 

I /\
mode standardstabilising directional conservalton median~ deviationselection selection 

(topic 9.4) (topic 9.4) mean 



Section 4 Genetic information, variation and relati onships between organisms 

~ 

Practical skills 
In this section you have met the following 

practical skills: 

• 	 Evaluating results and drawing 

conclusions 

• 	 Identifying variables and suitable 

controls 

• 	 Interpreting data, such as graphs, 

obtained from experiments 

• 	 How to use sampling techniques in 

fieldwork. 
~ 

r 

Extension task 
Three factors that affect genetic diversity are: 

• 	 selective breeding 

• 	 the founder effect 

• genetic bottlenecks. 


Find out about these three factors in books, 


journals and the internet and then prepare 


a short talk to other students ofAS Biology 


explaining how each affects genetic diversity. 


, 	 "'I 

Maths skills 
In this section you have met the following 


maths skills: 


• 	 Using the logarithmic function on a 


calculator 


• 	 Understanding simple probability 

• 	 Substituting values in algebraic 


equations like the Simpson's Index of 


Diversity 


• 	 Interpreting tables and histograms 

• 	 Using percentages 

• 	 Understanding and calcu lating mean, 


mode, median and standard deviation 


• 	 Using the appropriate number of 


significant figures 


• 	 Estimating results . 
,

'" 

Research by any appropriate means the 

topic ofselective breeding in domesticated 

animals such as cattle. Using the information 

obtained, write an account that balances 

the advantages and disadvantages of 

selective breeding and discusses the ethical 

implications of the practice. 

• 




Section 4 Practice questions 

• 


(a) 	 Scientists can use protein structure to investigate the evolutionary relationships 
between different species. Explain why. (2 marks) 

(b) 	 Comparing the base sequence of genes provides more evolutionary 
information than comparing the structure of proteins. Explain why. (2 marks) 

(c) 	 The proteins of different species can be compared using immunological techniques. 
The protein albumin obtained from a human was injected into a rabbit. The rabbit 
produced antibodies against the human albumin. These antibodies were extracted 
from the rabbit and then added to samples of albumin obtained from four different 
animal species. The amount of precipitate produced in each sample was then 
measured. The results are shown in the table. 

Species from which 
albumin was obtained 

Rat 

Chimpanzee 

Marmoset 

Trout 

Amount of precipitate I 
arbitrary units 

23 

96 

65 

11 

What do the results suggest about the evolutionary relationship between 
humans and the other species? (2 marks) 

AQAJan 2012 

2 	 Sugar beet is a crop grown for the sugar stored in its root. The sugar is produced by 
photosynthesis in the leaves of the plant. Plant breeders selected high-yielding wild beet 
plants. They used these plants to produce a strain of sugar beet ro grow as a crop. 

The drawings show a wild beet plant and a sugar beet plant. The drawings are to 

the same scale. 

wild beet plant 

leaf 

(a) Use the drawings to describe two ways in which a sugar beet plant is different from a 
wild beet plant. 
Explain how each of these differences would give an increased yield of sugar. 

(4 marks) 
(b) 	 Sugar beet plants have been selected for a faster rate of growth. 

Suggest how the faster rate of growth may increase profit for a farmer. (1 mark) 
(c) 	 Describe and explain how selection will have affected the genetic diver~ity 

of sugar beet. (2 marks) 
AQA June 2012 
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Section 4 Genetic information, variation and relationships between organisms 
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Ecologists investigated the size of an insect population on a small island. They 
used a mark-release-recapture method. To mark the insecLS they used a nuorcscent 
powder. This powder glows bright red when exposed LO ultraviolet (UV) light. 
(a) 	 The ecologists captured insects from a number of sites on the island. Suggest 

how they decided where LO take their samples. (2 marks) 
(b) 	 Give two assumptions made when using the mark-release-recaplUre 

method. (2 marks) 
(c) 	 Sugges1 1he advamage of using the Ouorescent powder in this experiment. (2 marks) 

The ecologists did not release any of the inseds they captured 1-5 days 
after release of the marked insects. 

Ta ble 1 shows the ecologists' results. 

•Table 1 

Days after Number of marked insects Number of insects Number of captured 
captured insects that were marked release remaining in population 

?85241 1508 

301430 4212 

1400 418 183 

284 24 1382 

1380 232 95 

(d) 	 Ca lculate the number of insects on this island l day after release of the marked insects. 
Show your working. (2 marks) 

(e) 	 The ecologists expected to obtain the same result from their calcula1ions of 1he 
number of insects on this island on each day during the period 1-5 days afler 
release. In fac1, their estimated number increased after day I. 

During the same period, the number of insects they caught decreased. 
The method used by the ecologists might have caused these changes. 

Use the informa1ion provided to suggest one way in which the method used 
by the ecologists might have caused the increase in their estimates of the si1.e 
of the insect popula1ion. 	 (2 marks) 

AQA SAMS A l.RVFI. PAPRR J 

Table 1 shows the taxons and the names of the taxons used to classify one species of 
otter. They are not in the correct order. 

•Table 1 

Taxon 	 Name of taxon 

Family Mustelidae J 

AnimaliaK Kingdom 

Genus Lutra L 

MammaliaM Class 

Order CarnivoraN 

ChordataD Phylum 

p Domain Eukarya 

lutraSpecies0 

(a) Put letters from Ta ble I inro the correct order. 	 (/mark) 



Section 4 Practice questions 

(b) 	 Give the scientHic name of this otter. (I mark) 

Scientists investigated the effect of hunting on the genetic diversity of otters. 
Otters are animals that were killed in very large numbers for their fur in the past. 

The scientists obtained DNA from otters alive today and otters that were alive 
before hunting stan ed. 

For each sample of DNA, they recorded the number of base pairs in alleles of the 

same gene. Mutations change the numbers of base pairs over time. 


Figure 6 shows the scientists' results. 


• 
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allele size/number of base pairs 

(c) 	 The scientists obtained DNA from otters that were alive before hunting started. 
Suggest one source of this DNA. (1 mark) 

(d) 	What can you conclude about the effect of hunting on genetic diversity 
in otters? Use data from Figure 6 to support your answer. (2 marks) 

(e) 	 Some populations of animals that have never been hunted show very 
low levels of genetic diversity. 


Other than hunting, suggest two reasons why populations migh t show 

very low levels of genetic diversity. (2 marks) 
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Chapter titles 
11 Photosynthesis 

12 Respiration 

13 Energy and 

ecosystems 

Introduction 
Organisms require a constant input of energy 10 maimain rheir highly 
ordered strucrures and systems. Life depends on energy, usually 
from the Sun, being transferred continuously between organisms. 
Living organisms live isolated lives but form pan ol' interdependent 
communities. Each community interacts with other communities 
and with its non-living environment within ecosystems. While 
ecosystems as a whole remain relatively stable, th eir bioric and a biotic 
components are constantly changing. Ecosystems are maintained 
by light energy from the Sun that photosynthesising organisms 
absorb with chlorophyll to produce ATP and carbohydrates. These 
carbohydrates, and other substrates, are broken down by all organisms 
ro produce the ATP needed for survival. 

ATP production in borh photosynthesis and respiration is formed 
when protons (hydrogen ions) diffuse down an electrochemical 
gradient through molecules of ATP synthase. This enzyme is embedded 
in the membranes of chloroplasts and mitochondria. As respiration is 
common to all organisms, and photosynthesis ro all photoaurotrophic 
ones, they provide indirect evidence for evolution. 

The Sun constantly provides energy, which flows through ecosystems. 
In communities, molecules produced by photosynrhetic organisms 
(producers) are consumed by other organisms such as bacteria, fungi, 
and animals (conswners). While the supply of energy from the Sun 
will be constant for the foreseeable future, other nutrients are finite 
and are recycled. 

Working scientifically 
The study of energy transfer in and between organisms provides many 
opportunities to carry out practical work and to develop practical 
skills. Required practical activities arc: 

• 	 The use of chromatography to investigate the pigments isolated 
from leaves of different plants, e.g., leaves from shade-tolerant and 
shade-intolerant plants or leaves or different colours. 

• 	 Investigation into the effect of a named factor on rhe rate of 
dehydrogenase activity in extracts of chloroplasrs. 

• 	 Investigation into the effect of a named variable on the rate of 
respiration of cultures of single-celled organi-;ms. 



In carrying out these accivicies you could develop practical skills such as: 

• 	 using appropriare appararus co record a range of quantitarive 
measurements 

• 	 using appropriate instrumentation to record quantitative measurements 

• 	 separating biological compounds using chin layer/paper chromatography 

• 	 using microbiological aseptic techniques. 

You will require a range of mathematical skills. In particular the ability to 
recognise and make use of appropriate units in calculations, use fractions 
and percentages, and solve a lgebraic equations. 

, 
What you already know 

The material in this unit is intended to be self-explanatory, but there is cen ain 
information from GCSE that will prove helpful to the understanding of this section. 
This informa tion includes: 

0 Photosyn thesis uses light energy to combine carbon dioxide and wa te r 10 form 
glucose and oxygen. 

0 Light energy is absorbed by chlorophyll, which is found in chloroplasts in some 
plant cells and algae. 

0 The rate o[ photosynthesis may be limired by a shortage of light, low 
temperature or a shortage of carbon dioxide. 

0 Aerobic respiration takes place continuously in plants and animals during which 
oxygen is used to release energy from glucose. 

0 Aerobic respiration is summarised as: glucose + oxygen -t carbon dioxide + 
water (+ energy) 

0 Energy released during respiration is used by the organism to build larger 
molecules from smaIler ones. 

0 Radiation from the Sun is the source of energy for most communities of living 
organisms. 

0 The mass of living material (biomass) at each stage in a food chain is less 1han it 
was at the previous stage. 

0 The amoun ts o l' ma teria l and energy contained in the biomass of orga nisms is 
reduced at each successive stage in a food chain. 

0 	 Living things remove materials from the environment for growth and other 
processc~ and these materials arc returned to the environment either in waste 
materials or when living things die and decay. 

0 Materials decay because rhey are broken down by microorganisms. The decay 
process releases subsrances char plants need co grow. 

0 Anaerobic respiration is the incomplete breakdown of glucose and produces 
lactic acid and it releases much less energy than during aerobic respiration. 



0 I F! hotosynthesis 
nn.gOverview of photosynthesis 

Learning objectives 
-+ 	 Explain how the plant leaf 

is adapted to carry out 
photosynthesis. 

-+ 	 Describe the main stages of 
photosynthesis. 

Specification reference: 3.5.1 

Synoptic link 

The structure of ATP and of the 
chloroplast were considered in 
Topics 2.3, Energy and ATP, and 
3.4, Eukaryotic cell structure, 
respectively. A review of these 
topics will help you to follow how 
both are linked in the process of 
photosynthesis as described here. 

e

I 

light capturing 

chlorophyll 

light-dependent 
reaction 

splitting of water 
H20 

C6H1p 6 
Glucose 

reduction of 
. -l'txn d10• :P 

light-independent 
reaction 

.A. Figure 1 Overview ofphotosynthesis 
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Humans, along with almost every other living organism, owe their 
continued existence to photosynthesis. The energy we rely on, 
whether it comes from food when we respire or from the wood, 
coal, oil or gas that we burn in our homes, has been captured by 
photosynthesis from sunlight. Photosynthesis likewise produces the 
oxygen we breathe by releasing it from water molecules. 

Life depends on continuous transfers of energy. How this energy 
enters an organism depends on its type of nutrition. In plants, energy 
in light is absorbed by chlorophyll and then transferred into the 
chemical energy of the molecules formed during photosynthesis. These 
molecules are used by th e plan t to produce ATP during respiration. 
Non -photosynthetic organisms feed on the molecules produced by 
plants and then also use them to make ATP during respiration. 

Site of photosynthesis 
The leaf is the main photosynthetic structure in eukaryotic plants. 
Chloroplasts are che cellular organelles within the leaf where 
photosynthesis cakes place. 

Structure of the leaf 
Photosynthesis takes place largely in the leaf. the structure of which 
is shown in Figure 2. Leaves are adapted to bring together the three 
raw materials of photosynthesis (water, carbon dioxide, and light) and 
remove its products (oxygen and glucose). These adaptations include: 

• 	 a large surface area that absorbs as much sunlight as possible 

• 	 an arrangement of leaves on the plant that minimises overlapping 
and so avoids che shadowing of one leaf by another 

• 	 thin, as most light is absorbed in the first few micrometres of the 
leaf and the diffusion distance for gases is kept short 

• 	 a transparent cuticle and epidermis that let light through to the 
photosynthetic mesophyll cells beneath 

• 	 long, narrow upper mesophyll cells packed with chloroplasts that 
collect sunlight 

• 	 numerous stomata for gaseous exchange so chat all mesophyll cells 
are only a short diffusion pathway from one 

• 	 stomata that open and close in response LO changes in light intensity 

• 	 many air spaces in the lower mesophyll layer ro allow rapid 
diffusion in the gas phase of carbon dioxide and oxygen 

• 	 a network of xylem that brings water to the leaf cells, and phloem 
that carries away the sugars produced during photosynthesis. 

An outline of photosynthesis 
The overall equation for photosynthesis is: 

6C02 + 6H20 lighL C6H120 6 + 602 
carbon dioxide water glucose oxygen 
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.A. Figure 2 Leafand chloroplast structure. Bottom left,Jalse colour transmission electron 
micrograph {TEM) of a chloroplast 

The equation shown is highly simplified. Photosynthesis is a complex 
metabolic pathway involving many intermediate reactions. IL is a 
process of energy transferral in which some of the energy in light is 
conserved in the form of chemical bonds. There are three main stages to 
photosynthesis, see Figure l: 

1 	 capturing of light energy by chloroplast pigments such as 
chlorophyll 

2 	 the light-depende nt reaction, in which some of the light energy 
absorbed is conserved in chemical bonds. During the process an 
electron flow is created by the effect of light on chlorophyll, causing 
water to split (photolys is) int0 protons, electrons, and oxygen. 
The products arc reduced NADP. ATP. and oxygen. 

Practical link i 

Required practical 7. Use of 

chromatography to investigate 

pigments isolated from leaves 

of different plants, for example, 

leaves from shade-tolerant and 

shade-intolerant plants or leaves 

of different colours. 

• 




Study tip 
Remember that all plant cells 

respire all the time, while only those 

plant cells with chloroplasts carry 

out photosynthesis - and then only 

in the light. 

• 


3 	 the light-independent reaction. in which these protons 
(hydrogen ions) are used to produce sugars and other organic 
molecules. 

Structure and role of chloroplasts in photosynthesis 
In eukaryolic plants, photosynthesis takes place within cell organelles 
called chloroplasts, the structure of which is shown in Figure 2d. These 
vary in shape and size but are typically disc-shaped, 2-lOµm long, and 
l µm in diameter. They are surrounded by a double membrane. Inside 
the chloroplast membranes are two distinct regions: 

• 	 The grana are stacks of up to 100 disc-like structu res called 
thylakoids where the light-dependent stage of photosynthesis 
takes place. Within the thylakoids is the pho10synthetic pigment 
called chlorophyll. Some thylakoids have tubular extensions that 
join up with thylakoids in adjacent grana. These are ca lled imer­
granal lamellae. 

• 	 The stroma is a fluid -fil led matrix where the light-independent 
stage of photosynthesis takes place. Within the stroma are a number 
of other structures such as search grains. 

• Figure 3 Photomicrograph of a moss leaf showing cells that contain chloroplasts 
{green] around their margins 

Summary questions 

1 List two molecules that are the raw materials of photosynthesis. 


2 List two molecules that are the products of photosynthesis. 


3 State in which parts of the chloroplast each of the following occur: 


a the light-dependent reaction 


b the light-independent reaction. 


4 	 Name the products of each of the following: 


a t he light-dependent reaction 


b the light-independent reaction . 




The light-dependent reaction of photosynthesis involves the capture of 
light whose energy is used for two purposes: 

• 	 to add an inorganic phosphate (P;) molecule to ADP, thereby 
making ATP 

• 	 to split water inro W ions (protons} and OH- ions. As the splining 
is caused by light, it is known as photolysis. 

Oxidation and reduction 
Before we look at what happens in the light-dependent reaction, it is 
necessary to understand what oxidation and reduction are. 

When a substance gains oxygen or loses hydrogen the process is 
called oxidation. The substance to which oxygen has been added 
or hydrogen has been lost is said to be oxidised. When a substance 
loses oxygen, or gains hydrogen, the process is called reduction. In 
practice, when a substance is oxidised it loses electrons and when 
it is reduced it gains electrons. This is the more usual way to define 
oxidation and reduction. Oxidation results in energy being given 
out, whereas reduction results in ir being taken in. Oxidation and 
reduction always take place togerher. 

The making of ATP 
When a chlorophyll molecule absorbs light energy, it boosts the energy 
of a pair of electrons within this chlorophyll molecule, raising them 
to a higher energy level. These electrons are said to be in an excited 
state. In fact the electrons become so energetic that they leave the 
chlorophyll molecule altogether. As result the chlorophyll molecule 
becomes ionised and so the process is called photoionisation . The 
electrons that leave the chlorophyll are taken up by a molecule called 
an electron carrier. Having lost a pair of electrons, the chlorophyll 
molecule has been oxidised. The electron carrier, which has gained 
electrons, has been reduced. 

The electrons arc now passed along a number of electron ca rriers in 
a series of oxidation-reduction reactions. These electron carriers form 
a transfer chain that is located in the membranes of the thylakoids. 
Each new carrier is at a slightly lowe r energy level than the previous 
one in the chain, and so the electrons lose energy at each stage. Some 
of this energy is used to combine an inorganic phosphate molecule 
with an ADP molecule in order to make ATP. 

The precise mechanism by which ATP is produced can be explained 
by the chemiosmotic theory. This is described here and illustrated 
in Figure l . 

• 	 Each thylakoid is an enclosed chamber into which protons (H+) arc 
pumped from the stroma using protein carriers in the thylakoid 
membrane called proton pumps. 

• 	 The energy to drive this process comes from electrons released when 
water molecu les are split by light - photolysis of water (see later). 

Learning objectives 
-+ 	 Explain the processes of 


oxidation and reduction. 


-+ 	 Explain how ATP is made 
during the light-dependent 
reaction. 

-+ 	 Describe the role of 

photolysis in the light­

dependent reaction. 


-+ 	 Explain how chloroplasts 
are adapted to carry out the 
light-dependent reaction. 

Specification reference: 3.5.1 

Hint 

Oxidation and reduction can each 
be described in three ways: 

Oxidation - loss of electrons or 
loss of hydrogen or gain of oxygen. 

Reduction - gain of electrons or 
gain of hydrogen or loss of oxygen. 

Study tip 

Make sure you know the three ways 
in which something can be oxidised 
or reduced. 

• 




11.2 The light-dependent reaction 

• 	 The photolysis of water also produces protons which further 
increases their concentration inside the thylakoid space. 

• 	 Overall chis creates and maintains a concentra tion gradient of 
independent reaction depends on protons across the thylakoid membrane with a high concentration 

inside che chylakoid space and a low concentration in che stroma. knowledge of membrane structure, 

electron carrier 

.A Figure 1 Chemiosmosis in a thylakaid 

Photolysis of water 
The loss of electrons when light strikes a chlorophyll molecule leaves it 
short of electrons. If the chlorophyll molecule is to conrinue absorbing 
light energy. chese electrons must be replaced. The replacement electrons 
are provided from water molecules that are split using lighc energy. This 
photolysis of water also yields protons. The equation for chis process is: 

---+ 4H + + 4e­ + 0 2 
protons e lectrons oxygen 

• 


An understanding of the light­

diffusion, and active transport. 

Now would be a good t ime to revisej 
Topics 4.1, 4.2, and 4.4. 

thylakoid space 
high concentration 

of protons (H+) 

\1202 

light 

transmembrane complex 
containing chlorophyl l 

stroma 

low concentration 

of protons ( H +) 


• 	 The protons can only cross the thylakoid membrane through 
ATP synthase channel proteins - the rest of the membrane is 
impermeable to protons. These channels form small granules on 
the membrane surface and so are also known as stalked granules. 

• 	 As the procons pass through these ATP synthase channels they 
cause changes to the structure of the enzyme which chen catalyses 
the combination ol ADP with inorganic phosphate to form ATP. 

thylakoid 
membrane 

proton pump actively 
transports protons into 

the thylakoid using 
energy from electrons • '"""' 

from chlorophyl l 
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These protons pass out of the thylakoid space through the ATP synthase 
channels and a re taken up by an electron carrier called NADP. On 
taking up the prot0ns the NADP becomes reduced. The reduced NADP 
is the main product of the light-dependent stage and it enters the light­
independent reaction (Topic 11 .3) taking with it the e lectrons from the 
chlorophyll molecules. The reduced NADP is important because it is a 
furthe r po tential source of chemica l energy to the plant. The oxygen 
by-product from the photolysis of water is either used in respiration or 
diffuses out o f the leaf as a waste product of photosyn thesis. Figure 2 
summarises how ATP and reduced NADP are produced during the 
light-dependent stage of photosynthesis. 

oxygen 

space 

light 2e 2W 

ADP +fP\
\V 

t 
ATP synthase 
channel 

y to the 
light­
independent 
stage 

.A Figure 2 Summary oflight-dependent stage ofphotosynthesis 

.A Figure 3 False-colour TEM ofgrona in a chloroplast from a leaf of maize. The 
grana are made up ofdisc-like thylakoids where the light-dependent reaction of 
photosynrhesis rakes place 

I 

'-----­
Hint 

Reduced NAOP is the most 
important product of the light· 
dependent reaction. 

Hint 

To picture how thylakoids are 
arranged in the grana, think of a 
thylakoid as a coin and the grana 

as a stack of many such coins, one 
on top of the other. 

Practical link ~ 

Required practical 8. Investigation 
into the effect of a named factor on 
the rate of dehydrogenase activity 
in extracts of chloroplasts . 

• 




11.2 The light-dependent reaction 

Sit e of the light-dependent reaction 
As we have seen, the lighL-depe ndent reaction of pho tosynthesis takes 
place in the thylakoids of chloroplasts. The thyla koids a re disc-like 
structures that are stacked w gether in groups ca lled grana . 

Chloroplasts are structurally adapted 10 their functio n o f capturing 
sunlight and carrying out the light-dependent reaction o f 
pho w synthesis in the fo llowing wa ys: 

• 	 The thylako id membranes provide a la rge surface area for the 
auachment of chlorophyll. electron carrie rs a nd e nzymes that carry 
out the light-dependent reaction. 

• 	 A network of proteins in the grana ho ld th e chlorophyll in a very 
precise manner that allows maximum absorption of light. 

• 	 The granal membranes have ATP synthase channels wi thin them, 
which catalyse the production of ATP. They a re also selectively 
permeable which allows establishmen t o[ a p roton grad ient. 

• 	 Chloroplasts contain both ONA and ribosomes so they can quickly 
and easily manufacture some of the pro teins involved in the 
light-dependent reaction. 

Summary questions 

1 	 State precisely where within a plant cell the electron carriers involved in 
the light-dependent reaction are found. 

2 	 Describe what happens in the photolysis of water. 

3 	 In each of the following, state whether the process involves oxidation or 

reduction of the molecule named. 


a 	 An unsaturated fat molecule gains a hydrogen atom. 

b 	 Oxygen is lost from a carbon dioxide molecule. 

c 	 Light causes an electron to leave a chlorophyll molecule. 

Y 
,-..... 1 ~ 

D 
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I -
y 
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Figure 4 shows the structure of a chloroplast. 1 Name the parts labelled A, C and 0. 
2 State in which of these labelled parts the light· 

dependent reaction takes place? 
3 Structure Bis used for storage. Suggest the name of 

the substance likely to be stored in B. 
4 	 ATP is produced in the light-dependent reaction of 

photosynthesis. Suggest two reasons why plants 
cannot use this as their only source of ATP. 

5 	 8 The actual length ofX- Yin this chloroplast is 
2µm. Calculate the magnification used in Figure 4. 
Show your working. 

.A Figure 4 



The products of the light-dependcnr reaction of photosynthesis, 
namely ATP and reduced NADP, arc used to reduce glycerate 
3-phosphate in the second stage of photosynrhesis. Unlike the first 
stage, this stage docs not require light directly and, in theory, occurs 
whether or not light is available. It is therefore called the Iight­
independent reaction. In practice, it requires the products of the light­
dependent stage and so rapidly ceases when light is absent. The light­
independent reaction takes place in the stroma of the chloroplasts. 
The details of this stage were worked out by Melvin Calvin and his 
co-workers and so it is often referred to as the Calvin cyde. 

The Calvin cycle 

glycerate 

reduced 
NADP 

from light­
dependent 
reaction 

NADP 

3-phosphate x2 
(a 3-carbon acid) 

tnose phosphate x2
(a 3-carbon sugar) 

ribulose 
6 b1sphosphate 

useful (J) n (a 5-carbon sugar) 
organic ATP ADP + 	 CD 

substances 
(e.g., glucose) C02 

.A. Figure 1 Summary of the light-independent reaction afphotosynthesis 
[or Calvin cycle] 

In the following account of the Ca lvin cycle, the numbered stages a re 
illustrated in Figure 1. 

1 Carbon dioxide from the atmosphere diffuses into the leaf 
through stomata and dissolves in water around the walls of 
the mesophyll ce lls. It then diffuses through the cell-surface 
membrane, cytoplasm and chloroplast membranes into the 
stroma of the chloroplast. 

2 In the stroma, the carbon dioxide reacts with the 5-carbon 
compound ribulose bisphosphate (RuBP) a reaction catalysed 
by an enzyme called ribulose bisphosphate carboxylase, otherwise 
known as rubisco. 

3 The reaction be tween carbon dioxide and RuBP produces two 
molecules of the 3-carbon glycerate 3-phosphate (GP). 

4 Reduced NADP from the light-dependent reaction is used to 
reduce glycerate 3-phosphate to triose phosphate (TP) using 
energy supplied by ATP. 

Learning objectives 
-+ 	 Explain how carbon dioxide 

absorbed by plants is 
incorporated into organic 
molecules. 

-+ 	 Describe the roles of ATP 
and reduced NADP in the 
light-independent reaction. 

-+ 	 Describe the events in the 
Calvin cycle. 

Specification reference: 3.5.1 
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11.3 The light-independent reaction 

Hint 

Any substance whose name ends 
in 'ose' is a sugar. The ending 'ate' 
usually means that the substance 
is an acid (in solution]. 

5 	 The NADP is re -formed and goes back tO the light-dependent 
reaction to be reduced again by accepting more protons. 

6 	 Some triose phosphate molecules are converted to organic 
substances that the plant requires such as s tarch, cellulose, lipids, 
glucose, amino acids, and nucleotides.. 

7 	 Most triose phosphate molecules are used to regenerate ribulose 
bisphosphate using ATP from the light-dependent reaction. 

light-dependent light-independent 

reaction reaction 

Summary questions 

1 	 Describe the role of ribulose 
bisphosphate (RuBP) in the 
Calvin cycle. 

2 	 State how the reduced NADP 
from the light-dependent 
reaction is used in the light· 
independent reaction. 

3 	 Apart from reduced NAOP, which 
other product of the light­
dependent reaction is used in 
the light-independent reaction? 

4 	 State precisely where in a plant 
cell the enzymes involved in 
the Calvin cycle are found. 

5 	 Light is not required for the 
Calvin cycle to take place. 
Explain therefore why the 
Calvin cycle cannot take place 
for long in the absence of light. 

I 

i ---•M"""'":DP~1--2-H_l__re-i-~-~ed-p_T'l...i.
l triose p; osphate I 

NADP 4-J lglycerate 
i 3 phosphate 

! ~~~Ii; rq
electrons i ATP ribulose 

chlorophyll H20 l 	 ! 1 bisphosphate 

: ADPt 	 t carbon 
substrates ••· light •••••••••••••••• waler ·•• ••••••••••••••• •••••••••••••••••••• dioxide 

products ··································· oxygen ••••· glucose 

.A. Figure 2 Summary ofphotosynthesis 

Site of the light-independent reaction 
The light-independent reaction of photosynthesis takes place in the 
stroma of the chloroplasts. 

The chloroplast is adapted to carrying out the light-independent 
reaction of photosynthesis in the following ways: 

• 	 The fluid of the stroma contains all the enzymes needed to carry 
out the light-independent reaction. Stromal fluid is membrane­
bound in the chloroplast which means a chemical environment 
which has a high concentration of enzymes and substrates can 
be maintained within it - as distinct from the environment of the 
cytoplasm. 

• 	 The stroma fluid surrounds the grana and so the products of the 
light-dependent reaction in the grana can readily dirfuse into 
the stroma. 

• 	 It contains both DNA and ribosomes so it can quickly and easily 
manufacture some of the proteins involved in the light-independent 
reaction. 

In any complex process such as photosynthesis, the 
factors that affect its rate all operate together. However, 
the rate of the process at any given moment is not 
affected by all the factors, but rather by the one whose 
level is at the least favourable value. This factor is called 
a limiting factor because it limits the rate at which the 
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whole process can take place. Changing only the levels 
of the other factors will not alter the rate of the process. 

The law of limiting factors can therefore be expressed as: 

At any given moment, the rate of a physiological process 
is limited by the factor that is at its least favourable value . 
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When light is the limiting factor, the rate of photosynthesis 
is directly proportional to light intensity. As light intensity 
is increased, the volume of oxygen produced and carbon 
dioxide absorbed due to photosynthesis wil l increase 
to a point at which it is exactly balanced by the oxygen 
absorbed and the carbon dioxide produced by cellular 
respiration. At this point there wi ll be no net exchange of 
gases into or out of the plant. This is known as the light 
compensation point. Further increases in light intensity will 
cause a proportional increase in the rate of photosynthesis 
and increasing volumes of oxygen will be given off and 
carbon dioxide taken up. A point will be reached at which 
further increases in light intensity will have no effect on 
photosynthesis. At this point some other factor, such as 
carbon dioxide concentration or temperature, is limiting the 
reaction. These events are illustrated in Figure 3. 

light saturation - /--· 
at atmospheric C0 2 concentration //higher co2 
(i.e., 0.04%) this occurs at a light / concentration 
intensity of around l. full sunlight //
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I 
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g 
:o - light compensation point ­

~ C0 2 released during respiration 

-e ~ equals that ta ken up during 

~ ·oo photosynthesis 


light intensity ­

A Figure 3 Graph showing the effect oflight intensity on 
the rate ofphotosynthesis as measured by the amount 
ofCO2 exchange 

Carbon dioxide is present in the atmosphere at a 
concentration of around 0.04% and is often the factor 
that limits the rate of photosynthesis under normal 
conditions. The optimum concentration of carbon dioxide 
for a consistently high rate of photosynthesis is 0.1%and 
growers of some greenhouse crops, such as tomatoes, 
enrich the air in the greenhouses with more carbon dioxide 
to provide higher yields. Carbon dioxide concentration 
affects enzyme activity, in particular the enzyme that 

catalyses the combination of ribulose bisphosphate with 
carbon dioxide in the light-independent reaction. 

Provided that other factors are not limiting, the rate of 
photosynthesis increases in direct proportion to the 
temperature. Between the temperatures of O °C and 25 °C 
the rate of photosynthesis is approximately doubled for 
each 10 °C rise in temperature. 

Figure 4 illustrates the influence of light intensity, 
carbon dioxide and temperature on the rate of 
photosynthesis. 

1 0. 1 % carbon dioxide at 25 •c 
2 0 .04% carbon dioxide at 35 •c 
3 0.04% carbon dioxide at 25 °C 

4 0 .04% carbon dioxide at 15 •c 

2 
r ~ 
~ 3.9 
0 
.s: 
0. 4 
0 
E 
~ 

0 2 3 4 5 
l ight intensity/ ki lolux 

A Figure4 

1 	 State one measurement that could be taken to 
determine the rate of photosynthesis in this 
experiment . 

2 	 Name the factor that is limiting the rate of 
photosynthesis over the region marked Aon the 
graph.Explain your answer. 

3 	 In the spring a commercial grower of tomatoes 
keeps his greenhouses at 25 °C and at acarbon 
dioxide concentration of 0.04%. The light intensity 
is 4 kilolux at this time of year. Using the graph, 
predict whether the tomato plants would grow more 
ifthe carbon dioxide level was raised to 0.1 %or if 
the temperature was increased to 35 °(. Explain 
your answer. 

4 	 Explain why there is no advantage in the grower 
heating his greenhouses on a dull day. 

S 	 Using your knowledge of the light-independent 
reaction, explain why, at 25 °C, raising the level of 
carbon dioxide from 0.04% to 0.1% increases the 
amount of glucose produced. 



11.3 The light-independent reaction 

.A. Figure 5 Student using a 
phatasynthameter ta measure the rate 
of photosynthesis 
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The rate of photosynthesis in an aquatic plant such as Canadian pondweed 
(Elodea) can be found by measuring the volume of oxygen produced by 
using the apparatus (called a photosynthometer) illustrated in Figures 5 
and 6. 

5 cm3 syringe wide plastic tubing

I----~ 

shoot of Elodea 

_ pond water or potassi um 
hydrogencarbonate solution 

water bath 

scale (mm) 

.A. Figure 6 Apparatus used to measure the rate of photosynthesis 
under various conditions 

• 	 The apparatus is set up as in Figure 6, taking care not to introduce any 
air bubbles into it and that the apparatus is completely air-tight. 

• 	 The water bath is used to maintain a constant temperature throughout 
the experiment and can be adjusted as necessary. 

• 	 Potassium hydrogencarbonate solution is used around the plant to provide 
a source of carbon dioxide. 

• 	 A source of light, whose intensity can be adjusted, is arranged close to 
the apparatus, which is kept in an otherwise dark room. 

• 	 The apparatus is kept in the dark for two hours before the experiment 
begins. 

• 	 The light source is switched on and the plant left for 30 minutes to allow 
the air spaces in the leaves to fil l with oxygen. 

• 	 Oxygen released by the plant during photosynthesis collects in the 
funnel end of the capillary tube above the plant. 

• 	 After 30 minutes this oxygen is drawn up the capillary tube by gently 
withdrawing the syringe until its volume can be measured on the scale, 
which is calibrated in mm3. 

• 	 The gas is drawn up into the syringe, which is then depressed again 
before the process is repeated at the same light intensity four or 
five times, and the mean volume of oxygen produced per hour 
is calculated. 

• 	 The apparatus is left in the dark for 2 hours before the procedure is 
repeated with the light source set at a different light intensity . 
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1 Explain why the apparatus needs to be airtight. 
2 Explain why the temperature of the water bath needs to be kept 

constant. 
3 Suggest an advantage of providing an additional source of carbon 

dioxide. 
4 Suggest a reason for carrying out theexperiment in a room that is dark 

except for the light source. 
5 Suggest why the plant is kept in the dark before the experiment 

begins. 
6 Suggest why measuring the volume of gas produced by the plant in this 

experiment may not be an accurate measure of photosynthesis. 

Using a lollipop to work out the light-independent reaction O G 
The details of the light-independent reaction were 
worked out by Melvin Calvin and his co-workers using 
his 'lol lipop' experiment. It was so cal led because the 
apparatus, shown in Figure ?, resembled a lollipop. 

In the experiment, single-celled algae are grown in 
the light in a thin transparent 'lol lipop'. Radioactive 
hydrogencarbonate is injected into the 'loll ipop'. This 
supplies radioactive carbon dioxide to the algae. At 
5-second intervals, samples of the photosynthesising 
algae are dropped into hot methanol to stop chemical 
react ions instantly. The compounds in the algae are 
then separated out and those that are radioactive are 
identified. The results are given in Table 1. 

algae in nutrient media 

air and carbo~ ln 
dioxide 

~ 
light l ight 

vaIve that can be 
opened to remove rad ioactive 14C as 
sample of algae at 

I 
syringe for injecting 

hydrogencarbonate 
intervals 

flat lol Ii pop vessel 

hot methanol to 

ki ll the algae 


-.Table 1 

Time/s Substances found to be radioactive 

0 carbon dioxide 

5 glycerate 3-phosphate 

10 glycerate 3-phosphate + triose phosphate 

15 glycerate 3-phosphate + triose phosphate + 
glucose 

20 glycerate 3-phosphate + triose phosphate + 
glucose + ri bulose bisphosphate 

• 	 Algae are grown under light in the thin transparent lollipop. 

• 	 Radioactive 14C in the form of hydrogencarbonate is 
injected. 

• 	 At intervals (seconds to minutes) samples of the 
photosynthesising algae are dropped into the hot methanol 
to stop chemical react ions instantly. 

• 	 The compounds in the algae are separated by 
two-way chromatography. 

• 	 The rad ioactive compounds are identified. 

A Figure 7 The 'lollipop' apparatus used by Melvin Calvin 



11.3 The light-independent reaction 
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.&. Figure 8 Apparatus used to measure the rate of photosynthesis under various conditions 

1 	 Suggest why the carbon dioxide supplied to the 

algae was radioactively labelled. 


2 	 Explain how information in Table 1 provides 
evidence that glycerate 3-phosphate is converted 
into triose phosphate. 

3 	 Suggest an explanation of how the hot methanol 
might stop further chemical reactions taking place. 

In a further experiment, samples of algae were collected 
at 1-minute intervals over a period of five minutes. The 
quantities of glycerate 3-phosphate (GP) and ribulose 
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bisphosphate (RuBP) were measured. At the beginning 
of the experiment, the concentration of carbon dioxide 
supplied was high. After two minutes the concentration of 
carbon dioxide was reduced. The graph in Figure 8 shows 
the results of this experiment. 

4 	 Describe the effects on the quantities of GP and 

RuBP of the decrease in carbon dioxide after 

two minutes. 


5 	 Suggest explanations for these changes to the levels 
of GP and RuBP. 
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Practice questions: Chapter 11 

1 	 Scientisls investigated the effect of iron 40 
deficiency on the production of triose 
phosphale in sugar beet plants. They grew the 
plants under the same conditions with their 
rools in a liquid growth medium containing all 
the necessary nutrients. Ten days before the 
experimenls, they transferred half the plants 
to a liquid growth medium containing no iron. 
The scientists measured the concentration of 
triose phosphate produced in these plants and 
in lhe control plants: 
• al the end of 6 hours in the dark 
• lhen for 16 hours in the light. 

Their results are shown in the graph. 


(a) 	 (i) The experiments were carried out at a high carbon dioxide con cent ra tion. 

Explai n why. (I mark) 


(ii) 	 Expla in why it was important to grow the plants under the same cond itions 
up to Len days before the experiment. (I mark} 

(iii) The p lanls were left in the dark for 6 hours before the experiment. 
Explain why. ( l mark) 

(b) 	 iron deficiency reduces electron transport. Use this information and your 

knowledge of photosynthesis to explain the decrease in production of triose 

phosphate in the iron-deficient plants. (4 marks) 


(c) 	 iron deficiency results in a decrease in the uptake of carbon dioxide. 

Explain why. (2 marks) 


AQA June 2013 

2 	 During photosynthesis, carbon dioxide reacts with ribulose bisphosphate (Ru BP) to form 
lWO molecules of glycerate 3-phosphace (GP}. This reaction is catalysed by the en1yme 
Rubisco. Rubisco can also catalyse a reaction between Ru BP and oxygen to form one 
molecule of GP and one molecule of phosphoglycolate. Both the reactions catalysed by 
Rubisco are shown in Figure I. 

~ 2 x glycerate 3-phosphate 

RuBP (5 carbon compound) ~Rubisco 

+Oz 
glycerate 3-phosphate and 
phosphoglycolate 

A Figure 1 ~ 60 
& 

(a) (i) 	 Where exactly in a cell is che enzyme Rubisco found? I 
c:( l mark) E

(ii) 	 Use the information provided to give the number of carbon ~ 
....aLOms in one molecule of phosphoglycolate. ( l mark) 

(b) 	 Scientists investigated the effect of different concentrations of 8
(\J 

30 
oxygen on the rale of absorption of carbon dioxide by leaves of 0 


§ 20
soya bean plants. Their results are shown in Figure 2 . 

Use Figure I LO explain the results obtained in Figure 2 . (2 marks) Ci 


~ 10(c) 	 Use the information provided and your knowledge of the 

light-independent reaction to explain why the yield from soya 0 "' 

bean plants is decreased at higher concentrations of oxygen. Cl) 


~ 
Phosphoglycolate is not used in the light-independenl reaction. 

concentration of oxygen/'K
(J marks) 

AQA Jan 2013 A Figure 2 
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3 A scientist investigated the uptake of radioactively labelled carbon dioxide in chloroplasts. 
She used three tubes, each containing different components of chloroplasts. She measured 
1he uptake of carbon dioxide in each of these tubes. Her results are shown in the table. 

Tube Contents of tube Uptake of radioactively labelled C02 I counts per minute 

A Stroma and grana 96000 

B Stroma, ATP and reduced NAOP 97 000 

c Stroma 4 000 

(a) 	 Name the substance which combines with carbon diox ide in a chloroplast. (1 mark) 
(b) 	 Expla in why 1he results in tube B are similar to those in 1ubc A . (/mark) 
(c) 	 Use 1he information in the table to predict the uptake of rad ioactively labelled 

ca rbon dioxide if tube A was placed in the dark. Explain your answer. (2 marks) 
(d) 	Use your knowledge of the light-independent reaction to explain why the 

uptake o f carbon dioxide in tube C was less tha n 1he uptake in tube B. (2 marks) 
(c) 	 DCMU is used as a weed killer. It inhibits e lectron transfer during pho1osyn1hesis. 

The addit ion of DCMU Lo tube A decreased the uptake of carbon dioxide. 
Explain why. (2 marks) 

AQA June 2012 

4 (a) 	 The concentrations of carbon dioxide in the air at different heights above ground in 
a forest changes over a period of 24 hours. Use your knowledge of photosynthesis 
to describe these changes and explain why they occur. (5 marks) 

(b) 	 In the light-independent reaction of photosynthesis, the carbon in carbon 
dioxide becomes carbon in triose phosphate. Describe how. (5 marks) 

(c) 	 Microorganisms make the carbon in polymers in a dead worm available to 
cells in a leaf. Describe how. (5 marks) 

AQA June 2010 

5 	 Scientists investigated the effects of temperature and light intensity on the rate of 
phot0syn1hesis in creeping azalea. They investigated the effect of temperature on the net 
rate of photosynthesis at three different light intensities. They also investigated the effect 
of temperawre on the rate of respiration. The graph shows the results. 

0 

50 


ro.mpP.rature/"'C 

(a) 	 (i) Name che factors thac limited the rate of phocosynchesic; 
between X and Y. (I mark) 

(ii) 	 Use information from che graph to explain your answer. (2 marks) 
(b) 	 Use informacion from che graph to find the gross rate of photosynchesis 


ac 20°C and medium light intensity. 

(I mark) 

(c) 	 Creeping azalea is a plant which grows on mountains. Sciemists predicc thac in che 
area where this plant grows the mean summer temperature is likely co rise from 
20°C to 23°C. It is also likely to become much cloudier. Describe and explain 
how these changes are likely ro affect the growth of creeping azalea. (3 marks) 

AQA Jan 20 11 
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We have seen in Chapter 11 that photosynthesis transfers energy in 
the form of sunlight into the chemical energy of carbohydrates such 
as glucose. We also saw, in Topic 2.3, that this glucose cannot be used 
directly by cells as a source of energy. Instead, cells use ATP as their 
immediate energy source. The formation of ATP from the break down 
of glucose takes place during the process of cellular respiration. There 
are two different forms of cellular respiration depending on whether 
oxygen is involved or not: 

• 	 Aerobic respiration requires oxygen and produces carbon 
dioxide, water and much ATP. 

• 	 Anaerobic respiration takes place in the absence of oxygen and 
produces lactate (in animals) or ethanol and carbon dioxide (in 
plants and fungi) bur only a little ATP in both cases. 

Aerobic respiration ca n be divided into four stages: 

l 	 glycolysis - the splitting or the 6-carbon glucose molecule into 
two 3-carbon pyruvate molecules 

2 	 link reaction - the 3-carbon pyruvate molecules enter into a series 
of reaaions which lead to the formation of acetylcoenzymc A, a 
2-carbon molecule. 

3 	 Krebs cycle - the introduction of acetylcoenzyme A into a cycle 
of oxidation-reduction reactions that yield some ATP and a large 
quantity of reduced NAO and FAD (Topic 12.2) 

4 	 oxidative phosphorylation - the use of the electrons, associated 
with reduced NAO and FAD, released from the Krebs cycle to 

synthesise ATP with water produced as a by-product. 

The main respiratory pathways arc summarised in Figure 1. 

Glycolysis is the initial stage of both aerobic and anaerobic respiration. 
It occurs in the cytoplasm of all living cells and is the process by which 

fermentation 


lactate 


glycolysis anaerobic 
 ethanol 
+ C02•'""'"' -"'"""1 

link reaction Krebs cycle 

aerobic 
acetyll --0

2H 

• 	 coenzyrne 
A C02 

Learning objectives 
°' Outline where glycolysis fits 

into the overall process of 

respiration.

°' Describe the main stages of 

glycolysis and its products. 

Specification reference: 3.5.2 

oxidative phosphorylation 

.A. Figure 1 Summary ofrespiratory pathways 

water 
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Hint 

It must be remembered that for 
each molecule of glucose at the 
start of the process, two molecules 
of triose phosphate are produced. 
Therefore the gross yields must be 
doubled, that is, four molecules of 
ATP and two molecules of reduced 

NAO. 

Hint 

Glucose, a sugar, is oxidised to 
pyruvate, an acid. 
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a hexose (6-carbon) sugar, usua lly glucose, is split into two molecules 
of the 3-carbon molecule, pyruvate. Although there are a number 
of smaller enzyme-controlled reactions in glycolysis, these can be 
conveniently grouped into four stages: 

I 	 phosphorylation of glucose to glucose phosphate. Before 
it can be split into two, glucose must first be made more reactive 
by the addition of two phosphate molecules (phosphorylation). 
The phosphate molecules come from the hydrolysis of two ATP 
molecules to ADP. This provides the energy to activate glucose and 
lowers the activation energy for the enzyme-controlled reactions 
that follow (Topic I.7). 

2 	 splitting of the phosphorylated glucose. Each glucose 
molecule is spli t into two 3-carbon molecules known as triose 
phosphate. 

3 	 oxidation of triose phosphate. Hydrogen is removed from 
each of th e two tri ose phosphate molecules and tra nsferred 
to a hydrogen -carrier molecule known as NAO to form 
redu ced NAD. 

4 	 the production of ATP. Enzyme-controlled reactions convert 
each triose phosphate into another 3-carbon molecule called 
pyruvate. In the process, two molecules of ATP are regenerated 
from ADP. 

The events of glycolysis are summarised in Figure 2. 

glucoseStage 1 

carbon
activation of glucose 


by phosphorylation atom 


ATP~ _.,.-- ATP 
+ ADP __...., ......_ ADP + • 

phosphorylated glucose 

Stage 2 
splitt ing of the 
phosphorylated 
glucose 

cNAO 
Stage 3 

triose phosphate 

NAO ) 

reduced H 	 ._. H reduced
oxidation of triose 2	 2

NAO 	 NAO 
phosphate 

,r- ADP + 
·"'--+ ATPStage 4 

production of ATP V-- ADP + 
""-- ATP 

pyruvate pyruvate 

A Figure 2 Summary of glycalysis 



Respiration 

Energy yields from glycolysis 
The overall yield rrom one glucose molecule undergoing glycolysis 
is therefore: 

• 	 two molecules or ATP (four molecules of ATP are produced, but 
two were used up in the initial phosphorylation of glucose and so 
the net increase is two molecules) 

• 	 two molecules of reduced NAD (these have the potential to provide 
energy to produce more ATP as we shall see in Topic 12.3) 

• 	 two molecules of pyruvate. 

Glycolysis is a universal feature of every living organism and therefore 
provides indirect evidence ror evolution. The enzymes for the 
glycolytic pathway arc round in the cytoplasm of cells and so glycolysis 
docs not require any organelle or membrane for it to take place. It 
docs not require oxygen and therefore it can take place whether or 
not it is present. In the absence of oxygen the pyruvate produced 
by glycolysis can be convened into either lactate or ethanol during 
anaerobic respiration. This is necessary in order LO re-oxidise NAD so 
that glycolysis can continue. This is explained, along with details or the 
reactions, in Topic 12.4. Anaerobic respiration, however, yields only a 
small fraction of the potential energy stored in the pyruvate molecule. 
In order to release the remainder of this energy, most organisms use 
oxygen to break down pyruvate further. 

Summary questions 

In the following passage, state the most suitable word to replace each of the 
numbers 1-10. 

Glycolysis takes place in the (1) of cells and begins with the activation 
of the main respiratory substrate, namely the hexose sugar called (2). 
This activation involves the addition of two (3) molecules provided by two 
molecules of (4). The resultant activated molecule is known as (5) and in 
the next stage of glycolysis it is split into two molecules called (6). The third 
stage entails the oxidation of these molecules by the removal of (7), which 
is transferred to a carrier called (8). The final stage is the production of 
the 3-carbon molecule (9), which also results in the formation of two 
molecules of (10). 

• 




Learning objectives 
' Outline the nature of the link 

reaction. 

' Explain what happens during 
the Krebs cycle. 

' Describe the nature of 
hydrogen carrier molecules 
and explain their role in the 
Krebs cycle. 

Specification reference: 3.5.2 

Synoptic link 

It will be helpful in this section to 
remind yourself of the structure 
of mitochondria. Details can be 
found in Topic 3.4, Eukaryotic cell 
structure. 

Study tip 

Many students mistakenly think 
that oxygen atoms in carbon dioxide 
are formed using the oxygen 
breathed in when, in fact, they are 
formed directly from molecules 
involved in the link reaction and the 
Krebs cycle. 
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The pyruvate molecules produced during glycolysis possess potential 
energy that can only be released in a process called the Krebs cycle. 
Before they can enter the Krebs cycle. the~e pyruvate molecules must 
first be oxidised in a procedure known as the link reaction. In 
eukaryotic cells both the Krebs cycle and the link reaction take place 
exclusively inside mitochondria. 

The link reaction 
The pyruvate molecules produced in the cytoplasm during glycolysis 
are actively transported into the matrix or mitochondria. Here 
pyruvate undergoes a series of reactions during which the following 
changes take place: 

• 	 The pyruvate is oxidised to acetate. In th is reaction, the 3-carbon 
pyruvate loses a carbon dioxide molecule and two hydrogens. 
These hydrogens arc accepted by NAO LO rorm reduced NAD. 
which is later used to produce ATP (Topic 12.4). 

• 	 The 2-carbon acetate combines with a molecule called coenzyme A 
(CoA) to produce a compound called acetylcoenzyme A . 

The overall equation can be summarised as: 

pyruvate + NAD + CoA ~ acetyl CoA + reduced NAD + C02 

The Krebs cycle 
The Krebs cycle was named aft er the British biochemist, Hans 
Krebs, who worked out its sequence. The Krebs cycle involves a 
series of oxidation-reduction reactions that take place in the marrix 
of mirochondria. Its events are illustrated in Figure 1 and can be 
summarised as follows: 

• 	 The 2-carbon acerylcoenzyme A from the link reaction combines 
wirh a 4-carbon molecule to produce a 6-carbon molecule. 

• 	 In a series of reactions this 6-carbon rnolcculc loses carbon dioxide 
and hydrogen to give a 4-ca rbon molecule and a single m olecule 
of ATP produced as a result or substrate-level phosphorylation 
(Topic 2.3). 

• 	 The 4-carbon molecule can now combine with a new molecule of 
acetylcoenzyme A to begin the cycle again. 

For each molecule of pyruvate, the link reacrion and the Krebs cycle 
rherefore produce: 

• 	 reduced coenzymes such as NAD and FAD. These have the 
porenrial to provide energy to produce ATP molecules by 
oxidative phosphorylation (Topic 12.3) and are cherefore the 
important products of Krebs cycle 

• 	 one molecule of ATP 

• 	 three molecules of carbon dioxide. 

As two pyruvate molecules are produced for each original glucose 
molecule, the yield from a single glucose molecu le is double the 
quantities above. 
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pyruvate 

(3-carbon molecule) 000 


NAD :to carbon dioxide 
reduced NAD link reaction 

acetate 
(2-carbon molecule) o!o A,,...--- coenzyme 

acetylcoenzyme A 


(2-carbon molec~ 

Krebs cycle 

4-carbon molecule 0000 000000 6-carbon molecule 

ATP 
NAD 


reduced NAO 


reduced rAD l 
 O carbon dioxide 

FAD O carbon dioxide 

A Figure 1 Summary ofthe link reaction and the Krebs cycle 

A summary or the link reaction and the Krebs cyde is shown in Figure 1. 

Coenzymes 
Despite their name, cocnzymcs are not enzymes. They arc molecules 
that some enzymes require in order to function. Cocnzymcs play 
a major role in photosynthesis and respiration where they carry 
hydrogen atoms from one molecule to another. Examples include: 

• 	 NAD, which is important throughout respiration 

• 	 FAD, which is important in the Krebs cycle 

• 	 NADP, which is important in photosynthesis (Topic 11.2). 

In respiration, NAD is the most important carrier. It works with 
dehydrogenasc enzymes that catalyse the removal of hydrogen 
atoms from substrates and transfer them to other molecules involved 
in oxidative phosphorylation (Topic 12.3). 

The significance of the Krebs cycle 
The Krebs cycle performs an importa nt role in the cells of organisms 
for four reasons : 

• 	 It breaks down macromolecules into smaller ones - pyruvate is 
broken down inLO carbon dioxide. 

• 	 lt produces hydrogen atoms that are carried by NAD to the electron 
transfer chain and provide energy for oxidative phosphorylation. 
This leads to the production of ATP that provides metabolic energy 
for the cell. 

• 	 It regenerates the 4-carbon molecule that combines with 
acctylcoenzymc A, which would otherwise accumulate. 

• 	 It is a source or intermediate compounds used by cells in the 
manufacture or other important substances such as fatty acids, 
amino acids and chlorophyll. 

Hint 

Only a small amount of ATP is 
formed directly by the Krebs cycle. 
The vast majority of potential 
energy is carried away from the 
Krebs cycle by reduced NAO 
and reduced FAD and only later 
converted to ATP. 

' Hint 

The breakdown products of 
lipids and amino acids can enter 
the Krebs cycle as respiratory 
substrates. See Topic 12.3. 

• 




12.2 Link reaction and Krebs cycle 

Summary questions 

1 State how many carbon molecules there are in a single molecule of 
pyruvate. 

2 Name the 2-carbon molecule that pyruvate is converted to during the 

link reaction. 

3 State precisely in which part of the cell the Krebs cycle takes place. 

4 Table 1 lists statements about some biochemical processes in a plant 
cell. State whether each of the letters a- r represents true or false. 

T	 Table 1 

Statement Glycolysis Krebs cycle Light·dependent reaction 
of photosynthesis 

ATP is produced a b c 

ATP is needed d e f 

NAO is reduced g h i 

NAOP is reduced j k I 

C02 is produced m n 0 

co2 is needed p q r 

suspension water suspension 

2 cm3 glucose 2 cm3 glucose 2 cm3 distilled 

solution solution water 

1 cm3 methylene 1cm3 methylene 1cm3 methylene 

blue blue blue 

Coenzymes such as NAO are important in respiration. 
They help enzymes to function by carrying hydrogen 
atoms from one molecule to another. Scientists can 
model the way coenzymes work in cells using a blue dye 
called methylene blue. It can accept hydrogen atoms 
and so become reduced. Reduced methylene blue is 
colourless. 

methylene blue + hydrogen ---+ reduced methylene 
(blue colour) blue (colourless) 

In an investigation into respiration in yeast, three test 
tubes were set up as fol lows: 

All three tubes were incubated at a temperature of 30 °C. 

The colour of each tube was recorded at the start of the 


•. 


experiment and after 5 and 15 minutes. The results are 
shown in the table below: 

blue 

olourless 

olourless 

blue 

blue 

blue 

blue 

blue 

pale blue 

1 	 Tube Bacts as a control. Explain why this control 
was necessary in this investigation. 

2 	 Using your knowledge of respiration, suggest an 
explanation for the colour change after 15 minutes in: 
a tube A b tube C. 

3 	 How might the results in tube A after 15 minutes 
have been different if the experiment had been 
carried out at 70 °C? Explain your answer. 

4 	 After 20 minutes the contents of tube Awere 
mixed with air by shaking it vigorously, turning the 
methylene blue back to a blue colour. Suggest a 
reason for this colour change. 

S 	 Suggest why conclusions made only on the basis of 
the results of this experiment may not be reliable. 



So Car in the process of aerobic respiration, we have seen how hcxosc 
sugars such as glucose arc split (glycolysis) and how the 3-carbon 
pyruvate that results is fed into the Krebs cycle to yield carbon dioxide 
and hydrogen atoms. The carbon dioxide is a waste product and is 
removed during the process of gaseous exchange. The hydrogen 
atoms (or more particularly the electrons they possess) are valuable 
as a potential source of energy. These hydrogen atoms are carried 
by the coenzymes NAO and FAD into the next stage of the process, 
oxidative phosphorylation. This is the mechanism by which 
some of the energy of the electrons within the hydrogen atoms is 
conserved in the rorrnation of adenosine triphosphate (ATP). 

Oxidative phosphorylation and mitochondria 
Mitochondria are organelles that are found in eukaryotic cells. Each 
mitochondrion is bounded by a smooth outer membrane and an inner 
one that is folded into extensions called cristae. The inner space, or 
matrix, of the mitochondrion contains proteins lipids, and traces 
of DNA. 

Mitochondria are the site of oxidative phosphorylation. Within the 
inner folded membrane (cristae) are the enzymes and other proteins 
involved in oxidative phosphorylation and hence ATP synthesis. 

As mitochondria play a vital role in respiration it is hardly surprising 
that they occur in greater numbers in metabolically active cells, 
such as those of the muscles, liver and epithelial cells, which carry 
out active transport. The mitochondria in these cells also have 
more densely packed cristae which provide a greater surface area of 
membrane incorporating enzymes and other proteins involved in 
oxidative phosphorylation. 

The electron transfer chain and the synthesis of ATP 
The synthesis of ATP by oxidative phosphorylation involves the 
transfer of electrons down a series of electron carrier molecules 
which together form the electron transfer chain. The process takes 
place as follows: 

• 	 The hydrogen awms produced during glycolysis and the Krebs 
cycle combine with the cocnzymes NAD and FAD. 

• 	 The reduced NAO and FAD donate the electrons of the hydrogen 
atoms they are carrying to the first molecule in the electron 
transfer chain. 

• 	 The electrons pass along a chain of electron transfer carrier 
molecules in a series of oxidation-reduction reactions. As the 
electrons flow along the chain, the energy they release causes 
the active transport of prot0ns across the inner mit0chondrial 
membrane and into inter-membranal space. 

• 	 The protons accumulate in the inrer-membranal space before they 
diffuse back into the mitochondrial matrix through ATP synthase 
channels embedded in the inner mitochondrial membrane. 

Learning objectives 
-+ 	 Describe where oxidative 

phosphorylation takes place. 

-+ 	 Explain how ATP is 
synthesised during oxidative 
phosphorylation. 

-+ 	 Explain the role of oxygen in 
aerobic respiration. 

Specification reference: 3.5.2 

• Figure 1 Coloured TEM ofa sectioned 
mitochondrion [red and yellow}. It hos 
two membranes: an outer surrounding 
membrane and on inner membrane that 
forms folds called eris toe, seen here 
as red lines. The cristae are the sires of 
oxidative phosphorylation 

I 

Synoptic link 

Re-reading about mitochondria 

in Topic 3.4 and membranes 

in Topic 4.1 will help you follow 

the processes of the electron 

transport chain. 


Hint 

Remember that a single hydrogen 
atom is made up of one proton 
[W) and one electron [e-J. 

• 
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• 	 At the end of the chain the electrons combine with these protons 
and oxygen to form water. Oxygen is therefore the final acceptor of 
electrons in the electron transfer chain. 

The process described above is the chemiosmotic theory of oxidarive 
phosphorylation and is summarised in Figure 2. You will notice 
that it involves the same types or processes as those used to explain 
photophosphorylarion in the light-dependent stage of photosynthesis 
(Topic 11.2). 

high 
concentration 

of H' 

low 
concentration 

ofW carrier A I earner B carrier C 

inner mitochondrial 

~ 
1111 

© electron 
carriers actively transport 
protons (W) across themitochondrial matrix 
inner mitochondrial membrane 

A Figure 2 Summary ofthe chemiosmotic theory ofoxidative phosphorylation 

Study tip 
The flow of W (protons] causes 
a change of shape in the protein 
ATP synthase and leads to ATP 

synthesis. 
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The importance of oxygen in respiration is to acr as the linal acceptor 
of the hydrogen atoms produced in glycolysis and the Krebs cycle. 
Without its role in removing hydrogen atoms at the end of the chain, 
the hydrogen ions (protons) and electrons would 'back up' along the 
chain and the process of respiration would come to a halt. 

Releasing energy in stages 
In general. the greater the energy that is re leased in a single step, 
rhe more of it is released as beat and the less there is available for 
more useful purposes. When energy is re leased a little at a time, 
more of it can be harvested for the benefit of the organism. For this 
reason. the electrons carried by NAO and FAD are nor transferred in 
one explosive step. Instead they are passed along a series of electron 
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transfer carrier molecules, each of which is at a slightly lower energy 
level (Figure 3). The electrons therefore move down an energy 
gradient The transfer of electrons down this gradient allows their 
energy to be released gradually and therefore more usefully. 

reduced reduced state 
NAO 

oxidised state earner 

electrons from( 
 A
glycolys1s and 

reduced 
increasing 

earner energy level 
Krebs cycle 

NAO 
c 

carrier ) _ water 
ATP B 

reduced { 
ATP earner C oxygen 

.A Figure 3 Summary of electron transfer chain 

Alternative respiratory substrates 
Sugars are not the only substances which can be oxidised by cells to 
release energy. Both lipids and protein may, in cenain circumstances, 
be used as respiratory substrates, without first being converted to 
carbohydrate. 

Respiration of lipids 
Before being respired, lipids are first hydrolysed tO glycerol and 
fatty acids. The glycerol is then phosphorylated and converted to 
triose phosphate which enters the glycolysis pathway and 
subsequently the Krebs cycle. The fatty acid component is broken 
down into 2-carbon fragments which are converted to acetyl 
coenzyme A. This then enters the Krebs cycle. 

The oxidation or lipids produces 2-carbon fragments of carbohydrate 
and many hydrogen at.oms. The hydrogen atoms are used to produce 
ATP during ox idative phosphorylation. For this reason lipids release 
more than double the energy of the sa me mass of ca rbohydrate. 

Respiration of protein 
Protein is another potentia l source of energy. It is fi rst hydrolysed to 
its constituent amino acids. These have their amino group removed 
(deamination) before entering the respiratory pathway at different 
points depending on the number of carbon atoms they contain. 
3-carbon compounds arc converted to pyruvate, while 4- and 
5-carbon compounds arc converted to intermediates in the 
Krebs cycle. 

Practical link lii. 

Required practical 9. Investigation 
into the effect of a named 
variable on the rate of respiration 
of cultures of single-celled 
organisms. 

Study tip 
Oxygen is used as the final 
acceptor of hydrogen atoms at the 
end of the electron transfer chain. 
It is therefore used to form water 
and not carbon dioxide, as you 
may think. 

• 




P.hosphorylation 

Summary questions 

1 	 The processes that occur in the electron transfer chain are also known 

as oxidative phosphorylation. Suggest why this term is used. 

2 	 The surface of the inner mitochondrial membrane is highly folded to 

form cristae. State one advantage of this arrangement to the electron 

transfer chain. 

3 The oxygen taken up by organisms has an important role in aerobic 

respiration. Explain this role. 

4 As part of which molecule does the oxygen taken into an organism leave 

after being respired? 

• 

The order in which the carrier molecules of the electron transfer chain are 

arranged can be determined experimentally. The experiments re ly on the 

fact that each transfer of electrons between one molecule and the next is 

catalysed by a specific enzyme. In a series of experiments, three different 

inhibitors, 1, 2, and 3, are added to four electron transfer molecules, A, 8, 

C and 0. Table 1 shows whether the molecules A- 0 are oxidised or reduced 

after the inhibitor is added. 

TTable 1 

oxidised reduced oxidised 

oxidised reduced oxidised 

oxidised 
j 

reduced I reduced 

1 reduced 

2 oxidised 

3 reduced 

1 	 Using the information in the table, state the order of the electron 

transfer molecules in this chain. Explain your answer . 



We saw in Topic 12.3, that oxygen is needed if the hydrogen atoms 
produced in glycolysis and the Krebs cycle are to be used in 
the production of ATP. What happens if oxygen is temporarily or 
permanently unavailable to a tissue or a whole organism? 

In the absence or oxygen. neither the Krebs cyde nor the electron 
transfer chain can continue because soon all the FAD and NAD 
will be reduced. No FAD or NAD will be available to take up the H+ 
produced during the Krebs cycle and so the enzymes stop working. 
This leaves only the anaerobic process of glycolysis as a potential 
source of ATP. For glycolysis to continue, its products of pyruvate and 
hydrogen must be constantly removed. In particular, the hydrogen 
must be released from the reduced NAD in order to regenerate NAD. 
Without this, the a lready ti ny supply of NAD in cells will be entirely 
convened to reduced NAD, leaving no NAD to take up the hydrogen 
newly prod uced from glycolysis. Glycolysis will then grind to a halt. 
The replenishment of NAD is achieved by the pyruvate molecule from 
glycolysis accepting the hydrogen from reduced NAD. The oxidised 
NAD produced can then be used in further glycolysis. 

In eukaryotic cells, only two types o[ anaerobic respiration occur with 
any regularity: 

• 	 In plants, and in microorganisms such as yeast, the pyruvate is 
converted 10 e thanol and carbon dioxide. 

• 	 In animals, the pyruvate is converted to lactate. 

Production of ethanol in plants and some 
microorganisms 
Anaerobic respiration leading to the production of ethanol occurs in 
organisms such as certain bacreria and fungi (e.g .. yeast) as well as in 
some cells of higher plants, lor example, root cells under waterlogged 
conditions. 

The pyruvate molecule formed at the end of glycolysis loses a 
molecule of carbon diox ide and accepts hydrogen from reduced NAD 
to produce ethanol. The sum mary equation fo r this is: 

pyruvate + reduced --+ ethanol + carbon + oxidised 
NAO dioxide NAD 

This form of anaerobic respiration in yeast has been exploited by 
humans for thousands of years in the brewing industry. In brewing, 
ethanol is the important product. Yeast is grown in anaerobic conditions 
in which it ferments natural carbohydrates in plant products, such as 
grapes (wine production) or barley seeds (beer production) into ethanol. 

Production of lactate in animals 
Anaerobic respiration leading to the production of lactate occurs in 
animals as a means of overcoming a temporary shortage of oxygen. 
Clearly, such a mechanism has considerable survival value, for example, 
in a baby mammal in the period immediately after birth, and in an animal 
living in water where the amount of oxygen may sometimes be very low. 

Learning objectives 
-+ 	 Explain how energ!:J is 

released b!:J respiration in the 
absence of OX!:Jgen. 

-+ 	 Explain how ethanol is 
produced b!:J anaerobic 
respiration. 

-+ 	 Explain how lactate is 
produced b!:J anaerobic 
respiration. 

Specification reference: 3.5.2 

.&. Figure 1 Coloured SEM of yeast cells. 
Yeast produces ethanol ond carbon 
dioxide during anaerobic respiration 
making it useful in brewing 

Hint 

During strenuous exercise, 
muscles carry out aerobic 
respiration. If this cannot supply 
ATP fast enough, they also carry 
out some anaerobic respiration as 
well. It is a case not of one or the 
other but of both together. 

• 




12.4 Anaerobic respiration 

.6. Figure 2 During strenuous exercise, 
muscles may temporarily respire 
anaerobically 

Summary questions 

The diagram below shows the 
relationship between some 
respiratory pathways. 

~T 
pyruvate

Yo c 

C02 + ethanol lactate 

CO,+ H20 

1 	 State which of the pathways, 
A, B, Cor 0, apply to each of 
the following statements. 
There may be more than one 
answer in each case. 

a Only occurs in the 
presence of oxygen. 

b Takes place in animals. 

c Produces ATP. 

d Is carried out by yeast in 
the absence of oxygen. 

e Produces reduced NAO. 

f Regenerates NAO from 
reduced NAO. 

g Is known as glycolysis . 

• 


However, lactate production occurs most commonly in muscles as a 
result of strenuous exercise. In these conditions oxygen may be used 
up more rapidly than it can be supplied and therefore an oxygen debt 
occurs. lt is ohen essential, however, that the muscles continue to work 
despite the shonage of oxygen, for example, if the organism is fleeing 
from a predator. When oxygen is in shon supply, NAO from glycolysis 
can accumulate and must be removed. To achieve this, each pyruvate 
molecule produced takes up the two hydrogen atoms from the reduced 
NAD produced in glycolysis to fom1 lactate as shown below: 

pyruvate +reduced NAO --+ lactate+ oxidised NAO 

At some point the lactate produced is oxidised back to pyruvate. This 
can then be either further oxidised to release energy or converted 
into glycogen. This happens when oxygen is once again available. In 
any case, lactate will cause cramp and muscle fatigue if it is allowed to 
accumulate in the muscle tissue. As lactate is an acid it also causes pH 
changes which affects enzymes. Although muscle has a certain tolerance 
to lactate, it is nevertheless importan t that it is removed by the blood 
and taken to the liver to be converted to glycogen. Figure 3 shows 
how the NAD needed for glycolysis to continue is regenerated in both 
common forms of anaerobic respiration. 

glucose 

ethanol and lactate 
carbon dioxide 

2 ADPNAO) 2 ADP

( (+2 P, 2 )+ p 

reduced 	 2 ATP 2 ATP reduced 
NAO NAO 

pyruvate 	 pyruvate 

.6. Figure 3 How the NAO neededfor glycolysis is regenerated in various organisms 

Energy yields from anaerobic and aerobic respiration 
Energy from cellular respiration is derived in two ways: 

• 	 substrate-level phosphorylation in glycolysis and the Krebs 
cycle. This is the direct transfer of phosphate from a respiratory 
in termediate to ADP to produce ATP. 

• 	 oxidative phosphorylation in the electron transfer chain. This is the 
indirect linking of energy from phosphate to ADP to produce ATP 
involving energy from the hydrogen atoms that are carried on NAD 
and FAD. Cells produce most of their ATP in this way. 

In anaerobic respiration, pyruvate is converted to either ethanol or 
lactate. Consequently it is not available for the Krebs cycle. Therefore in 
anaerobic respiration neither the Krebs cycle no r the electron transfer 
chain can take place. The only ATP that can be produced by anaerobic 
respiration is therefore that formed by glycolysis. 
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Investigating where certain respiratory pathways take place in cells 8 
Most people are aware that cyanide is a very potent 
poison that causes death rapidly. It is lethal because it 
is a non-competitive inhibitor of the final enzyme in the 
electron transport chain. This enzyme is called cytochrome described in the extension and to 

To help you follow the experiment 

oxidase and it catalyses the addition of the hydrogen ions 
and electrons to oxygen to form water. The inhibition of 
cytochrome oxidase causes hydrogen ions and electrons 
to accumulate on their carrier molecules, bringing the 
electron transport chain and Krebs cycle to a halt. 

To determine where in the cell some of the respiratory 
pathways take place, scientists carried out the following 
experiment involving cyanide. 

• 	 Mammalian liver cells were broken up (homogenised) 
and the resulting homogenate was centrifuged. 

• 	 Portions containing only nuclei, ribosomes, 
mitochondria, and the remaining cytoplasm were 
separated out. 

answer the questions, it is necessary 
to understand cell fractionation and

I en.zyme inhibition. It is therefore 
L visable to review Topics 3.1 and 1.9. 

• 	 Samples of each portion, and of the complete 
homogenate, were incubated as fol lows: 

- with glucose - with glucose and cyanide 

- with pyruvate and cyanide - with pyruvate 

After incubation the presence or absence of carbon dioxide 
and lactate in each sample was recorded. The results are 
shown in Table 1, in which .,/ = present and X=absent. 

T Table 1 Presence (./]or absence [X] of C02 ond lactate in sample shown 

Glucose ./ .,/ x 
Pyruvate ./ .,/ x 
Glucose + cyanide x .,/ x 
Pyruvate +cyanide x .,/ x 

x 
x 
x 
x 

x x x x x .,/ 

x x .,/ x x .,/ 

x x x x x .,/ 

x x x x x .,/ 

1 	 Briefly describe how the different portions of the 
homogenate may have been separated out by 
centrifuging. 

2 	 From the results of this experiment, name two 
organelles that appear not to be involved in 
respiration. Explain your answer. 

3 	 In which cell organelle would you expect to find the 
enzymes of the Krebs cycle? 
Explain how the results in the table support your 
answer. 

4 Suggest which portion of the homogenate contains 

the enzymes that convert pyruvate into lactate. 


5 Explain why lactate is produced in the presence of 

cyanide but carbon dioxide is not. 

6 	 Explain why carbon dioxide can be produced by the 
complete homogenate when none of the separate 
portions can do so. 

7 	 Suggest which two products might be formed if 
glucose was incubated with cytoplasm from yeast 
cells. 

8 	 Giving your reason in each case, assess the relative 
number of mitochondria in the following: xylem 
vessel, liver cell, red blood cell, epithelial cell of 
intestine, myofibril (muscle fibre). 

9 	 Mature red blood cells do not possess mitochondria. 
Suggest two advantages of this to the functioning of 
these cells. 

• 




Practi.ce. questions: ·Chapter 12 

• 


(a) The table contains statemems about three biological processes. Copy and complete 
the table with a tick if the statemem in the first column is true, ror each process. 

Photosynthesis Anaerobic Aerobic 

respiration respiration 

ATP produced 

Occurs in organelles 

Electron transport chain involved 

(3 marks) 
(b) 	Write a simple equation to show how ATP is synthesised from ADP. (J mark) 
(c) 	 Give two ways in which the properties of ATP make it a suitable source of 

energy in biological processes. (2 marks) 
(d) 	 flu mans synthesise more than their body mass or ATP each day. Explain why 

it is necessary for them to synthesise such a large amount of ATP. (2 marks) 
AQA June 2011 

2 (a) 	 The table contains sta tements about three stages ol' respiration. Copy and complete 
the table with a tick if the statement in the tirst column is true for each stage of 
respiration in an animal. 

Glycolysis Link reaction Krebs cycle 

Occurs in mitochondria 

Carbon dioxide produced 

NAO is reduced 
(J marks) 

(b) 	The £allowing reaction occurs in the Krebs cycle. 

Enzyme
Succinate - ------- Fumarate 

A scientist investigated the effect of the enzyme inhjbitor malonate on this reaction. 
The structure of malonate is very similar to the structure of succinate. The scientist 
added malonate and the respiratory substrate, pyruvatc, to a suspension of isolated 
mitochondria. She also bubbled oxygen through the suspension. 

(i) 	 Explain why the scientist did not use glucose as the respiratory substrate 
ror these isolated mitochondria. (2 marks) 

(ii) 	 Explain how malonate inhibits the formation of fumara1e from succinate. (2 marks) 
(iii) The scientist measured the uptake of oxygen by the mitochondria during the 

investigation. The uptake of oxygen decreased when ma lona te was added. 
Expla in why. (2 rnarks) 

AQA June 2013 
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Chapter 12 Respiration 

Yeast is a single-celled organism. A sLUdent investigated respiration in a population of 
yeast growing in a sealed container. His resulLs are shown in the graph. 
(a) 	 Calculate the rate of oxygen uptake in arbitrary units per hour between 2 and 

4 hours. (I mark) 
(b) 	 (i) Use the information provided LO explain the changes in oxygen uptake during 

this investigation. (J marks) 
(ii) 	 Use the information provided to explain the changes in production of ethanol 

during this investigation. (2 marks) 
(c) 	 Sodium a1ide is a substance that inhibits the electron transport chain in respiration. 

The student repeated the investigation but added sodium azide after 4 hours. 
Suggest and explain how the addition of sodium. azide would affect oxygen uptake 
and the production or ethanol. (J marks) 

AQA Jan 2013 

A studen t investigated the rate of gas exchange in aerobically 
respiring seeds using the apparatus shown in the cliagram. She 
carried o ut two experiments. 

• 	 ln Experiment 1, she put potassium hydroxide solution 
in the beaker. Potassium hydroxide solution absorbs 
carbon dioxide. 

• 	 ln Experiment 2, she pu t water in the beaker. 
(a) 	 Both experiments were carried out at the same 

temperature. Explain why. (2 marks) 
(b) 	 (i) The level or coloured liquid in the right-hand 


side or the manometer tube went down during 

Experiment I. Explain why. 


(J marks) 
beaker containing 
either potassium 

hydroxide or water 

coloured liquid 

The results from both experiments are shown in the table. 

Experiment Solution in the beaker 
Distance moved by the meniscus in the 

right hand side of the manometer (mm) 

1 Potassium hydroxide 6.4 

2 Water 1.2 

(ii) 	 The diameter or the manometer tube was lmm. 
Use these results ro ca lculate the volume of carbon dioxide produced 
during experiment l. (3 marks) 

(c) 	 The student repeated Experiment 1 using seeds which were respiring anaerobically. 
Wha t would happen to the level of coloured liquid in the right-hand side or 
the manometer tube? Explain your answer. (2 marks) 

AQA June 2012 (apart from 4 (bl (i i)) 

manometer 

scale marked 
in mm3 
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I ii Energy and ecosystems 
03.1 Food chains and energy transfer 

Learning objectives 
-+ 	 Explain how energy enters an 

ecosystem. 

-+ 	 Explain how energy is 
transferred between the 
organisms in the ecosystem. 

-+ 	 Define the terms: trophic 
level, food chain, food web, 
producer, consumer, and 
decomposer. 

-+ 	 Define biomass and explain 
how it is measured. 

Specification reference: 3.5.3 

Hint 

You may be familiar with the 
following terms: 

• 	 Herbivore - an animal that 
eats plants (producers J and is 
therefore a primary consumer. 

• 	 Carnivore - an animal that eats 
animals and may therefore 
be a secondary or a tertiary 
consumer. 

• 	 Omnivore - an animal that eats 
both plants and animals and is 
therefore a primary consumer 
and also a secondary or a 
tert iary consumer. 

Study tip 

Make sure you learn simple 
definitions of ecological terms and 
use them appropriately. 
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The organisms found in any ecosystem rely on a source of energy 
to carry out all their activities. The ultimate source of this energy 
for almost all organisms is sunlight. which is conserved as chemical 
energy by plants. Most plants use sunlight in making organic 
compounds from carbon dioxide in the air or water that surrounds 
them. These organic compounds include sugars, most of which are 
used by the plants as respiratory substrates. The remainder are used to 
make other groups of biological molecules. These biological molecules 
form the biomass of plants that is the means by which energy is 
passed between other organisms. 

In this chapter we shall look at how this energy is transferred, how 
nutrients are cycled and how we use artificial fertil isers to supplement 
natural nutrients in order to improve productivity. Before we do, let us 
first recap some of the basic terminology of ecology. 

Organisms can be divided into three groups according to how they 
obtain their energy and nutrients. These three groups are - producers, 
consumers, and saprobionts. 

• 	 Producers are photosynthetic organisms that manufacture 
organic substances using light energy, water, carbon dioxide, 
and mineral ions. 

• 	 Consumers are organisms that obtain their energy by feeding 
on (consuming) other organisms rather than using rhe energy of 
sunlight directly. Animals are consumers. Those that directly eat 
producers (green plants) are called primary consumers because 
they are the first in the chain of consumers. Those animals eating 
primary consumers are called secondary consumers and those 
eating secondary consumers are called tertiary consumers. 
Secondary and tertiary consumers are usually predators but they 
may also be scavengers or parasites. 

• 	 Saprobionts (decomposers) are a group of organ isms that break 
down the complex materials in dead organisms into simple ones. 
In doing so, they release valuable minera ls and elements in a form 
that can be absorbed by plants and so con tribute to recycling. The 
majority of this work is carried out by [ungi and bacteria. 

• 	 A food chain describes a feeding relationship in which the 
producers are eaten by primary consumers. These in wrn are 
eaten by secondary consumers, which are then eaten by tertiary 
consumers. In a long food chain the tertiary consumers may in rum 
be earen by further consumers called quaternary consumers. Each 
srage in chis chain is referred to as a trophic level. The arrows on 
food chain diagrams represent the direction of energy flow. 

• 	 Food webs - in reality, most animals do not rely on a single food 
source and within a single habitat many food chains will be linked 
together to form a food web. The problem with food webs is their 
complexity. Tn practice, it is likely that all organisms within a 
habitat, even within an ecosystem, will be linked to others in the 
food web. 
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Biomass 
Biomass is the total mass of living material in a specific area at a given 
time. The fresh mass is quite easy to assess, but the presence of varying 
amounts of water makes it unreliable. Measuring the mass of carbon 
or dry mass overcomes this problem but, because the organisms must 
be killed, it is usually only made on a small sample, and this sample 
may not be representative. Biomass is measured using dry mass per 
given area, in a given time. More specifically it is measured in grams 
per square metre (g m- 2) where an area is being sampled, for example, 
on grassland or a seashore. Where a volume is being sampled, for 
example, in a pond or an ocean, it is measured in grams per cubic 
metre (gm-3). 

The chemical energy store in dry mass can be estimated using 
calorimetry. In bomb ca lorimetry, a sample of dry material is 
weighed and is then burnt in pu re oxygen within a sealed chamber 
called a bomb. The bomb is surrounded by a water bath and the hea t 
of combustion causes a sma ll tempera ture rise in this water. As we 
know how much heat (energy) is required to raise the temperature 
of lg of water by I °C, ii' we know the volume of water and the 
temperature rise, we can ca lculate the energy released from the mass 
of burnt biomass in units such as kJ kg- 1• 

Summary questions 

The diagram below shows a simplified food web within an aquatic 

ecosystem. 
kingfisher egrets 

" / 
sticklebacks 

t 
dragonfly nymphs 

mosqu1( i i o~chaetes 
1arva' cilir es mayty arv/ 

unicellular and filamentous algae 

1 State which organisms are secondary consumers. 

2 State which organisms carry out photosynthesis. 

3 State which organisms are at the fourth t rophic level. 

4 Explain what the arrows in the diagram show. 

S When the organisms in this web die they will be broken down by 

bacteria and fungi. Name the general term used to describe these 

bacteria and fungi. 

.& Figure 1 The snake {tertiary 
consumer] is swallowing an insect· 
eatingfrog {secondary consumerJon a 
plant leaf{producer} 

• 




Learning objectives 
' 	 Calculate the percentage of 

energy that is transferred 
from one trophic level to 
the next. 

' 	 Explain how energy is lost 
along a food chain. 

' 	 Explain what is meant by 
gross primary productivity 
and net primary productivity. 

Specijication reference: 3. 5.3 
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The Sun is the source o[ energy lor ecosystems . However, as little 
as one % ol this light energy may be captured by green plants and so 
made available to organisms in the lood chain. These organisms in 
Lum pass on only a small fraction ol the energy that they receive to 

each successive stage in the chain. How then is so much energy lost? 

Plants normally convert between one % and three % of the Sun's 
energy available to them into organic mauer. Most of the Sun's energy 
is not converted Lo organic matter by photosynthesis because: 

• 	 over 90% of the Sun's energy is reflected back into space by clouds 
and dust or absorbed by the atmosphere 

• 	 not all wavelengths of light can be absorbed and used for 
photosynthesis 

• 	 light may not fall on a chlorophyll molecu le 

• 	 a factor, such as low carbon dioxide levels, may limit the rate of 
photosynthesis. 

The total quantity of the chemical energy store in plant biomass, in 
a given area or volume, in a given time is ca lled the gross primary 
production (GPP). However, plants use 20-50% of this energy in 
respiration. The chemical energy store which is left when these losses 
to respiration have been taken into account, is called net primary 
productivity (NPP). 

net primary production = gross primary production - respiratory losses 

N PP 	 GPP R 

The net primary production is available for plant growth and 
reproduction. It is also available to other trophic levels in the 
ecosystem, such as consumers and decomposers. Usually less than 
I 0% of this net primary production in plants can be used by primary 
consumers for growth. Secondary and tertiary consu mers are slightly 
more efficient, transferring up to about 20% of the energy available 
from their prey into their own bodies. The low percentage of energy 
transferred at each stage is the result of the following: 

• 	 Some of the organism is not consumed. 

• 	 Some parts are consumed but cannot be digested and are therefore 
lost in faeces. 

• 	 Some of the energy is lost in excretory materials, such as urine. 

• 	 Some energy losses occur as heat from respiration and lost to the 
environment. These losses are high in mammals and birds because 
of their high body temperature. Much energy is needed to maintain 
their body temperature when heat is constantly being lost to the 
environment. 

The net production of consumers can therefore be calculated as: 

N = 1-(F+ R) 
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where: 

N represents the net production 
I represents the chemical energy store of ingested food 
F represents the energy lost in faeces and urine 

R represents the energy lost in respira tion. 


Energy flow a long food chains, sh owing the percentage transferred at 

each trophic level, is summarised in Figure I. 


It is the relative inefficiency of energy transfer between trophic levels 

that expla ins wh y: 


• 	 most food chains have only four or fi ve trophic levels because 
insufficient energy is ava ilable to support a large enough breeding 
popula tion a t trophic levels higher than these 

• 	 the total mass of orga nisms in a particular place (biomass) is less a t 
higher trophic leve ls 

• 	 the total amount of energy available is less at each level as one 
moves up a food chain . 

decomposers and detritivores 

(feeding on faeces, urine and dead organisms) 


Sun 1-3% 
primary 

producers 5-10% 
primary 

consumers 

energy lost as energy lost as heat during respiration 

reflected light 


A Figure 1 Energy flow through different trophic levels ofa food chain. The arrows are not to scale and give only on idea of 
the proportion ofenergy transferred at each stage. Likewise, the figures for .% energy transfer between trophic levels are only 
arough average as they vary considerably between different plants, animals, and habitats 

Summary questions vx 

1 State three reasons for the small percentage of energy transferred at 
each trophic level. 

2 Explain why most food chains rarely have more than four trophic levels. 

3 fQ An area of vegetation 5 m by 5 m produces 4 x 104 kJ of potential 
energy in a year. Calculate the gross primary production of this area. 

, Hint 

When making calculations 
involving energy transfer, always 
remember that energy cannot be 
created or destroyed. In this type 
of question, this means that the 
total amount of energy entering 
a box must equal the amount of 
energy in the box plus the amount 
leaving the box. 

• 




Energy transfer and productivity 

Hint 

If you were ever in any doubt about 
the considerable loss of energy 
from organisms, just think about 
how much food you have eaten in 
your whole life - and all there is to 
show for it is what you are now. 

A Figure 2 Only about 10% ofthe 
energy in the plant being eaten by this 
swallowtail butterfly larva will be used 
for its growth 

• 

Data are often presented showing the amount of energy available at each 
trophic level of a food chain. The energy available is usually measured in 
kilojoules per square metre per year [kJ m 2 year 1) . It is often useful to 
calculate the efficiency of the energy transfer between each trophic level of 
these food chains. This is calculated as follows: 

. . energy available after the transfer 
percentage eff1c1ency = x 100 

energy available before the transfer 

Let us take an example. Look at Figure 3, which shows the amount of energy 
available at different trophic levels in a lake in the USA.Suppose we wanted 
to calculate the percentage efficiency of the transfer of energy from trout to 
humans. We would make the calculation as fol lows. 

1Energy available after the transfer =50 kJ m-3 year­
[i.e., energy available to humans) 

1Energy available before the transfer =250 kJ m-3 year­
(i.e., energy available to trout) 

percentage efficiency =_fil!_ x 100 = 5ooo =20% 
250 250 

algae 

producers 42000 kJ m-3 year-1 

small aquatic animals 

primary 
consumers 6300 kJ m 3 year 1 

smelt (small fish)

secondary 
 "" . 

consumers 1250 kJ m-3 year I 

~ 
tertiary trout 

consumers 250 kJ m 3year 1 

l
human 

quaternary 50 kJ 
consumers m 2year 1 

A. Figure 3 Food chain in Cayuga Lake, New York State. Figures illustrate the 
relative amount ofenergy available at each trophic level in the food chain 

1 G Using Figure 3, calculate the percentage efficiency of energy 
transfer between: 
a primary consumers and secondary consumers 
b algae and humans. 

Show your working in both cases. 
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Figure 4 shows the now of energy through a terrestrial ecosystem 
each year. All the values are in kJ m-2 year-1. 

heat 

~ 
insect-eating predatory1.7 x 106 green 

birds birds 
42500 

Sun plants 
810 	 160 

l~ _ ,,o[ / 
8950

box A 15440 

1 Give the name of the group of organisms represented by Box A. 
2 
3 

Which group of organisms are secondary consumers? 
fa Calculate the percentage efficiency with which light energy is transferred to energy in green plants. 
Show your working. 

4 
5 

State three reasons why so little of the solar energy is transferred to energy in green plants.
fa Calculate the amount of energy that is lost as heat from plant-eating insects. Show your working. 

.A. Flgure4 

Many farming practices are employed as methods of 
increasing yields by increasing the efficiency of energy 
transfer along the food chains which produce our food. As 
energy passes along a food chain only a small percentage 
passes from one organism in the chain to the next. This 
is because much of the energy is lost as heat during 
respiration. Any practice that reduces the respiratory 
losses in a human food chain will therefore reduce energy 
loss and increase the yield. 

One farming practice that achieves this is the intensive 
rearing of domestic livestock. This is about converting 
the smallest possible quantity of food energy into the 
greatest quantity of animal mass. One way to achieve this 
is to minimise the energy losses from domestic animals 
during their lifetime. This means that more of the food 
energy taken in by the animals will be converted into 
body mass, ready to be passed on to the next link in the 
food chain, namely us. Energy conversion can be made 
more efficient by ensuring that as much energy from 

respiration as possible goes into growth rather than other 
activities or other organisms. This is achieved by keeping 
animals in confined spaces, such as small enclosures, 
barns or cages, a practice often called factory farming. 
This increases the energy-conversion rate because: 

• 	 movement is restricted and so less energy is used in 
muscle contraction 

• 	 the environment can be kept warm in order to reduce 
heat loss from the body (most intensively reared 
species are homeothermic) 

• 	 feeding can be controlled so that the animals receive 
the optimum amount and type of food for maximum 
growth with no wastage 

• 	 predators are excluded so that there is no loss to 
other organisms in the food web. 

• 




13.2 Energy transfer and productivity 

1 	 Suggest a reason why keeping animals in the 

dark for longer periods might improve the energy 

conversion rate. 


Another farming practice that increases the efficiency 
of energy transfer is to reduce losses to non-human 
food chains by simplifying food webs. In other words, 
to reduce or eliminate organisms that are part of a food 
web and which compete with the plant or animal that is 
being farmed. Weeds compete with crop plants for water, 
mineral ions, carbon dioxide, space, and light. As these 
resources are often in limited supply, any amount taken 
by the pest means less is available for the crop plant. 
Insect pests may damage the leaves of crops, limiting 
their ability to photosynthesise and thus reducing 
their productivity. Alternatively, they may be in direct 
competition with humans, eating the crop itself. Many 
crops are now grown in monoculture, and this enables 
insect and fungal pests to spread rapidly. Pests of 
domesticated animals may cause disease. The animals 
may not grow as rapidly, be unfit for human consumption 
or die - all of which lead to reduced productivity. 

2 	 Pesticides are used to increase productivity. 

Suggest how their use might sometimes reduce 

productivity. 


The aim of pest control is to simplify the food web and so 
limit the effect of pests on productivity to a commercially 
acceptable level. In other words, to balance the cost of 
pest control with the benefits it brings. The problem is 
that at least two different interests are involved: the 
farmer who has to satisfy our demand for cheap food 
while sti ll making a living, and the conservation of 
natural resources, which will enable us to continue to 
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have food in the future. The trick is to balance these two, 
often conflicting, interests. 

The graph in Figure 5 shows the effects of weeds on the 
productivity of two crops: wheat and soya bean. 

6000 .........--.---.----.---..---.---,,---,----, 

~ al 
u4000 +---+---+---+---+--+--+---tr-----I 
"' .c:. 
00 

::: 3000 +---+---+----.--+--...-+--.-+--+---lr-----1 
~ 
·~ 

11 2000 +---+---+---+---+--+--+---tr-----1 

~ t a. 

O +---+---t---+---+--+--+---1r---~ 

0 20 	 40 60 80 100 120 140 
number or weeds/ m-2 

.A. Figure 5 

3 	 Describe the effects of weeds on the productivity 
of wheat. 

4 	 A herbicide that reduces the number of weeds from 
40 m 2 to O m zis applied to both crops. Which 
crop would show the greatest percentage change 
in productivity? 

S 	 '9 It will cost a farmer £100 to treat each hectare 
of his wheat crop with a herbicide. The herbicide 
will reduce the number of weeds from 40 m 2 to 
20 m z_ He can sell his wheat at £150 a tonne 
(one tonne= 1000 kg). Is it economically 
worthwhile for the farmer to apply the herbicide 
to his crop? Use calculations to support your 
answer. 
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Amighty problem 

The two-spotted spider mite, Tetranychus urticae, is an 
important pest of crops, especially those in greenhouses. 
Control is mostly achieved using chemicals. However, 
the spider mite has increasingly developed resistance to 
these chemicals and they are therefore less effective in 
controlling its populations. 

Studies have been carried out to investigate the use of 
biological control to combat spider mites. In one such 
study the predatory mite Phytoseiu/us persimilis was 
used to test its effectiveness against the two-spotted 
spider mite. This predatory mite feeds on the spider 
mite. Mites were introduced into two separate groups of 
100 bean plants as follows: 

1 	 Oescribe and explain the differences between 
the spider mite populations in experiment 1 and 
experiment 2. 

2 	 Comment on the effectiveness of predatory mites 
in controlling populations of spider mites. 

3 	 Predict what the levels of the two populations in 
experiment 2 might be over a period of 150- 300 
days if the experiment was continued. Explain the 
reasons for the levels you suggest. 

• 	 Experiment 1 - spider mites only 
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• 	 Experiment 2 - spider mites and predatory mites 
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A. Figure 7 Biological pest control: orange predatory mite (Phytoseiulus 
persimilis) attacking the red spider mite (Tetranychus urticae) 
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Learning objectives 
' Summarise the common 

features of all nutrient cycles. 

' Describe the features of the 

phosphorus cycle. 

' Describe the features ofthe 
nitrogen cycle. 

' Define the terms 
ammonification, nitrification, 

nitrogen fixation, and 

denitrification. 

' Explain the roles of 
saprobiotic organisms in 

nutrient recycling. 

Specification reference: 3.5.4 

Hint 

Although the weathering of 

rocks releases inorganic ions, 

the rate is inadequate to sustain 

most communit ies. Recycl ing 

of inorganic ions is therefore 

essential. 
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We saw in Topic 13.1, that energy enters an ecosystem as sunlight and 
is lost as heat. This heat cannot be recycled. The now or energy through 
an ecosystem is therefore in one direction, that is, it is linear. Provided 
the Sun continues to supply energy to Earth, this is not a problem. 
Nutrients, by contrast, do not have an extraterrestrial source. There 
is limited availability of nutrient ions in a usable form. It is important 
therefore that elements such as carbon. nitrogen, and phosphorus are 
recycled. The flow of nutrients within an ecosystem is not linear, but 
mostly cyclic. 

All nutrient cycles have one simple seq uence a t their heart. 

• 	 The nutrient is taken up by producers (plants) as simple, 
inorganic molecules. 

• 	 The producer incorporates the nutrient into complex organic 
molecules. 

• 	 When the producer is eaten, the nutrient passes into consumers 
(animals). 

• 	 It then passes along the food chain when these animals are eaten 
by other consumers. 

• 	 When the producers and consumers die, their complex 
molecules are broken down by saprobiontic microorganisms 
(decomposers) that release the nutrient in its original simple 
form. The cycle is then complete. The role or these saprobionts in 
nutrient cycles cannot be overestimated. They are in many ways 
the driving forces that ensure that nutrients arc released for reuse. 
Without them nutrients would remain locked up as part of complex 
molecules that cannot be taken up and used again by plants. 

inorganic 
~ molecule 

or ion 

absorption 

feeding and 
digestion 

organic molecules 
in producers 

organic molecules 
in consumers 

death Key 

D living component 
decompos1t1on O 	non-living component organic ·nolecules 

n saprobionts 

.A. Figure 1 Basic sequence of all nutrient cycles 
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Although other processes and non-living sources are also involved, 
it is this sequence, illustrated in Figure L that forms the basis of all 
nutrient cycles. 

The nitrogen cycle 
Living organisms require a source of nitrogen from which to 
manufacture proteins, nucleic acids and other nitrogen-containing 
compounds. Although 78% of the atmosphere is nitrogen, there are 
very few organisms that can use nitrogen gas directly. Plants take up 
most of the nitrogen they require in the form of nitrate ions (No3-), 

from the soil. These ions arc absorbed, using active transport, by 
the roots. This is where nitrogen enters the living component of the 
ecosystem. Animals obtain nitrogen-containing compounds by eating 
and digesting plants. 

Nitrate ions are very soluble and easily leach (wash) through the soil, 
beyond the reach of plant roots. In natural ecosystems, the nitrate 
concentra tions are restored largely by the recycling of niLrogen­
containing compounds. In agricul tu ral ecosystems, the concentration 
of soil nitrate can be further increased by the addition of fertilisers. 
When plants and animals die, the process of decomposition begins, 
in a series of steps by which microorganisms replenish the nitrate 
concentrations in the soil. This release of nitrate ions by decomposition 
is most important because, in natural ecosystems, there are very few 
nitrate ions available from other sources. 

There are four main stages in the nitrogen cycle (Figure 2). 
ammonification, nitrification, nitrogen fixation and 
denitrification, each of which involves saprobiontic microorganisms. 

nrtrogen fixation by free-Irving bacteria 
.--~~~~~~~~~~~~ 

nitrification nrtrification 

absorption 

denitrification 

ammomum­
containing molecules, feeding and

Key digestion 
living component 

e.g. proteins. 
in producers 

O non-living component 

basic sequence 
death 

~ additional pathways ammonrum­
conta1mng molP.CulP.S, 

e.g., prott ns 
saprobiontsammonification 

.A Figure 2 The nitrogen cycle 

amine groups in 

amino acids 

in consumers 


death and 
excretion of 
wastes 
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13.3 Nutrient cycles 

Hint 

In many ecosystems, the 
availability of nitrates is the factor 
that limits plant growth. As plants 
are the primary producers, this 
means that nitrate availability 
affects the whole ecosystem. 

Study tip 

The word nitrogen is often 
misused. Nitrogen is an element 
which forms a part of ions, such 
as nitrites and nitrates, as well as 
part of complex molecules, such 
as proteins and nucleic acids. Oo 
not use the term nitrogen when 
referring to these substances. 
Instead, use nitrogen-containing 
ions or nitrogen-containing 
molecules. 
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Ammonification 
Ammonification is the production of ammonia from organic nitrogen­
comaining compounds. In nature, these compounds include urea 
(from the breakdown of excess amino acids) and proteins, nucleic 
acids and vitamins (found in faeces and dead organisms) . Saprobiontic 
microorganisms, mainly fungi and bacteria, feed on faeces and 
dead organisms materials, releasing ammonia, which then forms 
ammonium ions in the soil. This is where nitrogen returns to the 
non-living componem of the ecosystem. 

Nitrification 
Plants use light energy to produce organic compounds. Some bacteria, 
however, obtain their energy from chemica l reactions involving 
inorganic ions. One such reaction is the conversion of ammonjum ions 
to nitrate ions. Thls is an oxidation reaction and so releases energy. 
It is carried out by free-living soil microorgan isms ca lled nitrifying 
bacteria. Thls conversion occurs in two stages: 

I 	 oxidation of ammonium ions to ni trite ions (No2- ) 

2 	 oxidation of nitrite ions to nitrate ions (N03 ). 

Nitrifying bacteria require oxygen to carry out these conversions and 
so they require a soil that has many air spaces. To raise productivity, it 
is important for farmers to keep soi l structure light and well aerated by 
ploughing. Good drainage also prevents the air spaces from being filled 
with water and so prevents air being forced out of the soil. 

Nitrogen fixation 
This is a process by which nitrogen gas is converted into nitrogen ­
containing compounds. It can be carried out industrially and also 
occurs naturally when lightning passes through the atmosphere. By 
far the most important form of nitrogen fixation is carried out by 
microorganisms, of which there are two main types: 

• 	 free-liv ing nitrogen-fixi ng bacteria. These bacteria reduce 
gaseous nitrogen to ammonia, which they then use to manufacture 
amino acids. Nitrogen-rich compounds arc released from them 
when they die and decay. 

• 	 mutualistic nitrogen-fix ing bacteria. These bacteria live in 
nodules on the roots of plants such as peas and beans (Figure 3). 
They obtain carbohydrates from the plant and the plant acquires 
amino acids from the bacteria. 

A. Figure 3 Nitrogen-fixing nodules on the roots ofo peo plant allow the plant to use 
free nitrogen in the atmosphere and soil. Mutualistic bacteria in the nodulesfix the 
nitrogen, transforming it into aform usable by the plant 
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Denitrification 
When soils become waterlogged. and have a low oxygen 
concentration, the type of microorganism present changes. Fewer 
aerobic nitrifying and nitrogen-fixing bacteria are found, and there 
is an increase in anaerobic denitrifying bacteria. These convert 
soil nitrates into gaseous nitrogen. This reduces the availability of 
nitrogen-containing compounds for plants. For land to be productive, 
the soils on which crops grow must therefore be kept well aerated to 
prevent the build-up of denitrifying bacteria . 

As with any nutrient cycle. the delicate balance can be easily upset by 
human activities. Some of the effects of these activities are considered 
in Topic 13.4, Use of natural and artificial fertilisers. 

The phosphorus cycle 
Phosphorus is an importanr biological element as it is a component 
of ATP. phospholipids and nucleic acids. Life therefore depends on it 
being consta ntly recycled. 

In the carbon and nitrogen cycles the main reservoir of each element 
is in the atmosphere. In the phosphorus cycle however the main 
reservoir is in minera l form rather than in the atmosphere - in fact the 
phosphorus cycle lacks a gaseous phase altogether. 

Phosphorus exists mostly as phosphate ions (PO/-) in the form of 
sedimentary rock deposits. These have their origins in the seas but 
are brought to the surface by the geological uplifting of rocks. The 
weathering and erosion of these rocks helps phosphate ions to become 
dissolved and so available for absorption 
by plants which incorporate them into 
their biomass. The phosphate ions pass 
into animals which feed on the plants. 
Excess phosphate ions are excreted by 
animals and may accumu late in waste 
material such as guano formed from the 
excretory prod ucts of some sea birds. 

On the death of plant's and animals, 
decomposers such as certa in bacteria 
and fungi break them down releasing 
phosphate ions into the water or soil. 
Some phosphate ions remain in pans 
of animals, such as bones or shells, 
that are very slow to breakdown. 

phosphate ions 
in plants 

dissolved 
feeding and phosphate ions 	 deposition 

digestion in oceans, 
lakes, and soils 

• Figure 4 Ploughing helps to aerate 
the soil and so prevents the build-up of 
denitrif ying bacteria that can reduce the 
level ofsoil nitrates 

Synoptic link 

To revise the part phosphorus 
plays in the structure of biological 
molecules you will need to 
consult Topic 1.5, Lipids, Topic 2.1, 

Structure of RNA and ONA, and 2.3,j 
Energy and ATP. 

Phosphate ions in excreta, released by 
decomposition and dissolved out of phosphate ions excretion and decomposition 

in animalsrocks, are transported by streams and 
rivers into lakes and oceans where they 
form sedimentary rocks thus completing Key 
the cycle. 	 0 living component 

0 non-living component The phosphorus cycle is illustrated in 
Figure 5. • Figure 5 The phosphorus cycle 

phosphate ions an 
wastes and remains. 

e.g., guano, 
bones and shells 

• 




13.3 Nutrient cycles 

The role of mycorrhizae in nutrient cycles 
Mycorrhizae are associa tions between certa in types or fungi and the 
roots of the vast majority of plants. The fu ngi act like extensions of the 
plant's root system and vastly increase the LOLal su rface area for the 
absorption of water and minerals. The mycorrhiza acts like a sponge 
and so holds water and minerals in the neighbourhood of the roots. 
This enables the plant to better resist drought and LO take up inorganic 
ions more readily. The mycorrhiza plays a part in nutrient cycles by 
improving the uptake of relatively scarce ions such as phospha tes ions. 

The mycorrhizal re lationship between plants and fungi is a 
mutualistic one. The plant benefits from improved water and 
inorganic ion uptake while the fungus receives orga nic compounds 
such as sugars and amino acids from the plant. 

Summary questions 

In the following passage, suggest the most appropriate word to replace 
each of the numbers in brackets. 

A few organisms can convert nitrogen gas into compounds useful to other 
organisms in a process known as (1). These organisms can be free-living 
or live in a relationship with certain (2). Most plants obtain their nitrogen by 
absorbing (3) from the soil through their (4) by active transport. They then 
convert this to (5), which is passed to animals when they eat the plants. 
On death, (6) break down these organisms, releasing (7), which can then 
be oxidised to form nitrite ions by (8) bacteria. Further oxidation by the 
same type of bacteria forms (9) ions. These ions may be converted back to 
atmospheric nitrogen by the activities of (10) bacteria. 

oceans, lakes, 
/ andsoils ~ 

.,:.:D I ·~ 

• 


and E plants 
remains 

B/~c 
~animals/ 

•Figure 6 

11 Figure 6 is a simplified illustration of the phosphorus cycle. Each box 
represents a process. Name the process in each of the boxes A, B, C, D 
and E . 



Agricultural ecosystems increase the efficiency of energy transfer 
along human food chains. In doing so they improve productivity. One 
farming practice that contributes to this improved productivity is the 
use of fertilisers. Let us sec how this is achieved. 

The need for fertilisers 
All plants need mineral ions. especially nitrates, from the soil. Much 
food production in the developed world is intensive, that is, it is 
concentrated on specific areas of land that arc used repeatedly to 

achieve maximum yield from the crops and animals grown on them. 
Intensive food production makes large demands on the soil because 
mineral ions arc continua ll y taken up by the crops being grown on it. 
These crops arc either used directly as food or as fodder for anima ls 
that arc then eaten. Either way, the mineral ions that the crops have 
absorbed from the soil arc removed. 

In natural ecosystems the minerals that are removed from the soil by 
plants arc returned when the plant is decomposed by microorganisms 
on its death. In agriculwral systems the crop is harvested and then 
transported from its point of origin for consumption. The urine, faeces 
and dead remains of the consumer arc rarely returned to the same 
area of land. Under these conditions the concentrations of the mineral 
ions in agricultural land will fall. It is therefore necessary to replenish 
these mineral ions because, otherwise, their reduced concentrations 
will become the main limiting factor tO plant growth. Productivity will 
consequently be reduced. To offset this loss of mineral ions, fertilisers 
need to be added to the soil. These fertilisers are of two types: 

• 	 natural (organic) fertilisers, which consist of the dead and 
decaying remains of plants and animals as well as animal wastes 
such as manure, slurry and bone meal 

• 	 artificial (inorganic) fertilisers, which are mined from rocks 
and deposit s and rhen converted into different forms and blended 
together to give the appropriate balance of minerals for a particular 
crop. Compounds containing the three elements, nitrogen, 
phosphorus, and potassium are almost always present. 

Research suggests that a combination of natural an d artificial fertilisers 
gives the greatest long-term increase in productivity. However, it is 
important that minerals are added in appropriate quantities as there is 
a point at which funher increases in the quantity of fertiliser no longer 
results in increased productivity. This is illustrated in Figwe I. 

How fertilisers increase productivity 
Plants require minerals for their growth. Let us look at nitrogen as 
an example. Nitrogen is an essential component of amino acids, ATP, 
and nucleotides in ONA. Both are needed for plant growth. Where 
nitrate ions are readily available, plants are likely to develop earlier, 
grow taller and have a greater leaf area. This increases the rate of 
photosynthesis and improves crop productivity. There can be no doubt 
that nitrogen-containing fertilisers have been of considerable benefit 
in providing us with cheaper food. lt is 

Learning objectives 
-+ 	 Explain why fertilisers 

are needed in agricultural 

ecosystems. 

-+ 	 Distinguish between natural 

and artificial fertilisers. 

-+ 	 Explain how fertilisers 


increase productivity. 


Specification reference: 3. 5.4 
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13.4 Use of natural and artificial fertilisers 

estimated that the use of fertili sers has increased agricultu ral food 
production in the UK by around 100% since 1955. 

Summary questions 

1 	 Explain why fertilisers are 
needed in an agricultural 

ecosystem. 

2 	 Using Figure 1, determine 
what concentration of fert iliser 
you would advise a farmer to 

apply to a field of wheat. 

3 	 Suggest a reason why, after 
a certain point, the addition 
of more ferti liser no longer 
improves the productivity 
of a crop. 

4 	 Distinguish between natural 
and artificial fert ilisers. 

• 


Nitrogen-containing fert iliser can be applied to crops in a number of different 
forms. These include ammonium salts, animal manure, the ground-up bones 
of animals (bone meal). and urea (a waste product found in the urine of 
mammals J.An investigation was carried out in which the same cropwas 
grown on six separate plots of land each of the same area. No nitrogen­
containing fertiliser was added to the first plot. To each of the remaining 
five plots, a different form of nitrogen-containing fertiliserwas added at the 
rate of 140 kg total nitrogen per hectare. The graph in Figure 3 shows the 
results of the investigation. 

0 

0 

0­

0
plot 4 5 6 


none bone ammonium urea 

meal sulphate 


type of nitrogen-containing fertiliser added 


-

-

2 3 
ammonium manure 

nitrate 

. --

-

A Figure3 

1 State which forms of nit rogen used in the investigation are natural 
ferti lisers. 

2 Suggest why the investigation included a plot to which no 
nitrogen-containing fert iliser was added. 

3 Suggest how the addit ion of nitrogen-containing fertiliser, in whatever 
form, increased productivity. 

4 The mass of each fertiliser used was different in each case. Suggest 
why this was necessary. 

S 	 It is sometimes claimed that nitrogen-containing fertilisers in the form of 
ammonium salts increase productivity of crops better than other forms 
of nitrogen-containing fertilisers. State, with your reasons, whether or 
not you think the results ofthis experiment support this view. 

6 	 The increase in productivity when manure was applied was lower than for 
other forms of nitrogen-containing fertiliser. This is because the manure 
has to break down before its nitrogen is released and this process takes a 
few months. Suggest how afarmer who spreads manure on his/her crops, 
might use this information in order to improve productivity . 



In natural ecosystems minerals such as nitrate ions, which are 
removed from the soil by plants. are mainly returned when the plant is 
decomposed. However, as we saw in Topic 13.4, in agricultural systems 
the crop is removed and so the nitrate is not returned and has to be 
replaced. This is done by the addition of natural or anificial fertilisers. 

Effects of nitrogen-containing fertilisers 
Nitrogen is an essential component of biological molecules such as 
proteins and is needed for growth and, therefore, an increase in the 
area of leaves. This increases the rate of photosynthesis and improves 
crop productivity. There can be no doubt that nitrogen-containing 
fertilisers have benefited us considerably by providing us with cheaper 
food. Most of this increase is due to additional nitrogen (Figure I). The 
use of nitrogen-comaining fertilisers has also had some detrimental 
effects. These include: 

• 	 reduced species diversity, because nitrogen-rich soils favour the 
growth of grasses, nettles and other rapidly growing species. These 
out-compete many other species. which ctie as a result. Species-rich 
hay meadows, such as the one in the photograph (Figure 3), only 
survive when soil nitrogen concentrations are low enough to allow 
other species to compete with the grasses 

• 	 leaching, which may lead to pollution of watercourses 
• 	 eu troph ication, caused by leaching of fertiliser into watercourses. 

leaching 
Leaching is the process by which nurrients are removed from the soil. 
Rainwater will dissolve any soluble nutrients, such as nitrate ions. and 
carry them deep into the soil, eventually beyond the reach of plant 
roots. The leached nitrate ions find their way into watercourses. such as 
streams and rivers, that in turn may drain into freshwater lakes. Here 
they may have a harmful effect on humans if the river or lake is a source 
of drinking water. Very high nitrate ion concentrations in drinking water 
can prevent efficient oxygen transport. in babies and a link to stomach 
cancer in humans has been suggested. The leached nitrate ions are also 
harmful to the environment as they can cause eutrophication. 

Eutrophication 
Eutrophication is the process by which nutrient concentrations 
increase in bodies of water. It is a natural process that occurs mostly 
in freshwater lakes and the lower reaches of rivers. Eutrophication 
consists of the following sequence or events: 

I 	 In most lakes and rivers there is naturally very low concentration 
of nitrate and so nitrate ions are a limiting factor for plant and algal 
growth. 

2 As the nitrate ion concentration increases as a result of leaching. 
it ceases to be a limiting factor for the growth of plants and algae 
whose populations both grow. 

3 	 As algae mostly grow at the surface, the upper layers of water 
become densely popu lated with algae. This is called an 'algal bloom'. 

Learning objectives 
-+ 	 Describe the main 

environmental effects of 

using nitrogen-containing 

fertilisers. 

-+ 	 State the meanings of 

leaching and eutrophication. 

-+ 	 Explain how leaching and 

eutrophication affect the 

environment. 

Specification reference: 3.5.4 
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13.S Environmental issues concerning use of nitrogen-containing fertilisers 

.6. Figure 4 Algol bloom in a canal as 
a result of eutrophicotion caused by 
nitrogen-containingfertiliser run-off 

• 


4 This dense surface layer of algae absorbs light and prevents it from 
penetrating to lower depths. 

5 Light then becomes the limiting £actor ror the growth or plants and 
algae at lower depths and so they eventually die. 

6 The lack of dead plants and algae is no longer a limiting factor for 
the growth of saprobiontic bacteria and so these populations too 
grow, using the dead o rganisms as food. 

7 The saprobiontic bacteria require oxygen for their respiration, 
creating an increased demand for oxygen. 

8 The concentration of oxygen in the water is reduced and nitrates 
are released from the decaying o rganisms. 

9 	Oxygen then becomes the limiting factor for the population of 
aerobic organisms, such as fi sh. These organisms ultimately die as 
the oxygen is used up altogether. 

10 Without the aerobic organisms, there is less competition for the 
anaerobic organisms, whose populations now rise. 

11 	The anaerobic organisms further decompose dead material, 
releasing more nitrates and some toxic wastes, such as hydrogen 
sulphide, which make the wate r putrid. 

Organic manures, animal slurry, human sewage, ploughing old 
grassland and natural leaching can all contribute to eutrophication, 
but the leaching of artificial fertilisers is the main cause. 

Summary questions 

1 Explain what is meant by eutrophication. 

2 Explain how an increase in algal growth at the surface can lead to the 
death of plants growing beneath them. 

3 Explain how the death of these plants can result in the death of animals 
such as fish. 

E 	120 Troubled waters G 
() 	

100~ 
<ii 	 80 Afarmer applied a large quantity of ferti liser to fields next to a small lake. 
~ 
;:;. 	 60 Aperiod of heavy rain fo llowed. After 10 days, scientists monitoring the lake 
.;; 40c 
<1J 	 noticed changes to the algal population, the clarity of the water and the 
1:1 	 20 

levels of dissolved oxygen. These changes are shown in the three graphs in0 
(ij 10 Figure 5. Secchi depth is a measure of the clarity of water. Measurements 

are taken by lowering a black-and-white disc [called a Secchi disc) into the 
water and recording the depth at which it is no longer visible. 

~ 

1 Suggest a reason why the changes in the lake do not occur until 
10 days after the application of the fertiliser to the fields. 

2 Explain a possible cause of the increase in the density of algae after 
10 days. 

3 Describe and explain the relationship between the density of algae 
and water clarity in the lake. 

4 Describe and explain changes to the levels of dissolved oxygen over 
time/days the 100-day period. 

.6. Figure 5 



1 Scientists constructed a mathema tical model. They used this model to estimate the 
transfer of energy through consumers in a naLUral grassland ecosystem. The table shows 
their results. 

Primary consumers 

Mammals 25.00 12.50 12.50 0.25 1.2.25 

Insects 4.00 1.60 2.40 0.64 0.96 

Secondary consumers 

Mammals 0.16 0.13 0.03 0.003 0.127 

Insects 	 0.17 0.135 0.035 0.040 0.095 

(a) 	 Copy and complete the equation to show how net production is calculated from the 
energy in ingested food. 

P = 	 (I mark) 
(b) 	 Describe and explain how intensive rearing of domestic live~tock would affect 

(i) 	 the figure for A in the first row of the table (/mark) 
(ii) 	 the figure £or R in the first row of the table. (I mark) 

(c) 	 (i) Calculate the ratio of R : A for mammalian primary consumers. (/mark) 
(ii) 	 The R : A ratio is higher in mammalian primary consumers than in 

insect primary consumers. Suggest a reason for this higher value. (I mark) 
(d) 	The scientists tested their model by comparing the values it predicted with actual 

measured values. The graph shows their results. 
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Are the values predicted by the model supponed by the actual measured values? 
Evaluate the evidence in the graph. (J marks) 

AQA June 2010 
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P.ractice !'.jUestions: Chapter 13 

2 Scientists measured the mean temperaLUre in a field each month between Marcb and 
Oct0ber. The table shows their results. 

• 


Month Mean temperature I • C 

March 9.0 

April 11.0 

14.0May 

17.0June 

20.0July 

18.0August 

September 16.0 

October 14.0 

(a) 	 The gross productivity of Lhe plants in the field was h ighest in Ju ly. Use the 
da ta in Lhe table to explain why. (2 marks) 

(b) 	 (i) Give the equation that links gross productivity and net productivity. (I mark) 
(ii) 	 The net productivity o[ the plants in the field was higher in August than 

in July. Use the equation in part (b)(i) and your knowledge of 
phot0synthesis and respiration to suggest why. (2 marks) 

(c) 	 A horse was kept in the field from March to October. During the summer 
months. the horse was able to eat more than it needed to meet its minimum daily 
requirements. Suggest how the horse used the extra nutrients absorbed. (I mark) 

(d) 	The horse's mean energy expenditure was higher in March than it was in August. 
Use information in the table to suggest why. (2 marks) 

AQA June 201 l 

3 The diagram shows the nitrogen cycle. 

organic material 

microorganisms 	 ammoniumanimals
and plants 	 ions 

nitrogen 	 process P 

process 11 
nitrate ions nitrite ions 

(a) 	 (i) Name process P. (I mark) 
(ii) 	 Name process Q . (I mark) 

(b) 	 Leguminous crop plants have nitrogen-fixing bacteria in nodules on their roots. 
On soils with a low concentration of nitrate ions. leguminous crops often grow 
better than ocher types of crop. Explain why. (2 marks) 

(c) 	 Applying very high concentrations of fertiliser to the soil can reduce plant growth. 
U~e your knowledge of water potential to explain why. (2 marks) 

AQA Jan 2013 



4 

Chapter 13 Energy and ecosystems 

Scientists investigated the e£fect of a mycorrhizal fungus on the growth or pea plants with 
a nitrate rertiliser or an ammonium fertiliser. The fertilisers were identical, except ror 
nitrate or ammonium. 
The scientists took pea seeds and sterilised their surfaces. They planted the seeds in soil 
that had been heated to 85 °C for 2 days before use. The soil was sand that contained no 
mineral ions useful to the plants. 
(a) 	 Explain why the scientists sterilised the surfaces of the seeds and grew them 

in soil that had been heated to 85 °C for 2 days. (2 marks) 
(b) 	Explain why it was important that the soil contained no mineral ions useful 

to the plants. (I mark) 
The pea plants were divided into four groups, A, B. C and D. 
• Group A - heat-treated mycorrhizal fungus added, nitrate rertiliser 
• Group B - mycorrhizal fungus added, nitrate rertiliser 
• Group C - heat-treated mycorrhizal fungus added, ammonium rertiliser 
• Group D - mycorrhi;,al rungus added. ammonium fertiliser 

The heat- treated fungus had been heared to 120 °C [or J hour. 


(c) 	 Explain how groups A and C act as controls. (2 marks) 
After 6 weeks, the scientists removed the plants from the soil and cut the roots from 
the shoots. They dried the plant material in an oven at 90 °C for 3 days. They then 
determ ined the mean dry masses of the roots and shoots of each group of pea plants. 

(d) 	 (i) Suggest what the scientists should have done during the drying process to be 
sure that all of the water had been removed from the plant samples. (2 marks) 
The scientists' results are shown in Table 3. 

TTable 3 

• 

A- heat-treated fungus and 

nitrate fertiliser 

B - fungus and nitrate 

fertiliser 

C - heat-treated fungus and 

ammonium fertiliser 

0 - fungus and ammonium 

fertiliser 

0.40 
(±0.05) 

1.61 
(±0.28) 

0.34 

(±0.03) 

0.96 
(±0.18) 

1.01 

(±0.12) 


9.81 

(±0.33) 


0.96 

(±0.26) 


4.01 

(± 0.47) 


(ii ) the values of dry mass recorded for the shoots of the plants in group D were 3.4. 
4.5, 4.2, 3. 9, 4. lg. 
calculate the mean dry mass and the standard deviation, s, of this mean. 

Use the rormula s =~ 	 (5 marks) 

(iii) 	 comment on the reliability of the means shown in the table (2 marks) 
(e) What conclusions can be drawn from the data in Table 3 about the rollowing? 

The errects of the fungus on growth of the pea plants. 
The errects of nitrate reniliser and ammonium feniliser on growth of the pea plants. 

(4 marks) 
AQA Specimen 2014 (apart from 5 (di (ii) and(iii)) 



Section 5 Summary 
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Section 5 Energy transfer in and between organisms 

, 	 .... 

Practical skills 
In this section you have met the 

following practical skills: 


How to use appropriate apparatus 

to record a range of quantitative 

measurements in experiments such as: 

• 	 investigating the effect of named 

environmental variables on the rate 

of photosynthesis 

• 	 using a redox indicator such as 


methylene blue to investigate 


dehydrogenase activity. 

.... 

, 	 .... 

Maths skills 
In this section you have met the following 

maths skills: 


• 	 calculating gross primary productivity and 

deriving the appropriate units. 

• 	 calculating the efficiency of energy 


transfers within ecosystems. 


• 	 calcu lating percentage yields of crops . 

• 	 interpreting data from a variety of tables 

and graphs . 

• 	 t ranslating information between 

graphical, numerical, and algebraic forms. 
~"­

"Ir 
select the sunny and shaded positions Extension 	 • 

• 	 choose the individual nettle plants 
Design and carry out an experiment to 

• 	 select the sample leaves from the chosendetermine whether there is a significant 
plantsdifference between the average surface area 


of leaves on nettle plants that are growing in a • decide on the number of samples you 


will take 
sunny position compared to leaves on nettle 

plants growing in a shaded position. • measure the surface area of the leaves 

In planning and carrying out your experiment, • test whether any differences you find are 

consider how you will: statistically significant. 
~"" 

• 




1 (a) A student measured the rate of aerobic respiration of a woodlouse using the 
apparatus shown in Figure 1. 

syringe containing air ., ruler 

I111d 111 .I• ""' "'' 
drop of coloured hqu1d 

woodlouse 

1----=~1-- wire gauze 
potassium hydroxide 
to absorb carbon dioxide 

water bath 

.A. Figure 1 

(i) 	 The student closed the tap. After thirty minutes the drop of coloured 
liquid had moved to the left. Explain why the drop of coloured liquid 
moved to the lert. (3 marks) 

(ii) 	 Wha1 measurements should the student have taken to calculate the 
rate of aerobic respiration in mm3 of oxygen g- 1 h- 1? (J marks) 

(b) 	 DNP inhibits respiration by preventing a proton gradient being maintained across 
membranes. When DNP was added 10 isolated mitochondria the following changes 
were observed 
• less ATP was produced 
• more heat was produced 
• 1he uptake of oxygen remained constant 
Explain how DNP caused these changes (J marks) 

AQA Jan 2011 

2 (a) 	 Ecologists investigated photosynthesis in two species of plan t found in woodland. 
One of the species was adapted to growing in bright sunlight (sun plant) and the 
other was adapted to growing in the shade (shade plant). The ecologists' results are 
shown in Figure 2. 
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.A. Figure2 

(i) Give two factors which could be limiting the rate of phot0synthcsis in 
the sun plant between points A and B on Figure 2. (1 mark) 

(ii) 	 Explain why C02 uptake is a measure of net productivity. (/mark) 
(iii) Use the information in Figure 1 to explain how the shade plant is better 

adapted than the sun plant to growing at low light intensities. (2 marks) 
AQA June 2014 
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--+--yeast in glucose solution
'------ ­

A student investigated the rate of anaerobic respiration in yeast. She put 5g or yeast into 
a glucose solution and placed this mixture in the apparatus shown in Figure 3. She then 
recorded the total volume or gas collected every ten minutes [or I hour. 

Section S Energy transfer in and between organisms 

• 


gas syringe 

.A. Figure 3 

(a) 	 Explain why a layer of oil is required in this investigation. (1 mark) 
(b) 	The student's resul ts arc shown in Table l. 

•Table 1 

Time I minutes Total volume of gas collected I cm3 

10 0.3 

20 0.9 

30 1.9 

40 3.1 

so 5.0 
>---­

60 5.2 

(c) 	 (i) Calculate the rate or gas production in cm3g-1min I during the 
first 40 minutes or this investigation. Show your working. (2 marks) 

(ii) 	 Suggest why the rate of gas production decreased between 50 and 
60 minutes. (/mark) 

(iii) Yeast can also respire aerobically. The student repeated the investigation 
with a fresh sample or yeast in glucose solution. but without the oil. 
All ot her condi tions remained the same. 
Explain what would happen to the volume or gas in the syringe if the 
yeast were only respiring aerobically. (2 marks) 

(d) 	Respira tion produces more ATP per molecule of glucose in the presence of 
oxygen than it docs when oxygen is absent. Explain why. (2 marks) 

AQA June 20 14 

4 (a) 	 Name the type of bacteria which convert: 
(i) 	 nitrogen in the air into ammonium compounds 
(ii) 	 nitrites into nitrates (2 marks) 

(b) 	 (i) Other than spreading fertilisers, describe and explain how one farming 
practice results in addition of nitrogen-containing compounds to a field. (2 marks) 

(ii) 	 Describe and explain how one farming practice results in the remova l 
of nitrogen-containing compounds from a field. (2 marks) 

AQA June 2006 



Section 5 practice questions 

• 


5 Starfish feed on a variety of invertebrate animals that are attached to rocks on the 
seashore. The diagram shows pan of a food web involving a species of starfish. 

seaweed on the 
rock surface 

plankton (small 
photosynthetic 
organisms and 
animals which 
feed on them) 

(a) 	 Explain w h y a starfish can be described as both a secondary and a 
tertiary consumer. (1 mark) 

(b) 	 When starfish feed on mussels they leave behind the empty shell. Explain how 
quadrats could be used to determine the percentage of mussels that had been 
eaten by starfish on a rocky shore. (3 marks) 

(c) 	 Table 2 shows the composition of the diet ol starfish. 

'T" Table2 

Percentage of total number 
5 27 653

of animals eaten 

Energy provided by each 
species as a percentage of 42 5 38 15 
total energy intake 

(i) 	 The percentage of barnacles in the diet is much higher 1han 1he perceniage 
of energy they provide. Suggest one explana1ion for this difference. (1 mark) 

(ii) 	 Table2 shows that the amount of energy provided by chitons is greater than 
the amount of energy provided by limpets. Ca lcula1e the number or 
limpets a s tarfish would need Lo eat in order to obtain the same amount 
or energy as it would obtain from one ch i ion. (I mark) 

AQA June 2006 

6 	 The progress of the light-dependent reaction was investigated using DCPLP indicator 
solution to compare the activity of chlorophyll extract with tha1 of intact chloroplasts. 
The following results were obtained. 



%absorption of red light %absorption of red light 
Time I s 

(intact chloroplasts) (extract] 

Section S Energy transfer in and between organisms 
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(a) 	 Plol a ~ui table graph to show the progress of the reacLion in each sample. (4 rnarks) 
(b) 	 Use the graph to determine the percentage difference between Lile maximum 

rates of reaction of the two samples. (J marks) 

7 	 (a) The biochemical pathway or aerobic respiration involves a number of different steps. 
Name one s1ep in which carbon dioxide is produced. ( J marks) 
In an investigation, sciemists transferred slices of apple from air LO anaerobic 
conditions in pure nitrogen gas. They measured the rate of carbon dioxide production. 

(b) 	 The scienLists kept the temperature constant throughout the investigation. 
Explain how a decrease in temperature would affect the rate of carbon 
dioxide production. (2 marks) 

(c) 	 When the apple slices were transferred to nitrogen, the following biochemical 

pathway took place. 


CH3 	 CH3
I 	 I 
co 	 CH2
I 	 I 
COOH 	 OH 

pyruvic acid ethanol 

Use this pa1hway 10 explain the part played by reduced NAO when the apple 
slices were transferred to nitrogen. (2 marks} 

(d) 	The rate ol' carbon d ioxide production was higher when the apple slices 
were in ni trogen [han when they were in the air. Expla in why. (3 marks) 

AQA Jan 2010 



14 Response to stimuli 

15 Nervous coordination 
and muscles 

16 Homeostasis 
... ~ 

Multicellular organisms are able to respond to stimu li that originate 
both from outside and from within their bodies. By doing so, they 
can avoid harmful environments whi le a t the same time ma intaining 
an internal environment that provides 1he optimum conditions for 
their metabolism. These organisms control their activities through a 
combination of growth factors, hormones, and nerve impulses. 
A stimulus is a change in the internal or external environment. 
Stimuli are detected by receptors which arc specific ro one type of 
stimulus. A coordinator formulates a suitable response to a stimulus 
and an effector produces the response. 

Chapter titles 
~ Introduction 

There are two forms of coordination in most multicellular animals 
- nervous and hormonal. The nervous system allows rapid 
conununication between one part of an organism and another. 
It comprises nerve cells that pass electrical impulses along their length. 
The nerve impulse releases a chemical messenger on to its target cell 
that usually leads to a rapid, short-lived, and localised response. 
The hormonal system produces slower responses. liormones are 
produced in endocrine glands and stimulate their targe1 cells via the 
blood stream. Each hormone is specific to particular receptors that 
are only present on their target cells. 1 lonnonal responses are usually 
slow, long-lasting, and widespread. 

It is advantageous to maintain a rela tively constan1 internal 
environment. Not only can chem ical react ions 1ake place at a 
predictable rate but also the organ ism has a grea ter degree of 
independence from the externa l environment. The maintenance of a 
constant internal environment is cal led homeos1asis. Responding to 

changes in the internal and externa l environment is no less important 
to survival in plants. Plants lack contractile 1issue and do not move 
from place to place. At the molecular level, some plant responses 
are rapid where they use hormone-like subs1ances to control their 
responses to stimuli such as light and gravity. 

Working scientifically 
In studying how organisms respond to changes in their environment 
there will be opportunities to perform practical exercises and so 
develop praaical skills. Required practical activities arc: 

• 	 Investigating the effect of an environmental variable on the 
movement of an animal using cilhcr a choice chamber or a maze. 



• 	 Producing a dilution o;cric~ of a glucose solution and using 
colorimetric techniques to produce a calibration curve with which t.o 
identify the concentration of glucose in an unknown 'urine' sample. 

In performing these experiments you will have the chance to develop 
practical skill'> ~uch ac;: 

• 	 using a colorimeter to record quantitative measurements 

• 	 using laborarory glassware apparatus to make up serial dilutions 

• 	 using a light microscope at high power and low power 

• 	 safely and erhically using organisms to measure animal responses. 

You will be able to develop a range of mathematical skllls. In particular 
the ability to use appropriate units when calculating the maximum 
frequency of impulse conduction. 

, 
What you already know: 

The information in this unit is intended to be self-explanatory, bu t there is certain 
knowledge from GCSE that will prove beneficial to the understanding of this 
section . This information includes: 

0 	 Cells ca lled receptors detect stimuli (changes in the environmen t). Information 
from receptors passes along cells (neurones) in nerves 10 the brain. The brain 
coordinates the response. Reflex actions are automatic and rapid. 

0 	 In a simple reflex action impulses from a receptor pass along a sensory neurone 
to the cen tral nervous system. At a junction (synapse) between a sensory 
neurone and a relay neurone in the central nervous system, a chemical is 
released that causes an impulse to be sent along a relay neurone. 

0 	 Many processes within the body are coordinated by chemical c;ubstances called 
hormones. Hormones are secreted by glands and are usually transported to their 
targer organs by the bloodstream. 

0 	 Plants are sensitive to light. moisture and gravity; their shoots grow towards 
light and against the force of gravity while their roots grow towards moiswre 
and in the direction of the force of gravity. 

0 Plan ts produce hormones to coordinate and control growth. Auxin controls 
photorropism and gravitropism (geotropism). 

0 Waste products tO be removed from the body include urea, produced in the liver by 
the breakdown of amino acids and removed by the kidneys in the urine. 

0 	 A healthy kidney produces urine by filtering the blood and then reabsorbing 
all the sugar, dissolved ions and water needed by the body and finally releasing 
urea, excess ions. and water as urine. 

0 The blood glucose concentration of the body is monitored and controlled by the 
pancreas through the production of the hormone insulin. 

0 A second hormone. glucagon. is produced in the pancreas when blood glucose 
levels fall. This causes glycogen co be convened into glucose. 

0 	 Type I diabetes is a disease in which a person's blood glucose concentration 
may rise to a high level because the pancreas does not produce enough of the 
hormone insulin. 



14 Response to stimuli 

14.1 Survival and response 

Learning objectives 
-+ 	 Define a stimulus and a 

response. 

-+ 	 Examine the advantage to 
organisms of being able to 
respond to stimuli. 

-+ 	 Describe taxes, kineses, and 
tropisms. 

-+ 	 Explain how each type of 
response increases an 
organism's chances of 
survival. 

Specification reference: 3.6.1.1 

into the effect of an environmental 
variable on the movement of 
an animal using either a choice I 
chamber or a maze. ___) 

A Figure 1 Woodlice exhibit a behaviour 
called kinesis, which ensures rhor rhey 
spend mosr oftheir time in the dork 
moist conditions that prevent themfrom 
drying out and hence oid their survival 
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Stimulus and response 
A stimulus is a detectable change in the internal or external 
environment of an organism that leads to a response in the organism. 
The ability to respond to stimuli is a characteristic of life and increases 
the chances of survival for an organism. For example, to be able to 
detect and move away from harmful stimuli, such as predators and 
extremes of temperature, or to detect and move towards a source 
of food dearly aid surviva l. Those organisms that survive have a 
greater chance of raising offspring and of passing their a lleles to the 
next generation. There is always, therefore, a selection pressure 
favouring organisms wi th more appropriate responses. 

Stimuli are detected by receptors. Receptors arc specifi c to one 
type of stimulus. A coordinator form ulates a su itable response to a 
stimulus. Coordination may be at the molecular level or involve a 
large organ such as the brain . A response is produced by an effector. 
This response may be at the molecular level or involve the behaviour 
of a whole organism. One means of communication in large, 
multicellular organisms occurs via chemicals called hormones, which 
is a relatively slow process found in both plants and animals (Topics 
14.2 and 16.3) . 

In addition to hormonal communication, animals have another, more 
rapid, means of communication - the nervous system. Their nervous 
systems usually have many different receptors and control effectors. 
Each receptor and effector is linked to a central coordinator of some 
type. The coordinator acts like a switchboard, connecting information 
from each recepwr with the appropriate effector. The sequence of 
events can therefore involve either chemical cont rol o r nerve cells and 
may be summarised as: 

stimulus--+ receptor --+ coordinator --+ effector --+ response 

Let us look firs t at the simplest forms of response to stimuli and how 
they can increase an organism's chances of survival. 

Taxes 
A taxis is a simple response whose direction is determined by the 
direction of the stimulus. As a result, a moti le organism responds 
directly to environmental changes by moving its whole body either 
towards a favourable stimulus or away from an unfavourable one. 
Taxes are classified according to whether the movement is towards the 
stimulus (positive taxis) or away from the stimulus (negative taxis) 
and also by the nature of the stimulus. Some examples are given 
below: 

• 	 Single-celled algae will move towards light (positive phototaxis). 
This increases their chances of survival since, being photosynthetic, 
they require light to manufacture their food. 



• 	 Earthworms will move away rrom light (negative phototaxis). This 
increases their chances of survival because it takes them into the 
soil, where they are better able to conserve water, find food and 
avoid some predators. 

• 	 Some species of bacteria will move towards a region where glucose is 
more highly concentrated (positive chemocaxis). This increases their 
chances of surviva l because they use glucose as a source of food. 

Kineses 
A k inesis is a rorm of response in which the organism does not 
move towards or away from a stimulus. Instead, it changes the speed 
at which it moves and the rare at which it changes direction. If an 
organism crosses a sharp dividing line between a favourable and an 
unfavourable environment, its rate of turning increases. This raises its 
chances of a quick return ro a favourable environment. However, if it 
moves a considerable distance into an unfavourable environment its 
rate of turn ing may slowly decrease so that it moves in long straight 
lines before it turns, often very sharply. This type of response tends 
to bring the organism into a new region with favourable conditions. 
It is important when a stimulus is less directional. Humidity and 
temperature, for example, do not always produce a clear gradient from 
one extreme to another. 

An example of a kinesis occurs in woodlice. Woodlice lose water from 
their bodies in dry conditions. When they move from a damp area 
into a dry one, they move more rapidly and change direction more 
often. This increases their chance of moving back into the damp area. 
Once back in the damp area, they slow down and change direction less 
often. This means they are more likely to stay within the damp area. 
However, if after some time spenc changing direction rapidly they are in 
the damp area, their behaviour changes. Instead they move rapidly 
in straight lines, which increases their chances of moving through the 
dry area and into a new damp one. In this way they spend more time 
in favourable damp conditions than in less favourable drier ones. This 
prevents them drying out and so increases their chances of survival. 

Tropisms 
A tropism is Lhe growth of pan of a plant in response to a directional 
stimulus. In almost all cases the plant part grows towards (posilivc 
response) or away from (negative response) the stimulus. Again, 
the type of response is named after the stimulus. Examples, and the 
survival value of the response, include the following: 

• 	 Plant shoots grow t0wards lighL (positive phototropism) and away 
from gravity (negative gravitropism) so that their leaves are in the 
mosL favourable position LO capLUre light for photosynthesis. 

• 	 Plant roots grow away from light (negative phototropism ) and 
towards gravity (positive gravitropism). In both cases the response 
increases the probability that roots will grow into the soil, where 
they are belier able to absorb water and mineral ions. 

We will learn more about tropisms in Topic 14.2. 

A Figure 2 Cress seedlings exhibiting 
phototropism. The seedlings at the 
bottom have been grown with light 
directed at themfrom the left-hand side 

Summary questions 

For each of the following 

s tatements, name the type of 

response described and the 

survival value of the response. 


1 	 Some species of bacteria 
move awa!:l from the waste 
products that the!:J produce. 

2 	 The sperm cells of a moss 
plant are attracted towards 
a chemical produced by the 
female reproductive organ of 
another moss plant. 

3 	 The !:JOung stems of seedlings 
grow awa!:l from gravit!:J. 

• 




Learning objectives 

' 	 Describe the stimuli that 
plants respond to. 

' 	 Describe plant growth factors 
such as IAA. 

' 	 Explain phototropism in 
flowering plants. 

' 	 Explain gravitropism in 

flowering plants. 

Specification reference: 3.6.1.1 
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Unlike animals, plants have no nervous system. Nevenhclcss, in 
order to survive, plants respond to changes in both their external and 
internal environments. For example. plants respond to: 

• 	 ligh t . Shoots grow towards light (i.e., arc positively phot0tropic) 
because light is needed for photosynthesis. 

• 	 gravity. Plants need to be firmly anchored in the soil. Roots are 
sensitive to gravity and grow in the direction of its pull (i.e., they 
are positively gravitropic). 

• 	 water. Almost all plant roots grow towards water (i.e .. are positively 
hydrotropic) in order to absorb it [or use in photosynthesis and 
other metabolic processes. as well as [or support. 

Plan t responses to external stimuli involve hormone-like substances 
or, more correctly. pla n t grow t h factors. The la tter term is more 
descri ptive because: 

• 	 they exert their infl uence by affecting growth and, they may be made 
by cells located throughout the plant rather than in particular organs 

• 	 unlike animal hormones. some plant growth factors affect the 
tissues that release them rather than acting on a distant target organ. 

Plant growth factors are produced in small quantities. An example of 
a plant growth factor is indoleacetic acid (IAA), which belongs to a 
group of substances called auxins. Among other things, IAA controls 
plant cell elongation. 

Control of tropisms by IAA 
We learnt in Topic 14. l that a tropism is the directional growth of a plant 
in response to a directional stimulus. In the case of light, we can observe 
that a young shoot will grow towards light that is directed at it from one 
side (unilateral light). This is known as posit ive phototropism . 

Phototropism in flowering plants 
The response of the shoots of flowering plants to unilateral light is due 
to the following sequence of events: 

Cells in the tip of the shoot prod uce !AA, which is then 
transported down the shoot. 

2 The IAA is initially transported even ly throughout all regions as it 
begins to move down the shoot. 

3 Light causes the movement of lAA [rom the light side ro the 
shaded side of the shoot. 

4 A greater concentration of IAA builds up on the shaded side of the 
shoot than on the light side. 

5 	 As IAA causes elongation of shoot cells and there is a greater 
concentration of IAA on the shaded side of the shoot. the cells on 
this side elongate more. 

6 	 The shaded side of the shoot elongates faster than the light side. 
causing the shoot tip to bend towards the lighr. 



200 

150 

percentage 
stimulation 100 

of growth 

50 

percentage 
1nhib1hon 50 
of growth 

TAA also controls the bending or roots in response to light. However, 
whereas a high concentration of IAA increases cell elongation in 
shoots, it inhibits cell e longacion in roots. For example, an IAA 
concencracion or I 0 pa res per million increases shooc cell elongation 
by 200% but decreases root cell e longacion by 100% (Figure I ). 
As a result, in roOLs che elongation of cells is greater on the light side 
than on che shaded side and so roots bend away from light, that is, 
t hey are negatively phococropic. 
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.A Figure 1 Relationship between cell elongation and JM concentration in shoots 
and roots 

Gravitropism in flowering plants 
The response of a horizontally-growing root to gravity is as follows: 

l Cells in the tip of the root produce IAA, which is then transported 
along the root. 

2 The IAA is initially transported to all sides of the root. 
3 Gravity influences the movement of IAA from the upper side to 

the lower side o l' rhe root. 
4 A greater concentration of IAA builds up on the lower side of the 

root than on the upper side. 
5 As IAA inhibits the elongation of root cells and there is a greate r 

concentration of IAA on the lower side, the cells on this side 
elongate less than those on the upper side. 

6 The relatively grca rer e longation of cells on the upper side 
compared to the lower side causes the root to bend downwards 
towards the force of gravity. 

In shoots, the grea te r concentration of IAA on che lower side 
increases cell e longa tion and causes chis side to elongate more than 
the upper side. As a result. the shooc grows upwards away from the 
force of gravity. 

Hint 

In many plants, gravity leads to 

a change in the distribution of IM 

carrier proteins that export IM 

from cells. 

A Figure 2 Grovitropism is a plant 
response ro rhe Earth's gravitational field. 
This bean plant shows a turn in its stem 
which occurred after the pot was tipped 
over. The response also occurs in the 
dark, showing that it is not phototropism 

• 




14.2 Plant growth factors 

.... Figure 3 Mechanism of /AA action in the 
pharatrapic and gravitrapic responses of 
shoats and roots 
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These events are summarised in Figure 3. 

Phototropic response 
greater elongation of cells 


on shaded side 

results in bending 

of shoot towards


cells on light.
illuminated~ 
side are not 

elongated 
 IAA accumulates 
as much on shaded side

)lo 

Light ~ 

shoot root 
high IAA concentration stimulates cell high IAA concentra tion inhibits cell 
elongation causing a positive phototropic elongation causing a negative phototropic 
response response 

Gravitropism 

shoot 

high IAA concentration stimulates cell 

elongation causing a negative grav1tropic 

response 


direction j
of 


force 

of 
 IAA accumulates 


gravity 
 on lower side 

/ 
root 

high IAA concentration inhibits cell 

elongation causing a positive grav1trop1c 

response 


Role of IAA in elongation growth 
The transport of IAA is in one direction. namely away from the tip of 
shoots and roots where it is produced. lAA has a number of effeccs on 
plant cells inducting increasing the plasticity (ability to stretch) of their 
cell walls. The response only occurs on young cell walls where cells are 
able to elongate. As the cells mature they develop greater rigiditiy ­
therefore older pans of the shoot/root will not be able to respond. The 
proposed explanation of how IAA increases the plasticity of cells is called 
the acid growth hypothesis. It involves the active transport of hydrogen 



ions from the cytoplasm into spaces in the celJ wall causing the cell wall 
to become more plas tic allowing the cell to elongate by expansion. 

The elongation o r cells on one side only of a stem or root can lead to them 
bending (Figure 3). This is the means by which plants respond relatively 
quickly to environmental stimuli like light and gravity. These responses 
can be explained in tcm1s o r the stimuli causing uneven distribution of 
IAA, as described earlier, as it moves away from the tip of the stem or root. 

Summary questions 

1 	 Explain how the movement of IAA in shoots helps a plant to survive. 

2 	 Suggest two advantages to a plant of having roots that respond to 
gravity by growing in the direction of its force. 

3 	 Consider the following facts about IAA: 

They are easily made synthetically 

ii 	 They are readily absorbed by plants 

Ill 	They are not easily broken down 

iv 	They are lethal to some plants in low concentrations 

v 	 Narrow-leaved plants are less easily killed than broad-leaved plants. 

Suggest ways in which these facts might be relevant to agricultural practice. 

Discovering the role of IM in tropisms 9 
No less a person than Charles Darwin was one of the 
earliest scientists to investigate the response of plant 
shoots to light. He observed that young grass shoots 
grow towards the window (i.e., they were positively 
phototropicJ. Being curious, he proposed the hypothesis 
that the stimulus of the light was detected by the 
tip of the shoot, which was therefore the source of 
the response. He tested his hypothesis in a series of 

experiments in which he removed the tips of shoots or 
covered the tips with lightproof covers. 

These experiments and the results are summarised in 
Figure4(experiments 1- 3). 

1 	 Which of Darwin's three experiments acted as 

a control? 


Explanation 

The shoot is positively phototropic. Bending 

Expt no. Method Result 

Shoot bends Unilateral occurs behind the tip. l - towards light hght 

P• ot ~- shoot 

The ltp must either detect the stimulus or produce _.=~,2 the messenger (or both) as its removal prevents Light Tip No~~ ~ any response. 
- discarded 


Lightproof 
_.., TI The light stimulus must be detected by the tip.3 placed -Light 
over intact 

tip of shoot 
 No """'"~TI-

• 

• Figure 4 Darwin's experiments to show that it is the tips ofshoots that are the source of the phatotropic response 



14.2 Plant growth factors 

Once it had been shown that the tip is the light-sensitive designed to prove the hypothesis that the 'messenger' 


region of the shoot but that the response (bending) was a chemical. In these experiments, he used mica, 


occurs lower down the shoot, some scientists proposed which conducts electricity but not chemicals, and 


another hypothesis, that a chemical substance was gelatin, which conducts chemicals but not electricity. 


being produced in the t ip and transported down the His experiments and the results are summarised in 


stem, where it caused a response. Others disagreed Figure 5 (experiments 4- 6). 

and put forward an alternative theory, that it was an 

electrical signal that was passing from the tip and 
 2 Suggest an explanation for the results in 
causing the response. One scientist , Peter Boysen­ experiment 5. 
Jensen, carried out a further set of experiments 

EXPT NO. METHOD RESULT EXPLANATION 

4 

Thin, impermeable 
barrier of mica 

-Light-
Movement of -......__ 
chemical ""'­
down shaded r,.· '·• 
side 

Bends towards 
the light 

Mica on the illuminated sideof the shoot allows 
the hormone to pass only down the shaded side 
where it Increases growth and causes bending. 

5 -Light-
Mica inserted 
on shaded 
side 

Movement of 
chemical down 
shaded side is 
prevented by mica 

No response 

6 

Tip removed. 
gelatin block 
inserted and - tip replaced 

Light- Gelatin block 

Movement of 
chemical down 
shaded side 

Bends towards 
the light 

As gelatin allows chemicals to pass through 1t, 
but not electrical signals, the bending which 
occurs must be due to achemical passing from 
the tip. 

.A. Figure 5 Boysen-Jensen's experiments to show the nature ofthe 'messenger' in the phototropic response 

Boysen-Jenson's experiments stimulated another His experiment and its results are shown in Figure 6 
scientist, Arpad PaaI, to investigate how the chemical (experiment 7) . 
messenger worked. He removed the tips of shoots and 

3 Suggest an explanation for the results in placed them on one side of the cut surface. He kept the 
experiment 7.shoots in total darkness throughout the experiment. 

EXPT NO. METHOD I RESULT 


Darkness 

Shoots bend ''.n.,,....,...."" towards side 1 

7 then replaced but 
where no tipdisplaced to one side 
1s present ~ : rr 11 

• 
.A. Figure 6 Paa/'s experiment an the action ofthe 'messenger' 



So far, it had been established that bending was due to 
a chemical which was produced in the tip and caused 
growth on the shaded side of the shoot. This chemical 
was later shown to be indoleacetic acid (IAA]. The 
next question was how did light cause the uneven 
distribution of IAA? Different theories were put 
forward, including: 

• 	 Light inhibits IAA production in the tip and so it is only 
produced on the shaded side. 

• 	 Light destroys the IAA as it passes down the light side 
of the shoot. 

• 	 IAA is transported from the light side to the shaded 
side of the shoot. 

This prompted Winslow Briggs and his associates to test 
these hypotheses. They set up experiments as shown in 
Figure 7 (experiments B- 10]. 

Study experiments 8, 9 and 10. 

4 Suggest reasons for using a glass plate in 
experiments 9 and 10. 

S State which of the three theories the results tend to 
support. Give reasons for your answer. 

A Figure 7 Briggs's experiments co determine how /AA becomes unevenly distributed 

RESULTEXPT NO. METHOD 

n Total IAA collectedIAA is col lected BendingII No 
towards bending in each case isfrom both shoots ~nDarkness n8 light 	 approximately 

the same 
and the amounts 

11 11 compared 11 

Thin glass plate to ~ 
separate the two sides ~ 

9 of the shoot - - _ Amount of IAA collected is 
Light IAA collected either side of approximately the same either - side of the glass plateglass plate is measured -
- I 	

Shoot bends ~ towards light -Light 

10 The glass plate is placed ~ IAA collected 70% of total IAA 
so that lateral transfer 

/ 111 either side 30% of total IAA collected collected on
of glass plate on illuminated sideof IAA is possible at the tip shaded side 
is measured 

• 




Learning objectives 

' 	 Explain how a simple reflex 
arc works. 

' 	 Explain the roles sensory, 
intermediate and motor 

neurones play in a reflex arc. 

' 	 Outline the importance of 
reflex arcs. 

Specification reference:3.6.1.1 
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.A Figure 1 Nervous organisation 
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spinal cord 

autonomic 
nervous system 

voluntary 
nervous system 

The simplest type of nervous response to a stimulus is a reflex arc. 
Before considering how a reflex arc works, it is helpful to understand 
how the millions of neurones in a mammalian body are organised. 

Nervous organisation 
The nervous system has two major divisions: 

• 	 the central nervous system (CNS), which is made up of the 
brain and spinal cord 

• 	 the peripheral nervous system (PNS), which is made up of pairs 
of nerves that originate from either the brain or rhe spinal cord. 

The peripheral nervous system is divided in to: 

• 	 sensory neurones, which carry nerve impu lses (electrical signals) 
from receptors towards the central nervous system 

• 	 motor neurones, which carry nerve impu lses away From the 
central nervous system to effectors . 

The motor nervous system can be further subdivided as Follows: 

• 	 the voluntary nervous system, which carries nerve impulses to 

body muscles and is under voluntary (conscious) control 

• 	 the autonomic nervous system, which carries nerve impulses 
to glands, smooth muscle and cardiac muscle and is not under 
voluntary control, that is, it is involuntary (subconscious). 

A summary of nervous organisation is given in Figure 1. 

The spinal cord 
The spinal cord is a column or nervous tissue that runs along the 
back and lies inside the vertebral column for protection. Emerging at 
intervals along the spinal cord are pairs of nerves as shown in Figure 2 . 

intermediate sensory neurone 
neurone 

contains sensory neurones -~ 

spinal nerve 

contains motor 

I 
motor neurone to 

effector 

- from receptor 

neurones 

.A Figure 2 Section through spinal cord showing the neurones ofa reflex arc 

A reflex arc 
You will have noticed that you immediately withdraw your hand if 
you place it on a hot or sharp object. You do not stop co consider any 
alternative actions. The response is rapid, short-lived, localised and 



totally involuntary. Indeed, by the time the brain bas received nerve 
impulses from the receptors in the hand, the muscles in the arm have 
already pulled the hand clear of the danger. This type of involuntary 
response to a sensory stim ulus is called a reflex. The pathway of 
neurones involved in a reflex is known as a reflex arc. 

Reflex arcs, such as the withdrawal reflex described above, involve 
just three neurones. One of the neurones is in the spinal cord and so 
this type of reflex is also called a spinal reflex. The main stages of a 
spinal reflex arc, such as withdrawing the hand from a hot object, are 
described below (the numbers relate to the stages shown in Figure 3). 

I the stimulus ­ heat from the hot object 
2 a receptor ­ temperature receptors in the skin on the back of the 

hand, which generates nerve impulses in the sensory neurone 
3 a sensory neurone ­ passes nerve impulses to the spinal cord 
4 a coordinator (intermediate neurone) - links the sensory 

neurone to the motor neurone in the spinal cord 
5 a motor neurone - carries nerve impulses from the spinal cord to 

a muscle in the upper arm 
6 an effector - the muscle in the upper arm, which is stimulated 

to contract 
7 the response - pulling the hand away from the hot object. 

Hint 

Remember the sequence: 

stimulus, receptor, sensory 

neurone, intermediate neurone, 

motor neurone, effector, response. 

• 
A Figure 3 Reflex arc involved in the withdrawal of the hand from a heat stimulus 



14.3 A reflex arc 
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Importance of reflex arcs 
Any action that makes survival more likely is clearly of value. 
Reflexes are involuntary - the actions they control do not need to be 
considered, because there is only one obvious course of action, that is, 
to remove the hand from the hot object. Reflex actions arc important 
for the following reasons: 

• 	 They are involuntary and therefore do not require the decision­
making powers of the brain. thus leaving it free to carry out more 
complex responses. In this way. the brain is not overloaded with 
situations in which the response is always the same. Some impulses 
are nevertheless sent to the brain, so that it is informed of what is 
happening and can sometin1es override the reflex if necessary. 

• 	 They protect the body from harm. They are efrective from birth and 
do not have to be learnt. 

• 	 They are fast, because the neurone palhway is short with very few, 
typically one or two, synapses where neurones communicate with 
each other (synapses are the slowest link in a neurone pa thway) . 
This is important in withdrawal reflexes. 

• 	 The absence of any decision-making process also means the action 
is rapid. 

Summary questions 

In the following passage give the word that best replaces the number 
in brackets. 

The nervous system has two main divisions, the central nervous system 
(CNS), comprising the (1) and (2), and the peripheral nervous system 
(PNS). The peripheral nervous system is made up of the (3) nerves that 
carry impulses away from the CNS and (4) nerves that carry impulses 
towards the CNS. A spinal reflex is an (5) response that involves the spinal 
cord. An example is the withdrawal reflex, for example, the withdrawing of 
the hand from a hot object. The sequence of events begins with the heat 
from the hot object, which acts as the (6). This is detected by a (7) in the 
skin on the back of the hand, which creates nerve impulses that pass along 
a (8) neurone into the spinal cord. The impulse then passes to an (9) 
neurone, in the central region of the spinal cord. The impulse leaves the 
spinal cord via a (10) neurone. This neurone stimulates a muscle of the 
upper arm to contract and withdraw the hand from the object. Structures 
such as these that bring about a response to a stimulus are called (11) . 



The ccmral nervous system receives sensory information from its 
internal and external environment through a variety of receptors, 
each type responding tO a different and specific type of stimulus. 
Sensory reception is the runction or these receptors, whereas sensory 
perception involves making sense of the information from the 
receptors. This is largely a runction of the brain. The concepts of 
stimulus and response were covered in Topic 14.1. We shall now look 
in detail at one receptor - the Pacinian corpuscle. 

Features of sensory reception as illustrated by the 
Pacinian corpuscle 
Pacinian corpuscles respond to changes in mechanical pressure. As 
with all sensory receptors, a Pacinian corpuscle: 

• 	 is specific to a single type of stimulus. In this case, it responds 
only to mechan ical pressure. It will not respond to other stimuli, 
such as heat, light, or sound. 

• 	 produces a generator potential by acting as a transducer. 
All stimuli involve a change in some form of energy. It is the role 
of the transducer to convert the change in form of energy by the 
stimulus into a rorm, namely nerve impulses, that can be understood 
by the body. The stimulus always involves a change in some form of 
energy, for example, heat. light. sound, or mechanical energy. The 
nerve impulse is also a form of energy. Receptors therefore convert, 
or transduce, one form of energy into another. Receptors in the 
nervous system convert the energy of the stimulus into a nervous 
impulse known as a generator potential. For example, the 
Pacinian corpuscle, whose action is described below, transduces the 
mechanical energy of the stimulus into a generator potential. 

Structure and function of a Pacinian corpuscle 
Pacinian corpuscles respond to mechanical stimuli such as pressure. 
They occur deep in the skin and arc most abundant on the fingers. the 
soles of the feet and the external genitalia. They also occur in joints, 
ligaments and tendons, where they enable the organism to know 
which joints arc changing direction. The single sensory neurone of a 
Pacinian corpuscle is at the centre of layers of tissue, each separated 
by a gel. This gives it the appearance of an onion when cut vertically 
(Figure 2). How does this structure transduce the mechanical energy 
of the stimulus into a generator potential? 

In Topic 4.1 we saw that plasma membranes contain channel proteins 
that span them. These proteins have channels along which ions can be 
transported. Each channel is specific. Sodium channels, for example, 
carry only sodium ions. 

The sensory neurone ending at the centre of the Pacinian corpuscle has 
a special rype of sodium channel in its plasma membrane. This is called 
a stretch -mediated sodium channel. These chaimels are so-called 
because rheir permeability to sodium changes when they are deformed, 
for example, by stretching. The Pacinian corpuscle functions as follows: 

• 	 In its normal (resting) state, the stretch-mediated sodium channels 
of the membrane around the neurone of a Pacinian corpuscle arc 

Learning objectives 
-+ 	 Describe the main features of 

sensory reception. 

-+ 	 Describe the structure of 
a Pacinian corpuscle and 
explain how it works. 

-+ 	 Explain how receptors work 

together in the eye. 

Specification reference: 3.6.1.2 

.A Figure 1 Pacinian corpuscle 

Details of carrier proteins in 
membranes and how they function 
to transport ions through them 
is covered in Topics 4.4 and 4.5. 
Revision of this material will help 
you to fully understand what 
follows here and in the next chapter. 

neurone 
ending 

capsule 

capillary 

neurone 

.A Figure 2 Structure of a Pacinian 
corpuscle 

• 




14.4 Receptors 

stretching opens sodium 
channels and creates a 
generator potential. 

this leads to an action neurone 

potential in the neurone 

\ 
\ 

membrane 
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+ 

+ 
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.A. Figure 3 Creation ofa generatar 
potential in a Pacinian corpuscle 

T Table 1 Differences between rad and 
cane cells 

Rod cells Cone cells 

Rod-shaped Cone-shaped 

Greater numbers Fewer numbers 
than cone cells than rod cells 

-
Distribution ­ Fewer at the 
more at the periphery of 
periphery of the the retina, 
retina, absent at concentrated 
the fovea at the fovea 

Give poor visual Give good 
acuity visual acuity 

Not sensitive 
intensity light to low-intensity 

light 

Sensitive to low-

Three types 
each responding 
to different 
wavelengths 
of light 

One type only 
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too narrow to allow sodium ions to pass along them. ln this state, 
the neurone of the Pacinian corpuscle has a resting potential 
(Topic 15.2). 

• 	 When pressure is applied to the Pacinian corpuscle, it is 
deformed and the membrane around its neurone becomes 
stretched (Figure 3). 

• 	 This stretching widens the sodium channe ls in the membrane and 
sodium ions diffuse into the neuro ne . 

• 	 The influx of sodium ions changes the potential of the membrane (i.e., 
it becomes depolarised), thereby producing a generator potential. 

• 	 The generator potential in turn creates an action potential (nerve 
impulse) (Topic 15.2) that passes along the neurone and then, via 
other neurones, to the central nervous system. 

These events are illustrated in Figure 3. 

Receptors working together in the eye 
The light receptor cells of the mammalian eye arc found on its 
innermost layer, the retina. The millions of light receptor cells found 
in the retina are of two main types: rod cells and cone cells. Both rod 
and cone cells act as transducers by conserving light energy into the 
electrical energy of a nerve impulse. 

Rod cells 
Rod cells cannot distinguish different wavelengths o f light and therefore 
lead to images being seen only in black and white. Rod cells are more 
numerous than cone cells - there are a round 120 million in each eye. 

Many rod cells are connected to a single sensory neurone in the 
optic nerve (Figure 4 ). Rod cells are used to detect light of very low 
intensity. A certain threshold value has to be exceeded before a 
generator potential is created in the bipo la r cells to which they are 
connected. As a number of rod cells a re connected to a single bipolar 
cell (=retinal convergence), there is a much greater chance that the 
threshold value will be exceeded than if o nly a single rod cell were 
con nected to each b ipolar cell. This is due to summation which is 
explained in Topic 15.5. As a result, rod cells allow us to see in low 
light intensity (i.e., at nigh t), alth ough on ly in black and white. 

In order to create a generator potential, the pigment in the rod cells 
(rhodopsin) must be broken down. There is enough energy from 
low-intensity light to cause this breakdown. This explains why rod 
cells respond to low-intensily light. 

A consequence of many rod cells linking LO a single bipolar cell is 
that light received by rod cells sharing the sam e n eurone will only 
generate a single impulse travelling LO the bra in regardless of how 
many of the neurones are stimula ted. This mea ns that, in perception, 
the brain cannot distinguish between the separate sources of light that 
stimulated them. Two do ts close together canno t be resolved and so 
will appear as a single blob. Rod cells the refore give low v isu a l acuity. 

Cone cells 
Cone cells are of three different types, each responding to a different 
range of wavelengths of light. Depending upon the proportion of each 
type that is stimulated, we can perceive images in full colour. 



t light f rays t 
to the brain ---------------.. 

cell body of sensorybipolar neurone 
neuronelinked to a single 

cone cell ----- cell body of 
bipolar neurone 

synapse 

neurone nucleus of cone 
linked to cell 
three 
rod cells 

rod cell 
cone cell 

•Figure 4 Microscopic srrucrure ofthe retina 

In each human eye, there are around 6 million cone cells, often with 
their own separate bipolar cell connected to a sensory neurone in 
the optic nerve (see Figure 4). This means that the stimulation of a 
number of cone cells cannot be combined to help exceed the threshold 
value and so crea te a generator potential. As a result, cone cells only 
respond to high light intensity and not to low light intensity. 

In addition, cone cells contain different types of pigment from that 
found in rod celJs. The pigment in cone cells (iodopsin) requires a 
higher light intensity for its breakdown. Only light of high intensity 
will therefore provide enough energy to break it down and create a 
generator potentia l. There arc three different types of cone cell, each 
containing a specific type of iodopsin. As a result, each cone cell is 
sensitive to a differen t specifi c range of wavelengths. 

Each cone cell has its own connection to a single bipolar cell, which 
means that, if two adjacent cone cells are stimulated, the brain receives 
two separate impulses. The bra in can therefore distinguish between the 
two separate sources of light that stim ulated the two cone cells. This 
mea ns that two dots close together can be resolved and will appea r as 
two dots. Therefore cone cells give very accurate vision, th at is, th ey 
have good visual acuity. 

The distribution of rod and cone cells on the re tina is uneven. Light is 
focused by the lens on the pa n of the retina opposite the pupil. This 
point is known as the fovea. The fovea therefore receives the highest 
intensity of light. Therefore cone cells, but not rod cells, are found at 
the fovea. Th e concentration of cone cells diminishes further away 
from the fovea. At the peripheries of the retina, where light intensity 
is at its lowest. only rod cells are found. 

Table I summarises the differences between rod and cone cells. 

All this shows how the distribution of rod and cone cells, and the 
connections they make in the optic nerve, can explain the differences 
in sensitivity and visual acuity in mammals. By having different types 
of light receptor, each responding to different stimuli, mammals can 
benefit from good a ll-round vision both day and night. 

• Figure 5 False ca/ourSEM ofrod 
and cone cells in the retina ofthe eye. 
Rod cells {brawn) are long nerve cells 
responding ta dim light while cone cells 
[green) detect colour 

Summary questions 

1 	 Describe a stretch-mediated 
sodium channel. 

2 	 Describe the sequence of 
events by which pressure on 
a Pacinian corpuscle results 
in the creation of a generator 
potential. 

3 	 Explain why brightly coloured 
objects often appear grey in 
dim light. 

4 	 At night, it is often easier 
to see a star in the sky by 
looking slightly to the side 
of it rather than directly at it. 
Suggest why this is so. 

• 




Learning objectives 

' 	 Describe the autonomic 
nervous system. 

' 	 Explain how the autonomic 
nervous system controls 
heart rate. 

' 	 Explain the role chemical and 
pressure receptors play 
in the processes controlling 
the heart rate. 

Specification reference: 3.6.1.3 

Synoptic link 

The cardiac cycle is covered in 
Topic 7.5, and the structure of the 
heart in Topic 7.4. This includes 
information on how the sinoatrial 
node controls the heart beat ­
information that is relevant here. 
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Although we are not aware of it. much of the sensory information 
reaching our central nervous system comes from receptors within our 
bodies responding to internal stimuli. All the internal systems of our 
body need to operate efficiently and be ready to adapt to meet the 
changing demands made upon them. This requires the coordination 
of a vast amount of information. This information comes from the 
monitoring of all our internal environment - a process that takes 
place continuously. Before investigating one example, how heart 
rate is controlled, let us first look at the part of the nervous system 
responsible for this type of control - the autonomic nervous system. 

The autonomic nervous system 
Autonomic means self-governing. The autonomic nervous system 
controls the involumary (subconscious} acrivities of internal muscles 
and glands. It has two divisions: 

• 	 the sympathetic nervous system. In genera l, this stimulates 
effectors and so speeds up any aetivity. It acts rather like an 
emergency controller. It controls efrect0rs when we exercise 
strenuously or experience powerful emotions. In other words, 
it helps us to cope with stressful situations by heightening our 
awareness and preparing us for activity (the fighc or flight 
response). 

• 	 the parasympathetic nervous system. In general, this inhibits 
cffcct0rs and so slows down any activity. It controls activities under 
normal resting conditions. It is concerned with conserving energy 
and replenishing the body's reserves. 

The actions of the sympathetic and parasympathetic nervous systems 
normally oppose one another. In other words they arc antagonistic. 
If one system contracts a muscle, then the other relaxes it. The 
activities of internal glands and muscles are therefore regulated by 
a balance of the two systems. Let us look at one such example, the 
control of heart rate. 

Control of heart rate 
The muscle of the heart is known as cardiac muscle. Ir is myogenic, 
that is, its contraction is initiated from with in the muscle itself, rather 
chan by nervous impulses from outside (neurogenic), as is the case 
with other muscles. Within the wall ol the right acrium of the heart 
is a distinct group of cells known as the sinoatrial node (SAN). It 
is from here that the initial stimulus for concraction originates. The 
sinoatrial node has a basic rhythm of stimulation chat detemlines 
the beat of the heart. For this reason it is often referred to as the 
pacemaker. The sequence of events that controls che basic heart rate is: 

• 	 A wave of electrical excitation spreads out from che sinoatrial node 
across both atria, causing them to contract. 

• 	 A layer of non-conductive tissue (atriovcntricular septum) prevents 
the wave crossing to thc ventricles . 



• 	 The wave or excitation enters a second group of cells called the 
atrioventricula r node (AVN), which lies between the atria. 

• 	 The atrioventricular node, a£ter a short delay, conveys a wave 
of electrical excitation between the vemrides along a series of 
specialised muscle fibres called Purkyne tissu e which collectively 
make up a structure called the bundle of His. 

• 	 The bundle of His conducts the wave through the atrioventricular 
septum to the base of the ventricles, where the bundle branches 

a wave of electncal activity spreads outinto smaller fibres of Purkyne tissue. from the sinoatrial node 
• 	 The wave of excitation is released from the Purkyne tissue, causing 

the ventricles to contract quicldy at the same rime, from the bottom 
of the heart upwards. 

These events are summarised in Figure I. 	 atrioventricu lar 
node 

Modifying the resting heart rate 
The resting heart rate or a typical adult human is around 70 beats per 
minute. However. it is essential that this rate can be altered to meet 

b wave spreads across both atria causing varying demands for oxygen. During exercise, for example, the resting 
them to contract and reaches the heart rate may need to more than double. atrioventricular node 

Changes to the heart rate are controlled by a region of the brain 
called the medulla oblo n gata. This has two centres concerned with 
heart rate: 

• 	 a centre that increases hear t rate, which is linked to the 
sinoatrial node by the sympathetic nervous system 

• 	 a centre that d ecreases heart ra t e, which is linked to the his fibres 

sinoatrial node by the parasympathetic nervous system. Purkyne 
Which of these centres is stimulated depends upon the nerve impulses tissue 

they receive from two types or receptor, which respond to stimuli of either atrioventncular node conveys wave of c 
chemical or pressure changes in the blood. 	 electrical activity between the ventricles 

along the bundle of His and releases it at 
the apex, causing the ventricles to 
contract. 

A Figure 1 Control ofthe heart rate 

• 

A Figure 2 Structure ofthe human heart. 



14.S Control of heart rate 

increased muscular/metabolic 
act1v1ty 

Control by chemoreceptors 
Chcmoreceptors are found in the wall or the carotid arteries (the 
arteries that serve the brain). They arc sensitive 10 changes in the pH 

more carbon dioxide prOduced by 
tissues rrom increased respiration•
bloOd pH is lowered 

chemical receptors in the carotid 
arteries increase frequency of 
impulses to the medulla oblongata 

centre 1n medulla oblongata that 
speeds heart rate, increases 
frequency of impulses to SA node 
via the sympathetic nervous system 

SA nOde increases heart rate 
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carbon d1ox1rl•' 1d·,lt-r 

returns to normal 

.& Figure 3 Effects ofexercise on cardiac 
output {SA node=sinoatrialnode] 
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of the blood that result from changes in carbon dioxide concentration. 
In solution, carbon dioxide forms an acid and therefore lowers pH. 
The process of control works as rollows: 

• 	 When the blood has a higher than normal concentration or carbon 
dioxide, its pH is lowered. 

• 	 The chemoreceptors in the wall of the carotid arteries and the aona 
detect this and increase the frequency of nervous impulses to the 
centre in the medulla oblongata that increases heart rate. 

• 	 This centre increases the frequency of impulses via the sympathetic 
nervous system to the sinoatrial node. This, in turn, increases the 
rate of production of electrica l waves by the sinoatrial node and 
therefore increases the heart ra te. 

• 	 The increased blood flow that this causes leads to more carbon 
dioxide being removed by the lungs and so the carbon dioxide 
concentration of the blood returns to normal. 

• 	 As a consequence the pH of the blood rises to normal and the 
chemoreceptors in the wall of the carotid arteries and aorta reduce 
the frequency of nerve impulses to the medulla oblongata. 

• 	 The medulla oblongata reduces the frequency of impulses to 
the sinoatrial node, which therefore leads to a reduction in the 
heart rate. 

This process is summarised in Figure 3, which shows the sequence of 
events that follows changes in activity levels. 

Control by pressure receptors 
Pressure receptors occur within the walls of the carotid arteries and 
the aorta. They operate as follows: 

• 	 When blood pressure is high e r t han normal, pressure receptors 
transmi t more nervous impulses to the centre in the medulla 
oblongata that decreases heart rate. This centre sends impulses 
via the parasympathetic nervous system to the sin oatrial node of 
the hea rt, which leads to a decrease in the rate at whi ch the heart 
beats. 

• 	 When blood pressure is lower than norma l. pressure receptors 
transmit more nervous impulses to the centre in the medulla 
oblongata that increases heart rate. This centre sends impulses 
via the sympathetic nervous system to the sinoatria l node, which 
increases the rare at which the heart beats . 



Figure 4 summarises che control of heart rate 
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.A. Figure 4 Control ofheart rote 

Summary questions 

1 	 Describe the function of the autonomic nervous system. 

2 	 Distinguish between the funct ions of the sympathetic and 


parasympathetic nervous systems. 


3 	 Suppose the parasympathetic nerve connections from the medulla 


oblongata to the sinoatrial node were cut. Suggest what might happen if 


a person's blood pressure increases above normal. 


4 	 The nerve connecting the carotid artery to the medulla oblongata of a 


person is cut. This person then undertakes some strenuous exercise. 


Suggest what might happen to the person's: 


a heart rate 


b blood carbon dioxide concentration. 


Explain your answers. 

• 
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Practice questions: Chapter 14 

I !AA is a specific growth factor 
(a) 	 Name the process by which IAA moves Crom the growing regions of a plam 

shoot to other tissues. (1 mark) 
(b) 	 (i) When a young shoot is illuminated from one side, !AA stimulates growth 

on the shaded side. Explain why growth on the shaded side helps to 

maimain the leaves in a Cavourable environment. (2 marks) 

Temperature 'C 0 5 10 15 20 25 

Rate of uptake of NAA by lower 

surface of leafI arbitrary units 
0 4 10 15 26 36 

Rate of uptake of NAA by upper 

surface (arbitrary units) 
0 2 4 6 9 12 

(ii) 	 Scientists hypothesise that there is a positive correlat ion between temperature 
and the rate of uptake of NAA th rough the lower leaf surface. 
Use the data in the table to calculate the correla1ion coerficient, r, to 

test this, where r = !.(x - x) x (y - y) (4 marks) 
J !(x - x)2 x !(y - y)2 

(iii) 	at l 0 degrees of Creedom the critical value of rat the 
5% level is 0.576. Comment on the support for the 
scientists' hypothesis. (2 marks) 

(iv) NAA is a similar substance to IAA. It is used to comrol 1he 
growth of cultivated plant). Plant physiologists investigated 
the effect of temperature on the uptake of NAA by leaves. 
They sprayed a solution containing AA on the upper and 

upper surface lower surfaces of a leaf. The graph shows their results. 

-- -	 --~- -- (c) 	 Explain the effect or temperature on the rate at which 
NAA is taken up by the lower c;urface of the leaf. (2 marks) 

0-+'=.;;;--..~~-.-~--..~~-.-~----.-- (d) There are differences in the properties of the cuticle 

0 5 10 15 20 25 
 on the upper and lower surfaces of leaves. 

temperaturel°C (i) 	 Suggest how these differences in the cuticle might 
explain the differences in rates of uptake of NAA 

by the two surfaces. (2 marks) 
(ii) 	 Tn this investigation, the physiologists investigated 

the leaves of pear trees. Explain why the results 
might be different for other species. ( l mark) 

AQA .June 20 11 (apan rrom 1 (b) (ii) and (ii i)) 

2 	 Scientists investiga ted the response of lateral roots to gravity. Lateral roots grow from the 
side of main roots. 
The diagrams show four stages, A to D, in the growth of a lateral root and typical cells 
from the tip of the lateral root in each stage. All of the cells arc drawn with the bottom 
of the cell. 
(a) Describe three changes in the root tip cells between stages A and D . (J marks) 
(b) 	 The scientists' hypothesis was that there was a relationship between the starch 

grains in the root tip cells and the bending and direction of growth of lateral roots. 
Docs the information in the diagram support this hypothesis? Give reasons 
for your answer. (J marks) 

• 
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Chapter 14 Response to stimuli 

(c) 	 The diagram shows the distribution of cell from 
lateral root tip of lateral root downwardsindoleacetic acid (TAA) in the lateral 


root at Stage B. / 

~nucleuslow concentration of IAA 

/ 
 stage A 


/ 
• 

high concentration of IAA 
~starch grain 

stage B 

Explain how this distribution of lAA 
causes the root to bend. (2 marks) 2µm 

AQA June 2013 

A biologist investigated 1he stimu lation of a 

Pacinian corpuscle in the skin or a 11ngertip. ~vacuole 


She used microelcctrodes to measure the 

maximum membrane po1emial of a Pacinian 


stage Ccorpuscle and its sensory neurone when 

different pressures were applied to the 

fingertip. 2µm 

Figure 4 shows the Pacinian corpuscle, its 

sensory neurone and the position of the 

microelectrodes. 


stage D 

2µm 

microelectrode P 

I 
Pac1nian corpuscle sensory neurone 

A. Figure4 

T Table 2 shows some ofthe biologist's results. 

Pressure applied to 
the fingertip 

Membrane potential at 
PI millivolts 

Membrane potential at 
0I millivolts 

None -­Light -
-?O 

- 50 

-70 

-70 

Medium +30 +40 

Heavy +40 +40 

(a) 	 Explain how the resting potential of -70 mV is maintained in the sensory 
neurone when no pressure is applied. (2 marks) 

(b) 	 Explain how applying pressure to the Pacinian corpuscle produces the changes 
in membrane potential recorded by microelectrode P. (3 marks) 

(c) 	 The membrane potential at Q was the same whether medium or heavy pressure was 
applied to the finger tip. Explain why. (2 marks) 

(d) Multiple sclerosis is a disease in which pans of the myelin sheaths surrounding 
neurones are destroyed. Explain how this results in slower responses to stimuli. 

(2 marks) 
AQA SJlCcilllCll 20 l 4 
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15 Nervous coordination and muscles 
15.1 Neurones and nervous coordination 

Learning objectives 
-+ Distinguish between nervous 

and hormonal coordination. 

-+ Describe the structure of a 
myelinated motor neurone. 

-+ 	 Describe the different types 
of neurone. 

Specification reference: 3.6.2.1 

Hint 

The nervous system operates 
like a telephone system, al lowing 
rapid communication between 
two specific individuals. The 
hormonal system can be likened 
to a nationwide mail shot, sending 
a slower, more general message 
to everyone, everywhere, but 
only those individuals who are 
sensitive to it respond. 

T Table 1 Comparison ofhormonal and 
nervous systems 

As species have evolved, their cells have become adapted to perfom1 
specialist functions. By specialising in one function, cells have lost the 
ability to perform some other funcrions. Different groups of cells each 
carry our their own function. This makes cells dependent upon others 
to carry out rhe functions rhey no longer specialise in. Cells specialising 
in reproduction, for example, depend on other cells ro obtain oxygen 
for their respiration, to provide glucose or to remove their waste 
products. These different functional systems must be coordinated if 
they are to perform efficiently. No body system works in isolarion, all 
must be integrated in a coordinated fashion. In this chapter we shall 
took a t one way in which this coordination is achieved. 

Principles of coordination 
There are two main forms of coordination in anima ls as a whole - the 
nervous system and the hormonal system: 

• 	 The nervous system uses nerve cells to pass electrical impulses 
along their length. They stimula te their target cells by secreting 
chemicals, known as neurotransmitters, directly on to them. 
This results in rapid communication between specific parts of 
an organism. The responses produced arc often short-lived and 
restricted to a localised region of the body. An example of nervous 
coordination is a reflex action, such as the withdrawal of the hand 
from an unpleasant stimulus. For obvious reasons this type of 
action, which is covered in Topic 14.3, is rapid, short-lived and 
restricred to one region of the body. 

• 	 The h o rmo na l system produces chemicals (hormones) that are 
transported in the blood plasma to their target cells. The target cells 
have specific receptors on their cell-surface membranes and the 
change in the concentration of hormones stimulates them. This 
results in a slower, less specific form of communication between parts 
of a n organism. The responses are often long- lasti ng and widespread. 
An example of hormonal coordination is the control of blood glucose 
concen tration, which p roduces a slower response but has a m ore long 
term and more widespread effect. 

Although different, both systems work together and interact with one 
another. A comparison of the nervous and hormonal systems is given 
in Table l. 

Nervous system Hormonal system 

Communication is by nerve impulses Communication is by chemicals called hormones 

Transmission is by neuronesTransmission is by the blood system 

Transmission is very rapid Transmission is usually relatively slow 

Nerve impulses travel to specific parts of the body Hormones travel to all parts of the body, but only target cells respond 

Response is localised Response is widespread 

Response is rapid Response is slow 

Response is short-lived Response is often long-lasting 

Effect is usually temporary and reversibleEffect may be permanent and irreversible 

• 




Neurones 
Neurones (nerve cells) arc specialised cells adapted t0 rapidly carrying 
electrochemical changes called nerve impulses from one pan of the 
body to another. 

A mammalian motor neurone is made up of: 

• 	 a cell body, which contains all the usual cell organelles, induding a 
nucleus and large amounts of rough endoplasmic reticulum. This is 
associated with the production of proteins and neurotransmitters 

• 	 dendrons, extensions of the cell body which subdivide into 
smaller branched fibres, called dendrites, that carry nerve 
impulses towards rhe cell body 

• 	 an axon. a single long fibre that carries nerve impulses away from 
the cell body 

• 	 Schwann ce lls, which surround the axon, protecting it and 
providing electrical insula tion. They also carry out phagocytosis 
(the remova l of cell debris) and play a part in nerve regeneration. 
Schwann cells wrap themselves around the axon many times, so 
that layers of their membranes build up around it 

myelin sheath 

I 
node of 
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myehn sheath 
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.A. Figure 1 Myelinated mararneurone 



15.1 Neurones and nervous coordination 

A Figure 2 LM of a node ofRanvier in 
a neurone. The node is the constriction 
in the centre. The constriction is a small 
area without myelin in an otherwise 
myelinoted nerve f ibre 

motor neurone 

cell b<Xly 


sensory neurone 

• 	 a myeJin sheath, which forms a covering to the axon and is made 
up of the membranes of the Schwann cells. These membranes are 
rich in a lipid known as myelin. Neurones with a myelin sheath 
are called myelinated neurones. 

• 	 nodes of Ranvier, constrictions be t ween adjacent Schwann cells 
where there is no myelin sheath. The constrictions are 2- 3 µm long 
and occur every 1- 3 mm in humans (Figure 2). 

The structure of a myelinated motor neurone is illustrated in Figure I. 

Neurones can be classified according to their function: 

• 	 Sensory neurones transmit ne rve impulses from a receptor to 
an intermediate or motor neurone. They have one dendron that 
is often very long. It carries the impulse towards the cell body and 
one axon that carries it away from the cell body. 

• 	 Motor neurones transmit nerve impulses from an intermediate or 
relay neurone co an effector, such as a gland or a muscle. Motor 
neurones have a long axon and many short dendri tes. 

• 	 Intermediate or relay neurones transmit impulses between 
neurones, for example, from sensory to motor neurones. They 
have numerous short processes. 

Figure 3, shows the structure of all three types of neurone. 

intermediate neurone 

rool ganglion 

dendron 

'> nerve endings e.g., 

node of 

direction of impulse 
{from dendrites to axon) 

dendrites 

cell body 
in dorsal 

in skin of hand 

A Figure 3 Types ofneurone 
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Summary questions 

In the following passage give the word that best replaces the numbers in 
brackets. 

Neurones are adapted to carry electrochemical charges called (1). Each 
neurone comprises a cell body that contains a (2) and large amounts of 
(3), which is used in the production of proteins and neurotransmitters. 
Extending from the cell body is a single long fibre called an axon and 
smaller branched fibres called (4). Axons are surrounded by (5) cells, which 
protect and provide (6) because their membranes are rich in a lipid known 
as(?}. There are three main types of neurone. Those that carry nerve 
impulses to an effector are called (8) neurones. Those that carry impulses 
from a receptor are called (9) neurones and those that link the other two 
types are called (10) neurones. 
(11) List three ways in which a response to a hormone differs from a 
response to a nerve impulse. 

A. Figure 4 SEMofa neurone with the 
cell body at its centre and dendrites 
radiotingfrom it 

1 Using Figure Sdescribe the changes in 
the neurones that take place when healthyNeurones are found throughout the brain. In Figure 5 
humans age.we see drawings of some neurones from a region of 

2 Comment on the appearance of the neurone fromthe brain of healthy humans of different ages. The 
the ?O year old who has Alzheimer's disease.last diagram in the series shows neurones from a 

?0-year-old with Alzheimer's disease, a condition that 3 	 e After the age of so years, humans lose 5% of 
the neurones in this region of the brain everycauses dementia. 
10 years. Calculate how many neurones will be left 
at the age of 70 years from each 2000 neurones 
present at the age of 50 years. 

dendrites 

50 year old 60 year old 

A. Figure 5 

• 

70 year old 70 year old 
with Alzheimer's 

disease 
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Learning objectives 

' Describe the nature of the 
resting potential. 

' Explain how a resting potential 
is established in a neurone. 

' Explain what an action 
potential is. 

Specification reference: 3.6.2.1 

Synoptic link 

To understand the nerve impulse 
requires a thorough knowledge 
and understanding of plasma 
membranes, particularly the 
structure of plasma membranes 
and the role of their carrier proteins 
in the sodium-potassium pump. It 
would be useful to revise Topics 4.1, 
4.2, and 4.4 as a starting point for 
this section. 

Study tip 

Where sodium and potassium ions 
are actively transported through 
carrier proteins, it is known as the 
sodium-potassium pump. 

Hint 

As the phospholipid bilayer 
prevents diffusion of sodium and 
potassium ions, they move back 
across the bilayer by facilitated 
diffusion through channel proteins 
that are permanently open. These 
channel proteins are known as 
sodium or potassium 'gates', 
depending on which ion they 
transport . 
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A nerve impulse may be defined as a scl£-propagating wave of 
electrical activity that travels along the axon membrane. IL is a 
temporary reversal of the electrical potential difference across the axon 
membrane. This reversal is between two states. called the resting 
potential and the action potential. 

Resting potential 
The movement of ions, such as sodium ions (Na+) and potassium ions 
(K+), across the axon membrane is co01rolled in a number of ways: 

• 	 The phospholipid bilayer of the axon plasma membrane prevents 
sodium and potassium ions diffusing across it. 

• 	 Proteins, known as channel proteins, span this phospholipid 
bilayer. These p roteins have channels, called ion chann els, which 
pass through them. Some of these channels have 'gates', wh ich can 
be opened or dosed so that sod ium or potassium ions can move 
through them by facilitated dirfusion at any one time, but not on 
other occasions. There arc dirfcrcnt gated channels for sodium and 
potassium ions. Some channels, however, remain open all the time, 
so the sodium and potassium ions move unhindered through them 
by facilitated diffusion. 

• 	 Some carrier proteins actively transport potassium ions into the 
axon and sodium ions out of the axon. This mechanism can be 
called a sodium-potassium pump. 

As a result of these various controls. the inside of an axon is 
negatively charged relative tO the outside. This is known as the 
resting potential and ranges from 50 to 90 millivolts (mV), but 
is usually 65 mV in humans. In this condition the axon is said to 

be polarised. The establishment of this potential difference (the 
difference in charge between the inside and outside of the axon) is 
due to the following events: 

• 	 Sodium ions are actively transported out of the axon by the 
sodium-potassium pumps. 

• 	 Potassium ions are actively transported into the axon by the 
sodium-potassium pumps. 

• 	 The active transport of sodium ions is greater than that of 
potassium ions, so three sodium ions move out for every two 
potassium ions that move in. 

• 	 AJthough both sodium and potassium ions are positive, the 
outward movement of sodium ions is greater than the inward 
movement of potassium ions. As a result, there are more sodium 
ions in the tissue fluid surrounding the axon than in the cytoplasm. 
and more potassium ions in the cytoplasm than in the tissue fluid, 
thus creating an electrochemical gradient. 

• 	 The sodium ions begin LO diffuse back naturally into the axon while 
the potassium ions begin to diffuse back out of the axon. 



• 	 However, most of the gates in the charmels that allow the potassium 
ions to move through are open, while most of the gates in the 
channels that allow the sodium ions to move through are closed. 

These events are summarised in Fi!,>Ure I. 

tissue fluid outside axon 

sodium ions actively 
transported out of 
the axon 

sodium © 
ion channel 
closed 

potassium ions 
actively 
transported 
into the axon 

cytoplasm of axon 

© 
© 

plasma 
membrane 

potassium ion channels open 
and so potassium ions diffuse 
back out of the axon 

.A. Figure 1 Distribution of ions at resting potential 

The action potential 
When a stimulus of surficient size is detected by a receptor in the 
nervous system, its energy causes a temporary reversal of the charges 
either side of this part of the axon membrane. If the stimulus is 
great enough, the negative charge of -65 mV inside the membrane 
becomes a positive charge of around +40mV. This is known as 
the action potential, and in this condition this part of the axon 
membrane is said to be depolarised . This depolarisation occurs 
because the channels in the axon membrane change shape, and 
hence open or close, depending on the voltage across the membrane. 
They are therefore ca lled voltage-gated channels. The sequence 
of events is described on the next page (the numbers relate to the 
stages illustrated in Figure 2). It is important to stress that the events 
described relate to a particular point on the axon membrane and not 
the whole of the membrane. 

• 




15.2 The nerve impulse 
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.A. Figure 2 The action potenrial 

Hint 

The unit of time given on the y-axis 

of the graph (see Figure 2) is the 

millisecond (ms). A millisecond 

is 0.001 of a second. There are 

therefore 1000 milliseconds in 

a second. At 2ms each, action 

potentials are very short- lived! 
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I At resting potential some potassium voltage-gated channels are 
open (namely those that are permanently open) but the sodium 
voltage-gated channels are closed. 

2 The energy of the stimulus causes some sodium voltage-gated 
channels in the axon membrane to open and therefore sodium 
ions diffuse into the axon through these channels along their 
electrochemical gradient. Being positively charged, they trigger a 
reversal in the potential difference across the membrane. 

3 As the sodium ions diffuse into the axon, so more sodium channels 
open, causing an even greater influx of sodium ions by diffusion. 

4 Once the action potential of around +40 mv has been established, 
the voltage gates on the sodium ion cha nnels close (thus 
preventing further inilux of sodium ions) and the voltage gates on 
the potassium ion channels begin to open. 

5 With some potassium voltage-gated channels now open, the 
electrical gradient that was preventing further outward movement 
of potassium ions is now reversed, causing more potassium ion 
channels to open. This means that yet more potassium ions diffuse 
our, starting repolarisation of the axon. 

6 The oucward diffusion of these potassium ions causes a temporary 
overshoot of the electrical gradient, with the inside of rhe 
axon being more negative (relative to the outside) than usual 
(= hyperpolarisation) The closable gates on the potassium ion 
channels now close and the activities of the sodium-potassium 
pumps once again cause sodium ions to be pumped om and 
potassium ions in. The resting potential of -65 mv is re-established 
and the axon is said to be repolarised . 



IThe terms action potenrial and resting potential can be misleading 
Hintbecause the movement of sodium ions inwards during the action 

potential is purel y due to diffusion - which is a passive process - while The action potential can be 
the resting potential is maincained by active transport - which is an described as a travelling wave of 
active process. The term action potential simply means thar the axon depolarisation. 
membrane is transmitting a nerve impulse, whereas resting potential 

means that it is not. 

Summary questions 

1 	 Describe how the movement of ions ... Table 1 

establishes the resting potential in 


an axon. 


2 	 Table 1 shows the membrane potential of 

an axon at different stages of an action 

potential. The table refers to those channels 

that can be open and closed, not those 

that remain permanently open. For each 

of the letters A-F, indicate the state of the 

relevant channels, that is, open or closed. 

Resting I Beginning to I Repolarising 

I depolarise 

Membrane - 70 - 50 -20 
potentiaIImV 

Na+ channels in A B c 
axon membrane 

K+ channels in 0 E F 

axon membrane 

The plasma membrane of an axon will transmit an action 2 	 Between 0.5 and 2.0 ms there is a considerable 
potential when stimulated to do so. The action potential change in membrane potential. Explain how this 
involves changes in the electrical potential across the change is brought about. 
membrane due to the movement of positive ions. 3 	 9 Calculate how many action potentials will 

occur in 1 second if the frequency shown on the1 	 State which two positive ions are responsible for 
graph is maintained for this period. Show your this change in electrical potential. 
working. 

Figure 3 shows two action potentials that were recorded 

using electrodes and displayed on an instrument called 

an oscilloscope. 
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Learning objectives 

' 	 Explain how an action 
potential passes along an 
unmyelinated axon. 

' 	 Explain how an action 
potential passes along a 
myelinated axon. 

Specification reference: 3.6.2.1 
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Once it has been created, an action potential moves rapidly along an 
axon. The size of the action potential remains the sa me from one end 
of the axon to the other. Strictly speaking, nothing physically moves 
from place to place along the axon of the neurone. As one region of 
the axon produces an action potential and becomes depolarised, it acts 
as a stimulus for the depolarisation of the next region of the axon. 
In this manner, action potentials arc generated along each small 
region of the axon membrane. The action potential is therefore a 
travelling wave of depolarisation. In the meantime, the previous 
region of the membrane returns to its resting potential, that is, it 
undergoes repolarisation. 

The process can be likened to the Mexica n wave that often takes place 
in a crowded stadium d uring a sporting event. Although the wave 
of people standing up and raising their hands (the action potential) 
moves around the stadium, the people themselves do not move from 
seat to seat with the wave (i.e., they do not physica lly pass around 
the stadium until they reach their original scat again). Instead, their 
individual actions of standing and raising their hands arc stimulated 
by the action of the person on one side of them and arc reproduced by 
the person on the other side. 

Passage of an action potential along an 
unmyelinated axon 
It is easier to understand how a nerve impulse is propagated in 
a myelinated axon if we first look at how it is propagated in an 
unmyelinated one. This process is described and illustrated in Figure 2. 

A Figure 1 False-colour TEM ofthe myelin sheath (orange bands at top] around the 
axon (bottom] 
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 1 At resting potential the concentration of sodium ions 

outside the axon membrane is high relative to the 
K+ inside. whereas that of the potassium ions 1s high 

inside the membrane relative to the outside. TheI : 	 - 1 
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2 A stimulus causes a sudden influx of sodium ions 
and hence a reversal of charge on the axon 
membrane. This is the action potential and the 
membrane is depolarised. In our analogy, a prompt 
leads a vertical line of people to stand and wave their 
arms. that is. they are stimulated mto action. 

+ + + 

+ + + 

3 The localised electrical currents established by the 
mflux of sodium ions cause the opening of sodium 

+ + + voltage-gated channels a little further along the axon. 
The resulting influx of sodium ions in lhis region 
causes depolarisation. Behind this new region of 
depolarisation, the sodium voltage-gated channels 

~ close and the potassium ones open. Potassium ions 
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adiacent seat to stand and wave. A new vertical line 
of people stands and waves. while the original line of 

4 The action potential (depolansation) 1s propagated m 
the same way further along the axon. The ou tward 
movement of the potassium ions has continued to 
the extent that the axon membrane behind the 
action potential has returned to its original charged 
state (positive outside. negative inside), that is, 1t has 
been repolarised. The second line of people standmg 
and waving prompts the third line of people to do the 
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same. Meanwhile, the first line have now resumed 
Na+ their ongmal positions. that is, they are re-seated. 

-·­ ' -
- + + 5 Repolarisation of the axon allows sodium ions to be 
+ -- ; ­ actively transported out, once again returning the' - axon to its resting potential in read iness for a new 

­

+ 
-' stimulus it it comes. The people who have iust sat- !_ ­ down settle back 1n their seats and readjust- + + themselves m readiness to repeat the process should . I 

' - -­ they be prompted to do so again. 
Na+ 

• Figure 2 Passage ofan impulse along the axon ofan unmyelinated neurone 



15.3 Passage of an action potential 

Passage of an action potential along 
a myelinated axon 
In myelinated axons, the fatty sheath of myclin around the axon acts 
as an electrical insulator, preventing action potentials from forming. At 
intervals of 1- 3 mm there arc breaks in this myclin insulation, called 
nodes of Ranvier (see Topic 15. l ). Action potentials can occur at these 
points. The localised circuits therefore arise between adjacent nodes of 
Ranvier and the action potentials in effect jump from node to node in a 
process known as saltatory conduction (Figure 3). As a result, an action 
potential passes along a myelinatcd neurone faster than along the axon 
of an unmyelinated one of the same diameter. This is because in an 
unmyelinated neurone, the events of depolarisation have to take place 
all the way along an axon and this takes more time. In our Mexican 
wave analogy, this is equivalent to a whole block of spectators leaping 
up simultaneously, followed by the next block and so on. Instead of the 
wave passing around the stadium in hundreds of small stages, it passes 
around in 20 or so large ones and is consequently more rapid. 

__....action potential 

_ 	 resting potential 
------}\ 

localised current 

node of Ranvier node of Ranvier 

direction of impulse • 
A Figure 3 Passage ofan action potential along a myelinated axon. Action potentials are produced only at nodes of Ranvier. 
Depolarisation therefore skipsfrom node to node{= saltatory conduction} 

Hint 

The term saltatory, in saltatory 

conduction, comes from the Lat in 

word saltare, meaning to jump. 
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Summary questions 

1 	 In a myelinated axon, sodium and potassium ions can only be 

exchanged at certain points along it. 

a State the name given to these points. 

b Explain why ions can only be exchanged at these points. 

c Describe the effect this has on the way an action potential is 

conducted along the axon. 

d State the name that is given to this type of conduction. 

e 	 Describe how it affects the speed with which the action potential is 

t ransmitted compared to an unmyelinated axon. 

2 	 Describe what happens to the size of an action potential as it moves 

along an axon . 



Once an action potential has been set up, it moves rapidly from one 
end of the axon LO the other without any decrease in size. In other 
words, the action potential at the end of the axon is the same size as 
when it starts. This transmission of an action potential along the axon 
of a neurone is the ne rve impulse . 

Factors affecting the speed at which an action 
potential travels 
A number of (actors affect rhe speed at which acrion potentials pass 
along an axon. Depending upon these factors, action potentials may 
travel at a speed of as lit tle as O.Sms-1 or as much as 120ms- 1• These 
factors include: 

• 	 The m yelin sheath . We saw in Topic 15.3, Passage of an action 
potential, that the myelin sheath acts as an electrical insulator, 
preventing an action potential forming in the part of the axon 
covered in myelin. Lt does, however, jump from one node of 
Ranvier to another (saltatory conduction). This increases the 
speed of conductance from 30ms-1 in an unmyelinated neurone to 
90ms- 1 in a similar myelinated one. 

• 	 The dia m e ter o f the axon . The greater the diameter of an axon, 
the faster the speed of conductance. This is due ro less leakage of 
ions from a large axon (leakage makes membrane potentials harder 
to maintain). 

• 	 Tempe rature . This afrects the rate of diffusion of ions 
and therefore the higher the temperature the faster the 
nerve impulse. The energy for active transport comes from 
respiration. Respiration, like the sodium-potassium pump, 
is controlled by enzymes. Enzymes function more rapidly at 
higher temperatures up ro a point. Above a certain temperature, 
enzymes and the plasma membrane proteins are denatured and 
impulses fail to be conducted at all . Temperature is clearly an 
important factor in response times in cold-blooded (ectothermic) 
anima ls, whose body temperature varies in accordance with the 
environment. Tempera ture also affects the speed and strength of 
muscle con tractions. 

All-or-nothing principle 
Nerve impulses arc described as a ll-or-nothing responses. There is a 
certain level of stimulus, called the thresho ld value, which triggers 
an action potential. Below the threshold value, no action potential, 
and therefore no impulse, is generated. Any stimulus, of whatever 
strength, that is below the threshold value will fail to generate an 
action potential - this is the nothing pan. Any stimulus above the 
threshold value will succeed in generating an action potential and so 
a nerve impulse will travel. All action potentials are more or less the 
same size, and so the strength of a stimulus cannot be detected by the 
size of the action potentials. How then can an organism perceive the 
size of a stimulus? This is achieved in two ways: 

Learning objectives 
-+ 	 Describe the factors that affect 

the speed ofconductance of 
an action potential. 

-+ 	 Explain what is meant by the 
refractory period. 

-+ 	 Explain the role of the 
refractory period in 
separating one impulse from 
the next. 

-+ 	 Explain the meaning ofthe 
all-or-nothing principle. 

Specification reference: 3.6.2.1 

.A Figure 1 False-coloured TEM ofa 
section through a myelinated neurone 
and Schwann cell. Myelin {black} 
surrounds the axon [purple}, increasing 
the speed at which nerve impulses 
travel. It is formed when Schwann 
cells {green] wrap around the axon, 
depositing layers ofmyelin between 
each coil 

• 




15.4 Speed of the nerve impulse 

normal 
resting 

excitability normal 
resting

stimulus 	 · 
! refractory ex~italb1hty 
;----- period ---+: 

' ' 

0 1 23456789 
time/ms 

A Figure 2 Graph illustrating neurone 
excitability before and after a nerve 
impulse 

Hint 
The brain would be overloaded 
with information if it became 
aware of every litt le stimulus. 
The all-or-nothing nature of 
the action potential acts as a 
filter, preventing minor stimuli 
from setting up nerve impulses 
and thus preventing the brain 
becoming overloaded. 

Study tip 
The refractory period limits the 
strength of stimulus that can be 
detected. 
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• 	 by the number of impulses passing in a given time. The larger the 
stimulus, the more impulses that are generated in a given time 
(Figure 3) 

• 	 by having different neurones with different threshold values. The 
brain interprets the number and type of neurones that pass impulses 
as a result of a given stimulus and thereby detem1ines its size. 

The refractory period 
Once an action potential has been created in any region of an axon, 
there is a period afterwards when inward movement of sodium ions 
is prevented because the sodium voltage-gated channels are closed. 
During this time it is impossible for a further action potential to be 
generated. This is known as the refractory period (Figure 2). 
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A Figure 3 Effect ofstimulus intensity on impulsefrequency 



The refractory period serves rh ree purposes: 

• 	 It ensures that action potentials are propagated in one 
direction only . Action potentials can only pass from an active 
region to a resting region. This is because action potentials cannot be 
p ropagated in a region that is refractory, which m eans that they can 
only move in a forward direction. This p reven ts action potentials from 
spreading out in both directions, w h ich they would otherwise do. 

• 	 It produces discre te impulses. D ue to the refractory per iod, a 
new act ion potent ia l cannot be formed immediarel y behind the 
firs t one. This ensu res that action poten rials are separa ted from 
one another. 

• 	 It limits the number of action potentials. As action po ten tials 
are separated from one ano ther this limits the number o f act ion 
potentials that can pass along an ax on in a given time, and thus 
limits the strength of stimu lus that can be detected. 

Table 1 below shows the speeds at which different axons conduct action 

potentials. 

~ Table 1 

Axon Myelin Axon Transmission 

diameterI µm speed I m s-1 

Human m otor axon to leg Yes 20 120 
muscle 

soHuman s ensory axon from skin Yes 10 
pressure receptor 

-
uid giant axon No 500 25 

-
2manmotor axon to internal No 1 

an 

1 Using data from the table, describe the effect of axon diameter on the 
speed of conductance of an act ion potential. 

2 The data show that a myelinated axon conducts an action potent ial 
faster than an unmyelinated axon. Explain why this is so. 

3 Name the cells whose membranes make up the myelin sheath 
around some types of axon. 

4 	 State which has the greater effect on the speed of conductance of an 
action potential: the presence of myelin or the diameter of the axon. 
Use information from Table 1 to explain your answer. 

5 	 The squid is an ectothermic animal. This means that its body 

temperature fluctuates with the temperature of the water in which 

it lives. Suggest how this might affect the speed at which action 

potentials are conducted along a squid axon. 


6 	 Assuming it is circular in cross section, calculate the surface area of a 
squid giant axon. Give your answer in mm2 to five significant figures. 

Summary questions 

1 	 Explain how the refractory 

period ensures that nerve 

impulses are kept separate 

from one another. 

2 State the all-or-nothing principle. 

3 Earthworms have unmyelinated 

axons and so to increase the 

speed of conduction of action 

potent ials these are relatively 

large in diameter. Suggest two 

reasons why mammals do not 

require large diameter axons to 

achieve rapid transmission of 

act ion potent ials. 

• 




Learning objectives 

' Describe the structure of a 
synapse. 

' Describe the functions that 
synapses perform. 

Specification reference: 3.6.2.2 

Synoptic link 

It would help your understanding of 
synapses to fi rstly revise protein 
channels and carrier proteins 
(Topic 4.1) and facilitated diffusion 

(Topic4.2). 

• 


A synapse is the point where one neurone communicates with another 
or with an effector. They arc important in linking different neurones 
together and therefore coordinating activities. 

Structure of a synapse 
Synapses transmit information, but not impulses, from one neurone 
to another by means of chemicals known as neurotransmitters. 
Neurones are separated by a small gap, called the synaptic 
cleft, which is 20-30 nm wide. The neurone that releases the 
neurotransmitter is called the presynaptic neurone. The axon 
of this neurone ends in a swollen portion known as the synaptic 
knob. This possesses many mitochondria and large amounts of 
endoplasmic reticulum. These are requ ired in the manufacture of the 
neurotransmitter which takes place in the axon. The neurotransmitter 
is stored in the synaptic vesicles. Once the neurorransm irter 
is released from the vesicles it diffuses across to the post.synaptic 
neurone, which possesses specific receptor proteins on its membrane 
to receive it. 
The structure of a chemical synapse is illustrated in Figure 1. 

synaptic 
vesicle 
containing 
acetylcholine _ 

acetylchohne 
molecule 

axon of presynaptic 
neurone 

membrane of 
presynaptic neurone 

smooth endoplasmic 
reticulum 

o ca2+ 
calcium ion 
protein channel 

membrane 
of postsynapt1c 
neurone 

sodium ion 
protein channels 

• 

acetylcholine - ­
molecule in 
receptor site 

Na~ synaptic cleft 

empty receptor site 

one of five protein subunits 
that make up the sochum ion 
channel 

0 

A Figure 1 Structure ofa synapse 



Features of synapses 
The basic way in which synapses function means they have a number 
of different features. 

Unidirectionality 
Synapses can only pass information in one direction - from the presynaptic 
neurone to the pomynaptic neurone. In this way, synapses act like valves. 

Summation 
Low-frequency action potentials often lead to the release of 
insufficient concenLrations of neurotransmitter to trigger a new 
action potential in the postsynaptic neu rone. They can, however, 
do so in a process ca ll ed summation. This entails a rapid build-up of 
neurotransmilt cr in the synapse by one of two methods: 

• 	 spatial summation, in w hich a number of different presynaptic 
neurones togethe r release enough neurotransmitter t0 exceed 
the threshold value o l' the postsynaptic neurone. Together they 
thc rcrorc trigger a new action potential. 

• 	 temporal summation, in which a single presynaptic neurone 
releases neurorransmitter many times over a very short period. If the 
concenrration of neurotransmitter exceeds the threshold value of 
the posrsynaplic neurone, then a new action potential is triggered. 

spatial summation 

A Figure 2 TEM ofsynapse. The 
synaptic cleft between the two neurones 
(centre} appears deep red. The cell 
above the cleft has many small vesicles 
{red- yellow spheres] containing 
neurotransmitter, whereas the two 
larger spheres above the vesicles are 
mitochondria 

presynaptic no action potential Neurone A releases neurotransmitter but concentration 
neurone A 1s below threshold to lngger action potential in 

postsynapt1c neurone. 

presynaptic 
neurone B 

no action potentiaI 

action potential 

Neurone B releases neurotransmitter but concentration 
is below threshold to trigger action potential in 
postsynaptic neurone. 

Neurone A and B release neurotransmitter. 
Concentration is above lhreshold and so an action 
potential 1s triggered 1n the postsynaptic neurone . 

• 




15.5 Structure and function of synapses 

temporal summation 

low-frequency action potentials no action Low-frequency action potentials lead lo neurotransmitter 
potential being broken down rapidly. Concentration is below the 

threshold to trigger an action potential 1n the postsynaplic 
neurone. 

presynaptic neurone 

neurotransmitter 

postsynaptic neurone 

high-frequency action potentials action 
potential 	 High-frequency action potentials lead to release of 

of neurotransmitter in a short time Concentration is 
above the threshold to trigger an action potential in 
the postsynapt1c neurone. 

.A Figure 3 Spatial and temporal summation 

Inhibition 
Some synapses make it less likely that a new action potential will be 
created on the postsynaptic neurone. These are known as inhibitory 
syna p ses. They operate as follows: 

• 	 The presynaptic neurone releases a type or neurotransmitter that 
binds to chloride ion protein channels on the postsynaptic neurone. 

• 	 The neurotransmitter causes the chloride ion protein channels 
to open. 

• 	 Chloride ions (CI-) move into the pomynaptic neurone by 
facilitated diffusion. 

• 	 The binding of the neurotransmitter causes the opening of nearby 
potassium (J<+) protein channels. 

• 	 Potassium ions move out of the postsynapcic neurone into the 
synapse. 

• 	 The combined effect of negatively charged ch loride ions moving in 
and positively charged potassium ions moving out is tO make the 
inside of the postsynaptic membrane more negative and the outside 
more positive. 

• 	 The membrane potential increases to as much as -80 mV compared 
with the usual - 65 mV at resting potential. 

• 	 This is called hypcrpolarisation and makes it less likely that a new 
action potential will be created because a larger influx of sodium 
ions is needed tO produce one. 

• 




Functions of synapses 
Synapses transmiL information from one ne urone to another. In so doing, 
they act as junctions, a llowing: 

• 	 a single impulse along one neurone to initiate new impulses in a number 
of differenL neurones at a synapse. This allows a single stimulus to creaLc a 
number of simultaneous responses 

• 	 a number of impulses to be combined at a synapse. This allows ner ve 
impulses from receptors reacring to differenr stimuli ro conrribute to a 
single response. 

We shall look in more derail at how synapses transmit information in Topic 
15.6, Transmission across a synapse. However, to understand the basic 
functioning of synapses as described here, it is sufficient to appreciate the 
following: 

• 	 A chemical (the neurotransmitter) is made only in the presynaptic 
n eurone and nor in the postsynaptic neurone. 

• 	 The ncurotransmiLter is stored in synaptic vesicles. When an action 
potential reaches the synaptic knob the membranes of these vesicles fuse 
with the pre-synaptic membrane Lo release the neurotransmitter. 

• 	 When released, the neurotransmitter diffuses across the synaptic cleft to 
bind to specific receptor proteins which are found only on the postsynapLic 
neurone. 

• 	 The neuroLransmiuer binds with the recepror proteins and this leads LO a 
new action poLential in the postsynaptic neurone. Synapses that produce 
new acLion poLcntials in this way are called excitatory synapses. 

6 	 Explain why hyperpolarisation reduces the likelihood 
of a new action potential being created. 

7 	 fO Table 1 compares the number of synapses with 
the speed of transmission in three neural pathways: 
A, Band C. 

a 	 Calculate the percentage increase in transmission 
speed when the number of synapses is reduced 
from 13 to 9. 

b 	 Explain why the neural pathways of reflex arcs 
have very few synapses. 

TTable 1 

Neural Number of Speed of 

pathway synapses transmission 
-1I m s

40A 13 

9 64B 

s 93c 
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Summary questions -.rx 

1 Explain how a presynaptic neurone is adapted for the 
manufacture of neurotransmitter. 

2 Explain how the postsynaptic neurone is adapted to 
receive the neurotransmitter. 

3 Outline the events in the transmission of information 
from one neurone to another across a synapse. 

4 	 If a neurone is stimulated in the middle of its axon, 
an action potential will pass both ways along it to the 
synapses at each end of the neurone. However, the 
action potential will only pass across the synapse at 
one end. Explain why. 

5 	 When walking along a street we barely notice the 
background noise of traffic. However, we often 
respond to louder traffic noises, such as the sound of 
a horn. 

a From your knowledge of summation, explain this 
difference. 

b Suggest an advantage in responding to high-level 
stimuli but not to low-level ones. 



Learning objectives 

' 	 Explain how information is 

transmitted across a synapse. 

Specification reference: 3.6.2.2 

Hint 

You need to think in terms of 

separate bursts of neurotransmitter 

release from the presynaptic knob. 

Each one relates to the arrival of an 

action potential along the neurone. 

In this topic, there are many 

possibilities for synoptic questions 

that bring together other topics. 

These include membrane structure, 

enzyme action, mitochondria and 

ATP production, diffusion (across 

the synaptic cleft and down 

channels in membrane proteins] 

and how molecular shapes fit one 

another (e.g., a neurotransmitter 

fitt ing into receptors on the 

postsynaptic neurone). 
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In Topic 15.5 we outlined how ne urotransmitters transmit 

information from one neurone to another. Let us now consider this in 

more detail by looking at a cholinergic synapse. 

A cholinergic synapse is one in which the neurotransmitter is a 

chemical called acetylcholine. Acetylcholine is made up of two 

pans: acetyl (more precisely ethanoic acid) and choline. Cholinergic 

synapses are common in vertebrates, where they occur in the central 

nervous system and at neuromuscular junctions Uunctions between 

neurones and muscles). Details of the neuromuscular junction are 

given in Topic 15.7. 

The process of transmission across a cholincrgic synapse is described 

in the series of diagrams in Figure 2 later in this t0pic. To simplify 

matters, only the relevant structures arc shown on each diagram. 

Each recept0r is a protein that binds specifica lly to a neurotransmitter 

because they have complementary shapes. 

There are many different neurotransmitters responsible for the exchange 

of information across a synapse. There are also many different types of 

receptor on the postsynaptic neurone. Each receptor is a protein that binds 

specifically to a neurotransmitter because they have complementary 

shapes. Some of these neurotransmitters and receptors are excitatory, that 

is, they lead to a new action potential in the postsynaptic neurone. Others 

are inhibitory, that is, they make it less likely that a new action potential 

will be created in the postsynaptic neurone. Overall, the action of a specific 

neurotransmitter depends on the specific receptor to which it binds. 

Given that our perception of the world is through stimuli detected by 

receptors and information transferred to the brain as nerve impulses by 

neurones that connect via synapses, it is not surprising that the effects 

of many medicinal and recreational drugs are due to their actions on 

synapses. Drugs act on synapses in two main ways: 

• 	 They stimulate the nervous system by creating more action potentials 

in postsynaptic neurones. A drug may do this by mimicking a 

neurotransmitter, stimulating the release of more neurotransmitter, 

or inhibiting the enzyme that breaks down the neurotransmitter. The 

outcome is to enhance the body's responses to impulses passed along 

the postsynaptic neurone. For example, if the neurone transmits impulses 

from sound receptors, a person will perceive the sound as being louder. 

• 	 They inhibit the nervous system by creating fewer action potentials 

in postsynaptic neurones. A drug may do this by inhibiting the release 

of neurotransmitter or blocking receptors on sodium/potassium ion 

channels on the postsynaptic neurone. The outcome is to reduce the 

impulses passed along the postsynaptic neurone. In this case, if the 

neurone t ransmits impulses from sound receptors, 

a person will perceive the sound as being quieter . 



The effects of a drug on the synapse depend on the type of transmitter. For 
example, a drug that inhibits the action of an excitatory neurotransmitter 
will reduce a part icular effect, but a drug that inhibits an inhibitory 
neurotransmitter will enhance a particular effect. Let us look at some 
examples of the effects of drugs on synapses. 

Endorphins are neurotransmitters used by certain sensory nerve pathways, 
especially pain pathways. Endorphins block the sensation of pain. Drugs 
such as morphine and codeine bind to specific receptors in the brain used 
by endorphins and so mimic the effects of endorphins. 

1 Suggest the likely effect of drugs like morphine and codeine on 

the body. 


2 Explain how the effect you suggest might be brought about. 


Serotonin is a neurotransmitter involved in the regulation of sleep and 
certain emotional states. Reduced activity of the neurones that release 
serotonins is thought to be one cause of clinical depression. Prozac is an 
antidepressant drug that affects serotonin within synaptic clefts. 

3 Suggest a way that the drug Prozac might affect serotonin within 

synaptic clefts. 


4 Explain how the effect you suggest makes Prozac an effective 

antidepressant. 


GABA is a neurotransmitter that inhibits the formation of action potentials 
when it binds to postsynaptic neurones. Valium is a drug that enhances the 
binding of GABA to its receptors. 

5 	 Suggest the likely effect of Valium on the nerve pathways that cause 
muscle contractions. 


6 Explain the reasoning for your answer. 

7 Epilepsy can be the result of an increase in the activity of neurones in 


the brain due to insufficient GABA. An enzyme breaks down GABA on 
the postsynaptic membrane. A drugcalled Vigabatrin has a molecular 
structure similar to GABA and is used to treat epilepsy. Suggest a way 
in which Vigabatrin might be effective in treating epilepsy. 

~ 

• Figure 1 Many drugs function by acting on synapses 

Summary questions 

1 	 For each of the following, 
state as accurately as possible 
the name of the substance 

described. 

a 	 They diffuse into the 
postsynaptic neurone 
where they generate an 
action potential. 

b 	 A neurotransmitter found 

in a cholinergic synapse. 

c 	 It is released by 
mitochondria to enable 
the neurotransmitter to be 
reformed. 

d 	 Their influx into the 

presynaptic neurone 
causes synaptic 
vesicles to release their 
neurotransmitter. 

2 	 State why it is necessary for 
acetylcholine to be hydrolysed 
b!:J acetylcholinesterase. 

• 




15.6 Transmission across a synapse 

The arrival of an action potential al the end or the presynaplic 
neurone causes calcium ion protein channels to open and 
calcium ions (Ca2+) enter the synaptic knob by facilitated diffusion. 

presynaplic action 

neurone - - ­ / potential 

ea2+ 

synaptic vesicle calcium ion 
containing protein channel 
acetylcholine open 

sodium ion 
protein channel 
closed 

2 	The influx of calcium ions into the presynaptic neurone causes 
synaptic vesicles to fuse with lhe presynaptic membrane, 
releasing acetylcholine into the synaptic cleft. 

vesicle fuses 
with membrane acetylcholine

V released into~ 
the synaptic 
cleft 

~:.,~,, protein channelIJ/ site closed 

sodium ion protein 


channel closed 


3 	Acetylchohne molecules diffuse across the narrow synaptic cleft 
very quickly because the diffusion pathway is short. Acetylcholine 
then binds lo receptor sites on sodium ion protein channels in the 
membrane of the postsynaptic neurone. 
This causes the sodium ion protein channels to open, allowing 
sodium ions (Na+) to diffuse in rapidly along a concentration 
gradient. 

two acetylcholine empty
molecules bind 

---- synaptic 
vesicle 

sodium ion 
protein channel 
open 

sodium ions (Na+) 

4 	The influx of sodium ions generates a new action 
potential in the postsynaptic neurone. 

~ new 
action 
potential 

5 	Acetylcholinesterase hydrolyses acetylcholine into 
choline and ethanoic acid (acetyl), which diffuse back 
across the synaptic cleft into the presynaptic neurone 
<= recycling). In addition to recycling the choline and 
ethanoic acid, the rapid breakdown of acetylcholine also 
prevents it from continuously generating a new action 
potential 1n the postsynaptic neurone. and so leads to 
discrete transfer of information across synapses 

acetylchohnesterase 

~ j 

w 
6 	 ATP released by mitochondria is used to recombine 

chol ine and ethanoic acid into acetycholine. This is stored 
in synaptic vesicles for future use. Sodium ion protein 
channels close in the absence of acetylcholine in the 
receptor sites. 

mitochondrion 
./produces ATP 

--- ATP recombines 
- choline and 

ethanoic acid 

acetylcholine 
returns lo 
synaptic vesicle

""''"m""' ''°'~channel cl~inM 
.A. Figure 2 Mechanism oftransmission across a chatinergic synapse 
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Muscles arc effector organs that respond to nervous stimulation by Learning objectives 
contracting and so bring about movement. There arc three types of -+ Describe the gross and 
muscle in the body. Cardiac muscle is found exclusively in the heart microscopic structure of a 
while smooth muscle is found in the walls of blood vessels and 

skeletal muscle. 
the gut. Neither of these types of muscle is under conscious control 

-+ Describe the ultrastructure ofand we remain largely unaware of their contractions. The third type, 
a myofibril. skeletal m u scle, makes up the bulk of body muscle in vertebrates. It 

is attached to bone and acts under voluntary, conscious control. -+ Explain how actin and 

myosin are arranged within a A rope is made up of millions of separate threads. Each thread has 
myofibril.very little individual strength and can easily be snapped. Yet grouped 

together in a rope, these threads can support a mass running into Specification reference: 3.6.3 
hundreds of tonnes. In the same way, individual muscles are made 
up of millions of tiny muscle fibres called m y ofibr ils. In themselves, 
they produce almost no force while collectively they can be extremely 
powerful. Just as the threads in a rope are lined up parallel to each 
other in order to maximise its strength, so the myofibrils arc arranged 
in order to give maximum force. And just as the threads of a rope arc 
grouped into strings, the strings are grouped into small ropes and small 
ropes are grouped into bigger ropes, so muscle is composed of smaller 
units bundled into progressively larger ones (Figure 1). 

II muscle was made up of individual cells joined end to end it would 
not be able to perform the funetion of contraction very ellicientJy. This 
is partly because the junction between adjacent cells would be a point 
of weakness that would reduce the overall strength of the muscle. To 
overcome this, muscles have a different structure. The separate cells 
have become fused together into muscle fibres. These muscle fibres share 
nuclei and also cytoplasm, called sarcoplasm, which is mostly found 
around the circumference of the fibre (Figure 1 ). Within the sarcoplasm 
is a large concentration of mit0chondria and endoplasmic reticulum. A band 

I Z-line 

whole muscle I ~~ H-~ne 

capillary 

,"' I I ...... 
, I ............,,

,,,"", sarcomere ,, 

,/'/ ',,',,, 

• 

~--~.\ 
·~££?c 

~C2lr~ 
~ th<k fi•m•ot (mY"';oJ 

thin filament (actin) 

A Figure 1 The gross and microscopic structure ofskeletal muscle 



(c) part of thick filament - macle 
up of myosin molecules 

myosin ta il 

15.7 Structure of skeletal muscle 

thin 
filament 

.A Figure 3 Transverse section 
through part of a myofibril showing the 
arrangement of thick and thin filaments 

.... Figure 2 Structure ofactin ond 
myosin molecules and their arrangement 
into thick and thin filaments 

Hint 

To help you remember which band is 

the dark band and which is the light 

band, look at the vowels in the words 

light and dark. This vowel is the first 

letter of the relevant band. Therefore 

the d~rk band is the A-band and the 

light band is the !-band. 

Hint 

The arrangement of sarcomeres 

into a long line means that, when 

one sarcomere contracts a little, 

the line as a whole contracts a 

lot! In addition, having the lines of 

sarcomeres running parallel to each 

other means that all the force is 

generated in one direction. 
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Microscopic structure of skeletal muscle 
We can see from Figure 1 that each musd e fibre is made up of myofibrils. 
Myofibrils are made up mainly of two types of protein £ilamem: 

• 	 actin, which is thinner and consists of two strands twisted around 
one another 

• 	 myosin, which is thicker and consists of long rod-shaped tails with 
bulbous heads that projeet to the side. 

The structure of these filaments and their constituent molecules shown 
in Figure 2. 

actin molecule 

(b) single myosin molecules 

(cl) arrangement of thick ancl thin filaments in muscle. Note that 
the myosin molecules are Joined ta il to tail in the thick filament 
Z-line 

thin filament thick filament Z·line 
(actin molecules) (myosin molecules 

joined ta ii to ta ill 

Myofibrils appear striped due to their a lte rnating light-coloured and 
dark-coloured bands. The light bands are called l bands (isotropic bands). 
They appear lighter because the thick and thin fil aments do not overlap in 
this region. The dark bands are called A bands (anisotropic bands). They 
appear darker because the thick and thin fil aments overlap in this region. 

At the centre of each A band is a lighter-coloured region called the 
H-zone. At the centre of each I band is a line called the Z-line. The 
distance between adjacent Z-lines is called a sarcomere (Figure l ). When 
a muscle contracts, these sarcomeres shorten and the patrem of light and 
dark bands d1anges (Topic 15.8). 

Another i.mponant protein found in muscle is tropomyosin. which 
fonns a fibrous strand around the aetin fi lament. 



Types of muscle fibre 
There arc two types of muscle fibre, the proportions of which vary from 
muscle to muscle and person to person. The two types are: 

• 	 slow-twitch fibres. These contract more slowly than fast-twitch 
fibres and provide less powerful contractions but over a longer 
period. They arc therefore adapted to endurance work, such as 
running a marathon. In humans they are more common in muscles 
like the calf muscle, which must contract constantly to maintain the 
body in an upright position. They arc suited to this role by being 
adapted for aerobic respiration in order to avoid a build-up of lactic 
acid. which would cause them to function less effectively and prevent 
long-duration contraction . These adaptations include having: 

• 	 a large store of myoglobin (a bright red molecule that stores 
oxygen, which accounts for the red colour of slow-twitch fibres) 

• 	 a rich supply of blood vessels to deliver oxygen and glucose for 
aerobic respiration 

• 	 numerous mitochondria to produce ATP. 

• 	 fast-twitch fibres. These contract more rapidly and produce 
powerful contractions but only for a short period. They are therefore 
adapted to intense exercise, such as weight-lifting. As a result they 
are more common in muscles which need to do short bursts of 
intense activity, like the biceps muscle of the upper ann. Fast-twitch 
fibres are adapted ro their role by having: 

• 	 thicker and more numerous myosin filaments 

• 	 a high concentration of glycogen 

• 	 a high concentration of enzymes involved in anaerobic respiration 
whicl1 provides ATP rapidly 

• 	 a store of phosphocreatine, a molecule that can rapidly generate 
ATP from ADP in anaerobic conditions and so provide energy for 
muscle contraction. 

Before we look at how muscle contracts in the next topic, let us 
explore how the muscle is stimulated. To do so, we must first look at 
where neurones meet muscle - the neuromuscular junction. 

Neuromuscular junctions 
A neuromuscular juncrion is the point where a motor neurone meets 
a skeletal muscle fibre. There are many such junctions along the 
muscle. If there were on ly one junction of this type it would take time 
for a wave of contraction to travel across the muscle, in which case not 
all the fibres would contract simultaneously and the movement would 
be slow. As rapid and coordinated muscle contraction is frequently 
essential for surviva l there are many neuromuscular junctions spread 
throughout the muscle. This ensures that contraction of a muscle is 
rapid and powerful when iris simultaneously stimulated by action 
potentials. All muscle fibres supplied by a single motor neurone act 
together as a single funcrional unit and are known as a motor unit. 
This arrangement gives conrrol over the force that rhe muscle exerts. 
lf only slight force is needed, only a few units are stimulated. If a 
greater force is required, a larger number of units are stimulated. 

.A Figure 4 Lighr micrograph of a 
neuromuscularjuncrion 

• 




15.7 Structure of ske letal muscle 

neurone mitochondria 

synaplic vesicle containing 
acetylchohne 

axon of motor neurone 

presynaptic membrane 

cytoplasm of muscle 

~ +<((
I 	---r­

isotropic band anisotropic band m1tochondnon H-zone Z-line nucleus --------- ""- " 
of myofi bril of myoflbril 

.6. Figure S The neuromusculorjunction 

A 	Figure 6 TEM ofskeletal muscle 

Summary questions 

1 	 Suggest a reason why there 
are numerous mitochondria in 
the sarcoplasm. 

2 	 Study Figure 6 and name the 
structures labelled A- D. 

3 	 If we cut across a myofibril 
at certain points, we see only 
thick myosin filaments. Cut at 
a different point we see only 
thin actin filaments. At yet 
other points we see both types 
of filament. Explain why. 

4 	 Explain how slow-twitch fibres 
differ from fast-twitch fibres in 
the way they function. 

5 	 Describe how each type 

of fibre is adapted to its 

functions . 
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of muscle 	 of muscle 

When a nerve impulse is received 
at the neuromuscular junction, 
the synaptic vesicles fuse with 
the presynaptic membrane and 

release their acetylcholine. The 
acetylcholine diffuses to the 
postsynaptic membrane (which 
is the membrane of the muscle 
fibre), altering its permeability 
to sodium ions (Na•), which 
enter rapidly, depolarising the 
membrane. A description of how 

this leads to the contraction of 
the muscle is given in Topic 15.8 . 

The acetylcholine is broken down by acetylcholinesterasc to ensure 
that the muscle is not over-stimulated. The resulting choline and 
ethanoic acid (acetyl) diffuse back into the neurone, where they 

A are recombined to form acetylcholinc using energy provided by the 
mitochondria found there. 

The structure of a neuromuscular junction is shown in Figure 5 and 
an account of how it functions is provided in Topic 15.8. 

Comparison of the neuromuscular junction 

and a synapse 

The neuromuscular junction has some similarities with a cholinergic 
synapse but also differs in some respects. Their similarities include 
that both: 

• 	 have neurotransmitters that are rransported by diffusion 

• 	 have receptors, that on binding with the ncurotransmiuer, cause 
an influx of sodium ions 

• 	 use a sodium-potassium pump to repolarise rhe axon 

• use enzymes to breakdown the neurotransmitter. 


Some of the differen ces are shown in Table I. 


'Y Table 1 Differences between a neuromuscular junction and cholinergic synapse 

Neuromuscular junction Cholinergic synapse 

Only excitatory (Topic 15.5) May be excitatory or inhibitory (Topic 15.5) 

Only links neurones to muscles Links neurones to neurones, or neurones 
to other effector organs 

Only motor neurones are involved Motor, sensory and intermediate 
neurones may be involved 

The action potential ends here 
(it is the end of a neural pathway] 

Anew action potential may be produced 
along another neurone (the postsynaptic 
neurone] 

Acetylcholine binds to receptors 
on membrane of muscle fibre 

Acetylcholine binds to receptors on 
membrane of post-synaptic neurone 



• • 

• • • • • • • • • 

To understand how skeletal muscles bring about movement, it Learning objectives 
is important to appreciate that these muscles are attached to the -+ Explain what is meant by
skeleton. In humans, this skelet0n is made up of bone which is 

antagonistic muscles and how 
incompressible. Therefore, if muscle exerts a force, via tendons the 

they operate. 
bone moves rather than the muscle changing shape. The different 

-+ Summarise the evidence thatparts of the skeleton can be moved relative to one another around a 
supports the sliding filamentseries of points called joints. 
mechanism ofmuscle 

The contraction of a skeletal muscle will move a pan of the contraction. 
skeleton, for example, a limb, in one direction but the same muscle -+ Explain how the slidingcannot move it in 1he opposite direction. Muscles cannot push they 

filament mechanism causes acan only pull. To move the limb in the opposite direct requires a 
muscle to contract and relax.second muscle that works antagonistically to the first one, i.e. in 

the opposite direction. In doing so it stretches its pa rtner muscle -+ State where the energy 

(which has relaxed) return ing it to its original state ready to for muscle contraction 

contract again. comes from. 

Specification reference: 3.6.3Skeletal muscles therefore occur, and act in antagonistic pairs. These 
pairs pull in opposite directions and when one is contracted the other 
is relaxed. 

We have looked at the structure of skeletal muscle in Topic 15.7, now 
let us turn our allention to how exactly the arrangement of the various 

on the molecular shapes of theproteins brings about contraction of the muscle fibre. The process 
four main proteins involved. involves the actin and myosin filaments sliding past one another and is 
The importance of shape on the therefore called the slid in g filamen t m echanism . 
functioning of proteins is covered 

in Topic 1.6. 
thick and thin filaments slide past one 

This Figure is simplified - see Figure 2 ~ '°'~"'"';"g '"' m~to'°°'"~' 
in Topic 15.7 for the detailed arrangement 

of myosin filaments 
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The functioning of muscle depends 

l 

.A. Figure 1 Comparison of two sarcomeres in a relaxed and a contracted muscle 
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•--1-- ­

actin rnaments spiralled 
around one another 

tropomyos1n 

molecule 


A. Figure 2 The relationship of 
trapomyosin to on actin filament 

Hint 

The action of the myosin heads 
is similar to the rowing action 
of oarsmen in a boat. The oars 
( myosin heads) are dipped into 
the water, flexed as the oarsmen 
pull on them, removed from the 
water and then dipped back 
into the water further along. The 
oarsmen work in unison and the 
boat and water move relative to 
one another . 
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Evidence for the sliding filament mechanism 
In Topic 15.7, we saw that myofibrils appear darker in colour where 
the actin and myosin filaments overlap and lighter where they do 
not. If the sliding filament mechanism is correct, then there will be 
more overlap of actin and myosin in a contracted muscle than in a 
relaxed one. If you look at Figure 1, you will sec that, when a muscle 
contracts, the following changes occur to a sarcomere: 

• 	 The I-band becomes narrower. 

• 	 The Z-lines move closer together or, in other words, the sarcomere 
shortens. 

• 	 The H-zone becomes narrower. 

The A-band remains the same width. As the width of this band is 
determined by the length of the myosin fi laments, it follows that 
the myosin filaments have not become short.er. Th is discounts the 
theory that muscle contraction is due to the filaments themselves 
shortening. 

Before we look at how the sliding filament mechanism works, let us 
take a closer look at the three main proteins involved in the process: 

• 	 Myosin is made up of two types of protein: 

• 	 a fibrous protein arranged into a filament made up of several 
hundred molecules (the tail) 

• 	 a globular protein formed into two bulbous structures at one 
end (the head). 

• 	 Actin is a globular protein whose molecules are arranged into long 
chains that are twisted around one another ro form a helical strand. 

• 	 Tropomyosin forms long thin threads that arc wound around 
actin filaments. 

The arrangement of the molecules of actin and tropomyosin are 
shown in Figure 2. 

The sliding filament mechanism of muscle 
contraction 
The theory that actin and myosin filaments slide past one another 
during muscle contraction is supported by the changes seen in the 
band pattern on myofibrils. The next question for the scientists was, 
by what mechanism do the filamems slide past one another? Clues to 
the answer lie in the shape of the various proteins involved. 

The bulbous heads of the myosin Cilamems form cross-bridges with the 
actin filaments . They do this by attaching themselves to binding sites 
on the actin filaments, and then flexing in unison, pulling the actin 
filaments along the myosin filaments. They then become detached 
and, using ATP as a source of energy, return to their original angle and 
re-atlach themselves further along the act in filaments. This process is 
repeated up to 100 times per second. The action is similar to the way a 
ratchet operates. This process is illustrated in Figure 4. 

http:short.er


The following account describes the sliding myosin heads attached 
to thin filamentfilament mechanism or muscle contraction in 

detail. The process is cominuous but. for ease of 
understanding, has been divided into stimulation, 
contraction, and relaxation. ===±=====:L 
Muscle stimulation 
• 	 An action potential reaches many 

neuromuscular junctions simultaneously, 
causing calcium ion protein channels to open 
and calcium ions to diffuse into the 
synaptic knob. 

• 	 The calcium ions cause the synaptic vesicles 
to fuse with the presynap1ic membrane 
and release their acctylcholine into the 
synaptic clef!. 

• 	 Acetylcholine di ffuses across the synaptic cleh 
and binds wi1h receptors on the muscle cell ­
surface membrane, causing it to depolarise. 

Muscle contraction 
• 	 The action potential travels deep into the fib re 

through a system of tubules (T-tubules) that 
are extensions or the cell-surface membrane 
and branch throughout the cytoplasm of the 
muscle (sa rcoplasm). 

• 	 The tubules are in contact with the 
endoplasmic re ticulum of the muscle 
(sarcoplasmic re ticulum) which has actively transported calcium 
ions from the cytoplasm of the muscle leading to very low 
Ca2+ concentration in cyrnplasm. 

• 	 The action pOLential opens the calcium ion protein channels on the 
endoplasm ic reticulum and calcium ions diffuse into the muscle 
cytoplasm down a concentration gradient. 

• 	 The calcium ions cause the tropomyosin molecules that were 
blocking the binding sites on the actin filament to pull away 
(Figure 4, stages I and 2). 

• 	 ADP molecules attached to the rnyosin heads mean they arc in a 
state to bind to the actin fi lament and form a cross-bridge (Figure 4, 
stage 3). 

• 	 Once attached to the actin filament, the myosin heads change their 
angle, pulling rhe actin fi lament along as they do so and releasing a 
molecule o( ADP (Figure 4, srage 4). 

• 	 An ATP molecule attaches to each myosin head, causing it to 

become detached from the actin filament (Figure 4, stage 5). 

• 	 The calcium ions then activate rhe enzyme ATPase, which hydrolyses 
the ATP to ADP. The hydrolysis of ATP to ADP provides rhe energy for 
the rnyosin head to return to its original position (Figure 4, stage 6). 

• 	 The myosin head, once more with an attached ADP molecule, 
then reattaches itself further along the actin filament and the cycle 
is repeated as long as the concentration of calcium ions in the 
myofibril remains high (Figure 4, stage 7) . 

l
J~~[

r 
direction of movement of myosin heads' ' : 

: 
contracted 
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myosin heads have moved towards their tails, and 
the centre of the sarcomere, pulling the attached thin 
filaments (actin) towards one another so shortening 
the sarcomere. 

.A. Figure 3 The action of myosin in shortening a sarcamere and 
causing muscle contraction 

Hint 

The contraction of muscle is the 
result of a wave of excitation that 

spreads across it. 

Hint 

The hydrolysis of ATP releases 
energy and produces AOP and 
inorganic phosphate (P,). For 
simplicity, this account just refers 
to AOP as the product . 

• 




15.8 Contraction of skeletal muscle 

1 Tropomyos1n molecule prevents myosin head from attaching 5 ATP molecule fixes to myosin head. causing 11 to detach 
to the binding site on the actin molecule. from the actin filament. 

actin filament 
1 tropomyosin molecule 

blocking binding site 

2 Calcium ions released from the endoplasmic reticulum cause 
the tropomyosin molecule to change shape and so pul l away 
from the binding sites on the actin molecule. 

4 Head of myosin changes angle. moving the actin filament 
along as 1t does so. The ADP molecule is released. 

direction of movement of tropomyosin 

3 Myosin head now attaches to the binding site on the actin 
filament. 

actin filament moves to the left 

6 Hydrolysis of ATP to ADP by ATPase provides the energy for 
the myosin head to resume its normal position. 

7 Head of myos1n rea ttaches to a binding site further along 
the actin filament and the cycle is repeated. 

The presence ofcalcium ions 
changes the environment ofthe 
protein tropomyosin leading to a 
change in its tertiary structure. 
We first met this idea in Topic 1.8. 

A Figure 4 Sliding filament mechanism of muscle contraction [showing only one myosin head throughoutJ 

• 




• 	 As the myosin molecules are joined tail to tail in two oppositely 
facing sets, the movement of one set of myosin heads is in the 
opposite direction to the other set. This means that actin filaments 
to which they are attached also move in opposite directions. 

• 	 The movement of actin filaments in opposite directions pulls them 
towards each other, shortening the distance becween the two 
adjacent Z-lines. The process is illuscrated in Figure 4. The overall 
effect of this process taking place repeatedly and simultaneously 
throughout a muscle is to shorten it and so bring about movement 
of a part of the body. 

Muscle relaxation 
• 	 When nervous stimulation ceases, calcium ions are actively 

transported back into the endoplasmic reticulum using energy from 
the hydrolysis of ATP. 

• 	 This reabsorption of the calcium ions allows tropom yosin to block 
the actin fi lament again. 

• 	 Myosin heads are now unable to bind to actin filaments and 
contraction ceases, that is, the muscle relaxes. 

• 	 In this state force from antagonistic muscles can pull actin fi laments 
out from between myosin (to a point). 

Energy supply during muscle contraction 
Muscle contraction requires considerable energy. This is supplied by 
the hydrolysis of ATP to ADP and inorganic phosphate (P;)· The energy 
released is needed for: 

• 	 the movement or the myosin heads 

• 	 the reabsorption of calcium ions into the endoplasmic reticulum by 
active transport. 

In an active muscle, there is clearly a great demand for ATP. In some 
circumstances, for example, escaping from danger, the ability of 
muscles 10 work intensely can be life-saving. Most ATP is regenerated 
from ADP during the respiration of pyruvare in the mitochondria, 
which are particularly plentiful in the muscle. However, this 
process requires oxygen . In a very active muscle the demand for 
ATP, and therefore oxygen, is greater than the rate at which the 
blood can supply oxygen. Therefore a means of rapidly generating 
ATP anaerobically is also required. This is partly achieved using a 
chemical called p h osphocreatine and partly by more glycolysis. 

Phosphocreatine cannot supply energy directly to the muscle, so instead 
it regenerates ATP, which can. Phosphocreatine is stored in muscle and 
acts as a reserve supply of phosphate, which is available immediately 
to combine with ADP and so re-form ATP. The phosphocreatine store is 
replenished using phosphate from ATP when che muscle is relaxed. 

.& Figure S Marathon runners 
undergoing strenuous exercise 

Summary questions -rx 

1 	 Explain how the shape of the 
myosin molecule is adapted to 
its role in muscle contraction. 

2 	 Trained sprinters have high 

levels of phosphocreatine 

in the muscles. Explain the 

advantage of this. 


3 	 f) Ouring the contraction of 
a muscle sarcomere, a s ingle 
actin filament moves 0.8 µm. 
If the hydrolysis of a s ingle 
ATP molecule provides enough 
energy to move an actin 
filament 40 nm, calculate how 
many ATP molecules are needed 
to move the actin filament 0.8 
µm. Show your working. 

4 	 Dead cells can no longer produce 
ATP. Soon after death, muscles 
contract, making the body stiff 
- a state known as rigor mortis. 
From your knowledge of muscle 
contraction, explain the reasons 
why rigor mortis occurs after 
death . 

• 
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Practice questions: Chapter 15 


l During an action potential, the permeability of the cell-surrace membrane or an axon 
change~. The graph shows changes in permeability of the membrane lO sodium ions 
(Na+) and LO potassium ions (K+) during a single action potential. 

.l!l 30 
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B 	 ' :ll 	 ', potassium ions E 	 ',,,__ 
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0 1 2 3 
time/ms 

(a) 	 Explain the shape of the curve for sodiwn ions between 0.5 ms and 0.7 ms. (J marks) 
(b) 	 (i) During an action potential, the membrane potential rises to +40 mv 

and then falls. Use information from the graph to expla in the rail in 
membrane potentia l. (J marks) 

(ii) 	 The refractory period of a neurone has two componcms, absolute and relative. 
Calculate the maximum number of impulses that can be generated in a 
neurone when the total refractory period is 5 ms. (2 marks) 

(iii) Calculate the percentage increase in nerve impulses ir the stimulus 
intensity is raised high enough to overcome the relative refractory 
period of 4 ms. (J marks) 

(c) 	 After exercise, some ATP is used to re-establish the resting potential in axons. 
Explain how the resting potential is re-established. (2 marks) 

AQA June 2010 (apart from I (b) (ii ) and (iii )) 

Group L ­ 2 Serotonin is a neurotransmitter released in some 
/ g1ven MOMA synapses in the brain. It is transported back out of 

the synaptic gap by a transport protein in the pre­
I 

I 
synaptic membrane. 

I" (a) Serotonin diHuses across the synaptic gap 
) Group M -mutant and binds to a receptor on the post-synaptic 

1 / mice without membrane. Describe how this causes MOMA given ,/ serotonin rece~tor,,/, and given MD A dl'polarisation of the post-synaptic membrane. 
(2 marks)1 (b) 	 lt is important that a neurotransmitter such'""""""°"="~-~ · ··--- · ··· ­·.;..···;.;.; ··"....,.~··.:.:.	 · ··_.. Group K 

not given MOMA as serotonin is transported back ou t of 
time synapses. Explain why. (2 marks) 

(c) 	 Scientists investigated the effect of a drug 
called MDMA on moVl'mrnt of mice. They 
measured the amount of moveml'nt or three 
groups of mice, K, L and M . 
• 	 Group K, mice not given MOMA. 
• 	 Group L, mice given MOMA. 
• 	 Group M, mutant mice that did not produce 

a seroronin receptor on their post-synaptic 
membranes and were given MOMA. 

The graph shows their results. 

The scientists concluded that MDMA affects movement by binding to serotonin 

rl'cl'ptors. 

How do these results support this conclusion? (J marks) 


AQA June 2012 
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Chapter 15 Nervous coordination and muscles 

Feature Fast muscle 
fibre 

Type of 
respiration 

Mainly 
anaerobic 

Glycogen High 
concentration 

Capillaries Few 

Slow muscle 
fibre 

Mainly 
aerobic 

Low 
concentration 

Many 

3 (a) Describe the part played by each or the 
following in myol1bril contrauion. 
(i) Tropomyosin (2 marks) 
(ii) Myosin (2 marks) 

(b) The Lable shows reatures or fost and slow 
muscle fibres. 
Use in[ormaLion from the table to suggest 
and explain one advantage or: 
(i) the high glycogen content of fast 

muscle fibres (2 marks) 
(ii) the number of capillaries supplying 

slow mtiscle 11bres. (2 marks) 
AQA Junr 201 3 

The diagram shows two relaxed sarcomeres from skeletal muscle. 

' ' ' ' H zone I-band A-band Z-line' ' 

length of sarcomere = 2.2 µm 

(a) 	 When the sarcomeres conrract, what happens to the length of 
(i) 	 the I-band (I mark) 

(ii) 	 the A-band? (I mark) 

(b) 	 The length of each sarcomere in the diagram is 2.2µm. Use this information 

to calculate the magnification of the diagram. Show your working. 


(2 marks) 
(c) 	 People who have McArdle's disease produce less ATP than healthy people. As a 

result, they arc not able to maintain strong muscle contraction during exercise. 
Use your knowledge of the sliding filament theory to suggest why. (3 marks) 

AQA June 20 l 2 

The drawing is a tracing of a cross-section through 
skeleta l muscle tissue. Th i~ muscle contains fast muscle 

fibres and slow muscle fibres. The section has been 

stained to show the distribution of the enzyme succinate 
dehydrogenase. This enzyme is found in mitochondria. 
(a) 	 (i) Succinatc dehydrogenase cata lyses one of the 


reactions in the Krebs cycle. What is the 

evidence from the drawing that muscle 

fibre S is a slow muscle fibre? Explain 

your answer. (2 marks) 


(ii) 	 Use evidence from th e diagram tO describe 

the distribu1ion or mitochondria inside the 

slow muscle fibres. Explain the importance 

or this distribution. (J marks) 


(b) 	 (i) You could use an optical microscope and 

a slide of s1ained muscle tissue to find the 

diameter of one or the muscle fibres. 

Explain how. (2 marks) 


(ii) 	 A stude111 found the mean diameter for the slow muscle fibres in a section. 
Give two precautiom that she should have taken when sampling the fibres. 
Give a reason for each precaution. (2 marks) 

AQA .June 20t0 

----• 




16 Homeostasis 
16.1 Principles of homeostasis 

Learning objectives 
-+ 	 Describe the nature of 

homeostasis. 

-+ 	 Explain the importance of 
homeostasis. 

-+ 	 Explain how control 
mechanisms work. 

-+ 	 Explain how control 
mechanisms are coordinated. 

Specification reference: 3.6.4.1 

The importance of temperature 

and pH in relation to enzyme 

activity [Topic 1.8) and water 

potential in relation to cells 

opic 3.7) make useful 


ackground reading for 

omeostasis.
~ ------- ­

Hint 

Achange in water potential 
may affect the concentration of 
substrates and enzymes and 
therefore the rate of reactions. See 
Topic 1.8. 

• 


rn the previous chapter we looked at how complex organisms control 
and coordinate their activities. In particular we considered the way in 
which such organisms respond rapidly to environmental changes using 
their nervous system. A feature of an increase in complexity is the ability 
of organisms to control their internal environment. By maintaining a 
relatively constant internal environment for their cells, organisms can 
limit the external changes these cells experience. This maintenance of 
a constant internal environment is called homeostasis. In this chapter 
we shall learn about homeostasis and the role of the other coordination 
system, hormonal coordination, in an organism's physiological control. 

The internal environ men t is made up of tissue fluids that bathe 
each cell, supplying nu trie n ts and removing wastes. Main taining the 
featu res of this fluid at the optimum levels protects the cells from 
cha nges in the externa l environment, thereby giving the organism a 
degree of independence. 

What is homeostasis? 
Homeostasis is the maintenance of an internal environment within 
restricted limits in organisms. lt involves trying to maintain the chemical 
make-up, volume and other features of blood and tissue fluid within 
restricted limits. Homeostasis ensures that the cells of the body are in an 
environment that meets their requirements and allows them to function 
normally despite external changes. This docs not mean that there are 
no changes. On the contrary, there arc continuous fluctuations brought 
about by variations in internal and external conditions, such as changes 
in temperature, pH and water potemial. These changes, however, occur 
around an optimum point. Homeostasis is the ability to return to that 
optimum poin t and so maintain organisms in a balanced equilibrium. 

The importance of homeostasis 
Hom eostasis is essen tia l fo r the proper functioni ng of o rganisms for 
the following reasons amongst others: 

• 	 The enzymes that control the biochemica l reactions w ithin cells, and 
other proteins, such as channel proteins, arc sensitive to changes in 
pH and temperature. Any change LO these factors reduces the rate of 
reaction of enzymes or may even prevent them working a lcogether, 
for example, by denaturing them. Even small nuctuations in 
temperature or pH can impair the ability of enzymes tO carry out their 
roles effectively. Maintaining a fairly constant internal environment 
means that reactions take place at a suitable rate. 

• 	 Changes to the water potential of the blood and tissue fluids may 
cause cells to shrink and expand (even to bursting point) as a result 
of water leaving or entering by osmosis. In both instances the cells 
cannot operate normally. The maintenance of a constant blood 
glucose concentration is essential in ensuring a conscanr water 
potential. A constant blood glucose concentration also ensures a 
reliable source of glucose for respiration by cells . 



A Figure 1 Homeostasis allows 
animals such as these camels in the 
desert [top] and these penguins in the 
Antarctic [bottom] to survive in extreme 
environments 

• 	 Organisms with the ability to maintain a constant internal 
environment arc more independent of changes in the external 
environmenl. They may have a wider geographical range and 
therefore have a greater chance of finding food, shelter, etc. 
Mammals, for example, with their ability to maintain a constant 
temperature, are found in most habitats, ranging from hot arid 
deserts to cold, fro1en polar regions. 

Control mechanisms 
The control of any self-regulating system involves a series of stages 
that feature: 

• 	 the optimum point, the point at which the system operates besl. 
This is monitored by a ... 

• 	 receptor, wh ich detects any deviation from the optimum point 
(ie., a stimu lus) and informs the ... 

• 	 coordinator. which coordinates information from receptors and 
sends instructions to an appropriate ... 

• 	 effector. often a muscle or gland, which brings about the changes 
needed to return the system to the optimum point. This return to 
normality creates a ... 

• 	 feedback mechanism, by which a receptor responds to a stimulus 
created by the change to the system brought about by the effector. 

Figure 2 illustrates the relationship between these stages using the 
everyday example of controlling a central heating system. 

Input 

Change to the system 


Room temperature 

drops from 20°C to 


18 c 

t 


Receptor Coordinator 

Change detected 1n a Operational information 
living system is stored here and used 

to coordinate effectors + 
Room thermostat Programmer checks 
signals that the that heating should be 

temperature 1s below on at this time. If so. 1t 
the optimum point starts boiler and 

circulation pump 

Feedback loop 
in th is case =negative feedback as it turns system off 


Circulation of air in room takes air at 20°C from radiator to thermostat 


A Figure 2 Components of a typical control system 

Coordination of control mechanisms 
Most systems, including biological ones, use negative feedback 
Negative feedback is when the change produced by the control system 
leads to a change in the stimulus detected by the receptor and turns 
the system off. We shall meet an example of negative feedback when 
we look at the regulation of blood glucose in Topic 16.3. 

Positive feedback occurs when a deviation from an optimum causes 
changes that result in an even greater deviation from the normal. One 
example occurs in neurones where a stimulus leads to a small influx 
of sodium ions. This influx increases the permeability of the neurone 
membrane to sodium ions, more ions enter. causing a further increase 

Effector 
Brings about changes to 

the system in order to 
return it to the optimum 

point + 
Boiler fires up, pump 

circulates water. 
rad iators become 

hot 

Outout 

System returned to 


optimum point 


Room temperature is 

raised to 20"C 
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16.1 Principles of homeostasis 

Summary questions 

1 Describe homeostasis. 

2 Explain wh\:J maintaining 
a constant temperature is 
important in mammals. 

3 Suggest why maintaining 
a constant blood glucose 
concentration might be 
important in mammals. 

in permeability and even more rapid entry of ions. In this way, a small 
stimulus can bring about a large and rapid response. 

Control systems normally have many receptors and effectors. This 
allows them to have separate mechanisms taht each produce a 
positive movement towards an optimum. This allows a greater 
degree of control of the particular factor being regulated. Having 
separate mechanisms that controls departures in different directions 
from the original state is a general feature of homeostasis. It is 
important to ensure that the information provided by receptors is 
analysed by the coordinator before action is taken. For example, 
temperature receptors in the skin may signal that rhe skin itself 
is cold and that the body temperature should be raised. However, 
information from regions in the hypothalamus in the brain may 
indicate that blood temperature is already above normal. This 
situation might arise during strenuous exercise when blood 
temperature rises but sweating cools the skin. By analysing the 
information from all detecto rs, the brain ca n decide the best co urse 
of action - in this case not to raise the body temperature further. 
In the same way, the control centre must coordinate the action 
of the effectors so that they operate harmoniously. For example, 
sweating would be less effective in cooling the body if it were not 
accompanied by vasodilation . 

Comparing thermoregulation in ectotherms and endotherms 8 
As with all extension boxes, the material here is 
to broaden understanding ofmaterial beyond the 

specification. 

Animals such as birds and mammals derive most of their 
heat from the metabolic activities that take place inside 
their bodies. They are therefore known as endotherms 
[meaning inside heat). Some animals obtain a proportion 
of their heat from sources outside their bodies, 
namely the environment. They are therefore known as 
ectotherms [meaning outside heat) . 

Regulation of body temperature in ectotherms 

Many ectotherms gain heat from the environment, 
so their body temperature fluctuates with that of 
the environment. They therefore control their body 
temperature by adapting their behaviour to changes in 
the external temperature. Reptiles, such as lizards, are 
ectotherms. They control their body temperature by: 

• 	 exposing themselves to the Sun. In order to gain heat 
lizards orientate themselves so that the maximum 
surface area of their body is exposed to the warming 
rays of the Sun. 

• 


• 	 taking shelter. Lizards will shelter in the shade 
to prevent over·heating when the Sun's radiation 
is at its peak. At night they retreat into burrows 
in order to reduce heat loss when the external 
temperature is low. 

• 	 gainingwarmth from the ground. Lizards will press their 
bodies against areas of hot ground to warm themselves 
up. When the required temperature is reached, they raise 
themselves off the ground on their legs. 

• Figure 3 A lizard showing thermoregulatory behaviour 
by gaining heat both jrom the sun and the worm rock 



Regulation of body temperature in endotherms 

Endotherms gain most of their heat from internal metabolic 
activities. Their body temperature remains relatively 
constant despite fluctuations in the external temperature. 
Like ectotherms, endothermic animals use behaviour to 
maintain a constant body temperature. Unlike ectotherms, 
however, they also use a wide range of physiological 
mechanisms to regulate their temperature. 

Conserving and gaining heat in response to 
a cold environment 

Mammals and birds that live in cold cl imates have evolved 
a number of adaptations in order to survive in these 
environments. One of the most important is having a body 
with a small surface area to volume ratio. It is from within 
thevolume that heat is produced and from the surface 
area that heat is lost. Mammals and birds in cold climates 
therefore tend to be relatively large, for example, the polar 
bear and penguin. Compared with animals in warmer 
climates they also have smaller extremities, such as ears, 
and thick fu r, feathers, or fat layers to insulate the body. 

To make more rapid body temperature changes, mammals 
use one or more of the following mechanisms: 

• 	 vasoconstrict ion. The diameter of the arterioles near 
the surface of the skin is made smaller. This reduces 
the volume of blood reaching the skin surface through 
the capillaries. Most of the blood entering the skin 
passes beneath the insulating layer of fat and so 
loses little heat to the environment (Figure 5). 

A Figure 4 The penguin and the polar bear both have large 
compact bodies with a small surface area to volume ratio. 
This helps them to conserve heat in the cold environments 
ofthe South and North Poles where they live 
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l ittle heat capillaries almost 
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insulator) -artery 	 vein I 
connecting vessel 
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A Figure 5 Vasoconstriction 

• 	 shivering. The muscles of the body undergo involuntary 
rhythmic contractions that produce metabolic heat. 

• 	 raising of hair. The hair erector muscles in the skin 
contract, raising the hairs on the body. This enables 
a thicker layer of still air, which is a good insulator, to 
be trapped next to the skin, insulation and conserving 
heat in mammals with thick fu r. 

• 	 increased metabolic rate. In cold conditions more 
of the hormones that increase metabolic rate are 
produced. As a result metabolic activity, including 
respiration, is increased and so more heat is generated. 

• 	 decrease in sweating. Sweating is reduced, or ceases 
altogether, in cold conditions. 

• 	 behavioural mechanisms. Sheltering from the wind, 
basking in the sun and huddling together all help 
animals to maintain their core body temperature. 

Losing heat in response to a warm environment 

Long-term adaptations to life in a warm climate include 
having a large surface area to volume rat io and lighter 
coloured fur to reflect heat. Rapid responses that enable 
heat to be lost when the environmental temperature is 
high include: 

• 	 vasodilation. The diameter of the arterioles near the 
surface of the skin becomes larger. This allows warm 
blood to pass close to the skin surface through the 
capillaries. The heat from this blood is then radiated 
away from the body (Figure 6). 

• 	 increased sweating. To evaporate water from the 
skin surface requires energy in the form of heat. 
In relatively hairless mammals, such as humans, 
sweating is a highly effective means of losing heat. 
In mammals with fur, cooling is achieved by the 

• 




16.1 Principles of homeostasis 

evaporation of water from the mouth and tongue, 
during panting. The high latent heat of vaporisation of 
water makes sweating an efficient way of losing heat. 

• 	 lowering of body hair. The hair erector muscles in 
the skin relax and the elasticity of the skin causes 
them to flatten against the body. This reduces the 
thickness of the insulating layer and allows more 
heat to be lost to the environment when the internal 
temperature is higher than the external temperature. 

capillaries 
full of 
blood 

constricted 

arteriole 
dilated 

blood-

venule 

vein 
connecting vessel 

constricted 

.&. Figure 6 Vosodilotion 
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• 


• 	 behavioural mechanisms. Avoiding the heat of the 
day by sheltering in burrows and seeking out shade 
help to prevent the body temperature from rising. 

The graphs shown in Figure 7 compare the rates of 
metabolic heat generation and evaporative heat loss 
in a mammal and a reptile as the environmental 
temperature changes. 

1 	 Give a reason why the values for heat generation 
and heat loss are measured per gram of body 
mass. 

2 a 	 Describe the relationship between metabolic 
heat generation and evaporative heat loss in a 
reptile. 

b 	 Explain how this relationship differs in a mammal. 

3 	 Reptiles frequently seek shade when the 
environmental temperature rises above 25°C. Use 
the graphs to explain this type of behaviour. 

4 	 Suggest a reason for the change in the evaporative 
heat loss in the mammal at point A on the graph. 



We saw in Topic 16. l, that the homeostatic control of any system 
involves a series of stages featuring: 

• 	 the optimum point, or desired level (norm), at which the system 
operates 

• 	 a receptor. which dececcs che scirnulus of any deviation from the 
set point (norm) 

• 	 a coordinator. which coordinates information from various sources 

• 	 an effector, which brings about the corrective measures needed to 
return the system to the optimum point (norm) 

• 	 a feedback m echanis m . by which a receptor detects a stimulus 
created by the change to the system and the effector brings about the 
appropriate response. 

Let us now look in more detail a t the last stage in the list - the 
feedback mechanism. When an effector has corrected any deviation 
and returned the system to the optimum point, it is important that this 
information is fed back to the receptor. If the information is not fed 
back, the receptor will con ti nue to stimulate the effector. leading to an 
over-correction and causing a deviation in the opposite direction. There 
are two types of feedback - negative feedback and positive feedback. 

Negative feedback 
Negative feedback occurs when che stimulus causes the corrective 
measures to be turned off. In doing so chis tends to return the system 
to its original (optimum) level (and prevents any overshoot). 

There are separate negative feedback mechanisms to regulate 
departures from the norm in each direction. 

An example is in the control of blood glucose that is covered in more 
detail in Topic 16.3. If there is a fall in the concentration of glucose 
in the blood this stimulus is detected by receptors on the cell-surface 
membrane of the o. cells (coordinator) in the pancreas. These a 
cells secrete the hormone glucagon. Glucagon causes liver cells 
(effectors) to convert glycogen to glucose which is released into the 
blood raising the blood glucose concentration. As this blood with a 
raised glucose concentra tion circulates back to the pancreas there is 
reduced stimulation of ex cells which therefore secrete less glucagon. 
So the secretion of glucagon leads to a reduction in its own secretion 
(=negative feedback). These events are illustrated in Figure 1. 

In the same way, if the blood glucose concentration rises, rather than 
falls, insulin will be produced from the~ cells in the pancreas. Insulin 
increases the uptake of glucose by cells and its conversion to glycogen 
and fat. The fall in blood glucose concentration that results reduces 
insulin production once blood glucose concentrations return to their 
optimum (=negative feedback). 

Having separate negative feedback mechanisms that control departures 
from the norm in either direction gives a greater degree of homeostatic 
control. This is because there are positive actions in both directions. 

Learning objectives 
-+ 	 Explain what negative 


feedback is. 


-+ 	 Explain how negative 

feedback helps to control 

homeostatic processes. 


-+ 	 Distinguish between negative 
feedback and positive 
feedback. 

Specification reference: 3.6.4.1 

Synoptic link 

The concept of stimulus___., 
receptor ___., coordinator___., effector 
- response is a recurring theme 
in biology. For example, we met it 
throughout Chapter 14. 

• 




16.2 Feedback mechanisms 

fall in blood containing normal 
glucagon \,.. liver bloodblood a cells in .,. 	 glycogen - glucose ~ glucose ~ the pancreas glucose 

concentration concentration 

t blood at optimum glucose concen_tr_a1_1o_n___ _, 

reduces stimulation of a cells 

.A. Figure 1 Negative feedback in the control ofblood glucose levels 

Study tip 
If you are writing about negative 
feedback, for example, control 
of blood glucose, make certain 
that you focus on negative 
feedback rather than just giving 
a description of how insulin and 
glucagon work. 

Hint 
Negative feedback in the context 
of hormones means that the 
secretion of a hormone (e.g., 
glucagon) leads to a reduction in 
the secretion of that hormone. 

• 


For example, if glucagon raised the blood sugar concentration above 
the optimum, it would take some time for it to fall again if the only 
way of lowering it was through metabolic activity. However, by having 
a second hormone, insulin, that lowers blood sugar concent.ration, its 
secretion brings about a return to optimum blood sugar concentration 
far more rapidly. 

Summary questions 

1 Explain why negative feedback is important in maintaining a system 

at a set point. 


2 Explain the advantage of having separate negative feedback 

mechanisms to control deviations away from normal. 


Positive feedback occurs when the feedback causes the corrective 
measures to remain turned on. In doing so it causes the system to deviate 
even more from the original (normal) level. Examples are less common, but 
one occurs in neurones when a stimulus causes a small influx of sodium 
ions. This influx increases the permeability of the neurone to sodium ions so 
more ions enter, causing a further increase in permeability and even more 
rapid entry of ions. This results in a very rapid build-up of an action potential 
that allows an equally rapid response to a stimulus. 

Positive feedback occurs more often when there is a breakdown of 
control systems. In certain diseases, for example typhoid fever, there is a 
breakdown of temperature regulation resulting in a rise in body temperature 
leading to hyperthermia. In the same way, when the body gets too cold 
(hypothermia) the temperature control system tends to break down, leading 
to positive feedback resulting in the body temperature dropping even lower. 

1 	 Oxytocin is a hormone that causes contractions of the uterus 

at childbirth. The contractions produce a positive feedback 

loop that results in the release of more oxytocin. Explain the 

advantage of positive feedback rather than negative feedback 

in this situation . 




If the temperature of the blood increases, 
thermoreceptors in a region of the brain called the 
hypothalamus send more nerve impulses to the heat 
loss centre, which is also in the hypothalamus. This 
in turn sends impulses to the skin [effector organ). 
Vasodilation, sweating and lowering of body hairs all lead 
to a reduction in blood temperature. If the fact that blood 
temperature has returned to normal is not fed back to 
the hypothalamus, it will continue to stimulate the skin 
to lose body heat. Blood temperature will then fall below 
normal and may continue to do so causing hypothermia 
and the death of the organism. 

What happens in practice is that the cooler blood 
returning from the skin passes through the 
hypothalamus. As a result thermoreceptors send fewer 
impulses to the heat loss centre. This in turn stops 
sending impulses to the skin and so vasodilation, 
sweating, etc. cease, and blood temperature remains 
at its normal level rather than continuing to fa ll. The 
blood, having been cooled to its normal temperature, 
has resulted in turning off the effector (the skin) that 
was correcting the rise in temperature. This is therefore 
negative feedback and is illustrated in Figure 2. 

1 	 State what would happen to the temperature 

of the blood if the feedback was positive rather 

than negative. 


2 	 Cutting the nerves connecting the thermoreceptors 
to the heat loss centre in the hypothalamus might 
cause the death of the individual. In terms of the 
information in Figure 2, explain precisely why this 
action might cause death. 

3 	 Cutting the nerves connecting the heat loss centre 
to the skin would be less likely to cause death than 
if those between the thermoreceptors and the heat 
loss centre were cut. Suggest why. 

4 	 Negative feedback in temperature regulation occurs 
as a result of blood passing from the skin to the brain. 
In doing so, this blood passes through the heart. List, 
in sequence, the major vessels joined to the heart 
that this blood would pass through on its journey. 

.A Figure 3 Control ofbody temperature involves negative 
feedback mechanisms 
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.A Figure 2 Negative feedback in the control ofbody temperature 
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16.3 Hormones and the regulation of 
blood glucose concentration 

Learning objectives 
' Explain how hormones work. 

' Explain the roles ofthe 
pancreas and liver in 
regulating blood glucose. 

' Outline the factors which 
influence blood glucose 
concentration. 

' Explain the roles of insulin, 
glucagon and adrenaline in 
regulating blood glucose. 

Specification reference: 3.6.4.2 

The activation of an enzyme [in 
this case protein kinase enzyme) 
as a result of it changing shape 
when it binds with another 
substance (in this case cAMP) 
is a feature of many biological 
processes. In fact it occurs twice in 
this process as adenyl cyclase is 
activated by adrenaline. 

Study tip 

In the second messenger model of 
hormone action, the hormone has 
its effect inside a cell even though 
it never enters the cell. 

• 


We saw in Topic 15.J that animals possess two principal coordinating 
systems: the nervous system, which communicates rapidly, and the 
hormonal system, which usually communicates more slowly. Both 
systems interact in order to maintain the constancy of the internal 
environment while also being responsive 10 changes in the external 
environment. Both systems also use chemical messengers - the 
hormonaJ system exclusively so, and the nervous system through the 
use of neurotransm itters in chemica l synapses. 

The regula1ion of blood glucose is an example of how different 
hormones interact in achieving homeostasis . However, let us first 
look a t what hormones are and how they work. 

Hormones and their mode of action 
Hormones differ from one another chemically but they all have certain 
characteristics in co1nn1on. Hormones are: 

• 	 produced in glands, which secrete the hormone directly into the 
blood (endocrine glands) 

• 	 carried in the blood plasma to the cells on which they act - known 
as target cells - which have specific recep1ors on 1heir celJ-surface 
membranes that are complememary 10 a specific hormone 

• 	 are effective in very low concentrations, bu1 often have widespread 
and long-lasting effects. 

One mechanism of hormone action is known as the second 
messenger m odel. This mechanism is used by two hormones 
involved in the regulation of blood glucose concencration, namely 
adrenaline and glucagon. 

The mechanism involving adrenaline is detailed below and illustrated 
in Figure l. 

• 	 Adrenaline binds to a transmembrane protein receptor within the 
cell-surface membrane of a liver cell. 

• 	 The binding of adrenaline causes the protein ro change shape on 
the inside of the membrane. 

• 	 This change of protein shape leads to the activation of an enzyme 
called adenyl cyclase. The activated adenyl cyclase converts ATP to 
cyclic AMP (cAMP). 

• 	 The cAMP acts as a second messenger that binds to protein kjnase 
enzyme, changing its shape and therefore activating it. 

• 	 The active protein kinase enzyme catalyses che conversion of 
glycogen to glucose which moves out of the liver cell by facillitated 
diffusion and into the blood, through channel proteins. 

The role of the pancreas in regulating blood glucose 
The pancreas is a large, pale-coloured gland that is situated in the 
upper abdomen, behind the stomach. It produces enzymes (protease, 
amylase and lipase) for digestion and hormones (insulin and glucagon) 
for regulating blood glucose concentration . 
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When examined microscopica lly, the pancreas is made up largely of 
the cells that produce its digestive enzymes. Scattered throughout 
these cells arc groups of hormone-producing cells known as islets 
of Langerhans. The cells of the islets of Langerhans include: 

• 	 a cells, which arc the larger and produce the hormone glucagon 

• 	 ~ cells, which are smaller and produce the hormone insulin. 

The role of the liver in regulating blood sugar 
The liver is located immediately below the diaphragm, has a mass of 
up to 1.5 kg and is made up of cells called hepatocytes. Tt serves a large 
variety of roles including regulating blood glucose concentration. While 
the pancreas produces the hormones insulin and glucagon, it is in the 
liver where they have their effects. There are three important processes 
associated with regulating blood sugar which take place in the liver. 

• 	 Glycogenesis is the conversion of glucose into glycogen. When blood 
glucose concentration is higher than normal the liver removes glucose 
from the blood and converts it to glycogen. Tt can store 75-IOOg of 
glycogen, which is sufficient to maintain a human's blood glucose 
concentration for about 12 hours when at rest, in the absence of 
other sources. 

• 	 Glycogenolysis is the breakdown of glycogen ro glucose. When 
blood glucose concentration is lower than nonnal, rhe liver can 
convert stored glycogen back into glucose which diffuses inro rhe 
blood to restore the normal blood glucose concenrration. 

• 	 Gluconeogenesis is the production of glucose from sources other 
than carbohydrate. When its supply of glycogen is exhausted, the 
liver can rroducc glucose from non-carbohydrate sources such as 
glycerol and amino acids. 

The hormone adrenaline 
approaches transmembrane _.. Figure 1 Second messenger model of 
protein. hormone action as illustra ted by the action af 

adrenaline in regulating blood sugar 

2 	Adrenaline fuses to the receptor 
causing it to change shape on the 
inside of the membrane activating 
an enzyme called adenyl cyclase 
inside the membrane. 

converts ATP to cyclic AMP, 
which acts as a second messenger. 

4 	The cAMP, in turn changes the 
shape of and, activates 
protein kinase enzyme. 

5 The active protein kinase enzyme 
catalyses the conversion of 
glycogen to glucose. 

A Figure 2 LM ofthe pancreas showing 
on islet ofLangerhans (centre] containing 
a cells ond ~ cells. The meshworks of blue 
ond white in the islet are bloodcapillaries. 
Around the islet are the enzyme-producing 
pancreatic cells 

Practical link 
Required practical 11. Production 

of a dilution series of a glucose 

solution and use of colorimet ric 

technique to produce a calibration 

curve with which to identify the 

concentration of glucose in an 

unknown 'urine' sample. 

Study tip 

Hormones only affect their 

target cells and not other cells 

because only target cells have the 

specific protein receptors that are 

complementary to the shape of 

that specific hormone. 

• 




16.3 Hormones and the regulation of blood glucose concentration 

recall information on respiration 
by reviewing Topic 12.1, Topic 12.2 

I and Topic 2.3. j 

It would be useful at this stage to 

Hint 

You will find it easier to understand 
the terms used in this topic if you 
remember the following: 

gluco I glyco =glucose 

glycogen =glycogen 

neo=new 

lysis =splitting 

genesis= birth I origin 

Therefore: 

glycogen - o - lysis =splitting of 

glycogen 

gluco - neo - genesis = formation 
of new glucose 

•. 


Regulation of blood glucose concentration 
Glucose is a substrate for respiration, providing the sou rce of energy 
for almost all organisms. It is therefore essential that the blood of 
mammals contains a relatively constant concentration of glucose for 
respiration. If the concentration falls too low, cells will be deprived 
of energy and die - brain cells arc especially sensitive in this respect 
because they can only respire glucose. If the concentration rises too 
high, it lowers the water potential of the blood and creates osmotic 
problems that can cause dehydration and be equally dangerous. 
Homeostatic control (Topic 16.l ) of blood glucose is therefore 
essential. 

Factors that influence blood glucose concentration 
The nonnal concentration of blood glucose is 5 mmol dm- 3. Blood 
glucose comes from three sources: 

• 	 d irectly from the diet in the form of glucose absorbed following 
hydrolysis of other carbohydrates such as starch, maltose, lactose, 
and sucrose 

• 	 from the h ydrolysis in the sm all intestine o f glycogen 
=glycogenolysis stored in the liver and muscle cells 

• 	 from gluconeogen esis, which is the production of glucose from 
sources other than carbohydrate. 

As animals do not eat continuously and their diet varies, their intake 
of glucose fluctuates. Likewise, glucose is used during respiration at 
different rates depending on the level of mental and physical activity. 
It is against these changes in supply and demand that the three main 
hormones, insulin. glucagon and adre n a line, operate to maintain a 
constant blood glucose concentration. 

Insulin and the ~cells of the pancreas 
The~ cells of the islets of Langerhans in the pancreas have receptors 
that detect the stimulus of a rise in blood glucose concentration and 
respond by secreting the hormone insu lin directly into the blood 
plasma. Insulin is a globular protein made up of 5 1 amino acids. 

Almost all body cells (red blood cells being a notable exception) 
have glycoprotein receptors on their cell -surface membranes that 
bind specifically with insul in molecules. When it combines with the 
receptors, insulin brings about: 

• 	 a change in the tertiary structure of the glucose transport carrier 
proteins, causing them tO change shape and open, allowing more 
glucose int0 the cells by facilitated diffusion 

• 	 an increase in the number of the carrier proteins responsible for 
glucose transpon in the cell-surface membrane. At low insulin 
concentrations, the protein from which these channels are made 
is pan of the membrane of vesicles. A rise in insulin concentration 
results in these vesicles fusing with the cell-surface membrane so 
increasing the number of glucose transport channels 

• 	 activa tion of the enzymes that convert glucose to glycogen and fat . 



As a result, the blood glucose concentration is lowered in one or more 
of the following ways: 

• 	 by increasing the rate of absorption of glucose into the cells, 
especially in muscle cells 

• 	 by increasing the respiratory rate of the cells, which therefore use up 
more glucose, thus increasing their upcake of glucose from the blood 

• 	 by increasing the rate of conversion of glucose into glycogen 
(glycogenesis) in the cells of the liver and muscles 

• 	 by increasing the rate of conversion of glucose to fat. 

The effect of these processes is to remove glucose from the blood and 
so return its concentration to the optimum. This lowering of the blood 
glucose concentration causes the~ cells to reduce their secretion of 
insulin (=negative feedback). 

Glucagon and the a cells of the pancreas 
The ex cells of the islers of Langerhans detect a fall in blood glucose 
concentration and respond by secreting the hormone glucagon directly 
into the blood plasma. Glucagon's actions include: 

• 	 attaching to specific protein receptors on the cell -surface membrane 
of liver cells 

• 	 activating enzymes that convert glycogen to glucose 

• 	 activating emymes involved in the conversion of amino acids and 
glycerol into glucose (= gluconeogenesis). 

The overall effect is cherefore ro increase the concentration of 
glucose in the blood and return it to its optimum concentration. 
This raising of the blood glucose concentration causes the a cells to 
reduce the secretion of glucagon (= negative feedback). 

Role of adrenaline in regulating the blood 
glucose level 
There arc at least four other hormones apart from glucagon that can 
increase blood glucose concentra tion. The best known of these is 
adrenaline. At times or excitement or stress, adrenaline is produced 
by the adrenal glands that lie above the kidneys. Adrenaline raises the 
blood glucose concentration by: 

• 	 auaching to protein receptors on the cell-surface membrane of 
target cells 

• 	 activating emymes that causes the breakdown of glycogen to 
glucose in the liver. 

Hormone interaction in regulating blood glucose 
The two hormones insulin and glucagon act in opposite directions. 
Insulin lowers the blood glucose concentration, whereas glucagon 
increases it. The two hormones are said to act antagonistically. The 
system is self-regulating through negarive feedback in rhat iris rhe 
concentration of glucose in the blood thar determines the quantity 
of insulin and glucagon produced. In this way the interaction of 

Study tip 

When writing about negative 
feedback it is important to mention 
that the secretion of a hormone 
such as insulin results in a 
reduction of its own secretion. 

.A Figure 3 Molecular graphic ofan 
insulin molecule. Insulin is made up of 
51 amino ocids arrangedin two chains 
{shown here as yellow andgreen ribbons] 

• 




16.3 Hormones and the regulation of blood glucose concentration 

Hint 

There is almost always a time 
lag between ahormone being 
produced and the response to it. 
This is because it takes time to 
produce it, transport it in the blood 
and for it to affect the enzyme or 
transport protein of the target cell. 

these two hormones allows highly sensitive control of the blood 
glucose concentration. The con centra tion of glucose is not, however, 
constant, but fluctuates around an optimum point. This is because 
of the way negative feedback mechanisms work. Only when the 
blood glucose concentration fall s below the set poinc is insulin 
secretion reduced (negative feedback), leading to a rise in blood 
glucose concentration. In the same way, only when the concentration 
exceeds the set point is glucagon secre tion redu ced (negative 
feedback), causing a fall in the blood glucose concentration. 

The control of blood glucose concentra tion is summarised in Figure 4. 
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A. Figure 4 Summary ofregulation ofblood glucose concentration 

Summary questions 

In the following passage, state the most suitable word to replace the 
numbers in brackets. 

The chemical energy in glucose is released by cells during the process 
known as (1). It is therefore important that the blood glucose concentration 
is maintained at a constant level because if it falls too low cells are deprived 
of energy, and (2) cells are especially sensitive in this respect. If it gets 
too high (3) problems occur that may cause dehydration. Blood glucose is 
formed directly from (4) in the diet or from the breakdown of (5), which is 
stored in the cells of the liver and (6). The liver can also increase the blood 
glucose concentration by making glucose from other sources, such as 
glycerol and (7), in a process known as (8). Blood glucose is used up when it 
is absorbed into cells, converted into fat or (9) for storage, or used up during 
(10) by cells. In order to maintain a constant concentration of blood glucose 
the pancreas produces two hormones from clusters of cells within it called 
(11). The~ cells produce the hormone (12), which causes the blood glucose 
concentration to fall. The ex cells produce the hormone (13), which has the 
opposite effect. Another hormone, called (14), can also raise blood glucose 
concentration . 

• 




Diabetes is a disease in which a person is unable tO metabolise 
carbohydrate, especially glucose, properly. There are around 350 million 
people worldwide with diabetes, 3.2 million of whom arc in the UK. 
In addition, a further I million people in the UK are thought to have 
the disease but arc currently unaware of it. One form of diabetes is 
diabetes mellitus, or 'sugar diabetes'. 

Types of sugar diabetes 
Diabetes is a metabolic disorder caused by an inability to control blood 
glucose concentration due to a lack of the hormone insulin or a loss of 
responsiveness to insu lin. 

There arc two forms of diabetes: 

• 	 Type I (insulin d ep endent) is due to the body being unable to 
produce insulin. lt normally begins in ch ildhood. It may be the 
result or an autoimmune response whereby the body's immune 
system auacks its own cells, in this case the ~ cells of the islets of 
Langerhans. Type Tdiabetes develops quickly, usually over a few 
weeks, and the signs and symptoms (see Hint) are normally obvious. 

• 	 Type II (insulin inde p enden t) is normally due to glycoprotcin 
receptors on body cells being Jost or losing their reponsiveness 
to insulin. However, it may also be due roan inadequate supply 
of insulin from the pancreas. Type ll diaberes usually develops in 
people over the age of 40 years. There is, however, an increasing 
number of cases of obesity and poor dier leading to type ll diabetes 
in adolescents. It develops slowly, and the symptoms are normally 
less severe and may go unnoticed. People who are overweight are 
particularly likely to develop rype ll diaberes. About 90% of people 
with diabetes have type II. 

Figure 2 illustra tes rhe differences in blood glucose concentration 
between people wirh and without diabetes who have swallowed a 
glucose solution. 

Control of diabetes 
Although diabetes cannot be cured, recent trials in transplanting 
insulin-producing cells have shown promise. Diabetes can also be 
successfully created. Treatment varies depending on the type of diabetes. 

• 	 Type I diabetes is controlled by injections of insulin. This cannot 
be taken by mourh because, being a protein, it would be digested 
in the alimeniary cana l. It is therefore injected, typically either rwo 
or four rimes a day. The dose of insulin must be marched exactly to 
the glucose intake. If a person wirh diabetes takes too much insulin, 
he or she will experience a low blood glucose concentration that 
can result in unconsciousness. To ensure rhe correct dose, blood 
glucose concentration is monitored using biosensors. By injecting 
insulin and managing their carbohydrate intake and exercise 
carefully, people with diabetes can lead normal lives. 

• 	 Type II diabetes is usually controlled by regulating the intake 
of carbohydrate in the diet and matching this tO the amount 

Learning objectives 
-+ 	 Describe the two main types 

of diabetes and how they 
differ. 

-+ 	 Explain how each type of 
diabetes can be controlled. 

Specification reference: 3.6.4.2 

Hint 

Signs of diabetes: 

• 	 high blood glucose 
concentration 

• 	 presence of glucose in urine 

• 	 need to urinate excessively 

• 	 genital itching or regular 
episodes of thrush 

• 	 weight loss 

• blurred vision 

Symptoms of diabetes: 

• 	 tiredness 

• 	 increased thirst and hunger 

.A Figure 1 A person with diabetes 
injecting insulin 

• 




16.4 Diabetes and its control 

Hint 

Blood glucose 
concentration can be 
controlled by changing 
the uptake of glucose 
from the gut [diet ) and 
by changing the rate 
at which glucose is 
removed from the blood 
[exercise and insulin]. 

• 
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.A. Figure 2 Comparison of blood glucose ond insulin concentrations in a person with 
type I diabetes and a person without diabetes aftereach has swallowed a glucose solution 

Summary questions 

1 	 State one difference between the causes of type I and type II diabetes. 

2 	 State one difference between the main ways of controlling type I and 
type II diabetes. 

3 	 Suggest an explanation for why tiredness is a symptom of diabetes. 

4 	 Suggest what lifestyle advice you might give someone in order to help 
them avoid developing type II diabetes. 

4 



An experiment was carried out with two groups of people. Suggest a reason why the glucose concentration 
Group Xhad type 1 diabetes while group Ydid not (control falls in both groups during the fi rst hour. 
group]. Every 15 minutes blood samples were taken f~om 4 	 Using information from the graphs, explain the 
all members of both groups and the mean concentrations 

changes in the blood glucose concentration in 
of insulin, glucagon and glucose were determined. After 

group Y after drinking the glucose. 
an hour, each person was given a glucose drink. The 5 	 Explain the difference in blood glucose
results are shown in the graphs below. concentration of group Xcompared with group Y. 

6 Suggest what might happen to the blood glucose1 	 Name a hormone other than insulin and glucagon 
concentration of group X if they have no food over that is involved in regulating blood glucose 
the next 24 hours. concentration. 

2 	 State two differences between groups Xand Yin 

the way insulin secretion responds to the drinking 

of glucose. 
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16.5 Control of blood water potential ­
structure of the nephron 

Learning objectives 
' Describe the structure ofthe 

mammalian kidney. 

' Describe the structure ofthe 
nephron. 

Specification reference: 3.6.4.3 

Study tip 
The large intestine also plays a 
part in maintaining the water 
content of the body and blood 
through its role in reabsorbing 
water from the contents of the 
large intestine . 

• 


The amount of water and mineral ions we take in varies from day 
to day, as does the quantity we lose. Table I shows the daily balance 
between loss and gain of salts and water fo r a typical human. In 
the blood. however, an optimum concentration of water and salts 
is maintained to ensure a fairly constant wate r potential of blood 
plasma and tissue fluid. The homeostatic control of the water 
potential of the blood is called os moregulation . To understand 
osmoregulation, we must first understand the structure of the organ 
that carries it out, the kidney, and in particu lar its functiona l unit ­
the nephron. 

aorta 

~l eftrena l 
/" artery 

--+­ - left 
kidney 

~left renal 

A Figure 1 Position ofthe kidneys in 
humans 

T Table 1 Daily water and sodium chloride balance in a typical human 

Water 
~~~~~~~~~~~~~~~~~~~~~~~ 

Volume of water I cm3 day 1 

Diet 2300 Urine 1500 

Metabolism 200 Expired air 400 
(e.g., respiration) Evaporation from skin 350 

Faeces 150 

Sweat 100 

Total 2500 Total 2500 

Sodium chloride 
~~~~~~~~~~~~~~~~~~~~~~~ 

Mass of sodium chloride I g day 1 

- ­ - - -
a.~'lll•,T..Z..:11 . 

Diet 10.50 Urine 10.00 

Faeces 0.25 

Sweat 0.25 

Total 10.50 Total 10.50 

Structure of the mammalian kidney 
In mammals there are two kidneys found at the back of the abdominal 
cavity, one on each side of the spinal cord (Figure l ). A section 
through the kidney (Figure 2) shows it is made up of the: 

• 	 fibrous capsule - an outer membrane that protects the kidney 

• 	 corte x - a lighter coloured outer regio n made up of renal 
(Bowman's) capsules, convoluted tubules and blood vessels 

• 	 m edulla - a darker coloured inner region made up of loops of 
Henle, collecting ducts and blood vcs~els 



• 	 renal pelvis - a funnel-shaped cavity that collects urine into 
the ureter 

• 	 ureter - a tube that carries urine to the bladder 

• 	 renal artery - supplies the kidney with blood from the heart via 
the aorta 

• 	 renal vein - returns blood to the hean via che vena cava. 

A microscopic examination of the conex and medulla reveals 
around one million tiny 1Ubular scructures in each kidney. 
These are the basic structural and functional units of the kidney ­
the nephrons. 

Study tip 
The structure of the kidney is 

included to show how it relates 

to nephrons. Kidney structure 

does not need to be learned for 

examinations. 
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A Figure 2 Detailed structure ofmammalian kidney [LS] showing the position 
oftwo ofthe million or more nephrons in each kidney 

The structure of the nephron 
The nephron is the functiona l unit of the kidney. It is a narrow 
tube up to 14mm long, closed at one end, with two twisted regions 
separated by a long hairpin loop. Each nephron is made up of a: 

• 	 Renal (Bowman's) capsule - the closed end at the start of the 
ncphron. ll is cup-shaped and surrounds a mass of blood capillaries 
known as the glomcrulus. The inner layer of the renal capsule is 
made up of specialised cells called podocytes. 

• 	 Proximal convoluted tubule - a series of loops surrounded by 
blood capillaries. Its walls are made of epithelial cells which have 
micro villi. 



16.S Control of blood water potential - structure of the nephron 

• Figure 3 LM ofcortex ofhuman 
kidney {TS}. Three glomeruli are seen 
as regions ofsmall cells surrounded 
by a clear space - the lumen ofthe 
renal capsule. The background shows 
convoluted tubules 

• Figure 4 LM ofmedulla ofhuman 
kidney showing loops ofHenle [white 
tubes]. Around them are blood capillaries 
containing red blood cells {red] 

• 


• 	 Loop of Henle - a long, hairpin loop that extends from the cortex 
into the medulla of the kidney and back again. It is surrounded by 
blood capillaries. 

• 	 Distal convoluted tubule - a series of loops surrounded by blood 
capillaries. Its walls are made of epithelial cells, but it is surrounded 
by fewer capillaries than the proximal tubule. 

• 	 Collecting duct - a tube into which a number of distal convoluted 
tubules from a number of nephrons empty. It is lined by epithelial 
cells and becomes increasingly wide as ir empties into the pelvis of 
the kidney. 

Associated with each nephron are a number or blood vessels (Figure 6), 
namely: 

• 	 afferent arteriole - a tiny vessel tha t ultimately arises from 
the renal artery and supplies the nephron wit h blood. The 
afferenr arteriole enters the renal caps ule of th e nephron 
where it forms the 

• 	 glomerulus - a many-branched knot or capillaries from which 
fluid is forced out of the blood. The glomerular capillaries 
recombine to form the 

• 	 efferent arteriole - a tiny vessel that leaves the renal capsule. 
It has a smaller diameter than the afferent arteriole and so causes 
an increase in blood pressure within the glomerulus. The efferent 
arreriole carries blood away from the renal capsule and later 
branches ro form the 

• 	 blood capillaries - a concentrated network of capillaries that 
surrounds the proximal convoluted tubule, the loop of Henle 
and the distal convoluted tubule and from where they reabsorb 
mineral salts, glucose and water. These capillaries merge 
together into venules (tiny veins) that in turn me rge cogether co 
form the renal vein. 

• Figure 5 Colourised SEM ofa glomerulus [centre] surrounded by the renal capsule, 
seen as o white-brown membrane at centre right. Part ofthe proximal convoluted 
tubule is seen, coloured blue 
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• 

A Figure 6 Regions of the nephron and associated blood vessels 

Summary questions 

Complete the passage below by stating the word or words that best replace 
the numbers in brackets. 

The nephron is the structural unit of the kidney. It comprises a cup-shaped 
structure called the (1) that contains a knot of blood vessels called the 
(2) which receives its blood from a vessel called the (3) arteriole. The inner 
wall of this cup-shaped structure is lined with specialised cells called 
(4) and from it extends the first, or (5), convoluted tubule whose walls are 
lined with (6) that have (7) to increase their surface area. The next region 
of the nephron is a hairpin loop called the (8) which then leads onto the 
second, or (9), convoluted tubule. This in turn leads onto the (10) which 
empties into the renal pelvis. Around much of the nephron is a dense 
network ofblood vessels called the ( 11) capillaries. 



16.S Control of blood water potential - structure of the nephron 

Figure 7 shows some of the changes that occur as a result of water being lost from the blood due to sweating. 

A 

r,~~,1 change innormal 

waler antidiuretic
osmotic cells 	 kidney:

blood 	 pitwtary
in the --+ 	 ... excretes less 

water potential 	 gland hormone (ADHlhypothalamus 	 water
potential of the 


blood 


water lost 

during sweating 


A. Figure 7 

1 	 Describe the change in water potential that occurs in the blood as a result of sweating. 
2 	 Which of the structures shown in Figure ? acts as: 


a a receptor 

b an effector? 


3 Describe how AOH gets from the pituitary gland to the kidney. 
4 The kidney conserves the water that is already in the blood. Given that the water potential of the blood returns to 

its normal level prior to sweating, suggest what is happening in process X. 
S State as concisely as possible what mechanism is shown by the line labelled A. 

• 


The glomerulus - a unique capillary network 

In mammals, the glomerulus is the only capil lary bed in which an arteriole 
(the afferent arteriole) supplies it with blood and an arteriole (the efferent 
arteriole) also drains blood away. In all other mammalian capi llary beds it is 
a venule that drains away the blood. 

1 By reference to Figure 6, suggest a reason why the efferent arteriole 
is not called a venule. 

2 Suggest another way in which you could show that the afferent 
arteriole was not a venule . 



One important function of the kidney is to maintain the water 
potential of plasma and hence tissue fluid (osmoregulation). 

The nephron carries out its role of osmoregulation in a series of stages. 
These are: 

• 	 the formation of glomerular filtrate by ultrafiltration 

• 	 reabsorption of glucose and water by rhe proximal convoluted tubule 

• 	 maintenance of a gradient of sodium ions in the medulla by the 
loop of Henle 

• 	 reabsorption of warer by the distal convoluted tubule and 
collecting du cts. 

Let us now look at each stage in detail. 

Formation of glomerular filtrate by ultrafiltration 
Blood en ters the kidney through the renal artery, which branches 
frequently to give around one million tiny arterioles, each o( which 
enters a renal (Bowman's) cap su le of a nephron. This arteriole 
is called the afferent arteriole and it divides to give a complex of 
capillaries known as the glomerulus. The glomerular capillaries 
later merge to form the efferent arteriole, whkh then sub-divides 
again into capillaries, which wind their way around the various 
tubules of the nephron before combining to form the renal vein. 
The walls of the glomerular capillaries are made up of epithelial cells 
with pores between chem. As rhe diameter of the afferent arteriole 
is greater than that of rhe efferent arteriole, there is a build up 
of hydrostatic pressure wirhin the glomerulus. As a result, water, 
glucose and mineral ions are squeezed out of the capillary to form 
the glomerular fi ltrate. Blood cells and proteins cannot pass across 
in to the renal capsule as they are too large. The movement of this 
filtrate out of the glomerulus is resisted by the: 

• 	 capi llary epithelial cells 

• 	 connective tissue and epithelia l cells of the blood capillary 

• 	 epithe lia l cells of the renal capsule 

• 	 the hydrostalic pressure of the lluid in the renal capsule space 

• 	 the low water potential of the blood in the glomerulus. 

This tota l resistance wou ld be sufficient to prevent filtrate leaving 
the glomerular capillaries, but for some modifications to reduce this 
barrier to the flow of filtrate: 

• 	 The inner layer of the renal capsule is made up of highly specialised 
cells called podocytes. These cells, which are illustrated in Figure I, 
have spaces between them. This allows filtrate to pass beneath 
them and through gaps between their branches. Filtrate passes 
between these cells rarher than through them. 

• 	 The endothelium of the glomerular capillaries has spaces up to 
lOOnm wide between its cells (Figure 1). Again, fluid can therefore 
pass between, rather than through, these cells. 

Learning objectives 
-+ 	 Describe ultrafiltration and 

the production of glomerular 

filtrate. 

-+ 	 Explain reabsorption of water 

by the proximal convoluted 

tubule. 

-+ 	 Explain how a gradient of 

sodium ions in the medulla 

of the loop of Henle is 

maintained. 

-+ 	 Explain the role of the 

distal convoluted tubule 

and collecting duct in the 

reabsorption of water. 

Specification reference: 3.6.4.3 

• 




16.6 Role of the nephron in osmoregulation 

As a result, the hydrostatic pressure of Lhe blood in the glomerulus is 
sufficient to overcome the resistance and so filtrate passes from the 
blood into the renal capsule. The filtrale, which contains urea, does 
not contain cells or plasma proteins which are too large to pass across 
the connective tissue. Many of the substances in the 125 cm3 of filtrate 
passing out of blood each minute are extremely useful to the body and 
are reabsorbed. 

Reabsorption of glucose and water by the proximal 
convoluted tubule 
In the proximal convoluted tubule nearly 85% of the filtrate is 
reabsorbed back into the blood. Ultrafiltration operates on the basis 
of size of molecule - small ones are removed. Some, such as urea, are 
wastes, but most a re useful and so are reabsorbed. 

The proximal convolu ted tubu les are adapted l'O reabsorb substa nces 
in to the blood by having epithelial cells tha t have: 

narrow 

efferent 


blood t arteriole 
connective tissue flow \ 

wide 
afferent 
arteriole epithelial cells of outer 

layer of renal (Bowman's) 
capsule 

endothelial cel l 
of capi llary 

connective t issue (fibrous 
material forming a mesh of 
protein which acts as a fi lter) 

foot-Ii ke processes 
nucleus of 
podocyte 

circular pore between 
filtrate forced out of capillary by u\tfah\tratiol\ endothelial cells 

• Figure 1 Podocyte ond ulrrajiltrotion 

• 




• 	 microvilli co provide a large surface area to reabsorb substances 
from the fi llrate 

• 	 infoldings al their bases to give a large surface area to Lransfer 
reabsorbed substances into blood capillaries 

• 	 a high density of mitochondria to provide ATP for active transport. 

The process is as follows: 

• 	 Sodium ions are actively transported out of the cells lining the 
proximal convoluted tubule into blood capillaries which carry 
them away. The sodium ion concentration of these cells is 
therefore lowered. 

• 	 Sodium ions now diffuse down a concentration gradient from 
the lumen of the proxima l convol uted tubule into the epithelial 
lining cells but only through special carrier proteins by facililated 
diffusion. 

• 	 These ca rrie r proteins arc of specific types, each of which ca rries 
another molecu le (glucose or amin o acids or chloride ions, etc.) 
a long with lhc sodium ions. This is known as co-transport. 

• 	 The molecules wh ich have been co-transported into the cells of lhe 
proximal convolu ted tubule then diffuse into the blood. As a result, 
all the glucose and most other valuable molecules are reabsorbed as 
well as waler. 

lumen of proximal convoluted tubule 
reabsorpt1on of material by facilitated diffusion, active transport and pinocytosis 

I-....... microvillus
I . __;,_ pinocytic vesicle 

. 	 · : .... - nuclear envelope 
. . . ··:~:_:::·::... 

:. ···.':....·:./" nucleoplasm 

~ intercellular space 

: . · : infolding of 
: : . /. basal membrane 

basement 
membrane lumen of blood capil_lary 

~ ' . " ' ' . . . . . .. . : :. ' ·. .... . . ' : · ·~ endothe l i al cell 

A 	Figure 3 Details ofcells from the wall of the proximal convoluted tubule 

Abou t 180dm3 of water enters the neph rons each day. Of this volume, 
only about I dm 3 leaves the body as urine. 85% of the reabsorption 
of water occurs in the proxima l convoluted tubule. The remainder is 
reabsorbed from the collecting duct as a result of the functioning of 
the loop of Henle. 

Maintenance of a gradient of sodium ions by the loop of Henle 
The loop of Henle is a hairpin-shaped tubule that extends into the 
medulla of the kidney. It is responsible for water being reabsorbed from 
the collecting duct, thereby concentrating the urine so that it has a 
lower water potential than the blood. The concentration of the urine 
produced is directly related to the length of the loop of Henle. 

A Figure 2 Colourised SEM ofpodocyte 
cells around aglomerulus in a human 
kidney 

Synoptic link 
Your understanding of reabsorption 
will be improved if you first revise 
Topics 4.1, 4.2, 4.4, and 4.5. 

• 




16.6 Role of the nephron in osmoregulation 

The loop of Henle has two regions: 

• 	 The descending limb, which is narrow, wich thin walls chat are 
highly permeable to water. 

• 	 The ascending limb, which is wider. with thick walls that are 
impermeable to water. 

The loop of Henle acts as a counter-current multiplier. To understand 
how this works it is necessary to consider the following sequence of 
events in conjunction with Figure 4, to which the numbers refer. 

1 	 Sodium ions are actively transported out of the ascending limb of 
the loop of Henle using ATP provided by the many mitochondria in 
the cells of its wall. 

2 	 This crea tes a low water potentia l (high ion concen tration ) in the 
region of the medulla between the two limbs (ca lled the interstitial 
region ). In normal circumstances water would pass out of the 
ascending limb by osmosis. However, the thick walls a re almost 
impermeable to water and so very lit tle, if any, escapes. 

3 	 The walls of the descending limb are, however, very permeable 
to water and so it passes out of the fi ltrate, by osmosis, into the 
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A. Figure 4 Counter·current multiplier of the loop of Henle 
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interstitial space. This water enters the blood capillaries in this 
region by osmosis and is carried away. 

4 	 The filtrate progressively loses water in this way as it moves down 
the descending limb lowering its water potential. It reaches its 
lowest water potential at the tip of the hairpin. 

5 	 At the base or the ascending limb, sodium ions diffuse out or 
the filtrate and as it moves up the ascending limb these ions are 
also actively pumped out (see point I ) and therefore the filtrate 
develops a progressively higher water potential. 

6 	 In the interstitial space between the ascending limb and the 
collecting duct there is a gradient of water potential with the 
highest water po1ential (lowest concentration of ions) in the cortex 
and an increasingly lower water potential (higher concentration of 
ions) the further into the medulla one goes. 

7 	 The collecting duct is permeable to water and so, as the filtrate moves 
down it water passes out ol' it by osmosis. This water passes by osmosis 
into the blood vessels that occupy this space, and is carried away. 

8 	 As water passes out of the filtra te its water potential is lowered. 
However, the water potentia l is also lowered in the interstitial 
space and so water continues to move out by osmosis down the 
whole length of the collecting duct. The counter-current multiplier 
ensures that 1here is always a water potential gradient drawing 
water out of th e tubule. 

The water that passes ou1 of the collecting duct by osmosis does so 
through channel proteins that are specific to water (aquaporins). 
Antidiure1ic hormone (ADH) (Topic 16.7) can alter the number of 
these channels and so control water loss. By the time the filtrate, now 
called urine, leaves the collecting duct on its way to the bladder, it has 
lost most of its water and so it has a lower water potential (is more 
concentrated) than the blood. 

The distal convoluted tubule 
The cells that make up the walls of the distal convoluted tubule have 
microvilli and many mitochondria that allow them to reabsorb material 
rapidly from the filtrate, by active transport. The main role of the 
distal tubule is Lo make fina l adjustments to the water and salts that are 
reabsorbed and to conrrol the pH of the blood by selecting which ions to 
reabsorb. To achieve this, the permeability of its walls becomes altered 
under the influence of various hormones (Topic 16.7). 

Counter-current multiplier 
You may remember that when two liquids flow in opposite directions 
past one another, the exchange of substances (or heat) between them 
is greater than if they flowed in the same diredion next to each other. 
In the case of the loop of Henle, the counter-current flow means that 
the filtrate in the collecting duct with a lower water potential meets 
interstitial fluid that has an even lower water potential. This means 
that, although the water potenrial gradienr between the collecting 
duct and interstitial fluid is small, it exists for the whole length of 
the collecting duct. There is therefore a steady flow of water into the 
interstitial fluid, so that around 80% of the water enters the interstitial 
fluid and hence the blood. If the two flows were in the same direction 
(parallel) less or the water would enter the blood. 

To help you understand how 
the loop ofHenle concentrates 
urine, you should look back at the 
counter-current exchange principle 
in Topic 6.3 Gas exchange in fish. 

Summary questions 

1 	 Name the structure in the 
nephron where the majority of 
water is reabsorbed. 

2 	 The following is a list of the 
various parts of a nephron: 
distal convoluted tubule, 
glomerulus, loop of Henle, 
collecting duct, distal 
convoluted tubule; renal 
capsule. 

List the sequence of structures 
that a molecule of water which 
is excreted from the body 
passes through on its journey 
to the bladder. 

3 	 Describe how the proximal 
convoluted tubule is adapted to 
its function. 

4 	 The length of the loop of 
Henle in animals living in dry 
environments is different from 
the length in those living in 
environments where water is 
abundant. Suggest if the length 
is longer or shorter and explain 
how it helps animals in dry areas 
to survive. 

• 




Learning objectives 
' Explain how the water 

potential of the blood is 
regulated. 

' Describe the roles of the 
hypothalamus, posterior 
pituitary and antidiuretic 
hormone (ADH) in 
osmoregulation. 

Specification reference: 3.6.4.3 

Hint 

The name antidiuretic hormone 

(AOH) may, at first, seem 
unusual. However, it describes its 
function precisely. Diuresis is the 
production of large volumes of 
dilute urine. As the effect of AOH 
is to increase the permeability 
of collecting ducts so that more 
water is reabsorbed into the blood, 
it causes the production of small 
volumes of concentrated urine. 

This is the opposite of 
diuresis - hence the name 
antidiuretic hormone. 

Hint 

The pituitary gland has two parts ­
the anterior and the posterior part. 

• 

The regulation of water potential 
of the blood is another example 
of the stimulus _, receptor 
_, coordinator _, effector _, 

response pathway that we have 
seen many times before. 

The homeostatic control of osmorcgulation in the blood is achieved by a 
hormone that acts on the distaJ convoluted tubule and the collecting duct. 

Regulation of the water potential of the blood 
The water potential of the blood depends on the concentration of 
solutes like glucose, proteins, sodium chloride. and other mineral 
ions as well as the volume of water in the body. A rise in solute 
concentration lowers its water potential. This may be caused by: 

• 	 too little water being consumed 

• 	 much sweating occurring 

• 	 large amounts of ions, for example, sodium ch loride, being taken in. 

The body responds to this fall in water potentia l as follows: 

• 	 Cells called osmoreceptors in the hypothalamus of the brain 
detect the fall in water potential. 

• 	 It is thought that, when the water potential of the blood is low, 
water is lost from these osmoreccptor cells by osmosis. 

• 	 Due to this water loss the osmoreceplOr cells shrink, a change 
that causes the hypothalamus to produce a hormone called 
antidiuretic hormone (AOH) . 

• 	 ADH passes to the posterior pituitary gland, from where it is 
secreted into the capillaries. 

• 	 ADH passes in the blood to the kidney, where it increases the 
permeability to water of the cell-surface membrane of the cells 
that make up the walls of the distal convoluted tubule and the 
collecting duct. 

• 	 Specific protein receptors on the cell-surface membrane of these cells 
bind to ADH molecules, leading to activation of an enzyme called 
phosphorylase within the cell. 

• 	 The activation of phosphorylase causes vesicles within the cell to 
move to, and fuse with, its cell-surface membrane. 

• 	 These vesicles contain pieces of plasma membrane that have 
numerous water channel proteins (aquaporins} and so when 
they fuse with the membrane the number of water channels is 
considerably increased, making the cell-surface membrane m uch 
more permeable to water. 

• 	 ADH increases the permeability of the collecting duct to urea, 
which therefore passes out, further lowering the water potential of 
the fluid around the duct. 

• 	 The combined effect is that more water leaves the collecting duct by 
osmosis, down a water potential gradient, and re-enters the blood. 

• 	 As the reabsorbed water came from the blood in the first place, 
this will not, in itself. increase the water potential of the blood. 
but merely prevent it getting lower. The osmoreceptors also send 
nerve impulses to the thirst centre of the brain, ro encourage the 
individual to seek out and drink more water. 



• 	 The osmorecepcors in the hypothalamus detect the rise in water 
potential and send fewer impulses to the pituitary gland. 

• 	 The pituitary gland reduces the release of ADH and the 
permeability of the collecting ducts co water and urea reverts to its 
former state. This is an example of homeostasis and the principle of 
negative feedback (Topic 16.1 ). 

A fall in the solute concentration of the blood raises its water potential. 
This may be caused by: 

• 	 large volumes of water being consumed 

• 	 salts used in metabolism or excreted not being replaced in the diet. 

The body responds to this rise in water potential as follows: 

• 	 The osmoreceptors in the hypothalamus detect the rise in water 
potential and increase the frequency of nerve impulses to the 
pituitary gland to reduce its release of ADH. 

• 	 Less ADH. via the blood, leads to a decrease in the permeability of 
the collecting ducts LO wa ter and urea. 

• 	 Less water is reabsorbed into the blood from the collecting duct. 

• 	 More dilute urine is produced and the water potential of the 
blood falls. 

• 	 When the water potential of the blood has returned to normal, the 
osmoreceptors in the hypothalamus cause the pituitary to raise its 
AOH release back co normal levels (=negative feedback). 

These events are summa rised in Figure 1. 
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.A. Figure 1 Regulation ofwater potential ofthe blood by antidiuretic hormone {ADH] 
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16.7 The role of hormones in osmoregulation 

Summary questions vx 

1 State where the cells which monitor the water potential of the blood 

are located. 

2 In each of the following situations deduce whether more or less ADH 

would be produced by the body: 

a drinking a large volume of water in a short time. 

b exercising intensely for 30 minutes. 

3 Explain how ADH causes the collecting ducts to reabsorb more water. 

4 	 8 The concentration of proteins in a sample ofglomerular filtrate is 
0.0625% of their concentration in the blood plasma. If the concentration 
of proteins in the blood plasma is 80 g dm 3, calculate their 
concentration in the glomerular filtrate. 

The significance of glucose in the urine 8 
The presence of glucose in urine may indicate a clinical 
disorder. The kidney should reabsorb all glucose from 
the filtrate leaving the urine free of it. The presence of 
glucose in urine (glucosuria) suggests: 

• 	 There may be so much glucose in the filtrate that the 
kidney is overwhelmed and cannot reabsorb it all. 
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A Figure 2 Relative concentrations ofthree substances in 
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This is often an indication of a high blood glucose 
concentration due to diabetes mellitus. 

• 	 More rarely, it may be that the kidney is not 
functioning properly and not reabsorbing glucose. 
This could be due to a disease of the kidneys. 

1 	 Name three hormones involved in controlling the 
level of glucose in the blood and state the effect of 
each on the level of glucose. 

Figure 2 shows the relative concentrations of three 
substances in the filtrate as it passes along the 
nephron. (NB the scale is not linear.] 

2 	 Urea is a waste product of the body that is 
removed by the kidneys. The quantity of urea in 
the filtrate entering the nephron does not change 
significantly as the filtrate passes along the 
nephron. Explain why the level of urea shown in 
Figure 2 rises considerably as the filtrate passes 
along the nephron. 

3 Suggest the name ofsubstance Aand explain the 
reasons for your answer. 

4 Suggest the name of substance 8 and explain the 
reasons for your answer. 

5 	 One symptom of diabetes is dehydration. From 
your knowledge of how water is reabsorbed in the 
collecting ducts, explain why diabetes might cause 
dehydration. 
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Practice questions: Chapter 16 

The release or a substance called dopamine in some 100 
Clareas of the brain increases the desire to eat. Sciemists c: 

measured increases in the release of dopamine in the E ~ 80 
"'~ a._brains of rats given different concemrations of sucrose Oo 
"O c:solution to drink. 	 C: · ­
- "' Sucrose stimulates taste receptors on the tongue. ~.D 60 
m <I>

The graph shows their results. Each poim is the result e£ 
for one rat. ~s 40 

"'Cl(a) The scientists concluded that drinking a sucrose 00 "' ~lll
solution had a positive feedback elfect on the ~~ 	20 
rats' desire to eat. 

a.How do these data support this conclusion? "' 
~ 

0(J marks) 
(b) 	 rn this investigation, the higher the 


concentration or sucrose in a rat's mouth, the 

higher the rrequency of nerve impulses from 


* 
+ +*++1 


l + 

+* 
0.03 0.10 0.30 

concentra tion of sucrose solution/mo! dm-3 

each taste receptor LO the brain. rr rats are given very high concentrations of 
sucrose solution to drink, the refractory period makes it impossible for information 
about the differences in concentration to reach the brain. Explain why. (2 marks) 

(c) 	 rn humans, when the stomach starts to become full of food, receptors in the wall 
of the st0mach arc stimulated. This leads to negative feedback on the desire lO cat. 
Suggest why this negative feedback is importaoi. (J marks) 

AQA June 2013 

Different substances arc involved in coordinating responses in animals. 
(a) 	 Hormones arc different from local chemical mediators such as histamine in 1hc 

cells they affect. 
(i) 	 Describe how hormones are different in the cells they affect. (I mark) 
(ii) 	 Describe how hormones and local chemical mediators reach the 

cells they affcd. (2 111arks) 
(b) 	 Synapses arc unidirec1ional. Explain how acctylcholine contributes to a 

synapse being unidircc1ional. (2 111arks) 
(c) 	 Cells in 1hc stomach wall release gastric juice after a meal. The graph shows how 

the volumes of gastric juice produced by nervous stimulation and by hormonal 
stimulation change afler a meal. 

A 	 B 
~ nervous stimulation !""" hormonal stimulation ++ 

.ii· "? '. · H-H 

I I\ ' ..-l- ­

/ 
... ++-+ H+1

\. -+-+ 
/ r 

'· ++ :n, 
.i+-1­, 

I I J HJl :mfl! 
I I It l .:r ~ ~ ,. \,. ... 

' 
' { 

' 
I .. 

I 

I Lill •, 

I J~ ~ §l ..._... 

0 
2 3 40 

time alter meal/hours 
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Practice questions: Chapter 16 

(i) 	 Describe 1he evidence from the graph tha1 curve A represents the volume of 
gastric juice produced by nervous stimulation. (2 marks) 

(ii) 	 Copy and complete the table to show the percentage of gastric juice 
produced by nervous stimulation at the times shown. 

• 


Percentage of gastric juice 

produced by nervous stimulation 
(I mark) 

AQA June 2011 

3 (a) 	 Adrenaline binds to receptors in the plasma membranes of liver cells. 
Explain how this causes 1he blood glucose concen1ra1ion 10 increase. (2 marks) 

(b) 	 Scie111ists made an artificial gene which codes for insulin. They pu1 the gene into a 
virus which was then injected into rats wi1h type I diabetes. The virus was harmless 
to 1he rats but ca rried the gene into the cells of 1he rats. The treated ra1s produced 
insulin for up to 8 months and showed no side-effects. The scien1is1s measured the 
blood glucose con centra tions of the rats al regu lar intervals. While the ra1s were 
prod ucing the insulin, their blood glucose concen1rations were norma I. 
(i) 	 The rats were not fed for at least 6 hours before their blood gl ucose 

concentration was measured. Expla in why. (J mark) 
(ii) 	 The rats used in the .investigation had type l diabetes. This form of gene 

1herapy may be less efCective in treating rats that have type TT diabetes. 
Explain why. (I mark) 

(iii) Research workers have suggested that treating diabetes in humans by this 
method of gene therapy would be better than injecting insulin. Evaluate 
this suggestion. (4 marks) 

AQA June 2012 

4 (a) 	 Technicians in a hospital laboratory tested urine and blood samples from a girl with 
diabetes at intervals over a one-year period. Each time the technicians tested her 
urine, they also measured her blood glucose concc111ration. Their results arc shown 
in the graph. 
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Chapter 16 Homeostasis 

(i) 	 The girl who took pan in this investigation was being successfully treated 
with insulin. The graph shows that on some occasions, the concentration 
of glucose in her blood was very high. Suggest why. (2 marks) 

(ii) 	 Use the graph to evaluate the use of the urine test as a measure of 
blood glucose concentration. (J marks) 

(b) 	 Diabetic people who do not control their blood glucose concentration may become 
unconscious and go into a coma. A doctor may inject a diabetic person who is in 
a coma with glucagon. Explain how the glucagon would affect the person's blood 
glucose concentration. (2 marks) 

AQA June 20 I 0 

5 	 Osmorcccptors arc specialised cells that respond to changes in the water potential of 
the blood. 
(a) 	 Give the location of osmoreceptors in the body of a mammal. (I mark) 
(b) 	 When a person is dehydrated, the cell volume of an osmoreceptor decreases. 

Explain why. (2 marks) 
(c) 	 Stimulation of osmoreceptors can lead to secretion of the hormone ADH. 

Describe and explain how the secretion of ADH affects urine produced 
by the kidneys. (4 marks) 
The efficiency with which the kidneys filter the blood can be measured by the rate 
at which they remove a substance called creatinine from the blood. The rate al which 
they filter the blood is called the glomerular filtration rate (GFR). 
In 24 hours, a person excreted 1660 mg of creatininc in his urine. The concen tration 
of creatinine in the blood entering his kidneys was constant at 0.01 mg cm 1. 

(d) 	Calculate the GFR in crn3 minute-• (I mark) 
(e) 	 Crea tin inc is a breakdown product of creatine found in muscle tissues. Apan from 

age and gender, give t w o factors tbat could affect the concentration of creatinine in 
the blood. (I mark) 

AQA Specimen 2014 

6 	 In an investigation of blood glucose levels, colorimetry was used to find the absorbance 
of blue light by plasma samples that had been reacted with Benedict's Reagent. The% 
absorbance was converted to glucose concentration using a standard calibration curve, 
drawn using the following data. 

Glucose concentration Absorbance of blue light 

[mMol dm-3) (%) 

100.001 
22O.Gl 
400.1 

1 58 
10 80 

(a) 	 Produce recipe!> for each of the five glucose concentrations, assuming a supply 
of I OmMol dm- J glucose and distilled water. (J marks) 

(b) 	 Plot a calibration curve or% absorbance against log 10 gluco~e concentration. 
(J marks) 

(c) 	 Why is a log scale appropriate in this case? (J mark) 
(d) 	 Use your graph to estimate the concentration of glucose that would correspond 

with a% absorbance of 45%? (2 marks) 

----• 
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Section 6 Organisms respond to changes in their environments 

, 
Practical skills 
In this section you have met the 


following practical skills: 


• 	 How to carry out experiments 

to determine how plant growth 

factors such as auxins like IAA 

have their effects on cell growth 

and elongation. 

• 	 How to carry out an experiment 

to investigate the effects on 

blood sugar levels of consuming 

a glucose drink by diabetics and 

non-diabetics. 
~ 

Extension task 
Using only the technique of a person catching 

a 30 cm ruler between his/her thumb and 

forefinger when the ruler is dropped, design 

and carry out a series of experiments to 

determine the distance travelled by the ruler 

before it is caught using: 

1. 	 the stimulus of sight only, 

2. 	 the stimulus of sound only, 

3. 	 the stimulus of touch only. 

I' " 
Maths skills 
In this section you have met the 


following maths skills: 


• 	 Calcu lating percentage change in 


transmission speeds. 


• 	 Solving algebraic equations to 


determine the number ofATP 


molecules needed to contract a 


muscle fibre a specified distance. 


• 	 Translating information between 


graphical and numerical fo rms in 


calculating the number of action 


potentials in a given time. 


Using textbooks or the internet, research 

how to convert the distance travelled by the 

ruler before it is caught to the time taken for 

it to fall that distance. Calculate the average 

reaction time for each type of stimulus. 

Suggest reasons for any differences you 

found between the reaction times forthe 

three different stimuli. 

You could also devise and carry out an 

experiment using the same technique to 

compare the reaction times between a 

person's dominant and non-dominant hand. 



Section 6 Practice questions 

• 


l Scientists investigated the response of the roots or pea :.eedlings to gravity. 
They took three samples of seedlings, A , B, and C, and placed them so that their roots 
were growing hori1ontally. The root tips o[ each sample had been given different 
treatments. After a set time, the scientists recorded whether the roots or the seedlings had 
grown upwards or downwards and the amount or curvature. Table l shows the treatment 
they gave to each sample and their results. 

TTable 1 

A None 

___:> 
B Root tip removed 

CUpper half of root tip removed ___s 

Downwards 

Continues to grow 
horizontally 

Downwards 

GD 

0 

30 

(a) 	 The pea seedlings were kept in the dark after each treatment. Explain why 
this was necessary. (l mark) 

(b) 	 What conclusion can be made from the results for treatment B? (l mark) 
(c) 	 Suggest how indoleacetic acid (lAA) could have caused the results for 

(i) 	 treatment A (2 marks) 
(ii) 	 treatment C (2 marks) 

AQA June 2012 

2 Figure 2 shows a diagram of part of a muscle myofibril. 
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Section 6 Organisms respond to changes in their environments 

(a) 	 Name the protein present in the filaments labelled W and X. (I mark) 
(b) 	 Figure 3 shows the cut ends of the protein filaments when the myofibril was cut at 

position Y. Figure 4 shows the protein filaments when the myofibril was cut at the 
same distance from a Z line a1 a di((erent stage of contraction . 

. . . . . . . . 

• 

. . . . . . . . 

. . . . . . 
.A Figure 3 

. . . . . . . . 

.A Figure 4 

Ex plain why the pa tt ern of protein filaments diUers in Figure 3 and 4. 
(c) Describe the role of ca lci um ions in the concentra tion o f a sarcornere. 

(2 marks) 
(4 marks} 

AQA Jan 2004 

3 (a) Describe how insulin reduces the concentration of glucose in the blood. (J marks} 

Some people produce no insulin. As a result they have a condition called diabetes. ln an 
investigation, a man with diabetes drank a glucose solution. The concentration of glucose 
in his blood was measured al regular intervals. The results are shown in Figure 5. 

Q-i.-.;..;......i..;...;..;.......L.-..;,_..1..,;.~-1-~-'-'~-'-~--'-'---l-~--'---'--'--'-.._J.~~ 


0 	 2 3 

l 
 time/hours 


glucose solution drunk 

.A Figure 5 

(b) 	 Suggest two reasons why the concentration of glucose decreased after I hour 
even though this man's blood contained no insulin. (2 marks) 

(c) 	 The investigation was repeated on a man who did not have diabetes. The 
concen tration of glucose in his blood before drinking the glucose solution was 
80mgrier IOOcml. Copy the graph roughly and sketch a curve on it to show 
the results you would expect. (I mark) 

----• 




Section 6 Practice questions 

(d) 	The diabetic man adopted a daily routine to stabilise his blood glucose concentration 
within narrow limits. He ate three meals a day: breakfa~t. a midday meal. and an 
evening meal. He injected insulin once before breakfast and once before the 
evening meal. 
The injection he used before breakfast was a mixture of two types or insulin. 
The mixwre contained slow-acting insulin and fast-acting insulin. 
(i) 	 Explain the advantage ol injecting both types of insulin before breakfast. 

(2 marks) 
(ii) 	 One day. the man did not eat a midday meal. Suggest one reason why his 

blood glucose concentration did not fall dangerously low even though he 
had injected himself with the mixture of insulin before breakfast. (l mark) 

AQA Jan 2004 

4 	 (a) Explain how a resting potential is maintained in a neurone. (4 marks) 
(b) 	 In an investigation, an impulse was generated in a neurone using electrodes. 

During transmission along the neurone, an action potential was recorded at one 
point on the neurone. When the impulse reached the neuromuscular junction, it 
stimulated a muscle cell to contract. The force generated by the contraction was 
measured. The results are shown in the graph. 
The distance between the point on the neurone where the action potential was 
measured and the neuromuscular junction was exactly 18 mm. 
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(i) 	 Use the graph Lo estimate the time belwt::en the maximum depolarisation 
and the start of contraction by the muscle cell. (1 mark) 

(ii) 	 Use the answer to pan (i) to calculate the speed or transmission along this 
neurone to the muscle cell. Give your answer in mm per second (mms- 1

). 

Show your working. (2 marks) 
(iii) Give one reason why the value calculated in part (ii) would be an 

underestimate of the speed of transmission of an impulse along 
a neurone. (J mark) 

Acetylcholine is the neurotransmitter at neuromuscular junctions. 



Section 6 Organisms respond to changes in their environments 

(c) 	 Describe how the release or acetylcboline into a neuromuscular junction 
causes the cell membrane of a muscle fibre to depolarise. (J marks) 

(d) 	 Use your knowledge of the processes occurring at a neuromuscular junction to 
explain each of the following. 
(i) 	 The cobra is a very poisonous snake. The molecular structure of the cobra 

toxin is similar to the molecular structure of acetylcholine. The ioxin 
permanently prevents muscle contraction. (2 marks) 

(ii) 	 The insecticide DFP combines with the active site of the emyme 
acetylcholinesterasc. The muscles stay contraned until the insecticide is 
lost from the neuromuscular junction. (2 marks) 

AQA Jan 2004 
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Introduction 
Chapter titles The individuals of a species share the same genes but usually have 

different combinations of alleles or these genes. An individual inherits17 Inherited change 
alleles from their parent or parents. While this process is universal, 

18 Populations and the way in which the alleles interact to produce the characteristics 
or the new individual depends on the type of inherilance involved. evolution 
Sometimes one allele is dominant to another and so expresses itself, at 

19 Populations in other times the two alleles are equally dominant and the offspring have 
11, intermediate features. A characteristic is sometimes inherited along withecosystems 

.... the sex o( an individual. 

Populations of different species live in communities. Competition 
occurs witJ1in and between these populations for the means of survival. 
Populations within communities are also aHected by, and in tum affect, 
the abiotic factors in an ecosystem. A species exists as one or more 
populations. The phenotypes of organisms in a population vary due to 

both genetic and environmental factors. l\vo forces a Hect genetic variety 
within a population - genetic drift and natural selection. Genetic drift 
can cause changes in allele frequency in <;mall populations. Narural 
selection occurs when alleles that enhance the survival chances of the 
individuals that carry them rise in frequency. This change in the allele 
frequency of a population is known as evolution. 

Different populations of the same species can sometimes become 
isolated from one another. This can be hccause they are geographically 
separated and therefore cannot inte rbreed . When this happens there is 
no flow of genes between the isolat ed populations. This may lead to the 
accumulation of genetic differences between each of these populations. 
These differences may ultimate ly lead LO organisms in one population 
becoming unable to breed and produce fertile offspring wirh organisms 
from the other popu lations. This reproductive isolation means that a 
new species has evolved. 

The theory of evolution is rundamental to biology. It states that all new 
species a rise from existing ones by the process or natural selection. 
This means species, however different, have a common ancestry. This 
ancestry is represented in the phylogenetic classification or species. 
Common ancestry explains the similarities between all living organisms. 
These simila rities include common chemistry such as all proteins having 
the same 20 or so amino acids, the same physiological pathways, e.g. 
anaerobic respiration, similar cell structure. DNA. and genetic material 
as well as a 'universal' genetic code. 



Working scientifically 
In studying this unit there will be opportunities to perform practical 
exercises and so develop practical skills. A required practical activity is 
to carry out an investigation into the effect of a named environmental 
factor on the distribution or a given species. In perfom1ing this activity 
you will have the chance lO develop practical skills such as: safely and 
ethically use organisms in investigations, using microbiological aseptic 
techniques such as using agar broth, using sampling techniques in 
fieldwork, using JCT such as computer modelling. 

You will be able to develop a range of mathematical skills. In particular 
the ability to use ratios, fractions, logarithms, and percentages, find 
arithmetical means, understand simple probability, understand the 
principles of sampling when applied to scientific data, select and use a 
statistical test and solve algebraic problems, 

What you already know 

The material in this unit is intended to be self­
explanat0ry, but there is certain knowledge from 
GCSE that will be useful to the understanding of 
this section. This information includes: 

0 	 When a cell divides by meiosis tO form 
gametes copies or the genetic information 
arc made and then the cell divides twice to 
form four gametes, each with a single set of 
chromosomes. 

0 	 When gametes join at ferti lisation, a single 
body cell with new pairs of chromosomes is 
formed. 

0 	 In human body cells, one of the 23 
pairs of chromosomes ca rries the genes 
that determine sex. In females the sex 
chromosomes arc the sa me (XX); in males 
the sex chromosomes arc d ifferent (XY) . 

0 	 Some characrerisrics are controlled by a 
single gene. Each gene may have different 
forms ca lled a lleles. 

0 	 An a llele that controls the development of 
characteristics only if the dominant allele is 

not prc~cnL is a recessive allele. 

0 	 A gene is a sma ll section of DNA and each 
gene codes for a particular combination of 
amino acids which make a specific protein. 

0 	 How tO interpret genetic diagrams, including 
family trees and how to construct genetic 
diagrams or monohybrid crosses and predict 
the outcomes or monohybrid crosses. 

0 	 Understanding the terms homozygous, 
heterozygous, phenotype, and genotype. 

0 	 Individuals with characteristics most suited to 
the environment arc more likely tO survive 
to breed. The genes that have enabled these 
individuals to survive arc then passed on to 
the next generation. 

0 	 New species a rise as a result of isolarion, 
genetic variation, na tural selection, and 
speciation. 

0 	 Quantitative data on the distribution of 
organisms ca n be obtained by random 
sampling with quadrats and sampling along a 
transect. 



Learning objectives 
-+ 	 Define the meaning of 

the terms genotype and 
phenotype. 

-+ 	 Define the terms dominant, 
recessive and codominant 
alleles. 

-+ 	 Explain the nature of multiple 
alleles. 

Specification reference: 3.?.1 

Synoptic link 

An understanding of inheritance 
depends on an understanding of 
the way chromosomes behave 
during meiosis and mutations. 
It would therefore be beneficial 
to study Topic 9.1 and Topic 9.2, 
again before starting this chapter. 

Study tip 

Not all genes code for a 
polypeptide, some code for 
ribosomal RNA or transfer RNAs 

Hint 

All individuals of the same species 
have the same genes, but not 
necessarily the same alleles of 
these genes . 
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The fact that children resemble both their parents to a greater or lesser 
degree and yet are identical to neither has long been recognised. 
However, it took the re-discovery, at the beginning of the last century, 
of the work of a scientist and monk, called Gregor Mendel, to establish 
the basic laws by whkh characteristics are inherited. In this chapter 
we shall look at the way in which characteristics are inherited from 
one generation to the next and how this can produce genetic variety 
within a population. let us begin by looking at some of the terms and 
conventions that are used in studying inheritance. 

Genotype and phenotype 
Genotype is the genetic constitution (make-up) of an organ ism. 
It describes all the alleles that an organism has. The genotype 
determines the limits within which the characteristics of an individual 
may vary. It may determine that a human baby cou ld grow LO be 1.8 m 
tall, but the actual height that this individual reaches is affected by 
other factors, such as diet. A lack of an clement like calcium (for the 
growth of bone) at a particular stage of development could mean that 
the individual never reaches his/her potential maximum height. 

Phenotype is the observable or biochemical characteristics of an 
organism. It is the result of the interaction between the expression 
of the genotype and the environment. The environment can alter an 
organism's phenotype. 

Genes and alleles 
A gene is a length of DNA, that is, a sequence of nucleotide bases, that 
normally code for a particular polypeptide. A gene does rhis by coding 
for a particular polypeptide. This polypeptide may be an enzyme that is 
needed in the biochemical pathway that leads to the production of the 
characteristic (for example, a gene could code for a brown pigment in 
the iris of the eye). Genes exist in two, or more, different forms called 
alleles. The position of a gene on a particular DNA molecule is known as 
the locus. 

An allele is one of the different forms of a gene. ln pea plants, for 
example, there is a gene for the colour or the seed pod. This gene has 
two different forms, or alleles, an allele for a green pod and another 
allele for a yellow pod. 

Only one allele of a gene can occur at the locus of any one 
chromosome. However, in diploid organisms the chromosomes occur 
in pairs called homologous chromosomes (Topic 8.2). There are 
therefore two loci that each carry one allele of a gene. If che allele on 
each of the chromosomes is the same (for example, boch alleles for 
green pods are present) then the organism is said co be homozygous 
for rhe character. If the two alleles are different (for example, one 
chromosome has an allele for green pods and the other chromosome 



of homologous pair 

both alleles 
for green pod 

(dominant) 

A B A 

allele for 
green pod 
(dominant) /

' 

allele for 
yellow pod 
(recessive) 

has an allele for yellow pods) then the organism is said to be 
heterozygous for the characteristic. 

In most cases where two diHerent alleles are present in the genotype 
(heterozygous state) only one of them shows itself in the phenotype. 
For instance, in our example where the alleles for green pods and 
yellow pods are presenc in the genotype, the phenotype is always 
green pods. The allele of the heterozygote that expresses itself in the 
phenotype is said LO be dominant, while the one that is not expressed 
is said to be recessive. A homozygous organism with two dominant 
alleles is called homozygous dominant, whereas one with two 
recessive alleles is called homozygous recessive. The effect of a 
recessive allele is apparent in the phenotype of a diploid organism 
only when it occurs in the presence of an other identical allele, that is, 
when it is in the homozygous state. 

These diffe ren t genetic types are shown in Figure I . 

heterozygoushomozygous dominant 

chromosome A ; n n---- chromosome B 
of homologous pair 

gene for 
pod colour 

I 

Study tip 

Many students do not know the 
difference between an allele and 

a gene. Make certain you are not 

one of them. 

Study tip 

Remember that, in diploid cells or 

organisms, there are two copies 

of each allele- one copy inherited 

from the mother and the other 

copy from the father. 

homozygous recessive 

B 

both alleles 
for yellow pod1(recessive) 
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\. ~ 
homologous chromosomes 

A Figure 1 Pair ofhomologous chromosomes showing different possible pairings 
ofdominant and recessive alleles 

In some cases, two alleles both contribute to the phenotype, in 
which case they arc referred to as codominant. In this situation 
when both alleles occur together, the phenotype is either a blend of 
both features (for example, shorthorn cattle with roan coat colour 
resulting from an allele for red hairs and an allele for white hairs) 
or both features arc represented (for example, the presence of both 
A and B antigens in blood group AB). We will learn more about 
codominancc in Topic 17.5. 

Sometimes a gene has more than two allelic forms. In this case, the 
organism is said to have multiple alleles for the character. However, 



17.1 Studying inheritance 

as there are always only two chromosomes in a homologous pair, it 
follows that on ly two of the three or more a lle les in existence can be 
present in a single organism. Multiple a lleles occur in the human ABO 
blood grouping system. Again we shall learn more about multiple 
alleles in Topic 17.5. 

Figure 3 summarises the different terms used in genetics. 

genotype any change to the mutation 
the genetic composition genotype due to a may be inherited by 

of an organism change 1n DNA future generations

1made up of many
• Figure 2 Attached earlobe. As 
with other inherited physical body genes 
characteristics, the earlobe is subject to lengths of DNA 

genetic differences. Here, the earlobe is I exist in different 
firmly attached to the facial skin rather forms called 

if more than 1f boththan hangingfreely 
two alleles for alleles alleles contribute multiple alleles codominance 

each gene usually two for each gene lo the phenotype 

if alleles expres~lves differently

""'/dominant allele recessive allele 
expresses itself even when expresses itself only 1n 
present with the recessive the presence of 

allele of the same gene another 1dent1cal allele 

I I 
Gametes PoSSess only one allele. Random fusion of gametes means that any allele from one parent can combine 

j with any allele from the other parent I 
I I I I 

dominant dominant recessive recessive 

dominant recessive dominant recessive 

homozygous homozygousheterozygous
dominant recessive 

I I I I 

environmel tal effects 

! 
phenotype any change to tlle modification 


actual appearance phenotype 1 is not usually inherited 

of an organism by future generations 


• Figure 3 Summary of genetic terms 

Summary questions 

In the following passage, give the word that best biochemical pathway. The position of a gene on the DNA 

replaces the number in brackets. of a chromosome is called the (6). Each gene has two or 
more different forms called alleles. If the two alleles onThe genetic composition of an organism is called the 
a homologous pair of chromosomes are the same they(1) and any change to it is called a (2) and may be 
are said to be (7),but if they are different, they are saidinherited by future generations. The actual appearance 
to be (8). An allele that is not apparent in the phenotype of an organism is called the (3). A gene is a sequence 
when paired with a dominant allele is said to be (9). Twoof (4) along a section of DNA that determines a single 
alleles are called (10) where they contribute equally tocharacteristic of an organism. It does this by coding for 
the appearance of a characteristic. particular (5) that make up the enzymes needed in a 

• 




Representing genetic crosses 
Genetic crosses are usually represented in a standard form of 
shorthand. This shorthand form is described in Table 1. Although 
you may occasionally come across variations to this scheme, that 
outlined in Table l is the one normally used. Once you have practised 
a number of crosses, you may be tempted to miss out stages or 
explanations. Not only is this likely to lead to errors, it often makes 
your explanations dif£icult for others to follow. 

Learning objectives 
-+ Explain how to make labelled 

genetic diagrams. 

-+ Explain how a single gene is 
inherited. 

Specification reference: 3.7.1 

"Y Table 1 Representing genetic crosses 

Instruction Reason/ notes 

Questions usually give the symbols to An easy form of shorthand. 

be used, in which case always use the 
ones provided. Choose a single letter 
to represent each characteristic. 
Choose the first letter of one of the When more than one character is 

contrasting features. considered at one time such a logical 
choice means it is easy to identify 
which letter refers to which character. 

If possible, choose the letter in which If the higher and lower case forms differ 
the higher and lower case forms differ it is almost impossible to confuse them, 
in shape as well as size. regardless of their size. 

Let the higher case letter represent The dominant and recessive feature 
the dominant feature and the lower can easily be identified. Do not use 
case letter the recessive one. Never two different letters as this indicates 
use two different letters where one codominance. 

character is dominant. 
Represent the parents with the This makes it clear to any reader what 

appropriate pairs of letters. Label them the symbols refer to. 

clearly as 'parents' and state their 
phenotuoes. 
State the gametes produced by Encircling them reinforces the idea that 

each parent. Label them clearly, and they are separate. 
encircle them. 
Use a type of chequerboard or matrix, This method is less liable to error than 

called a Punnett square, to show the drawing lines between the gametes 
results of the random crossing of and the offspring. Labelling the sexes 
the gametes. Label male and female is a good habit to acquire ­ it has 
gametes even though this may not considerable relevance in certain types 

affect the results. of crosses, e.g., sex-linked crosses. 

State the phenotypes of each different Always putting the dominant feature 

genotype and indicate the numbers of first can reduce errors in cases where it 

each type. Always put the higher case is not possible to avoid using symbols 
(dominant) letter first when writing with the higher and lower case letters of I 
out the genot4pe. the same shape. 

Example [green pod and yellow pod] 

-

Choose G (green) orY (yellow) . 

Choose Gbecause the higher case form 
(G] differs in shape from the lower 
case from (g) whereas Yand y are very 
similar and are likely to be confused. 

Let G = green and 
g = yellow. 

Do not use G for green and Y for 

yellow. 

green pod 
x 

yellow pod 
parents GG gg 

I I 

A A 
gametes ©© ®® 

d'Gametes 

© © 
VI 
Cl> ® Gg Gg
Q; 
E 
IU ® Gg Ggc.!> 

0.­

All offspring are plants producing 
green pods (Gg]. 

• 



17.2 Monohybrid inheritance 

Study tip 
The larger the number of offspring 
the more likely that the ratio will be 
3: l.lf the sample is very small it is 
much less likely that the ratio will 

be 3:1. 
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Inheritance of pod colour in peas 
Monohybrid inheritance is the inheritance of a single gene. To take 
a simple example we will look at one of the features Gregor Mendel 
studied- the colour of the pods of pea plams. Pea pods come in two 
basic colours-green and yellow. 

If pea plants with green pods arc bred repeatedly with each other so 
that they consistently give rise to plants with green pods, they arc said 
to be pure-breeding for the character of green pods. Pure-breeding 
strains can be bred for almost any character. This means that the 
organisms are homozygous (that is, they have two alleles that arc the 
same) for that particular gene. 

If these pure-breeding green-pod plants arc then crossed with pure­
brecding yellow-pod plan ts, all the offspring, known as the firs t filial, 
or F1, generation, produce green pods. This means that the allele 
for green pods is dominant to the allele lor yellow pods, which is 
therefore recessive. This cross is shown in Figure I. 

G =allele for green pods 
g =allele for yellow pods 

parental phenotypes 
parental genotypes ' green pods 

GG 

(assumed as malea' 
for purposes of example) 

' yellow pods 
gg 

(assumed as female'? 
for purposes of example) 

gametes 
A 

®® 
A 

®® 
offspring (F1l 

genotypes 

d' gametes 

<f gametes ® ® 
® Gg Gg 

® Gg Gg 

offspring ( F1l phenotypes all plants have green pods (Gg) 

A Figure 1 Cross between a pea plant that is pure breedingfor green pods and one 
that is pure breedingfor yellow pods 

When the heterozygous plants (Gg) of the F 1 generation are crossed 
with one another (= F1 intercross), the oflspring (known as the second 
filial, or F2, generation) are always in an approximate ratio of three 
planes with green pods to each one plam with yellow pods. This cross 
is shown in Figure 2. 

These observed facts led to the formation of a basic law of genetics (the 
law of segregation). This states, 

In diploid organism s, ch aracteris t ics are det ermined by alleles 
that occur in pairs. Only one of each pa ir of a lle les can be 

presen t in a sin gle gamete. 



' ' 
f 1 offspring phenotypes 
green pods green pods 

f1 offspring genotypes 
Gg Gg 

;\ ;\ 
gametes ®® ®® 

offspring (F2l 
genotypes 

d" gametes 

~ gametes ® ® 
® GG Gg 

® Gg gg 

offspring (F2) ratio of 3 plants with green (GG and Gg) pods 
phenotypes to 1 plant with ye! low (gg) pods 

A Figure 2 F1 intercross between pea plants that are heterozygous Jar green pads 

Summary questions 

1 	 In humans, Huntington's disease is caused by a dominant, mutant allele 
of a gene. Draw a genetic diagram to show the possible genotypes and 
phenotypes of the offspring produced by a man with one allele for the 
disease and a woman who does not suffer from the disease. 

2 In cocker spaniels, black coat colour is the result of a dominant allele 
and red coat colour is the result of a corresponding recessive allele. 

a Draw a genetic diagram to show a cross between a pure-breeding 
bitch with a black coat and a pure-breeding dog with a red coat. 

b 	 If the offspring of this first cross are interbred, calculate the 
probability that any one of the offspring will have a red coat. Use a 
genetic diagram to show your working. 

• 




. I 1i1.3;, Probability and genetic crosses 
·J . "~-~.-o· ·~ 

Learning objectives 
-+ 	 Explain why results of genetic 

crosses often differ from 
predicted results. 

Specification reference: 3.7.1 

Hint 

Take care that you express a ratio 
the correct way round. 

In the example opposite the ratio of 
males to females is 7:5. However, 
if you are asked for the ratio of 
females to males you should give 
the answer as 5:7. 
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In Topic 17.2 we looked at monohybrid crosses and we saw that the 
result of any such cross theoretically produced offspring in the ratio of 
three offspring with one or more dominant allele to one offspring with 
only recessive alleles. In practice this ratio is rarely achieved exactly. 
Before we look at why, let us first be clear what is meant by a ratio. 

Ratios 
A rario is a measure of the relative size of two classes (groups) that is 
expressed as a proportion. For example, any group of humans can be 
divided into two classes, male and female. If in a group of 60 humans 
there are 40 males and 20 females, then the ratio of males to females 
is 40 to 20. This is usually expressed as a ratio which is simplified to 2 
to l and is written 2:1. If our group of 60 humans comprised 35 males 
and 25 females the ratio of males to fema les wou ld be 7:5. For easy 
comparisons, ratios are often obtained by dividing the value of the 
smallest group into the value of each larger group. In which case, all 
ratios have their smallest value as one. For example, our ratio of 7:5 
would be 7 7 5 = 1.4 which is written as 1.4: I. 

Why actual results of genetic crosses are rarely 
the same as the predicted results 
If you look at Table l , you will see the results that Gregor Mendel 
actually obtained in his experiments. Our knowledge of genetics tells 
us that for each cross we would expect that, in the F2 generation, 
there would be three offspring showing the dominant feature to every 
one showing the recessive feature. However, in no case did Mendel 
obtain an exact 3:1 ratio. The same is true of almost any genetic cross. 
These discrepancies are due to statistical error. 

Imagine tossing a coin 20 times. ln theory you would expect it to 
come down heads on 10 occasions and ta ils on I 0 occasions. In 
practice it rarely does - try it. This is because each toss of rhe coin is 
an independent event that is not affected by what went before. lf the 
coin has come down h eads nine times out of L 9 tosses, there is still a 
50% chance it will come down tails, rather than the hea d needed to 
complete the 1: 1 ratio. The coin does not know it is expected to come 
down heads. 

The same is true of gametes. Lt is chance tha t determines which ones 
fuse with which. ln our cross between the heterozygote (Gg) and 
rhe homozygous recessive (gg), all the gametes of rhe homozygous 
parent are recessive (g), whereas the heterozygore parent produces 
gametes of which half are dominant (G) and half are recessive (g). lf it 
is the dominant gamete that combines with rhe recessive one, plants 
with green pods are produced (Gg). If it is the recessive gamete, the 
plants have yellow pods. The larger the sample, the more likely the 
actual results are to come near to matching rhe theoretical ones. It 
is therefore imponant to use large numbers of organisms in genetic 
crosses if representative resulcs are to be obtained. IC is no coincidence 
that the two ratios nearest to the theoretical value of 3: l in Mendel's 



experiments were those with the largest sample size, whereas the 
ratio furthest from the theoretical value had the smallest sample 
size {Table l) . 

'f/f Table 1 Actual results ofMendel's crosses in pea plants 

Character Fz results 	 Ratio 

Cotyledon colour 6020 yellow 	 200 1 green 3.0 1:1 

0 	 C) 
5474 smooth 	 1850 wrinkled Seed type 2.96:1 

, '0 	 <fJ 
882 inflated 	 299 constrictedPod type 2.95:1 

~ 
Flower position 651 axial 	 207 terminal 3.14:1 

~ 
Petal colour 705 purple 	 224 white 3.15:1 

787 long 	 277 short 2.84 :1Stem height 

~ 
Pod colour 428 green 	 152 yellow 2.82:1 

~ 	 ~ 

Summary questions vx 

1 	 A cross was carried out between a pea plant b Evaluate how certain we can be of the genotype 
producing green pods and one producing yellow of the parent plant with green pods. 
pods. The seeds from this cross were germinated c 	 In the cross described, state the chance of any 
and, of the 63 plants grown, all produced green pods. one of the offspring plants having yellow pods. 
a State the probable genotype of the parent plant d 	 f) Calculate, to three significant figures, the 

with green pods. percentage of offspring plants with yellow 
b Explain why we cannot be absolutely certain of pods that were actually produced in the cross 

the parent plant's genotype. described. 

2 	 In a cross between a different pea plant with green 
pods and a pea plant with yellow pods, 96 plants 
were produced. 89 of these had green pods and 7 
had yellow pods. 

a 	 State the probable genotype of the parent plant 

with green pods. 


• 




Learning objectives 
-+ Explain dihybrid inheritance. 

Specification reference: 3.?.1 

In Topic 17.2 we saw how a single charaacr is passed on from one 
generation to the next (monohybrid inheritance). In practice, many 
thousands of charaaers arc inherited together. In this t0pic we shall look at 
how two characters, determined by two different genes located on different 
chromosomes, are inherited. This is referred to as dihybrid inheritance. 

An example of dihybrid inheritance 
In one of his e}..'Periments, Gregor Mendel invest igated the inheritance 
of two characters of a pea plant at the same time. These were: 

• 	 seed shape - where round shape is dominant ro wrinkled shape 

• 	 seed colour - where yellow-coloured seeds arc dominant tO 

green-coloured ones. 

He ca rried out a cross between the fol lowing two pure breeding types 
of plants: 

• one always producing round-shaped, yellow-coloured seeds (both 
dominant features) 

• one always producing wrinkled-shaped, green-coloured seeds (both 
recessive features). 

In the F1 generation he obtained plants all of which produced round­
shaped, yellow-coloured seeds, that is, dominant features. 

He then raised the plants from these seeds and crossed them with one 
another to obtain the results shown in Table I. 

The explanation for these results is given in Figures l and 2. 

T Table 1 Results obtained by Gregor Mendel when he crossed F1 
R = allele for round r =allele for wrinkled 

shaped seeds shaped seedsgeneration plants with round shaped, yellow coloured seeds 

Appearance of seeds Condition Number produced 

Round Dominant 315 
Yellow Dominant 

Round Dominant 108 
Green Recessive 

Wrinkled Recessive 101 
Yellow Dominant 

Wrinkled Recessive 32 
Green Recessive 

G = allele for yellow g = allele for green 
coloured seeds coloured seeds 
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PARENTAL 
PHENOTYPES 

PARENTAL 
GENOTYPES 

GAMETES 

OFFSPRING (F1) 

GENOTYPES 

D 
round, yellow seeds wrinkled, green seeds 

RRGG rrgg 

! l 

(§) Ci) 

y 
RrGg 

D 

round, yellow seeds 

•Figure 1 Genetic explanation ofMendel's cross between 
a pure breeding plant for round, yellow seeds and a pure 
breeding onefor wrinkled, green seeds 



d' GAMETES 

<;!? GAMETES @ @ @ G) 

@ 
RRGG 

D 
RRGg 

D 
RrGG 

D 
RrGg 

D 
(§) 

RRGg 

D 
RRgg RrGg 

D 
Rrgg 

D 
@ 

RrGG 

D 
RrGg 

D 
rrGG 

0 
rrGg 

~ 

G) 
RrGg 

D 
Rrgg 

-0 
rrGg 

'@ 
rrgg 

18>, 

From Figu re 2 it can be seen that the pla nts of the F1 generation 
produce four types or gamete (RG, Rg, rG, rg). This is because the 
gene for seed colour and the gene for seed shape are on separate 
chromosomes. As the chromosomes arrange themselves at random on 
the equator during meiosis, any one of the two alleles of the gene for 
seed colour (G and g) can combine with any one of the alleles for seed 
shape (R and r). Fertilisation is also random, so that any of the four 
types of gamete (with respect to seed colour and seed shape) of one 
plant can combine with any of the four types from the other plant. 

R = allele for round r = allele for wrinkled 
shaped seeds shaped seeds 

G =allele for yel low g = allele for green 
coloured seeds coloured seeds 

D D
PAREN TAL 
round, yel low seeds round, yel low seedsPHENOTYPES 


RrGg RrGg
PARENTAL 
GENOTYPES 

~~ 

GAMETES @(§)@@@@@@
OFFSPR ING (F

2
) 

GENOTYPES 

9 round, yel low seeds 

2 3 round, green seeds 


OFFSPRING (F ) 

PHENOTYPES 

3 wrinkled, yellow seeds 

1 wrinkled, green seed 


.A Figure 2 Genetic explanation ofMendel's intercross between 
plants ofthe F1 generation 

The theoretical ratio produced of 9:3:3: l is close enough, allowing 
for statistical error (Topic 17.3), to Mendel's observed results or 
315: I 08: IO I:32. Mendel's observations led him to formulate his law 
of independen t assortment which, written in today's biological 
language states-Each member of a pair of alleles may combine 
randomly with e ithe r of another pair. 

Synoptic link 

To understand much of genetics 

you need to appreciate what 
exactly is happening to 
alleles during a genetic cross. 
These alleles are attached to 

chromosomes and so you need 
to be clear about the behaviour 
of these chromosomes during 

meiosis. You can do this by 
recapping Topic 9.2, Meiosis and 
genetic variation. 

• 




17.4 Dihybrid inheritance 

Summary questions 

In fruit flies, a pure breeding variety with red eyes and 
vestigial {tiny) wings was crossed with a pure breeding 
variety with pink eyes and normal wings. All the F 1 flies 
had red eyes and normal wings. When these F 1 flies 
were bred with one another, the F 2 generation produced 
the following types and numbers: 

red eyes with vestigial wings 125 

red eyes with normal wings 376 

1 

2 

3 

pink eyes with vestigial wings 41 

pink eyes with normal wings 117 

Which characteristics are dominant and which are 
recessive? Explain your answer. 

Suggest suitable symbols to represent the alleles of 

the genes involved. 

Draw two suitable genetic diagrams to explain the 
results of this experiment. 

Better late than never 8 
Gregor Mendel was a monk with some scientific training. 
This training proved invaluable and led to a scientific 
approach to his genetic experiments. In particular he: 

• 	 chose pea plants to experiment on because they 
were easy to grow and possessed many contrasting 
features that could easily be observed 

• 	 carefully controlled pollination and hence fertilisation, 
by accurately transferring pollen from one plant to 
another with a paint brush 

• 	 ensured the plants he used were pure breeding for each 
feature by self-pollinating them for many generations 

• 	 produced quantitative and not just qualitative results 

• 	 counted many offspring to ensure his results were 
reliable and relatively free from statistical error. 

In just a nine-year period, Mendel planned a well­
organised programme of research, performed it 
accurately, painstakingly recorded masses of data and 
analysed his results with precision and insight. He had 
worked out the basic principles of inheritance by 1865, 
when the nature of genetics was unknown. He effectively 
predicted the existence of genes and meiosis long before 
they were discovered. 

Although he circulated his work to libraries and scholars of 
his day, his theories were not accepted - indeed they were 
ignored. Even Darwin, whose theory of evolution is based 
on genetic variation, failed to understand the significance 
of Mendel's research. It took 35 years before other 
geneticists rediscovered his work and the significance of 
his remarkable experiments was at last appreciated. 

Some genetic crosses may, at first glance, appear not 
to follow Mendel's laws because they provide unfamiliar 
ratios. Consider the following example of a plant that has 
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two different varieties. The crosses made and the results 
they produced are shown here: 

• 	 Cross 1 - each variety is self-ferti lised and in both 
cases the offspring occur in the rat io 3 green-leaved 
plants to 1 white-leaved plant. 

• 	 Cross 2 - the two varieties are cross-fertilised and 
the offspring are all green-leaved. 

• 	 Cross 3 - some plants of the F 1 offspring of the cross 
between the two varieties are self-fertilised. The F2 
generation produced is in the ratio 9 green-leaved to 
7 white-leaved. 

Green colour is due to the presence of chlorophyll. In its 
absence, the plant is white. 

1 	 The production of chlorophyll is controlled in a 
normal Mendelian way. Justify this statement from 
the information provided. 

Ifyou are having problems answering the rest ofthis 
question - try reading topic 1?.8 before having another 
attempt. 

The formation of chlorophyll in this plant is controlled by 
two separate genes Aand B. The dominant allele of both 
genes is required for chlorophyll synthesis. 

2 	 Using this information and the results of cross 1, 

deduce the genotypes of each variety. Show your 

reasoning using genetic diagrams. 


3 Draw a genetic diagram to explain cross 2. 
4 Draw a genetic diagram to explain cross 3. 
5 Explain how the presence of both allele Aand allele 

Bmight be required for the biochemical synthesis 
of chlorophyll. 



In Topic 17.2 we dealt with straightforward situations in which there 
were two possible alleles at each locus on a chromosome, one of 
which was dominant and the other recessive. We shall now look at 
two different situations. 

• 	 codominance, in which both alleles are expressed in the phenotype 

• 	 m ultiple a lle les, where there are more than two alleles, of which 
only two may be present at the loci of an individual's homologous 
chromosomes. 

Codominance 
Codominance occurs where instead of one allele being dominant and 
the other recessive, both alleles are equally dominant. This means that 
both alleles of a gene are expressed in the phenotype. 

.A. Figure 1 Shorthorn cow 

One example occurs in shorthorn cattle in which one allele codes for 
an enzyme that catalyses the formation of a red pigment in hairs. The 
other allele codes for an altered enzyme that lacks this catalytic activity 
and so docs not produce the pigment and so hairs arc white. If these 
alleles showed the usual pattern of one dominant and one recessive, 
the cattle would have just two coat colours-red and white. As they arc 
codominant. however, three coat colours of flower are found: 

• 	 In cattle that arc ho m ozygous for the first allele, both alleles code 
for the enzyme, and hence pigment, production. These cattle have 
red hairs and therefore a red coat. 

• 	 In cattle that are ho m ozygous for the other allele, no enzyme and 
hence no pigment is produced. These cattle have white hairs and 
therefore a white coat. 

• 	 In the heterozygous state both coloured hairs are produced and the 
coat is therefore light red, a colour also known as roan. 

Learning objectives 
-+ 	 Explain how codominance 

affects the inheritance of 

characteristics. 

-+ 	 Explain how multiple alleles 

affect inheritance. 

-+ 	 Explain how blood groups in 

humans are inherited. 

Specification reference: 3.7.1 

• 




17.S Codominance and multiple alleles 

Hint 

Remember to use different letters, 
such as Rand W, when writing 
about codominance and to put 
these as superscripts attached 
to the letter of the gene (CJ. 
for example, cR and cw. 

If a shorthorn with a red coat is crossed with one with a white coat, 
the offspring all have a roan coat. Note that we cannot use upper 
and lower case letters for the alleles, as this would imply that one 
(the upper case) was dominant to the o ther (the lower case). We 
therefore use different letters - in this case R for red and W for 
white - and put them as superscripts on a letter that represents the 
gene, in this case C for colour. Hence the allele for red pigment is 
written as CR and the allele for no pigment as cw. Figure 2 shows 
a cross between a red and a white-coated shorthorn while Figure 3 
shows a cross between the resultant roan-coated shorthorns. 

CR= allele for red pigment production 
cw= allele for no pigment production 

parental 
phenotypes roan coat roan coat parental cRcw cRcwred coat whi te coatphenotypes parental 


CR CR cw cw 
 genotypesparental A Agenotypes A A gametes @)@) @)@) 
gametes @)@) @) @) 

genotypes 

~gametes 

e 

e 

d' gametes 

@) @) 

CRCW (JI cw 

CJl cw CJl cw 

offspring 
offspring 
genotypes 

~gametes 

@) 

e 

d' gametes 

@) 

cRcR 

cRcw 

e 
cRcw 

cw cw 

OFFSPRING 50% roan coat ccRcw> 
OFFSPRING 100% roan coat PHENOTYPES 25% red coat (CR CR) 
PHENOTYPES 25% white coat (CW CW) 

A. Figure 2 Cross between a shorthorn with a red coat and A. Figure 3 Cross between two shorthorns with roan coats 
one with a white coat 

Synoptic link 

We studied antigens in Topic S.3 
and their importance in immunity 
in Topics S.4 and S.S. Now would 
be a good time to look through 

these topics again. 

T Table 1 Possible genotypes ofblood 
groups in the ABO system 

Blood group Possible genotypes 

1A1A or 1A10A 
1818 or181°8 

• 
0 

IAIBAB 
1010 

Multiple alleles 
A gene may have more than two a lleles, that is, it has multiple alleles. 
The inheritance of the human ABO blood groups is an example. There 
are three alleles associated with the gene I (immunoglobulin gene), 
which lead to the presence of difrcrcnt antigens on the cell -surface 
membrane of red blood cells: 

• allele YA, which leads t0 the production of antigen A 

• allele Y8 which leads to the production of antigen B 

• allele Y0 , which docs not lead to the production of either antigen. 

Although there are three alleles, only two can be present in an 
individual at any one time, as there arc only two homologous 
chromosomes and therefore only two gene loci. The alleles yA and Y8 

are codominant, whereas the allele 1° is recessive 10 both. The possible 
genotypes for the four blood groups arc shown in Table I. There are 



Iobviously many different possible crosses between d iffere n t blood 
groups, bul two of the most interesting are: 

l A cross between an individual of blood group 0 an d one of blood 
group AB, rather than producing individuals of either of the 
parental blood groups, produces only individuals of the other two 
groups, A and B (Figure 4). 

2 When certain individuals of blood group A are crossed with certain 
individuals of blood group B, their children may have any of the 
four blood groups (Figure 5). 

parental l;@!J•fi1!1 I group 0 I 
phenotypes 

10 10 
parental 
genotypes A 
gametes Ci) ®® 
offspring ~--------

genotypes

9 gametes 

® 

® 

gametes 

OFFSPRING 
PHENOTYPES 

.A Figure 4 Cross between on individual of 
blood group AB and one ofblood group 0 

Summary questions 

50% blood group A 
50% blood group B 

parental 

phenotypes •·4·l!J@ 

parental 

genotypes 


gametes 


offspring 

genotypes 


9 gametes 

® 

Study tip 

If in a genetics question you are 
given a ratio of offspring that is 
different to the 3.1 (monohybrid) 
or 9.3.3.1 (di hybrid) ratio, you 
should begin by considering the 
possibility that codominance 
might be the explanation. 

® 

OFFSPRING 25% blood group A (IA 10) 
PHENOTYPES (I~ 10)25% blood group B 

25% blood group AB (IA 18) 

25% blood group 0 (10 10) 

.A Figure 5 Cross between on individual of 
blood group Aond one ofblood group B 

1 	 Aman claims not to be the father of a child. The man is blood group 0 
while the mother of the child is blood group A and the child is blood 
group AB. State, with your reasons, whether you think the man could be 
the father of the child. 

2 	 In some breeds of domestic fowl, the gene controll ing feather shape 
has two alleles that are codominant. When homozygous, the allele A5 

produces straight feathers while the allele AF produces frizzled feathers. 
The heterozygote for feather shape gives mildly frizzled feathers. Draw a 
genetic diagram to show the genotypes and phenotypes resulting from a 
cross between a mildly frizzled cockerel and a frizzled hen. The gene for 
feather shape is not sex-linked. 

• 



17.S Codominance and multiple alleles 

In shorthorn cattle there is a gene C that determines 
coat colour. The gene has two alleles: 

the allele cw produces a white coat when homozygous 

the allele CR produces a red coat when homozygous. 

In the heterozygous state the coat is light red, a colour 
also known as roan. The roan coat is a mixture of all 
white hairs and all red hairs. As each hair is either all 
red or all white, the cw and cR alleles are codominant. 

.._ Figure 6 

• 


1 	 Draw a genetic diagram to show the possible 
genotypes and phenotypes of a cross between a 
bull with a white coat and a cow with a roan coat. 

2 	 In each of the following crosses between shorthorn 
cattle what is the percentage of offspring with a 
roan coat? 
a red coat x white coat 
b red coat x roan coat 
c white coat x roan coat 
d roan coat x roan coat. 

The phenotype of an organism often results from the 
influence of the environment on its genotype. 

The fur on the ears, face, feet and tail of Siamese cats is 
darker in colour than the rest of the coat. This is due to the 
presence of a pigment. The production of this pigment is 
controlled by the action of an enzyme cal led tyrosinase. 
The action of tyrosinase is temperature-dependent. 

3 	 Suggest why Siamese kittens are born with a 
completely light-coloured coat and only develop 
their characteristic markings some days later. 



Humans have 23 pairs of chromosomes. 22 of these pairs have 
homologous partners that arc identical in appearance, whether in a 
male or a female. The remaining pair are the sex chromosomes. In 
human females, the two sex chromosomes appear the same and arc 
called the X chromosomes. In the human male there is a single X 
duomosome like that in the female, but the second one of the pair is 
smaller in size and shaped differently. This is the Y chromosome. 

Sex inheritance in humans 
In humans the sex-chromosomes are X and Y. This means: 

• 	 as females have two X chromosomes, all the gametes are the same 
in that they conta in a single X chromosome 

• 	 as males have one X chromosome and one Y chromosome, 
they produce two different types of ga mete - half have an X 
chromosome and half have a Y chromosome. 

The inheritance of sex is shown in Figure 1. 

Sex-linkage - haemophilia 
Any gene that is carried on either the X or Y chromosome is said 
co be sex-linked. However, the X chromosome is much longer than 
the Y chromosome. This means that. for mosc of che lengch of the X 
chromosome, there is no equivalent homologous portion of the Y 
chromosome. Those characteristics that are controlled by recessive 
alleles on this non-homologous portion of the X chromosome 
will appear more frequently in the male. This is because there is 
no homologous portion on the Y chromosome that might have the 
dominant allele, in the presence of which the recessive allele does 
nor express itself. 

The X chromosome carries many genes. An X-linked genetic disorder 
is a disorder caused by a defective gene on the X chromosome. One 
example in humans is the condition called haemophilia, in which 
the blood clots only slowly and there may be slow and persistent 
internal bleeding, especia lly in rhe joints. As such it is potentially 
lethal if not treated. This has resu lted in some selective removal of 
the gene from the popu lacion. making its occurrence relatively rare 
(about one person in 20 000 in Europe). Although haemophiliac 
females are known, the condition is almost entirely confined to males. 
in part because haemophiliac females usually died wich che onset of 
menscruacion at puberty. 

One of a number of causes of haemophilia is a recessive allele wich an 
altered sequence of DNA nucleoride bases that therefore codes for a 
faulty procein which does nor function. This results in an individual 
being unable to produce a functional protein that is required in the 
cloning process. The production of this functional protein by genetically 
modified organisms means that it can now be given to haemophiliacs, 
allowing them to lead near-normal lives. Figure 3 shows the usual way 
in which a male inherits haemophilia. Note that the alleles are shown 

Learning objectives 
-+ 	 Explain how sex is 

determined genetically. 

-+ 	 State what is meant by 


sex-linkage. 


-+ 	 Explain how sex-linked 

diseases such as 

haemophilia are inherited. 

Specification reference: 3.7.1 

pare111a1 
phenotypes male female 

pJrcntal 
genotypes XY xx 

A A 
g;imetes x y x x 

offspring geno1ypes 

~ S11metes 

x 

d' gametes 

rx 

xx 

y 

XY 

x xx XY 

offspring phenotypes 

50% male (XY) 
50% female (XX) 

A Figure 1 Sex inheritance in humans 

A Figure 2 Scanning electron 
micrograph {SEM] ofhumanX {left] and 
Y chromosomes as found in a male 
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17.6 Sex-linkage 

Hint 

Remember that males have a 

Y chromosome and this could only 

have come from their fathers. Their 

X chromosome must therefore 

have come from their mothers. 

Study tip 

Sometimes people think that the 

X chromosome passes from father 

to son. If this were so, the mother 

must have provided the son's 

Y chromosome, in which case 

she would be male! Clearly this 

is nonsense. 
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H =allele for production of clotting protein (rapid blood clotting) 
h = allele for non-production of clotting protein (slow blood clotting) 

parental phenotypes carrier female normal male 

parental genotypes xH xh XHY 

gametes 

offspring 
genotypes 

~ gametes 

@) 

® 
offspring 
phenotypes 

cf gametes 

Q<H) 

xHxH 

x11 Xh 

(v) 

XH y 

xh v 

25% normal female (XI" XH) 

25% normal male (XH Y) 

25% earner female (XH Xh) 

25% haemophiliac male ex~ vi 

._ Figure 3 Inheritance af haemophiliafrom a carrier female 

in the usual way (H = dominant allele ror production or the clotting 
protein, and h = recessive allele for the non-production or dotting 
protein). However, as they are linked to the X chromosome, they arc 
not shown separately, but always attached to the X chromosome, that 
is, as xH and xh respectively. There is no equivalent allele on the Y 
chromosome as it docs not carry the gene for producing dotting protein. 

As males can only obtain their Y chromosome from their father, it 
follows that their X chromosome comes from their mother. As the 
defective allele that does not code for the clotting protein is linked 
to the X chromosome, males always inherit the disease from their 
mother. If their mother docs not suffer from the disease, she may 
be heterozygous for the character (XHXh). Such kmalcs are called 
carriers because they carry the allele without showing any signs of the 
disease in their phenotype. This is because these carriers possess one 
dominant H allele and this leads to the production of enough functional 
dolling protein. 

parental 

phenotypes norma1 female haernoph1 '"r male 


parental X' X1 X"Y 
genotypes A A 
gametes ® ® ® © 
offsprong 

cfgametesgenotypes 

~gametes ® © 
® X" X" x· Y 

® X" X" XHY 

ottspnng 50% earner 1ema1es (X' x· ) 
phenotypes 50% normal males (X~ Y) 

~Figure 4 Inheritance of the 
haemophiliac allelefrom a 
haemophiliac male 



As males pass the Y chromosome on to th eir sons, they cannot pass 
haemophilia to chem. However, rhey can pass the allele to the ir 
daughters, via the ir X chromosome, who would th en become ca rrie rs 
of the disease (Figure 4). 

Pedigree charts 
One useful way to trace the inheritance of sex-linked characters such 
as haemophilia is to use a pedigree chart. In these: 

• 	 a male is represen ted by a sq uare 

• 	 a fe male is represenred by a circle 

• 	 shading within eithe r shape indicates the presence of a characte r. 
such as haemophilia, in the phenotype 

A B 

T 
normal female 

normal male 

le lo 	 IE 

T 	 TI 

G 	 H 

A Figure 5 

Summary questions ¥x 

Red-green colour blindness is linked to the Xchromosome. The allele (r) for 
red-green colour blindness is recessive to the normal allele (R). Figure 5 
shows the inheritance of this characteristic in a family. 

1 State what sex chromosomes are present in individuals labelled Eand F? 

2 In terms of colour blindness, identify the phenotypes of each of the 
individuals labelled A, B and 0. 

3 In terms of colour blindness, identi fy the genotypes ofeach of the 
individuals labelled G, H, I and J. 

4 fi If ind ividual C was to have children with a normal female (one who 
does not have any r alleles), determine t he probability of any sons 
having colour blindness. 

5 Individual J is colour blind. Assuming no history of colour blindness in 
either parent's family tree, suggest how this might have occurred. 

affected female 

affected male 

IF 

T 
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17.6 Sex- linkage 

The royal families of Europe have been affected by showing the inheritance of haemophilia from Queen 
haemophilia for many years. The origins of the disease Victoria in members of various European royal families 
stretch back to Oueen Victoria. A pedigree chart is shown in Figure 6. 

-· c: , 

~ : V"'ona 
~ : c , 

o: ~ : 
<ll 1 10 , 

.§: o: .,, 

female () 

Maunee 

Attonso Gonzalo Jaime 
~ 

Accidentally bled 
to death 

Waldemar Sigismund Henry Anastasia Tsarev1tch Maurice Rupert Juan 
(died aged 56) (died aged 4 ) Alexis (died on (died on 

(murdered) infancy) car accident) o--6
Queen Prince 

N B. Not all members of each family are shown.Elizabeth II Phohp 

.A Figure 6 Pedigree chart showing rhe transmission ofhaemophilia from Queen Victoria 

1 	 Suggest why haemophilia is not present in the current British royal family of Oueen Elizabeth II and Prince 

Philip, and their children. 


2 	 Give evidence from the chart which shows that haemophilia is: 

a sex-linked 

b recessive. 


3 	 Using the symbols XH for the chromosome carrying an allele that produces a clotting protein and Xh for a 

chromosome carrying an allele that does not produce a clotting protein, list the possible genotypes of the 

following people: 

a Queen Elizabeth II 

b Gonzalo 

c Irene 


4 	 Suppose Waldemar and Anastasia had married and produced children. Using the same symbols, list all the 

possible genotypes of their: 

a sons 

b daughters. 

Explain your answers. 


• 




In humans, just 23 pairs of chromosomes carry the genes that 
determine many thousands of different characteristics. It follows that 
each chromosome must possess many different genes. Any two genes 
that occur on the same chromosome are said LO be linked. All the genes 
on a single chromosome form a linkage group. We saw in Topic 17.6 
that genes carried on the sex chromosomes are said to be sex linked. 
The remaining 22 chromosomes, other than the sex chromosomes, are 
called autosomes. The name given to the situation where two or more 
genes are carried on the same autosome is called autosomal linkage. 

Assuming there is no crossing over, all the linked genes remain 
together during meiosis and so pass imo gametes, and hence the 
offspring, t0gether. They do not segregate in accordance with Mendel's 
Law of Independent Assortment. 

Figure 1 shows the different gametes that are produced if a pair of genes 
A and B are linked compared with if they are on separate chromosomes. 

If genes A and B occur on separate chromosomes, that is. they are not linked. 
If genes Aand B occur on the same chromosome, that is, they are linked 

Two homologous pairs 

are needed 11 all four 

alleles are to be present 


According to Mendel's 

Law of Independent 

Assortment, any one of 

a pair of characters may 

combine w1lh any of 

another pair. There are 
 b 

therefore four different 
possible types or 
gamete. 

If genes A and B occur on the 

same chromosome, that is, 


A-u-A a-u-athey are linked 

Only one homologous pair B-BB b-Bb 
is needed 1f all four alleles 

are to be present. 
 /! \~ 

:J I: :I l, 
1 1 

Possible types or gamete 0 0 
.A. Figure 1 Comparison ofgametes produced by an organism that is 
heterozygous for two genes A and B when they are linked and not linked 

Learning objectives 
-+ Describe autosomal linkage. 

-+ Explain how autosomal 
linkage affects the 
combinations ofalleles in 
gametes. 

Specification reference:3.7.1 

Synoptic link 

You learnt about crossing over 
in Topic 9.2, Meiosis and genetic 
variation. 

• 




17.7 Autosomal linkage 
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We see from Figure J that where the two genes A and B with 
heterozygous alleles are on diffe rent chromosomes, there are four possible 
combinations of the alleles in the gametes: AB, Ab. aB and ab. However, 
if the two genes are linked and provided there is no crossing over, there 
a re only two possible combinations of the alleles in the gametes: AB and 
ab. Thls makes things simpler when dealing with genetic crosses. 

For example, consider two linked genes of the frui t fl y Drosophila 
melanogaster - one that determines body colour and the other that 
determines wing size. There are two alle les for body colour. One 
produces a grey body and is dominant to the other which produces a 
black body. There are also two alleles for wing size. One that produces 
normal sized wings and is dominant to the other that produces 
vestigial wings (tiny wings that do not function). One possible cross is 
shown in Figu re 2. 

G = allele for grey body 
g = allele for black body 
N = allele for normal wings 
n = allele for vestigial wings 

grey body 
and 

normal wings 

grey body 
and 

normal wings 
parental phenotypes 

parental genotypes 

gametes 

offspring 
phenotypes 

offspring -
genotypes d' gametes 

<.j.> gametes (GN) (gn) 

@) GGNN GgNn 

@ GgNn ggnn 

3 fruit flies wi th grey bodies and normal wings 

1 fruit fly with black body and vest1g1al wings 

A Figure 2 The offspring ofa cross between two flies that are 
heterozygousfor both characteristics 

If the alleles for body colour and wing size were nor Jin ked but on 
separate chromosomes, then an individual char is heterozygous for 
both characters would produce four diffe rent gametes (GN, Gn, gN, 
and gn) rather that just two (GN, gn ) as shown in our cross. We saw 
in Topic 17.4 that when there is random fertilisation of gametes, the 
offspring of this dihybrid cross would be fruit flies with the following 
characters: 

9 grey body and normal wings (G-N-) 

3 grey body and vestigial wings (G-nn) 

3 black body and n ormal wings (ggN-) 

1 black body and vestigial wings (ggnn) 



Summary questions 

1 Distinguish between sex-linkage and autosomal linkage. 

2 Avariety of rabbit has an allele {H) for long hairs and another allele {h) 
short hairs. It also has an allele {G) for grey hairs and another allele {g) 
for white hairs. The gene for hair length and the gene for hair colour are 

on the same chromosome. 

Draw a genetic diagram to show the results of a cross between a rabbit that 

has short, white fur and one that is heterozygous for both characters. 

In tomato plants, flower colour is determined by a gene that has two 

alleles, one producing yellow flowers and the other white flowers. Another 

gene determines the colour of the fruit. This gene also has two alleles, one 

producing red fruit and the other yellow fruit. 

A tomato plant with yellow flowers and red fruit is crossed with a tomato 

plant with white flowers and yellow fruit. All the F 1 offspring had yellow 

flowers and red fruit. 

A plant of this F 
1 

generation was self-pollinated (self-fertilised by its own 

gametes). 

1 	 Suggest suitable symbols for each of the alleles involved in these 


crosses and annotate them to show which allele each symbol 


represents. 

2 Using the symbols you have chosen, state the genotype of a tomato 

plant in the F 1 generation. 
3 The two genes are linked. Predict what the ratio of plants would be 

in the F 2 generation. 
4 Deduce what the ratio ofplants would be in the F 2 generation if the 

two genes were not linked. 

5 	 When a plant from the F 1 generation was self-poll inated, the actual 

results were: 
yellow flowers and red fruit 68 

yellow flowers and yellow fruit 7 
white flowers and red fru it 7 
white flowers and yellow fru it 18 

a These results included some unexpected varieties of tomato plant. 

Suggest which ones these are. 

b 	 Using your knowledge of meiosis, suggest what might have 

happened that would explain the appearance of these 

unexpected varieties. 

• 




Learning objectives 
-+ 	 Explain what is meant by 

epistasis. 

-+ 	 Explain the effects of 
epistasis. 

Specification reference: 3.7.1 

Study tip 
As the 9:4:3 ratio is different from 
the 9:3:3:1 found in a dihybrid 
cross, this indicates there is some 
other explanation. 
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We have looked at examples of how conditions such as linkage modify 
Mendelian ratios but without compromising the basic ideas. Let us 
consider a similar situation, epistasis. 

Epistasis arises when the alJele of one gene affects or masks the 
expression of another in the phenotype. 

An example occurs in mice where several genes determine coat colour. 
Let us look at two such genes. 

• 	 Gene A controls the distribution of a black pigment called melanin 
in hairs and therefore whether they are banded or not. The 
dominant alJele A of this gene leads to hairs that have black bands 
whjle the recessive allele a produces un iform black hairs when it is 
presen t with another recessive a llele a (homozygous= aa). 

• 	 Gene B controls the colour of the coat by derermining or otherwise, 
the expression of gene A. The dominant a ll ele B leads to the 
production of melanin whil e the recessive a llele b leads to no 
pigment and any hair will tberel'ore be white when it is present 
with another recessive allele =bb - the homozygous state. 

The usual (wild type) mouse has a grey-brown coat known as agouti. 
This is the result of having hairs with black bands. If a mouse has 
uniform black hairs its coat is black and if the hairs lack melanin 
altogether its coat is albino (white). 

• Figure 1 Black, agouti, and albino mice 

Han agouti mouse with the genotype AABB is crossed with an albino 
mouse with the genotype aabb, then the orrspring arc all agouti. 
H individuals from the F1 generation arc crossed to produce the F2 
generation the following ratio is produced: 

9 agouti mice 

4 albino mice 

3 black mice . 




The crosses are shown in th e genetic diagram in Figure 2. 

parental phenotypes 
agouti white 

I 
aabb 

~ 
I 

parental genotypes AABB 

! 
AB gametes 

F1 phenotype 	 agouti 

I 
F1 genotype 

F1 gamete 

AaBb 

<j? gametes 

@ 

brown white 	 black 

• 

9 Agouti 4 albino 	 3 black 

.A. Figure 2 Epistosis in mice 

The explanation of the results is as follows: 

• 	 The expression of gene A (black bands) is affected by the 
expression of gene B (production of melanin). 

• 	 If gene B is in the homozygous recessive state (bb) then no 
melanin is produced and the coat is albino. 



17.8 Epistasis 

• 	 In the absence of melanin, gene A cannot be expressed. 

• 	 Therefore regardless of which alleles (AA, A a or aa) are presenc, as 
there is no pigment, the hairs can be neither coloured nor banded. 

• 	 Where a dominant allele B is present, melanin is produced. 

• 	 If this allele is present with a dominant allele A, then banding 
occurs and an agouti coat results. 

• 	 Where allele B is present with two recessive alleles (aa ), the hairs, 
and hence the coat, a re uniform black. 

There are other forms of epistasis. For example where genes act in 
sequence by determining the enzymes in a biochemical pathway. 
Suppose that a plant produces a red pigment in its petals using the 
following biochemical pa thway. 

enzyme A enzyme B 

starting molecule ~ intermedia te molecule ~ red pigment 

The production of enzym es A and B is coded for by genes A and B, 
respectively. Dominant alleles of each gene code for a functional enzyme, 
while recessive alleles code for a non-Functional enzyme. It follows that 
if the alleles of either gene are both recessive, rhen chat enzyme will be 
non-functional and the pathway cannot be compleced. This affects the 
other gene in that, even if it is fu nctional and produces its enzyme, ics 
effects cannot be expressed because no pigment can be manufactured. 

Summary questions 

1 	 Using the example of epistasis in mice in this topic, consider a cross between mouse 1 that is heterozygous for 

gene A (colour distribution} and homozygous recessive for gene B (melanin production} with mouse 2 that is 

heterozygous for both genes. 

a 	 State the colour of mouse 1 and the colour of mouse 2. 

b Calculate, and list, the genotypes of the offspring resulting from this cross. 


c State the ratio of different phenotypes produced by this cross. 


2 	 Some varieties of corn, Zea mays, have purple seeds due to the presence of a pigment cal led anthocyanin in their 

seed coats. In the absence of the pigment, the seeds are white. The production of anthocyanin is controlled by 

two genes, A and B. 

One pure-breeding variety of white-seeded corn with the genotype AAbb was crossed with another pure-breeding 

variety of white-seeded corn with the genotype aaBB.All the offspring had purple seeds. A cross between two of 

the F 
1 

generation produced a ratio of nine purple-seeded plants to seven white-seeded plants. 

a 	 Deduce the genotype of the F 1 generation. 

b Draw a genetic diagram showing the cross between two F1 individuals. 

c I Analyse your table of results and deduce which nine genotypes you think might represent purple-seeded 

plants. 

ii State what these nine genotypes have in common. 

d Suggest how epistasis can explain the production of anthocyanin in some of the plants but not in others . 

• 




II you toss a coin 100 times it would be reasonable to expect it to 
land heads on 50 occasions and tails on 50 occasions. In practice. 
it would be unusual if these exact results were obtained. If it lands 
heads 55 times and tails only 45 times, does this mean that the coin 
is weighted or biased in some way, or is it purely a chance deviation 
from the expected result? How can we test which of these two options 
is correct? 

What is the chi-squared test? 
The chi-squared (X2) tesr is used to test the null hypothesis. The null 
hypothesis is used to examine the results of scientific investigations and 
is based on the assumption that there will be no statistically significant 
difference between sets of observations, any difference being due to 
chance alon e. In our coin tossing example, th e null hypothesis would 
be that there is no difference between the number of times it lands 
heads and the number of times it lands tails. The chi-squared test is a 
means of testing whether any deviation between the observed and the 
expected numbers in an investigation is significant or not. It is a simple 
test that can be used only if certain criteria are met: 

• 	 the sample size must be relatively large, that is, over 20 

• 	 the data must fall into discrete categories 

• 	 only raw counts and not percentages, rates, etc., can be used 

• 	 it is used to compare experimental results with theoretical ones. for 
example, in genetic crosses with expected Mendelian ratios 

The formula is: 
. d f Iobserved numbers (0) - expected numbers (E) 12 

cl11 square = sum o 
expected numbers (E) 

summarised as: 
(0 - E)2 

x2 =L---' ­
E 

The value obtained is then read off on a chi-sq uared distribution table 
(Table 1) to determ ine whether any devia tion fro m the expected 
res ults is significa nt or not. To do this we need to know the number of 
degrees of freedom . This is simply the n umber of classes (ca tegories) 
minus one, that is, if a human can have blood group A or B or AB or 
O, there are four classes and three degrees of freedom in this case. 

Calculating chi-squared 
Using our example of the coin tossed 100 times, we can calculate the 
chi-squared value: 

Class I Observed 

I 
Expected 

I 
0-E 

I 
(0 - E) 2 

I 
(O ­ E) 2 

(category) (OJ (E) E 

Heads SS so +S 2S O.S - -
Tai ls 4S so -S 2S O.S 

L = 1.0 -

Learning objectives 
-+ Explain what the chi-squared 

test is. 

-+ Calculate values for 
chi-squared. 

-+ 	 Demonstrate how the 

chi-squared test is used in 

genetics. 


Specification reference 3.?.1 

Hint 

The reason for squaring the value 
for (O-E) in the chi-squared test is 
to remove negative numbers. 

• 




17.9 The chi-squared (x2 ) test 
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Therefore the value of X2 =1.0. 

T Table 1 Part ofa xz table {based on Fisher) 

1 2 0.00 0.10 0.45 1.32 2.71 3.84 5.41 6.64 

2 3 0.02 0.58 1.39 2.77 4.61 5.99 7.82 9.21 

3 4 0.12 1.21 2.37 4.11 6.25 7.82 9.84 11.34 

4 5 0.30 1.92 3.36 5.39 7.78 9.49 11.67 13.28 

5 6 0.55 2.67 4.35 6.63 9.24 11.07 13.39 15.09 

Probabil ity that deviat ion 0.99 0.75 0.50 0.25 0.10 0.05 0.02 0.01 
is due to chance alone (99%) (75%) (50%) (25%) (10%) (5%) (2%) (1%) 

Accept null hypothesis Reject null hypothesis and therefore 

(Any difference is due to chance and not significant) l accept experimental hypothesis. The 

Crit ical difference is signi ficant 

value 

ofx2 at 0.05 p level as this is the smallest value accepted by statisticians for results being due to chance 

Using the chi-squared table 
To find out whether this value of 1.0 is significant or not we use a chi­
squared table, part of which is given in Table I. Before trying to read 
this table it is necessary to decide how many classes of results there 
are. In our case there are two classes of results, heads and tails. This 
corresponds to one d egree of freedo m , as the degrees of freedom 
are the number of classes minus one. We now look along the row 
showing two classes (i.e., one degree of freedom) for our calcula ted 
value of 1.0. This lies between the va lues 0.45 and 1.32. Reading along 
the probabiUty row we see that our va lue lies between of 0.50 (50%) 
and 0.25 (25%) . This means that the probability that chance alone 
could have produced the devia tion is between 0.50 (50%) and 0.25 
(25%) . In the chi-squared test the critica l va lue is p =0. 05. This is 
the attribution to chance accepted by statisticians, that is, 5% due to 
chance. If the probability that the deviation is due LO chance is equal to 

or greater than 0.05 (5%), the deviation is said to be not significant 
and the null hypothesis would be accepted. If the devia tion is less 
than 0.05 (5%), che deviation is said LO be significan t . In ocher 
words, some factor other than chance is affecting the results and the 
null hypothesis must be rejected. In our example the value is greater 
than 0.05 (5%) and so we assume the deviation is due to chance and 
accept the null hypothesis. Had we obtained 60 heads and 40 tails, a 
chi-squared value of slightly less than 0.05 (5%) would be obtained, 
in which case the null hypothesis would be rejected and we would 
assume that the coin might be weighted or biased in some way. 



Chi-squared test in genetics 
The chi-squared test is especially useful in genetics. To take the 
example of the genetic cross described in Topic 17.4 (also refer back to 
remind yourself how the expected results were obtained for the test), 
if we cross F 1 plants produci ng round, yellow seeds that we know arc 
heterozygous we could expect a typical dihybrid F2 ratio of: 

9 round, yellow seeds 3 wrinkled, yellow seeds 

3 round, green seeds 1 wrinkled, green seeds 

Suppose we obta ined 320 plants in the ratio 186:48:72:14. Could this 
variation be due to statistica l chance or could some other factor be the 
reason for the diffe rences? Our null hypothesis states that there is no 
significant diffe rence between the observed and the expected results. 
Applying the chi-sq uared test: 

Class 
(category) 

I Ob""''
(OJ 

Expected I 
(E) 

0-E (O ­ E) 2 (O ­ E) 2 
-- ­

E 

Round, yel low 
seeds 

186 180 +6 36 0.2 

Round, green 
seeds 

48 60 - 12 144 2.4 

Wrinkled, yellow 
seeds 

72 60 +12 144 2.4 

Wrinkled, green 
seeds I 

14 20 -6 36 1.8 

:E = 6.8 

In this example there arc four classes and therefore three degrees of 
freedom. Using the chi-squared table (Table I) we see that our value 
falls between 6.25 and 7.82 shown on the row for three degrees of 
freedom and that these values correspond to between 0.1 (10%) and 
0.05 (5%) probability that the deviation is due to chance alone. In this 
case there is between a 5% and 10% probability that the deviation 
is due LO chance. Therefo re we accept the null hypothesis and accept 
that the results arc not sign ificantly different from a 9:3:3: 1 ratio. 

Summary questions -rx 

In an experiment, domestic fowl with walnut combs were crossed with each 
other. The expected offspring ratio of comb types was 9 walnut, 3 rose, 
3 pea, and 1 single. In the event, the 160 offspring produced 103 walnut 
combs, 20 rose combs, 33 pea combs, and 4 single combs (Figure 1). 

1 Devise an appropriate null hypothesis. 


2 Determine the number of degrees of freedom. 


3 Calculate the value of chi-squared. 


4 Determine the probability that the deviation is due to chance alone. 


5 Assess whether the null hypothesis should be accepted or rejected. 


A Figure 1 The different types of 
comb in domestic fowl are the result of 
dihybrid inheritance 

• 




Practice questions: Chapter 17 


(a) 	 Jn £ruit flies, the genes for body colour and wing length are linked. 
Explain what this means. (I mark) 
A scientist investigated linkage between the genes for body colour and wing length. 
He carried out crosses between fruit mes with grey bodies and long wings and fruit 
mes with black bodies and short wings. 
Figure 2 shows his crosses and the results. 
• 	 G represents the dominant allele for grey body and g represents the recessive allele 

for black body. 
• 	 N represents the dominant allele for long wings and n represents the recessive 

allele for shon wings. 

T Figure 2 

Phenotype ofparents 	 gre!:J bOd!:J, x black bOd!:J, 

long wings short wings 

Genotype ofparents GGNN ggnn 


Genotype ofoffspring GgNn 


Phenotype ofoffspring all gre!:J bod!:J, long wings 


These offspring were crossed with flks homozygous for black body and short wings. 
The scien tist's results are shown in Figure 3. 

T Figure 3 

GgNn crossed with ggnn 

(b) Use your knowledge of gene linkage to explain these results. (4 marks} 
(c) 	 If these genes were not linked, what ratio of phenotypes would the scientist 

have expected to obtain in the offspring? (1 mark) 
(d) 	 Use the chi-squared test to determine whether there is a significant difference 

between the observations recorded in Figure 3 and those expected if the 
genes arc not linked. (2 marks) 

AQA Specimen 2014 (apart [rom 1 (d)) 

Key 2 A single gene controls the presence of hair 
on the skin of cattle. The gene is carried D hairless male on the X ch romosome. Tts dominant allele 
causes hair 10 be present on the skin and 

D 
Q hairless female its recessive allele causes hairlessness. The 

diagram shows 1he pattern of inheritance of 
4 these a lleles in a group of cattle.male with hair 

(a) 	 Use evidence from the diagram co explain 
(i) that hairlessness is caused by a Q female with hair 

recessive allele (2 marks) 
(ii) 	 that hairlessness is caused 

by a gene on the X chromosome. 
( 1 mark} 

(b) 	 What is the probabilicy of che next calf born to animals 5 and 6 being hairless? 
Copy and complece the genetic diagram to show how you arrived at your answer. 
Phenotypes of parents Female with hair Male with hair 
Genotypes of parents 
Gametes 
Genotypes of offspring 
Phenotypes of offspring 
Probability of next calf being hairless (4 marks) 

• 	
AQA Jan 2012 



Chapter 17 Inherited change 

3 	 The fruiL fly is a useful organism for studying genetic crosses. Female fruiL flies are 
approximaLely 2.5 mm long. Males are smaller and possess a dislind black patch on their bodies. 
Females lay up to 400 eggs which develop imo adults in 7 to 14 days. Fruit flies will survive and 
breed in small flasks containing a simple nutrient medium consisting mainly of sugars. 
(a) 	 Use this information to explain two reasons why the fruil fly is a useful 

organism for studying genetic crosses. (2 marks) 
(b) 	 Male fruit flies have the sex chromosomes XY and the females have XX. In the 

fruit fly, a gene for eye colour is carried on the X chromosome. The allele for red 
eyes. R, is dominant to the allele for white eyes, r. The genetic diagram shows a 
cross between two fruit flies. 
(i) 	 Copy and complete the genetic diagram for this cross. 

Phenotypes of parents red-eyed female x white-eyed male 

Genotype or parents 

Gametes 	 and and 

Phenotypes of offspring red-eyed females and red-eyed males 

Genotype of offspring 
(J marks) 

(ii) 	 The number or red-eyed females and red-eyed males in the offspring was 
counted. The observed ratio of red-eyed females to red-eyed males was 
similar to, but not the same as, the expected ratio. Suggest one reason 
why observed ratios are often not the same as expected ratios. (I mark) 

(c) 	 Male fruit flies are more likely than female fruit flies to show a phenotype 
produced 	by a recessive allele carried on the X chromosome. Explain why. (2 marks) 

AQA Jan 2013 

4 	 A breeder crossed a black male cat with a black female cat on a number of occasions. 
The female cat produced 8 black kittens and 4 white kittens. 
(a) 	 (i) Explain the evidence that the allele for white fur is recessive. (/mark) 

(ii) 	 Predict the likely ratio of colours of kittens born to a cross between 
this black male and a white female. (I mark) 

(b) 	The gene controlling coat colour has three alleles. The 
allele B gives black lur, the allele b gives chocolate fur 
and the allele b 1 gives cinnamon fur. 
• Allele Bis dominant to both allele b and bi. 
• Allele bis dominant to allele b i. 
(i) 	 Copy and complete the table to show the phenotypes 

of cats with each of the genotypes shown. 

Phenotype 

Bb; 

bbi 

Bb 

Genotype 

A chocolate male was crossed several times with a 

black female. They produced 


• 11 black kittens 
• 2 chocolate kittens 
• 5 cinnamon kittens. 
(ii) 	 Using the symbols given on the previous page, copy and complete the generic 

diagram to show the results of this cross. 

Parenta I phenotypes Chocolate male Black female 

Parental genotypes 
Gametes 

orrspring genotypes 
Oflspring phenotypes Black Chocolate Cinnamon 

(J marks) 
(iii) 	The breeder had expected equal numbers of chocolate and cinnamon 

kittens from the cross between the chocolate male and black female. 
Explain why the actual numbers were differem from those expected. (I mark) 

(iv) 	The breeder wanted to produce a population of cats that would all 
have chocolate fur. Is this possible? Explain your answer. (2 marks) 

AQA June 20 t t 

(/mark) 
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Learning objectives 
-+ 	 Define the terms gene pool 

and allelic frequency. 

-+ 	 Define the Hardy- Weinberg 
principle. 

-+ 	 Using the Hardy-Weinberg 
principle calculate allele, 
genotype and phenotype 
frequencies. 

Specification reference: 3.?.2 

Hint 

Whether an allele is recessive or 
dominant has nothing to do with it 
being harmful or beneficial. People 
with type 0 blood group have two 
recessive al leles for the gene but 
as it is the most common blood 
group it can hardly be harmful. 
Also, Huntingdon's disease is a fatal 
condition due to a dominant allele. 

• 

We have so far looked at how genes and their alleles are passed 
between individuals in a population. Let us now consider the genes 
and alleles of an entire population. 

A population is a group of organisms of the same species that occupies 
a particular space at a particular time and that can potentially 
interbreed. Any species exists as one or more populations. All the 
alleles of all the genes of all rhe individuals in a population at a given 
time time are known as the gene pool. The number of times an allele 
occurs within the gene pool is referred tO as the a llelic frequency. 

Let us look at this more closely by considering just one gene that has two 
alleles, one of which is dominant and the other recessive. An example is 
the gene responsible for cystic fibrosis, a disease of humans in which the 
mucus produced by affected individuals is thicker than normal. The gene 
has a dominant allele (F) that leads to normal mucus production and a 
recessive allele (f ) that leads tO the production of thicker mucus a nd hence 
cystic fibrosis. Any individual human has two of these alleles in every 
one of their cells, one on each of the pair of homologous chromosomes 
on which the gene is found. As these alleles arc the same in every cell of 
a single person, we only count one pair of alleles per gene per individual 
when considering a gene pool. If there arc I 0000 people in a population, 
there will be twice as many (20000) alleles in the gene pool ofthis gene. 

The pair of alleles of the cystic fibrosis gene has three different 
possible combinations, namely homozygous dominant (FF), 
homozygous recessive (ff) and heterozygous (Ff). When we look 
at allele frequencies, however, it is important to appreciate that 
the heterozygous combination can be written as Ff or fF. (Tt is just 
conventional to put the dominant allele first in all cases.) 

In our population of IO 000 people, if a ll I0 000 had the genotype 
FF, then: 

• 	 The probability of anyone being FF wou ld be 1.0 a nd the 
probability of anyone being ff would be 0.0 

• 	 The frequency of the F allele would be 100% and the frequency of 
the f allele would be O'Yo. 

rf everyone in our population was heterozygous (Ff), then: 

• 	 The probability of anyone being Ff would be 1.0 and the frequency 
of the F allele would be 50%, and the frequency or the f allele 
would also be 50%. 

Of course, in practice, the population is not made up or one genotype 
but of a mixture of all three, the proportions of which vary from 
population to population. How then can we work our the allele 
frequency of these mixed populations? 

The Hardy-Weinberg principle 
The Hardy-Weinberg principle provides a mathematical equation that 
can be used to calculate the frequencies of the alleles of a parcicular 
gene in a population. The principle makes rhe assumption that 



the proportion or dominanr and recessive alleles of any gene in a 
population rema ins the same from one generation to the next this can 
be the case provided that five conditions are met: 

• 	 No mutations arise. 

• 	 The population is isolated, that is, there is no flow of alleles into or 
out of the population. 

• 	 There is no selection, that is, aU alleles are equally likely to be 
passed to the next generation. 

• 	 The population is large. 

• 	 Mating within the population is random. 

Although these conditions are probably never totally met in a natural 
population, the Hardy- Weinberg principle is still useful when studying 
gene frequencies. 

To help us understand the principle let us consider a gene that has two 
alleles: a dominant al lele (A) and a recessive allele (a ). 

Le t the probability of allele A =p 

and the probability of allele a = q 

The first equation we ca n write is: 

p + q =l.O 

because there arc only two alleles and so the probability of one plus 
the other must be 1.0 ( l 00%). 

As there arc only four possible arrangements of the two alleles, it 
follows that the probability of all four added together must equal 1.0. 
Therefore we can state that: 

AA + Aa + aA + aa =1.0 or, expressing this as a probability: 

p2 + 2pq + q2 =1.0 

We can now use these equations to determine the probability of @ 
any allele in a population. For example, suppose that a particular 
characteristic is the result of the recessive allele a, and we know 
that one person in 25 000 displays the character. 

• 	 The character, being recessive, will only be observed in 

individuals who have two recessive alleles aa. 


• 	 The probabili1y of aa must be __l_ or 0.00004. 
25000 

• 	 The probability of aa is q2 . 
~--• 	 rr q2 = 0.00004, then q = .J0.00004 or 0.00063 approximately. 

• 	 We know that the probability of both alleles A and a is p + q 

and is equal to l.O. 


• 	 If p + q = 1.0, and q = 0.00063 then: 

• 	 p = 1.0 - 0.00063 = 0.9937, that is, the probability of allele 

A= 0.9937. 


• 	 We can now calculate the probability of heterozygous 

individuals (and therefore the probability of genotypes and 

phenotypes) in the population. 


• 	 From the Hardy- Weinberg equation we know that the 
probabi lity of the heterozygotes is 2pq. 0 

Hint 

A probability of 0.0125 is the 
equivalent of 125 in 10 000 or 313 
in our population of 25 000 . 

• 




18.1 Population genetics 

~ 
• 	 In this case, 2pq = (2 x O. 9937 x 0.0063 ) = 0.0125 . ~ 
• 	 Heterozygous individuals act as a reservoir of recessive alleles 

in the population, although they themselves do not express 
che allele in cheir phenotype. 

Agene that controls wing colour in the peppered moth has two alleles. The 
expression of the dominant allele produces moths with light-coloured wings 
while the expression of the recessive allele produces moths with dark· 
coloured wings. Scientists sampled a population of moths by catching them 
in a trap and recording their sex and wing colour. The numbers in Table 1 
show how many of the 2215 moths caught were of each type. 

.A Figure 1 Dark- and light·coloured wing forms of the peppered math 

T Table 1 

Light-coloured Dark-coloured 
wings wingsI I 

269Male 836 

Female 817 _.,. 293 

Total 1653 562 
-~ 

1 State, with your reasons, whether you think the gene for wing 
colou r is sex-linked. 

2 fi Determine what proportion of the total sample has two recessive 
alleles. 

3 	 fi In the Hardy-Weinberg equation [p2 + 2pq + q2 = 1.0), p = 
the frequency of the dominant allele and q = the frequency of the 
recessive allele. For the population of moths that were caught, use 
this equation to calculate: 
a the frequency [ q) of the recessive allele; 
b the frequency [p) of the dominant allele; 
c the percentage of heterozygotes. 

4 	 Some scientists wanted to estimate the size of the total moth 
population. Describe how they might do this . 

Summary questions -rx 

1 Define the term allelic 

frequency. 

2 State what the Hardy ­
Weinberg principle predicts. 

3 	 State the five conditions 
that need to be met for this 
prediction to hold true. 

4 	 fi The frequency p of a 
dominant allele is 0.942. 
Calculate the frequency of the 
heterozygous genotype in the 
population. Show your working 
and express your answer as a 
percentage of the population. 

5 	 e The ability to roll the tongue 
is determined by a dominant 
allele. In a sample of 416 people, 
26 were unable to rol l their 
tongues. Using the Hardy ­
Weinberg equation, calculate 
how many people in the sample 
were homozygous dominant 

for this allele. 

Hint 

Unless an allele leads to a phenotype 
with an advantage or a disadvantage 
compared with other phenotypes, 
its allele frequency in a population 
will probably stay the same from one 
generation to the next. 

• 



Individuals within a population of a species often show a wide range 
of variation in their phenol ypcs. This variation is due to both genetic 
and environmental factors. The primary source of genetic variation 
is mutation, a subject that we explored in Topic 9.1. Further genetic 
variation results from meiosis and the random fertilisation of gametes 
during sexual reproduction, subjects that were covered in Topic 9.2. 
Although variation is the result of genetic fact0rs and environmental 
influences, it is rarely entirely due to one or the other but rather a 
combination of both. 

Variation due to genetic factors 
Within a population, a ll members have the same genes. Genetic 
differences, however, occur as members of this population will have 
different alleles of these genes. These differences not only occur in living 
individuals but also change from generation to generation. Genetic 
variation arises as a result of: 

• 	 mutations. These sudden changes to genes and chromosomes 
may, or may not, be passed on to the next generation. Mutations 
are a main source of variation. 

• 	 meiosis. This special form of nuclear division produces new 
combinations of alleles before they are passed into the gametes, all 
of which arc therefore different. 

• 	 random fertilisation of gametes. In sexual reproduction 
this produces new combinations of alleles and the offspring are 
therefore different from parents. Which gamete fuses with which 
at fertilisation is a random process further adding to the variety of 
offspring two parents can produce. 

Sexually reproducing organisms, increase variation by all three methods. 

Where variation is very largely the result of genetic factors organisms 
fit into a few distinct forms and there are no intermediate types. Jn 
the ABO blood grouping system, for example, there are four distinct 
groups - A, B. AB and 0 (Figure l). A character displaying this type of 
variation is usual ly controlled by a single gene. This variation can be 
represented on a bar chart or pie graph. Environmental factors have 
little influence on this type of variation. 

c 100 
0 

~ 
:; 
a. 

~ 	50 
:J 

0 

* 

A B AB 0 

blood group 

.A. Figure 1 Variation due to genetic factors illustrated by the 
percentage ofthe UK population with blood groups A, 8, AB and 0 

Learning objectives 
-+ 	 Describe variation due to 


genetic factors. 


-+ 	 Describe variation due to 


environmental influences. 


Specification reference: 3.7.3 

Synoptic link 
An understanding ofmutat ions 

(Topic 9.1) and genetic variat ion 

(Topic 9.2) will help you follow 

this topic and so should be revised j 
before you read on. . 

Study tip 
Variation where organisms fit into 

a few distinct forms is known as 

discontinuous variation. Make 

certain you recognise it and are 

able to plot a bar chart from any 

data provided. 

• 




18.2 Variation in phenotype 

A Figure 2 Variation within a species 
{intraspecijic variation] - despite the 
immense variety that they show. all dogs, 
including this Pug and Great Dane, belong 
ta the same species - Canis fami liaris 

Synoptic link 

The normal distribution curve was 
covered in more depth in Topic 10.5, 
Ouantitative investigations of 

variation and a recall of the ~'· ,, I 
information there would be hel~ 

Summary questions 

1 	 State three ways in which 

genetic variation can be 

increased in sexually 

reproducing organisms. 


2 	 State how genetic variation 

is increased in asexually 

reproducing organisms 


3 	 In the following list of 

statements, determine 

whether each refers to 

variation due to genetic or 

environmental factors. 


a 	 It can be represented by a 
line chart. 

b 	 It is usually controlled by a 
single gene. 

c 	 It can be represented as a 
ba r chart. 

d 	 A mean can be calculated. 

e 	 An example is the length of 
the body in rats . 
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Variation due largely to environmental influences 
The environment exerts an influence on all organisms. These 
influences affect the way the organism's genes arc expressed. The 
genes set limits, but it is largely the environment that determines 
where, within those limits, an organism lies. In buttercups. for 
example, one plant may be determined by its genes to grow much 
taller than other plants. If. however. the seed germinated in an 
environment of poor light or low soil nitrate, the plant may not 
grow properly and it will be short. Environmental influences include 
climatic conditions (e.g., temperature. rainfall. and sunlight), soil 
conditions, pH. and food availability. 

Some characteristics of organisms grade into one another, forming 
a continuum. In h umans, two examples arc height and mass. 
Characters that d isplay this type of variaLion arc not controlled 
by a single gene, but by many genes (polygencs). Environmental 
fac to rs play a m ajor role in determining where on the con tinuum 
an organism actually lies. For example, individuals who a re 
genetically predete rmined to be the same heigh t actua lly grow to 
different heights due to variations in environmental facto rs. such 
as diet. This type of variation is the product or polygenes and the 
environment. If we measure the heights of a large population of 
people and plot the number of individuals against heights on a 
graph we will most probably obtain a bell-shaped curve known as a 
norma l distri butio n curve (Figure 3). 
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A Figure 3 Graph offrequency against height for a sample of humans 

In m ost cases variation is due to the combined effects of genetic 
differences a nd environmental influences. It is very hard to distinguish 
between the effects of the many genetic and environmental influences 
that combine to produce differences between individuals. As a result, 
it is very difficult to draw conclusions about the causes of variation 
in any particular case. Any conclusions that are drawn are usually 
tentative and should be treated with caution. 



Every organism is subjected to a process of selection, based on its 
suitability for survival under the conditions that exist at the time. The 
environmental factors that limit the population of a species arc called 
selection pressures. These selection pressures indude predation, 
disease and competition. Selection pressures vary from time to time 
and place to place. These selection pressures determine the frequency 
of all alleles within the gene pool. A gene pool is the total number of 
all the alleles of all the genes of all the individuals within a particular 
population at a given time. 

The process of evolution by means of natural selection depends upon 
a number of factors. These include: 

• 	 organisms rroducc more o ffspring than can be supported by the 
ava ilable su pply of food, light, space, e tc. 

• 	 there is genetic variety w ith in the populations of all species. 

• 	 a variety of phenotypes that selection opera tes against. 

The role of over-production of offspring 
in natural selection 
Charles Darwin appreciated that all species have the potential to 
increase their numbers exponentially (Figure l ). He realised that, in 
nature, populations rarely, if ever, increased in size at such a rate. He 
rightly concluded that the death rate of even the most slow-breeding 
species must be extremely high. High reproductive rates have evolved 
in many species to ensure a sufficiently large population survives to 
breed and produce the next generation. This compensates for high 
death rates from predation, competition for food (including light in 
plants) and water, extremes of temperature, natural disasters such as 
earthquake, and fire, disease etc. Some species have evolved lower 
reproductive rates along with a high degree of parental care. The 
lower death rates that resu lt help tO mainta in their population size. 

time ­

.A Figure 1 The exponential rise in the population of a species whose growth is left 
unchecked by environmentalfactors such as predation, climate, disease, and competition 

Learning objectives 
-+ 	 Define a gene pool. 

-+ 	 Explain the role of 
overproduction of offspring in 
natural selection. 

-+ 	 Explain the role of variation in 
natural selection. 

Specification reference: 3.7.3 
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18.3 Natural selection 

' 

Summary questions 

1 Define a gene pool. 

2 State four factors that lead 
to differential survival and 
reproduction. 

3 Sickle cell anaemia is a 
debilitating genetic disease 
that causes premature death 
but provides some resistance 
to the malarial parasite. 
Explain how selection might 
affect the distribution of 
the gene causing sickle cell 
anaemia in both malarial and 
non-malarial regions. 

~1.3 and 2.4, see Chapter 22. 

• 

The link between over-production and natural selection lies in 
the fact that, where there are too many orfspring for the available 
resources, there is competition amongst individuals (intraspecific 
competition) for the limited resources available. The greater the 
numbers, the greater this competition and the more individuals will 
die in the struggle to survive. These deaths, however, are not totally 
random. Those individuals in a population best suited to prevailing 
conditions (e.g., better able to hide from or escape predators, better 
able to obtain light or catch prey, better able to resist disease or find 
a mate) will be more likely to survive than those less well adapted. 
These individuals will be more likely to breed and so pass on their 
more favou rable allele combinations to the next generation, which 
will therefore have a different allele frequency from the previous one. 
The population will have evolved a combination of alle les that is better 
adapted to the prevailing conditions. This selection process, however, 
depends on individuals of a population being genetically different from 
one another. 

The role of variation in natural selection 
If an organism can survive in the cond iti ons in which it lives, you 
may wonder why it doesn't always produce orrspring that are 
identical co itself. These will, alter all, be equally likely to survive in 
these conditions, whereas variation may produce individuals that 
are less suited. However, conditions change over time and having 
a wide range of genetically different (and therefore phenotypes) 
in the population means that some will have the combination of 
genes needed to survive in almost any new set of circumstances. 
Populations showing lillle individual genetic variation a re often more 
vulnerable to new diseases and climate changes. It is also important 
that a species is capable of adapting to changes resulting from the 
evolution of other species. 

The larger a population is. and the more genetically varied the 
individuals within it, the greater the chance that one or more individuals 
will have the combination of alleles that lead 10 a phenotype which is 
advantageous in the struggle for survival. These individuals will therefore 
be more likely to breed and pass their allele combinations on to future 
generations. Variation therefore provides the potential for a population to 
evolve and adapt to new circumstances. 

The inlluence of variation on natural select ion is best summarised by 
Darwin himself who, nearly a hundred and fifty years ago, wrote: 

How can it be doubted, from the struggle each individual has 
to obtain subsistence, that any minute variation in structure, 
habits or instinct, adapting that individual bener to the new 
conditions, would tell upon its vigour and health? In the 
struggle it would have a beuer chance of surviving, and chose 
of its offspring which inherited the variation, be it ever so slight, 
would have a better chance. 



How genetic variation leads to natural selection - copper tolerance in grasses f) 

Species of grasses such as Agrostis tenuis and Agrostis 
capillaris have a variety of different forms with respect 
to copper tolerance (Figure 2). Some varieties are 
very tolerant and grow readily in soils with a high 
concentration of copper ions. Other varieties have a ver!:I 
low tolerance and do not survive, even when soil copper 
concentrations are very low. The majority of the varieties 
lie somewhere between these two extremes. 

The soil around old copper workings is heavily 
contaminated with copper. If seeds ofAgrosris spp. are 
planted in this soil, only those plants with a high tolerance 
to copper ions will survive. These plants are therefore the 
only ones to breed and so pass on their alleles to the next 
generation. Amongst these alleles wi ll be those giving 
resistance to copper ions. Over time, the frequency of 
these alleles in the gene pool of the populat ion ofAgrosris 
spp increases as a result of the selection pressure from 
copper ions in the soil. The frequency of certain alleles 
in the population has changed and so the gene pool has 
changed and the population of Agrostis spp has evolved. 
On soils with low levels of copper, there is no selective 
advantage in being copper-tolerant and so the proportion 

1 	 Identify the types of curve shown in Figure 2. 
2 	 Name the type of inheritance these curves suggest. 

of these varieties remains low. They nevertheless survive 
where soil copper concentrations are low because there is 
no disadvantage in having tolerance to copper but there is 
no particular advantage either. 

i 

plants growing 

on soils 
contaminated 
wi th copper 

plants growing on 
normal soil 

uncontaminated 
with copper 

low medium high 

degree of tolerance to copper ­

•Figure 2 Copper tolerance in Agrostis spp. 

3 Suggest why the population of copper-tolerant varieties where the soil is heavily contaminated with copper 
is much larger than the population of non-tolerant varieties where the soil is less contaminated. 

4 Describe how you might determine whether a plant was a variety of Agrostis copillaris rather than 
a separate species. 

5 	 f) Agene associated with copper tolerance has two alleles, T and t . Varieties ofAgrostis tenuis that have both 
recessive alleles are copper tolerant, while varieties of Agrosris tenuis possessing one or more dominant alleles 
are not. A sample of plants was tested for copper tolerance and 72 plants were found to be copper tolerant while 
3?8 were not. 
a Assuming the Hardy- Weinberg principle applies, calculate the percentage of the sample that have the 

genot!:lpes TI,Tt, and tt. 

b Justif!:I, giving two reasons, why the Hardy-Weinberg principle does not apply in the situation described here. 

• 
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11:8.4: Effects of different forms of selection 
:1 

on evolution 

learning objectives 
-+ Describe stabilising selection. 

-+ Describe directional 
selection. 

-+ Describe disruptive selection. 

-+ Explain the effects of 
each form of selection on 
evolution. 

Specification reference: 3.?.3 

Optimum fur 
length ~t 1o·c 

Selection 
pressure-

0.5 1.0 1.5 2.0 2.5 
fur length I cm 
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0 
0 
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0.5 	 1.0 1.5 2.0 2 .5 
fur length I cm 

1. 	 Initially there is a wide range of fur 
length about the mean of l.5cm. 
The fur lengths of less than 1.0cm 
or greater than 2.0cm in individuals 
are maintained by rapid breeding in 
years when the average temperature is 
much warmer or colder than normal. 

2 . 	 When the average environmental 
temperature is consistently around 
10°c with little annual variation, 
individuals with very long or very short 
hair are eliminated from the population 
over a number of generations. 

.A Figure 1 Stabilising selection 
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Environmental factors help create variation within a popularion. 
These environmental factors may be an agent for constancy or an 
agent for change according to the type of selection pressure they 
exen. Earlier we looked at two different forms of selection, stabilising 
and directional, and touched on the effects these forms of selection 
have on evolution. Let us now explore these effects more closely and 
investigate a third form of selection - disruptive selection. 

The three main types of selection affect the characteristics of a 
population in the following ways: 

• 	 stabilising selection preserves the average phenotype (phenotypes 
around the mean) of a population by favouring average individuals, 
in other words, selection against the extreme phenotypes 

• 	 directional selection changes the phenotypes of a population by 
favouring phenotypes that vary in one direction from the mean of 
the population. in other words, selection for one extreme phenotype 

• 	 disruptive selection favours individuals with extreme phenotypes 
rather than those with phenocypes around the mean of the 
population. 

Stabilising selection 
Stabilising selection tends to eliminate the extremes of the phenotype 
range within a population and with it the capacity for evolutionary 
change. It tends to occur where the environmental conditions are 
constant over long periods of time. One example is fur length in a 
parricular mammalian species. In years when the environmental 
temperatures are hotter than usual. the individuals with shorter fur 
length will be at an advantage because they ca n lose body hear more 
rapidly. In colder years the opposite is true and those with longer fur 
length will survive better as they are beuer insula ted. 

Therefore, if the environment fluctuates from year to year, both extremes 
will survive because each will have some yea rs when ir can thrive at 
the expense of the other. IL however, the environmental temperature 
is constant.Jy 10°C, individuals at the extremes will never be at an 
advantage. They will therefore be selecred against in l'avour of those with 
average fur length. The mean will remain the same, bur there will be 
fewer individuals at either extreme (Figure l ). An example of stabilising 
selecrion is the body mass of human children at birth. We saw in Topic 
9.4 that babies born with a body mass greater or less than the optimum 
of 3.2kg have a higher risk of dying in the few months after birth. 

Directional selection 
Within a population there will be a range of genetically di[ferem 
individuals in respect of any one phenotype. The contin uous variation 
amongst these individuals forms a normal distribution curve. This curve 
has a mean char represents the optimum value for the phenotypic 
character under the existing conditions. lf the environmental conditions 
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In a population of a particular mammal, fur length shows continuous variation. 

1. 	 When the average environmental temperature is 10°C, the optimum fur length is l.5cm. This then represents the mean fur length of 
the population. 

2. 	 A few individuals in the population already have a fur length of 2.0 cm or greater. If the average environmental temperature falls 
to 5°C, these individuals are better insulated and so are more likely to survive to breed. There is a selection pressure favouring 
individuals with longer fur. 

3. 	 The selection pressure causes a shift in the mean fur length towards longer fur over a number of generations. The selection pressure 
continues. 

4 . 	 Over further generations the shift in the mean fu r length continues unti l 1t reaches 2.0cm the optimum length for the prevailing 
average environmental temperature of 5•c. The selection pressure now ceases. 

A Figure 2 Oirectionol selection 

change. so will the oplimum value for survival. Some individuals, either 
to the left or the right of the mean, w ill possess a combination of alleles 
with the new optimum for the phenotypic character. As a result there 
will be a selection pressure favouring the combination of alleles that 
results in the mean moving LO either the left or the right of its original 
position. Directiona l selection therefore results in one extreme of a range 
of variation being selected against in favour of the other extreme or 
even the average. Figure 2 illustrates a theoretical example of directional 
selection. A specific example is antibiotic resistance in bacteria. 

Disruptive selection 
Disruptive selection is the opposite of stabilising selection. It favours 
extreme phenotypes at the expense of the intermediate phenotypes. 
Although the least common form of selection, it is the most important 
in bringing about evolutiona ry change. Disruptive selection occurs 
when an environmental facror, such as temperature, takes two 
or more distinct forms. In ou r example this might a1ise if the 
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Revising Topic 9.4, Types of 
selection, will be invaluable in 



18.4 Effects of different forms of selection on evolution 

Synoptic link 

You previously learnt about the 
peppered moth in the context of 
natural selection in Topic 9.3. This 
is explored in more detail here. 
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3. 

1. 	 When there is a wide range of 
temperatures throughout the year, there is 
continuous variation in fu r length around 
a mean of 1.5 cm. 

2. 	 Where the summer temperature is sta tic 
around 15 °C and the winter tempera ture 
is static around 5 °C, individuals with two 
distinct fu r lengths predominate - 1.0 cm 
types, which are act ive in summer, and 
2.0 cm types, which are active in winter. 

3. 	 After many generat ions two dist inct 
sub-populations are formed . 

.A. Figure 3 Disruptive selection 

temperature alternated between 5 °C in winter (favouring long fur 
length) and 15 °C in summer (favouring short fur length). This could 
ultimately lead t0 two separate species of the mammal - one with 
long fur and active in winter, the other with short fur and active in 
summer (Figure 3). An example of disruptive selection is the coho 
salmon where large males and small males have a selective advantage 
over intermediate-sized males in passing on their alleles to the next 
generation. The small males are able to sneak up to the females in the 
spawn ing grounds. The large males arc fierce competitors. This leaves 
intermediate-sized males at a disadvantage. 

Selection in the peppered moth 
Some species of orga nisms have two or more distin ct forms. These 
diffe ren t fo rms a re genetica lly distinct but exist within the same 
interbreeding popu lation . This situation is called polymorphism 
(poly= ma ny; morph= form). One example is the peppered moth 
(Biston betularia). It existed almost entirely in its natural light form 
until the middle of the nineteenth century. Around this time a 
melanic (black) variety arose as the result of a mutation. These 
mutant moths had undoubtedly occurred before (one existed in 
a collection made before 1819) but they were highly conspicuous 
against the light background of the lichen-covered trees and rocks 
on which they normally rest. As a result. the black mutants were 
subjected tO greater predation from insect-eating birds. for example, 
robins and hedge sparrows, than were the better camouflaged, 
light forms. 

When, in 1848, a mclanic form of the peppered moth was captured 
in Manchester, most buildings, walls and trees were blackened by 
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t he soot o r 50 yea rs of ind ustrial developmen t. The sulfu r dioxide in 
smoke emissions ki lled the lichens that formerly covered trees and 
walls. Against this black background the rnela nic form was less, not 
more, conspicuous than the light form. As a result, the light form was 
eaten by birds more frequ ently than the melanic form and, by 1895, 
98% of Mancheste r's population of the moth was of the melanic type. 

This is an example of selective predation by birds favouring 
individuals that lie at one extreme or the other of a range of different 
colour types. It illustrates directional selection of different types in 
different popu lations. The mela nic fo rm is is selected fo r in industrial 
a reas wh ile the natu ra l form is selected fo r in ru ral a reas. It a lso 
shows evolution in action whereby the re has been a change in the 
alle lic freq uency in populations of moths in industria l a reas. However, 
as the two popula tions overlap and interbreed they are still one 
species. As we shall sec in Topic 18. 5. to become two distinct species, 
the two popu la tions would need t.o become reproductive ly separa ted 
from on e anothe r. 

Summary questions 

1 	 Consider each of the following statements and suggest which form of 
selection it best relates to. 

a 	 Ababy with a birth weight greater than 4.0 kg or less than 2.5 kg has 
an increased risk of dying. 

b 	 Some species of insects have changed very little over millions of years. 

c 	 Elephants have evolved longer trunks enabling them to reach leaves 
higher up in trees. 

d 	 Small mammals can escape from predators by hiding in small spaces 
while large ones can resist attack by predators. 

e 	 It is the most important type of selection in bringing about 
evolutionary change. 

f 	 The mean ear length in arctic foxes has reduced over time. 

g 	 It preserves the characteristics of a population. 

2 	 Suggest which form of the peppered moth, Biston betularia, is now 

most common in cities like Manchester and explain why in terms of 

selection pressure. 


A Figure 4 Melanism in the peppered 
moth (Bistonbetularia}.Against anatural 
background the dark melanic form isfar 
more visible and more readily predated 
on by birds. This natural selection leads 
to a predominance ofthe lightform 
in rural areas. In pollutedareas with 
blackened buildings, however, the melanic 
form is better camouflagedand this 
selective advantage leads to this form 
predominating (Topic 18.1) 
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Learning objectives 
-+ 	 Explain how selection affects 

allelic frequencies. 

-+ 	 Explain how new species are 
formed. 

-+ 	 Explain how populations 
can become geographically 
isolated. 

-+ 	 Describe allopatric and 
sympatric speciation. 

Specification reference: 3.?.3 

Study tip 
It should be remembered that 
some environmental factors may 
influence the overall mutation 
rate (Topic 9.1) but that this is a 
general and random process rather 
than one that affects a specific 
allele in a specific way. 
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In topic 18.4, we examined the di£fercnt forms of selection. We learnt 
that those organisms with phenotypes that gave them a selective 
advantage were more likely to produce offspring and so pass on 
their favourable alleles to the next generation. Now we will turn our 
auemion to the effect that this differential reproductive success has on 
the allelic frequencies within a gene pool of a population. 

Allelic frequencies and how selection affects them 
In theory, any sexually mature individual in a population is 
capable of breeding with any other. This means rhar the alleles of 
any individual organism may be combined with the alleles of any 
other. We saw in Topic 18.3 that all the a lle les of all the genes of 
all the individuals in a population at a given rime is known as the 
gene pool. The number of times an allele occurs wHhin the gene 
pool is referred to as the allelic frequency. The a lle lic frequency is 
affected by selection and, as we saw in Topic 18.4, selection is due 
to environmental factors. Environmental changes therefore affect the 
probability of an allele being passed on in a population and hence the 
number of times it occurs within the gene pool. Ir must be emphasised 
rhat enviromnenral factors do not affect the probability of a particular 
mutant allele arising, they simply affect the frequency of a mutant 
allele that is already present in the gene pool. 

Evolution by natural selection is a change in rhe allelic frequencies 
within a population. 

Speciation 
Speciation is the evolution of new species from existing ones. A 
species is a group of individuals that have a common ancestry and so 
share the same genes but different alleles and arc capable of breeding 
with one another to produce fertile offspring. In other words, members 
of a species are reproductively separated from other species. 

Tt is through the process of speciation that evolutionary change has 
taken place over millions of years. This has resulted in great diversity 
of forms amongst organisms, past and present. 

How new species are formed 
By £ar the most important way in which new species are fonned is 
through reproductive separation followed by genetic change due to 

natural selection. Within a species there arc one or more populations. 
Although individuals tend to breed only with others in the same 
population, they are nevertheless capable of breeding with individuals 
in other populations. 

Suppose that a population becomes separated in some way from 
other populations and undergoes diUcrent mutations - it will 
become genetically different from the other populations. Each 
of the populations will experience different selection pressures 
because the environment of each will be slightly different. Natural 
selection will then lead to changes in the allelic frequencies of each 



population. The different phenotypes each combination of alleles 
produces will be subject to selection pressure that will lead to 
each population becoming adapted to its local environment. This 
is known as a daptive radiat ion and results in changes to the 
allele frequencies (evolution) of each population, in other words, 
each population evolves. As a result of these genetic differences 
it may be that, even if the populations were no longer physically 
separated from one another, they would be unable to interbreed 
successfully. Each population would now be a different species, 
each with its own gene pool. An example is shown in Figure I. 

Genetic drif t is something that can take place in small populations. 
This is because the relatively few members of a small population 
possess a smaller variety of alleles than the members of a large 
population. In other words, their genetic diversity is less. As these 
few individuals breed, the genetic diversity of the popu lation is 
rest1icted to those few a lleles in the original population. As there 
a re only a sma ll number of differe nt a lle les there is not an equal 
chan ce of each being passed on . Those that a re passed on will 
qu ickly affect the whole population as their frequency is high. Any 
mutation to one of these alleles that is selectively favou red will also 
more quickly affect the whole population because its frequency 
will be high. The effects of genetic drift will be greater and the 
population will change relatively rapidly, making it more likely to 
develop into a separate species. In large populations the effect of a 
mutant allele will be diluted because its frequency is far less in the 
much larger gene pool. The effects of genetic drift are likely to be 
less, and development into a new species is likely to be slower. 

Two forms of speciation arc allopatric sp eciation and 
sympatric speciatio n . 

Allopatric speciation 
AJlopatric means diCferent countries and describes the form 
of speciation where two popula tions become geographically 
separated. Geographical separation may be the result of any 
physica l barrier between two populations which prevents them 
interbreeding. These barriers include oceans, rivers, mountain 
ranges and deserts. Wha t proves a barrier to one species may be no 
problem to another. Wh ile an ocean may separate popula tions of 
hedgehogs, it can be crossed by many birds and for marine fish it is 
their very means ol' gelling from place to place. A tiny stream may 
be a barrier to snails, whereas the whole of the Pacific Ocean fails to 
separate populations of certain birds. 

If environmental conditions eirher side of the barrier vary, then 
natural selection will in!luence the two populations differently and 
each will evolve leading to adaprarions to their local conditions. 
These changes may take many hundreds or even thousands of 
generations, but ultimately may lead to reproductive separation and 
the formation of separate species. Figure 1 shows how speciation 
might occur when two populations of a forest-living species become 
geographically separated by a region of arid grassland. 

l.Species Xoccupies a forest area. 
Individuals within the forest form a single 
population with a single gene pool and 
freely interbreed. 

forest 

species X lives and 
breeds in the forest 

2.Climatic changes to drier conditions reduce 
the size of the forest to two separated regions. 
The distance between the two regions is too 
great for the two populations of species Xto 
meet to each other. 

forest A . forest B 
population arid grassland population 

xi x2 

3. Further cl imatic changes result in the one 
region (Forest A) becoming colder and 
wetter. Natural se lection acts on populat ion X 
which becomes adapted to these new 
conditions. Physiological and anatomical 
changes occur in this group. 

colder and wetter warmer and drier 

forest A forest 8 
population arid grassland population 

xi ~ 

4.Continued adaptation leads to evolution of 
a new form, population Y, in forest A. 

colder and wetter warmer and drier 

forest A forest B 
population population 

y x 
5.A return to the original climat ic condit ions 

resu lts in regrowth of forest. Forests A and 
Bare merged and populations Xand Y 
shared the same area. The two populations 
may no longer be capable of interbreeding. 
They are now two species, Xand Y. 

species Y 

forest 

species X 

• Figure 1 Speciation as a result of 
geographical separation 
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18.5 Isolation and speciation 
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An example of allopatric speciation is the Galapagos finch. A single 
ancestral species is thought to have colonised one or the Galapagos 
islands. In the absence of competition its population increased and 
populations became established in other habitats on the same and 
different islands. Each population evolved adaptations to suit its new 
environment, including available food resources. These adaptations 
included different shapes and sizes of beak to deal with different seed 
types. Being geographically separated from its mainland population, 
these changes have led tO the various populations being so different 
that they can no longer interbreed and now form separate species. 

Sympatric speciation 
Sympa tric means same country and describes the form of speciation 
tha t results within a population in the same area leading to them 
becoming reproductively separated. 

A likely example of sympa tric specia lion tak ing place is the apple 
maggot fly. Originally this insect only laid its eggs inside the fruit 
of hawthorns, which are native LO North America. When apples 
trees were introduced, the fly started to lay its eggs in apples also. 
Females tend to lay their eggs on the type of fruit in which they 
developed and males tend to look for mates on the type of fruit in 
which they developed. So flies raised in hawthorns usually mate 
with each other and flies raised in apples tend to mate with each 
other. While the two types of flies are not yet sepa rate species, 
mutations in each population have led to the evolution of genetic 
differences. In time this could result in them being incapable 
of successfully breeding with one another and therefore being 
separate species. 
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Table I summarises forms of isolating mechanisms. 

'Y Table 1 Summary af theforms ofisolating mechanisms 

Number produced 

Geographical Populations are isolated by physical barriers such as oceans, 
mountain ranges, rivers, etc. 

Ecological Populations inhabit different habitats within the same area and 
so individuals rarely meet 

Temporal The breeding seasons of each population do not coincide and 
so they do not interbreed. Figure Z illustrates this in relation to 
four types of frog 

Behavioural Mating is often preceded by courtship, which is stimulated by 
the colour or markings of the opposite sex, the call or particular 
actions of a mate. Any mutations which cause variations in 

these patterns may prevent mating, for example, if a female 
stickleback does not respond appropriately to the actions of 
the male, he ceases to court her 

t---------1-­

A n atomica I differences may prevent mating occurring, for 
example, it may be physically impossible for the penis to enter 

the vagina in mammals 
--+-­

Gametic 

Mechanical 

The gametes may be prevented from meeting due to genetic 
or biochemical incompatibility. For instance, some pollen 
grains fail to germinate or grow when they land on a stigma 
of different genetic makeup. Some sperm are destroyed by 
chemicals in the female reproductive tract 

Hybrids formed from the fusion of gametes from different 

sterility 
Hybrid 

species are often sterile because they cannot produce viable 

gametes. 

For example, in a cross between a horse (Zn = 64) and a 
donkey [Zn= 6Z) the resultant mule has 63 chromosomes. It 
is impossible for these chromosomes to pair up appropriately 
during meiosis and so the gametes formed are not viable and 
the mule is sterile 

Summary questions 

1 Define a species. 

2 Explain the meaning of the term speciation. 

3 Describe the process of geographical separation. 

4 Explain how geographical separation of two populations ofa species can 
result in the accumulation of the differences in their gene pools. 

S Distinguish between allopatric and sympatric speciation. 

Study tip 
The examples of isolating 
mechanisms in Table 1 are for 
illustration only. You do not need to 
learn them. 
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Practice questions: Chapter 18 


1 (a) What does the Hardy-Weinberg 
principle predict? (J marks) 

The table shows the frequencies of some 
alleles in the population of cats in three cities. 

0.72 0.25 0.50 (b) White cats are dear. Would the Hardy­

0.71 0.78 0.24 Weinberg principle hold true for white 
cats? Explain your answer. (2 marks) 

0.76 0.81 0.33 (c) What is the evidence from the table that 
non-agouti and blotched are alleles of 
different genes? (I mark) 

(d) 	Hair length in cats is determined by a single gene with two alleles. The allele for long 
hair (h) is recessive. The allele for short hair (H) is dominant. Use the information 
in the table and the Hardy-Weinberg equation to estimate the percentage of cats in 
London that are heterozygous for hair length. Show your work ing. 

(2 marks) 
AQA June 20 10 

Athens 0.001 

Paris 0.011 

London 0.004 

United Kingdom 

Life expectancy males I years 76.5 

Life expectancy females/years 81.6 

Sudan 

50.5 

52.4 

2 (a) Explain wha1is mean t by 
birth ra te. (1 mark ) 

(b) 	 The table shows life expectancies for 
babies born in the Un ited Kingdom and 
in the Sudan in 2009. 
(i) 	 Describe the pa!lerns shown 

by these da ta. (2 marks) 
(ii) 	 Suggest reasons for the differences 

in the life expectancy shown by 
these data. 

(2 marks) 
AQA June 2011 

T Table 1 	 3 Ecologists investigated the si1e of an insect 

Days after 
release 

1 

2 

3 

4 

5 

• 

Number of marked Number Number of 

insects remaining of insects captured insects 

in population captured that were marked 

1508 

1430 

1400 

1382 

1380 

524 78 

421 30 

418 18 

284 2 

232 9 

population on a small island. They used a 
mark-release-recapture method. To mark the 
insects they used a fluorescent powder. 
This powder glows bright red when exposed 
to ultraviolet (UV) light. 
(a) 	 The ecologists captured insects from a 

number of sites on the island. Suggest 
how they decided where to take 
their samples. (2 marks) 

(b) 	 Give two assumptions made when using 
the mark-releasc-recapru re method. 

(2 marks) 
(c) Suggest the advan tage or using the fl uorescen t powder in this experimen t. (2 marks) 

The ecologists did n o t release an y or th e insects they captured 1-5 days after 

release or che marked insects. 

Table I shows the ecologists' results. 

Calculate the number or insects on chis island I day arter release or the marked insects. 

Show your working. 


(2 marks) 
(d) 	The ecologists e:Kpected co obtain the same result from their calculations or the 

number or insects on this island on each day during the period 1-5 days after release. 
In fact, their estimated number increased after day I. 
During the same period, the number of insects they caught decreased. 
The method used by the ecologists might have caused these changes. Use the 
inrormacion provided to suggesc on e way in which the method used by the ecologists 
might have caused the increase in their estimates of the si1e of the insect population. 

(2 marks) 
AQA Specimen 20 14 



4 Snow geese fly north to the Arctic in 
the spring and form breeding colonies. 
Di£ferent colonies form at different 
latitudes. The greater the latitude. 
the further north is the colony. The 
further north a breeding colony 
forms, the colder the temperature and 
the greater the risk of snow. 
(a) 	 There is a positive correlation 

between the si1e of snow geese 
and how far north they breed. 
A large si1e results in snow geese 
being adapted for breed ing in 
colder conditions. Explain how. 

A 72 

71B 

c 66 

0 63 

E 55 

Chapter 18 Populations and evolution 

100 

95 

86 

100100 

>99 >99>99 

85 76 

75 67 65 

62 28 

(2 marks} 
Snow geese are eit her white or blue in colour. The table shows the percentage o f wh ite 
snow geese in colo nies at different latitudes at different times over a 40-year period. The 
blank cells in the table are years for which no figures are available. 
(b) (i) Describe how the percentage o( white snow geese varies with distance north. 

(I mark) 
(ii) The further nonh. the grea ter the risk of snow. Use this in[orma tion to explain 

how natural selection might have accounted [or the errect of latitude on 
the percentage of white snow geese. (J marks) 

(c) 	 The percentage of white snow geese in these colonies changed over the period shown 
in the table. Use your knowledge of climate change Lo suggest an explanation. 

(2 marks) 

(d) 	Snow geese breed in large colonies. 40 

Scientists studied the nests in 

one colony. For each nest, they 

recorded the day on which the first 

egg hatched. They also recorded 

the number of young that survived 

from the nest. They used the data !!J 


<f) 

to plot a graph. 	 Q) 

c 20 
(i) 	 What type of natural 0 .... 


selection is shown in E 

the graph? (I mark) E 

:J 

c 10
(ii ) 	 Describe the evidence 

for your answer. (I mark) 

AQA Jan 20t0 


5 	 The Amazonian forest today contains a o 
very high diversity of bird species. 0 2 4 6 8 
• 	 Over the last 2 000 000 years, long day when first egg !latched 

periods of dry climate caused this 
forest to separate into a number of smaller forests. 

• 	 Different plant communities developed in each of these smaller forests. 
• 	 Each time the cl imate became wetter again. the smaller forests grew in size and merged 

to reform the Amazonian forest. 
(a) 	 Use the information provided to explain how a very high diversity of bird species has 

developed in the Amazonian forest. (5 marks) 
(b) 	 Speciation is far less frequent in the reformed Amazonian forest. Suggest one reason 

for this. (I mark) 
AQA June 2013 
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dg Populations in ecosystems 

19.1 Populations and ecosystems 

Learning objectives 
-+ 	 Define the terms 

environment, biotic, abiotic, 
and biosphere. 

-+ 	 Explain what is meant by an 
ecosystem. 

-+ 	 Explain what is meant 
by the terms population, 
community, and habitat. 

-+ 	 Explain what a niche is. 

Specification reference: 3.?.4 

Hint 
' 

Many students confuse the terms 
biotic and abiotic. Biotic refers to 
living things, for example, predation 
or competition between different 
species or individuals of one 
species. Abiotic refers to non-living 
factors, such as temperature, 
rainfall, or light intensity. 

• Figure 1 Woodland ecosystem 

Study tip 
Population is a very important 
concept that needs to be 
understood. It comes up in many 
areas of biology, including genetics 
and evolution. 

• 


In this chapter we shall look at how living organisms form 
communities within ecosystems through which energy is transferred 
and elements are recycled. 

We shall learn how populations of different species live in 
communities and how competition for survival arises both within and 
between these populations. We shall also sec how populations within 
a single community are affected by living and non-living fact0rs in an 
ecosystem. 

Ecology is the study of the inter-relationships between organisms 
and their environment. The environment includes both non-living 
(abiotic) factors, such as temperature and rainfall, a nd living (biotic) 
facto rs, such a s competition and predation. 

Ecosystems 
Ecosystems are dynamic systems made up of a community and all 
the non-living factors of its environment. Ecosystems can range in 
size from very small to very large. Within an ecosystem there are two 
major processes to consider: 

• 	 the flow of energy through the system 

• 	 the cycling of elements within the system. 

An example of an ecosystem is a freshwater pond or lake. It has its 
own community of plants to collect the necessary sunlight energy 
to supply the organisms within it. Nutrients such as nitrate ions and 
phosphate ions are recycled within the pond or lake. There is little or 
no loss or gain between it and other ecosystems. Another example of 
an ecosystem is an oak woodland (Figure 2). Within each ecosystem, 
there are a number of species. Each species is made up of a group of 
ind ividuals that make up a population. 

Populations 
A population is a group of individuals of one s pecies that occupy 
the same habitat at the same time and are poten tia lly able to 

interbreed. An ecosystem supports a certain size of popula tion of a 
species called the carrying capacity. The size of a population can 
vary as a result of: 

• 	 the effect of abiotic factors 

• 	 interactions between organisms, for example, intraspecific and 
interspecific competition and predation. 

In the different habitats of an oak woodland there arc populations 
of nettles, worms, green woodpeckers, beetles, etc. The boundaries 
of a population are often difficult tO define. In our oak woodland, 
for example, all the mature green woodpeckers can breed with one 
another and so form a single population. Populations of different 
species forrn a community . 



oak tree photosynthesises 
and absorbs water and sunlight 
mineral ions from 
the soil 

blackbird 

aphids feed 
on nettles 

ladybirds feed 
on aphids 

.6. Figure 2 Port ofon oak woodland ecosystem 

Community 
A community is defined as all Lhe populations of differem species living 
and interacting in a particula r place aL the same time. Within an oak 
woodland, a community may include a large range of organisms. such 
as oak trees. hazel shrubs. bluebells, neules, sparrowhawks, blue tits, 
ladybirds. aphids, woodlice. eanhworms, fungi, and bacteria (Figure 2) . 

Habitat 
A habitat is the place where an o rganism normally lives and is 
characterised by physical condiLions and the o the r types of organisms 
presen t. With in an ecosystem there are many habitats. For example, 
in an oak woodland, the leaf ca nopy of the trees may be a habita t for 
blue tits while a decaying log is the habitat for woodlice. A stream 
flowing through the woodland provides a very different habita t, 
within which aqua tic plants and water beetles live. For a water vole. 
the stream and its banks a rc its habitat. Within each habitat there 
are smalle r units, each with their own microclimate. These arc ca lled 
microhabitats. The mud a t the bottom of the stream may be the 
microhabita t fo r a bloodworm while a crevice on the ba rk of an oak 
tree may be the microhabita t fo r a lichen. 

Ecological niche 
A niche describes how an organism fits into the environ ment. A niche 
refers to where an organism lives and what it does there. It includes 
all the biotic and abiotic conditions LO which an organism is adapted 
in order to survive. reproduce and maintain a viable population. Some 
species may appear very similar, but their nesting habits o r other 
aspects of their behaviour will be different, o r they may show different 
levels of tolerance to environmental facto rs, such as a poll utant o r a 
shortage of oxygen or nitrates. No two species occupy exactly the same 
n iche. This is known as the competitive exclusion principle. 

I 

Hint 

Organisms are found in places 
where the local environmental 
conditions fall within the range 
that their adaptations enable them 
to cope with. 

Study tip 

Make sure that you can accurately 
define the basic ecological terms 
described in this topic . 

.6. Figure 3 This lake is on example of 
a habitat 

Summary questions 

In the following passage, state the 
word that best replaces each of 
the numbers in brackets. 

The study of the interrelationships 
between organisms and their 
environment is called (1). 
An ecosystem is a more or less 
self-contained functional unit 
made up of all the living or 
(2) features and non-l iving or 
(3) features in a specific area. 
Within each ecosystem are groups 
of different organisms, cal led a 
(4), which live and interact in a 
particular place at the same time. 
A group of organisms occupying 
the same place at the same time 
is called a (5), and the place where 
they live is known as a (6). The 
population size of a species that an 
ecosystem can support is known 
as (7). 

• 




Learning objectives 
-+ 	 Describe the factors that 

determine the size of a 
population. 

-+ 	 Describe the abiotic factors 
that affect the size of a 
population. 

-+ 	 Explain how each of these 
factors inAuence population 
size. 

Specification reference: 3.?.4 

.A. Figure 1 A population of lesser 
flamingos 

Hint 

Humans exist in populations just 
like other species and therefore 
the rules also apply to us. 

.A. Figure 2 The collared dove only 
arrived in Britain in the 1950s but 
its population has increased rapidly 
since then 

• 

A population is a group of individuals or the same species that occupy 
a habitat at the same time. The number of individuals in a population 
is the population size. We saw in Topic 19. l that all the populations 
of the different organisms that live and interact together are known as 
a community. Populations are dynamic in that they vary in size and 
composition over time. 

Plotting growth curves 
Where a population grows in size slowly over a period of time it is 
possible to plot a graph of numbers in a population against time. 
Where the population grows rapidly over a short period of time this 
may not be possible. This is often the case when measuring the 
growth of microorganisms. Consider Table I wh ich shows the increase 
in population size of a bacterium that in itia lly doubles its numbers 
each hour. If we try to p lot a graph of numbers aga inst time using a 
time scale that allows us to differentiate each point, the curve runs off 
the graph after the point plotted at 4 hours (Figure 3). 

In these cases it is necessary to use a logarithmic scale to represenr the 
number of bacteria. The logarithms of bacteria l numbers are shown 
in Table I. When the graph of log bacterial numbers is plotted against 
time all points can be represented on the graph (Figure 4) and we can 
see that the rate of growth starts to slow after 8 hours. 

Population size 
Imagine a situation in which a single photosynthetic bacterial cell, 
capable of asexual reproduction, is placed in a newly created pond. 
It is summer and so there is plenty of light and the temperature of 
the water is around 12 °C - mineral nutrients have been added to the 
water. In these circumstances the bacterial cell divides rapidly because 

'Y Table 1 

Time/hours Number of bacteria I Log number of bacteriaI 
1.70 50 ­
2.01 100 

2 200 2.3 

400 2.63 

4 2.9800 

3.2s 1600 

3.56 3 200 

7 6400 3.8 

12800 4.18 

4.39 20 300 

4.510 31500 
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all the factors needed for the growth of the population are present. 
There are no limiting factors . In time, however, things change. For 
example: 

• 	 Mineral ions are consumed as the population becomes larger. 

• 	 The population becomes so large that the bacteria at the surface 
prevent light reaching chose at deeper levels. 

• 	 Other species are introduced into the pond, carried by animals or .A Figure S Apopulation ofmigrating
the wind, and some of these species may use the bacteria as food or birds, like these terns, fluctuates 
compete for light or minerals. seasonally 

• 	 Winter brings much lower temperatures and lower light intensity 
of shorter duration. 

Hint 
In short, the good life ends and the going gets tough. As a result the 

Remember that the size ofgrowth of the population slows, and possibly ceases altogether, and the 
any population is eventually population size may even diminish. Over the winter the population is 
determined by a limiting factor.likely to reach a relatively constant size. There are many factors, living 

(biotic) and non-living (abiotic), which affect this population size. 
Changes in these factors will influence the rate of growth and the size of 
the population. , Hint 
rn summary, no population continues to grow indefini tely because 
certain factors limit growth, for example, the availability of food, 
light, water, oxygen and shelter, and the accumulation of toxic waste, 
disease and predators. Each popu lation has a certain size, the ca rrying 
capacity, that can be sustained over a relatively long period and this 
is determined by these limiting fact0rs. 

A biotic factors 
The abiotic conditions that influence the size of a population include: 

• 	 temperature. Each species has a different optimum temperature 
at which it is best able to survive. The further away from this 

Aspecies can only live within a 
certain range of abiotic factors and 
this range differs from species to 

species. 

• 




19.2 Variation in population size 

To remind yourselfof the effects 

Required practical 12. Investigation 

of temperature and pH on enzyme 
action revisit Topic 1.8 , Factors 
affecting enzyme action. 

into the effect of a named 
environmental factor on the 
distribution of a given species. 

optimum, the fewer individuals in a population are able to survive 
and the smaller is the population that can be supported. Jn plants 
and cold-blooded animals, as temperatures rail below the optimum, 
the enzymes work more slowly and so their metabolic rate is 
reduced. Populations therefore have a smaller carrying capacity. 
At temperatures above the optimum, the enzymes work less 
efficiently because they gradually undergo denaturation . Again 
the population's carrying capacity is reduced. 

The warm-blooded animals, that is, birds and mammals, can maintain 
a relatively constant body temperature regardless or the external 
temperature. Therefore you might think that their carrying capaciry 
would be unaffected by temperature. However, the rurther the 
temperature of the external environment gets rrom their optimum 
temperature, the more energy these organisms expend in trying to 
maintain their normal body temperature. This leaves less energy 
for individual growth and so they mature more slowly and their 
reproductive rate slows. The carrying capacity of the population is 
therefore reduced. 

• 	 Light. As the ultimate source of energy for most ecosystems, light 
is a basic necessity of life. The rate or photosynthesis increases as 
light intensity increases. The greater the rate or photosynthesis, 
the faster plants grow and the more spores or seeds they produce. 
Their carrying capacity is therefore potentially greater. In tum, the 
carrying capacity of animals that recd on plants is potentially larger. 

• 	 pH. This affects the action of enzymes. Each enzyme has an 
optimum pH at which it operates most effectively. A population of 
organisms is larger where the appropriate pll exists and smaller, 
or non-existent, where the pH is different from the optimum. 

• 	 Water and humidity. Where water is scarce, populations are 
small and consist only of species that are well adapted to living in 
dry conditions. Humidity affects the transpiration rates in plants 
and the evaporation of water from the bodies of animals. Again, 
in dry air conditions, the populations or species adapted to tolerate 
low humidity will be larger than those with no such adaptations. 

In general terms, when any abiotic factor is below rhe optimum for 
a population, fewer individuals are able to survive because their 
adaptations are not suited to the conditions. If no individuals have 
adaptations that allow survival, the populat ion becomes extinct. 

• 
• Figure 6 This cactus is adapted to survive in conditions where water is scarce. Its 

population in dry regions is therefore relatively large as there is little competition from 

other species, most ofwhich are not adapted to survive in such conditions 



The influence of abiotic factors on plant populations 

Species Xand species Yare two species of flowering plants. Each is able 
to tolerate different temperatures and different pHs. In this way they 
avoid direct competit ion by occupying different niches. This is called niche 
separation. The chart (Figure 7) below illustrates the way each species is 
able to tolerate each of these two a biotic factors. 
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•Figure 7 

1 State the numbered box that best fits each of the descriptions below. 
a Only a population of species Xis found. 

b Both temperature and pH allow a population of both species to 
exist. 

c The temperature is too high for a population of species Xand the 
pH is too low for a population of species Y. 

d There is competition between species Xand species Y. 

2 Explain why there is no population of either species in box 4. 

temperature 

Summary questions ..;x 

1 Explain why populations never 
grow indefinitely. 

2 Distinguish between biotic 
and abiotic factors. 

3 	 Suggestthelevelandtype 
ofabiotic factor that is most 
likely to limit the population 
size of the organisms and 
their habitats given below. 

a Ground plants on a 
forest floor 

b Hares in a sandy desert 

c Bacteria on the summit of a 
high mountain. 

4 	 8 Table 2 shows the 
estimated world population 
over the past 12 000 years. 

"YTable 2 

nm• I Y"" I ,,,;motod 
before human 

present (BP) population I 
billions 

0 600 
2000 200 
4000 35 
6000 20 
8000 10 

s10000 
12 000 1 

a 	 Explain the benefits of 
using a logarithmic scale for 
population numbers when 
plotting a graph ofthese data. 

b 	 Calculate to three 
significant places the 
log values for the human 
population in each case. 

c 	 Plot a suitable graph to 
show the growth of the 
human population over the 

past 12 000 years. 

MS 0.3 and 3.1, see Chapter 22 . 

• 



19.2 Variation in population size 

The growth and size of human populations G 
The human population has doubled in less than SO years and now totals 
over 7 billion. The basic factors that affect the growth and size of human 
populations are the birth rate and the death rate. It is the balance between 
these two factors that determines whether a human population increases, 
decreases or remains the same. 

Individual populations are further affected by migration, which occurs 
when individuals move from one populat ion to another. There are two 
types of migration: 

• 	 immigration, where individuals join a populat ion from outside 

• 	 emigration, where individuals leave a population. 

Again it is a balance between these two components that affects population size. 

population growth = (births+ immigration J - (deaths + emigration J 

percentage population growth population change during the period= 	 x 100
rate [in a given period) population at the start of the period 

1 	 fi The figures below show some populat ion statistics for a country. 

Total population at the start of 2007 = 1 000 000 

Birth rate in 2007 = 25 per 1000 of population 

Death rate in 2007 = 20 per 1000 of population 

Calculate the percentage population growth for this country in 2007. 
Show your working. 

As the future size of a human population depends upon the number of 
females of child-bearing age, it is useful to know the age and gender profile 
of a population. This is displayed graphically by a series of stacked bars 
representing the percentages of males and females in each age group. 
These graphs, called age population pyramids, give useful information on 
the future trends of different populat ions. Three typical types of populat ion 
are represented in the age population pyramids in Figure 10. These are: 

• 	 stable population (Figure lOa). where the birth rate and death rate are 
in balance and so there is no increase or decrease in the population size. 

• 	 increasing population [Figure 10bJ, where there is a high birth rate, giving 
awider base to the population pyramid [compared to a stable population) 
and fewer older people, giving a narrower apex to the pyramid. This type of 
population is typical of economically less developed countries. 

• 	 decreasing population [Figure lOc). where there is a lower birth rate 
(narrower base of the population pyramid) and alower mortality rate leading 
to more elderly people [wider apex to pyramid). This type of population 
occurs in certain economically more developed countries, such as Japan. 

As countries have developed economically their human populations have, 
so far, displayed a pattern of growth known as demographic transition. This 
pattern can be divided into four stages depending on the birth rate, death rate 
and total population size.The relationship between these four stages and the 
birth rates, death rates and total population are illustrated in Figure 11. 
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A Figure 9 The human population 
now exceeds ? billion 
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b Population pyramid for an increasing population 
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2 Using Figure 11, suggest which of the four stages ( 1, 2, 3 or 4) best 
applies to each of the descriptions below. 
a A country that has a rapidly falling birth rate and a relatively low 

death rate. 

b A country in which there is a high birth rate but much starvation 
and periodic epidemic disease. 

c A country where there have been many years of improved nutrition, 
far less infectious disease and a large number of children. 

d Britain 20 000 years ago when famine and disease led to regular 
population crashes. 

e Britain today. 
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.A Figure 12 Age population pyramids 
A andB 
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.A Figure 11 Demographic transition 

3 	 Figure 12 shows two age population pyramids: A and B. Suggest 
which stage of the demographic transition model shown in Figure 11 
each pyramid represents. Give reasons for your answer in each case. 



Learning objectives 
-+ 	 Describe what is meant by 

intraspecific competition. 

-+ 	 Summarise the factors that 
different species compete for. 

-+ 	 Describe interspecific 
competition. 

-+ 	 Explain how interspecific 
competition influences 

population size. 

Specification reference: 3.7.4 

Synoptic link 

To help you understand 
competition and predation you 
should fi rst revise the information 
on energy and ecosystems in 

Topics 13.1 and 13.2. ) 

Hint 

Which of two species in 
competition has the competitive 
advantage depends on the 
conditions at any point in time. If 
one species can tolerate a higher 
temperature than another, a rise 
in environmental temperature will 
favour it. If however there is a fall 
in environmental temperature, 
the other species is more likely to 
become dominant. 

• 


Where two or more individuals share any resource (e.g., light, food, 
space, oxygen) that is insufficient to satisfy all their requirements fully, 
then competition results. Where such competition arises between 
members of the same species it is called intraspecific competition. 
Where it arises between members of different species it is termed 
interspecific competition. 

lntraspecific competition 
lntraspecific competition occurs when individua ls of the same species 
compete with one another for resources such as food, water. breeding 
sites, etc. It is the availability of such resources that determines the 
size of a population. The greater the ava ilability, the larger the 
population. The lower the ava ilabi li ty, the sma ller the population. 
Availability of resources also affects th e degree of competition between 
individuals which resul ts in a smaller popu lation. Examples of 
intraspecific competition include: 

• 	 limpets competing for algae, which is their main food. The more 
algae available, the larger the limpet population becomes. 

• 	 oak trees competing for resources. In a large population of small 
oak trees some will grow larger and restrict the availability of 
light, water and minerals to the rest. which then die. In time the 
population will be reduced to relatively few large dominant oaks. 

• 	 robins competing for breeding territory. Female birds are normally 
only attracted to males who have established territories. Each 
territory provides adequate food for one family of birds. When food 
is scarce, territories become larger to provide enough food. There 
are therefore fewer territories in a given area and fewer breeding 
pairs, leading to a smaller population si1e. 

lnterspecific competition 
Imerspecific competition occurs when individuals of different species 
compete for resources such as food, ligh t, water, etc. When popu lations 
o f two species are in competition one will normally have a competitive 
advanrage over the o ther. The population o l' this species will gradually 
increase in size while the population of the o ther will dimin ish. If 
cond itions remain the same, this will lead to the complete removal of 
one species. This is known as the competi tive exclusion principle. 

This principle states that where two species are competing for limited 
resources, the one chat uses these resources most effectively will 
ultimacely eliminace the other. In other words, no two species can 
occupy the same niche indefinitely when resources are limiting. Two 
species of sea birds, shags and cormorams, appear to occupy the same 
niche, living and nescing on the same type of cliff face and earing fish 
from che sea. Analysis of their food, however, shows that shags feed 
largely on sand eels and herring, whereas cormorants eat moscly flat 
fish, gobies, and shrimps. They therefore occupy different niches. 

To show how a factor influences the size of a population it is necessary 
to link ic to the birth rate and death rate of individuals in a population. 
For example, an increase in food supply does not necessarily mean there 



will be more individuals - it could just result in bigger individuals. It 
is therefore important to show how a factor. such as a change in food 
supply, affects the number of individuals in a population. For example, a 
decrease in food supply could lead to individuals dying of starvation and 
directly reduce the size o r a population. An increase in food supply means 
that more individuals are likely to survive and so there is an increased 
probability that they will produce offspring and the population will 
increase. This effect therefo re takes longer to influence population size. 

The red squirrel is native to the British Isles and exclusively occupied a particular 
niche until around 130 years ago, when the grey squirrel was introduced from 
North America. Since then the two species have been competing for food and 
territory. There are now an estimated 2.5 million grey squirrels and just 160 000 
red squirrels in the British Isles. The red squirrel population lives mostly in Wales 
and Scotland, with smaller groups in north eastern England and on islands such 
as Anglesey and the Isle of Wight. Figure 1 illustrates the changes in red and 
grey squirrel populations in Wales and Scotland between 1970 and 1990. 

Wales 

increase in 
population grey squirrel 

decrease m 

population I 


red squirrel


' 
1970 1975 1980 1985 1990 

Scotland 	 grey squirrel 

increase in 
population 

,.,..,,,. '" I
population 

1970 1975 1980 1985 1990 
year 

.A. Figure 1 Changes in red and grey squirrel populations in Wales and 
Scotland between 1910 and 1990. The lines show changes in comparison 
with the 1910 population 

In many cases we suspect that competition is the reason for variations in 
population. In practice it is difficult to prove for a number of reasons: 

• 	 There are many other factors that influence population size, such as 
abiotic factors. 

• 	 Acausal link has to be established to show that competition is the cause 
of an observed correlation. 

Summary questions 

1 	 Distinguish between 
intraspecific competition and 
interspecific competition. 

2 	 Name any two resources that 
species compete for. 

MS 3.1, see Chapter 22. 

• 



19.3 Competition 

A. Figure 2 Red squirrel 

• 	 There is a time lag in many cases of competition and so a population 
change may be due to competition that took place many years earlier. 

• Data on natural population sizes are hard to obtain and not always reliable. 

Study Figure 1 and answer the following questions. 

1 	 State one piece of evidence from the graph for Scotland which 

indicates that changes in the red squirrel population are due to 

competition from the grey squirrel. 


2 	 In Wales the populations of both grey and red squirrels declined 

between 1970 and 1975. Suggest a possible reason for this. 


3 	 Both types of squirrels eat nuts, seeds and fruit as part of their 
diet. Grey squirrels spend more time foraging on the forest floor 
than red squirrels. Suggest how this behaviour might give the grey 
squirrel a competitive advantage over the red squirrel. 

4 	 Suggest an explanation why islands such as Anglesey and the Isle 

of Wight still have significant red squirrel populations while they 

have disappeared from much of the rest of England and Wales. 


A Figure 3 Grey squirrel 

• 


•
In an experiment, two species of a genus of unicellular organism called 
Paramecium were grown separately in different test tubes that contained 
yeast as a source of food. The two species were then grown together in 
the same test tube - again with yeast as a food source. In each case the 
populations of both species were measured over a period of 20 days. The 
results are shown in the graph in Figure 4. 

100 

c: 
0 

~ 
:; 
a. 75 
8. 
(ii 
c 

;;::: 

~ 
l!! 
:::i 
(I) 

0.: 50 
0 
<f. 
I/) 

~ 
OJ 
N
·u; 

§ 25 
1ii 
=>a. 
0 a. 

-- .... ..... ..... 

- ­ P. aurel1a grown alone 
----· P. aurel1a when grown with P. caudatum 
- ­ P. caudatum grown alone 
- - - P. caudatum when grown with P. aurelia 

' ' ' ' ..... 
.......... 

........ --­
0 5 10 15 20 

time I days 

A. Figure 4 Population growth of Paramecium aurelia and P. caudatum 
grown separately and together 



I 

1 Describe the population growth curve of P. caudatum when grown 
alone over the 20-day period. 

2 Compare the population growth curve of P. caudatum when grown 
with P. aurelia to the curve when P. caudatum is grown alone. 

3 Suggest an explanation for the difference in the final population 
size of P. caudatum when grown with P. aurelia compared with 
when it is grown alone. 

4 Suggest why the growth rate of P. aurelia is slower in the presence 
of P. caudatum than when grown alone. 

S Suggest why, after 20 days, the population size of P. aurelia 
grown with P. caudatum is the same as that when P. aurelia is 
grown alone. 

Hint 

Although the population of one 
species may increase as another 
decreases, this does not prove that 
this is due to direct competition 
between them. To be certain, it is 

necessary to establish a causal 
link for the observed correlation. 

Effects of abiotic and biotic factors on fj 

population size 


Oak trees produce acorns in the autumn. Deer mice feed on acorns. Table 1 
shows the dry mass of acorns produced per hectare (ha) from 1992 to 1997 
in an area of woodland. It also shows the estimated population size of deer 
mice per hectare of the same area of woodland in the spring of each year 
from 1993 to 1998. 	 ?Table 1 

1 Suggest a method by which the population of deer mice might be 
estimated. 

2 fj Calculate the mean annual growth rate in deer mice population 
over the period 1993 to 1995. Show your working. 

3 	 With reference to the data in the table, describe the relationship 
between acorn production in autumn and the deer mice 
population the fol lowing spring. 

4 	 Acorn seeds begin to form in spring. It has been suggested 
that the higher the temperature in spring, the more acorns are 
produced the fol lowing autumn. From the table, state which year 
probably had the coldest spring. 

S 	 The caterpillars of the gypsy moth feed on oak leaves. When the 
population of gypsy moth caterpillars is large, the damage they 
cause to oak trees reduces acorn production. Suggest how and 
why a rise in the population of gypsy moth caterpillars might 
affect the population of deer mice. 

6 As well as acorns, deer mice also eat the pupae of gypsy moths. 
a Explain how a warm spring might result in a fall in the gypsy 

moth population the following year. 
b Owls are natural predators of deer mice. Suggest the possible 

effect of an increase in the owl population on the production of 
acorns. Explain your answer. 

Year Ory mass of Estimated 
deer miceacorns/kg 

-1ha population/ 
number ha-1produced in 

autumn in spring 

1992 28 

1993 131 260 

1994 318 550 

1995 211 1320 

726 9901996 

1997 344039 

3401998 

• 




Learning objectives 
-+ 	 Explain what is meant by 

predation. 

-+ 	 Explain how the predator­

prey relationship affects 
the population size of the 

predator and prey. 

Specification reference:3.?.4 

Study tip 
Herbivores are sometimes 

considered as predators on plants. 

• 


In Topic 19.3 we looked at intcrspecific competition. We shall now 
turn our attention to one type of intcrspccific relationship, the 
predator- prey relationship. A predator is an organism that feeds on 
another organism, known as their prey. 

As predators have evolved they have become betrer adapced for capturing 
cheir prey - faster movement, more effective camouflage, better means 
of detecting prey. Prey have equally become more adepc at avoiding 
predators - better camouflage. more protective features such as spines. 
concealment behaviour. ln other words the predator and the prey have 
evolved alongside ead1 other. Lf either of them had not matched the 
adaptations of the other, it would most probably have become extinct. 

Predation 
Predation occurs when one organism is consumed by another. When 
a population of a predator and a popu lation of its prey arc brought 
together in a laboratory, the prey is usually extermina ted by the 
predaror. This is largely because the range and variety of the habitat 
provided is normally limited to the confines of the laborarory. In nature 
the situation is different. The area over which the population can 
travel is far greater and the variety of the environment is much more 
diverse. In particular, there arc many more potential refuges. In these 
circumstances some of the prey can escape predation because the fewer 
there are the harder they arc to find and catch. Therefore, although the 
prey population falls to a low level, it rarely becomes extinct. 

Evidence collected on predator and prey populacions in a laboratory 
does not necessarily reflect what happens in the wild. At the same 
time, it is difficult to obtain reliable data on natural populations 
because ic is not possible to count all the individuals in a nacural 
population. Its size can only be estimated from sampling and 
surveys. These are only as good as the techniques used, none of 
which guarantee complete accuracy. We must therefore treat all data 
produced in this way with caution. 

Effect of predator-prey relationship on population size 
The relationship between predators and their prey and its effect on 
population size can be summarised as follows: 

• 	 Predat.ors eat their prey, thereby reducing the population of prey. 

• 	 With fewer prey available the predators arc in greater competition 
with each other for the prey that arc left. 

• 	 The predator population is reduced as some individuals are unable 
to obtain enough prey for their survival or to reproduce. 

• 	 With fewer predat0rs left, fewer prey arc eaten and so more survive 
and are able to reproduce. 

• 	 The prey population therefore increases. 

• 	 With more prey now available as food, the predator population in 
turn increases. 

This general predator- prey relationship is illustrated in Figure l . In natural 
ecosystems, however, organisms cat a range of foods and therefore the 
fluctuations in population size shown in the graph arc often less severe . 
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A Figure 1 Relationships between prey and predator populations 

Although predator-prey relationships are significant reasons for cyclic 
fluctuations in populations, they are not the only reasons, disease and 
climatic factors also play a part. These periodic population crashes are 
important in evolution as there is a selection pressure which means that 
those individuals who are able to escape predators, or withstand disease or 
an adverse climate, are more likely to survive to reproduce. The population 
therefore evolves to be beuer adapted to the prevailing conditions. 

The long-term study of the predator- prey relationship of the Canadian lynx 
and the snowshoe hare was made possible because records exist of the 
number of furs traded by companies such as the Hudson Bay Company in 
Canada over 200 years. By analysing these records the relative population 
size of the Canadian lynx and the snowshoe hare can be determined. The 
data collected are shown as a graph in Figure 3. 

1 State what assumption is being made ifwe use the number of each 

type of fur traded as a measure of the population size of each species. 


2 Describe the changes that occur in the populations of Canadian 

lynx and snowshoe hare. 


3 Explain the changes that you have described. 


It has long been observed that the population of snowshoe hares fluctuates 
in cycles. The question is whether these fluctuations are due mostly to 
predation by the lynx, mostly to changes in the food supply or mostly to 
a combination of both. To find out, ecologists fenced off 1 km2 areas of 
coniferous forest in Canada where the hares lived. Separate areas were 
treated in four different ways: 

• 	 In the first set of areas, the hares were given extra food. 

• 	 In the second set of areas, lynx were excluded. 

• 	 In the third set of areas, the hares were given extra food and lynx were 
excluded. 

• In the fourth set of areas, conditions were left unaltered as a control. 

The results of the experiment are shown in Figure 4. 

I 

Study tip 
When asked to describe predator­

prey relat ionships from a graph 
you should use names to describe 
precisely the changes taking place. 

Summary questions 

1 	 Explain why a predator 
population often exterminates 
its prey population in a 
laboratory but rarely does so 
in natural habitats. 

2 	 Explain how a fa ll in the 
population of a predator 
can lead to a rise in its prey 

population. 

3 	 A species of mite (A) is fed 
on oranges in a laboratory 
tank until its population is 
stable. A second mite species 
{B), that preys on species A, 
is introduced into the tank. 
Sketch a graph of the likely 
cycle of population change 
that the two species will 
undergo. Explain the changes 
that the graph illustrates. 

A Figure 2 Canadian lynx catching a 
snowshoe hare 

• 




19.4 Predation 
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A Figure 4 Snowshoe hare population experiment 

4 f) Calculate by how many times the addition of food increased the population after six years compared with the control. 
S Deduce which had the greater influence on the populat ion of hares- the addition of food or the exclusion of the 

lynx. Explain your answer. 
6 Deduce what conclusions can be drawn from this experiment . 

• 




To study a habitat, it is often necessary to count the number of 
individuals of a species in a given space. This is known as abundance. 
It is virtually impossible to identify and count every organism. To do so 
would be time-consuming and would almost certainly cause damage 
to the habitat being studied. For this reason only small samples of 
the habitat are usually studied in detail. As long as these samples 
are representative of the habitat as a whole, any conclusion drawn 
from the findings will be reliable. There are a number of sampling 
techniques used in the study of habitats. These include: 

• 	 random sampling using frame quadrats or point quadrats 

• 	 systematic sampling along a belt transect. 

Quadrats 
Two types of quad rat frequent ly used are: 

A point quadrat which consists of a horizontal bar supported by two 
legs. At set intervals along the horizontal bar are ten holes. through 
each of which a long pin may be dropped (Figure l ). Each species that 
the pin touches is then recorded. 

A frame quad rat which is a square frame divided by string or wire 
into equally si1ed subdivisions (Figure 2). His often designed so that it 
can be fold ed to make it more compact for storage and transpon. The 
quadrat is placed in different locations within the area being studied. 
The abundance of each species within the quadrat is then recorded. 

pin - placed through 

hole 1n the horizontal bar 


wing nut --~1""7..,_____...__________________..., 

vertical leg - ­

... . · .. · ' 

L;:o o o G Q 0 0 0 0 0 
~ 

holes through which the pin 
is successively dropped 

wing nut 

£ Figure 1 Apoint quodrat 

There are three fa ctors to consider when using quadrats: 

• 	 The size of quad rat to use. This will depend on the size of the 
plants or animals being counted and how they are distributed within 
the area. Larger species require larger quadrats. Where a population 
of species is not evenly distributed throughout the area, a large 
number of small quad rats will give more representative results than 
a small number of large ones. 

Learning objectives 
-+ 	 Name the factors to be 

considered when using a 
quadrat. 

-+ 	 Explain how a transect is 
used to obtain quantitative 
data about changes in 
communities along a line. 

-+ 	 Describe how the abundance 
of different species is 
measured. 

-+ 	 Explain how the mark­
release-recapture method 
can be used to measure the 
abundance of motile species. 

Specification reference:3.?.4 

Random sampling was considered 
in Topic 10.5, Quantitative 
investigations of variation, and 
provides further information on the 
subject. 

' 	 ' I 	 I:-o.5 metre (internal dimension)-+: 
I 	 I 

wire or string metal or wooden 
frame 

£ Figure 2 Aframe quadrat 

• 




19.5 Investigating populations 

..&. Figure 3 Students carrying aut 
fieldwork 
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• 	 The number of sample quad rats to record within the study 
area . The larger the number of sample quadrats the more reliable 
the results will be. As the recording or species within a quadrat is 
a time-consuming task a balance needs to be struck between the 
reliability of the results and the time available. The greater the 
number of different species present in the area being studied, the 
greater the number of quadrats required to produce reliable results 
for a valid conclusion. 

• 	 The position of each quadrat w ithin the study area. To 
produce statistically significant results a technique known as 
random sampling must be used . 

Sampling at random 
In Topic 10.5 we introduced the idea that sampling at random is 
important to avoid any bias in collecting da ta. Avoiding bias ensures 
that the data obtained are reliable. 

Suppose we wish to investigate the e ffects of grazing animals on the 
species of plants growing in a fie ld. We begin by choosing two fields 
as close together as possible in order to minimise soil, climatic, and 
other abiotic differences. One field is regularly grazed by animals such 
as sheep, whereas the other has not been grazed for many years. We 
then take samples at many random sites in each field by placing the 
quadrat on the ground and recording the names and numbers of every 
species found within the area of the quadrac. 

But how do we get a truly random sample? We could simply stand in 
one of the fields and throw the quadrat over our shoulder. A bener 
method of sampling at random is to: 

1 Lay our two long tape measures at right angles, along two sides of 
the study area. 

2 Obtain a series of coordinates by using random numbers taken 
from a table or generated by a computer. 

3 Place a quad rat at the intersection of each pair of coordinates and 
record the species within it. 

Systematic sampling along belt transects 
It is sometimes more informative to measure the abundance and 
distribution of a species in a systematic rather than a random manner. 
This is particularly important where some form or gradual change 
(transition} in the communities of plants and anima ls takes place. 
For example, the distribution of organisms along a line of succession, 
such as, through sand dunes by the edge of the sea and inland up 
into woodland. The stages of succession are especially well shown 
using transects. A belt transect can be made by stretching a string or 
tape across the ground in a straight line. A frame quadrat is laid down 
alongside the line and the species within it recorded. le is then moved 
its own length along the line and the process repeated. This gives a 
record of species in a continuous belt. 

Measuring abundance 
Random sampling with quadrats and counting along transects are 
used to obtain measures of abundan ce. Abundance is rhe number of 



individua ls of a species within a given area. For species that don 't move 
around, it can be measured in several ways, depending on the si7e of 
the species being counted and the habitat. Examples include: 

• 	 frequ e n cy, which is the likelihood of a particu lar species occurring 
in a quadrat. If, for example, a species occurs in 15 out of 30 
quadrats, the frequency of its occu rrence is 50%. Th is method 
is useful where a species, such as grass, is hard to coun t. It gives 
a quick idea of the species present and their general d istr ibution 
within an area. However, it does not provide in fo rmatio n o n the 
density and detailed d istribution of a species. 

• 	 p er centage co ver , wh ich is an estima te of the area within a quadrat 
that a part icular plant species covers. It is useful where a species is 
particularly abunda nt o r is difficult to count. The advantages in these 
situations are tha t data can be collected rapidly and individual plants 
do not need to be counted. It is less useful where organisms occur in 
several overla pp ing layers (more probably plants) . 

To obtain relia ble results, it is necessary to ensure that the sample 
size is large, tha t is, ma ny quad ra ts are used and the mean of all th e 
samples is obta ined . The larger the num ber of samples, the more 
representative o f the com munity as a whole will be the results. 

Mark-release-recapture t echniques 
The methods of measuring abundance described above work well w ith 
p la n t species and non-motile (sessile) or very slow m oving a nimal 
species that remain in one place but not with m otiJe organisms. Motile 
animals move away when approached. They are often hidden and a re 
therefore difficult to find and identify. To estimate the abunda nce of 
m ost a nimals requires an altogether d iffere n t technjq ue. 

A kno wn n umber of animals are caugh t, ma rked in some way, a nd then 
released back in to the community. Som e time later, a given n um ber of 
individua ls is collected rando mly a nd th e number of marked indiv idua ls 
is recorded. The si7.e of t he popula tion is then calculated as foll ows: 

total n um be r of individua ls in the fi rst samp le x 
total number o f individuals in the second sampl eestim ated = 

populatio n s ize number of ma rked ind ivid uals recaptu red 

This technique relics on a number of assumptions: 

• 	 The pro po rtion of ma rked to unmarked individuals in the second 
sa mple is the same as the proportion of marked to unmarked 
individuals in the population as a whole. 

• 	 The marked individuals released from the first sample rustribute 
themselves evenly amongsr the remainder of the population and 
have sufficient time 10 do so. 

• 	 The population has a defini te boundary so that there is no 
immigration into or emigration out of the populatio n. 

• 	 There are few, if any, deaths and births within the population. 

• 	 The method of marking is not t0xic to the ind ivid ua l no r does it 
make the ind ividual more conspicuo us and the refore m ore liable 
to predation . 

• 	 The mark or label is not lost or rubbed off during the investigation. 

I 

Summary questions 

1 	 f) An ecologist was 
estimating the population 
of sandhoppers on a beach. 
One hundred sandhoppers 
were collected, marked and 
released again. A week later 80 
sandhoppers were collected, 
of which five were marked. 
Calculate the estimated size of 
the sandhopper population on 
the beach. Show your working. 

2 	 When using the mark-release ­

recapture technique, explain 
how each of the following 
might affect the final estimate 
of a population. 

a 	 The marks put on the 
individuals captured in 
the first sample make 
them more easily seen 
by predators and so 
proportionately more are 
eaten than unmarked 
individuals. 

b 	 Between the release of 
marked individuals and 
the collection of a second 
sample an increased birth 
rate leads to a very large 
increase in the population. 

c 	 Between the release of 
marked individuals and 
the collection of a second 
sample, disease ki lls large 
numbers of all types of 
individual. 

3 	 f) In a mark-release­
recapture exercise, a sample 
of 120 woodlice were marked. 
After five days a second 
sample of 120 woodlice were 
collected. The population size 
was found to be 960. Calculate 
the number of marked 
woodlice that there were in the 

second sample. 

• 




Learning objectives 
-+ 	 Describe changes that occur 

in the variety of species that 
occupy an area over time. 

-+ 	 Define the terms succession 
and climax community. 

-+ 	 Explain how managing 
succession can help to 
conserve habitats. 

Specification reference: 3.?.4 

Hint 

Pioneer communities put some 
organic material into the soil when 
they die. This allows recycling to 
start and increases mineral ions in 
the soil allowing other species of 
plants to grow. 
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We have seen that ecosystems arc made up of all the interacting 
biotic and abiotic factors in a particular area within which there are a 
number of communities of organisms. As we look around at natural 
ecosystems, such as moorland or forest, we may get the impression 
that they have been there forever. This is far from the case. Ecosystems 
arc dynamic. This means that they change day LO day as populations 
fluctuate, sometimes slowly and sometimes very rapidly. Su ccession 
is the term used to describe these changes, over time, in the species 
that occupy a particular area. 

One example of succession is when bare rock or other barren land is 
first colonised. Barren land may arise as a result of: 

• 	 a glacier retreating and depositing rock, sand being piled into dunes 
by wind or sea, volcanoes erupting and depositing lava, lakes or 
ponds being created by land subsiding, and silt and mud being 
deposited at river estuaries. 

Stages of succession 
Succession takes place in a snies of stages. At each stage new species 
colonise the a rea and these may change the environment. These 
species may alter the environment in a way that makes it: 

• 	 less suitable for the existing species. As a result the new species 
may out-compete the existing one and so take over a given area. 

• 	 more suitable for other species with difkren1 adaptations. As a result 
chis species may be out-competed by the bener adapted new species. 

In this way there is a series of successional changes which alter the 
abiotic environment. These alterations can resul t in a less hostile 
environment that makes it easier for other species to survive. As a 
consequence new communities are formed and biodiversity may be 
changed and/or increased. 

The first stage of this type of succession is the colonisa tion of an 
inhospitable environment by organisms called p ion eer sp ecies. 
Pioneer species make up a pioneer community and often have feat ures 
that suir them to colonisation. These may include: 

• 	 asexual reproduction so that a single organism can rapidly multiply 
to build up a population. 

• 	 the production of vast quantities of wind-dispersed seeds or spores, 
so they can easily reach isolated situations such as volcanic islands 

• 	 rapid germination of seeds on arrival as they do not require a 
period of dormancy 

• 	 the ability to photosynthesise, as light is normally available but other 
food is not. They are therefore not dependent on animal species 

• 	 the ability to fix nitrogen from the atmosphere because, even iI 
there is soil, it has few or no nutrients 

• 	 tolerance to extreme conditions. 

Imagine an area of bare rock. One of rhe few kinds of organism capable 
of surviving on such an inhospirable area is lichens. Lichens are 
therefore pioneer species. Lichens can survive considerable drying out. 



In time, weathering or the base rock by the action of the lichens 
produces sand or soil, although this in itself cannot support other plants. 
However, as the lichens die and decompose they release sufficient 
nutrients to support a community or small plants. In this way the 
lichens change the abiotic environment by creating soil and nutrients 
for the organisms that rollow. Mosses are typicalJy the next stage in 
succession, followed by rems. With the continuing erosion of the rock 
and the increasing amount or organic maner available from the death or 
these plants, a thicker layer of soil is built up. The organic material holds 
water making it easier ror other plants to grow. Again these species 
change the abiotic environment, making it less hostile and so more 
suitable for the organisms that follow, for example, small flowering 
p lants such as grasses and, in turn, shrubs and trees. These species 
provide mort! sources or food, leading to more food chains that develop 
into complex food webs and lead to more stable communi ties. In the UI< 
the ultimate community is most likely to be deciduous oak woodland. 
This stable state comprises a balanced equ ilibrium of species with few, if 
any, new species replacing those that have become established. In this 
state, many species flourish and there is much biodiversity. This is called 
the climax community which remains more or less stable over a long 
period of time. This commu nity consists of animals as well as plants. 

The animals have undergone a similar series of successional changes, 
which have been largely determined by the plant types available 
for food and as habitats. The dead lichens provide food for animals 
such as detritus-reeding mites. The growth of mosses and grasses 
provides food and habitats for insects, millipedes, and worms. These 
are followed in turn by secondary consumers, such as centipedes, 
which feed on these organisms. The development of flowering plants, 
including trees. helps to support communities of butterflies and moths 
as well as larger organisms, such as reptiles, mammals, and birds. 

During any succession there are a number of common features that emerge: 

• 	 the non-living (abiotic) environment becomes less hostile, for 
example, soil forms (which helps retain water) nutrients are more 
plentiful. and p lants provide shelter from the wind. This leads to: 

• 	 a greater number and variety of habitats and niches that in 
turn produce: 

• 	 increased biodiversity as different species occupy these habitats. 
This is especia ll y evident in the early stages, reaching a peak 
in mid-succession, but decreasing as the climax community is 
reached. The decrease is due to dominant species out-competing 
pioneer and other species, lead ing to their elimination from the 
community. With increased biodiversity comes: 

• 	 more complex food webs, leading to: 

• 	 increased biomac;c;, especially during mid-succession. 

Climax communities arc in a stable equilibrium with the prevailing 
climate. It is abiotic fact0rs such as climate that determine the 
dominant species of the community. In the lowlands of the UK, the 
climax community is deciduous woodland. In other climates of the 
world it may be tundra, steppe, or rain forest. 

Another type of succession occurs when land that has already sustained 
life is suddenly altered. This may be the result of land clearance for 
agriculture or a forest fire. The process by which the ecosystem returns 

.A Figure 1 Lichens, with their ability to 
withstand dry conditions and to colonise 
bare rock, arefrequently the first pioneer 
species on barren terrain 

To appreciate successional change 
it would help to look again at 
Topics 13.1 Food chains and 
energy transfer, 13.2 Energy 
transfer and productivity and 13.3 
Nutrient cycles 

Hint 

The climax community is 
determined by the limiting 
abiotic factor. For example, trees 
may not develop on very high 
mountains because it is too cold, 
too windy, or the soil layer is too 
thin (especially at the start of a 
succession). 

.A Figure 2 Deciduous woodland is 
normally the climax community in 
lowland Britain 

• 




19.6 Succession 

hostile cond1t1ons, low species 

to its climax community is the same as described above, except that 
it normally occurs more rapidly. This is because soil already exists in 
which spores and seeds often remain alive in the soil, and there is an 
innux of animals and plants through dispersal and migration from 
the surrounding area. This type of succession is called secon dary 
su ccession . Because the land has been altered in some way, for 
example, by fire, some of the species in the climax community will 
be different. 

Figure 3 summarises the events of ecological succession on land. 

less hostile cond1t1ons, high species 

key 

~ primary succession (slow process) 

secondary succession (rapid process) 

.A Figure 3 Ecological succession 

Summary questions 

1 	 State the general name given 
to the first organisms to 
colonise bare land. 

2 	 Describe how changes in the 
environment lead to increased 
biodiversity during succession. 

3 	 State the name that is given to 
the stable, final stage of any 
succession. 

.A Figure 4 The gross/and in rhe 
foreground is grazed by sheep ond so 
is prevented from reaching irs norural 
climax. The fond behind the fence hos 
not been grazedfor many years and 
has reverted to the climax community of 
woodland. This is therefore an example 
of secondary succession

• 

d1vers1ty and instability 	 diversity and stability 

primary secondary tertiary scrubland climatic recolonisation 
colonisers colonisers colonisers ~ e.g., shrubs ~ climax 
e.g.. lichen e.g., mosses e.g., grasses small trees e.g., woodland 

Many glaciers in the northern hemisphere have been melting over the past 
200 years. This retreat is, in part, the result of the additional global warming 
that has taken place since the industrial revolution and the burning of fossil 
fuels that has accompanied it. When glaciers melt and retreat they leave 
behind gravel deposits known as moraines. The retreat of the glaciers in 
Glacier Bay, Alaska, has been measured since 1794 and so the age of the 
moraines in this region is recorded. 

Although no ecologist has been present to watch the succession that 
has taken place on these moraines, they can infer the changes that have 
occurred by examining the plant and animal communities on the moraines of 
different ages. The youngest moraines (those nearest the retreating glacierI 
have the earliest colonisers (pioneer species ). whereas those successively 
further away from the glacier show a time sequence of later communit ies. 

Each stage of a succession has its own distinctive community of plants and 
animals that alters the environment in away that allows the next stage and its 
community to develop. The stages that follow the retreat of an Arctic glacier are: 

• 	 pioneer stage. In the early years after the ice has retreated, 
photosynthetic bacteria and lichens colonise patches of land. Both of 
these pioneers fix nitrogen This is essential because nitrogen is virtually 
absent from glacial moraines. They also form tough mats that help to 
stabilise the loose surface of the moraines. When these pioneer species 
die, they decompose to form humus. Humus provides the nutrients that 
enable mosses to colonise. The pioneer stage occurs when the land has 
been ice free for 10-20 years. 



• 	 Dryas stage. Some 30 years after the ice has retreated, the ground is an 
almost continuous mat of the herbaceous plant Dryas. lts roots stabilise 
the thin and fragile soil layer formed from the erosion of the rocks 
that make up the moraine. Bacteria in root nodules of Dryas also fixes 
nitrogen, further adding nitrogenous nutrients to this poor-quality soil. 
Other plants found at this stage are the Arctic poppy and moss campion. 

• 	 alder stage. This arises about 60 years after the ice has retreated. 
Alder is a tree that has nitrogen-fixing nodules on its roots, enabling it 
to grow on nitrogen-poor soil. Alder sheds its leaves, which decompose 
into nitrogen-rich humus that further enriches the soil. The alder stage 
occurs some 50- ?0 years after the retreat of the glacial ice. 

• 	 spruce stage. About 100 years after the ice has retreated, spruce trees 
develop amongst the alder. Aperiod oftransition takes place and during the 
next 50 years or so the taller spruce out-competes the alder and ultimately 
displaces it altogether. 

Figure 5 summarises changes 
in soil nitrogen, plant diversity 
and biomass fol lowing the 
retreat of an Arct ic glacier. 

c 
Q
c;; 
.="' 250 
&i E 200(.) tlO 
c- 1500-:(.) S! 
c_ 100 


50
~o 0 
c 25 

20 ~~ 15 .8 ­
E~ 10 
~"' c 	 5 


0
£ c 300 

5 250 
 above
&o­ ground200 
Cl> "' biomassE~ 150 

ro c 100 

~c 50~q 
ro 	 0 

pioneerOryas alder tra nsitional 
stage tag stage stage 

plant 
d1vers1ty 

E 0 50 100 150 200Q
.0 years since retreat of glacial ice 

A Figure 5 

1 	 Using the information on the graphs, describe and explain the changes 

in above-ground biomass over the ZOO-year period. 


2 a 	 Using your knowledge of the nitrogen cycle, explain how nitrogen 
from the atmosphere becomes incorporated into the soil, causing its 
level to increase during the first 100 years after the glacier retreats. 

b Suggest two reasons for the fall in soil nitrogen levels after 150 years. 
3 Suggest a reason for: 

a the rapid increase in plant species during the first 30 years after the 
retreat of the glacier. 

b the fall in the number of plant species 100 years after the retreat of 
the glacier. 

4 Explain why it would be more appropriate to use a transect rather than 
quadrats placed at random when investigating this succession. 

A Figure 6 Dryas {mountain ovens} 
is the most common pioneerspecies 
in Glacier Bay, Alaska. It is able to fix 
nitrogen andforms dense mats and 
therefore enriches and stabilises the 
thin fragile soil 

A Figure 7 Arctic poppy [yellowflower} 
and moss campion {pinkflowers) are 
earlyflowering pioneer species on Arctic 
moraines 

A Figure 8 Spruce trees are the final 
succession stagefollowing the retreat 
ofglocia/ ice in the Arctic. They begin to 
grow around 100 years after the ice has 
retreated and persist as the dominant 
vegetationfor centuries 

• 




Learning objectives 
-+ 	 Describe what is meant by 

conservation. 

-+ 	 Explain how managing 

succession can help to 

conserve habitats. 

Specification reference: 3.7.4 

A Figure 1 Moorland is an example 
ofthe conservation ofo habitat by 
managing succession. Burning of 
heather and grazing by sheep has 
prevented shrubs and treesfrom 
developing 

Summary questions 

Fenland is an area of waterlogged 

marsh and peat land. It supports 

a rich and unique community of 

plants and animals. If left alone, 

reeds initially dominate and the 

area gradually dries out as dead 

vegetation accumulates. Grasses, 

shrubs and t rees in turn replace 

the fenland species. 

1 	 Identify reasons for conserving 

habitats such as fenland. 

2 	 Suggest practical measures 

that may be taken to prevent 

succession by grasses, 

shrubs, and trees in fenland. 

•. 


What is conservation? 
Conservation is the management of the Earth's natural resources by 
humans in such a way that maximum use of them can be made in 
the future. This involves active intervention by humans co maintain 
ecosystems and biodiversity. ll is therefore a dynamic process chat 
emails careful management of existing resources and reclamation 
of those already damaged by human activities. The main reasons for 
conservation are: 

• 	 personal to maintain our planet and therefore our life support system. 

• 	 ethical. Other species have occupied the Earth far longer than we 
have and should be allowed tO coexist with us. Respect for living 
things is preferable to disregard for them. 

• 	 economic. Living organisms contain a gigantic pool of genes with 
the capacity to make millions of substances, many of which may 
prove valuable in the future. Long-term productivity is greater if 
ecosystems are maintained in their nawral balanced scare. 

• 	 cultural and aesthetic. Habitats and organisms enrich our lives. 
Their variety adds interest to everyday life and inspires writers, 
poets, artists, composers, and others who entertain and fulfill us. 

Conserving habitats by managing succession 
We saw in Topic 19.6 that any climax community has undergone a 
series of successional changes to reach its current state. Many of the 
species that existed in the earlier stages are no longer present as part of 
the climax community. This is because their habitats have disappeared 
as a result of succession, or species have been Olll-competed by other 
species or they have been taken over for human activities. One way 
of conserving these habitats, and hence the species they contain, is by 
managing succession in a way that prevents a change to the next stage. 

One example is the moorland that exists over much of rhe higher 
grou nd in the UK. The burning of heather and grazing by sheep has 
prevented this land from reaching its climax community. The burning 
and grazing destroy the you ng tree saplings and so prevent the natu ral 
succession into deciduous woodland. 

Around 4000 yea rs ago, much of lowland UJ< was a climax 
community of oak woodland, but most of this forest was cleared 
to allow grazing and cultivation. The many heaths and grasslands 
that we now refer to as natural arc the resu lt of this clearance and 
subsequent grazing by animals. An example is chalk downland 
which was cleared of forest and where sheep and rabbits now 
eat any new saplings preventing these saplings from developing intO 
full grown trees. 

If the factor that is preventing further succession is removed, then 
the ecosystem develops naturally into its climatic climax (secondary 
succession). For example, if grasslands arc no longer grazed or mowed, or 
if farmland is abandoned, shrubs initially take over, followed by deciduous 
woodland. Sand dunes can be managed to prevent succession tO 

woodland leaving wet areas where species like nanerjack toads can thrive . 



One challenging conservation issue in the UK is the 4 	 Outline the arguments for and against continued 
conflict between the conservation of hen harriers and the 
commercial hunting of red grouse. One scientific survey 
investigated the effect of predation by hen harriers on the 
breeding success of red grouse on managed moorland in 
Scotland. Some of the results included: 

• 	 On moorland where hen harriers were present there 
were, on average, 17%fewer young grouse than on 
moorlands without hen harriers. 

• 	 Over a three-year period grouse nests were 
intensively observed during the six weeks following 
the hatching of chicks. In this period, predation by 
harriers accounted for 91% of grouse chick losses. 

• 	 Prey remains found around harrier nests were examined. 
Ofthe 300 items identified, 32% were grouse chicks. 

1 	 8 Calculate how many of the items of prey 
identified around harrier nests were grouse chicks. 

2 	 Harriers also feed on voles and meadow pipits. 

Explain how a rise in the populat ion of these 

organisms might affect the populat ion of grouse. 


Moorland is considered one of the most attractive 
landscapes in the UK. Many of the national parks are 
made up of moorland and are visited by millions of people 
each year. To rear grouse, moorland has to be carefully 
managed. Controlled grazing by sheep and the periodic 
burning of vegetation are used to maintain low-growing 
plant populations of heather, bilberry, and crowberry that 
grouse feed on and nest within. The money to support 
this management comes largely from charges made to 
those who shoot grouse. 

3 Explain what might happen to moorland if sheep­
grazing and burning ofthe vegetation ceased. 

The population of grouse in the UK is in decline due mainly 
to disease. Currently there are around 250 000 breeding 
pairs. The hen harrier was persecuted to such an extent 
that, by 1900, it was only found on a few Scottish islands. 
It recolonised the UK mainland in the 1970s and there are 
now around 750 breeding pairs. Both harriers and grouse 
normally produce one clutch of eggs each year. Hen 
harriers are protected by law and it is illegal to kill them, 
collect their eggs or destroy their nests. Conservationists 
want to retain this protection so that the population of 
hen harriers can increase. Grouse managers want to be 
allowed to control hen harrier populations to prevent them 
threatening the declining grouse populations. 

protection of hen harrier populations. 

To try to help resolve this conflict, scientists are currently 
conducting experiments to test whether hen harrier 
populations can be increased at the same time as 
reducing their negative impact on grouse populations.The 
information can then be used to inform decisions about how 
best to conserve grouse, harriers and moorland habitats. 

The experiment wil l be carried out in two large areas 
where harriers are currently rare. Within these areas, the 
results of two strategies on the size of harrier and grouse 
populations will be measured: 

• 	 Ki lling hen harrier chicks, or moving them to a 
different location, when the harrier populat ion size 
reaches an agreed ceiling. 

• 	 Providing alternative sources of food for hen harriers. 

.& Figure 2 Hen harrier .& Figure 3 Red grouse 

5 In each of the fol lowing, suggest a reason why: 
a The experiment will take at least five years to 

produce any findings. 
b 	 An independent body, acceptable to both 

conservation groups and grouse managers will 
be needed to oversee the experiment. 

c 	 The sites chosen for the experiment are ones 
where harriers can be expected to colonise 
relatively quickly. 

d 	 Each experimental area wil l contain a number 
of different moorland sites managed by 
different individuals. 

e 	 Some people are concerned about the long­
term implications of a suspension, however 
temporary, to the legal protection of harriers 
that would be required during the experiment. 

6 	 Explain how scientific experiments such as this 

one help to inform decision-making. 


• 
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Practice questions: Chapter 19 


The young or frogs and wads are called tadpoles. Ecologists investigated the erfect of 
predation on three species of tadpole. They set up four artificial pond communities. 
Each community contained 
• 200 spadefoot toad tadpoles 
• 300 spring peeper frog tadpoles 
• 300 southern toad tadpoles. 

The ecologists then added a different number of newts to each pond. Newts are 

predators. 

Figure I shows the effect of increasing the number of newts on the percentage survival 

of the tadpoles of each species. 


(a) 	 (i) Describe the effect of an increase in the number of newts on the percentage 
surviva l of the tadpoles of each of the 
toad species. (2 marks) 

(ii) 	 Suggest an explanation for the cfkct of an increase in the number of newts on the 
percentage survival or the tadpoles of spring peeper frogs. (2 marks) 

Figure 2 shows how the masses of the tadpoles were affected in each pond during the 
investigation. 

(b) 	 Using the inrormation provided in Figure I explain the results obtained in 

Figure 2. 


(2 marks) 
AQA Jan 2011 
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Chapter 19 Populations in ecosystems 

• 


Algae are phowsynthesising organisms. Some algae grow on rocky shores. A scientist 
investigated succession involving different species of algae. He placed concrete blocks on 
a rocky shore. At regular intervals over 2 years, he recorded the percentage cover of algal 
species on the blocks. His results are shown in the graph. 

(a) Name the pioneer species. 	 (I mark) 
(b) 	(i) The scientist used percentage cover rather than frequency to record the abundance of 

algae present. Suggest why. (/ mark) 
(ii) Some sciemists reviewing this investigation were concerned about the validity or the 
results because of the use of concrete blocks. Suggest one reason why these scientists were 
concerned about using concrete blocks for the growth of algae. 

(/mark) 
(c) Use the results of this investigation to describe and explain the process of succession. 

(4 marks) 
AQA June 20 t 3 
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The diagram shows the dominant plants in communities formed during a succession from 
bare soil to pine forest. 
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(a) Name the pioneer species shown in the diagram. (I mark) 
(b) The species that are present cha nge during successio n. Explain why. (2 marks) 
(c) The pine trees in the forest have leaves all year. Explain how this results in 

a low species diversity of plants in the forest. (I mark) 
AQA June 2012 
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Section 7 Genetics, populations, evolution, and ecosystems 

r 

Practical skills 
In this section you have met the following 

practical skills: 

• 	 How to plot growth curves using a 

logarithmic scale. 

• 	 How to carry out random sampling. 

• 	 Investigate the distribution of 

organisms in a habitat using randomly 

placed framed quad rats or a belt 

transect. 

• 	 Use the mark-release-recapture 

method to investigate the abundance 

of a motile species. 

r 

Extension task 
Using your local newspaper, regional 

television news or local community 

websites in your area, identify a scheme in 

your region designed to conserve a habitat. 

Find out the purpose of this scheme and 

the organisations involved in it. 

Research the various sources of funds 

that are available to support conservation 

projects like the one you have identified. 

Draft a letter to one source of funds 

applying for a specified sum of money 

to support the aims of your project. 

Include in your letter a justification for the 

conservation project and the benefits it 

will bring to the community. Explain how 

the money will be used, how it will further 

the aims of the project and how you will 

evaluate whether it has been well spent. 
\... 	 ~ 

, "' 
Maths skills 
In this section you have met the 


following maths skills: 


• 	 Calculating ratios and percentages 

of the offspring of genetic crosses. 

• 	 Understanding and calcu lating the 

probability associated with genetic 

inheritance. 

• 	 Using the chi-squared test to test 


the sign ificance of the difference 


between observed and expected 


results of genetic crosses. 


• 	 Solving, and changing the subject 

in, algebraic equations such as the 

Hardy-Weinberg equation. 

• 	 Using a logarithmic scale in relation 

to quantities that range over several 

orders of magnitude. 

• 	 Using the logarithmic function on a 

calculator. 

• 	 Plotting two variables from 


experimental data provided. 


• 	 Finding arithmetical means 

• 




Section 7 Practice questions 


• 


A student investigated an area of moorland where succession was occurring. She used 
quadrats to measure the percentage cover of plant species. bare ground, and surface water 
every 10 metres along a transect. She also recorded the depth of soil at each quadrat. Her 
results are shown in the table. 

Percentage 
cover in each 

quadrat A to E 

Bog moss 55 40 10 - -
Bell heather - - - 15 10 

Sundew 10 5 - - -
Ling - - - 15 20 
Bilberry - - - 15 25 
Heath grass - - 30 10 5 
Soft rush - 30 20 5 5 
Sheep's fescue - - 25 35 30 
Bare ground 20 15 10 5 5 

-
Surface water 15 10 5 - -
Soil depth I cm 3.2 4.7 8.2 11.5 14.8 

Indicates zero percencage cover 
(a) Explain how rhese dara suggest that succession has occurred from 

points A to E along the uansect. (J marks) 
(b) The diversity of animal species is higher at E than A. Explain why. (2 marks) 
(c) 	 The student used the mark-release-recapture technique to estimate the size of the 

population of sand lizards on an area of moorland. She collected 17 lizards and 
marked them before releasing them back into the same area. Lacer, she collected 
20 lizards, IO of which were marked. 
(i) 	 Give two conditions for results from mark-release-recapture invescigations 

to be va lid. (2 marks) 
(ii) 	 Calculate the number of sand lizards on this area of moorland. 

Show your working. (2 marks) 
AQA Jan 20 13 
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Section 7 Genetics, populations, evolution, and ecosystems 

In a species or snail, shell colour is controlled by a gene with three alleles. The shell may 
be brown, pink, or yellow. The allele for brown C8 , is dominant to the other two alleles. 
The allele ror pink, CP, is dominant lO the allele for yellow, cv. 
(a) Explain what is meant by dominant allele. (I mark) 
(b) Give all the genotypes which could result in a brown-shelled snail. (I mark) 
(c) A cross between two pink shelled snails produced only pink-shelled and 

yellow-shelled snails. Use a genetic diagram to explain why. (J marks) 
(d) 	The shells of this snail may be unbanded or banded. The absence or presence or 

bands is controlled by a single gene with two alleles. The allele ror unbanded, B, is 
dominant to the allele for banded, b. 
A population or snails contained 51 % of unbanded snails. Use the Hardy-Weinberg 
equation to calculate the percentage of this population that you would expect LO be 
hetero7ygous ror this gene. Show your working. (J marks) 

AQA June 2012 

3 (a) 	 Insect pests ol' crop plants can be controlled by chemical pesticides or biologica l agenrs. 
Give two advantages of using biological agents. (2 marks) 
Two-spotted mites are pests of strawberry plants. Ecologists investigated the 
use of predatory mites to control two-spotted mites. They then recorded the 
percentage of strawberry leaves occupied by two-spotted mites and by predatory 
mites over a 16-week period. The results are shown in Figure l. 
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(b) 	 Describe how the percentage of leaves occupied by predatory mites changed during 
the period or this investiga tion. (2 marks) 

(c) 	 The ecologists concluded that in this investigation the control or the two-spoucd 
mite by a biological agent was effective. Explain how the results ~uppon this 
conclusion. (2 marks) 

(d) 	 Farmers who grow strawberry plants and read about this investigation might 
decide not to use these predatory mites. Suggest two reasons why. (2 marks) 

(e) 	 The ecologists repeated the investigation but sprayed chemical pesticide on the 
strawberry plants after IO weeks. After 16 weeks no predatory mites were round 
but the population of two-spotted mites had risen significantly. Suggest an 
explanation ror the rise in the two-spotted mite population. (2 marks) 

AQA June 20 t 2 
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Section 7 Practice questions 

4 Jn birds, males are XX and females are XY. 
(a) 	 Use this information to explain why recessive, sex-linked characteristics are more 

common in female birds than in male birds. (1 mark) 
(b) 	 In chickens. a gene on the X chromosome controls the rate of feather production. 

The allele for slow feather production, F, is dominant to the allele for rapid feather 
production, f. Figure 3 shows the results produced from crosses carried out by 
a farmer. (2 marks) 

D 
key 

male - rapid feather
male chickens are XX 

production female chickens are XV 

D male - slow feather 

production 

• 


0 female - rapid feather 

production 
2 Q female slow feather 

production 

84 5 	 6 73 

9 10 	 11 12 13 

.A Figure 3 

(i) 	 Explain one piece of evidence from Figure 3 which shows tha t the allele 
for rapid feather production is recessive. (2 marks) 

(ii) 	 Give all the possible genotypes of chicken 5 and chicken 7 from Figure 3. 
(2 marks} 

(iii) A cross between two chickens produced four offspring. Two of these were 
males with rapid feather production and two were females with slow fea ther 
production. Give the genotypes of the parents. ( l mark} 

(c) 	 Feather colour in one species of chicken is controlled by a pair of codominant alleles 
which arc not sex linked. The allele C8 codes for black feathers and the allele cw 
codes for white feathers. Heterozygous chickens arc blue-feathered. 
On a farm, 4% of the chickens were black-feathered. Use the Hardy-Weinberg 
equation to calculate the percentage of this population that you would expect 
to be blue-feathered. Show your working. (J marks) 

AQA June 2014 



5 The graph shows the effects of light intensity on the rate or photosynthesis of three species 
or tree, x , Y and z. Each of 1hese species occurs at a different stage in succession. 

Section 7 Genetics, populations, evolution, and ecosystems 
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(a) 	 Species X is the first tree to become established in the succession. Use the graph 
to explain why it is likely to become established earlier in the succession than 
Y or Z. (J marks) 

(b) 	 Species X may change the environment so that it becomes more suitable for 
species Z. Use the graph to explain why. (2 marks) 

AQA Jan 2010 
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Chapter titles 
20 Gene expression 

21 Recombinant DNA 

technology 

Introduction 
Ar a cellular level, control of metabolic activi1ies is achieved by regulating 
which genes of the genome are transcribed and translaced, and when 
chis takes place. Although the cells within an organ ism carry che same 
genes they translate only part of them. In multicellular organisms, this 
control of translation enables cells to have specialised functions and 
to form specific tissues and organs. Cells formed from the zygote are 
initiaUy able to differentiate into any 1ype of cell - they are totipot.ent. As 
these cells become specia lised they lose l he a bi lit y to become a different 
type of ceU. ln mature mamma ls, on ly a few cells reta in the ability to 
differentiate into other cells. These are cal led s1em cells. 

Lt has long been known that many factors control the expression of 
genes and, thus, the phenocype of organisms. Some of these factors 
are excernal, environmental factors, others are inrernal factors. What 
was not generally disputed was the idea rhac these environmental 
factors are never inherited by the following generation. Only those 
processes such as mutations, which caused changes LO the nucleotide 
base sequence in a DNA molecule could be inherited. This view has 
now been challenged by the discovery thar environmental factors 
can cause heritable changes in gene function without any change 
LO the base sequence of DNA. This so called epigenetic regulation of 
transcripcion is being recognised as important. 

We are increasingly able ro concrol the expression of genes by altering 
che epigenome. This allows us to air.er an organism's genomes and 
che proteins chey produce (proceomes). Along with our ability to 
manipulate the transcripcion and translation of genes, this has opened 
up many medica l and technologica l applications. The use of DNA 

technology allows us to clone genes for use in medical techniques such 
as gene therapy. Other aspects include the use of DNA probes and 
DNA hybridisation in the diagnosis and treatmen t of human diseases, 
as well as the use of genetic fingerprinting for medical, forensic, and 
breeding purposes. 

Working scientifically 
In studying this unit there will be opportunities to perform practical 
exercises and so develop practical skills. 

In performing these exercises you will have the chance to develop 
practical skills such as: 

• separating biological compounds using electrophoresis 

• using microbiological asepric techniques. 



What you already know 
The material in this unit is imended LO be self-explanatory, but there is certa in 
information from GCSE that will be useful tO your appreciation of this section. 
This in[ormation includes: 

0 DiHercm genes control the development of different characteristics of an organism. 

0 Differences in rhc characteristics of different individuals of the same kind may 
be du e to dil"ferences in: 

• the genes they have inherited (genetic causes) 

• the conditions in which they have developed (environmenta l ca uses) 

• a combination of both of the above. 

0 The differences between Darwin's theory of evolution and conflicting theories, 
such as that or Lamark. 

0 In genetic engineering, genes from the chromosomes of humans and o ther 
organisms can be 'cu t out' using enzymes and transferred to cells of other 
organisms. 

0 Each person (apart from identical twins) has unique DNA. This can be used to 
identify individuals in a process known as DNA fingerprinting. 

0 Embryos can be screened for the alleles that cause genetic disorders. 

0 Genes ca n also be rransferred to the cells of animals, plants or microorganisms at an 
ea rly stage in their development so that they develop with desired characteristics. 

0 New genes ca n be transferred to crop plants and crops that have had their genes 
modified in this way are ca lled genetically modified crops (GM crops). Examples 
of genetica lly modilied crops include ones that are resistant to insect auack or to 
herbicides 

0 Genetically modiAed crops generally show increased yields. 

0 Concerns abou t GM crops include the effect on populations of wild flowers and 
insects, and uncertainty about the effects of eating GM crops on human health. 

0 Interpreting information about cloning techniques and genetic e ngineering 
techniques. 

0 Making informed judgements about the economic, social and ethical issues 
concerning cloning and genetic engineering, including genetically modified 
(GM) crops. 



Learning objectives 
-+ 	 Describe the types of gene 

mutation. 

-+ 	 Explain how the different 
types of gene mutation 
result in different amino acid 
sequences in polypeptides. 

-+ 	 Explain why some mutations 
do not result in a changed 
amino acid sequence. 

-+ 	 Discuss the causes of gene 
mutations. 

Specification reference: 3.8.1 

Synoptic link 

Throughout this topic reference is 
made to the effects of changes to 
polypeptide structure as a result 
of mutations. A review of Topic 1.6, 
as well as Topic 9.1 make essential ) 
background reading. 

Hint 

Consider the following sentence, 
which consists only of three-letter 
words: THE RED HEN ATE HER TEA. 
If we delete the first letter T but 
continue to divide the sentence 
into three-letter words, it becomes 
HER EDH ENA TEH ERT EA and is 
incomprehensible. If we delete 
the final T, this leaves the strange 
but mostly readable sentence 
THE REO HEN ATE HER EA. 

Study tip 

For simplicity the effect of a 
mutation caused by a change to 
a single base is often used as an 
example. It must be remembered 
that in practice it is often more 
than one base that is involved. 
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In Topic 9.l, we saw that any change to the quantity or the struaure 
of the DNA of an organism is known as a mutation and any change 
to one or more nucleotide bases, or any rearrangement of the bases, in 
ONA is known as a gene mutation. These gene mutations might arise 
during the replication of ONA. 

We also learnt that any changes to one or more bases in the DNA 
triplets could result in a change in the amino acid sequence of the 
polypeptide. Let us now consider gene mutations in more detail by 
looking at the different types. 

Substitution of bases 
The type of gene mutation in which a nucleotide in a section of a DNA 
molecule is replaced by another nucleotide that has a different base is 
known as a substitution. Depending on which new base is substituted 
for the original base, there arc three possible consequences: 

• 	 The formation of one of the three stop codons that mark the 
end of a polypeptide cha in. As a resu lt the production of the 
polypeptide coded for by the section of DNA would be stopped 
prematurely. The final protein would almost certainly be 
significantly different and the protein could not perform its normal 
function. 

• 	 The formation of a codon for a different amino acid, meaning that 
the struaure of the polypeptide produced would differ in a single 
amino acid. The protein of which this polypeptide is a part may 
differ in shape and not function properly. For example, if it is an 
enzyme, its active site may no longer fit the substrate and it will 
not catalyse the reaction. An example of this form of substitution 
mutation causes a condition called sick le cell anaemia. 

• 	 The formation of a different codon but one that produces a codon 
for the same amino acid as before. This is because the genetic code 
is degenerate and so most amino acids have more than one codon. 
The mutation therefore has no effect on the polypeptide produced 
and so the mutation will have no erfecl. 

Deletion of bases 
We saw in Topic 9.1 that the loss of a nucleotide base from a DNA 
sequence is called a deletion. Minor though the loss of a single base 
might seem, the impact on the phenotype can be enormous. The 
one deleted base creates what is known as a frame shift because the 
reading frame that contains each three lcuers of the code has been 
shifted t0 the left by one letter. The gene is now read in the wrong 
three-base groups and the coded information is altered. Most triplets 
will then be different, as will the amino acids they code for. The 
polypeticles will be different and lead to the production of a non­
functional protein that could considerably alter the phenotype. One 
deleted base at the very start of a sequence could alter every triplet in 
the sequence. A deleted base near the end of the sequence is likely to 
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have a smaller impact bur can still have consequences (see Hint). An 
example of the effect of a deletion mutation is shown in Figure l. 

deletion of G 
guanine at t c pos1t10n 2G 	 c A 	 G c T A c T C A G 	 c T A 	 c c

DNA """"'"' j T 
A c U 	 G G mRNA sequence u 	 c GIA u G G 

arginineserine tryptophan Isenne meth10nineamino acid sequence threonine 

.6. Figure 1 Effects ofthe deletion of a DNA base an the amino acid sequence in the final polypeptide 

Other types of gene mutation 
There are a number of orher ways in which the base sequence of DNA 
may be changed. These include: 

• 	 Addition of bases - an exrra base becomes inserted in the sequence. 
This usually has a similar effect ro a base deletion in that there is 
usually a frame shif1 and the whole sequence of triplets becomes 
altered. The frame shift is to the right not to the left as it is when a 
base is deleted. tf three extra bases are added, or any multiple o[ three 
bases, there will not be a frame shift. The resulting polypeptide will 
be different from rhe one produced from a non-mutant gene, but not 
to the same extenr as if there was a frame shift. 

• 	 Duplication of ba ses - one or more bases are repeated. This 
produces a frame shift to the right. 

• 	 Inversion of bases - a group of bases become separated from 
the DNA sequence and rejoin at the same position but in the 
inverse order (back 10 from). The base sequence of this portion is 
therefore reversed and effects rhe amino add sequence that results. 

• 	 Tra n slocat ion o f ba ses - a group of bases become separated from 
the DNA sequence on one chromosome and become inserted into 
the DNA sequence of a different chromosome. Translocations oflen 
have significant effects on gene expression leading to an abnormal 
phenotype. These effects include the development of certain forms 
of cancer and also reduced fert ility. 

Causes of mutations 
Gene muta tions ca n a rise sponta neously during DNA replication . 

.6. Figure 2 This albino hedgehog is the 
Spontaneous muta tions a rc permanent changes in DNA that occur result ofa mutation that prevents the 
without any outside in nuence. Despite being ra ndom occurrences, production of the pigment melanin 
mutations occur with a predictable frequency. The natural mutation 
rate varies from species to species, bm is typically around one or two 
mutations per I 00 000 genes per generation. This basic mutation rate 
can be increased by outside factors known as mutagenic agents or 
mutagens. These include the following: 

• 	 High e n ergy ionising radia tion, for example, a. and ~ partides a!> 
well as short wavelength radiation such as X-rays and ultra violet 
light. These forms of radiation can disrupt the structure of DNA. 

• 	 Ch e m icals such as nitrogen dioxide may directly alter the 
structure of DNA or interfere with transcription. Benzopyrene, 
a consitituent of tobacco smoke, is a powerful mutagen that 
inactivates a tumour-suppressor gene TP53 leading to a cancer. 
We will learn more about this in Topic 20.5. 

• 



20.1 Gene mutationo; 
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Mutations have both costs and benefirs. On Lhe one hand they 
produce the genetic diversity necessary for natural selection and 
speciation (see Topics 18.4 and 18.5). On the other hand they are 
almost always harmful and produce an organism that is less well 
suited to its environment. Additionally, mutations that occur in body 
cells rather than in gametes leading to disruption of normal cellular 
activities, such as cell division, for example, cancer. 

Summary questions 

1 	 A translocation mutation is, in effect, a combination of two other 
different types of gene mutation. Deduce which two types of mutation 
these are and explain your answer. 

2 	 A section of ONA has the following sequence - AGT TCT GAT CGC TG. 
State the type ofmutation that has taken place in each of the following 
variants of this DNA. 

a AGTTCT GATCCT G 


b AGTTCTTAG CGC TG 


c AGTTCT GAG CGC TG 


d AGTTCT GATCGT CTG 


3 	 Explain why the effects of a single additional base in a sequence of ONA 
bases may have: 

a a considerable effect on the polypeptide produced. 

b little effect on the polypeptide produced. 

4 	 A mutation causes three bases in the ONA of a gene to become duplicated. 
Explain how the effects of this mutation might differ if the duplicated 
bases are consecutive rather than in three separate locations on the DNA 
molecule. 

5 	 Suggest two reasons why the addition of a single base into a ONA sequence 
may not alter the amino acid sequence in the resultant polypeptide. 
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Mutagenic agents 

Mutations can be induced by external influences called 
mutagenic agents. These cause damage in a number of 
ways. 

• 	 Certain chemicals can remove groups from nucleotide 
bases. Nitrous acid can remove an -NH2 group from 
cytosine in DNA, changing it into uracil. 

1 	 Suggest what the result of this change might be on 
the codons on a mRNA molecule that is transcribed 
from a section of DNA with the triplets GCA CTC ATC. 

• 	 Other chemicals can add groups to nucleotides. 
Benzopyrene is a chemical found in tobacco smoke. It 
adds a large group to guanine that makes it unable to 
pair with cytosine. When DNA polymerase reaches the 
affected guanine it inserts any of the other bases. 

2 What type of mutation is caused by benzopyrene? 

• 	 Ionising radiation, such as X-rays, can produce highly 
reactive agents, called free radicals, in cells. These 
free radicals can alter the shape of bases in DNA so 
that DNA polymerase can no longer act on them. 

3 Explain why DNA polymerase cannot act on DNA 
that has been damaged by X-rays. 

4 State one genetic effect of DNA polymerase being 
unable to act on DNA. 

Ultraviolet radiation from the Sun or tanning lamps 
affects thymine in DNA, causing it to form bonds with the 
nucleotides on either side of it. This seriously disrupts 
DNA repl ication. 

Scientific research and experimentation has enabled 
us to identify potentially dangerous mutagenic agents. 
The effects of such agents are complex and the 
amount of harm they cause is often a matter of debate. 
Commercial organisations, such as the tobacco industry, 
manufacturers of sunbeds, and producers and retailers 
of sun-block lotions all have an interest in the research 
that is undertaken. They are more likely to fund research 
that may benefit their business than research that may 
harm it. It is therefore important that the results of any 
research are subjected to the scrutiny of other scientists 
from a wide variety of backgrounds, views, interests and 
organisations, in a process known as peer review. 

This is usually achieved by publishing research findings 
in reputable scientific journals that have an extensive 
global readership. The conclusions and claims made by 

researchers and their sponsors can then be debated and 
the scientific community at large can test the claims 
by further experimentation. These claims then become 
accepted, modified or rejected, depending on the outcome 
of this further research. 

Armed with all this scientific information, decision-makers 
such as governments and heads of business can take 
appropriate action that benefits society. Governments, for 
example, can introduce legislation that controls cigarette 
sales and smoking, and the use of sunbeds and sets a 
minimum age at which cigarettes or tanning treatments 
can be bought. The decisions are often not clear-cut 
however. X-rays, for example, can be harmful on one hand 
but are an invaluable diagnostic tool, with countless 
health benefits, on the other. 

5 	 Leaders in business and government have to make 
decisions about the use of scientific discoveries. 
Who else, apart from research scientists, might 
influence the advice that these leaders give to the 
public on the use of sunbeds? 

.6 Figure 3 Ultraviolet radiation from sunbeds has the 
potential to disrupt ONA replica tion 

• 




Learning objectives 
' 	 State what totipotent cells are. 

' 	 Explain how cells lose their 
totipotency and become 

specialised. 

' 	 Describe cell differentiation 

and cell specialisation. 

' 	 Describe the origins and 

types of stem cells. 

' 	 Explain how pluripotent stem 
cells can be used to treat 

human disorders. 

Specification reference: 3.8.2.1 
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ln multicellular organisms, cells are specialised to perform specific 
functions. The process by which each cell develops into a specialised 
structure suited to the role that it will carry out is known as cell 
differentiation. Let us investigate the process in more detail. 

Cell differentiation and specialisation 
Single-celled organisms perfo1111 all essential life functions inside 
the boundaries of a single cell. Although they perform all functions 
adequately, they cannot be totally efficient at all of them, because each 
function requires a different type of cellular struct.urc, enzymes, and other 
proteins. One activity may be best carried out by a long, thin cell, while 
another might suit a sphe1ically shaped cell. No one cell can provide 
the best conditions for all functions. The cells ol' multicellular organisms 
arc each adapted in d ifferent ways tO perform a particular role. Jn early 
development, an organism is made up of a tiny ball of cells, all of which are 
identical. As it matures, each cell takes on its own individual characteristics 
that adapt it tO the function that it will perform when it is mature. 

All the cells in an organism, such as a human, arc derived by mit0tic 
divisions of the fertilised egg (zygote). It follows that they all contain 
exactly the same genes. Every cell is therefore capable of making 
everything that the body can produce. A cell in the lining of the 
small intestine has the gene coding for insulin just as a ~cell of the 
pancreas has the gene coding for maltase. So why do the cells of the 
small intestine produce maltase rather than insulin and ~cells of the 
pancreas produce insulin rather than maltase? The answer is that, 
although all cells contain all genes, only certain genes are expressed 
(switched on) in any one cell at any one time. 

Some genes are permanently expressed (switched on) in all cells. 
For example, the genes that code for essential chemicals, such as the 
enzymes involved in respiration, are expressed in all cells. Other genes 
permanently switched on in all cells include those coding for enzymes 
and other proteins involved in essentia l rrocesscs like transcription, 
translation, membrane synthesis, ribosomes and tRNA synthesis. 
Other genes are permanently not expressed (switched off), for 
example, the gene for insulin in cells lining the small intestine. Further 
genes are switched on and off as and when they arc needed. In this 
chapter we shall look at how the expression of genes is controlled. 

Differentiated cells differ from each other, often visibly so. This is 
mainly because they each produce different proteins. The proteins 
that a cell produces are coded for by the genes it possesses or, more 
accurately, by the genes that are expressed (switched on). 

Totipotency 
An organism develops from a single fertilised egg. A ferrilised egg 
clearly has the ability to give rise to all types of cells. Cells such as 
fertilised eggs, which can mature inro any body cell, are known as 
totipotent cells. The early cells that are derived from the fertilised 
egg are also totipotent. These later differentiate and become specialised 
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for a particular function. For example, mesophyll cells become 
specialised for photosynthesis and muscle cells become specialised for 
contraction. This is because, during the process of cell specialisation, 
only some of the genes are expressed. This means that only part 
of the DNA of a cell is translated into proteins. The cell therefore 
only makes those proteins that it requires to carry out its specialised 
function. These proteins include those required for essential processes 
like respiration and membrane synthesis .. Although it is still capable 
of making all the orher proteins, these are not needed and so it 
would be wasteful to produce them. In order to conserve energy and 
resources, a variety of stimuli (controlling factors) ensure the genes for 
these other proteins arc not expressed. The ways in which genes are 
prevented from expressing themselves include: 

• 	 preventing transcription and so preventing the production of mRNA 

• 	 preventing translat ion. 

Stem cells 
If specialised cells still reta in a ll the genes of the organism, can they 
still develop into any other cell? The answer, depends - there are no 
hard and fas t rules. Xylem vessels, which transport water in plants. 
and red blood cells, which carry oxygen in animals. are so specialised 
that they lose their nuclei once they are mature. As the nucleus 
contains the genes, then clearly these cells cannot develop into other 
cells. In fact, specialisation is irreversible in most animal cells. Once 
cells have matured and specialised they can no longer develop into 
other cells. In mature mammals, only a few cells retain the ability to 
differentiate into other cells. These are called st em cells. 

Stem cells are undifferentiated dividing cells thar occur in adult animal 
tissues and need to be constantly replaced. They rherefore have the 
ability to divide to form an identical copy of themselves in a process 
called self-renewal. 

Stem cells originate from various sources in mammals: 

• 	 Embryonic stem cells come from embryos in the early stages of 
development. They ca n differen tiate into any type of cell in the 
initial stages of development. 

• 	 Umbilica l cord blood s te m cells a re derived from umbilica l co rd 
blood and are similar to adult stem cells. 

• 	 Placenta l stem cells are found in the placenta and develop into 
specific types of cells. 

• 	 Adult stem cells, despite their name, are found in the body 
tissues of the fetus through to the adult. They are specific to a 
particular tissue or organ within which they produce the cells to 
maintain and repair tissues throughout an organism's life. 

Types of stem cells 
There are number of different stem cells which are classified according 
to their ability to differentiate. 

• 	 To t ip oten t stem cells are found in the early embryo and can 
differentiate into any type of cell. Since all body cells are formed 
from a zygote, it follows that the zygote is totipotent. As the zygote 

Hint 

Differentiation results from 
differential gene expression. 

• 




20.2 Stem cells and totipotency 

.A Figure 1 SEM ofo three-day-old 
human embryo at the 16-cell stage on 
the tip ofa pin. These cells are totipotenr 

Summary questions 

1 	 Explain what is meant by 

totipotent cells. 

2 	 Distinguish between 

totipotent, pluripotent, 

multipotent and uni potent 

cells. 

3 	 All cells possess the same 

genes and yet a skin cell 

can produce the protein 

keratin but not the protein 

myosin, while a muscle cell 

can produce myosin but not 

keratin. Explain why. 

4 	 Suggest a reason why skin 

cells retain an ability to divide 

by being unipotent when the 

cells of some other organs 

do not. 
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divides and matures, its cells develop into slightly more specialised 
cells called pluripotent stem cells. 

• 	 Pluripotent stem cells are found in embryos and can 
differentiate into almost any type of cell. Examples of pluripotent 
stem cells are embryonic stem cells and fetal stem cells. 

• 	 Multipotent stem cells are found in adults and can differentiate 
into a limited number of specialised cells. They usually develop 
into cells of a particular type, for example, stem cells in the 
bone marrow can produce any type of blood cell. Examples of 
multipotent cells are adult stem cells and umbilical cord blood 
stem cells. 

• 	 Unipotent stem cells can only differentiate into a single type of 
cell. They are derived from multipotent stem cells and are made 
in adult tissue. 

Induced pluripotent stem cells 
Induced pluripotent stem cells (iPS cells) a re a type of pluripotent cell 
that is produced from unipotent stem cells. The unipotent cell may be 
almost any body cell. These body cells are then genetica lly altered in a 
laboratory to make them acquire the characteristics of embryonic stem 
cells which, as we have seen, are a type of pluripotenc cell. To make 
the unipotenr cell acquire the new characters involves inducing genes 
and transcriptional factors (see Topic 20.3) within the cell to express 
themselves. In other words to turn on genes that were otherwise 
turned off. The fact that these genes are capable of being reactivated 
shows that adult cells retain the same genetic information that was 
present in the embryo. 

The iPS cells are very similar to embryonic stem cells in form and 
function. However. although they express some of the same genes 
that are usually expressed in embryonic stem cells, they are not exact 
duplicates of them. One feature of particular interest is that they are 
capable of self-renewal. This means that they can potenrially divide 
indefinitely to provide a limitless supply. As such they could replace 
embryonic stem cells in medical research and treatment and so 
overcome many of the ethical issues surround ing the use of embryos 
in stem cell research. 

Pluripotent cells in treating human disorders 
There are many possible uses or pluripotcnt cells. The cells can be 
used to regrow tissues that have been damaged in some way, either 
by accident (e.g., skin grafts for serious burn damage) or as a result of 
disease (e.g., neuro-degenerative diseases, such as Parkinson's disease). 
Table I lists some of the potential uses of human cells produced from 
stem cells. 
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'Y Table 1 Potential uses of humon cells producedfrom stem cells 

Type of cell I . I I I • -. 
Heart muscle cells Heart damage, for example, as a result of a heart 

attack 

Skeletal muscle cells Muscular dystrophy 

~cells of the pancreas Type 1 diabetes 

Nerve cells Parkinson's disease, multiple sclerosis, strokes, 

Alzheimer's disease, paralysis due to spinal injury 

Blood cells Leukaemia, inherited blood diseases 

Skin cells Burns and wounds 

Bone cells Osteoporosis 

Carti lage cells Osteoarthritis 

Retina cel ls of the eye Macular degeneration 

Although there are a number of types of stem cell in the 
human body, it is the first few cells from the division of 
the fertilised egg that have the greatest potential to treat 
human diseases. As they come from the early stages of 
an embryo, they are called human embryonic stem cells. 
These cells can be grown in vitro and then induced to 
develop into a wide range of different human tissues. The 
process is illustrated in Figure 2. 

At present, embryonic stem cell research is only allowed 
in the UK under licenced and specified conditions. These 
conditions include its use as a means of increasing 
knowledge about embryo development and serious 
diseases, including their treatment. Embryos used 
in this type of research are obtained from in vitro 
fertilisation. The process nevertheless presents a 
number of ethical issues. 

One issue surrounds the argument as to whether a 
human embryo less than 14 days old should be afforded 
the same respect as a fetus or an adult person. Some 
people feel that using embryos in this way undermines 
our respect for human life and could progress to the use 
of fetuses, and even newborn babies, for research or the 
treatment of disease. They feel that it is a further move 
towards reproductive cloning and, even if this remains 
illegal in the UK, the information gained could be used 
to clone humans elsewhere. Others disagree, arguing 
that an embryo at such an early stage of development is 

just a ball of identical, undifferentiated cells, bearing no 
resemblance to a human being. They feel that the laws 
prohibiting cloning, in the UK and elsewhere, provide 
sufficient protection. 

Supporters of human embryonic stem cell research 
contend that it is wrong to allow human suffering to 
continue when there is a possibility of alleviating it. They 
further argue that, since embryos are produced for other 
purposes, for example, fertility treatments, it makes no 
sense to destroy spare embryos that could be used in 
research. Opponents of embryonic stem cell research 
contend that it is wrong to use humans, including human 
embryos, as a means to an end, even if that end is the to 
alleviate human suffering. 

However, human embryos are not the only source of 
stem cells. For example, they can be obtained from 
the bone marrow of adult humans. As long as a person 
gives consent, this source of stem cells ra ises no real 
ethical issues. At present, these cells have far more 
restricted medical applications but scientists hope, 
in time, to be able to make them behave more like 
embryonic stem cel ls. 

1 	 Write two accounts, each of around 200 words, 
evaluating the case for and against the continued 
use of embryos for stem cell research. 

• 
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~groups of embryonic 
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I colonies of embryonic 

~Q::s stem cells 
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muscle cells 

colony of pancreas 
~ cells 

colony of nerve 
cells 

20.2 Stem cells and totipotency 

the early embryo 
is cultured 1n a 0 early embryo 
nutrient medium 

~ 
I inner cell mass 

the outer layer 
collapses and the 
inner cell mass ts 

chemicals are added to 
break up the cell mass 
into smaller groups 

each group grows 
into a colony 

special differentiation factors are added 
lo colonies in separate containers 

•Figure 2 In vitro culturing ofhuman embryonic stem cells. The process is currently undergoing clinical trials 

Growth of plant tissue cultures O 
Mature plants have many totipotent cells. Under the right 
condit ions, many plant cells can develop into any other 
cell. For example, if we take acell from the root of a carrot, 
place it in a suitable nutrient medium and give it certain 
chemical stimuli at the right time, we can develop a 
complete new carrot plant. 

There are many factors that influence the growth of plant 
tissue cultures from totipotent cells. One group of factors 
consists of plant growth factors, which are chemicals 
involved in the growth and development of plant tissues. 
Plant growth factors have a number of features: 

• 	 They have a wide range of effects on plant tissues. 

• 	 The effects on a particular tissue depend upon the 
concentration of the growth factor . 

• 


•Figure 3 Plants growing from rissue 
cu/cures in a Perri dish 

• 	 The same concentration affects different tissues in 
different ways. 
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• 	 The effect of one growth factor can be modified by the 
presence of another. 

An experiment was carried out to investigate the effects 
on the development of a plant t issue culture of three 
growth factors: cytokinin, IAA, and 2,4-0. Samples of 
totipotent plant cel ls were grown on a basic growth 
medium in a series of test tubes. Each test tube contained 
a mixture of the three growth factors in different 
concentrations. After two weeks, the tubes were observed 
to see the effects of the growth factor mixtures on shoot 
and root growth. The results are shown in Table 2. 

'Y Table 2 	Effect ofgrowth factors on shoot and root 
development 

Relative concentration 
of growth factors 

Low None Moderate1 None Li ttle 

2 Low High None Extensive Litt le 

3 High Low None 	 Little Moderate 

4 None High High Extensive Extensive 

None None None Very little 5 Very little 

1 	 Name the process by which the totipotent cells of 
the plant tissue culture change in appearance and 
develop into shoot or root cells. 

2 	 State the general term used to describe growing 
living cultures like plants in a laboratory. 

3 	 Plant t issues grown in culture often originate from 
a single initial cell and are therefore genetically 
identical. 
a State the name given to this group of 

genetically identical cel ls. 

b Name the process by which these genetically 
identical cells formed. 

4 From Table 2, state which two growth factors 
together produced the greatest development of 
both shoots and roots. 

5 	 Describe one piece of evidence from Table 2 that 
supports the view that the effects of one growth 
factor can be modified by another. 



Learning objectives 
' Explain how oestrogen 

affects gene transcription. 

' State what small interfering 
RNA is. 

' 	 Explain how small interfering 
RNA affects gene expression. 

Specification reference: 3.8.8.2 

Hint 

Only target cells have the oestrogen 
receptor and so only these 
cells respond to the stimulus of 
oestrogen. 
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In Topic 20.2, we saw how cell specialisation is the result of the 
selective expression of certain genes out of the full complement found 
in every cell. Let us now investigate some ways in which cells control 
which genes are expressed. 

The effect of oestrogen on gene transcription 
In Topic 16.3 we learned how hormones, such as adrenaline, operate 
by using a second messenger. Here we will examine another mechanism, 
which is used by steroid hormones such as oestrogen. Before looking ar 
how oestrogen operates, let us consider the general principles involved in 
controlling the expression of a gene by conrrolling transcription. 

• 	 For transcription to begin the gene is swi tched on by specific 
molecules that move from the cytoplasm into the nucleus. These 
molecules are called transcriptional factors . 

• 	 Each transcriptional factor has a site that binds to a specific base 
sequence of the DNA in the nucleus. 

• 	 When it binds, it causes this region of DNA to begin che process of 
transcription. 

• 	 Messenger RNA (mRNA) is produced and the information it carries 
is then translated into a polypeptide. 

• 	 When a gene is not being expressed (i.e., is switched off), che sire 
on che transcripcional factor that binds to DNA is nor active. 

• 	 As the site on the transcriptional factor binding to DNA is inactive 
it cannot cause transcription and polypeptide synthesis. 

Hormones like oestrogen can switch on a gene and thus start 
transcription by combining with a receptor site on the transcriptional 
fact0r. This activates the DNA binding site by causing it to change 
shape. The process is illustrated in Figure l and operates as fo llows: 

• 	 Oestrogen is a lipid-soluble molecu le and therefore diffuses easily 
through the phospholipid portion of cell-surface membranes 
(Figure l , stage 1). 

• 	 Once inside the cytoplasm of a cell , oestrogen binds with a site 
on a receptor molecule of tbe transcriptional factor. The shape of 
this site and the shape of the oestrogen molecule complement one 
another (Figure L stage 2). 

• 	 By binding with the site, Lhe oesLrogcn changes the shape of the 
DNA binding site on the transcripLional factor, which can now bind 
to DNA (it is activated) (Figure 1, sLage 3). 

• 	 The transcriptional factor can now enter the nucleus chrough 
a nuclear pore and bind to specific base sequences on DNA 
(Figure L stage 4). 

• 	 The combination of the transcriplional factor with DNA stimulates 
transcription of the gene that makes up the portion of DNA 
(Figure 1, stage 4) . 



-

1 Oestrogen is lipid soluble 

and so diffuses acrossoestrogen / 

molecule the cell-surface membrane. 


Q 
outside of cell 

cytoplasm 

Q 
v 2 Oestrogen binds to the 
receptor. 

_.,~•moctranscriptional { 
factor DNA binding 

site 

! 
3 Oestrogen causes the 

transcriptional factor 
to change shape. 

transcriptional { 
factor 

.------ nuclear envelope 

shape or DNA 
binding site changed 

4 Transcriptional factor 
binds with DNA and begins 
the process of transcnpt1on. 

<C::j ~ 

mRNA 

A Figure 1 The effect ofoestrogen on gene transcription 

Summary questions 

1 What is the role of a transcriptional factor? 

2 Describe how oestrogen stimulates the expression of a gene. 

\._ 

Synoptic link 

The attachment of oestrogen to a 

receptor causes changes in the 

shape of the receptor in the same 

way as the attachment of a non­

competitive inhibitor to an enzyme 

molecule changes its shape and 

also its active site. This involves 

the same basic mechanism, 

which is described in Topic 1.9, 

Enzyme inhibition, which would be 

worthwhile revis ing. 

• 
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A haemoglobin molecule is made up of four polypeptide chains each known 
as a globulin. In adult humans two of the polypeptides in a haemoglobin 
molecule are alpha-globulin and two are beta-globulin. In other words, 50% 
of the total globulin in all haemoglobin is alpha and 50% is beta. In a human 
fetus, however, the haemoglobin is different, with much of the beta-globulin 
being replaced by a third type, gamma-globulin. Fetal haemoglobin has 
a greater affinity for oxygen than adult haemoglobin. The changes in the 
production of the three types of globulin during early human development 
are shown in Figure 2. 
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A Figure 2 Percentage total globulin production during early human 
development 

Humans have genes that code for the production of all three types of 
globulin. The production of the different haemoglobins depends upon which 
gene is expressed. The expression of these genes changes at different times 
during development. 

1 Suggest an advantage of fetal haemoglobin having a greater affinity 

for oxygen than adult haemoglobin. 


2 At birth, what percentage of the total globulin production is of each 

globulin type? 

3 Describe the changes in gene expression that occur at 30 weeks. 
4 Outline two possible explanations for the change in the expression of 

the gene for gamma-globulin after 30 weeks. 
S 	 Sickle cell disease is the result of a mutant form of haemoglobin. In 

Saudia Arabia and India, some individuals have high levels of fetal 
haemoglobin in their blood, even as adults. Where these individuals 
have sickle cell disease, their symptoms are much reduced. Suggest 
how controlling the expression of the genes for globulin might provide 
a therapy for sickle cell disease . 



Egigeliletie coliltnol ofi gerne expression 


Ever since James Watson and Francis Crick proposed the doublc­
helix model in 1953. it has been taken as fact that DNA possesses 
the instructions for making all pans of an organism. In recent years. 
however. we have come LO realise that DNA is only part of the story 
of heredity. It is accepted that while genes determine the features 
of an organism, the environment can influence the expression of 
these genes (Topic 18.2). However. the changes they cause to the 
phenotype were thought not to be inherited by the offspring. We 
now believe that environmental factors can cause heritable changes 
in gene function withou t changing the base seq uence of DNA. This 
process is known as epigenetics. 

Epigenetics 
Epigenetics is a relatively new scientific field that provides explanations 
as to how environmenta l infl uences such as diet, stress, toxins, etc. 
can subtly alter the genetic inheritance of an organism's offspring. lt 
is helping to explain, and maybe cure, illnesses ranging from autism 
to cancer. lt is even causing scientists to look again at previously 
discredited theories of evolution that suggested characteristics acquired 
during an organism's life could be passed on to future generations 
{ Lamarckism). 

The epigenome 
We learned in Topic 8.2 that DNA is wrapped around proteins called 
histones. We now know that both the DNA and histones are covered 
in chemicals, sometimes called tags. These chemical tags form a 
second layer known as the e pigenome. The epigenome determines 
the shape of the DNA-histone complex. For example it keeps genes 
that are inactive in a tightly packed arrangement and therefore 
ensures that they cannot be read (it keeps them switched off). This 
is known as epigenetic silencing. By contrast. it unwraps active 
genes so that the DNA is exposed and can easily be transcribed 
(switches them on). 

We know that the DNA code is fixed. The epigenome, however, is 
flexible. This is because its chemical tags respond to environmental 
changes. Factors li ke diet and stress can cause the chemical tags to 
adjust the wrapping and unwrapping of the DNA and so switch genes 
on and off. 

The epigenome of a cell is the accumulation of the signals it has 
received during its lifetime and it therefore acts like a cellular 
memory. In early development. the signals come from within 
the cells of the fetus and the nutrition provided by the mother 
is important in shaping the epigenome at this stage. After birth, 
and throughout life, environmental factors affect the epigenome, 
although signals from within the body, for example, hormones. also 
influence it. These factors cause the epigenome to activate or inhibit 
specific sets of genes. 

Learning objectives 
-+ State what is meant by 

epigenetics. 

-+ Describe the nature ofthe 

epigenome. 

-+ Explain the effect of 
epigenetic factors on DNA and 

histones. 

-+ Explain the effects of 

decreased acetylation of 

hi stones. 

-+ Explain the effects of 

increased methylation 

of ONA. 

Specification reference 3.8.2.2 

_. Figure 1 What we eat not only 
affects us, it may affect our children too 
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The environmental signal stimulates proteins to carry its message 
inside the cell from where it is passed by a se ries of other proteins 
into the nucleus. Here the message passes to a specific protein which 
can be attached to a specific sequence or bases on the DNA. Once 
attached the protein has two possible effects. It can change: 

• 	 acetylation of histones leading to the activation or inhibition a gene 

• 	 methylation of DNA by attracting enzymes that can add or remove 
methyl groups. 

Before we look in a little more detail at how each process works ic will 
be helpful co look more dosely at the DNA-histone complex. 

The DNA-histone complex {chromatin) 
Where the association of histones with DNA is weak, the DNA-histone 
complex is less condensed (loosely packed). In this condition the DNA 
is accessible by transcription factors, which can initiate production of 
mRNA, that is, can switch the gene on. 

Where this association is stronger, the DNA- histone complex is 
more condensed (tightly packed). In this condition the DNA is not 
accessible by transcription factors, which therefore cannot initiate 
production of mRNA, that is, the gene is switched off. 

Condensation of the DNA-histone complex cherefore inhibits 
transcription. lt can be brought about by decreased acetylation of the 
histones or by methylation or DNA. Let us curn our attention to these 
two processes and how they inhibit transcription. 

Decreased acetylation of associated histones 
Acetylation is the process whereby an acetyl group is transferred 
to a molecule. In this case the group donating the acetyl group is 
acetylcoenzyrne A which you may remember from the link reaction in 
respiration (Topic 12.2). Deacetylation is the reverse reaction where an 
acetyl group is removed from a molecule. 

Decreased acetylation increases the positive charges on histones and 
therefore increases their attraction tO the phosphate groups of DNA. 
The association between DNA and histones is stronger and the DNA 
is not accessible to tra nscription facto rs. These transcription factors 
cann ot ini tiate m RNA production from DNA. In other words, the gene 
is switched off. 

Increased methylation of DNA 
Methylation is the addition of a methyl group (CH3) to a molecule. 
In this case the methyl group is added LO the cytosine bases of DNA. 
Methylation normally inhibits the transcription of genes in two ways: 

• 	 preventing the binding of transcriptional factors to the DNA 

• 	 anracting proteins that condense the DNA-histone complex 
(by inducing deacetylation of the histones) making the DNA 
inaccessible to transcription factors . 



histone tail 
methyl group acetyl group 

\._ -
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h1stone 

DNA of gene (inaccessible) DNA of gene (accessible) 

Histones Decreased acetylation Increased acetylation 
DNA Increased methylation Decreased methylation 
DNA-histone More condensed l ess condensed 
complex (tightly packed) (loosely packed) 
Chromatin type Heterochromatin Euchromatin 
Transcription 
factors No access Access 
Gene Inactive Active 

.& Figure 2 Effects ofepigenetic factors such as methyl and acetylgroups on the 
DNA-histone complex 

Epigenetics and inheritance 
Unexpected though it might be, there is now little doubt that 
epigenetic inheritance takes place. Experiments on rats have shown 
that female offspring who received good care when young, respond 
better to stress in later life and themselves nurture their offspring 
better. Female offspring receiving low-quality care, nurture their 
offspring less well. Good maternal behaviour in rats transmits 
epigenetic information onto their offspring's DNA without passing 
through an egg or sperm. 

In humans, when a mother has a condition known as gestational 
diabetes, the fetus is exposed to high concentrations of glucose. 
These high glucose concentrations cause epigenetic changes in the 
daughter's DNA, increasing the likelihood that she will develop 
gestationa l diabetes herself. 

It is thought that in sperm and eggs du ring th e ea rliest stages of 
developmen t a specialised cell ula r mecha nism searches the genome 
and erases its epigenetic tags in order to return the cells to a genetic 
'clean slate'. However, a few epigenetic tags escape this process and 
pass unchanged from parent tO offspring. 

Epigenetics and disease 
Epigenetic changes are pan of normal development and healrh but 
they can also be responsible for certain diseases. Altering any of 
the epigenetic processes can cause abnormal activation or silencing 
of genes. Such alterations have been associated with a number of 
diseases including cancer. In some cases the activation of a normally 
inactive gene can cause cancer, in other cases it is the inactivation of a 
normally active gene that gives rise co the disease. 

In 1983, researchers found that diseased tissue taken from patients 
with colorectal cancer had less DNA merhylation than normal tissue 
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Hint 

Double-stranded RNA can be made 
by in vitro transcription of a ONA 
template using the polymerase chain 
reaction. (Topic 21.3) 
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from the same patients. As we saw earlier, increased DNA methylation 
normally inhibits transcription (switches orr genes). This means that 
these patients with less DNA methylation would have higher than 
normal gene activity - more genes were turned on. 

It is known that there are specific sections or DNA (ones near regions 
called promoter regions) that have no methylation in normal cells. 
However, in cancer cells these regions become highly methylated 
causing genes that should be active tO switch orr. This abnormality 
happens early in the development or cancer. 

We have seen that epigenetic changes do not alter the sequence of 
bases in DNA. They can, however, increase the incidence of mutations. 
Some active genes normally help repair DNA and so prevent cancers. 
In people with various types of inherited cancer, it is found that 
increased methylation of these genes has led to these protective genes 
being switched off. As a result, damaged base sequences in DNA are 
not repaired and so can lead to cancer. 

Treating diseases with epigenetic therapy 
As we have seen, many diseases, such as cancer, are triggered by 
of epigenetic changes that cause certain genes to be activated or 
silenced. It is therefore logical to try to use epigene tic treatments 
to counteract these changes. These treatments use drugs to inhibit 
certain enzymes involved in either histone acetylation or DNA 
methylation. For example, drugs that inhibit enzymes that cause 
DNA methylarion can reactivate genes that have been silenced. 
Epigenetic therapy must be specifi cally targeted on cancer cells. 
If the drugs were to affect normal cells they could activate gene 
transcription and make them cancerous, so causing the very disorder 
they were designed to cure. 

Another use of epigenetics in disease treatmen t has been the 
development of diagnostic tests that help to detect the early stages of 
diseases such as cancer, brain disorders and a rthritis. These tests can 
identify the level of DNA methylation and histone acetylation at an 
early stage of disease. This allows those wilh these diseases to seek 
early treatment and so have a better chance or cure. 

The effect of RNA interference on gene expression 
In e ukaryotes and some prokaryotes the translation of mRNA 
produced by a gene can be inhibited by breaking mRNA down 
before its coded information can be translated into a polypeptide. 
One type of small RNA molecule that may be involved is small 
interfering RNA (siRNA). The mechanism involving small double· 
stra nded sections of siRNA operates as follows. 

• 	 An enzyme cuts large double-stranded molecules of RNA into 
smaller sections called small interfering RNA (siRNA) (Figure 3, 
stage I). 

• 	 One of the rwo siRNA strands combines with an enzyme (Figure 3, 
stage 2) . 
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• 	 The siRNA molecule guides rhe enzym e to a messenger RNA 

molecule by pairing up its bases with the complementary 
ones on a section of rhe mRNA molecule (Figure 3, stage 3). 

• 	 Once in position, the enzyme cuts the mRNA inro smaller 
sections (Figure 3, stage 4). 

• 	 The mRNA is no longer capable of being translated into a 
polypeptide. 

• 	 This means that the gene has not been expressed, that is. it 
has been blocked. 

Summary questions 

1 Explain what is meant by epigenetics. 


2 Name two mechanisms by which changes in the environment 

can inhibit transcription. 


3 One of the two strands of siRNA combines with an enzyme 

and guides it to an mRNA molecule which it then cuts. Explain 

why the mRNA is unlikely to be cut if the other siRNA strand 

combines with the enzyme. 


4 	 Suggest how siRNA could be used to: 


a identify the role of genes in a biological pathway 


b to prevent certain diseases. 


5 	 The enzyme histone deacetylase {HOAC) removes acetyl 
groups from histones. Suggest what the effect of this enzyme 
would be on: 

a 	 the arrangement of chromatin (DNA-histone complex) 

b 	 transcription. 

\._ 

double-stranded RNA 

1 Double stranded 
RNA 1s broken up 

enzyme by an enzyme into 
small interfering

1 RNA (s1RNA). 

ii I if I I 
small interfering RNA w1th paired bases 

1 

2 One of the two 
strands of siRNA 
combines with an 
enzyme. 

single s1RNA strand 

with unpaired bases 
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3 The s1RNA strand 
pairs with 
complementary 
bases on a mRNA

1 strand. 

l4 The enzyme cuts 
the mRNA into 
smaller sections. 

I I I I I I I I l~ 
mRNA sections 

..A. Figure 3 The effect of siRNA on gene 
expression 

A small Californian plant, Potentillo glonduloso, has a • one plant from each location was split into three 
number of genetic forms, each adapted to growing at cuttings, each of which therefore had an identical 
different altitudes. Experiments were carried out as follows: genotype 

• 	 one of the cuttings from each location was grown at• 	 plants of Potentil/o were collected from three 
each altitude (high, medium, and low].altitudes - high, medium, and low 

• 
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Where the plants originally came from 

High altitude Medium altitude Low altitude 

~ ~High 
altitude 

small plant with 
tiny plant with few leaves plant died many leaves 

Where 
the 

plants 
were 
grown 

Medium 
altitude 

Low 
altitude 

large, bushy small plant with 
plant with many leaves few leaves 

small plant with 
many leaves 

small plant with medium-sized, bushy 
_._____m-'-a~ny leaves plant with many leaves 

The plants in each row were grown 
under the same environmental conditions 

The plants 
1n each 

column had 
the same 
genotype 

.A. Figure 4 Effect ofenvironment on phenotype - growing genetically identical Potentilla glandulosa at different altitudes 

The results are illustrated in Figure 4. 

1 Deduce whether genetic or environmental factors have the greatest innuence on the phenotype of Potentilla 
glandulosa as illustrated in Figure 4. 

2 Justify your answer to question 1 using evidence from Figure 4. 
3 Suggest why the differences in phenotype between the three genetically identical plants from low altitude are 

greater than the differences between the three genetically identical plants from high altitude. 

Prader-Willi syndrome 

Epigenetic inheritance is thought to be involved in a rare 
genetic disease called Prader-Willi syndrome. It is the result 
of seven genes on chromosome 15 being deleted. 

In most people, only one copy of the genes (usually 
from the fatherJis expressed while the other copy of the 
genes (from the motherJ is silenced through epigenetic 
inheritance. This means that most people have one 
working and one epigenetically-silenced set of these 
genes. However, if a mutation on chromosome 15 of the 
father deletes the relevant seven genes, any offspring 
produced will have one set of non-working genes and one 
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set of epigenetical ly-silenced genes. These individuals will 
inherit Prader-Willi syndrome. 

1 	 Explain why most offspring do not develop Prader· 
Willi syndrome despite inheriting epigenetically· 
silenced genes from their mother. 

2 	 People with Prader-Willi syndrome are often 

infertile. Suggest how a deletion mutation to 

chromosome 15 inherited from the father might 

result in infertility in a person with Prader-Willi 

syndrome. 




The word cancer (Latin for crab), was first used by Hippocrates 
2400 years ago. He saw a similarity between the swollen veins 
radiating from a breast tumour and the legs of a crab. Cancer is a 
group of diseases caused by damage to the genes that regulate mitosis 
and the cell cycle (Topic 3.8 ). This leads tO unrestrained growth of 
cells. As a consequence, a group of abnormal cells, called a tumour, 
develops and constantly expands in size. Cancer is a common and 
destructive disease. That being said, cancer is to some extent avoidable 
and, if diagnosed early enough, successfully treatable. 

Types of tumour 
Not all tumours are cancerous. Those that are cancerous are called 
malignant while those rhar are non-cancerous are called benign. 
The main characteristics of benign and malignant tumours are 
compared in Table J. 

T Table 1 Acomparison ofbenign and malignant tumours 

Benign tumours 

Can grow to a large size 

Grow very slowly 

The cell nucleus has a relatively normal 

appearance 

Cells are often well differentiated 

(specialised] 

Cells produce adhesion molecules that 
make them stick together and so they 
remain within the t issue from which 

they arise = primary tumours 

Tumours are surrounded by a capsule 
of dense t issue and so remain as a 
compact structure 

Much less likely to be life-threatening 
but can disrupt functioning of a vital 
organ 

Tend to have localised effects on the 

body 

Can usually be removed by surgery 
alone 

Rarely reoccur after treatment 

Malignant tumours 

Can also grow to a large size 

Grow rapidly 

The cell nucleus is often larger and 

appears darker due to an abundance 
of ONA 

Cells become de-differentiated 
(unspecialised) 

Cells do not produce adhesion 
molecules and so they tend to 
spread to other regions of the body, 
a process called metastasis, forming 
secondary tumours 

Tumours are not surrounded by a 
capsule and so can grow finger-like 
projections into the surrounding 
tissue 

More likely to be life-threatening, as 
abnormal tumour tissue replaces 
normal tissue 

Often have systemic [whole body) 
effects such as weight loss and 

fatigue 

Removal usually involves 
radiotherapy and/or chemotherapy 
as well as surgery 

More frequently reoccur after 
treatment 

Learning objectives 
-+ 	 Distinguish between benign 

and malignant tumours. 

-+ 	 Explain the role ofoncogenes 
and tumour suppressor 
genes in the development of 
tumours. 

-+ 	 Explain the effects of 
abnormal methylation of 
tumour suppressor genes 
and oncogenes. 

-+ 	 Explain how increased 
oestrogen levels can cause 
breast cancer. 

Specification reference 3.8.2.3 
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The developmenL of secondary tumours from 
a primary tumour is illustrated in Figure 1.1. Early tumour 

lymph duct 

Cancer and the genetic control of 
cell division 

2. Enlarging tumour, 

developing blood and 
 DNA analysis of tumours has shown that, 
lymphatic vessels in general, cancer cells arc derived from 

a single mutant cell. The initial mutation 
causes uncontrolled mit0sis in this cell. Later, tumour cells 3. Tumour cells 


squeeze into blood 
 a further mutation in one of the descendant 
and lymphatic vessels cells leads to other changes that cause 

subsequent cells to be difrerent from normal 
in growth and appearance. The two main:::,., ..._~~ 	 types of genes that play a role in cancer are 

4. Circulating 	 tumour suppressor genes and oncogenes.\via lymph tumour cells , -~
Oncogenes 

5. Tumour cells 6 . Metastasis Most oncogenes arc muta tions ofI adhere to blood in lymph node 
proto-oncogenes. As we discovered in 
Topic 3.8, proto-oncogcncs stimulate a cell to 

metastases ).Y', 
. . ~~~~~::i~~~~~~ ~Q 

divide when growth factors attach to a protein 
receptor on its cell-surracc membrane. This 

early (f\\ then activates genes that cause DNA to replicate 
metastasis ~©@ 	 and the cell to divide. If a prow-oncogene 

mutates into an oncogene it can become 
liver cells lymph node 

permanently activated (switched on) for two 
reasons:

.A. Figure 1 A primary tumour and its development and spread into 

a secondary tumour 

Synoptic link 

You may recall that we dealt with 
the roles of proto-oncogenes 
and tumour suppressor genes in 
Topic 3.8, The cell cycle. Areview 
of the information there would be 
useful background to this topic. 

Hint 

A proto-oncogene's role in cell 
division is like the accelerator 
pedal in a car - it controls how fast 
it goes. When it mutates into an 
oncogene, it is as if the accelerator 
pedal has got stuck down and cell 
division proceeds at a very rapid 
and uncontrolled rate. 

• 


• 	 The receptor protein on the cell-surface me mbrane can be 
permanently activated, so that cell divisio n is switched on even in 
the absence of growth factors. 

• 	 The oncogene may code for a growth factor that is then produced 
in excessive amounts, again stimulating excessive cell division. 

The result is that cells divide too rapidly and out of control. and a 
tumour or cancer, develops. A few cancers arc caused by inherited 
mutations of proto-oncogenes that cause the oncogene to be activated 
but most cance r-causing mutations involving oncogenes are acqu ired, 
not inherited. 

Tumour suppressor genes 
Tumour suppressor genes slow down cell division, repair mistakes 
in DNA, and 'tell' cells when to die - a process called apoptosis 
(programmed cell death). They therefore have the opposite role from 
proto-oncogenes. As its name suggests, a normal tumour suppressor 
gene maintains normal rates of cell division and so prevents the 
formation of tumours. If a tumour suppressor gene becomes mutated 
it is inactivated (switched off). As a result, it sto ps inhibiting cell 
division and cells can grow out of control. The mutated cells that are 
formed are usually structurally and functio nally diffe rent from normal 
cells. While most of these die, those that survive can make clones of 
themselves and form tumours. There are a number of forms of tumour 
suppressor genes including TP53, BRCA I and BRCA2 . 

http:c:anc.er
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Some cancers are caused by inherited mutations of tumour suppressor 
genes but most are acquired, not inherited. For example, more than 
half or human cancers display abnom1alities of the TP53 gene (which 
codes for the p53 protein). Acquired mutations of the TP53 gene occur 
in many cancers, including lung and breast cancer. The p53 protein 
is involved in the process of apoptosis (programmed cell death). This 
process is activated when a cell is unable to repair DNA. If the gene For 
p53 is not functioning correctly, cells with damaged DNA continue to 
divide leading to cancer. 

An important difference between oncogenes and tumour suppressor 
genes is that while oncogenes cause cancer as a result of the activation 
of proto-oncogcncs, tumour suppressor genes cause cancer when they 
are inactivated. 

Abnormal methylation of tumour suppressor genes 
In Topic 20 .4 we learnt about the significance of methylation of DNA. 
IL is now known that abnormal DNA methylation is common in the 
development of a variety of tumours. The most common abnormality 
is hypermethylation (increased methylation). The process by which 
hypermethylation may lead to cancer is as follows: 

• 	 Hypermethylation occurs in a specific region (promoter region) of 
tumour suppressor genes. 

• 	 This leads to the tumour suppressor gene being inactivated. 

• 	 As a result, transcription of the promoter regions of cumour 
suppressor genes is inhibited. 

• 	 The tumour suppressor gene is therefore silenced (switched off). 

• 	 As the tumour suppressor gene normally slows the rate of cell 
division, its inactivation leads to increased cell division and the 
formation of a tumour. 

Abnormal methylation of this type is thought to occur in a tumour 
suppressor gene known as BRCAl and leads to the development of 
breast cancer. 

Another form of abnormal merhylation is hypomethylation (reduced 
methylation). Th is has been found to occur in oncogenes where it 
leads to their activation and hence the formation of tumours. 

Oestrogen concentrations and breast cancer 
Oestrogens play a central role in regulating the menstrual cycle in 
women. IL is known that after the menopause. a woman's risk of 
developing breast cancer increases. This is thought to be due to increased 
oestrogen concentrations. AL first this seemed paradoxical because 
the produaion of oestrogens from the ovaries diminishes after the 
menopause. However, the fat cells of the breasts rend to produce more 
oestrogens after the menopause. These locally produced oestrogens 
appear to trigger breast cancer in postmenopausal women. Once a 
tumour has developed, it further increases oesrrogen concentration which 
therefore leads to increased development of the rumour. It also appears 
that white blood cells that are drawn to the twnour increase oestrogen 
produaion. This leads to even greater development of the tumour. 

I 

Hint 

A tumour suppressor gene's role in 
cell division is like the brake pedal 

on a car - it prevents it from going 
too quickly. When it mutates, it is 
as if the brake pedal doesn't work 
and cell division takes place more 

rapidly. 

• 
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How then can oestrogen cause a tumour to develop? We saw in 

Topic 20.3 the mechanism by which oestrogen effectively activates a 

gene by binding to a gene which promotes transcription. If the gene 

that oestrogen acts on is one that controls cell division and growth, 

then it will be activated and its continued division could produce 

a tumour. It is known, for example, that oestrogen causes proto­

oncogenes of cells in breast tissue to develop into oncogenes. This 

leads to the development of a tumour (breast cancer). 

Summary questions 

1 	 Describe a process by which oestrogen might cause breast cancer in 

post-menopausal women. 

2 	 Explain why the activation of a proto-oncogene can cause the 


development of a tumour while it requires deactivation of a tumour 


suppressor gene to do so. 


3 	 Suggest two reasons why the surgical removal of a benign tumour is 

usually sufficient t reatment to prevent the tumour growing again. 

4 	 Suggest why the surgical removal of a malignant tumour requires 


follow-up treatments such as chemotherapy and radiotherapy. 


5 	 The enzyme histone deacetylase (HDAC) removes acetyl groups from 

histones. Phenylbutyric acid is an inhibitor of the enzyme HDAC. 

Suggest how phenylbutyric acid might be used to treat cancer. Explain 

your answer. 

Cancer is not a single disease and, likewise, does not 

have a single cause. Some causal factors are beyond our 

individual control, for example age and genetic factors. 

Others are lifestyle factors and therefore within our power 

to change. 

We can do nothing about our genes or our age but 

our lifestyle can expose us to environmental and 

carcinogenic factors that put us at risk of contracting 

cancer. It is thought that about half the people who are 

diagnosed with cancer in the UK could have avoided 

getting the disease if they had changed their lifestyle. The 

specific lifestyle factors that contribute to cancer include: 

• 	 smoking. Not only smokers are in danger, those 

who passively breathe tobacco smoke also have an 

increased risk of getting cancer. 

• 	 diet. What we eat and drink affects our risk of 

contracting cancer. There is strong evidence that a 

low-fat, high-fibre diet, rich in fruit and vegetables, 

reduces the risk . 
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• 	 obesity. Being overweight increases the risk of 

cancer. 

• 	 physical activity. People who take regular exercise 

are at lower risk from some cancers than those who 

take little or no exercise. 

• 	 sunlight. The more someone is exposed to sunlight 

or light from sunbeds, the greater is the risk of skin 

cancer. 

Smoking and cancer 

Tobacco was first introduced to Britain in the 161h 

century. Initially, only men smoked, but women took 
up smoking in the 1920s. By 1945, the equivalent of 

12 cigarettes a day for every British male was being 

smoked. At the time the public regarded smoking as a 

harmless pleasure. Doctors, however, were alarmed by 

a phenomenal increase in deaths from lung cancer. At 

a 1947 conference, a number of scientists suggested 

tobacco smoke as a possible cause of the increase. 

http:c:anc.er
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1 	 Scientists need to look at all possible explanations 

for the correlations that they have recognised. 
Suggest another possible cause of lung cancer, 
other than smoking, that they might have 
investigated. 

Epidemiologists collect data on diseases and then look 
for correlations between these diseases and various 
factors in the lives of those who have them. The world's 
longest-running survey of smoking began in the UK in 
1951. This survey, and others elsewhere in the world, has 
revealed a number of statistically significant correlations 
about smokers. 

• 	 Aregular smoker is three times more likely to die 
prematurely than a non-smoker. 

• 	 The more cigarettes smoked per day, the earlier, on 
average, a smoker dies. 

• 	 Smokers who give up the habit improve their life 
expectancy compared with those who continue 
to smoke. 

• 	 Long-term smokers are more likely to die early as a 
result of smoking. 

• 	 The incidence of pulmonary disease increases with 
the number of cigarettes smoked. 

• 	 Smokers make up 98 %of emphysema sufferers. 

Data like those in Figure 2 were used to help establish a 
correlation between disease and smoking. 

• 	 Aman smoking 25 cigarettes a day is 25 times more 
likely to die of lung cancer than a non-smoker. 

• 	 The longer a person smokes, the greater the risk of 
developing lung cancer. Smoking 2D cigarettes a day for 
4D years increases the risk of lung cancer eight times 
more than smoking 4D cigarettes a day for 2D years. 

• 	 When a person stops smoking, the risk of developing 
lung cancer decreases and approaches that of a non­
smoker after around lD- 15 years (depending on age 
and amount of tobacco consumed) . 

• 	 The death rate from lung cancer is 18 times greater in 
a smoker than in a non-smoker. 

Cigarette manufacturers and some smokers argued that 
these epidemiological correlations were coincidental. 

3 	 Many of the data linking smoking to lung cancer 

were collected from very large samples of the 

population. Suggest why this weakens the 

argument that the link is coincidental. 


4 	 State whether the data provide evidence of a 

causal link between lung cancer and smoking. 

Explain your answer. 


Experimental evidence linking smoking to disease 

Scientists carried out experiments in the 196Ds in which 
dogs were made to inhale cigarette smoke. The smoke 
was either inhaled directly or first passed through a 
filter tip. Those dogs that inhaled the filtered smoke 
remained generally healthy. Those inhaling unfiltered 
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smoke developed pulmonary disease and early signs of 
lung cancer. Scientists then carried out a further series 
of experiments that allowed them to formulate a new 
hypothesis from each result, which they could then test 
experimentally. 

• 	 Machines were used to simulate the action of 
smoking and to collect the harmful constituents that 
accumulated in the fi lters. 

• These were then analysed chemically and each 
cigarettes smoked per day constituent was tested in the laboratory for its ability 

A Figure 2 Annual number of cases oflung cancer per to damage epithelial cells and mutate the genes they 

100 000 men in the USA correlated to daily consumption of contain. This was done by adding tar to the skin of 

cigarettes mice or to cells that had been grown in culture. 

• 	 As a result of such tests it was shown that the tar 
found in cigarette smoke contained carcinogens. 

2 	 Describe the correlat ion shown by the data in 
• 	 The constituent chemicals of the tar were each testedFigure 2. 

and one, benzopyrene (BP). was shown to mutate DNA. 

Epidemiological statistics show correlations between • The scientists still had to demonstrate precisely how 
lung cancer and smoking. These include: it caused cancer. They carried out experiments which 

• 
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showed that BP is absorbed by epithelial cells and 
converted to a derivative. This then binds with a gene 
and mutates it. 

• 	 Another experiment showed that this mutation led to 
uncontrolled cell division of epithelial cells and hence 
the growth of a tumour. 

• 	 Even this was not proof. In further experiments, 
scientists showed that the mutations of the gene in 
a cancer cell occurred at three specific points on the 
DNA. When the derivative of BP from tobacco smoke 
was used to mutate the gene, it caused changes to 
the DNA at precisely the same points. 

Identify the key evidence that smoking is a cause 
of lung cancer? 

The evidence was now conclusive. Smoking tobacco could 
cause lung cancer. This is not to say that it always does, 
but simply that there is an increased risk - it is about 
probabilities not certainties. 

These experiments convinced the public of the health 
risks of smoking and led to reduced use of tobacco in the 
UK.This changed view in turn persuaded the government 

Cancer - the 'two hit' hypothesis 

We have learnt that tumours can develop as a result of a 
mutation of proto·oncogenes that causes cells to divide 
more rapidly than normal. Tumours can also develop by a 
mutation of tumour suppressor genes that prevents them 
from inhibiting cell division. 

It only takes a single mutated allele to activate proto­
oncogenes but it takes a mutation of both alleles to 
inactivate tumour suppressor genes (two-hits). As 
natural mutation rates are slow, it takes a considerable 
time for both tumour suppressor alleles to mutate. This 
explains why the risk of many cancers increases as one 
gets older. It is thought that some people are born with 
one mutated allele. These people are at greater risk of 
cancer as they need only one further mutation, rather 
than two, to develop the disease. This explains why 
certain cancers carry an inherited increased risk . 
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to take measures designed to reduce smoking. These 
included - progressively raising taxes on tobacco, 
banning tobacco advertising, placing health warnings on 
tobacco products, banning smoking in work and public 
places, including bars, pubs and clubs. 

6 	 'My father smoked 30 cigarettes a day and lived to 
be 95.' This type of argument is sometimes used 
to suggest that smoking is not harmful. Explain 
why scientists do not accept this reasoning. 

A Figure 3 Smoking these 20 cigorertes would, on overage, 
reduce your life expectancy by 3 f hours 

1 	 Explain why a doctor may enquire about a patient's 
family medical history before deciding on using 
X-ray analysis for a condition other than cancer. 

2 	 Suggest a reason why a single mutant allele of a 
proto-oncogene can cause cancer, but it requires 
two mutant alleles of the tumour suppressor gene 
to do so. 

3 	 One experimental treatment for cancer involves 
introducing tumour suppressor genes into rapidly 
dividing cells in order to arrest tumour growth. 
Explain how this treatment might work. 

4 	 Another experimental treatment is the 
development of an antibiotic drug that will 
destroy certain protein receptors on membranes 
of cancer cells. Explain how this treatment might 
be effective. 

http:c:anc.er


Projects to determine the entire DNA nucleotide base sequence of a 
wide range of organisms, including humans, have taken place over the 
past few decades. The idea has been to map the DNA base sequences 
that make up the genes of the organism and then to map these genes 
on the individual chromosomes of that organism. In this way a 
complete map of all the genetic material in an organism (the gen om e ) 
is obtained. 

Sequencing genomes 
When you consider thar the human genome consists of over 3 billion 
base pairs organised into a round 20 000 genes, sequencing every 
one of those bases is a mammoth task and yet it rook just 13 years 
to complete. Th is would have been impossible without the use of 
bioinformatics. Bioin formatics is the science of collecting and analysing 
complex biologica l data such as genetic codes. It uses computers to 

read, store, and organise biological data at a much faster rate than 
previously. It also utilises a lgorithms (mathematical formulae) to 

analyse and interpret biological data. 

DNA sequencing 
Determining the complete DNA base sequence of an organism uses the 
technique of whole-genome shotgun (WGS) sequencing. This involves 
researchers cutting the DNA into many small, easily sequenced 
sections and then using computer algorithms to align overlapping 
segments to assemble the entire genome. Sequencing methods such 
as these are continuously updated which, along with the increased 
automation of the processes involved, have led tO extremely rapid 
sequencing of whole genomes. 

The medical advances rhat have been made as a result of sequencing 
the human genome arc many. For example, over 1.4 million single 
nucleotide polymorphisms (SNPs) have been found in the human 
genome. SNPs arc single-base variations in the genome that are 
associated with disease and oth er disorders. Figure I shows some of 
the diseases that have been mapped on the human X chromosome. 
Medical screening of in dividuals has allowed quick identification 
of potential medical problems and for early intervention to treat 
them. As we saw in Topic I 0.4, sequencing the DNA of different 
organisms has also made it possible to establish the evolutionary 
links between species. 

The proteome 
Of greater practical importance to humans is nor the genes themselves, 
but the nature of the pro1eins these genes code for. These pro1eins are 
known as the proteome. A general definition of the pro1eome is all 
the pro1eins produced by the genome. However, as a protein is only 
produced when a gene is switched on, and genes are not switched 
on all the time, a more specific definition is all the proteins produced 

Learning objectives 
-+ Outline the importance of 

genome sequencing projects. 

-+ Describe the nature ofthe 
proteome. 

-+ 	 Describe how to determine 
the genome and proteome of 
simple organisms. 

-+ 	 Describe how to determine 
the genome and proteome of 
complex organisms. 

Specification reference 3.8.3 

Synoptic link 

Aspects of this topic require some 
knowledge and understanding of 
investigating diversity [Topic 10.4, 
Investigating diversity) and humoral 
immunity (Topic 5.4, B lymphocytes 
and humoral immunity). An 
initial read through these topics 
would provide helpful background 
information. 

Hint 

A primer is essential to start ONA 
synthesis because it makes a 
double strand of ONA, and DNA 
polymerase only works on double ­
stranded ONA. 

• 
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}-- chrondrodysplasia 

}- "'"""'"" 

}-- adrenal hypoplasia 

}- ornithme enzyme deficiency 

~ retm11ts p1gmentosa 2r merkes syndrome 

}- androgen insens1t1vity 

cleft palate 
spastic paraplegia 
deafness with stapes fixation 

} alport syndrome 

PRPS-related gout 

]- lowe syndrome 

}- HPRT-rela·t·ed gout 

}- haemophilia B 
haemophilia A 
colour blindness} ­
diabetes 1ns1p1dus 

A Figure 1 Some of the 60 diseases 
that have been mapped on the human 
X chromosome. This is shown for 
il/ustration only and the chromosome 
mop does not have to be learnt 

• 


in a given type of cell (cellu lar proteome) or organism (complete 
proteome), at a given time, under specified conditions. There are 
differences in the ease with which we can determine the genomes and 
proteomes of simple and complex organisms. 

Determining the genome and proteome of simpler 
organisms 
The first bacterium to have its genome fully sequenced was 
Haemophilus influenza in 1995. H. influenza contains 1700 genes 
comprising 1.8 million bases. The genomes of thousands of prokaryotic 
and single-celled eukaryotic organisms are currently being sequenced 
as part of the Human Microbiome Project. IL is hoped that the 
information gained will help cure disease and provide knowledge 
of genes that can be usefully exploited. For example, ones from 
organ isms that can withstand extreme or toxic environmental 
conditions and so have potential uses in clea ning up pollutants or in 
manufacturing biofuels. 

Determining the proteome of prokaryotic organ isms like bacteria is 
relatively easy because: 

• 	 the vast majority of prokaryotes have just one, circular piece of 
DNA that is not associated with histoncs 

• 	 there are none of the non-coding portions of DNA which are 
typical of eukaryotic cells. 

Knowledge of the proteome of organisms like bacteria has a number of 
applications. Of particular interest is the identification of those proteins 
that act as antigens on the surfaces of human pathogens. These antigens 
can be used in vaccines against diseases ca used by these pathogens. 
In the case of vaccines, the antigens can be manufactured and then 
administered to people in appropriate doses. In response to the antigen, 
memory cells are produced which trigger a secondary response when 
the antigen is encountered on a second occasion (Topic 5 .4). 

One example is sequencing of the DNA of P/asmodium fa!ciparum which 
causes malaria. All 5300 genes on Plasmodium 's 14 chromosomes 
have been sequenced giving us an insight into its metabol ism and 
knowledge of the proteins it produces. All this will be invaluable 
in helping us to develop the elusive vaccine against this globally 
important disease. 

Determining the genome and proteome of complex 
organisms 
The success in mapping the human genome in 2003 is a testimony 
to what can be achieved in mapping DNA sequences of complex 
organisms. There are around 20000 genes in the human genome 
although this number is constantly being revised down as our 
techniques for identifying genes improves. The problem in complex 
organisms is translating knowledge of the genome into the proteome. 
This is because the genome of complex organisms contains many 
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non -coding genes as well as others that have a role in regulating other 
genes. In h umans, it is thought that as few as l. 5% of genes may code 
for proteins. There is a human proteome project cu rren tly underway 
to identify a ll the proteins produced by humans. There is also the 
question of whose DNA is used for mapping. All individuals, except 
identical twins, have different base sequences on their DNA. The DNA 
mapped will differ, if only slightly, from everyone else's DNA. 

Summary questions 

1 Distinguish between a genome and a proteome. 

2 Explain why determining the proteome of simple organisms like bacteria 

is easier than determining the proteome of complex ones like humans. 

3 Explain how knowledge of the proteome of a pathogen might help to 

control the disease it causes. 



I SCIO is a severe inherited disease. People who are affected have no immunity. Docwrs 
carried out a 1rial using gene therapy to treat children with SCTD. The doctors who carried 
out the trial obtained stem cells from each child's umbilical cord. 
(a) 	 Give two characteristic features of stem cells. (2 marks) 

The doctors mixed the stem cells with viruses. The viruses had been genetically 
modified to contain alleles of a gene producing full immunity. The doctors then 
injected this mixture into the child's bone marrow. The viruses that the doctors used 
had RNA as their genetic material. When these viruses infect cells, they pass their 
RNA and two viral enzymes into the host cells. 

(b) 	 One of the viral enzymes makes a DNA copy of the virus RNA. Name this 
enzyme. (1 mark) 
The other viral enzyme is called integrasc. lntegrase inserts the DNA copy 
anywhere in the DNA of the host cell. l t may even insert the DNA copy in 
one of the host cell's genes. 

(c) 	 (i) The insertion of the DNA copy in one of the host cell 's genes may ca use 
the cell to make a non-functional protein. Explain how. (2 marks) 

(ii) Some of the children in the trial developed cancer. How might the 
insertion of the DNA have caused canct:r? (2 marks) 

(d) 	 Five out of the 20 children in the trial developed cancer. Although the cancer was 
treated successfully, the doctors decided to stop the tria l in its early stages. They then 
reviewed the situation and decided to continue. Do you agree with their decision to 
continue? Explain your answer. (2 marks) 

AQA June 2010 

2 	 Figure l shows part of a gene that is being transcribed. 

promoter region of gene 	 enzyme X 

RNA 

A Figure 1 

(a) 	 Name enzyme X. (I mark) 
(b) 	 (i) Oestrogen is a hormone that affects transcription. It forms a complex 

with a recept.0r in the cytoplasm of target cells. Bxplain bow an activated 
oestrogen receptor affects the target cell. (2 marks) 

(ii) Oestrogen only affects target cells. Explain why oestrogen does not 
a ffect o rher cells in the body. ( I mark) 

(c) 	 Some breast tumours are stimulated to grow by oestrogen. Tamoxifen is used to treat 
1hcse breast tumours. In the liver, tamoxifen is convened into an active substance 
called endoxifen. Figure 2 shows a molecule of oestrogen and a molecule or endoxLCen. 

Oestrogen 	 Endoxifen 

• 
A Figure 2 

http:recept.0r
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Use Figure 2 LO suggest how endoxifen reduces the growth rate or these 

breast wmours. (2 marks) 


AQA June 2010 

3 (a) 	 Explain how the mcthylation or tumour suppressor genes can lead lo cancer. (3 marks) 
Scientists investigated a possible relationship between the percentage o[ fat 
in the diet and the death rate from breast cancer in women from 10 countries. 
Their data arc shown in Table 3. 

TTable 3 
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Percentage of fat in diet Death rate of women from breast 

of population cancer per 100 000 women 

9.5 1.5 

?.O15.0 

12.020.0 

9.025.0 

15.0 32.0 

8.035.0 

35.0 20.0 

40.5 18.0 

24.043.0 

26.045.0 

(b) 	 Describe how you would plot a suitable graph of these data. Explain your choice of 
type or graph. (J marks) 

(c) 	 Use the data 10 calculate the correlation coefficient, r, lo test for the strength 
or a ny correla tion between fat percemage in the diet and the death rate 
from breast cancer. (4 marks) 

AQA Specimt"n 2014 (apart from 3 (c)) 

NB you will only be required to carry out this form ofcalculation as part ofyour practical work . 



Learning objectives 
-+ 	 Explain how complementary 

ONA is made using reverse 
transcriptase. 

-+ 	 Explain how restriction 
endonucleases are used to 
cut ONA into fragments. 

Specification reference: 3.8.4.1 

.A. Figure 1 An Escherichia coli bacterial 

cell that has been treated so that its ONA 

is ejected 
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Perhaps the most significant scientific advance in recent years has 
been the development of recombinant DNA technology that allows 
genes to be manipulated, altered and transferred from organism to 
organism - even to transform DNA itself. These techniques have 
enabled us to understand better how organisms work and to design 
new industrial processes and medical applications. 

A number of human diseases result from individuals being unable 
to produce for themselves various metabolic chemicals. Many of 
these chemicals are proteins, such as insulin . They are therefore the 
product of a specific length of DNA, that is, the product of a gene. 
Treatment of such deficiencies previously involved extracting the 
chemical from a human or animal donor and introducing it into the 
patient. This presents problems such as rejection by the immune 
system and risk of infection. The cost is also considerable. 

It follows that there are advantages in producing large quantities 
of 'pure' proteins from other sources. As a result, techniques have 
been developed to isolate genes, done them and transfer them into 
microorganisms. These microorganisms arc then grown to provide 
a 'factory' for the continuous production of a desired protein. The 
DNA of two different organisms that has been combined in this way 
is called recombinant DNA. The resulting organism is known as a 
transgenic or genetically modified o rganism (GMO). 

How then is it possible that the DNA of one organism is not only accepted 
by a different species but also functions normally when it is transferred? 
The answer lies in the fact that the genetic code is the same in all 
organisms. In other words it is universal and can be used by all living 
organisms. This explains why the coded information on the transferred 
DNA can be interpreted, but what about the making of proteins? 
Well this too is universal in that the mechanisms of transcription and 
translation are essentially the same in all living organisms. As a result, 
transferred DNA can be transoibed and translated within the cells of 
the recipient (transgenic) organism and the proteins it codes for can 
be manufactured in the same way as they would be within the donor 
organism. This is all indirect evidence for evolution. 

The process of making a protein using the DNA technology of gene 
transfer and cloning involves a number or stages: 

1 isolation of the DNA fragments that have the gene for the desired 
protein 

2 insertion of the DNA fragment into a vector 
3 transformation , that is, the transfer of DNA into suitable host cells 
4 identification of the host cells that have successfully taken up the 

gene by use of gene markers 
5 growth/cloning of the population of host cells . 

Let us consider each stage in detail. 

Before a gene can be transplanted, it must be identified and isolated 
from the rest of the DNA. Given that the required gene may consist 
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of a sequence of a kw hundred bases amongst the many millions 
in human ONA. this is no sma ll feat. There are several methods of 
producing DNA fragments: 

• 	 conversion of mRNA to cDNA usin g reverse transcriptase 

• 	 using restriction endonucleascs tO cut fragments containing the 
desired gene from ONA 

• 	 crea tin g the gene in a gene machine, usually based on a known 
protein structure. 

Using reverse transcriptase 
Retroviruses are a group of viruses, of which the best known is 
human immunodefi ciency virus (HIV) (Topic 5.7). The coded genetic 
information of retroviruses is in the form of RNA. However, in a host cell 
they are able to synthesise DNA from their RNA using an enzyme called 
reverse transcriptase. It is so-named because it catalyses the production 
of DNA from RNA. which is the reverse of the more usual transcription 
of RNA from DNA. The process of using reverse rranscriptase to isolate a 
gene is illustra ted in Figure 2 and described in Figure 2. 

~-cel ls from islets of Langerhans in the 
human pancreas. As these cells are 
special ised to produce insul in, they 
make a lot of mRNA that codes for insulin. 

mRNA coding for insulin from ~-cells 

mRNA coding for insulin 

mRNA acts as a template on which a 
single-stranded complementary copy 
of ONA (cONA) is formed using 
reverse transcri ptase 

single-stranded (cONA) 
1s isolated by hydrolysis of the mRNA 
wi th an enzyme 

A G C A 

l 

Fl 	[G] [Cl [A] Fl [ij
t 	 I 

l ONA polymerase 

T C G T 

I I 

T c G T T A- ,..... - ,..... ,..... 
A G c A A T 

I I 

.A. Figure 2 The use of reverse transcriptase ta isolate the gene that codes far insulin 
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double-stranded ONA is formed on 
the template of the cDNA using DNA 
polymerase 

copy of human insulin gene 

\._ 


ONA polymerase acts in the same 

• 

way when forming the second 
ONA strand during DNA replication, 

as described in Topic 2.2 , ONA j 
replication. 



21.1 Producing DNA fragments 

Hint 

Each restriction endonuclease 
recognises and cuts ONA at a 
specific sequence of bases. These 
sequences occur in the ONA of all 
species of organisms - but not in 
the same places! 

• 	 A cell that readily produces the protein is selected (e.g., the ~- cells 
of the islets of Langerhans from the pancreas are used to produce 
insulin ). 

• 	 These cells have large quantities of the relevant mRNA, which is 
therefore more easily extracted. 

• 	 Reverse transcriptase is then used to make DNA from RNA. This 
DNA is known as complem entary DNA (cDNA) because it is 
made up of the nucleotides that a rc complementary to the mRNA. 

• 	 To make the other strand of DNA, the enzyme DNA polymerase 
is used to build up the complementary nucleotides on the cDNA 
template. This double strand of DNA is the required gene 

Using restriction endonucleases 
All organisms use defensive measures against pathogens. Bacteria a re 
frequently infected by viruses tha t inject their DNA into them in order 
to ta ke over the cell. Some bacteria defend themselves by producing 
enzymes tha t cut up the viral DNA. These enzymes are ca lled 
restriction endon ucleases. 

There are many types of restriction endonucleascs. Each one cuts a 
DNA double strand at a specific sequence of bases called a recognition 
sequence. Sometimes, this cut occurs between two opposite base pairs. 
This leaves two straight edges known as blunt ends. For example, one 
restriction endonuclease cuts in the middle or the base recognition 
sequence GTIAAC (Figure 3). 

Other restriction endonudeases cut DNA in a staggered fashion. This 
leaves an uneven cut in which each strand or the DNA has exposed, 
unpaired bases. An example is a restriction cndonuclease that 
recognises a six-base pair (or six bp) AAGCTI, as shown in Figure 3. 
In this figure, look at the sequence of unpaired bases that remain. If 
you read both the four unpaired bases at each end from left to right, 
the two sequences are opposites of one anothe r, that is, they are a 
palindrome. The recognition sequence is therefore referred to as a 

a Hpal restriction endonuclease has a recognition b Hindi 11 restriction endonuclease has the recognition 
site GTTAAC, which produces a straight cut site AAGCTT, which produces a staggered cut and 

and therefore blunt ends therefore sticky ends 

line of cul <straight) 	 line or cut (staggered) 

recognition site 	 recognition site 

.A. Figure 3 Action ofrestriction endonuc/eases 

• 
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six bp palindromic sequence. This reature is typical of the way 
restriction endonuclcases cur DNA to leave sticky ends. We shall look at 
the importance or these sricky ends in Topic 21.2 . 

The 'gene machine' 
It is now possible to manufacture genes in a laborat0ry in the 
following manner: 

• 	 The desired sequence or nucleotide bases of a gene is determined 
from the desired protein that we wish to produce. The amino 
acid sequence or this protein is determined. From this, the mRNA 
codons are looked up and the complementary DNA triplets are 
worked out. 

• 	 The desired sequence or nucleotide bases for the gene is fed into 
a computer. 

• 	 The sequence is checked for biosafety and biosecurity to ensure 
it meets internationa l standards as well as various ethical 
requirements. 

• 	 The computer designs a series of small, overlapping single strands 
of nucleotides, called oligonucleotides, which can be assembled into 
the desired gene. 

• 	 In an automated process, each or the oligonucleotides is assembled 
by adding one nucleotide at a time in the required sequence. 

• 	 The oligonucleotides are then joined together to make a gene. 
This gene doesn't have incrons or other non-cocling ONA. The gene 
is replicated using the polymerase chain reaction (Topic 21.3). 

• 	 The polymerase chain reaction also consrructs the complementary 
strand of nucleotides to make the required double stranded gene. 
It then multiples this gene many times to give numerous copies. 

• 	 Using sticky ends (Topic 21.2) the gene can then be inserted into a 
bacterial plasmid. This acts as a vector for the gene allowing it to be 
stored, cloned or transferred to other organism in the future. 

• 	 The genes are checked using standard sequencing techniques 
(Topic 20.6) and those with errors are rejected. 

The advantages of this process are that any sequence of nucleotides 
can be produced, in a very short time (as little as 10 days) and with 
great accuracy. A further advantage is that rhese artificial genes are 
also free of introns, and other ·non-coding' DNA, so can be transcribed 
and translated by prokaryotic cells. The process is shown in Figure 4. 

Summary questions 

In the following passage replace 
each number with the most 
appropriate word or words. 

Where the DNA of two different 
organisms is combined, the 
product is known as (1) DNA. 
One method of producing DNA 
fragments is to make DNA from 
RNA using an enzyme called (2). 
This enzyme initially forms a 
single strand of DNA called {3} 
DNA. To form the other strand 
requires an enzyme called (4). 
Another method of producing DNA 
fragments is to use enzymes 
called (5), which cut up DNA. 
Some of these leave fragments 
with two straight edges, called 
(6) ends. Others leave ends with 
uneven edges, called (7) ends. 
If the sequence of bases on one 
of these uneven ends is GAATTC, 
then the sequence on the other 
end, if read in the same direction, 
will be (8). 

• 




21.1 Producing DNA fragments 

D b101nrormat1cs­
desired nucleotide sequence red into a computer 

""'"°'""~ j0 0 
0 0 

oligosaccharides ~ O 

synthesis of ol igosaccharides 

! 
assembly of gene ­' [d::i oligosaccharides are overlapped then joined together 
and made double-stranded using the polymerase

! ! chain reaction.
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! 
gene cloning ­
gene 1s inserted into a bacterial plasmid 

\ , 
\ 

bacterial plasmid 

gene 

\ 
,, 

genes are sequenced and those with 

• 

errors are rejected 

gene is usually delivered incorporated 
into plasmid 

.A. Figure 4 Making a gene in a gene machine 



In v.iv..o gerne clornimg - t fiie use of vectors 


Having cut DNA into fragments, it is necessary to find the fragment 
which has the required gene amongst all the rest. This is done using 
a DNA probe as described in Topic 21.4. Once the fragment with the 
gene has been obtained, the next stage is tO done it so that there is a 
sufficient quantity for medical or commercial use. This can be achieved 
in two ways: 

• 	 in vivo, by transferring the fragments to a host cell using a vector 

• 	 in vitro, using the polymerase chain reaction (see Topic 21.3). 

Before we consider how genes can be cloned within living organisms 
(in vivo clon ing), let us look at the importance of the sticky ends left 
when ONA is cut by res triction endonudeases. 

Importance of sticky ends 

recognition site 

I " 
ONA double 
helix 

restriction endonuclease 

cuts out a ONA fragment 


ONA from another 
source 1s added 

source cut with same 
restriction endonuclease 

DNA ligase JOins 
the two sections 

recombinant DNA 

.A. Figure 1 The use ofsticky ends to combine DNA from different sources 

Learning objectives 
-+ 	 Explain the importance of 

sticky ends. 

-+ 	 Explain how a DNA fragment 

can be inserted into a vector. 

-+ 	 Explain how the DNA ofthe 

vector is introduced into 

host cells. 

-+ 	 Describe the nature of gene 

markers and explain how 

they work. 

Specification reference: 3.8.4.1 
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21 .2 In vivo gene cloning - the use of vectors 
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A Figure 2 Coloured rEMofgenet1colly 
engineered DNA plasmids from the 
bacterium Escherichia col i. rhe plasmids 
{yellow} have had different gene 
sequences {various colours] inserted 
into them 
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The sequences of DNA that are cut by restriction endonucleases are 
called recognition sites. If the recognition site is cut in a staggered 
fashion, the cut ends of the DNA double strand are left with a single 
strand which is a few nucleotide bases long. The nucleotides on 
the single strand at one side of the cut are obviously complementary 
to those at the other side because they were previously paired 
together. 

If the same restriction endonuclease is used to cut DNA, then all the 
fragments produced will have ends that are complementary to one 
another. This means that the single-stranded end of any one fragment 
can be joined (stuck) to the single-stranded end of any other fragment. 
rn other words, their ends are sticky. Once the complementary bases 
of two sticky ends have paired up, an enzyme called DNA Iigase is 
used to bind the phosphate-sugar framework of the two sections of 
DNA and so unite them as one. 

Sticky ends have considerable importance beca use, provided the same 
restriction endonuclease is used, we can combine the DNA of one 
orga nism with that of any other organism (sec Figure I). 

Preparing the DNA fragment for insertion 
The preparation of the DNA fragment involves the addition of extra 
lengths of DNA. For the transcription of any gene LO Lake place, 
the enzyme that synchesises mRNA (RNA polymerase) must anach 
to the DNA near a gene. The binding site for RNA polymerase is a 
region of DNA, known as a promoter. The nucleotide bases of the 
promoter attach both RNA polymerase and transcription factors 
(Topic 20.3) and so begin the process of transcription. If we want 
our DNA fragment to transcribe mRNA in order 10 make a protein, 
it is essential that we attach to it the necessary promoter region to 
start the process. 

In the same way as a region of DNA binds RNA polymerase and begins 
transcription of a gene, another region releases RNA polymerase and 
ends transcription. This region of DNA is cal led a terminator. Again 
we need to add a terminator region to the other end of our DNA 
fragment to stop transcription a t the appropria1c point. 

Insertion of DNA fragment into a vector 
Once an appropriate fragment of DNA has been cut from the rest of 
the DNA and the promoter and term inator regions added, the next 
task is to join it into a carrying unit, known as a vector. This vector is 
used to transport the DNA into the host cell. There are different types 
of vector but the most commonly used is the plasmid . Plasmids are 
circular lengths of DNA, found in bacte ria, which are separate from 
the main bacterial DNA. Plasmids almost always contain genes for 
antibiotic resistance, and restriction endonucleases are used at one of 
these antibiotic-resistance genes to break the plasmid loop. 

The restriction endonuclease used is the same as the one that cut 
out the DNA fragment. This ensures that the sticky ends of the 
opened-up plasmid are complementary to the sticky ends of the DNA 
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fragment. When the DNA fragments are mixed with the opened-up 
plasmids, they may become incorporated into them. Where they are 
incorporated, the join is made permanent using the enzyme DNA 
ligase. These plasmids now have recombinant DNA. These events are 
summarised in Figure 4. 

Introduction of DNA into host cells 
Once the DNA has been incorporated into at least some of the 
plasmids, they must then be reintroduced into bacterial cells. This 
process is called transformation and involves the plasmids and 
bacterial cells being mixed together in a medium containing calcium 
ions. The calcium ions, and changes in temperature, make the 
bacterial membrane permeable, a llowing the plasmids to pass through 
the cell-surface membrane into the cyt0plasm. However, not all the 
bacterial cells will possess th e DNA fragments with the desired gene 
[or the desired protein . Some reasons for this are: 

• 	 Only a few bacte ria l cells (as few as 1 % ) take up th e plasmids 
when the two arc mixed together. 

• 	 Some plasm ids will have closed up again without incorporating the 
DNA fragment. 

• 	 Sometimes the DNA fragment ends join together to form its own 
plasmid. 

The first task is to identify which bacterial cells have taken up the 
plasmid. One way co do this is to use the fact that bacteria have 
evolved mechanisms for resisting the effects of antibiotics, typically 
by producing an enzyme that breaks down the antibiotic before it can 
destroy the bacterium. The genes for the production of these enzymes 
are found in the plasmids. 

Some plasmids carry genes for resistance to more than one antibiotic. 
One example is the R-plasmid, which carries genes for resista nce tO 

two antibiotics, ampicil lin and tetracycline. 

The task of find ing ou t which bacterial cells have taken up the 
p lasmids enta ils using rhe gene fo r antibiotic resistance, which is 
unaffected by the introduction of the new gene. Tn Figu re 4, this is the 
gen e for resistance to ampicillin . Th e process works as foll ows: 

• 	 All the bacterial cells arc grown on a medium that con tains the 
antibiotic ampici llin . 

• 	 Bacterial cells tha t have taken up the plasmids will have acquired 
the gene for ampicillin resistance. 

• 	 These bacterial cells are able to break down the ampicillin and 
therefore survive. 

• 	 The bacterial cells that have not taken up the plasmids will not be 
resistant to ampicillin and therefore die. 

This is an effective method of showing which of the bacrerial cells 
have taken up the plasmids. However, some cells will have taken up 
the plasmids and then closed up without incorporating the new gene, 
and these will also have survived. The next cask is to identify the cells 
without the new gene and eliminate chem. This is achieved using 
marker genes. Gene transfer and cloning are summarised in Figure 3. 

\._ 


Synoptic link 
Antibiotic resistance is covered in 
Topic 9.4, Types of selection. 

• 




21 .2 In vivo gene cloning - the use of vectors 

Isolation 

Production of DNA fragments that 
have the required gene using reverse 
transcnptase or restriction 
endonucleases. 

Insertion 

Insertion of DNA fragment into a 
vector. e.g.. plasmid, using DNA 
ligase 

Transformalion 

Introduction of DNA fragment into 
suitable host cell 

ldenllf1callon 

ldent1ficat1on of host cells that have 
taken up the DNA using gene markers. 

Growth/cloning 

Culturing of host cells containing the 
DNA to produce the protein on a 
large scale. 

A Figure 3 Outline summary ofgene 
transfer and cloning 

• 


Marker genes 
There are a number of different ways or using marker genes tO identify 
whether a gene has been taken up by bacte rial cells. They all involve 
using a second, separate gene on the plasmid. This second gene is 
easily identifiable for one reason or another. For example: 

• It may be resistant tO an antibio tic. 

• It may make a fluorescent protein tha t is easil y seen. 

• It may produce an enzyme whose action can be identified. 

Antibiotic-resistance marker genes 
The use of antibiotic-resistance genes as ma rkers is a rather old 
technology and has been superseded by other methods. However. 
it is an interesting example of how science works, particula rly of the 
way in which scientists use knowledge and understanding to solve 
new problems, use appropriate methodology and ca rry out relevant 
experiments. 

gene for res1sta nee 
DNA from cell which to antibiotic A, e.g., 

manufactures the desired tetracycline

protein, e.g., insulin 


plasmid 
from bacterium 

I 
DNA and plasmid from a bacterium 

gene for 
restriction endonuclease. 

are both cut using the same 
resistance 
to antibiotic B, 
e.g., ampicillin 

~ l ~ 
v --­

plasmid 
cut open 

DNA fragment and 
sticky ends of open plasmid are
DNA fragment mixed together 

with DNA ligase 

plasmid 
with new 

gene 
incorporated 

A Figure 4 Inserting a gene into a plasmid vector 
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To identify those cells with plasmids that have taken up the new 
gene we use a technique called replica plating. This process uses 
the other antibiotic-resistance gene in the plasmid: the gene that 
was cut in order to in corporate the required gene. rn Figure 4 this 
is the gene fo r resistance to tetracycline. As this gene has been cut, 
it will no longer produce the enzyme that breaks down tetracycline. 
In other words, the bacteria that have taken up the required 
gene will no longer be resistant to tetracycline. We can therefore 
identify these bacteria by growing them on a culture that contains 
tetracycline. 

The problem is 1hat treatment with tetracycline will destroy the very 
cells that contain the required gene. However by using a technique 
called replica plating it is possible to identify living colonies of bacteria 
containing the required gene. 

Fluorescent markers 
A more recent and more rapid method is the transfer of a gene 
from a jellyfish (Figure 5) into the plasmid. The gene in question 
produces a green nuorescenr protein (GFP). The gene to be cloned is 
transplanted into the centre of the GFP gene. Any bacterial cell that 
has taken up the plasmid with the gene that is to be cloned will not be 
able to produce GFP. Bacterial cells that have not taken up the gene 
will continue to produce GFP and to fluoresce. Unlike the cells that 
have not taken up the gene, these cells that have taken it up will not 
fluoresce. As the bacterial cells with the desired gene are not killed, 
there is no need for replica plating. Results can be obtained by simply 
viewing the cells under a microscope and retaining those that do not 
fluoresce. This makes the process more rapid. 

Enzyme markers 
Another gene marker is the gene that produces the enzyme lactase. 
Lactase will turn a particular colourless substrate blue. Again, the 
required gene is transplanted into the gene that makes lactase. If 
a plasmid with the required gene is present in a bacterial cell, the 
colonies grown from it will not produce lactase. Therefore, when 
these bacteria l cells arc grown on the colourless substrate they will be 
unable to change ils colour. Where the gene has not been taken up by 
the bacteria, they wil l not turn the substrate blue. These bacteria can 
be discounted. 

original plate ampicill1n plate tetracycline plate 

A A A 

E 

B c D 

F G H 

J K 

E F G H G H 
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.A. Figure 7 
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.A. Figure S The gene in this jellyjish 
that produces a green fluorescent protein 
con be transplanted into other organisms 
and used os o fluorescent marker 

Hint 

Interestingly, the gene for the 
green fluorescent protein has 
itself been genetically modified by 
the same techniques it is used to 
support. As a result, varieties have 
been engineered that fluo resce 
more brightly and in a number of 
different colours. 

Summary questions 

1 	 Explain the role of a vector 
during in vivo gene cloning. 

2 	 Explain why gene markers 
are necessary during in vivo 

gene cloning. 

3 	 Give one advantage of using 
fluorescent gene markers 
rather than antibiotic gene 
markers. Explain your answer. 

4 	 Figure 7 shows the results 

of an experiment using 
antibiotic-resistance gene 
markers to find which bacterial 
cells have taken up a gene X. 
The circles within each plate 
represent a colony of growing 
bacteria. Deduce which 
colonies on the original plate: 

a did not take up any 
plasmids with gene X 

b contained plasmids 

possessing gene X. 

Explain your answers . 

• 




Learning objectives 
' Describe the polymerase 

chain reaction. 

' Explain how the polymerase 
chain reaction is carried out. 

' Summarise the advantages of 
in vitro and in vivo cloning. 

Specification reference: 3.8.4.1 

Study tip 

Remember ONA polymerase 
causes nucleotides to join together 
as a strand, not complementary 
base pairing. 

Hint 

The polymerase chain reaction is 
not the same as semi-conservative 
replication of ONA in cells. 

Study tip 

Make sure you can describe 
the polymerase chain react ion, 
particularly the importance of the 
temperature changes. 

A Figure 1 This is a thermocycler, a 
machine that carries out the polymerase 
chain reaction {PCR] 
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After looking at in vivo cloning in Topic 21.2, let us now consider in 
vitro cloning using the polymerase chain reaction. 

Polymerase chain reaction 
The polymerase chain reaction (PCR) is a method of copying fragments 
of DNA. The process is automated, making it both rapid and efficient. 
The process requires the following: 

• 	 the DNA fragment to be copied 
• 	 DNA polymerase - an enzyme capable or joining wgether tens 

of thousands of nucleotides in a malter or minu1es. One such 
enzyme, taq polymerase, is obtained from bacteria in hot springs 
and is therefore t0lerant to hea t (thermostable) and does not 
denature during the high tempera tu res used as pan of the process 

• 	 primers - short sequences of nucleotides that have a set of bases 
complementary to those at one end of each of the two DNA fragments 

• 	 nucleotides - which contain each of the rour bases found in DNA 

• 	 thermocycler - a computer-controlled machine that varies 
temperatures precisely over a period or time (Figure 1). 

The polymerase chain reaction is illustrated in Figure 2 and is carried 
out in three stages: 

1 	 separation of the DNA strand. The DNA fragments, prin1ers and 
DNA polymerase are placed in a vessel in the thermocycler. The 
temperature is increased to 95 °C, causing the two strands of the 
DNA fragments to separate due to the breaking or the hydrogen 
bonds between the two DNA strands. 

2 	 addition (annealing) of the primers. The mix1urc is cooled 10 

55 °C, causing the primers 10 join (anneal) 10 Lheir complementary 
bases at the end of the DNA fragment. The primers provide the starling 
sequences for DNA polymerase to begin DNA copying because DNA 
polymerase can onJy attach n udeotides to the end of an existing chain. 
Primers also prevent the two separate strands from simply rejoining. 

3 	 synthesis of DNA. The temperal'ure is increased to 72 °C. This 
is the optimum temperature for the DNA polymerase to add 
complementary nucleotides along each of the separated DNA 
strands. It begins at the primer on both strands and adds the 
nucleotides in sequence until it reaches the end of the chain. 

Because both separated strands are copied simultaneously there 
are now two copies of the original fragment. Once the cwo DNA 
strands are completed, the process is repeated by subjecting them 
to the temperature cycle again, resulting in four strands. The whole 
temperature cycle takes around two minuces. Over a million copies of 
the DNA can be made in only 25 temperature cycles and l00 billion 
copies can be manufactured in just a few hours. The polymerase chain 
reaction has revolutionised many aspects of science and medicine. 
Even the tiniest sample of DNA from a single hair or a speck of blood 
can now be multiplied to allow forensic examination and accurate 
cross-matching. You will learn more about this in Topic 2 1.5 . 



Advantages of in vitro and in vivo gene cloning 
The advantages of in vitro gene cloning are: 

• 	 lt is extrem ely rapid . Within a matter of 
hours a l 00 billion copies of a gene can 
be made. This is particularly valuable : Nllll ~ 1 ill r : ~ DNA fragment
where only a minute amount of 
DNA is available, for example, at 
the scene of a crime. This can 
quickly be increased using the 
polymerase chain reaction 
and so there is no loss of 
valuable time before forensic 
analysis and matching can 
take place. A complicating 
factor is that PCR will also 
increase massively any other 
contaminating DNA found 
at the scene. Tn vivo cloning 
would take many days or 
weeks to produce the same 
quantity of DNA. 

• 	 It does not require living 
cells. All that is required is a 
base sequence of DNA that needs 

two new DNA fragments 

JI 	 1 l 11 ~ ~ 11 : J111 [l 11 ~ [] rI : 
DNA polymerase

attachi~g nucleotid•es t 	 l 
~u~~ 72•c 95•c 'u u LJ a LI LI u' 
'V ~ ~ synthesis separation 

of DNA of DNA separated strands
nucleotides~ 	 strands of DNA fragment 


]t---o~Yo . .n nn n"a n
additionof 

primers 


\ 	 55°C I 

amplification. No complex culturing 

techniques, requiring time and effort, are 

needed. DNA strand with primers attached 


The advantages of in vivo gene cloning are: 

• 	 It is particularly useful w here we w ish to introduce a gene A Figure 2 The polymerase chain 

into another organism. As it involves the use of vectors, once reaction showing a single cycle 

we have introduced the gene into a plasmid, this plasmid can be 
used to deliver the gene into another organism, such as a human 
being (i.e., it can transform other organisms) . This is done in a 
technique called gene therapy. Summary questions 

• 	 It in volves almost no risk of contamination . This is because 
a gene that has been cut by the same restriction endonuclease 1 In the polymerase chain 
can match the sticky ends of the opened-up plasmid. Contaminant reaction (PCR), primers are 
DNA will therefore not be taken up by the plasmid. Jn vitro cloning used. Describe what these are. 
requires a very pure sample because any contaminant DNA will 2 Explain the role of these
also be multiplied and could lead to a false result. 

primers. 
• 	 It is very accurate. The DNA copied has few, if any, errors. At one 

3 Explain why two differenttime, about 20% of the DNA cloned in vitro by the PCR was copied 
primers are required. inaccurately, bur modern techniques have improved the accuracy 

of the process considerably. However, any errors in copying DNA or 4 State what type of bond is 
any contaminants in the sample will also be copied in subsequent broken when DNA strands are 
cycles. This problem hardly ever arises with in vivo cloning because, separated in the PCR. 
although mutations can arise, these are very rare. 

5 It is important in the PCR that 
• 	 It cuts out sp ecific genes. Tt is therefore a very precise procedure 

the fragments of ONA usedas the culturing of transformed bacteria produces man y copies of a 
are not contaminated with specific gene and not just copies of the whole DNA sample. 
any other biological material.

• 	 It produces tran sformed bacteria that can be used to 
Suggest a reason why.produce large quantit ies of gen e products. The transformed 


bacteria can produce proteins for commercial or medical use (e.g., 

hormones such as insulin). 




21 .3 In vitro gene doning - the polymerase chain reaction 

Hint 
Ethics is a narrower concept 
than morals. Ethics are a set of 
standards that are followed by 
a particular group of individuals 
and are designed to regulate their 
behaviour. They determine what is 
acceptable in pursuing the aims of 

the group. 

Hint 
Social issues relate to human 
society and its organisation. 
They concern the mutual 
relationships of human beings, 
their interdependence and their 
cooperation for the benefit of all. 

Hint 
Evaluating always involves looking 

at the positives and negatives, 
that is, the benefits and risks, 

of a particular issue. 

• 


Genetic engineering undoubtedly brings many benefits to mankind, but it is 
not without its risks. It is therefore important to evaluate the ethical, moral 
and social issues associated with its use. 

The benefits ofrecombinant DNA technology 
• 	 Microorganisms can be modified to produce a range of substances, for 

example, antibiotics, hormones and enzymes, that are used to treat 
diseases and disorders. 

• 	 Microorganisms can be used to control pollution, for example, to break 
up and digest oil slicks or destroy harmful gases released from factories. 
Care needs to be taken to ensure that such bacteria do not destroy oil 
in places where it is required, for example, car engines. To do this, a 
suicide gene can be incorporated that causes the bacteria to destroy 
themselves once the oil slick has been digested. 

• 	 Genetical ly modified plants can be transformed to produce a specific 
substance in a particular organ of the plant. These organs can then be 
harvested and the desired substance extracted. If a drug is involved, 
the process is called plant pharming. One promising application of 
this technique is in combating disease. This involves the production 
of plants that manufacture antibodies to pathogens and the toxins 
they produce. Alternatively the plants can be modified to manufacture 
antigens which, when injected into humans, induce natural antibody 
production. 

• 	 Genetically modified crops can be engineered to have financial and 
environmental advantages. These include making plants more tolerant 
to environmental extremes, for example, able to survive drought, 
cold, heat, salt, or polluted soils, etc. This permits crops to be grown 
commercially in places where they do not grow at present. Globally, each 
year, an area of land equal to half the United Kingdom becomes unfit for 
normal crops because of increases in soil salt concentrations. Growing of 
genetically modified plants, such as salt-tolerant tomatoes, could bring 
this land back into productivity. In a world where millions lack a basic 
nutritious diet, and with a predicted 90 million more mouths to feed by 
2025, can we ethically oppose the use of such plant crops? 

• 	 Genetically modified crops can help prevent certain diseases. A type of 
rice, cal led golden rice, can have a gene for vitamin A production added. 
Can we justify not developing more vitamin A-enriched crops when 
250 million children worldwide are at risk from vitamin A deficiency 
leading to 500 000 cases of irreversible blindness each year? 

• 	 Genetically modified animals are able to produce expensive drugs, 
antibiotics, hormones and enzymes relatively cheaply. 

• 	 Replacing defective genes (gene therapy) might be used to cure 
certain genetic disorders, such as cystic fibrosis and severe combined 
immunodeficiency (SCIO). 

• 	 Genetic fingerprinting can be used in forensic science. Details are given 
in Topic 21.5. 
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The risks ofrecombinant DNA technology 
Against the benefits of genetic engineering, must be weighed the risks ­
both real and potential. 

• 	 It is impossible to predict with complete accuracy what the ecological 
consequences will be of releasing genetically engineered organisms 
into the environment. The delicate balance that exists in any habitat 
may be irreversibly damaged by the introduction of organisms with 
engineered genes. There is often no going back once an organism is 
released although 'suicide genes' can be inserted or the organism 
engineered so it can only survive when a supplement is added. 

• 	 A recombinant gene may pass from the organism it was placed in, to a 
completely different one. We know, for example, that viruses can transfer 
genes from one organism to another. What if a virus were to transfer genes 
for herbicide resistance and vigorous growth from acrop plant to aweed 
that competed with the crop plant? What ifthe same gene were transferred 
in pollen to other plants? How would we then be able to control this weed? 

• 	 Any manipulation of the ONA of a cel l will have consequences for the 
metabolic pathways within that cell. We cannot be sure until after the 
event what unforeseen by-products of the change might be produced. 
Could these lead to metabolic malfunctions, cause cancer, or create a 
new form of disease? 

• 	 Genetically modified bacteria often have antibiotic resistance marker 
genes that have been added. These bacteria might spread antibiotic 
resistance to harmful bacteria. 

• 	 All genes mutate. What then, might be the consequences of our 
engineered gene mutating? Could it turn the organism into a pathogen 
which we have no means of controlling? 

• 	 What will be the long-term consequences of introducing new gene 
combinations? We cannot be certain of the effects on the future 
evolution of organisms. Will the artificial selection of'desired' genes 
reduce the genetic variety that is so essential to evolution? 

• 	 What might be the financial consequences of developing plants and 
animals to grow in new regions? Developing bananas which grow 
in Britain could have disastrous consequences for the Caribbean 
economies that rely heavily on this crop for their income. 

• 	 How far can we take the technique of replacing defective genes? It may 
be acceptable to replace a defective gene to cure cystic fibrosis, but is 
it equally acceptable to introduce genes for intelligence, more muscular 
bodies, cosmetic improvements, or different facial features? 

• 	 Will knowledge of, and ability to change, human genes lead to eugenics, 
whereby selection of genes leads to a means of selecting one race 
rather than another? 

• 	 What will be the consequences of the ability to manipulate genes 
getting into the wrong hands? Will unscrupulous individuals, groups 
or governments use this power to achieve political goals, control 
opposition or gain ultimate power? 

• 	 Is the financial cost of recombinant ONA technology justified, or would 
the money be better used fighting hunger and poverty, that are the 
cause of much human misery. Will sophisticated treatments, with their 
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more high-profile images, be put before the everyday treatment of 
rheumatoid arthritis or haemorrhoids? Will such treatments only be 
within the financial reach of the better-off? 

• 	 Genetic fingerprint ing (Topic 21.S). with its ability to identify an 
individual's ONA accurately, is a highly reliable forensic tool. How easy 
would it be for someone to exchange a ONA sample maliciously, leading 
to wrongful conviction? 

• 	 Is it immoral to tamper with genes at all? Should we let nature take its 
own course in its own time? 

• 	 How do we deal with the issues surrounding the human genome 
project? Is it right that an individual or company can patent, and 
therefore effectively own, a gene? 

It is inevitable that we remain inquisitive about the world in which we 
live, and that we will seek to try to improve the condit ions around us. 
Genetic research is bound to continue, but the challenge will be to develop 
the safeguards and ethical guidelines that will allow recombinant ONA 
technology to be used in a safe and effective manner. 

1 	 Take any three aspects of recombinant ONA technology that are 

beneficial to humans (as listed above) and present a reasoned 

argument in each case for the continued use of that technology. 


2 	 Using the same three aspects, present a reasoned argument that an 
environmentalist or anti-globalisation activist might make against the 
continued use of that technology. 

Treatment of severe combined immunodeficiency using gene therapy 

Severe combined immunodeficiency (SCIO) is a rare 
inherited disorder. People with this condition do not show 
a cel l-mediated immune response (Topic 5.3), nor are 
they able to produce antibodies (Topic 5.5). The disorder 
arises when individuals inherit a defect in the gene that 
codes for the enzyme adenosine deaminase (ADA]. This 
enzyme destroys toxins that would otherwise kil l white 
blood cel ls. Survival has depended upon patients being 
given bone marrow transplants and/or injections of ADA. 
There have been recent attempts to treat the disorder 
using a technique called gene therapy as follows: 

• 	 The normal ADA gene is isolated from healthy human 
tissue. 

• 	 The ADA gene is inserted into a retrovirus. 

• 	 The retroviruses are grown with host cells in the 
laboratory to increase their number and hence the 
number of copies of the ADA gene. 

• 	 The retroviruses are mixed with the patient's T cells 
into which they inject a copy of the normal ADA gene. 
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• 	 The T cells are reintroduced into the patient's blood to 
provide the coded information needed to make ADA. 

The effectiveness of this treatment is limited to 6-12 
months and so it has to be repeated at intervals. A more 
long-term treatment involves introducing the normal 
gene into bone marrow stern cells rather than Tcells. 

1 	 Outline three ways in which the normal ADA gene 
might be isolated from human tissue. 

2 Explain what a retrovirus is. 
3 Suggest the likely sequence of events whereby the 

defective gene could lead to the death of a person 
with SCIO. 

4 Suggest why the effectiveness of the treatment 
only lasts 6-12 months. 

S 	 Suggest why introducing the gene into bone 

marrow stem cells rather than T cells is a more 

long-term treatment for SCIO. 




Many human dbeases have a genetic origin. These are often the result 
of a gene mutation. 

Recombinant DNA technology has enabled us to diagnose and 
treat many of these genetic disorders. In doing so, it is often 
necessary to know exactly where a particular DNA sequence 
(gene) is located. To achieve this we use labelled DNA probes and 
DNA hybridisation. 

DNA probes 
A DNA probe is a short, single-stranded length of DNA that has some 
sort of label attached that makes it easily identifiable. The two most 
commonly used probes are: 

• 	 radioactively labelled probes, which are made up of 
nucleotides wirh the isotope 32P. The probe is identified using 
an X-ray film rhar is exposed by radioactivity. 

• 	 fluorescently labelled probes, which emit light (fluoresce) under 
certain conditions, for instance when the probe has bound tO the 
target DNA sequence. 

DNA probes arc used LO identify particular alleles of genes in the 
following way: 

• 	 A DNA probe is made that has base sequences that arc 
complementary to pan of the base sequence of the DNA that 
makes up the allele of the gene that we want to find. 

• 	 The double-stranded DNA rhar is being tested is treated to separate 
its two strands. 

• 	 The separated DNA strands arc mixed with the probe, which binds 
to the complementary base sequence on one of the strands. This is 
known as DNA hybridisation (see below) . 

• 	 The site at which rhe probe binds can be identified by the 
radioactivity or fluorescence that the probe emits. 

Before we can make a specific probe we need t.o know the base 
sequence in the particular allele thar we are trying to locate. A number 
of different methods are used to sequence the exact order of bases in a 
length of ONA. 

DNA hybridisation 
DNA hybridisation takes place when a section of DNA or RNA 
is combined with a single-stranded section of DNA which has 
complementary bases. Before hybridisation can take place, the two 
strands of the DNA molecule must be separated. This is achieved 
by heating DNA until its double strand separates into its two 
complementary ~ingle strands (denaturation). When cooled, the 
complementary bases on each strand recombine (anneal) with each 
other to reform the original double strand. Given sufficient time, 

Learning objectives 
' Describe what ONA probes are 

and explain how they work. 

' Explain how ONA hybridisation 
is used to locate specific 
alleles of genes. 

' Describe the use of labelled 
ONA probes to screen for 
heritable conditions or 
health risks. 

' Consider the use of genetic 
screening in genetic 
counselling. 

Specification reference: 3.8.4.2 

Synoptic link 
The material in this topic brings 
together information from many 
other topics including DNA 
replication (Topic 2.2), The genetic 
code (Topic 8.1), Gene mutations 
(Topics 9.1 and 20.1), Studying 
inheritance (Topic 17.1], DNA 
sequencing (Topic 20.5), and the 
Polymerase chain reaction 
(Topic 21.3). 

• 
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all strands in a mixture of DNA will pair up with their partners. lf. 
however, other complementary sections of ONA are present in the 
mixture as the DNA cools. these are just as likely to anneal with one of 
the separated DNA strands as the two strands are with one another. 

Locating specific alleles of genes 
Using DNA probes and DNA hybridisation. it is possible to locate a 
specific allele of a gene. For example. we may wish 10 determine 
whether someone possesses a mutant allele that causes a panicular 
genetic disorder. The process is as follows: 

• 	 We must first determine the sequence of nucleotide bases of the 
mutant allele we are trying to locate. This can be achieved using 
DNA sequencing techniques. However, we now have extensive 
genetic libraries that store the base seq uences of most genetic 
diseases and so we can simply refer to these to obtain 
the seq uence. 

• 	 A fragment of DNA is produced that has a seq uence of bases that 
are complementary to the mutant allele we are trying to locate. 

• 	 Multiple copies of our DNA probe are formed using the polymerase 
chain reaction. 

• 	 A DNA probe is made by attaching a marker, for example a 
fluorescent dye. to the ONA fragment. 

• 	 DNA from the person suspected of having the mutant allele we 
wam LO locate is heated to separate its two strands. 

• 	 The separated strands are cooled in a mixture containing many of 
our ONA probes. 

• 	 If the DNA comains the mutant allele. one of our probes is likely 
10 bind LO it because the probe has base sequences that are exactly 
complementary LO those on the mutant allele. 

• 	 The DNA is washed clean of any unattached probes. 

• 	 The remaining hybridised DNA will now be lluorescently labelled 
with the dye attached to the probe. 

• 	 The dye is detected by shining ligh t onto the fragments causing th e 
dye to fluoresce which ca n be seen using a special microscope. 

The process is summarised in Figure I. 

Genetic screening 
Many genetic disorders, such as sickle-cell anaemia, arc the result 
of gene mutations. Gene mutations may arise if one or more 
nucleotide bases in DNA are changed in any one of a variety of 
ways. If the mmation results in a dominant allele, all individuals 
will have the genetic disorder. If the allele is recessive, it wiJI only be 
apparent in those individuals that have two recessive alleles, that is, 
who are homozygous recessive. Individuals that arc heterozygous 
will not display symptoms of the disease but will carry one copy of the 
mutam allele. These individuals are known as carriers. They have the 
capacity 10 pass the disease LO their offspring if the other parent is also 
heterozygous or homozygous recessive . 



-

mutated gene 

i 

.I Fl [Cl Fl 
[ I 

Le,, 

l 

light of a specific wavelength 

\._____ 

1 The sequence of nucleotides on the 

mutated gene is determined by 
DNA sequencing. Genetic libraries 
now store the DNA sequences 
of many of the genes responsible 
for common gene!Jc diseases. 

2 Fragment of DNA with complementary 
bases to the mutant allele of the gene 
is produced. 

3 ONA probe is formed by nuorescently 
labelling the DNA fragment. 

4 PCR techniques are used to produce 
multiple copies of the ONA probe. 

5 Probe is added to single-stranded 
ONA fragments from the person 
being screened. 

6 If the donor has the mutated 
gene, some donor DNA fragments 
will have a base sequence 
that is complementary to the 
probe and the probe will bind to 
its complementary bases on the 
donor DNA. 

7 These ONA fragments will now be 
labelled with the probe and can be 
distinguished from the rest of the 
DNA fragments. 

8 If complementary fragments are 
present, the DNA probe will be 
taken up and the dye will 
fluoresce - this 1s detected by a 
special microscope. If complementary 
fragments are not present, the ONA probe 
will not fluoresce. 

• Figure 1 Summary ofthe process to locate o specific allele of o gene 



21,4 Locating genes, genetic screening, and counselling 

Hint 

The donor's ONA must be made 
single-stranded to allow the use 
of ONA probes and hybridisation 
because both depend on the 
formation of complementary 
base sequences. 

A Figure 2 Amnioticfluid is being token 
from this pregnant woman. The fluid con 
be used to screen the unborn baby for 
genetic disorders 
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lt is important to screen individuals who may carry a mutant allele. 
Such individuals often have a family hisLOry of a disease. Screening 
can determine the probabilities or a couple having offspring with a 
genetic disorder. As a result, potential parents who are at risk can 
obtain advice from a genetic counsellor about the implications of 
having children, based on their family history and the results of 
genetic screening. 

It is possible to fix hundreds of different DNA probes in an array 
(pattern) on a glass slide. By adding a sample of DNA to the array. any 
complementary DNA sequences in the donor DNA will bind to one or 
more probes. In this way it is possible to test simultaneously for many 
different genetic disorders by detecting nuorescence that occurs where 
binding has taken place. 

Another area where genetic screening can be valuable is in the 
detection of oncogenes, which are responsible for cancer. Cancers 
may develop as a result of mutations 1hat prevent the tumour 
suppressor genes inhibiting cell division. Mutations of both alleles 
must be present to inactivate the tumour suppressor genes and to 
initiate the development of a tumour. Some people inherit one 
mutated tumour suppressor gene. These individuals are at greater risk 
of developing cancer. 

Ha mutated gene is detected by genetic screening. individuals who are 
at greater risk of cancer can then make informed decisions about their 
lifestyle and future treatment. They can choose to give up smoking, 
lose weight, eat more healthily and avoid m utagens as far as possible. 
They can also check themselves more regularly for early signs of 
cancer, which can lead to an early diagnosis and a better chance of 
successful treatment. They may choose to undergo some form of 
surgery or other treatment. 

Personalised medicine 
One of the advantages of genetic screening is personalised medicine. 
It allows doctors to provide advice and health care based on an 
individual's genotype. Some people's genes can mean that a particular 
drug may be either more or less effective in treating a condition. By 
genetically screening patients, doctors and pharmacists can determine, 
more exactly, the dose of a drug which will produce the desired 
outcome. This can save money that would otherwise be wasted on 
overprescribing the drug. In some cases it avoids medications that 
could cause harm or avoids raising false hopes. 

One example is the prescribing of painkillers. To function effectively 
many pain medications need a specific enLyme to activate them. 
About half the population have genes that alter the function of this 
enzyme. Screening for the presence of these genes allows the dosage 
to be adjusted to compensate for the ways in which the genes affect an 
individual's metabolism of the painkiller. This ensures that their use is 
both safe and effective. 

Another example involves vitamin E. lt has been shown that among 
people who have diabetes. vitamin E reduces the risk of cardiovascular 
disease for those with certain genotypes, but it can increase the risk 
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for those with a diHerent genotype. It is clearly advantageous to screen 

a person who has diabetes before advising on whether or not to take 

vitamin E supple ments. 


Genetic scree ning goes hand in hand with genetic counselling. 

The expert advice provided by a counsellor helps individuals to 

unde rstand the results a nd implications of the screening and so make 

appropriate decisio ns. 


Genetic counselling 
Genelic counselling is like a special form of social work, where 
advice and information are given that enable people to make 
personal decisions about themselves or their offspring. One important 
aspect of genetic counselling is to research the family history of an 
inherited disease and to advise parents on the likelihood of it arising in 
their children. 

Consider a mother who has a family history of sickle-cell anaemia. 
If the mother herself is unaffected but carries the gene for sickle-cell 
anaemia, she must be heterozygous for the condition. Suppose that 
she wishes to have children with a man who has no family history 
of sickle-cell anaemia. In this case, it can be assumed that the man 
does not carry the alle le for the disease, and therefore none of the 
children will deve lo p the disease, although they may be carriers. 
On the other hand, if the man has a family history of the disease, 
it is possible that he too carries the allele. In chis case, the genetic 
counsellor can ma ke the couple aware that there is a one in four 
chance of their children being affected and a two in four chance that 
their children will be ca rriers. 

A counsellor can also info rm the couple of the effects of sickle-
cell anaemia and its emotional, psychological, medical, social and 
economic consequences. On the basis of this advice the couple can 
then choose whethe r or not to have children. Counselling can also 
make them aware of any further medical tests chat might give a more 
accurate prediction of whether their children will have the condition, 
for example IVF with screening of embryos. 

Genetic counselling is closely linked to generic screening and the 
screening results provide the genetic counsellor with a basis for 
informed discussion. For example, in cases of cancer, screening can 
help to detect: 

• 	 oncogene mutations, which can determine the type of cancer that 
the patient has and hence the most effective drug or radiotherapy 
to use 

• 	 gene changes that predict which patients are more likely to benefit 
from certain treatments and have the best chance of survival. Fo r 
example, the drug he rceptin is most effective at treating certain 
types o f breast ca ncer 

• 	 a single cancer cell among millions of normal cells, thus identifying 
patients at risk of re lapse from certain forms of leukaemia. 

This informatio n can help a counsellor to discuss with the patient the 
best course of treatment and their prospects of survival. 

\._ 


To remind yourself about how 
oncogenes and tumour suppressor 
genes work, re-read Topic 20.5, 
Gene expression and cancer. ___) 

A Figure 3 Genetic counsellor 
to/king with potential porents. Genetic 
counselling is used to odvise on the risk 
ofpassing on genetic disorders and can 
be given to couples in certain risk groups 
who are intending to have children 

Summary questions 

1 Explain what a DNA probe is. 

2 Outline the process of genetic 
screening for a disease. 

3 Genetic screening shows that a 
person has one mutant allele of 
the tumour suppressor gene. 

a Describe the role of the 
tumour suppressor gene. 

b Suggest how the person 
might use the information 
revealed by genetic 
screening. 

• 




Learning objectives 
' Describe what genetic 

fingerprinting is. 

' Explain the technique of gel 
electrophoresis. 

' 	 Explain how genetic 
fingerprinting is carried out. 

' 	 Explain how the results of 
genetic fingerprinting are 
interpreted. 

' 	 Consider the uses of genetic 
fingerprinting. 

Specification reference:3.8.4.3 

already come across this idea] ith 
the processing of DNA described 
in Topic 8.4, Protein synthesis ­
transcription and splicing. 

Not all DNA sequences carry obvious 
genetic information. You will have 

I__ 

.A. Figure 2 An elecrrophoretic gel being 
loaded with DNA samples 
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Genetic fingerprinting is a diagnostic tool used widely in forensic 
science, plant and animal breeding, and medical diagnosis. It is based 
on the fact that the DNA of every individual, e xcept identical twins, 
is unique. 

Genetic fingerprinting 
This technique relies on the fact that the genome of mosr eukaryoric 
organisms contains many repetitive, non-coding bases of DNA. 
Indeed, 95% of human DNA is currently not known ro code for any 
characteristic but may yet be found to be functional. DNA bases 
which are non-coding are known as variable numbe r tande m 
re p eat s (VNTRs) . For every individual the number and length of 
VNTRs has a unique pattern. They are different in a ll individuals 
except identical twins, and the probabili ty of two ind ividuals having 
identical sequences of these VNTRs is extremely small. However, the 
more closely related two individuals are, the more similar the VNTRs 
will be. 

Gel electrophoresis 
Gel electrophoresis is used to separate DNA fragments according 
to their size. The DNA fragments are placed on to an agar gel and 
a voltage is applied across it (Figure I ). The resisrance of rhe gel 
means that the larger the fragmenrs, the mo re slowly rhey move. 
Therefore, over a fixed period, rhe smaller fragments move funher 
rhan the larger ones. ln this way DNA fragm e nts of difrerent lengths 
are separated. If the DNA fragments are labelled, for example with 
radioactive DNA probes (Topic 21.4), the ir final posirions in rhe gel can 
be determined by placing a sheer of X-ray film over the agar gel for 
several hours. The radioactivity from each DNA fragment exposes the 
film and shows where the fragment is situated on the gel. Only DNA 
fragments up to around 500 bases long can be sequenced in this way. 
Larger genes and whole genomes must therefore be cur into smaller 
fragments by restriction endonucleases. 

mixture of DNA 

strip of gel fragments is 
applied at point 
called the origin 

an~e j cathode 

I 
]" 

support to hold strip 

.A. Figure 1 Apparatus f or carrying our electrophoresis 
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The making of a genetic fingerprint consists 
of five main stages: extraction, digestion, 
separation, hybridisation and development. 
The complete process of genetic fingerprinting is 
summarised in Figure 3. 

Extraction 
Even the tiniest sample of animal tissue, such as 
a drop of blood o r a hair root, is enough to give 
a genetic fingerprint. Whatever the sample, the 
first stage is to extract the DNA by separating it 
from the rest of the cell. As the amount of DNA is 
usually small, its quantity can be increased 
by using the polymerase chain reaction 
(Topic 21.3). 

Digestion 
The DNA is then cut into fragments, using the 
same restriction endonucleases (Topic 2 1. l ). 
The endonucleases are chosen for their ability to 
cut close to, but not within, the target DNA. 

Separation 
The fragments of DNA are next separated 
according to size by gel electrophoresis under the 
inOuencc of an electrical voltage. The gel is then 
immersed in alkali in order to separate the double 
strands into single strands. 

Hybridisation 
Radioactive (or fluorescent) DNA probes are now 
used to bind with VNTRs (Topic 21.4). The probes 
have base sequences which arc complementary 
to the base sequences of the VNTRs, and bind 
to them under specific conditions, such as 
temperature and pH. The process is carried out 
with di£ferent probes, which bind to different 
target DNA sequences 

Development 
Finally, an X-ray film is put over the nylon 
membrane. The film is exposed by the radiation 
from the radioactive probes. (If using fluorescent 
probes, the positions are located visually.) Because 
these points correspond ro the position of the DNA 
fragments as separated during electrophoresis, a 
series of bars is revealed. The pattern of the bands 
(Figure 5) is unique to every individual except 
identical twins. 
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Digestion 
Restriction endo­
nucleases cut the 
DNA into fragments. 

Separation 

Separation (cont.) 
DNA fragments 
are transferred 
from the gel to 
nylon membrane. 

Extraction 
DNA 1s extracted 
from the sample 

Hybridisation 
DNA probes are 
added to label 
the fragments. 
These radioactive 
probes attach to 
specific fragments. 

Development 
Membrane with 
radioactively 
labelled DNA 
fragments is 
placed onto an 
X-ray film. 

Development 
(cont.) 
Development of 
the X-ray fi lm 
reveals dark 
bands where the 
rad ioactive DNA 
probes have 
attached. 

• Figure 3 Summary af genetic fingerprinting technique 



21 .5 Genetic fingerprinting 

Hint 

Remember that, in gel 
electrophoresis, the smallest DNA 
fragments travel the furthest. 

Hint 

In theory, the inheritance ofVNTRs 
does not have any influence on the 
phenotype of an organism. 

father chi ld mother 

• Figure 4 ONAfingerprints ofa child 
and each parent. Note that each band 
on the child's fingerprint corresponds 
to a band on one or other parent's 
fingerprint. As the child only inherits 
halfthe VNTR's ofeach parent, there are 
inevitably some bonds in each parental 
fingerprint that do not match to bands in 
the child's fingerprint 
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Interpreting the results 
DNA fingerprintS from two samples, for example, from blood found at the 
scene of a crime and from a suspect, arc visually checked. H there appears 
to be a match, the pattern of bars of each fingerprint is passed through 
an automated scanning machine, which calculates the length of the DNA 
fragmentS from the bands. It docs this using data obtained by measuring 
the distances travelled during electrophoresis by known lengths or DNA. 
Finally, the odds are calculated of someone else having an identical 
fingerprint. The closer the match between the two panems, the greater 
the probability that the two sets of DNA have come from the same person. 

Uses of DNA fingerprinting 
DNA fingerprinting has a variety of uses: 

Genetic relationships and variability 
DNA fingerprinting can be used to help resolve questions of paternity. 
Individuals inherit half their genetic materia l from their mother and 
half from their fa ther. Therefore each band on a DNA fingerprint of 
an individual should have a corresponding band in one of the parents 
parents' DNA fingerprint (Figure 4). This can be used to establish 
whether someone is the genetic fa ther of a child. Generic fingerprinting 
is also useful in determining genetic variability within a population. 
The more closely cwo individuals are related the closer the resemblance 
of their genetic fingerprints. A population whose members have very 
similar genetic fingerprints has little genetic diversi1 y. A population 
whose members have a greater variety of genetic fingerprints has 
greater generic diversity. 

Forensic science 
DNA is often left at the scene of a crime, for example, blood at the 
scene of a violent crime, semen at the scene or a rape and hair at the 
scene of a robbery. Genetic fingerprinting can establish whether a 
person is likely to have been present at the crime scene, although this 
does not prove they actually carried our the crime. Even if there is a 
close match between a suspect's DNA and the DNA found at the crime 
scene, it does not follow that the suspect carried out the crime. Other 
possible explanations need to be investigated. For example: 

• 	 The DNA may have been left on some other, innocent occasion. 

• 	 The DNA may belong to a very close relative. 

• 	 The DNA sample may have been contaminated after the crime, 
either by the suspect's DNA or by chemicals that affected the action 
of the restriction endonucleases used in preparing the fingerprint. 

Finally, the probability that someone else's DNA might match that 
of the suspect has to be calculated. This calculation is based on the 
assumption that the DNA which produces the banding patterns is 
randomly distributed in the community. This may not always be the 
case, for example, it may not apply where religious or ethnic groups 
tend to have partners from within their own small community. 
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Medical diagnosis 
Genetic fingerprints can help in diagnosing diseases such as Huntington's 
disease. This is a genetic disorder of the nervous system. IL results from a 
three-base sequence (AGC) at one end of a gene on chromosome 4 being 
repeated over and over again - a son of genetic stuuer. People with 
fewer than 30 repeats arc unlikely to get the disease, while those with 
more than 38 repeats are almost certain lO do so. II they have over 50 
repeats, the onset of the disease wiU occur earlier than average. 

A sample of DNA from a person with the allele for Huntingt0n's 
disease can be cut with restriction endonudeases and a DNA 
fingerprint prepared. This can then be matched with fingerprints 
of people with various forms of the disease and those without the 
disease. In this way, the probability of developing the symptoms, and 
when, can be determined. 

Genetic fingerprints arc a lso used to identify the nature of a microbia l 
infection by comparing the fingerprint of the microbe found in 
patients with that of known pathogens. 

Plant and animal breeding 
Genetic fingerprinting can be used to prevent undesirable inbreeding 
during breeding programmes on !"arms or in zoos. It can also identify 
plants or animals that have a particular allele of a desirable gene. 
Individuals with this allele can be selected for breeding in order to 
increase the probability of their offspring having the characteristic that 
it produces. Another application is the determination of paternity in 
animals and thus establishing the pedigree (family tree) of an individual. 

• 

.A. Figure S The bands in these DNA 
fingerprints are marked M for mother, C 
for child and F for father 

blood at suspect A suspect B victim 

crime scene 


.A. Figure 6 

' 

Summary questions 

1 	 Explain why it is often necessary to use the 3 Suggest how chemicals that affect the action of 

polymerase chain reaction when producing a genetic restriction endonucleases can alter the genetic 

fingerprint. fingerprint of a DNA sample. 


2 	 Figure 6 shows the genetic fingerprints of four ONA 4 Suggest how the genetic fingerprint of someone with 
samples collected following a crime. the allele for Huntington's disease might differ from 

a Which of the two suspects do you think was that of someone who does not have the allele. 
present at the scene of the crime? Give a reason 5 Explain how genetic fingerprinting can be used to 
for your answer. ensure that inbreeding is avoided. 


b Suggest why a genetic fingerprint ofa DNA 

sample from the victim was made. 


• 




21 .5 Genetic fingerprinting 

6
A section of DNA was cut into fragments and these fragments were 
separated by electrophoresis. Table 1 shows the number of base pairs in 
each fragment. The position of the fragments after gel electrophoresis is 
shown in Figure 7. 

5 
1 Name an enzyme that could have been used to cut the DNA. 
2 Using the letters (A F) in the boxes in Table 1, indicate which of 

the fragments (1- 6) in Figure 7 are located in each box. Explain 
your answer. 4 

3 The enzyme used to cut the DNA does so at a particular sequence 
3of nucleotide bases. How many times does this base sequence 

occur in the original section of DNA? 2 

..,Table 1 

Number of base 

pairs (kilobases) 

A 

Fragment 

8.02 

B 5.43 -
4.78 

D 

c 
11.31 

2.46 

F 

E 
6.12 
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.A. Figure 7 

Gel electrophoresis and DNA sequencing 

Gel electrophoresis is an integral part ofthe Sanger method for sequencing 
ONA. You may remember that the Sanger method uses modified nucleotides, 
called terminators, which cannot attach to the next base in the sequence 
when they are being joined together. They therefore end the synthesis of a 
ONA strand. Four different terminator nucleotides are used, each with one of 
the four bases adenine, thymine, guanine, or cytosine. As explained in Topic 
20.6, depending on exactly where the terminator nucleotide binds to the ONA, 
its synthesis may be terminated after only a few nucleotides or after a long 
fragment of DNA has been synthesised. As a result, ONA fragments of varying 
lengths are produced. Each fragment will end in one of the four bases, adenine, 
thymine, guanine, or cytosine. These fragments can be identified because the 
primer attached to the other end of the DNA section is labelled radioactively. 

The results of one such experiment in DNA sequencing is shown in Figure 8. 
This used a DNA fragment that was just eight nucleotides long. The results 
are read from the bottom up because the shortest fragments move the 
furthest distance. The smallest fragment (labelled 1) is just one nucleotide 
long and is therefore nearest the bottom. This fragment has a terminator 
nucleotide with the base adenine. The second fragment (labelled 2) is two 
bases long and has a terminator nucleotide with the base guanine, and so 
on. In this way the whole sequence of bases on the terminator nucleotides 
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.&. Figure 8 Results ofa DNA sequencing experiment 

was found to be AGCTTGAC and this is the sequence on one of the strands of 
the newly formed ONA. 

The results of sequencing another fragment of DNA in the same manner are 
shown in Figure 9. 

1 fi using Figure 9 calculate how many adenine bases were present in 
the fragment of ONA. 

2 Determine which nucleotide ends the shortest fragment. 
3 Deduce the nucleotide sequence of the longest ONA fragment that 

has been produced. 

thymine cytosine adenine guanine 

.&. Figure 9 



I Scientists used restriction mapping to investigate some aspects or the base sequence of an 

unknown piece of DNA. This piece of DNA was 3 000 base pairs (bp) long. 

The scientists took plasmids that had one restriction site ror the e01yme Kpn 1 and one 

restriction site ror the enzyme BamHl. They inserted copies or the unknown piece of DNA 

into the plasmids. This produced recombinant plasmids. 

The diagram shows a recombinant plasmid. 


restriction site for Kpn lrV restriction site for BamH1 

unknown 
piece of DNA'' '' 

plasmid 

(a) 	 When the scientists cligestcd one of the recombinant plasm ids with Kpn L they 
obtained two fragments. One fragmen t was measured as I 000 bp. The other 
fragment was described as "very large. 
(i) 	 What docs this show about the base sequence of the unknown piece 

or DNA? (2 marks) 
(ii) 	 One of the fragments that the scientists obtained was described as 

•very large#. What is represented by thi~ very large fragment? (1 mark) 
(b) 	 When the scientists digested another of the recombinant plasmids with 

BamH I. they obtained three fragments. 
How many BamHl restriction sites are there in the unknown piece of DNA? (1 mark) 

(c) 	 (i) Scientists can separate fragments of DNA using electrophoresis. Suggest 
how they can use electrophoresis to estimate the number of base pairs 
in the separated fragments. 

(ii) 	 Scientists need to take precautions when they 
carry out restriction mapping. They need to 
make sure that the enzyme they have used 
has completely digested the DNA. One check 
they may carry ou t is to add the sizes of the 
fragments together. How could scientists use 
this information to show that the DNA has 
not been completely digested? Explain 
your answer. (2 marks) 

AQA June: 20 I I 

2 	 Si lkworms secrete silk fibres, which are harvested and 
used to man ufacture silk fa bric. 
Scientists have produced genetically modified (GM) 
si lkworms that comain a gene from a spider. 
The GM silkwom1s secrete fibres made of spider web 
protein (spider silk), which is stronger than normal 
silk fibre protein. 
The method the scientists used is shown in Figure 5. 
(a) 	 Suggest why the plasmids were injeaed into 

the eggs of silkworms, rather than into the 
silkwonns. (2 marks) 

(b) 	 Suggest why the scientists used a marker gene 
and why they used the EGFP gene. (2 marks) 
The scientists ensured the spider gene was 
expressed only in cells within the silk glands. 

(c) 	 What would the scientists have inserted into the 
plasmid along with the spider gene to ensure 
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(2 marks) 

Step 1 
Isolate gene from spider. 

Step 2 
Insert spider gene into a plasmid 

with a marker gene, called 
EGFP. This gene codes for a 
protein that glows brightly in 

ultraviolet (UV) light. 

Step 3 
ln1ect cop es of this plasmid into 

many eggs of silkworms. 

Step 4 

Allow silkworm eggs that have 


taken up the plasJT11d to grow and 

produce sp der silk 


A. Figure S 



Chapter 21 Recornbin.111t DNA terrinology 

that the spider gene was only expressed in Lhe silk glands 
of the silkworms? (I mark) 

(d) 	Suggest two reasons why it was important that the spider gene was 
expressed only in the silk glands of the silkworms. (2 marks) 

AQA Specimen 2014 

3 	 Haemophilia is a genetic condition in which blood fails to dot. Factor 
lX is a protein used to treat haemophilia. Sheep can be genetically 
engineered to produce Factor lX in the milk produced by their 
mammary glands. The diagram shows the stages involved in this process. 
(a) 	 Name the type of enzyme that is used to cut the gene for Factor lX 

from human DNA (Stage 1). (J mark) 
(b) 	 (i) The jellyfish gene attached to the human Factor lX gene 

(Stage 2 ) codes for a protein that glows green under fluorescent 
light. Explain the purpose of attadling this gene. (2 marks) 

(ii) The promoter DNA from sheep (Stage 3) causes transcription 
o[ genes coding for proteins found in sheep mil k. Suggest the 
advan tage of using this promoter DNA. (2 marks) 

(c) 	 Many a ttempts to produce transgenic animals have failed. Very [cw 
live births result from the many embryos that are implanted. 
(i) 	 Suggest o n e reason why very few live births result from the 

many embryos that are implanted. (2 marks) 
(ii) 	 It is important that scientists still report the results from failed 

attempts to produce transgenic animals. Explain why. (2 marks) 
AQA June 2012 

4 	 In gel electrophoresis DNA fragments separate according to their lengths 
measured in base pairs. In a gel, standard marker fragments of known 
length migrated as follows: 

fragment length (bp) 

10000 

8000 

6000 

4000 

2000 

1000 

500 

distance migrated [mm) 

6.1 

9.5 

15.5 

21.8 

36.0 

50.0 

61.2 

(a) 	 Plot a calibration graph o f log10 fragment length against dista nce migra ted (3 marks) 
(b) 	 Use the graph to esLimaLe the length oI a fragment which migrates 27.0 mm 

in the same gel (2 marks) 

Gene for Factor IX 1s cut 
Stage 1 from human DNA 

t 
Jellyfish gene is attached to 

Stage 2 the human- gene 

t 
Promoter DNA from 

Stage 3 sheep is attached 

t 
Copies of this DNA are 

Stage 4 inserted into the nuclei of 
body cells from sheep 

t 
Each nucleus 1s 

transplanted into a sheep 
Stage 5 egg cell from which the 

original nucleus has 
been removed 

t 
~he egg cells divide to form 
1n embryo. Each embryo isStage 6 
implanted into the uterus 

of a different sheep 

• 
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Sect ion 8 The control of gene expression 

, 
Practical skills 
In this section you have met the following 

practical skills: 

• 	 How to carry out an experiment to 

show the effect of the environment on 

the phenotype of a plant species. 

• 	 How to obtain and evaluate 

experimental data linking smoking to 

disease. 

• 	 How to carry out in vivo and in vitro 
cloning of ONA fragments. 

• 	 How to use gene markers to identify 

whether a gene has been taken up by a 

bacterial cell. 

• 	 How to carry out gel electrophoresis . 
\.. 

,. 	 .., 

Maths skills 
In this section you have met the 


following maths skills: 


• 	 Interpret graphical information, for 

example, about the expression of 

genes in haemoglobin. 

• 	 Interpret and understand tabular 

information, for example, the results 

of an experiment to investigate 

the effects of growth factors on 

the development of plant tissue 

cultures. 

~ 

individual's genome and what rules control Extension tasks 
the use of this information. 

Recombinant ONA technology has allowed 
Genetic screening allows parents to choose 

us to map the genomes of humans and other 
whether to have children that might possess 

organisms. This has provided us with vast 
a mutant gene. In time this could lead to 

quantities of information. With information 
the removal of these genes from the human 

comes power and opportunity; the power to 
genome. This, along with other human 

make informed decisions and the opportunity 
activities that you have covered during your 

to change what we do. Knowledge of an 
A-level course, reduces genetic diversity. 

individual's genetic make-up is perhaps the 
Does mankind have a responsibility to greatest invasion of an individual's privacy. 
maintain genetic diversity? Write a short 

Using the internet, find out what legislation 
passage in answer to this question justifying

governs who is allowed access to an 
your viewpoint. 

\.. 	 ~ 
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I Human Immunodeficiency virus (HIV) panicles have a specific protein on their surface. 
This protein binds LO a receptor on the plasma membrane or a human cell and allows HIV 
to enter. This HIV protein is found on the surface or human cells after they have become 
infected with HIV. 
Scientists made siRNA 10 inhibit expression or a specific mv gene inside a human cell. 
They attached this siRNA to a carrier molecule. The now chart shows what happens when 
this carrier molecule reaches a human cell infected with lllV. 

Carrier with s1RNA attached binds to HIV protein 

on plasma membrane of infected cell 


Allows carrier with siRNA to enter human cell 

s1RNA binds to mRNA transcribed 
from HIV gene 

mRNA rrom HIV ge'le not translated 

(a) 	 When siRNA binds ro mRNA. name the complementary base pairs holding the 
siRNA and mRNA rogether. One of the bases is named for you: 
......................... with ......adenine........ . 
............. ............ with ..... ........... ....... ........ (I mark) 

(b) 	This siRNA would only affect gene expression in cells infected with HIV. 
Suggest two reasons why. (4 marks) 

(c) 	 The carrier molecule on its own may be able to prevent the infection 
of cells by HIV. Explain how. (2 marks) 

AQA .June 20 13 

2 	 Scientists wanted to measure how much mRNA was transcribed from allele A of a gene in 
a sample or cells. This gene exjsts in two forms, A a nd a . 
The scien 1is1 isolated mRNA from the cells. They added an e nzyme to mRNA LO 

produce cDNA. 
(a) 	 Name the type of enzyme used to produce the cDNA. (1 mark) 

The scien tists used the polymerase chai n reaction (PCR) to produce copies of the 
cDNA. They added a DNA probe [or allele A to the cONA copies. This DNA probe had 
a dye attached LO it. This dye glows with a green light only when the DNA probe is 
auached to its target cDNA. 

(b) 	 Explain why this DNA probe will only detect allele A. (2 marks) 

• 




(c) 	 The scientists used this method with cells from two people, Hand G. One person was 
homozygous, AA, and the other was heterozygous, Aa. The scientists used the PCR 
and the ONA probe specific £or allele A on the cDNA from both people. 

The control of gene express1 on 
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using cells from person H 

,,"' 
/ ) 

-' 
,---- ­

------- ­------­

/
/ \ 

using cells 
from person G 

number of PCR cycles ­

A. Figure 1 shows the scientists' results 

(i) 	 Expla in rhe curve !'or person H. (J marks) 
(ii) 	 Wh ich person, Hor G, was heterozygous, Aa? Expla in your answer. (2 marks) 

AQA June 20 t 4 

3 	 (a) Describe how a gene can be isolated £rom h uman DNA. (2 marks) 
(b) 	 Describe how an isola ted gene can be replicated by the polymerase chain 

reaction (PCR). (4 marks) 
(c) 	 (i) Describe how a harmless virus, genetically engineered to contain a CFTR gene, 

can be used to insert the gene into a cystic fibrosis sufferer. (2 marks) 
(ii) 	 A virus used in gene therapy has RNA as its genetic material and has an 

enzyme called reverse transcriptase. Inside a human cell, reverse transcriptase 
uses viral R ' A to make viral DNA. Explain why the enzyme is called 
reverse transcriptase. (I mark) 

AQA Jan 2004 

4 	 (a) Plasmids are often used as vectors in genetic engineering. 
(i) 	 What is the role of a vector? (I mark) 
(ii) 	 Describe the role of restriction endonudeases in the formation of plasmids 

that con tain donor DNA. (2 marks) 
(iii) Describe the role of DNA ligase in the production of plasmids containing 

donor DNA. (1 mark) 
(b) 	 There arc many differen t restriction endonucleases. Each type cu ts the ONA o f 

a plasm id at a speciflc base sequence called a restriction site. Figure 2 shows the 
position of fou r restriction sites. J, K, L, and M , for four differen t enzymes on a 
single plasm id. The distances between these sites is measured in kilobascs or ONA. 

50kb 

1kb =1k1lobase 

A. Figure2 



The plasmid was cut using only two restriction endonucleases. The resulting 
rragmems were separated by gel electrophoresis. The positions or the rragmems are 
shown in Figure 3. 

position of fragment 

D 
""­

100 +-~~~~~~~---< 

~ 60 -+-~-+-~-+-~-+~-'--f 
QJ 

E .w 50-+-~-+-~-+-~-+-~~ 
0 
.ctib 40 -+-~,..+...;.~-+-~..;.+~-'--! 
c 
E! 

0 -'-~-'-~-'-~-'-'-~-'-" 

A Figure 3 

(i) 
(ii) 

Which of the restriction sites were cut? 
Explain your answer. 

(/mark) 
(/mark) 

AQA June 2006 

5 (a) 

(b) 

Gene mutations occur naturally. 
Give one factor that increases the rate of gene mutations. 
Table I shows the DNA base sequences that code for three amino acids. 

(I mark) 

TTable 1 

ONA base sequence(s) Amino acid 
coding for amino acids 

CCA 

CCG 

CCT 

CCC 

TAC 

TAA 

TAG 

TAT 

Glycine 

-
Methionine 

-

lsoleucine 

Some substitution mutations would aCfect the sequence or amino acids in a 

polypeptide, and others would not. 

Using only the information in the table, explain why. (3 marks) 


AQA Jan 2007 
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ontrol of gene expression 

Huntington') disease is a genetic condition that leads to a loss in brain runction. The 
gene involved comains a section of DNA with many repeats of the base sequence CAG. 
The number or these repeats determines whether or not an allele or this gene will cause 
Huntington's disease. 
• 	 An allele with 40 or more CAG repeats will cause Huntington's disease. 
• 	 An allele with 36 - 39 CAG repeats may cause Huntington's disease. 
• 	 An allele with rewer than 36 CAG repeats will not cause Huntington's disease. 

The graph shows the age at which a sample of patients with Huntington's disease 
first developed symptoms and the number of CAG repeats in the allele causing 
Huntington's disease in each patient. 

• 
•I 
I I:•
•: 1 • • 

11'.,....I• 

I I ••••• 
• • I • •• • • I I 

• 

30 35 40 45 50 55 60 
number or CAG repeats 

(a) (i) People can be tested to sec whether they have an allele for this gene with 
more than 36 CAG repeats. Some doctors suggest that the results can be used 
to predict the age at which someone will develop Huntington's disease. 
Use information in the graph to evaluate this suggestion. (J marks) 

(ii) 	 Huntington's disease is always fatal. Despite this, the allele is passed on in 
human populations. Use information in the graph to suggest why. (2 marks) 

(b) 	 Scientists took DNA samples from three people, J, K J K L 
and L. They U)ed the polymerase chain reaction (PCR) _ _ ----well containing
to produce many copies of the piece of DNA containing DNA sample 
the CAG repea ts obtained from each person. They -
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separa ted the DNA fragmen ts by gel electrophoresis. A ti 
c: 
Q) 

radioactively labelled probe was then used to detect the E 
fragments. The diagram shows the appearance of part Oil 

~ -
of the gel after an X-ray was taken. The bands show the <( 

DNA fragments that con tain the CAG repeats. 0 
z -(i) 	 Only one of these people tested positive for 

Huntington's disease. Which person was this? c 

Explain your answer. (2 marks) -I(ii) 	 The diagram only shows part of the gel. Suggest E 
how the scientists found the number of CAG -
repeats in the bands shown on the gel. (1 mark) 

(iii) 	T\-vo bands arc usually seen for each person tested. 
Suggest why only one band was seen for Person L. (/mark) 

AQA June 2012 



Biology students are ohen less comfonable with the application of 
mathematics compared with student~ such as physicists, for whom 
complex maths is a more obvious everyday tool. Nevertheless, it 
is important to realise that biology docs require competent maths 
skills in many areas. Tt is important to practise these skills so you arc 
familia r with them as part of your routine study of the subject. 

Confidence with mental arithmetic is very helpful. but among the most 
important skills is that or taking care and checking calculations. We 
may not be required to understand the detailed theory of the maths we 
use, but we do need to be able to apply the ski lls accurately, whether 
simply calculating percentages or means, or substituting numbers into 
complex-looking algebraic equations, such as in statistical tests. 

This chapter is designed to help with some of the regularly 
encountered mathematical problems in biology. 

Working with the correct units 
In biology it is very important to be secure in the use of correct units. 

MS0.1 These must always be written clearly in calculations. 

Base units 
The units we use are from the Systeme Internationale - the SI units. 
In biology we most commonly use the SI base units: 

• 	 metre (m) for length, height, distance 

• 	 kilogram (kg) for mass 

• 	 second (s) for rime 

• 	 mole (mo!) for the amount of a substance. 

You should develop good habits right from the start, being careful to 
use the correct abbreviation for each unit used. For example, seconds 
should be abbreviated to s. not 'sec' or 'S'. 

Derived units 
Biologists also use SI derived units, such as: 

• square metres (m2 ) for area 

• 	 cubic metre (m3) for volume 

• 	 cubic centimetre (cm3), also written as millilitre (ml), for volume 

• 	 degree Celsius (0 C) for temperature 

• 	 mole per litre (mo! dm- 3) is usually used for concentration of a 
substance in solutions (although the official ST derived unit is moles 
per cubic metre) 

• 	 joule (J) for energy 

• 	 pascal (Pa) for pressure 

• 	 volt (V) for electrical potential. 

• 




Non-SI units 
Although examination boards use SI units, you may also encounter 
non-SI units elsewhere, for example: 

• 	 litre (cubic decimetre) (l, L, dm3) for volume; 

• 	 Minute (min) for time; 

• 	 hour (h) for time; 

• 	 svedberg (S) (for sedimentation rate), used for ribosome 
particle size. 

Unit prefixes 
To accommodate the huge range of dimensions in our measurements, 
they may be further modified using appropriate prefixes. For example, 
one thousandth of a second is a millisecond (ms). This is illustrated in 
the Table l. 

TTable 1 

Division Factor Prefix Length Mass Volume Time 

one thousand 

millionth 
10-9 nano nanometre nm nanogram ng nanolitre nl nanosecond ns 

one mill ionth 10-6 micro micrometre µm microgram µg microlitre µI microsecond µs 

one 

thousandth 
10-3 mi Iii millimetre mm milligram mg mill il itre ml/cm3 millisecond ms 

one hundredth 10-2 centi centimetre cm 

whole unit met re m gram g litre l/Udm3 second s 

one thousand 

times 
103 ki lo kilometre km kilogram kg 

Converting between units 
You may need lo convert between units in order to be able to scale 
and express numbers in sensible forms. For example, rather than refer 
to the width of a cell in metres you would use micrometres (µm) . This 
allows your measurements to be understood within the relevant scale 
of the observation. 

Divide by 1000for each step to convert in this direction 

nano­

e.g. nm 

micro-

e.g.µm 

mi/Ii­

e.g. mm 

whole unit 

e.g.m 

kilo-

e.g. km 

<:== Multiply by 1000for each step to convert in this direction 

A Figure 1 

Examples: 

Convert Im to mm: l x IOOO = I 000 mm 

Convert 1 m to µm: 1 x 1000 = 1000 mm, then 1000 x 1000 = 
1 OOOOOOµm 


Convert 11 to cm 3: Ix 1000 = 1000cm3 


Convert 20000 pm to mm: 20 000 7 1000 =20 mm 




Mathematical skills 

Converting between square or cube units requires a bit more care. 

One m2 = 1000 x 1000 = 1000000mm2, so your conversion factor 
becomes x or -:- 1000000. 

One m3 is 1000 x 1000 x 1000 = I 000000000mm3, so your 
conversion factor now becomes x or+ I 000000000. 

Examples: 

Conven 20 m2 to km2: 20 -;. I 000000 = 0.000 02 km2 

Convert 1 m2 to nun2: 1 x 1000000 = I 000000 mm2 

Convert 5000000mm3 to m3: 5000000 +I 000000000 = 0.005m3 

Convert 0.00000007m3 to mm3: 0.00000007 x I 000000000 = 
70mm3 

Decimals and standard form 
When you are using numbers that are very sma ll, such as dimensions 

MS0.2 	 of molecules and organelles, it is useful to use standard form to 
express them more easily. Standard form is also commonly called 
scientific notation. 

Standard form is essentially expressing numbers in powers of ten. 

For example, 10 raised to the power 10 means 10 x 10, i.e. 100. 

This may be written down as 10 x 101 or 1 x 102• To get to 1000 you 

use 10 x 10 x 10, which would be written as l x 103• 


An easy way to look at this is to imagine the decimal point 

moving one place per power of ten. For example, to write down 

58 900 000000 as standard form, you would follow che steps below. 


Step 1: write down the smallest number between 1 and 10 that can 
be derived from the number to be convened. In this case it 
would be 5.89. 

Step 2: write the number of times the decimal place will have to 
shift to expand this to the original number as powers of ten. 
On paper this can be done by hopping the decimal over each 
number like this: 

A Figure 2 

until the end of the number is reached. In this example, that requires 
I 0 shifts, so the standard form should be written as 5.89 x I 0 10• 

Going the other way, for example expressing 0.000 007 8 as standard 
form, write the number in terms or the number of places the decimal 
place would have to hop forward to make the smallest number 
between l and I0, so to get to 7.8 you would have to hop over six 
times, so this number is written as 7 .8 x I 0 6 . 

Significant figures 
There are some simple rules to use when working out significant figures. 


Rule 1: All non-zero digits are significant. 


For example, 78 has two significant figures, 9.543 has four significant 

figures and 340 has two significant figures . 


• 



Rule 2: Intermediate zeros are significant. 


For example, 706 has three significant figures and 5.900 7 6 has six 

significant figures. 


Rule 3: Any leading zeroes are not significant. 


For example, 0.005 67 has three significant figures (5,6 and 7; ignore 

the leading zeroes) 


Rule 4: Zeroes at the ends of numbers containing decimal places are 

significant. 

For example, 45.60 has four significant figures and 330.00 has five 
significant figures. 

Significant figures and rounding 
Table 2 shows the effect of rounding numbers to decimal places 
compared with significant figures . Remember that in rounding, when 
the next number is 5 or more round up, while if it is 4 or less don't 
round up. For example, 4.35 rounds to 4.4 and 4.34 rounds to 4.3. 

Table 2 shows examples of rounding the number 23.336 00 to decimal 
places and to significant figures. 

'YTable 2 

Measurements expressed by 

rounding to decimal places 

Number of 

decimal places 

Measurements expressed by 

rounding to significant figures 

Number of 

significant figures 

Measured to the 

nearest 

23.336 00 5 23.336 5 100 thousandth 

23.336 0 4 23.34 4 Ten thousandth 

23.336 3 23.3 3 Thousandth 

23.34 2 23 2 Hundredth 

23.3 1 20 1 Tenth 

23 0 - - Whole number 

Significant figures and standard form 
In standard form only the significant figures are written as digits, 
for example 5.600 xl 03 has four significant figures. If this were 
written as a stra ight number it would be 5600. But according to 
the rules above, 5600 only has two significant figures - what does 
this mean? 

In a given number, the significant figu res are defined as th e ones 
that contribute to its precision. Writing the number as 5600 implies 
precision only t0 the nearest whole hundred. The zeroes in the 
number could mean that it has simply been rounded, e.g. 5600.44 
or even 5633. But if this number were actually more precise, for 
example it had been measured with equipment genuinely sensitive 
to the nearest hundredth part (2 decimal places} then 5600.00 is 
actually very precise and the two zeros have significance because 
they tell us that the measurement is exactly 5600 with no tenths or 
hundredths at all. So using standard form allows this precision to 
remain clearly as part of the stated number, because all significant 
figures are written. 
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Averages 
An average value is actually a measure of centra l tendency. The most 
familiar measurement is the arithmetic mean (mean for short), but 
median or modal values are sometimes more appropriate tO the data. 

The arithmetic mean 
Usually referred to simply as the mean, this is a measure of 
central tendency that takes into account the number of times each 
measurement occurs wgether with the range of the measurements. 
When repeated measurements arc averaged, the mean will approach 
the true value, which will lie somewhere in the midd le of the 
observed range, more accurately. This is why it is important to repeat 
experimental measurements, especially in biology where the natural 
unpredictability of living systems leads to inevitable nuctuations. 

The mean is determined by adding together all the observed values 
and then dividing by the number of measurements made. 

L.xFor a range of values of x, the mean x= - . 
n 

x is the mean value. 

tx is the sum of all values o[ x. 

n is the number of values of x. 

For example, five mice were weighed, giving masses of 6.2 g, 7.7 g, 
6.7g, 7.lg and 6.3g. 

The mean mass is (6 .2 + 7.7 + 6.7 + 7.1 + 6.3).;. 5 =6.8g 

Be careful with your decimal places when calculating mean values. 
Your mean should normally have the same level of precision as 
the original measurements and therefore the same number of 
decimal places, otherwise you may be implying that the averaged 
measurements are more precise than they really arc. For example, 
masses in whole grams would not average to a mass with one or more 
decimal places. Similarly averaging the numbers of whole objects 
should result in a whole number; if counts of bubbles in a pondweed 
experiment were averaged to a decimal place it implies you counted a 
fraction of one bubble, which is impossible! 

The median 
The median value in a set of data is calculated by placing the values in 
numerical order then finding the middle value in the range. 

For example, the data set 12, 15, 10, 17, 9, 13, 13, 19, 10, l l 
rearranges as 9, 10, 10, 11, 12, 13, 13, 15, 17, 19. 

The middle of this range is 12.5. 

The median value is very useful when data sets have a few values 
(outliers) ac the extremes, which if included in an arithmetic mean 
could skew the data. It also allows comparison of data sets with similar 
means but a clear lack of overlap, skewed data and when there are too 
few measurements to calculate a reliable mean value. 

For example, in che data set 1, 3, 3, 11, 12, 12, 12, 13, 14, 15, the 
median value is 12, a sensible looking mid point, but the mean would 
be 9.6, skewed to the left by the numbers at the lower extreme. 



The mode 
The modal value is the most frequent value in a set of data. It is very 
useful when interpreting data that is qualitative or in situations where 
the distribution has more than one peak (bimodal). 

For example. in the data set 9, IO, 11, 11, 12, 13. 13, 13, 14, 17, 18, 
19, the modal value is 13. 

In biology, caution should be used because the sets of data are usually 
small and can introduce confusion. For example, in the data set 9, IO, 
lL 11, 12, 13, 13, 14, 17, 18thereareapparentlytwomodalvalues, 
11 and 13, while in the set 1 L 12, 13, 14, 17 there is no most freq uenl 
number and the mode is effectively every number and therefore of no 
value at all. 

The modal value is not used very often, but it can be usefully applied 
when data is collected in categories, for example, numbers of moths 
amacted LO lights of different colours. 

Percentages 
A percentage is simply expressing a fraction as a decimal. It is 

MS0.3important to be confident with calculating percentages, which 
although straightforward are commonly calculated incorrectly. 

Percentages as proportions and fractions 
For example, two shapes of primrose flowers exist depending on 
stigma length; 'pin eyed' and 'thrum eyed'. In a survey of two areas of 
grassland, one area had 323 pin and 467 thrum (total 790 plants), the 
other had 667 pin and 321 thrum (total 988 plants). The percentage of 
pin eyed plants in each area is calculated as follows: 

Area 1: fraction=~~~ which gives dedmal 0.41, which multiplied by 

100 gives percentage 41 %. 

The percentage of pin eyed flowers in Area 2 is~~~ x 100 = 67.5%. 

Percentages as chance 
In genetics the likelihood of different offspring phenotypes should 
always be expressed as a percentage. For example, in a simple genetic 
cross between two heterozygous parents carrying the cystic fibrosis 
allele, one out of every four possible children could potentially be 
affected by the disorder. The chance of a cystic fibrosis child from these 

parents is therefore~ x 100 = 25%. 

Percentage change 
This often comes up in osmosis experiments where samples (usually of 
potato tissue) gain and lose mass in different bathing solutions. 

For example, a sample weighed 18.50g at the start and at the end it 
weighed 11.72 g. 

The actual loss in mass= 18.50 - l l.72g = 6.78g 
6 78The percentage change = 7as~ change x 100 = · x l 00 = - 36. 7% 

s artmg mass 18.50 
Note the use of the minus sign to indicate that this is a loss. 
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Equations 
Substituting into equations 
There arc several equations (mathematical formulae) that you will 
need to be able to use in advanced level biology. You do not need 
to learn the theoretical maths from which they arc derived, but you 
do need to be able to put known numerical values in the right place 
(this is substituting into the equation) and then calculate the result of the 
equation by performing the different steps in the right order (this is 
solving the equation). 

An example that you will encounter during ecology studies is called 


the Simpson's Index of Diversity, which has the formula={~~-=_\\. 

Each symbol (term) in the equation has a specific meaning. In this 

example: 


N means the total num ber of all individua l o rga nisms in a surve y. 


n means the total n u m ber of each d ifl'erent species. 


I means ' the total of' and req uires you to add together all the 

indicated values. 


Brackets indicate sub-calculations that must be done, for example 

N - l means the total of all species found - 1. 


The figures in brackets need to be multiplied by the figures outside 

them, e.g. N(N - 1) means N x (N - 1). 


An example of the data to use could be counts of the plant species 
found in a certain area. To make life easy, use a table like Table 3. 

,.. Table 3 

Plant species Number of plants of (n ­ 1) n(n - 1) 
each species found (n) 

A 22 22 - 1 = 21 22 x 21 = 4 62 

B 30 30 ­ 1 = 29 30 x 29 = 870 

c 25 25 ­ 1 = 24 25 x 24 = 600 

D 23 23 - 1 = 22 23 x 22 = 506 

Totals of al l N = 100 I n (n-1) =2438 
plants = N N - 1 = 99 

The brackets in equations always need to be solved first. 

Begin by finding n - I for each plant (sec column 3 in Table 3) and 

N - I (at the bottom of column 2). 


Next work out n(n - 1) (column 4 in Table 3). 


Now find I n(n - 1) by totalling the figures in column 4. 


Substituting the known values into the equation works like this: 


_ N(N - l) _ 100(99) . . _ 9900 
D - I n(n _ ) becomes D - which calculates to D ­1 2438 2438, 

which gives the result D = 4.1. 



Rearranging equations 
The individual parts or terms in equations are all related, but 
sometimes you might know all the values of the terms except one. 
The equation can be re-written so that the unknown term can be 
calculated. This is called rearranging or changing the subject ofan 
equation. A very useful example of this arises during the study of 
microscopy and magnification. 

The different terms are magnification, size of image and actual size of 
the object being observed. The equation that relates them together is: 

. . _ size ofimage
magnification - . ,r l b . t. szze o1 rea o ~ec 

You can use the equation to calculate magnification factors quite 
simply. For example, if you had a photograph of your pet dog, the 
magnification of the image would be the height of the image of that 
dog divided by its real height. 

Be very careful to use the same units for each measurement! If the dog 
is 9cm tall in the photograph and the real dog is 0.4m tall you would 
have to convert the units before starting. 0.4m is 40cm, so the sum 
would be 9 .;- 40 = 0.23. You picture's magnification is x0.23. 

Suppose you only had the photo and the magnification. How would 
you find out how big the real object was? You may need to do this 
type of calculation on photomicrographs of cells or parts of cells. 

For example, a photograph shows a mitochondrion which is 41 mm 
long in the picture and is taken at magnification x34000. How long is 
the original mitochondrion? 

To find om, rearrange the equation. You might use an equation 
triangle to help. 

On Figure 3 the horizontal line means divide and the vertical line 
means multiply. 

. . _ size ofimage
So magnification - size ofreal object 

rearranges as size ofimage = magnification x real size 

and real size = size 0( ima~e . 
magnificatzon 

You need to ffod the real size of the mitochondrion, so your sum will be: 

real size = 34~
1

00 = 0.0012mm. 

At this point you need to check that your units are sensible. A 
mitochondrion is so small that the appropriate unit of measurement is 
a micrometre (pm). The question may even ask you to use this unit. 
Earlier in this chapter you saw that 1µm is 1I1 OOOth of a mm, so to 
convert you need to multiply by 1000. The real mitochondrion is 
0.0012 x 1000 = 1.2 µm long. 

Gathering data and making measurements 

MS 1.8 

Image size 

Real size Magnification 

A Figure 3 

Estimating results 
When measuring and recording data it is useful to be able to make an MS 0.4~*'"®~ 
estimate of the number you should be getting. This will allow you to 
judge whether the results you actually record seem believable. This 
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is especially important when using a calculator, because it is easy to 
mis-type an entry and get a wrong answer. An estimate is really a 
sensible guess. Tt is a good idea to practise this skill, for example when 
collecting data from practical work in class. 

lhi#ti@~
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Study tip 

Decisions about data also have 
a large bearing on the choice of 
statistics and statistical tests you 
might need to use. 
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Uncertainties in measurements 
When making measurements, even using good quality instrnments 
such as rulers and thermometers, there is a certain level of doubt in 
the precision of the measurement obtained. This is the uncertainty of 
measurement. The uncertainty can be stated, in which case a margin of 
error is identified. For example, measu rements made using a good mm 
scale ruler a measurement may be reported as+/- 0.5mm, which is the 
maximum error likely when using the ruler carefully. 

Percentage e rror is a way of using the maximum error to calculate the 
possible total e rror in a given measurement. Some types of instrument 
have maxim um errors wri tten on them, for example a balance may 
sta te+/ - 0.0lg. Other devices such as ru le rs and thermometers may 
rely on common sense, e .g.+/- 0.5mm or+/- 0.5 °C when recorded by 
eye. To fi nd percentage error use the formu la: 
o;. maximum error 

1000 error= measured value recorded x 

For example, with a ruler the maximum likely error is usually 0.5mm. 
Han object is measured at 6mm with the ruler, the percentage error= 
065 

x 100 = 8.3%. 

A larger object will have a smaller% error because the+/- 0.5 mm is a 
lesser pan of the t0tal recorded, e.g. an object measured at 87mm has 

a% error=~·~ x 100 = 0.6%. 

Working with graphs and charts 
Choosing the right type of graph or chart 
During your course you will most commonly use line graphs, bar 
charts and histograms. You need to be able to choose the right one to 
suit the data and also to be able to draw graphs accurately. 

The first part of your decision depends on the type of independent 
variable that you have measured. When you have used an independenr 
variable that has specific values on a continuous sca le, such as 
temperature, you should use a line graph, e.g. oxygen volume consumed 
by woodlice in a respirometer at a variety of temperatures. Alternatively 
your data might be in discrete categories. for example the number of 
left-handed or right-handed people. For this data a bar chart should 
be used with a space between each bar. When your categoric data is in 
groups that can be arranged on a continuous scale, e.g. height categories 
of planes such as O to l cm, > l to 2 cm, >2 to 3 cm and so on, a histogram 
should be chosen, in whid1 the bars are not separated by gaps. 

Plotting the graph or chart 
The rules when plotting the graph are: 

• 	 Ensure that the graph occupies the majority of the space available 
(this means more than half the space). 

• 	 Mark axes using a ruler and divide them clearly and equidistantly 
(i.e. l 0, 20, 30, 40 not l 0, 1 5, 20, 30, 45. 



• 	 Ensure that the dependent variable that you measured is on the 
y axis and the independent variable that you varied is on the x axis. 

• 	 Ensure that both axes have full titles and units clearly labelled, e.g. 
pH of solution, not just 'pH'; mean heighl/m, not just 'height' . 

• 	 Plot the points accurately using a sharp pencil and 'x' marks so the 
exact position of the point is obvious and is not obscured when you 
plot a trend line. 

• 	 Draw a neat best-fit line, either a smooth curve or a ruled line. It 
does not have to pass through all the points. Alternatively use a point 
to point ruled line, which is often used in biology where observed 
patterns do not necessarily follow mathematically predictable trends! 

• 	 Confine your line to the range of the points . Never extrapolate the 
line beyond the range within which you measured. Extrapolation 
is conjecture! A common mistake is to try and force the plotted line 
to go through the origin. 

• 	 Distinguish separate plotted trend lines using a key. 

• 	 Add a clear concise title. 

• 	 Where data ranges fall a long way from zero, a broken axis will 
save space. For example, if the first value on they axis is 36 it may 
be sensible to start the axis from 34 rather than zero. This will 
avoid leaving large areas of your graph blank. 

You will be expected to follow these conventions. If you do, then 
questions that involve drawing a graph become easy. 

Adding range bars and error bars t o your plotted points 
The position of the point on a graph is always subject to uncertainty. 
It may be a mean value, which will depend on the values averaged 
or whether you include or exclude any possible anomalies. A way of 
indicating the level of certainty in the positioning of your points is to 
use a range bar or error bar. These are ways of pictorially indicating 
the possible range of positions of the point and reflect the spread or 
variability in the original measurements that were averaged. The more 
spread the measurements, the less certain the position of the mean MS 1.10 
when plotted. 

Table 4 shows some example data from an experiment on gas 
production by a photosynthesising plant at different temperatures, 
with which the different styles can be demonstrated. 

Range bars 	 'YTable4 

A range bar is the simplest way 
of showing the showing the 
spread in the data . Look for the 
maximum and minimum values 
in each set of repeats; they are 
picked om in bold in the table. 
After plotting the point on your 
graph mark the positions of the 
maximum and minimum values 

Time taken to coll ect 10 cm3 of gas (s) 

1 2 3 4 5 mean s mean +s mean - s 

15 87 95 102 121 117 104 14.4 118.4 89.6 

20 67 78 61 90 86 76 12.3 88.3 63.7 

25 57 59 48 66 51 56 7.0 63 49 

30 47 45 39 42 21 39 10.4 49.4 28.6 

35 118 123 145 136 132 131 10.7 141.7 120.3 

above and below the point using 
a small bar. Join the two extremes with a neat ruler line running 
vertically through the plott.ed point (Figure 4). 

http:plott.ed
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Notice that the range bars are not always 
symmetrical above and below the plotted points. 
The tops and bottoms just show the largest or 
smallest values among the measurements made. 

Error bars 
To plot error bars you use the standard 
deviation (a calculated measure of the spread 
of the data), to indicate your ranges. This 
is better than using range bars because it 
reduces the errect of any extreme values in 
the dataset. In the table the values of standard 
deviation arc shown in the column headed s. 

Plot the bars by marking the top and lower 
limits exactly plus and minus one sta ndard 
deviation above and below the poin t. These 
values are a lso included in the table . Th e 
result is shown in Figure 5. 

Notice that the error bars arc symmetrical 
above and below the points, which are now 
indicated with a range of± one standard 
deviation. The length of the bars now indicates 
not the maximum/minimum values but the 
mathematical spread in the data. The more the 
data spread out around the mean, the longer 
the error bar becomes and the less ccnain you 
arc that the mean is really accurate. 

Calculating rates from graphs 
When data have been plotted on a line graph 
relating measured values on they axis to 

time on the x axis, it is possible to calculate a rate of change for they 
variable. There are two common graph forms that you will encounter,~Hild@~ shown in Figure 6.M 3.6 

_/ 
c 

- - - - - I 

dx time 

d 

dy 

,'
~ 

tangent 

time -dx time 



a might represent oxygen production by a photosynthesising plant. 

b mighr represent oxygen consumption by a respiring organism 

c might represent pH change during a lipid digestion experiment 

d might represent growth of a bacterial population in a fermenter 

The rate of change is simply the gradienr of the graph. 

f. h . d . change in y dyTlie ormu1a t at 1s use 1s h . or -d 
c ange mx x 

With a straight line graph follow these steps, which are marked on 
Figure 6a 

• 	 select any two points on the plotted line 

• 	 use a ruler to mark construction lines from the two points to the x 
and y axes 

• 	 measure the clifference between the two points on the y axis, this is dy 

• 	 measure the time difference between the points on the x axis, this 
is dx 

• 	 substitute the values into the equation and remember to quote 
suitable units for the result, e.g. cm3 0 2 per minute. 

With a curved line the procedure is the same except that you need 
to start by marking a tangent against the curve, usually at its steepest 
point to find the maximum rate of change. This takes a bit of practise 
and is usually done by eye, although it is possible to calculate a 
position mathematically. 

Once the tangent is drawn, select two points on it and proceed using 
the same steps that were applied to the straight line. Figure 6d has 
been marked with a tangent as an example. 

Scatter diagrams 
A scatter diagram is a method of plotting two variables in order to 
try and identify a correlation between them. The dependent variable 
is plotted on the y axis and the independent along the x axis. Once 
the points are plotted a trend Line can be added to show a possible 
relationship. An example might be plotting incidence of Jung cancer 
against number of cigarettes smoked per day. Once such a plot has 
been made the relationshjp can be tested using a statistical test, for 
example the correlation coefficient, r. 

Probability 
When data appears to show a pattern, it is possible to determine whether 
the pattern is simply due to chance or whether it has an underlying 
cause. For example, 36 throws of dje should give near enough six of 
each possible number. Throwing 7 4's and 5 6's is likely to be a fluke, but 
if you threw 23 6's then this is definitely against the rules of probability! 

Probability is assessed using a statistical test, for example chi -squared 
to test how closely observed measurements fit with expectation, such 
as in genetic cross results, or student t, which compares the means of 
sets of data to assess whether they differ, e.g. leaf width of sun versus 
shade grown ivy plants. 

Such tests produce a calculated value that may be found in a table of 
probability. In these tables, it is the probability that the data observed differ 

~tblifi@~
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by chance alone that is being found. In biology we accept any probability 
greater than 5% as likely to be just chance or nuke, but probabilities 
of 5% or below show us that the data do differ significantly and there 
must be a cause influencing the outcome. 

Using statistical tests to calculate probability 
Chi-squared (X2

) test 
This test is used to compare the pattern in data collected or observed 
with the pattern that would be expected by chance. For example, if a 
die was thrown 36 times, ead1 number should be expected 6 times if 
only chance determined the outcome. The further the actual numbers 
thrown deviate from this, the more likely the dice is loaded - a factor 
other than chance is iniluencing the outcome. 

The test is commonly used to check the results of generic crosses. 

For example, a cross between two heterozygous tall plants has the 
expected outcome of 3 tall:! short plant (short is the recessive allele) . 
In the real results, 69 plants were tall and 28 short. We need to test 
the null hypothesis that there is no significam dif'Jerence between the 
observed and expected results. 

The formula for the chi-squared (X2) test is x2 =L (O~E)2 . Il is 
easiest to lay our the calculation in a table. 

J Observed (0) Expected (E) (O- E) I(O-E)2 I (O-E)2 
E 

Tall pea plants 69 72.75 3.75 l 14.06 

Dwarf pea plants 28 24.25 3.75 I 14.06 

TTotal: 

0.19 

0.58 

x2 =D.77 

The probability value can now be found by using the table of 
chi-squared distribution (Table 6). 

First work out the degrees of freedom, which is the number of 
categories minus 1. Here there are two categories (rail or short), so l 
degree of freedom. 

The critical value of x2 for one degree of freedom at the p = 5% level is 
3.84. The calculated value of 0.77 is less than 3.84 and gives a p value 
of between 0.1and0.5 (10% and 50%) of the data collected being just 
chance. ln this case we should accept the null hypothesis; there is no 
evidence of a significant difference between the observed and expected 
numbers. 

Student t test 
This test is used to judge the significance of any difference between the 
means of sets of data that are collected from two groups. There must 
be enough data that a reliable mean can be calculated and it should be 
normally distributed. The number in each sample does not need to be 
the same, but will ideally be more than 15 samples in each ser. 

For example, limpet diameters were measured at rwo sites to find out 
whether there was any difference due to aspect. One site faced east 
and the other west. 28 animals were measured at each site. The null 
hypothesis was that there would be no difference between the sites . 
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Site 1 (east) Site 2 [west) 

n 28 28 

Mean limpet diameter I mm 35.64 3?.36 

Variance [s2) [= the square 77.17 74.4 
of standard deviation) See 
Table 5. 

First calculate the value oft, using this formula : 

Where s~ and si are the variances at each site, n1 and n2 are the 
numbers sampled at each site and x1 and x2 are the means for each site. 

So substituting in the va lues from the table 

35.64-37.36 - 1.72 (' h . ) 0t= --- 1gnoret e - s1gn = .74 
77.17 74.4 2.33 
--+- ­

28 28 
Next, calculate the degrees of freedom. For an unpaired test this is 
(n 1 + n2) - 2 = 54 

The t value can be looked up in Table 8. 

In this case the probability of the difference between the means 
being due to chance alone is more than I 0%, so chance must have 
caused the difference. The null hypothesis is accepted and there is no 
significant difference between the two sites. 

Correlation coefficient, r (Pearson's product moment 
correlation coefficient) 
When sampling collects data from two variables it is possible to use 
a calculation to determine whether the two va riables correlate in 
any way. For example, docs rock pool algal diversity increase as pool 
surface area increases? The variables compared need to be plotted on 
scatter graphs which will indicate possible relationships that can then 
be tested. 

The formula for correlation coefficient is r =J E(x -_x) x (y - Y~ 
E(x - x)2 x L.(y - y)2 

In the equation 

x = the values of the first variable 

x= the mean of the values of the first variable 

y = the values of the second variable 

y =the mean of the values of the second variable 

I = the sum of 

For example, data were collected to investigate the possible negative 
correlation of wrinkling on horse chestnut seeds (conkers) with seed 
mass. The calculation is most conveniently laid out in a table to make 
it easy to follow the steps. 

~@lad~
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Number of 

Seed mass [g) wrinkles per 

=x seed 

=y 
12 1 

10 3 

8 8 

6 15 

4 27 

2 36 

Ix= 42 'Ly = 90 

x = 42 + 6 = 7 !J = 90 + 6 = 15 

x- x y - y (x - x] x (y - y) (x - x)2 (y - y)2 

5 - 14 - 70 25 196 

3 - 12 -36 9 144 

1 - 7 -7 1 49 

- 1 0 0 1 0 

- 3 12 - 36 9 144 

-5 21 - 105 25 441 

'L =-254 2. = 70 2. = 974 

Now substitute the values from the table in to the equa tion w find r 

I,(x - x) x (y - y),. = --=====------=-____:_ _ 
~'L(x - x)2 x 'L(y - y)2 

- 254 - 254 = -254 =- 0.97 r = -;:::=== 
~70 x 974 ~68 1 80 261 

This suggests a negative correlation. The strength of this correlation 
may be found by looking up the calculated value of r in the table of r 
values (Table 7). 

In this test the number of degrees of freedom =the number of values for 
the two variables (n) - 2 (df= n - 2). In this example df=12 - 2 =10. 

At 10 degrees of freedom a value of 0. 97 gives a p value of <0.001 
or <0. 1 % of the observed data being due only tO chance. Thus the 
correlation is 99.9% certain. 

T Table 5 Formu/oe commonly used in biology 

d =diameter Circumference of a circle 1t X d 

a, b and care side lengths Surface area of a cube or cuboid 2 (ab) + 2 ( ac) + 2(be) 

4m2 r is the radiusSurface area of a sphere 

h is the length or height of a cylinderSurface area of a cylinder 2nr2 + (nd x h) 

ax bx c a, b and care side lengths Volume of a cube or cuboid 

r is the radiusVolume of a sphere i n r3 
3 

r is the radiusVolume of a cylinder n r2h 

image size
magnification Rearrange to find the other quantities magnification real size 

[W] is the concentration of the hydrogen ionpH= - /og [W]pH 10

in moles per litre 

PVR = tidal volume x breathing rate Pulmonary ventilation rate 

CO = stroke volume x heart rate Cardiac output 

• 
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Species diversity index 
N(N-1)

D­
- In(n-1) 

N is the grand total of all species sampled 
n is the number of each individual species 

sampled 

Lincoln index 5 1 x52
N=-­

R 

S1 = total captured and marked, S2 = total 
number recaptured, R =number of marked 
animals recaptured 

Efficiency of energy transfer energy tra~5ferred x lOO% 
energy mtake 

Net Primary Production NPP= GPP ­ R GPP is gross primary production and R is 
energy loss in respiration. 

Net production by consumers, N N=l-(F + R) I = potential energy in ingested food, 
F =energy lost in faeces and urine, R =energy 
lost in respiration. 

Standard deviation, s 

Used to assess spread or 
dispersion in a set of data 

2>2 - ()::)2 

S= \ n-1 

x refers to the values of the measurements 
taken 
n =the number of measurements 
I,means "the sum of" 

An alternative sum for standard 
deviation s= )i:(x -x)2 

n -1 

x is the mean value of the values of x 

Chi-squared (X2) test, used to 
compare agreement between 
sample and expectation 

x2 = ~ (0 ~ E) 
2 0 are the values you actually measure 

Eare the values you expected to see 

Student t test, used to compare the 
means of two sets of data 

x1 -xz 
t= 

I 2 2 
~+~ 

\ n1 nz 

5 2 is the variance of a set of data 
Subscript denotes the data being compared, 
e.g. n1 is the number of values of the first set 

5~ is the variance of the second set 
x is the mean value of the values ofx 

Variance s2 , which is also a measure 
of dispersion in a set of data 52 = 

L,(x ­ x]2 
n - 1 

Correlation coefficient, r i:(x - x)x(y-YJ 

r= ~):(x - x}2 X:~(y-y)2 
use this formula to test correlation between 
two variables. Values will lie between 1 

(perfect positive correlation] and - 1 
(perfect negative correlation). 

Hardy-Weinberg formula pz + Zpq + qz = 1 P = frequency of dominant allele, 
q = frequency of recessive allele 
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Statistical test tables 

Table 6 Table of values of chi-squared 

p values 
df 

0.99 0.95 0.90 0.50 0.1 0 0.05 0.01 0.001 
df 

1 0.0016 0.0039 0.016 0.46 2.71 3.84 6.63 10.83 1 

2 0.02 0.10 0.21 1.39 4.60 5.99 9.21 13.82 2 

3 0.12 0.35 0.58 2.37 6.25 7.81 11.34 16.27 3 

4 0.30 0.71 1.06 3.36 7.78 9.49 13.28 18.46 4 

5 0.55 1.14 1.61 4.35 9.24 11.07 15.09 20.52 5 

6 0.87 1.64 2.20 5.35 10.64 12.59 16.81 22.46 6 

7 1.24 2.17 2.83 6.35 12.02 14.07 18.48 24.32 7 

8 1.65 2.73 3.49 7.34 13.36 15.51 20.09 26.12 8 

9 2.09 3.32 4.17 8.34 14.68 16.92 21.67 27.88 9 

10 2.56 3.94 4.86 9.34 15.99 18.31 23.21 29.59 10 

11 3.05 4.58 5.58 10.34 17.28 19.68 24.72 31.26 11 

12 3.57 5.23 6.30 11.34 18.55 21.03 26.22 32.91 12 

13 4.11 5.89 7.04 12.34 19.81 22.36 27.69 34.53 13 

14 4 .66 6.57 7.79 13.34 21.06 23.68 29.14 36.12 14 

15 5.23 7.26 8.55 14.34 22.31 25.00 30.58 37.70 15 

Table 7 Values of r, correlation coefficient Table 8 Values of t 

df p values Degree of p values 

0.1 0.05 0.01 0.001 freedom 

1 0.9877 0.9969 0.9999 1.0000 

2 0.9000 0.9500 0.9900 0.9990 

(df) 

I 0.10 I o.os I 0.01 I 0.001 

3 0.8054 0.8783 0.9587 0.9912 1 6.31 12.71 63.66 636.60 

4 0.7293 0.8114 0.9172 0.9741 2 2.92 4.30 9.92 31.60 

5 0.6694 0.7545 0.8745 0.9507 3 2.35 3.18 5.84 12.92 

6 0.6215 0.7067 0.8343 0.9249 
4 2.13 2.78 4.60 8.61 

7 0.5822 0.6664 0.7977 0.8982 
5 2.02 2.57 4.03 6.87 

8 0.5494 0.6319 0.7646 0.8721 
6 1.94 2.45 3.71 5.96 

7 1.89 2.36 3.50 5.41 
9 0.5214 0.6021 0.7348 0.8471 

8 1.86 2.31 3.36 5.04 
10 0.4973 0.5760 0.7079 0.8233 

9 1.83 2.26 3.25 4.78 
11 0.4762 0.5529 0.6835 0.8010 

10 1.81 2.23 3.17 4.59 
12 0.4575 0.5324 0.6614 0.7800 

12 1.78 2.18 3.05 4.32 
13 0.4409 0.5139 0.6411 0.7603 -~ 

14 1.76 2.15 2.98 4.14 
14 0.4259 0.4973 0.6226 0.7420 16 1.75 2.12 2.92 4.02 
15 0.4124 0.4821 0.6055 0.7246 18 1.73 2.10 2.88 3.92 
16 0.4000 0.4863 0.5897 0.7084 20 1.72 2.09 2.85 3.85 

17 0.3887 0.4555 0.5751 0.6932 0. 1.64 1.96 2.58 3.29 

18 0.3783 0.4438 0.5614 0.6787 

19 0.3687 0.4329 0.5487 0.6652 

20 0.3598 0.4227 0.5368 0.6524 

• 
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Practical skills are at the heart of Biology, a good foundation in practical skills will help you 
take your skills to a higher level. Biology is a dynamic subject in which our understanding 
constantly changes, largely as a result of developments in practical research. In the A level 
specification there is a separate practical endorsement which requires you to carry out 
12 practicals across the two years of the A level course. The practical endorsement is not graded 
as pan of your A level qualification. TL is assessed by your teachers as a pass or a fail, a pass 
will be reported separately on your A level certificate. You will also be required to apply your 
understanding and knowledge of practicals to the wriuen exams, practical-based questions 
account for 15% of the total assessment - the majority of these questions are in paper 3. 

By undenaking the set practical activities in this course, it will not only develop your 
manipulative skills with specific apparatus and techniques but will also help you to gain a 
deeper understanding into the processes of scientific investigations. Skills such as researching, 
planning, implementing by making and processing measurements safely, analysing, and 
evaluating results will be reinforced and enhanced. 

It is advantageous for you to answer practical questions when you have completed the 
practical - any questions on practical skills wi ll have been written with the expectation that 
you wi ll have carried oul rhe practical activities. Having undertaken the practical. this helps 
with the teaching and learning ol' concepts in the specification. A richer practical experience 
will be gained if you do more practica ls t han the following twelve set practical activities in 
Table 1. Table I shows the 12 practicals which will be assessed in exams. For the rractical 
endorsement the 12 practicals can consist of the required practicals or teacher devised 
practicals. For each activity, Table I references the relevant topic(s) in this book, the first six 
you will have already covered in your AS year of study. 

T Table 1 A level required practical activities 

1.8 Factors affecting enzyme action 

the rate of an enzyme-controlled reaction 


2 


1 Investigation into the effect of a named variable on 

3.1 Methods of studying cells 

root tips; set·up and use of an optical microscope 

Preparation of prepared squashes of cells from plant 
3.7 Mitosis 


to identify the stages of mitosis in these stained 


squashes and calculation of a mitotic index 


3 4.3 Osmosis 


a calibration curve with which to identify the water 


potential of plant tissue 


4 

Production of a dilution series of a solute to produce 

Investigation into the effect of a named variable on 4.1 Structure of the cell-surface 

the permeability of cell-surface membranes membrane 
~~~~~~~~~~~--1-~~~~~~~~~ 

5 Dissection of animal or plant gas exchange systems, 6.2 Gas exchange in insects 

a mass transport system or of an organ within such a 6.3 Gas exchange in fish 
system 6.4 Gas exchange in the leaf of a plant 

6.6 Mammalian lungs 


6 
 Use of aseptic technique to investigate the effect of 9 Genetic diversity and adaptation 

antimicrobial substances on microbial growth 

3.5.1 Photosynthesis 


isolated from leaves of different plants, e.g., leaves 


from shade-tolerant and shade intolerant plants or 


leaves of different colours 


8 

7 Use of chromatography to investigate the pigments 

Investigation into the effect of a named factor on 3.5.1 Photosynthesis 


the rate of dehydrogenase activity in extracts of 


chloroplasts 

'--------''--- ­
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T Table 1 continued 

Practical Topic 

g Investigation into the effect of a named variable on 
the rate of respiration of cultures of single-celled 
organisms 

3.5.2 Respiration 

10 Investigation into the effect of an environmental 
variable on the movement of an animal using either a 

choice chamber or a maze 

3.7.4 Populations in ecosystems 

11 Production of a dilution series of a glucose solution 
and use of colorimetric techniques to produce 
a calibration curve with which to identify the 
concentrat ion of glucose in an unknown 'urine' sample 

3.6.4.2 Control of blood glucose 

12 Investigation into the effect of a named environmental 
factor on the distribution of a given species 

3.7.2 Populat ions 

Practical questions 
The following questions are designed to give you some practice at this practical style of 
question. lf you haven't completed the practical yet, just think of similar practicals you have 
done or when you have used the apparatus and this will help you. 

Practical 1 - The effect of pH on catalases 

A celery extract was liquidised and prepared by the technician as a source of the enzyme 
catalase. A burette had been filled up to the 50 cm3 mark with hydrogen peroxide. 10 cm3 of 
celery extract was added and the height of the upper level of the frothing liquid was recorded. 
The class was asked to repeat the procedure adding the following to the H20 2: 

• Add 2 drops HCl / 2 drops distilled water 
• Add 4 drops HCI 
• Add 2 drops NaOH / 2 drops distilled water 
• Add 4 drops NaOH 

The rH of each solution was tested before starting the exreriment. 

1 (a) Sketch a graph of your expected results. Remember 10 label your axes. 
(b) 	 List a ll variables that need to be con trolled and how you wou ld control th em. 

Describe how you could change the method to make it: 

2 	 (a) more reliable 
(b) 	 more va lid 

Practical 2 - The mitotic index 

A student rerformed a root tip squash on tissue from a garlic root tip u5ing aceric orcein stain. 
She counted the number of cells she could see in one of the stages of mitosis. In total there 
were I 50 cells and 12 cells were undergoing mitosis. 

1 (a) Calculate the mitotic index for these cells. Show your working. (2 marks) 
(b) 	 Another student didn't follow the exact procedure and as a result did not see any 

cells undergoing mitosis. 
Suggest two reasons why she did not see any cells in any stages of mitosis. (2 marks) 

In a further investigation to see the effect of cells environmem on cell division, cells were 
taken from varying distances from the root tip and the number of cells undergoing mitosis 
was counted. To make the results quantitative, the student ca lculated the mitotic index for 
each sample and ploned it on graph I . 

• 
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2 (a) Using graph L describe the results. 	 (2 marks) 
(b) Suggest one reason w hy this relationship exists? 	 (I mark) 

Practical 3 - Water potentia l in plant tissue 

A practical was carried ou r to estimate the water potential in plant tissue. Six solid cylinders of 
potato were prepared each with identical dimensions. The students were given I 00 cm 3 of a 
stock 0. 5 11101 dm- 3 solution sucrose. They were instructed to make up a series of ~ ix different 
dilutions. The mass (g) or 1he potato cylinder was measured before being submerged in the 
solution for 1 hour and then measured again after 1 hour. 

Concentration of Mass before Mass after Percentage change in 

sucrose [mol dm-3 ) submerging in submerging in mass of potato tissue 

solution ( g) solution [g) [%) 
5.00.0 4.5 

4.33.90.1 

4.3 4.50.2 

4.24.10.3 

4.4 3.70.4 

4.4 3.60.5 

Constru ct a table 10 show how 10 make up 20 cm3 of each of the six dilu1ions required. 

2 (a) Calculate rhe % change in mass for all results in the results table. Show your working. 
(b) Why is it important to calculate a % change of mass in this experimen t? 

3 (a) Plot a graph or sucrose concen1ra1ion against % change in mass. 
(b) Use this graph to find the concemration of sucrose. 
(c) Describe how you can estimate the water potential with this value. 

Practical 4 - Effect of temperatu re on beetroot cell-surface membranes 

Core samples of beetroot were washed and put Lnto tubes containing distilled wa ter. Each 
tube was left in a different temperature for 20 minutes. The distilled water in 1he 1ube became 
coloured and was 1ransferred to a colorimeter and a reading was taken. 

Graph 2 
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1 (a) Explain why 1he distilled water in the Lubes becomes coloured? 
(b) 	 Using the graph. describe the effect of changing 1emperature on 1he permeability of 

the cell-surface membrane. 
(c) 	 Explain how the structure of the cell-surface membrane changes at temperatures 

above 50°C? 

Practical 5 - D issection 

A live locust was being examined in class. Using a magnifying glass, tiny holes on each side of 
the segments were visible. 

(a) Name these small holes? 
(b) 	 Further observation showed these holes to be opening and closing. What benefit does 

this give 1he locust? 
(c) 	 Some 01her insects have hairs around these holes. 

What environmemal condition does this help them survive in and how does it aid 
their survival? 

The Le<lche r dissected a locust and exposed the inside of the body cavity. The teacher located 
the trachea l tubes and mounted a small sample of tissue onto a slide. The tracheal tubes were 
seen 10 be highly branched. 

2 	 (a) Give one advantage of the tubes being highly branched. 
(b) What substances cause the ring thicken ing of the tracheae? 
(c) 	 The 1racheae branch into tubes of a much smaller diameter wi1h Jillie thickening. 

Suggest a reason (or this structure. 

P ractical 6 - Aseptic techniqu e 

The technician set up a petri dish with nutrient agar jelly using equipment that had been in an 
autoclave. He inoculated it with non -pathogenic bacteria and left it 10 incubate for 48 hours. 

(a) Why did he use equipment that had been in an autoclave? 
(b) 	 Describe the steps he took to transfer the bacteria from the boule lO the petri dish. 

Only make reference to steps concerning keeping conditions aseptic. 
(c) 	 Explain why he disinfected the work surface and washed his hands after the 

experiment was finished? 

Practical 7 

A student used paper chromatography to separate 1he pigmen1s from a sample of petals. The 
procedure followed by rhe student is shown in the diagram below. 

1 	 2 

sealed - ­
container 

• 

c ... 
B • separated 

pigments A ~ 

solvent~ .______,. 
pigment spot 

(a) 	 State one precaution which the student should have taken in this investigation. 
(/mark) 

(b) Outline the chemical principle illustrated by this technique. 	 (2 marks) 
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The table shows the distance moved by the solvem and pigmems. 

Substance Distance moved (mm) 

Solvent front 93 

Pigment A 18 

Pigment B 35 

Pigment C 36 

(c) (i) Define the term Rf value. (2 marks) 
(ii) Calculate the Rf values for pigments B and C. Show your working. (2 marks) 
(iii) Suggest one way by which greater separation of pigments B and C 

could have been achieved. (I mark) 
Practical 8 

ln photosynthesis the ligh1-dependent reactions produce a reducing agent. This norma lly 
reduces NADP. but in 1his experiment the electrons arc accepted by the blue dye DCPIP. 
Reduced DCP!P is colourless. Spinach leaves were blended and placed in a cold isolntion 
medium then fi ltered. The fil trate was then centrifuged until there was a sma ll pellet of 
chloroplasts. The pellet was then suspended in solution. The pelle t now distributed in the 
solution was divided between 5 test tubes and set up as below then DCPlP was added. Tubes 
1, 2, 4 and 5 were plnccd near a light source, tube 3 was placed in darkness. The time taken 
for the DCPlP to decolourise in each tube was measured. 

Tube 
Leaf extract 

(cm3] 

Supernatant 
(cm3] 

Isolation medium 
(cm3 ) 

Distilled water 
(cm3] 

DCPIP solution 
(cm3] 

1 D.5 - - I - 5 

2 - - 0.5 - 5 

3 0.5 - - - s 
4 0.5 - - 5 -
5 - 0.5 - - 5 

6 
--+- tube 1 (resuspended pellet)

5 
- 4 - · tube 5 (supernatant) 

c: 4 
g 
a. 30 
V> 
.D 

"' 2 

0 

3 5 7 9 11 13 15 17 19 
time/min 

Tube 3 (incubated in the dark) gave a reading of 4.9 absorption units after 10 minutes. 
Tube 2 (DCPrP with no leaf extract) was 6.4 absorption units 

1 Describe and explain the changes observed in the five tubes. Compare the results 
and make some concluding comments about what they show. (5 marks) 

2 The rate of photosynthesis in intact leaves can be limited by several factors including 
light. temperature and carbon dioxide. Which of these factors will have little effect 
on the reducing capacity of the leaf extract? (2 marks) 

3 Describe how you might extend this practical to investigate the effect of light 
intensity on the light-dependent reactions of phorosynthesis. (2 marks) 

• 
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Practical 9 

An investigation was carried out to determine the effed of temperature on the rate of cellular 
respiration in yeast. Five experimental groups, each containing five fermentation tubes, 
were set up. The fermentation tubes all contained the same quantities of water, glucose, and 
yeast. Each group of five tubes was placed in a water bath at a different temperature. After 
30 minutes, the volume of gas produced (D) in each fermentation tube was measured in 
millilitres. The mean for each group was calculated. A sample setup and the data collected are 
shown below. 

Mean volume of gas produced (D) after 30 minutes at various temperatures 

Group Temperature ('CJ 0 [cm3) 

1 0 
2 

5 
20 5 

3 40 12 
4 60 6 

80 3- 5 

fermentation 
tube cotton 

stopper 

water bath / 30 
minutes 

(a) 	 Using the infonnation in the data table, construct a line graph to show rhe 
relationsh ip between temperature and rhe volume or gas produced. (3 marks) 

(b) 	 Deduce from the graph the temperature a t w hich the maxim um rate of cellular 
respi ratio n in yeast occu rred . (I mark) 

(c) 	 Compared to the o ther tubes a t the end of 30 m inutes, state which of the following 
the tubes in group 3 cont.a ined : 

(1) smallest volum e of C0 2 
(2) smallest quantity of glucose 
(3) smal lest quantity o f ethanol 
(4) same quantities of glucose, ethanol, and C02 (2 marks) 

Practical 10 

The diagram shows a choice chamber that can be used to investigate woodlice behaviour. 

connecting passageway 

I 	 platform 

(a) Name two environmental factors that might attract woodlice to live 

underneath dead leaves. (2 marks) 


• 
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(b) 	 Design an experiment to show how you would use Lhe choice chamber to 
investigate one or the factors you have named. (J marks) 

(c) 	 Predict the results or your experimem (/mark) 
(d) 	Suggest one advantage to the woodlice of behaving in Lhe way you predicted. (/mark) 

Practical 11 

A student wanted to identify the concentration of glucose in an unknown sample. They used 
the following method 

• 	 A range or known glucose solutions were used starting with 20g dm- 3 

• 	 Each solution was heated with Benedict's solution. Once there was no more colour change 
the liquid was then cooled and filtered. 

• 	 The absorbance or the liquid was measured with a colorimeter. 
• 	 The sllldent's results arc shown below 

glucose concentralton/g dm-3 

(a) 	 State 1wo precau tions that the student should have taken during the procedure 
to ensure that the rcsulls give a valid comparison between the differen t glucose 
solutio ns (2 marks) 

(b) 	 The student tested the un known sample and the absorbance readi ng obta ined 
was 0.60 arbitrary units. Use the graph to determine the concen tration or 
the sample. (I mark} 

(c) The proced ure used does not tes t for non-reducing sugars such as sucrose. 
How could the studcm alter the procedure to determine the concentration 
of non-reducing sugar in the sample? (2 marks) 
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Practical 12 

A group of students decided to investigate the relationship between light intensity and the 
distribution of herbs in a deciduous woodland. Light intensity was measured at randomly 
chosen sampling points within the woodland. At each location a sampling quad rat of diameter 
1.0 m2 was set up and the number of three herb species within the quadrat was recorded. The 
outline of the woodland and the sampling pattern used are shown in the diagram below. 

• 9 

10
• 

N 

scale H l 
25mKey: • = sampling point 

(a) 	 Outline a su itable procedure for randomly selecting sampling points in this 
investigation. (2 marks) 

(b) 	 State one advantage and one disadvantage of random sampling. (2 marks) 
(c) 	 A section of one student's records are shown in the table below. 

Number of Mean light intensity 

herbs (%of maximum incident] 

~~~~ 
1 
2 
3 
4- 5- 6 
7 

8 
9- 10 

~ 

27 I 18 4 70 

25 22 0 85 
18 18 3 65 
19 14 7 60 
29 24 6 90 
10 12 20 30 
38 26 4 80 
0 2 20 15 

39 29 4 80 

0 0 16 s 

(i) 	 Plo t a graph showing the relationship between mean light intensity 
and the n umber of herb species A and C. (5 marks) 

(ii) 	 Sta te the relationship between average light intensity and the number 
or herb species c. (J mark) 

(iii) Suggest one possible explanation for the distribution of herb species C. (1 mark) 
(d) 	Suggest two adaptations which may be seen in the leaves of plants growing 

in low light intensities. (2 marks) 



1 (a) 	 Gas exchange in fish takes place in gills. Explain how two realllres or 
gills allow efficient gas exchange. (2 marks) 

(b) 	 A 1oologist investigated the relationship between body mass and rate of oxygen 
uptake in four species of mammal. The results are shown in the graph. 

AS additional practice questions 
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•shrew 

• rat 
• human elephant 

0.01 	 0.1 10 100 1000 10000 

body mass/kg 


(i) 	 The scale for plotting body mass is a logarithmic scale. Expla in why a 
logarithmic sca le was used to plot body mass. (I mark) 

(ii) 	 Describe the relationship between body mass and oxygen uptake. (/mark) 
(ii i) The 7.oologist measured oxygen uptake per gram or body mass. 

Expla in why he measured oxygen uptake per gram or body mass. (2 marks) 
(iv) 	 lleat from respiration helps mammals to maintain a constant body 

temperawrc. Use chis information to explain the relationship between 
body mass and oxygen uptake shown in the graph. (J marks) 

AQA, Jan 2010 

2 (a) 	 Describe how DNA is replicated. (6 marks) 
(b) 	The graph shows information about the movement of chromatids in a 


cell that has just staned mctaphase of mitosis. 


key 
=distance between chromatids 
- distance between each chromatid and the pole 
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(i) 	 What was the duration of metaphase in this cell? (I mark) 
(ii) 	 Use line X to calculate the duration of anaphase in this cell. (/ mark) 
(iii) Complete line Y on the graph. 	 (2 marks) 

(c) 	 A doctor investigated the number of cells in different stages of the cell cycle 
in two tissue samples, C and D . One tissue sample was taken from a cancerous 
tumour. The other was taken from non-cancerous tissue. The table shows 
his results. 
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Percentage of cells in each 

stage of the cell cycle 

Stage of the 
cell cycle 

lnterphase 

Tissue sample 
c 
82 

Tissue sample 
D 

-
45 

Prophase 

Metaphase 

4 

5 

16 

18 
-

Anaphase 5 12 

Telophase 4 9 

(i) In tissue sample C, one cell cycle took 24 hours. Use the da ta in the 
table lo calculate the lime in which these cells were in intcrphase 
during one cell cycle. Show your working. (2 marks) 

(ii) Explain how the doctor could have recognised which cells were in 
interphase when looking al the tissue samples. (1 mark) 

(ii i) Which tissue sample, C or D, was taken from a cancerous lllmour? 
Use information in the table to explain your a nswer. (2 marks) 

AQAJan 2013 

3 	 Taxol is a drug used to treat cancer. Research scientists investigated the effect of injecting 
caxol on the growth of tumours in mice. Some of the results are shown in Figure 3. 

1 

10 

20 

30 

40 

50 

1 	 1 

7 	 2 

21 11 

43 20 

114 48 

372 87 

.A Figure 3 

(a) Suggest how the scientists should have treated the control group. (2 marks) 
(b) Suggest and explain two factors which should be considered when 

deciding the number of mice to be used in this investigation. (2 marks) 
(c) The scientists measured the volume of the tumours. Explain the advantage 

of using volume rather than length to measure the growth of tumours. (I mark) 
(d) 	The scientists concluded that taxol was effective in reducing the growth 

rate of the tumours over the 50 days of treatment. Use su itable calculations 
to suppon this conclusion. (2 marks) 

(e) 	 In cells, taxol disrupts spindle activity. Use this information to explain the 
results in the group that has been treated with taxol. (3 marks) 

(f) 	 The research scientists then investigated the effect of a drug called OGF on the 
growth of tumours in mice. OGF and taxol were injected into different mice as 
separate treatments or as a combined treatment. Figure 4 and Figure 5 show the 
resuhs from this second investigation . 
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.A. Figure4 

Mean volume of tumour following 

Treatment 70 days treatment I mm3 

(± standard deviation] 

OGF 322 (± 28.3) 

207 (± 22.5)Taxol 
-

OGF and taxol 190 (± 25.7) 

488 (± 32.4)Control 
-
.A. Figure S 

(i) 	 What information docs standard deviation give about the volume of 
the wmours in this investigation? (I mark) 

( ii ) 	 Use Figure 4 and Figure 5 to evaluate the cffedivcncss of the two 
drugs when they arc used separately and as a combined treatment. (4 marks) 

J\QA Jan 2010 

Read the following passage. 

Gluten is a protein found in wheat. When gluten is digested in the small intestine, 

the products include peptides. Peptides are shon chains of amino acids. These 

peptides cannot be absorbed by facilitated diffusion and leave the gut in faeces. 

Some people have cocliac disease. The epithelial cells of people with coeliac disease 

do not absorb the products of digestion very well. ln these people, some of the 5 

peptides from gluten can pass between the epithelial cells lining the sma ll intestine 

and enter the intestine wall. Here, the peptides cause an immune response that leads 

to the destruction o f rnicrovilli on the epithelial cells. 


Scientists have identified a drug which might help people with cocliac disease. 

It reduces the movement of peptides between epithelial cells. They have 10 

carried out trials of the drug with patients with coeliac disease. 

Use the information in the passage and your own knowledge to answer the 

following questions. 


(a) 	 Name the type of chemical readion which produces amino acids from 
proteins. (/mark) 

(b) 	The peptides released when gluten is digested cannot be absorbed by 
facilitated diffusion (lines 2 - 3). Suggest why. (J marks) 

(c) 	 The epithelial cells of people with coeliac disease do not absorb the 
products of digestion very well (lines 4 - 5). Explain why. (J marks) 

(d) 	 Explain why the peptides cause an immune response (lines 7 - 8). (I mark) 
(e) 	 Scientists have carried out trials of a drug to treat coeliac disease 

(lines IO - I I). Suggest two factors that should be considered before 
the drug can be used on patients with the disease. (2 marks) 

AQA June 20 12 



5 (a) 	 Haemoglobin contains iron. One type of anaemia is caused by a lack of iron. This type 
of anaemia can be treated by taking tablets containing iron. A number of patients 
were given a daily dose of 120 mg of iron. Figure 8 shows the effect of this treatment 
on the increase in the concentration of haemoglobin in their red blood cells. 

4 8 12 16 20 24 28 32 

key 
• = children 
• = adults 

time/days 

A Figure 8 

(i) 	 Give one dif£erence in the response or adults and children to this 
treatment. (1 mark) 

(ii) 	 You could use the graph to predict the effect or this treatment on the 
increase in haemoglobin content or an adult a her 40 days. 
Explain how. (2 marks) 

(iii) Haemoglobin has a quaternary structure. Explain what is meant by a 
quaternary structure. (I mark) 

(b) 	 (i) Pernicious anaemia is another type or anaemia. One method of 
identifying pernicious anaemia is to measure the diameter of the red 
blood cells in a sample of blood that has been diluted with an isotonic 
salt solution. Explain why an isotonic salt solution is used to dilute the 
blood sample. (3 marks) 

(ii) 	 A technician compared the red blood cells in two blood samples of 
equal volume. 
One sample was Crom a patient with pernicious anaemia. the other was Crom 
a patient who did not have pernicious anaemia. Figure 9 shows some of the 
results she obtained. 

120 patient without 
pernicious anaemia 

o ~~..............._~~~~~....._~~4-~ 

4 5 6 7 8 9 10 11 12 

diameter/µm 


A Agure9 

Describe two differences between the blood samples. 	 (2 marks) 
(c) 	 Scientists' analysis of blood proteins has indicated a lack of genetic diversity in 

populations of some organisms. Describe the processes that lead to a reduction 
in the genetic diversity of populations of organisms. (6 marks) 

AQA June 2010 
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7 

Students investiga ted the effect of different concentrations of sodium chloride solution 
on discs cut from an apple. They weighed each disc and then put one disc into each of a 
range of sodium chloride solutions of different concentrations. They left the discs in the 
solutions for 24 hours and then weighed them again. Their results are shown in the table. 

additional practice questions 
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Concentration of Mass of disc at Mass of disc at Ratio of mass at start 

sodium chloride start I g end / g to mass at end 
3solution I mol dm­

17.2 0.9416.10.00 

19.1 20.2 0.950.15 

1.0524.3 23.20.30 

18.7 1.080.45 20.2 
-

23.7 21.9 


0.?5 


0.60 

14.9 13.7 1.09 -
(a) 	 (i) Calculate the ratio of the mass at the start to the mass a t the end for the 

disc placed in the 0.60 rnol dm-3 sodium chloride solution. (I mark) 
(ii) 	 The students gave their results as a ratio. What is the advantage of 

giving the results as a ratio? (2 marks) 
(iii) The students were advised that they could improve the reliability or 

their resu lts by taking additional readings at the same concentrations 
of sodium chloride. Explain how. (2 marks) 

(b) 	 (i) The students used a graph of their results to find the sodium chloride 
solution with the same water potential as the apple tissue. Describe 
how they did this. (2 marks) 

(ii) 	 The swdcnts were advised that they could improve their graph by 
taking additional readings. Explain how. (2 marks) 

AQA Jan 2010 

The diagram shows the strucwre of the cell-surface membrane or a cell. 

c 

(a) 	 Name A and B. (2 marks) 
(b) (i) 	 C is a protein with a carbohydrate attached to it. This carbohydrate is 

formed by joining monosaccharides together. Name the type or reaction 
that joins monosaccharides together. (I mark) 

(ii) 	 Some cells lining the bronchi of the llmgs secrete large amounts of 
mucus. Mucus contains protein. 
Name one organelle that you would expect to find in large numbers in 
a mucus-secreting cell and describe its role in the production of mucus. (2 marks) 

AQA June 2013 

Students investigated the effect of removing leaves from a plant shoot on the rate of water 
uptake. Each student set up a potometer wich a shoot that had eight leaves. All the shoots 
came from the same plant. The potometer they used is shown in the diagram . 

8 
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reservoir 

tap 

capillary tube with scale 

air bubble 

water 

(a) 	 Describe how Lhe students would have returned the air bubble Lo rhe start 
of the capillary tube in th is investigatio n. (I mark) 

(b) 	 Give two precautions the students should have taken when seuing up the 
powmeter to obtain reliable measurements of water uptake by the plant shoot. (2 marks) 

(c) 	 A potomeLer measures the rate of water uptake rather than the raLe of 
tran5piration. Give two reasons why the potometer does not tru ly measure 
the rate of transpiration. (2 marks) 

(d) 	The 5tudents' results are shown in the table. 

Number of leaves removed Mean rate of water uptake I cm3 

from the plant shoot per minute 

0.100 

2 0.08 

4 0.04 

6 0.02 

8 0.01 

Explain the rela tionship between the number of leaves removed trom the 
plan t shoot and the mean rate of water uptake. (3 marks} 

AQA Jan 20 l 3 

9 	 Read the fo llowing passage. 
Some foods contain substances called navenoids. Flavenoids lower blood 
cholesterol concemration and reduce the risk of developi ng coronary 
heart disease. 

Some types of dark chocolate have a high concentration or flavenoids. One 
group or scientists investigated the effect of eating dark chocolate on the risk 5 
or developing coronary heart disease. 

The sciemists randomly divided healthy volunteers into two groups. Every day 

one group was given dark chocolate containing navenoids to ea1. The other 

group acted as a comrol. 


The scientists measured the diameter of the lumen of the main artery in the 10 
arms of the volunteers every week. At the end of a month, the diameter of 
the lumen of the main artery in the arm of the volunteers who had eaten 
dark chocolate containing flavenoids had increased . 



AS additional practice questions 

Use information from 1hc passage and your own knowledge to answer the questions. 
(a) 	 High blood cholesterol concentration is a risk factor associated with coronary heart 


disease. 

Give two other risk factors associated with coronary heart disease. (2 marks) 


(b) 	 (i) The scientists used healthy volunteers in this investigation (line 7). 

Why was ii important that the volunteers were healthy? (I mark) 


(ii) 	 The scientists randomly divided the volunteers into two groups (line 7). 

Explain why they divided them randomly. (I mark) 


(c) 	 (i) Describe how the control group should have been treated. (2 marks) 
(ii) 	 Why was it importalll to have a control group in this investigation? (I mark) 

(d) 	Suggest why an increase in the diameter of the lumen of the main artery 

in the arm (lines 11-12) is associated with a reduced risk of coronary 

bean disease. (J marks) 


AQA June 20 l 0 

10 	 (a) What is intraspecific variation? (I mark) 
(b) 	 Schizophrenia is a mental illness. Doctors investigated the relative effects of genetic 


and environmental factors on the development of schizophrenia. They used sets of 

identical twins and non-identical twins in their investigation. At least one twin in 

each set had developed schizophrenia. 


lde111ical twins are generically identical. 

Non-identical twins are not genetically identical. 


• The members of each twin pair were raised together. 

The table shows the percentage of cases where both twins had developed 
schizophrenia. 

Type of twin Percentage of cases where both twins 

had developed schizophrenia 

• 


Identical 50 

Non-identical 15 
-
(i) 	 Explain why both types of twin were used in this investigation. (2 marks) 
(ii) 	 What do these data suggest about rhe relative effects of genetic and 

environmental factors on the development of schizophrenia? (I mark) 
(iii) Suggest two factors that the scientists should have taken into account 

when selecting the twins to be used in this study. (2 marks) 
AQA Jan 20 13 

11 	 (a) SLUdcnts measured the rate of t ranspiration of a plant growing in a pol under 
different environmental conditions. Their results arc shown in the table. 

Conditions Transpiration rate/gh- 1 

AStill air 1s ·c 1.2 

BStill air 15 •c 1.i' 

C St ill air z5•c 2.3 

During transpiration. water di£fuses from cells LO the air surrounding a leaf. 

(i) 	 Suggest an explanation for the difference in transpiration rate between 
conditions A and B. (2 marks) 

(ii) 	 Suggest an explanation for the diiference in transpiration rate 
between conditions A and C. (2 marks) 

(b) 	 Scientists investigated the rate of water movement through the xylem of a twig from 
a tree over 24 hours. The graph shows their results. It also shows the light intensity 
for the same period of time. 
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(i) 	 Describe the relationship between the rate of water movement through 
the xylem and the light intensity. (I mark) 

(ii) 	 Expla in the change in the rate of water movement rhrough the xylem 
between 06.00 and 12.00 hours. (2 marks) 

(iii) The scientists also measured the diameter of the trunk of the tree on which 
the twig had been growing. The diameter was less at 12.00 than it was 
at 03.00 hours. Explain why the diameter was less at 12.00 hours. (2 marks) 

AQA Jan 2011 

12 	 Imatinib is a drug used to treat a type of cancer that affects white blood cells. Scientists 
investigated the rate of uptake of imatinib by white blood cells. They measured the rate of 
uptake at 4 °C and at 37 °C. 

Their results are shown in the table. 

• 

0.5 4.0 10.5 

10.7 32.51.0 

40.4 420.55.0 

51.9 ?94.610.0 

249.9 3156.1 50.0 

606.9 3173.0100.0 

(a) The scientists measured the rate of uptake of imatinib in µg per million cells per hour. 
Explain the advantage of using this unit of rate in this investigation. (2 marks) 

(b) Calculate the percentage increase in the mean rate of uptake of imatinib 
when the temperature is increased from 4 °C to 37 °C at a concentration of 
imatinib outside the cells of 1.0 µmol dm-3• 

Give your answer to one decimal place. (2 marks) 
(c) Imatinib is taken up by blood cells by active transpo rt. 

(i) Explain how the data for the two different temperatures support this 
statement. (2 marks) 

(ii) Explain how the data for concentrations of imatinib outside the blood 
cells at 50 and 100 µmol drn-3 at 37 °C support the statement that 
imatinib is taken up by active transport. (2 marks) 

AQA .June 20 13 



1 

er.actice questions 

• 


Metastatic melanoma (MM) is a type of skin cancer. It is caused by a faulty receptor protein 
in cell-surface membranes. There have been no very effective treatments ror this cancer. 

Dacarbazine is a drug that has been used to treat MM because it appears to increase 
survival time for some people with MM. 


Doctors investigated the use of a new drug, called ipilimumab, to treat MM. They 

compared the median survival time (ST) for two groups of patients treated for MM: 


• a control gro up o f patients who had been treated with dacarbazine 
• a group of patients who had been created with dacarbazine and ipilimumab. 

The ST is how long a patient lives after diagnosis. 


The doctors also recorded the percentage of patients showing a significant reduction in 

tumours with each treatment. 


The total number or patients in the investigation was 502. 


Table 2 shows the doctors' results. 


TTable 2 

Median survival Percentage of patients showing
Treatment 

time (ST) I months significant reduction in tumours 

Oacarbazine 9.1 10.3 

Oacarbazine and 

ipi limumab 

11.2 15.2 

l (a) 	 The doctors compared median survival times for patients in each group. 
How would you find 1hc median survival time for a group of patients? (2 marks) 

(b) 	 ln many trials of new drugs, a control group of patients is given a placebo that 
docs not comain any drug. The control group in this investigation had been 
treated with dacarbazine. Suggest why they had not been given a placebo. (I mark) 

(c) 	 A journalist who read this investigation concluded that ipilimumab improved 
the treatment of MM. 
Do the data in Table 2 support this conclusion? Give reasons for your answer. 

(4 marks) 
(d) 	MM is caused by a faulty receptor protein in cell-surface membranes. Cells in MM 

tumours can be destroyed by the immune system. 
Suggest why they can be destroyed by the immune system. (J marks) 

AQA Specimen 20 t4 

2 (a) 	 Insect pem of crop plants can be controlled by chemical pesticides or biological 
agents. Give two advan tages of using biological agents. (2 marks) 

Two-spoiled mites arc pests of strawberry plants. Ecologists investigated the use 
of predatory mites 10 control two-spotted mites. They released predatory mites on 
strawberry plants infested with two-spotted mites. They then recorded the percentage 
of strawberry leaves occupied by two-spotted mites and by predatory mi tes over a 
16-week period. The resu lts are shown on the graph. 
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A level additional P-ractice questions 

(b) 	 Describe how the percentage of leaves occupied by predatory mites changed 
during the period of this investigation. (2 marks) 

(c) 	 The ecologists concluded that in this investigation control of the two-spoued 
mite by a biological agent was effective. Explain how the results support this 
conclusion. (2 marks) 

(d) 	Farmers who grow strawberry plants and read about this investigation might 
decide not to use these predatory mites. Suggest two reasons why. 

(e) 	 The ecologists repeated the investigation but sprayed chemical pesticide on the 
strawberry plants after 10 weeks. After 16 weeks no predatory mites were found but 
the population of two-spotted mites had risen significantly. Suggest an explanation 
for the rise in the two-spoaed mite population. (2 marks) 

AQA June 2012 

3 	 Mountains are harsh environments. The higher up the mountain, the lower the 
temperarure becomes. The diagram shows a forest growing on the side of a mountain. The 
upper boundary of the forest is called the tree line. Trees do not grow above the tree line. 

(a) 	 (i) The position of the tree line is determined by abiotic factors. What is 
meant by an a biotic factor? (I mark) 

(ii) 	 Other than temperature, suggest one abiotic factor that is likely to affect 
the position or the tree line on the mountain. (I mark) 

(b) 	 Scientists measured the concentration or carbon dioxide in the air in one part of the 
foresL. They took measurements at different times of day and a1 two different heights 
above the ground. Their results are shown in the bar chan. 

• 
22.0006.00 15.00 

time of day 



4 

5 

A level additional practice questions 

• 


Use your knowledge or phowsymhesis and respiration LO explain the data in 
the bar chart. (4 marks) 

(c) 	 The population of trees in the forest evolved adaptations to the mountain 
environment. Use your knowledge of selection to explain how. (J marks) 

AQAJan2012 

Plant physiologists attempted to produce papaya plants using tissue culture. They 
investigated the effects of different concentrations of two plant growth factors on small 
pieces of the stem tip from a papaya plant. Their results are shown in the table. 

No effect 	 No effect Leaves produced0 

No effect Leaves produced Leaves produced1 

Leaves produced No effect Leaves and some 
plantlets produced 

s 

Callus produced Leaves and some Plantlets produced 
plantlets produced 

10 

Callus produced 	 Cal lus and some Callus and some 

leaves produced leaves produced 
15 

Callus is a mass of undifferentiated plant cells. Plantlets are small plants. 

(a) 	 Explain the evidence from the table that cells from the stem tip are totipotent. 
(2 marks) 

(b) 	 Calculate the ratio or cytokinin : auxin that you would recommend to grow 
papaya plants by this method. (2 marks) 

(c) 	 (i) Papaya plants reproduce sexually by means of seeds. Papaya plants grown 
from seeds are very variable in their yield. Explain why. (2 marks) 

(ii) 	 Explain the advantage of growing papaya plants from tissue culture rather 
than from seeds. (I mark) 

AQA June 2011 

A Sri Lankan scientist investigated the effect of human disturbance on the organisms 
living on a rocky seashore. He chose three areas for the study. These areas had different 
amounts of human disturbance. The scientist measured human disturbance by 
walking from one encl or the beach to the other. He recorded the number of people he 
encoumered. Figure 1 shows his results. 

Site R Site G Site U 

Mean number of people encountered 2.2 (± 2.1) 1?.6 (± 9.6) 34.6 (± 11.6) 
per hour(± standard deviation) 

A Figure 1 

(a) 	 (i) What conclusions can you draw about the number or people visiting Site R 
compared with the number of people visiting the other two sites? Give 
evidence from Figure 1 to support your answer. (2 marks) 

(ii) 	 The scientist believed that there was a significant difference between the 
numbers or people visiting site Rand the other sites. Select and carry 
out a suitable statistical test to compare the sites. (J marks) 

(iii) 	Comment on the scientist's conclusion about visitor numbers. (2 marks) 



A level additional P-ractice questions 

(b) 	The scientist used quadrats to find the number or species at each or the three sites. He 
carried out a preliminary investigation and recorded the total number or species in an 
increasing number of quadrats. Figure 2 shows the results. 
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• Figure2 

(i) 	 Use Figure 2 to explain why 10 would not be an appropria1c number of 
q uadrats to use. (1 mark) 

(ii) 	 Use Figure 2 to explain why 25 would not be an appropriate number of 
quadrats to use. (l mark) 

(c) 	 The scientist measured the dry biomass of seaweeds at each of sites R. G and U. 
He collected all the organisms of a particular species in a quadrat and incubated 
them in an oven at a temperature of 80°C. 
The scientist incuba1ed the seaweeds at 80°C. Suggest why incubating them 
at a higher temperature would not produce valid results. (1 mark) 
As well as measuring the dry biomass of the seaweeds, the scientist measured 
the dry mass of the animals present. He also measured the abundance of each 
species. Figure 3 shows the data he collected. 

Site R Site G Site U 

Mean number of people per hour 2.2 17.6 34.6 

Mean number of species of seaweed 4.2 2.1 1.3 

per quadrat 

Ratio of dry biomass of animals to dry 0.15 0.06 0.03 

biomass of seaweeds 

Ratio of dry biomass of animals to 0.20 0.10 0.09 
abundance of animals 

Ratio of dry biomass of seaweeds to 0.79 1.57 3.24 

abundance of seaweeds 

• Figure 3 

(d) 	The ratio of the dry biomass of animals to the dry biomass of seaweeds is always a lot 
less than one. Explain why. (2 marks) 

(e) 	 (i) Conservation officers were working on the beaches used in this investigation. 
They noticed that there were fewer larger seaweeds on beaches used by a large 
number of people than on beaches visited by only a !cw people. Explain how the 
data in Figure 3 support this. (2 marks) 

(ii) 	 What conclusions can you draw from the data in Figure 3 about che effecc of 
human disturbance on the animals living on the seashore? Explain your answer. 

(4 marks) 
AQA June 2010 (apart from Sa (ii) and (iii)) 



6 Shrews are small mammals. Three species of shrew live in mainland Britain. The table 
shows the body mass of ten shrews in three ctiiferent shrew species. 

additional practice questions 

• 


Body mass (g) 

Common shrew 10.2 11.6 ?.9 12.? 13.5 6.5 B.? 9.7 

Pygmy shrew 5.9 5.6 4.9 4.1 4.9 5.9 4.6 4.8 

Water shrew 14.2 13.? 12 13.9 12.5 12.3 13.1 12.8 

a (i) Calculate mean body mass values for the three species. (2 marks) 
(ii) Calculate the standard deviation (see page 579) for each of the 

three means. (J marks) 
(iii ) Comment on the variation in the three populations (2 marks) 

A tea m of biologists investigated a method of estimating the abundance of shrews. They 
used plastic 1 ubes, ca lled hair tubes. Some of the hairs from a sh rew tha1 enters one of 
these tubes stick 10 glue in the tube. These hairs can be used to identify the species of 
shrew. The diagram shows a set of these hair tubes. 

part of entrance 
blocked with tape 

card with faunagoo 
underneath. Hairs 
from shrews stick 
to the faunagoo 

(b) 	 (i) Faunagoo is a glue that remains sticky after wetting and drying. Explain 
the advantage of using Faunagoo in these hair tubes. (I mark) 

(ii) 	 The diagram shows that the biologists partly blocked the entrances to the 
tubes with tape. Suggest why they partly blocked the entrances. (I mark) 

(c) 	 The biologists needed 10 find a way of distinguishing between the hairs of the three 
species of shrew. They collected hairs from shrews of each species. For each species, 
they selected hairs at random and made different measurements. 

Explain why 1he biologists selected the hairs at random. 	 (I mark) 
(d) Repeatable measurements are measurements of the sa me feature that are very 

similar. In 1his investigation, each measurement was made by two observers. This 
helped the team co check the repeatability of these measurements. 
(i) Expla in why ii was important to check the repeatability of the measurements. 

(2 marks) 
(ii) 	 You could use a scatter diagram to check the repeatability of measurements 

made by two observers. Describe how. (2 marks) 
(e) 	 The biologists used hair tubes to find the abundance of shrews along the edges of 

some fields. They also used traps that caught shrews without harming them. They 
selected areas where all three species of shrew were present. 
• 	 They put sets of hair tubes at 5 m intervals along the edges of the fields. They 

inspected the tubes one week later and recorded the number of sets of tubes that 
contained shrew hairs. They called this the hair tube index. 

• 	 At each site where they used hair tubes, they set traps immediately after using the 
hair tubes. They recorded the number of different shrews caught in these traps. 

(i) 	 The research team found the hair tube index. Explain why they could 
not use the hair tubes to find the total number of shrews present. (I mark) 

(ii) 	 The research team set the traps immediately after using the hair tubes. 

Explain why sening the traps immediately after using the hair tubes 
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A level additional 

would make comparisons between the two methods more reliable. (2 marks) 
The graphs are types of scatter diagram called bubble plots. They show hair tube 
index ploued against the number of shrews caught in traps. The area of the 
bubble is proportional to the number of records plotted. 
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(f) 	 Explain why a statistical test was necessary in analysing the results for the common 
shrew. Use the terms chance and probability in your answer. (2 marks) 

(g) 	 (i) The biologists conduded that hair tubes were a reliable way of measuring the 
abundance of common shrews. Give evidence from the graph to support this 
conclusion. (1 mark) 

(ii) Use information in this question to evaluate the use of hair tubes as a 
way of measuring the abundance of pygmy shrews. (2 marks) 

AQA Jan 2010 (apan from 6 a (i )-(iii)) 

7 (a) Increased intensity of exercise5 
leads to an increased heart rate. 
Explain how. (J marks) 

(b) 	 Scientists investigated the effect of 
taking omega-3 fatty acids in fish 
oil on heart rate during exercise. 
They recruited two large groups of 
volunteers, A and B. For each group, 
they measured the mean heart rates 
at different intensities of exercise. The 
volunteers were then given capsules 
to 1.ake for 8 weeks. 
• 	 Group A was given capsules 

comain ing omega-3 fatty acids in 
fish oil. 

• 	 Group B was given capsules 
comaining olive oil. 

After 8 weeks, they repeated the 
190 230 270 310 350 390 430 measuremems of mean heart rates at 

1ntens1ty of exercise/watts different imensities of exercise. The graph 
shows their results. The bars represent the 
standard deviations. 

(i) 	 Group B was given capsules containing olive oil. Explain why. (/mark) 
(ii) 	 The scientists concluded that omega-3 fatty acids lower the heart race 

during exercise. Explain how the information in the graph suppons 
this conclusion. (J marks) 

AQA June 2012 



Synoptic questions 

• 


Question A 

Sickle-cell anaemia is a disease caused by a gene mutation in the gene which codes for 
haemoglobin. 

In the DNA molecule that produces one of the amino acid d1ains in haemoglobin, the normal 
DNA triplet on the template strand is changed from CTC to CAC. As a result, the mRNA 
produced has a different code. 

1 	 (a) Identify the type or gene mutation that causes sickle cell anaemia. 
(b) 	 Deduce the 

(i) 	 normal mRNA codon produced from the DNA. 
(ii) mRNA codon produced as a result of the mutation. 

The changed mRNA codes for the amino acid valine rather than ror glutam ic acid. This 
produces a molecule or haemoglobin (called haemoglobin S) that has a 'sticky patch'. At 
low oxygen concentra tions haemoglobin S molecules tend to adhere to one ano1her by 
their sticky pa tches causing them to form long Obres within the red blood cells. These 
Hbres dis1ort 1he red blood cells, making them inflexible and sickle (crescen1) shaped. 
These sickle cells arc unable to carry oxygen and may block small capillaries. 

2 	 Suggest 
(a) 	 how a change in a single amino acid might lead to the change in protein structure 

described. 
(b) why sufferers of sickle-cell anaemia easily become tired. 
Sickle-cell anaemia disables and kills individuals and so the gene causing ii has been 
eliminated from most popu lations. However, the gene is relatively common among black 
populations or African origin. This is because the malarial parasite, Plasmodium, is unable 
LO exist in sickled red blood cells. 

3 	 Suggest a process that might have eliminated the mutant gene from most populations. 
Sickle cell anaemia is 1he result or a gene that has two codominant alleles, ITbA (normal) 
and Hb5 (sickled). 

4 	 What is meant by the term ·codominant'? 
The three possible genotype combinations of these two codominan1 alleles and their 
corresponding pheno1ypes are as follows: 
• 	 homozygous for haemoglobin S (Hb5Hb5). Individuals suffer from sickle-cell anaemia 

and are considerably disadvantaged if they do not receive medical a tt ention. They 
rarely live long enough to pass their genes on to the next generation. 

• 	 homozygous for haemoglobin A (HbAHb") . Individuals lead normal healthy lives, but 
are susceptible to malaria in areas of the world where the disease is endem ic. 

• 	 heterozygous for haemoglobin (HbAHb5) . Individuals are said to have sickle-cell trait, 
but are not badly a rrected. Sufferers may become tired more easily bu1, in general, 1he 
condi1ion is symptomless. They do, however, have resistance 10 malaria. 

5 	 (a) rn pans of Lhe world where malaria is prevalent, the hete rozygous s1ate (IJbAIJbs) 
is selected for a1 the expense of both homozygous states. Consider the informat io n 
above and suggest why this is the case. 

(b) 	 Name the 1ype of selection raking place. Explain your answer. 
6 	 (a) If two heterozygous individuals produce offspring, calculate the chance of any one of 

them having sickle-cell anaem ia. 
(b) 	 Genetic screening for sickle-cell anaemia can be carried out. Explain why the advice 

given by a genetic counsellor to individua ls with the same genotypes might differ 
depending on where they live. 



----

Synoptic questions 

7 	 In a populaLion of 175 individuals the frequency or the HbA allele is 
0.6 and the frequency of the Hbs allele is 0.4. 
(a) 	 Calculate the frequencies of the Hb" and Hb5 alleles that would 

be expected in the next genera1ion if 1he individuals mated 
randomly. 

(b) 	 Using the Hardy-Weinberg equation, calculate the number of 
individuals with each phenotype. Show your working. 

Question B 

Figure 1 shows the energy Oow through a freshwa1er ecosystem. 

l (a) (i) 	 St.ate which organisms in this rood chain are the primary 
consumers. 

(ii) 	 Calculate the energy lost in respira t ion and waste products 
by the freshwater sna ils. Show your work ing. 

energy from the sun (iii) Ca lculate lhe net primary production of 
the leeches. Show your working. 

(iv) Ca lculate the percentage efficiency 
48621 or energy transfer from leeches LO 

pondweed and algae respira tion sticklebacks. Show your working and 
21724 J give your answer w 1hree significant 

other organisms 4 t 	 figures. 

l 
--- ­

freshwater snails 13122 '------ respiration and The sun's energy for food chains like the one 
waste products shown in Figure I is convened LO chemical 

• 4210 	 energy by the process of photosynthesis.other organisms 

Photosynthesis has two distinct stages, 


l 
---~ 1269 respiration and the light independent stage and the lightleeches 1529 waste products 

dependent stage. Figure 2 is a simplified 

other organisms • 194 sequence or the light dependent stage. 


sticklebacks 

The units shown are 1n k1lo1oules per metre squared per year (kJ m-2year-1l 

A Figure 1 
2 	 (a) Name the substances P, Q, Rand S. 

(b) State the number of carbon aroms in ribulosep 

l 
bisphosphate. 

The products of phorosynthcsis are transported from thelc ATP leaves to the regions or the plant using or st.oring thems (3Cl ADP through the tissue shown in Figure 3. 

tnosc s11gar (3Cl~r-	 transverse section IOngltudonal section 

11bulose b1sphospl1ate l 
t1exose sugarn

R ADP 	 ATP l 
Q 

A. Figure 2 

liJJ> Figure 3 

• 




Synoptic questions 

3 	 (a) (i) Name the tissue shown in Figure 3. 
(ii) 	 Figure 3 shows Lwo types of cells Lhat are typical of this tissue. Name the two 

types of cell. 
(b) 	 (i) Name two organic substances that are transponed in this tissue. 

(ii) 	 Outline four pieces of evidence that suppon the view that organic substances are 
transported in the phloem. 

(c) 	 Explain the advantages or swdying cells such as these with an electron microscope 
rather than a light microscope. 

Question C 

Figure I shows a nephron from a mammalian kidney. 

1 (a) Name the pans labelled A - H 
(b) (i) Name a substance found in the blood plasma 

in the a rrcrcnt arteriole bu t not present in the 
struct ure labelled IT. 

(ii) Expla in why this substa nce is absent from 
structure Tl. 

(c) (i) Name a substance fo und in rhe sLrucLure labelled 
B but absen t from the nuid in the structure 
labelled E. 

(ii) Explain why this substance is absent from 
struclll re E. 

2 Name the two blood vessels through which blood passes 
on iLs journey from the heart to the aHereot arteriole. 
Figure 2 represents a cell from the wall of structure H. 

3 (a) Calculate the magnification of the cell in Figure 2. 
Show your working. 

(b) (i) Name the strucwres labelled X. .A. Figure 1 

afferent 
arteriole 

F 

E 

c 

• 

(ii) 	 Describe Lhe function of the structures labelled X. 
(c) 	 (i) Name the strucwres labelled Y. 

(ii) Explain why these cells have a large number of structure Y. 

Goodpasture's disease is a very rare condition in which antibodies 

anack an antigen that ic; found in cells of the glomerulus of the kidney. 

One sympwm of the disease is blood in the urine. 


4 	 (a) Suggest an explanation for the sufferers of the disease having 25µm 
blood in the urine. 

(b) 	 (i) Name the type of cell tha t produces antibodies in the body. 
(ii) Ant ibodies do not directly destroy cells w ith the a ntigen they 

are complemen tary to, bu t rather prepare these cells for 
desLruction. Ex plain the role of an tibodies in preparing cells 
w ith the antigen for destruction. 

Question D 	 .A. Figure 2 

Cystic fibrosis is ca used by a mutant recessive allele in which th ree DNA bases. aden ine­
adenine-adenine, arc missing from the cystic fibrosis trans-membrane-conductance regu lator 
(CFTR) gene. The deletion results in a single amino acid being left out of the protein produced 
by this gene. As a result the protein is unable to perfom1 its role of transporting chloride ions 
across epithelial membranes. CFTR is a chloride-ion channel protein that transports chloride 
ions out of epithelial cell~. and water naturally follows keeping epithelial membranes moist. 

I Explain how it is possible for parents without cystic fibrosis to have a child who suffers 
from the disease. 

2 Name the process by which water will follow chloride ions across epithelial membranes. 
Jn a patient with cystic fibrosis, the epithelial membranes are dry and the mucus they 
produce remains viscous and sticky. The symptoms this causes include: 
• 	 mucus congestion in the lungs leading to a much higher risk of infection, breathing 

difficulties and less efficient gaseous exchange 
• 	 accumulation of thick mucus in the pancreatic ducts, preventing pancreatic enzymes, 

such as lipases, from reaching the duodenum. 



3 (a) 	 Explain why mucus congestion in the lungs ca n lead to a higher risk of infection. 
(b) Describe precisely the action of lipases. 

Where there is a history of the disease in both families, parents may choose to be 

genetically screened to see whether they carry the allele. Genetic screening involves trying 

to determine if the mutanL allele of the CFfR gene is presen1. 


4 Outline how the presence of a mutant allele of the CFTR might be detected using DNA 
probes and DNA hybridisation. 
Research is taking place to treat cystic fibrosis using a technique called gene therapy. This 
involves replacing or supplementing the defective gene with a healthy one. One method 
is to introduce cloned normal genes into the epithelial cells of the lungs but the treatment 
needs to be repeated as often as every few days. The long-term aim is to target the stem 
cells that give rise to lung epithelial tissue. 

5 (a) Sta te the meaning of the word 'cloned'. 
(b) 	 Expla in why the treatmem of lung epithelia l tissue has to be repeated frequently. 
(c) 	 Suggest a n advantage of delivering the healthy gene to stern cells rather than mature 

lung epithelial tissue. 
Viruses make useful vectors for the transfer of the norma l CFTR gene into the epithelial 
cells. They are grown in epithelial cells in the labora tory along with plasm ids that have 
had the normal CFTR gene inserted. The CFTR gene becomes incorporated into the DNA 
o f the viruses which are isolated and purified berore being introd uced into the nostrils of 
the pa tients. 

6 	 (a) Define each of the following terms: 
(i) virus 
(ii) vector 
(iii) plasmid. 

(b) 	 From your knowledge of viruses, suggest a reason why they are used to introduce the 
healthy CFTR gene into lung epithelial cells. 

(c) Suggest a possible disadvancage of using viruses in this way. 
An alternative method of delivering plasmids containing the healthy CFTR gene into lung 
epithelial cells is to wrap them in lipid molecules to form a liposome. The liposomes are 
sprayed into the nostrils of the patient as an aerosol and arc drawn down into the lungs 
during inhalation. 

7 	 (a) Describe the process of inhalation in a human in terms of the structures involved and 
the associated pressure and volume changes. 

(b) 	 Suggest a reason why liposomes are able to deliver the CFTR gene into lung epithelial 
cells . 

• 




Answers to que.stions 


Atoms, isotopes, and the formation of ions 
l a hydrogen 

b isoLOpe 

c LOO% (it is doubled as ncLnrons have the same 
mass as protons} 

d It is unchanged (the atom ic number is the 
number of protons and this remains as one) . 

2 a hydrogen ion 

b II is not changed (mass number is the number 
of protons and neutrons) 

1.2 
1 Carbon atoms readily link LO one another to form a 

cha in. 

2 polymer 

3 	 Sugar donates electrons that reduce blue copper(H) 
sulfate to orange copper( I) oxide. 

Semi-quantitative nature of Benedict's test 
l 	 8, E, A, 0, C 

2 	 Dry the precipitate in each sample and weigh it. 
The heavier the precipitate the more reducing 
sugar is present. 

3 	 Once all the copper( ll) sulfate has been reduced to 

copper(!) oxide, further amounts of reducing sugar 
cannot make a difference. 

1.3 
1 	 a glucose+ galactose; b glucose + fructose; 

c CL glucose only 

2 (C 0 + C H 0 - H 0)C12H220 11 6
H 12 6 6 12 6 2

3 	 Enzymes are denatured at higher temperatures and 
this prevents them functioning I enzymes lower 
the activation energy req uired. 

1.4 
starch 

2 glycogen 

3 CL-glucose, ~-glucose, starch, cellulose 

4 starch, cellulose, glycogen 

5 o.·glucose 

6 cellulose 

7 starch, cell u lose, glycogen 

8 ex-glucose, ~-glucose 

1.5 
l 	 a triglycerides; b glycerol; 


c polyunsaturated; d two; e hydrophobic 


2 	 triglyceride: 3 fatty acids I no phospha te group I 
nonpolar; phospholipid: 2 fatty acids I 
I phosphate group I hyd rophilic 'head' and 
hydrophobic 'tail 

3 	 Lipids provide more than twice as much energy 
as carbohydrate when they arc oxidised. If fat 
is stored, the same amount of energy can be 
provided for less than half rhc mass. It is therefore 
a lighter storage product - a major advantage if the 
organism is motile. 

1.6 
I 	 peptide bond 

2 	 condensation reaction 

3 	 amino group (- NH2 ), carboxyl group 
(-COOH), hydrogen atom (-H), R group 

Protein shape and function 
1 	 It has three polypeptide chains wound together to 

form a strong, rope-like structure that has strength 
in the direction of pull of a tendon. 

2 	 prevents the individual polypcpLide chai ns from 
slidi ng past one another and so they ga in strength 
because they act as a single uni t 

3 	 The junctions between adjacent collagen molecules 
arc points of weakness. If they all occurred at the 
same point in a fibre, this would be a major weak 
point at which the fibre might break. 

1.7 
a substance that alters the rate of a chemical 
reaction without undergoing permanent change 

2 	 They are not used up in the reaction and so can be 
used repeatedly. 

3 	 The changed amino acid may no longer bind to 
the substrate, which will then not be positioned 
correctly, if at all, in the active site. 

4 	 The changed amino acid may be one that forms 
hydrogen bonds with other amino acids. If the 
new amino acid does not form hydrogen bonds 
the tertiary strucLUre of the enzyme will change, 
includ ing the active site, so that the substrate may 
no longer fit. 

Lock and key model of enzyme action 
I 	 Tt more clearly matches current observations such 

as enzyme activity being changed when molecules 
bind at sites other rhan rhe active site. This suggesrs 
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Answers to questions 

that enzyme molecules change shape when other 
molecules bind to them. 

1.8 
I 	 To ru nct ion, enzymes m ust physica lly collide with 

their substrate. Lower tempera tures decrease 
the kinetic energy of both enzyme and substrate 
molecules, which then move a rou nd less quickly. 
They hence collide less often and therefore react 
less frequent ly. 

2 	 The heat causes hydrogen and other bonds in the 
enzyme molecule to break. The tertiary structure 
of the enzyme molecule changes, as does the active 
si te. The substrate no longer firs the active site. 

3 a 	 High temperatures denature the enzymes and 
so they cannot spoil the food; 

b 	 Vinegar is very acidic and the very low pH will 
denature the enzymes and so preserve 
the food 

4 	 pH =4 

Enzyme action 
I a Enzyme X is not very specific as it acts on a 

number of different proteins. 

Enzyme Y is highly specific as it acts on a single 
protein. 

b 	 Enzyme X could be used in biological washing 
powders to digest/remove stains from clothes. 

Enzyme Y could be used in making yoghurt/ 
cheese from milk. 

c 	 Milk is the only food in the diet of young 
mammals. The enzyme coagulates the milk 
causing it to remain in the stomach for longer. 
This gives time for enzymes there to act on it 
so tha1 it can be broken down into produces 
which can then be absorbed. JI' it had remained 
liqu id, it wou ld pass through 1he stomach more 
quickly and only be partially digested. 

d 	 Enzyme X functions at much higher 
temperatures than enzyme Yand so m ust 
have a much more stable tertiary structure 
to prevent it becoming denatured. The bonds 
holding the polypeptide chain in its precise 3-D 
arrangement that makes up 1he active si te must 
therefore be less easily broken than those of 
enzyme Y. lt is therefore likely that the bonds 
or enzyme x are mostly, or en tirely, disulfide 
bonds as these are not easi ly broken by heat. 
Enzyme Y is likely to have more of the heat­
sensitive ionic and hydrogen bonds. 
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2 a 

Time I min for Rate of reaction I 
Temperature I 'C hydrolysis of 1 

protein time 

lS S.8 0.17 

2S 3.4 0.29 

3S 1.7 O.S9 

4S 0.7 1.43 

SS 0.6 1.67 
~ 

6S 0.9 1.11 

7S 7.1 0.14 

b 1.8 
1.6 

-1·· l.4 
§ 1.2 

'i3 1.0 

~ 08 


~ 0.6 

~ 0.4 


0.2 
0 	 . 

0 10 20 30 40 50 60 70 
temperature/°C 

c 	 The optimum temperature is ro und by dropping 
a ve rtical line rrom the highest poin t on the 
curve and reading the temperaiure where it 
transects the temperature (x) axis. The value is 
in 1he range 50-55 °C. 

d 	 Carry out the experiment in exactly the same 
way but use narrower temperature intervals 
(e.g. l 0 C) over the range 45-60 °C. 

1.9 
1 	 Competitive inhibitors occupy the active site of an 

enzyme while non-competitive inhibitors attach to 
the enzyme at a site other than the active site. 

2 	 Increase the substrate concentration. rr 1he 
degree or inhibition is reduced, it is a competitive 
inhibitor; if it stays the same. it 
is a non-competitive inhibiLOr. 

Control of metabolic pathways 
I 	 pH I substra te concentration (not temperature) 

2 	 In a me1abolic pathway, the produc1 of one 
react io n acts as the substrate for the ncx1 reaction. 
By having the enzymes in appropriate sequence 
there is a greater chance of each enzyme coming 
in10 contact with its substrate than if the enzymes 
arc noa1ing freely in the organelle. This is a more 
efficient means of producing the end product. 

3 	 a it would increase; b it would be unchanged 



4 	 Advantage - the level of the end product does not 
fluctuate with changes in the level or substrate. 

Explanation - Non-competitive inhibition occurs 
at a site on the enzyme other than the active 
si te. Hence it is not affected by the substrar.e 
concentration. Therefore, in non-competitive 
inh ibition, changes in the level of substrate do no t 
affect the inhibition or the enzyme. nor th e normal 
level or the end product. 

Competitive inhibition involves competition for 
active sites. In this case the end product needs to 
compete with the substrate for the active sites of 
enzyme A. A change in the level of substrate would 
therefore affect how many end product molecules 
combine with the active sites. As a resul t the 
degree of inhibition would fluctuate and so would 
the level of the end product. 

2.1 
1 	 pentose(sugar), phosphate group, organic base 

2 	 The bases are linked by hydrogen bonds. The 
molecular structures could be such rhac hydrogen 
bonds do not fom1 between adenine and cytosine 
and between guanine and thymine. 

3 	 ACCTCTGA 

4 	 30. 1 %. If 19.9% is guanine then, as guanine always 
pairs w ith cytosine, it also makes up 19.9% of the 
bases in ONA, so together they make up 39.8%. 
This means the remaining 60.2% or DNA must be 
adenine and thymine and, as these also pair, each 
must make up half 
or this, i.e. 30.1 %. 

Unravelling the role of DNA 
1 	 Alternative theories can be explored and 

investigated. As a result, new facts may emerge and 
so a new theory is put forward or the existing one 
is modifi ed. In thjs way, scientific progress can be 
made. 

2 	 A suggested explanation or something based on 
some logical scientific reasoning or idea. 

3 	 The harmful bacteria in the sample could be tested 
to ensure they were dead, e.g. by seeing if they 
multiply when grown in ideal conditions. Dead 
bacteria cannot multiply. 

4 	 The probability of the mutation happening 
once is very small. The probabil it y of the same 
mutation occurring each time the experiment is 
repealed is so min ule Lhat it can be discounted. 

5 	 Society w ill probably be affected by new discoveries 
and so is entitled to say how they can or cannot be 
used. 

Answers to questions 

A prime location 
I It means 'in life '. In other words the synthesis 

of ONA by a living organism rather than in a 
laboratory. 

2 	 Enzymes arc very specific. They have active sites 
that are of a specific shape that Ots their substrate. 
The shape of the 3' end of the molecule with 
its hydroxyl group fits the active site of DNA 
polymerase whereas the shape of the 5' end does 
not. 

2.2 
1 TACGATGC 

2 because half the original DNA is built into the new 
DNA strand 

3 The linking together of the new nucleotides could 
nol take place. While the n ucleotides would match 
up to their complementary nucleotides on the 
original DNA strand. they would not join together 
to form a new stran d. 

Evidence for semi-conservative replication 
1 	 the organic bases (adenine, guanine, cytosine and 

thymine) 

2 	 Each DNA molecule is made up of one strand 
containing 15N (the original strand) and one strand 
containing 14N (the new strand) . In other words, 
replication is semi-conservative. 

3 	 4 100 ~-~--~-~ 

75 -1--~---+---I 

50 1---+-~~-r--~ 

25 

0 ~----~---1. 
14N l4 N/15N t5N 

only mixture only 

5 	 75% 

2.3 
I 	 ATP releases its en ergy very rapid ly. This energy is 

released in a single step and is transferred directly 
to the reaction requiring it. It is too unstable to be a 
long term store. 

2 	 ATP provides a phosphate that can attach to 
another molecule, making it more reactive and so 
lowering its activation energy. As enzymes work by 
lowering activation energy they have less ' work' to 
do a nd so function more readily. 

3 	 Any 3 from: building up macromolecu les (or 
named example of macromolecule) I active 
transport I secretions (formation of lysosomes) I 
activation of molecules . 

• 




Answers to questions 

2.4 
a dipolar 

b electrons 

c hydrogen bonds 

d surface tension 

e hydrolysis 

f photosynthesis 

3 .1 
I 	 Magnification is how many times bigger the image 

is compared to the real object. Resolution is the 
minimum distance apart that two objects can be in 
order for them to appear as separate items. 

2 200 times 

3 lOmm 

4 500nm (0.5 µ m) 

5 Keep the plant cells in a cold, buffered solution 
with the same water potential as the cells. 
Break up the cells using a mortar and pestle I 
homogeniser. Filter the homogenate to remove cell 
debris. Centrifuge the homogenate at 1000 times 
gravity and remove the supernatant liquid (leaving 
nuclei behind in the sediment). Then centrifuge 
the supernatant liquid at 2000-3000 times gravity. 
The sediment produced will be rich in chloroplasts. 

6 	 a l.5µm; b 19nm 

3.2 
I 	 The EM uses a beam of electrons that has a much 

smaller wavelength than light. 

2 	 Electrons arc absorbed by the molecules in air 
and, if present. this wou ld prevent th e electrons 
reaching the specimen. 

3 	 a plant cell a nd bacteria; b all of them; c plant 
cell, bacterium and virus 

4 	 The preparation or the specimens may not be good 
enough. A higher energy elect ron beam is required 
and this may destroy the specimen 

5 	 The organelle m easures 25 mm(= 25000µm) long 
and represents 5 µm. Magnification is therefore 
25000µm + 5µm = 5000 times. 

3.3 
1 light 2 eyepiece 

3 stage 4 calibrated 

5 2 6 8 

7 20 8 3000 
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3.4 

I protein synthesis 

2 glucose, fructose, galactose 

3 a mitochondrion; b nucleus; 
c Golgi apparatus; d lysosome 

4 a mitochondria, nucleus; b Golgi apparatus, 
lysosomes; c rough endoplasmic reticulum I 
ribosomes, mitochondria I smooth endoplasmic 
reticulum 

3.5 
I 	 a collection of similar cells aggregated together to 

perform a specific function. 

2 	 An artery is made up or more than one tissue 
(epithelial muscle connective), whereas a blood 
capillary is made up of on ly one tissue (epithelial). 

3 	 a organ b tissue c nrgan d tissue 

3.6 
1 	 A= absent; B = present; C = present; 

D =sometimes; E =sometimes; F =sometimes; G = 
present; H =present; l =sometimes; 
J =absent; K =present; L = present; M =absent; 
N =present 

6000nm .
2 	 6 µ m = 6000 nm; = 40 umes150 nm 

3.7 
1 	 a interphase; b prophase; c spindle; d nuclear 

envelope; e nucleolus; f metaphasc; g anaphase; 

Importance of mitosis 
I 	 a d vantage - as the genetic make up of the 

parent has enabled it to survive and reproduce, 
if th e offspring have the same genetic make up, 
they are also likely to survive and reproduce. 

disadva n tage - genetic variety is lim ited - if 
environmental cond itions ch ange th e species 
may not have ind ividua ls w ith th e necessar y 
genes to su rvive in the new condi tions. I t could 
fail 10 adapt and become extinct. 

Recognising the stages of mitosis 
I 	 A= telophase - chromosomes in 1wo sets, one at 

each pole; B = prophase - chromosomes visible but 
randomly arranged; C = interphase ­
no chromosomes visible; D = metaphase ­
chromosomes lined up on equator; E = anaphase ­
chromatids in two sets, each being drawn towards 
pole 

2 	 24 minutes. Number of cells in metaphase + total 
number of cells observed x time for one cycle (in 
minutes), i.e. 20 + 1000 x 1200 = 24 



Answers to questions 

3 I l % chromosomes visible in prophase. metaphase, 
anaphase and telophase (73 + 20 + 9 + 8) -:- 1000 x 
100 

3.8 
1 	 interphase, nuclear division and cel l division 

2 	 a J2 hours and 24 hours; 
b 6-9hoursand 18-21 hours 

Cancer and its treatment 
l 0.2 miUion I 200 000 

2 	 50% 

3 	 8.33 times (0.5 -:- 0.06) 

4 	 More cancer ceUs are killed because they divide 
more rapidly than hea lth y cells and so are more 
susceptible to the drug. 

5 a lf the frequency was increased the healthy 
body cells would not have time to increase 
their numbers to near normal again between 
treatments. Their numbers would decline 
rapidly after a few treatments and possibly 
kill the patient. 

b The increased dose would kill even more 
healthy cells each time and again their 
numbers would decline rapidly after a few 
treatments and possibly kill the patient. 

4.1 
to control the movement of substances in and out 
of the cell 

2 hydrophobic tail 

3 a phospholipid; b protein (carrier or channel) 

4 	 Any 2 from: lipid-soluble I small in size I have no 
electrical charge (or if it does, the charge should be 
opposite to that on the protein channels). 

4.2 
Any three from: concent.ration gradient I area over 
which diffusion takes place/ thickness of exchange 
surface I temperature. 

2 	 Facilitated diffusion only occurs at channels on the 
membrane where there arc special protein carrier 
molecules. 

3 	 There is no ATP from respiration used in the 
process. The only energy u~ed is the in-built 
(kinet ic) energy of the molecules themselves. 

4 	 Only lipid-soluble substances diffuse across 
the phospholipid bilayer easily. Water-soluble 
substances like glucose diffuse on ly very slowly. 

5 	 ll could increase its surface area with microvilli and 
it could have more proteins with pores that span 
the phospholipid bilayer. (Note: the thickness of 

the cell-surface membranes does not vary to any 
degree). 

6 a increases two times I doubles; 

b no change; 

c decreases four times I it is one quarter; 

d increase two times I doubles (The C02 
concentration is irrelevant). 

4.3 
a membrane that is permeable to water molecules 
(and a few other small molecules) but not to larger 
molecules 

2 	 7.ero 

3 	 C, D. A, B 

Osmosis and plant cells 
1 	 Both cells have a lower water poten tial than pure 

water and so water enters them by osmosis. The 
animal cell is surrounded only by a thin cell­
surface membrane and so it swells until it bursts. 
The plant cell is surrounded by a rigid cellulose 
cell wall. Assuming the cell is turgid, water cannot 
enter as the cellulose cell wall prevents the cell 
expanding and hence it bursting. 

2 A = turgid, B =incipient plasmolysis, 
C = plasmolysed, D =turgid 

3 solu tions A. Band D (all except C) 

4.4 
I 	 Similarity - both use carrier proteins in the plasma 

membrane. Difference - active tramport requires 
energy (ATP) I occurs against a concentration 
gradient. 

2 	 Active transport requires energy in the form 
of ATP. Mitochondria supply ATP in cells and 
therefore they are numerous in cells carrying out 
act.ive transport. 

3 	 Diffusion, at best. can only reabsorb 50% of the 
gl ucose lost from the blood. The other 50% will be 
lost from the body. Active transport can absorb all 
the glucose. leaving none to be lost from the body. 

4.5 
l 	 by increasing the concentration gradient either side 

of it I by increasing the surrace area I by increasing 
the density of protein channels (carrier proteins) 

2 	 because glucose molecules and sodium ions move 
in to the cells coupled together 

3 	 a active; b passive; c passive 

Oral rehydration therapy 
l 	 Glucose stimulates the uptake of sodium ions from 

the intestine and provides energy as it is 
a respiratory substrate. 



2 	 The sodium ions replace those lost from the body 
and encourage the use of the sodium-glucose 
transporter proteim to absorb more sodium ions. 

3 	 Boiling the water will kill any diarrhoeal pathogens 
that would otherwis(' make the patient's condition 
worse. 

4 	 Potassium in the banana replaces the potassium 
ions that have been lost. lt also stimulates the 
appetite and so aids recovery. 

5 	 Banana improves the taste and so makes it easier 
for children to drink the mixture. 

6 	 Too much glucose might lower the water potential 
within the intestine to a level below that within 
the epithelial cells. Water will then pass out of the 
cells by osmosis, increasing dehydration. 

7 	 Starch is a large insoluble molecule that has no 
osmotic effects. 

8 	 Partially digest the starch with amylase. The 
smaller and more soluble molecules that result 
produce a less viscous drink. 

9 	 Each species has diHerent physical and chemical 
features and therefore may respond differently to 
the same drug. What is safe for some other animal 
may be harmful to a human. 

10 It acts like a control experiment. Changes in the 
parienrs taking the real drug can be compared with 
patients raking the placebo lO see whether they are 
due to the drug or to some other factor. 

11 	There is no risk of any deliberate or unwitting bias 
by the patients. Those knowing they arc on the 
real drng might wrongly attribute changes in their 
symptoms to the drug. 

5.1 
1 	 A specific mechanism distinguishes between 

different pathogens but responds more slowly 
than a non-specific mechanism. A non-specific 
mechanism treats all pathogens in the same way 
but responds more rapidly than a non-specific 
mechanism. 

2 	 The lymphocytes that will finally control the 
pathogen need to bui ld up their numbers and this 
takes time. 

3 	 The body responds immediately by 'recognising· 
the pathogen (and by phagocytosis); the delay is in 
building up numbers of lymphocytes and therefore 
controlling the pathogen. 

5.2 
1 	 a phagocytosis b phagosomc c lysozyme 

d lysosomc 

2 	 The protective covering of the eye, and especially 
the tear ducts, arc potential entry points for 
pathogens. The eyes are vulnerable Lo infection 

• 

because the covering~ are thin to allow light 
through. Lysozymc will break down the cell walls 
of any bacterial pathogens and so destroy them 
before they can cause harm. 

5.3 
I 	 An organism or substance, usually a protein, that 

is recognised a5 foreign by the immune system and 
therefore stimulates an immune response. 

2 	 Any 2 from: both are types or white blood cell I 
have a role in immunity I arc produced from stem 
cells 

3 	 T cells mature in the thymus gland while B cells 
mature in the bone marrow; T cells are involved in 
cell-mediated immunity while B cells are involved 
in humoral immunity. 

Bird flu 
H5Nl infects the lungs, leading to a massive 
production of T cells. Accumulation of these cells 
may block the a irways I fill the alveoli and cause 
suffocation. 

2 	 Birds carry H5N I virus. They can fly vast distances 
across the world in a very short 
space of time. 

5.4 
1 	 lo the primary response, the antigens of the 

pathogen have to be ingested, processed and 
presented by B cells. Helper T cells need lO link 
with the B cells that then clone, some of the cells 
developing inlO the plasma cells that produce 
antibodies. These processes occur consecutively 
and therdore take time. In the secondary response, 
memory cells arc already present and the only 
processes arc cloning and development into plasma 
cells that produce antibodies. Fewer processes 
means a quicker response. 

2 	 Examples of differences include: 

Cell-mediated immunity Humeral immunity 

Involves Tcells Involves mostly B cells 

No antibodies Antibodies produced 

First stage of immune Second stage of immune 
response response after cell· 

mediated stage 

Effective through cells Effective through body fluids 

3 	 rough endoplasmic reticulum - to make and 
transport the proteins of the antibodies; Golgi 
apparatus - to son, process and compile the 
proteins; mitochondria - 10 release the energy 
needed for such massive antibody production 



Answers to questions 

5.5 
1 	 There must be a massive variety or antibodies as 

each responds to a different antigen, of which there 
are millions. Only proteins have the diversity of 
molecular structure to produce millions of different 
types. 

2 	 An antigen is a molecule that triggers an immune 
response by lymphocytes while an antibody is the 
molecule that has a complementary shape to the 
antigen and is produced in response to it. 

3 	 Any accurate response that includes an argument 
in favour (e.g. removes the risk or healthy 
volunteers being harmed I termina lly ill patients 
have most to ga in and less to lose) and an 
argument against (e.g. response or terminally ill 
might be different from those in the early stages 
of the disease a nd results therefore cou ld be 
unreliable I sa mple size li kely to be smaller I not 
typical). 

Producing monoclonal antibodies 
l 	 Detergents affect the lipid component of 

membranes causi ng them to develop 'holes'. 
When the detergent is washed ouc, the membranes 
reform, sometimes in combination with those of 
other cells that arc adjacent. 

2 	 to ensure the B cells and tumour cells repeatedly come 
into physical contaa - essential if they are LO fuse 

3 	 because B cells are short-lived and do not divide 
outside of the body. Tumour cells are Jong-lived 
and divide outside the body. Using both of them 
leads to long-lived B cells chat can be grown 
ou tside the body. 

4 	 B cells with B cells. and twnourcells with tumour cells 

5 	 because monoclonal antibodies from mouse tissue 
will be recognised as foreign (non-self) and will be 
destroyed by human an tibodies if not 'humanised'. 

6 	 The introduction o f an tibod ies into humans could 
cause a reactio n I disease that could be dangerous. 
The a ntigen could stimula te an over-response of 
the immune system. 

5.6 
1 	 Active immunity - individuals are stimulated 

to produce their own antibodies. Immunity is 
normally long-lasting. 

Passive immuni1y - antibodies are introduced 
from outside rather than being produced by the 
individual. Immunity is normally only short-lived. 

2 	 The innuema virus displays antigen variability. 
Its an1igens change frequently and so antibodies 
no longer recognize the virus. New vaccines 
are required to stimulate the antibodies that 
complement the new antigens. 

MMR vaccine 
1 	 the MMR vaccine is given at 12-15 months - the 

same time as autism symptoms appear 

2 	 It mighi: present 1he findings in an incomple1e I 
biased fashion. ignore unfavourable findings, fund 
only further research that seems likely to produce 
the evidence 1hat its seeks rather than investigating 
all possible outcomes, withdraw funding for 
research tha1 seems likely to produce unfavourable 
findings. 

5.7 
1 	 lt possesses RNA and 1he enzyme reverse 

transcriptasc which can make DNA from RNA - a 
reaction that is the reverse of that carried out by 
transcriptase. 

2 	 HTV is a virus - the human immunodeficiency 
virus - wh ile AIDS (acquired immune deficiency 
syndrome) describes the condi tion caused by 
infection with mv. 

3 	 Pcopk wi1h impaired immune systems, such 
as those with AIDS, arc far less able to protect 
themselves from TB infections and so arc more 
likely to contrac1 and spread TB 10 others. 
Widespread use of condoms helps prevent HlY 
infection and so can reduce the number of 
pcopk with impaired immune systems who are 
consequently more likely to contract TB. 

6.1 
l 	 respiratory gases. nutrients, excretory products and 

heat 

2 	 0.6 

3 	 Any 3 from: surface area I thickness of 
cell-surface membrane I permeability of 
cell-surface membrane to the particular substance I 
concentration gradient or substance between inside 
and outside.: of cell / temperature 

Significance of surface area to volume ratio in 
organisms 
l 	 They are very small and so have a very large 

surface area to volume ra tio . 

2 	 The blue whale has a very small surface area to 
volume ratio and so loses less heat to the water 
than it would if it were small. 

Calculating a surface area to volume ratio 
ln making the calculation it is important to note that 
the cylinder sits on the rectangular box. This means 
that one end docs not form part of the external 
surface. At the same 1ime the equivalent area of the 
rectangular box also docs not form part of the external 
surface. The area of these two discs is equal to 2 x rtr2 
and must be subtracted from our calculation . 

• 




Since the surface area of the cylinder is calculated as 
2rcrh + 2rcr2, we can therefore ignore the 2rcr2 because 
this is the same as the area that must be subtracted 
from our calculation. The surface area 
of the cylinder is therefore taken to be 2rcrh or 
2x3. 14 x 2 x 8 = 100.48cm2• The surface area of the 
recta ngular box is 2 x (6 x 5) + 2 x (5 x 12) + 
2 x (6 x 12) = 324cm2 

• The total surface area= 100.48 
+ 324 = 424.48cm2 . 

The volume of the cylinder is calcu lated using the 
surface area of the base (rcr2) multiplied by its height 
(h). This equals 3.14 x (2 x 2) x 8 = 100.48cm3. The 
volume of the rectangular box = 
12 x 6 x 5 = 360cm3. The total volume is therefore 
360 + 100.48 = 460.48cm3. 

The surface area to volume ratio is 424.48 + 460.48 = 
0.92. 

6.2 
I 	 diffusion over the body surface 

2 	 Gas exchange requires a thin permeable surface 
with a large area. Conserving water requires thick, 
waterproof surfaces with a small area. 

3 	 becau~e it relics on diffusion to bring oxygen to the 
respiring tissues. If insects were large it would take 
too long for oxygen to reach the tissues rapidly 
enough to supply their needs. 

Spiracle movements 
I 	 It falls steadily and then remains at the 


same level. 


2 	 Cells use up oxygen during respiration and so it 
diffuses out of the tracheae and into these cells. With 
the spiracles closed, no oxygen can diffuse in from 
the outside to replace it. Ultimately, all the oxygen is 
used up and so the level ceases to fa ll. 

3 	 the increasing level of carbon d ioxide 

4 	 II helps conserve water because the spiracles are 
not open continuously and therefore wa ter does 
not dilfuse out continuously. 

5 	 It contained more oxygen. 

6.3 
1 	 the movement of water and blood in opposite 

directions across gill lamellae 

2 	 because a steady diffusion gradient is maintained 
over the whole length of the gi ll lamellae. 
Therelore more oxygen diffuses from the water 
in to the blood. 

3 	 Mackerel have more gill lamellae I gi ll filaments I 
larger surface area compared to plaice. 

• 
4 Less energy is required because the flow does not 

have to be reversed (important as water is dense 
and difficult to move) . 

6.4 
I 	 Any 2 from: no living cell is far from the external 


air I diffusion takes place in the gas phase I need 

to avoid excessive water loss I diffuse air through 

pores in their outer covering (can control the 

opening and closi ng of these pores). 


2 	 Any 2 from: insects may create mass air flow ­
plants never do I insects have a sma ller surface 
area to volume ratio than plants I insects have 
special structures (tracheae) along which gases can 
diffuse - plants do not I insects do not interchange 
gases between respiration and photosynthesis ­
plants do. 

3 	 Helps to control water loss by evaporation I 
transpiration. 

Exchange of carbon dioxide 
I 	 respirat ion 

2 	 photosynthesis 

3 	 At this light intensity the volume of carbon dioxide 
taken in during photosynthesis is exactly the same 
as the volume of carbon dioxide given out during 
respiration. 

4 	 increase is 160 - 115 = 45 cm3 h- 1• Percentage 
. 45
111crcase = m x 100 = 39.13. 

5 With stomata closed. there is little, if any. gas 
exchange with the environmen t. While there will 
sti ll be some interchange of gases produced by 
respiration and photosynthesis, neither process 
can continue indefinitely by relying exclusively on 
gases produced by the other. Some gases must be 
obtained from the environment. In the absence of 
this supply, both photosynthesis and respiration 
will ultimately cease and the plant will die. 

6 	 The rate of respiration (in the dark) 

6.5 
I 	 Efficient gas exchange requires a th in, permeable 

surface witb a large area. On land these features 
can lead to a considerable loss of water by 
evaporation. 

2 	 waterproof covering to the body I ability to close 
the openings of the gas-exchange system (stomata 
and spiracles) 

3 	 Plants photosynthesise and therefore need a large 
surface area to capture light. 

4 a 	 Water evaporating from the leaf is trapped. 
The region within the rolled up leaf becomes 
sa turated with water vapour. There is no 
water potential gradient between the inside 
and outside of the leaf and so water loss is 
considerably reduced. 



Answers to questions 

b 	 Almost all stomata arc on the lower epidermis. 
This would be exposed to air currents that would 
reduce the water potential immediately outside 
the leaf. The water potential gradient would be 
increa~ed and a lot or water vapour would be 
lost. 

Not only desert plants have problems 
obtaining water 
I The rain rapidly drains through the sand out of 

reach of the roots. Sand dunes are usually in windy 
situations, which reduces water potential and so 
increases the water potential gradient, leading to 

increased water loss. 

2 	 The soil solution is very salty, i.e. it has a very low 
water potential, making it difficult for root hairs to 
draw water in by osmosis. 

3 	 because in winter the water in t.he soil is frozen 
and therefore cannot be absorbed by osmosis 

4 	 Being enzyme-controlled, photosynthesis is 
influenced by temperature. In cold climates 
enzymes work slowly and this limits the rate of 
photosynthesis. Therefore there is a reduced need 
fur light as photosynthesis is raking place only 
slowly. ln warm climates, photosynthesis occurs 
rapidly and therefore a large leaf area is needed to 

capture sufficient light. 

6.6 
1 	 Any 2 from: humans are large I have a large 

volume of cells; humans have a high metabolic rate 
I high body temperature. 

2 alveoli, bronchioles, bronchus, trachea, nose 

3 The cells produce mucus that traps particles of dirt 
and bacteria in the air breathed in. The cilia on 
these cells move this debris up the trachea and into 
the stomach. The dirt I bacteria could damage I 
cause in fection in the alveoli. 

6.7 
1 	 17.14 brcathsmin- 1• Measure the time interval 

between any two corresponding points on either 
graph that arc at the same phase of the breathing 
cycle (e.g. two corresponding peaks on the volume 
graph or two corresponding troughs on the pressure 
graph). The interval is always 3.5 s. This is the time 
for one breath. The number of breaths in a minute 
(60s) is therefore 60s ~ 3.5 s = 17.14. 

2 	 It is essential to first convert all figures to the same 
units. For example 3000cml is equal to 3.0dm3. 

From the graph you can calculate that the exhaled 
volume is 0.48dm 3 less than the maximum inhaled 
volume. The exhaled volume is therefore 3.0 ­
0.48 = 2.52dm l. Tf working in cml, the answer is 
2520cm l. 

3 	 The muscles of the diaphragm contract, causing 
it to move downwards. The external intercostals 
muscles contract, moving the rib cage upwards and 
outwards. Both actions increase the volume of the 
lungs. Consequently the pressure in the alveoli of 
the lungs is reduced. 

Pulmonary ventilation 
1 17min- 1 

6.8 
1 a 	 The rate of diffusion is more rapid the shorter 

the distance across which the gases diffuse. 

b 	 There is a very large surface area in 
600 million alveoli (2 lungs) and this makes 
diffusion more rapid. 

c 	 Diffusion is more rapid the greater the 
concentra tion gradient. Pumping of blood 
through capillaries removes oxygen as it diffuses 
from the a lveoli inLO the blood. The supply of 
new carbon dioxide as it diffuses o ut of the blood 
into the a lveoli helps LO maintain a concentration 
gradient that wou ld otherwise disappear as the 
concentrations equalised. 

d 	 Red blood cell~ are flattened against che walls of 
the capillaries to enable them to pass through. 
This slows them down, increasing the time 
for gas exchange and reducing the diffusion 
pathway, thereby increasing the rate of 
diffusion. 

2 	 four times greater 

Correlations and causal relationships 
I 	 Correlation between the incidence of lung cancer 

in men and the number of cigareu.es smoked per 
day. 

2 	 There is no experimen tal evidence in the data 
provided to show tha t smoking causes cancer. 
Hence there is no causal link between the two 
variabks. 

Risk factors for lung disease 
1 Any 4 from: smoking I air pollution I genetic 

make-up I infections I occupa tion. 

2 	 Allow figures in the range 50-60%. 

3 	 two times. Around 80% of non-smokers live to age 
70 compared to around 40% of people who smoke 
more than 25 cigarettes a day. 

4 	 In general terms, she will live longer. More 
specifically she has a 50% chance of living to 

be 65 years if she carrie~ on smoking but a 50% 
chance of living to 80 years if she gives up. Her life 
expectancy could increase by 15 years. 

5 	 The aim of all the following measures is to reduce 
the number of cigarettes or other tobacco products 

• 


http:cigareu.es


Answers to ~uestions 

smoked. The less tobacco smoked, the lower the 
incidence of lung disease. Measures include: 

Banning smol...ing in public places/at work/ 
in shops/restaurants - reduces opportunities ror 
smokers to smoke and reduces lung disease as a 
result or secondary smoking. 

Ban on tobacco advertising - Jess encouragement 
for smokers to buy tobacco, and for people, 
especially the young, to start smoking. 

Minimum age 10 buy tobacco products - to help 
prevent young people starting to smoke and 
becoming addicted at an early age, 

Plain packaging - to reduce the appeal of tobacco. 

Heal th warnings on packaging - t.o educate/ 
persuade/shock people or the dangers so they 
reduce smoking or stop altogether. 

6 	 Much air space within the lungs is occupied by 
fibro us tissue. This means that less air, and hence 
oxygen. is being taken into the lungs at each 
breath. ln addition, the thickened epithelium 
of the alveoli means that the diHusion pathway 
is increased and so the diffusion of oxygen into 
the blood is extremely slow. The loss of elasticity 
makes ventilating the lungs very difficult. this 
makes it hard to maintain a diffusion gradient 
across the exchange surface and the patient 
becomes breathless in an attempt to compensate by 
breathing faster. 

7 	 FEY will be lower/less because the expulsion or air 
when breathing out is due to the lungs springing 
back in the same way as a denating balloon. To 
achieve this the lungs must be elastic. Fibrosis 
reduces e lasticity and makes it difficult to breath 
out. 

Smoking and lung cancer 
1 a 1940-1950 b 1970-1980 

2 	 The lines for cigareues smoked and deaths from 
lung cancer are a similar shape for both sexes 
(a lthough separated in lime). 

3 	 Any 3 from: an increase in smoking I more air 
pollution I an overall increase in the population of 
the UK I any other reasonable answer. 

4 	 Lung cancer develops slowly and so the patient 
dies many years aher it has been firsr contracted. 

6.9 
1 	 the breakdown or molecules by the addition or 

water to the bonds that hold these molecules 
together 

2 	 salivary glands; pancreas 

3 	 Villi and microvilli increase surface area to speed 
up the absorption of soluble molecules. As the food 
in the stomach has not yet been hydrolysed into 
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soluble molecules they cannot be absorbed and so 
villi and microvilli arc unnecessary. 

4 a-glucose 

5 maltase, sucrasc, lacta~c 

Lactose intolerance 
1 a respiration 

b Carbon dioxide is formed in aerobic respiration, 
whereas conditions in the colon are anaerobic. 

2 	 Modern storage and distribution methods mean 
that milk and milk products are readily available. 
Without these our ancestors rarely consumed milk 
as adults. 

3 	 Low water potential in the colon causes water to 
move rrom epithelia l cells into the lumen of the 
colon creating watery stools. 

6.10 
I 	 Endoplasmic reticul um to re-synthesise triglycerides 

from monoglycerides and fatty acids. 


Golgi apparaLUs lo £orm chylornicrons from 

triglycerides, cholesterol and lipoproteins. 


Mitochondria to provide ATP required for the 
co-transport of glucose and amino acid molecules. 

2 Sodium ions 

3 An increase in the number/density of protein 
channels and carrier proteins. 

Absorption of fatty acids 
I 	 When glycerol or phosphate is added on its own, 

there is no increase in the absorption of fatty acids 
compared to when neither is present. 

When glycerol and phosphate are both added 
together the relative amount of absorption doubles 
compared 10 when neither is present. 

When glycerol and phosphate arc provided as 
a compound the relative amount of absorption 
increases even further (to almost three times as 
much) compared to when neither is present. 

2 	 There is no absorption when the inhibitor of 
phosphorylation (iodoacetate) is present. 

7.1 
1 	 2 pairs or polypeptides (a and ~) link to form a 

spherical molecule. Each polypeptide has a haem 
group that contains a ferrous (Fe2+) ion 

2 	 Different base sequences in DNA - different amino 
add sequences - different tertiary I quaternary 
structure and shape - different affinities for oxygen 

3 	 Jf all oxygen molecules were released, there would 
be none in reserve to supply tissues when they 
were more active. 



Answers to questions 

4 	 Carbon monoxide will gradually occupy all the 
sites on haemoglobin instead of oxygen. No oxygen 
will be carried to tissues such as the brain. These 
will cease to respire and to function, making the 
person lose consciousness. 

7.2 

l a 5.5 kPa; b 90%; c 72% (97%-25%) 


2 a the curve is shifted to the right; 

b haemoglobin has become less saturated 

3 Exercising muscles release heat. shifting the curve 
to the right and causing the haemoglobin to release 
more oxygen to fuel the muscular activity. 

4 	 At this partia l pressure of oxygen, lugworm 
haemoglobin is 90% saturated, more than enough 
to supply sufficien t oxygen to the 
tissues of a relat ively inactive organism. 
Human haemoglobin, by contrast, is only 
10% saturated - insufficient to supply enough 
oxygen to keep tissues alive. 

5 	 Respiration produces carbon dioxide. This builds 
up in the burrow when the ride is out. ff lugworm 
haemoglobin exhibited the Bohr effect, it would 
not be able to absorb oxygen when it was present 
in only very low concentrations in the burrow. 

6 	 The higher part of the beach is uncovered by the 
tide for a much longer period of rime than the 
lower part. During this longer period all the oxygen 
in the burrow would be used up and the lugworm 
might die before the next tide brings in a new 
supply of oxygen. 

Activity counts 
l 	 shifted to the right because this means that oxygen 

is more readily released to the tissues and so the 
haemoglobin supplies more oxygen to enable the 
muscles to respire rapidly. 

2 	 sigmoid-shaped curves, with plaice to the left 
of mackerel 

Size matters 
l 	 Unloading pressure of human haemoglobin is 5kPa 

and of mouse haemoglobin is 9 kPa. Difference = 9 
-5=4kPa. 

2 a it unloads more easily 

b Oxygen is more easily released from 
haemoglobin to the rissues. This helps rhe 
tissues to respire more and so produce more 
heat, which helps to maintain the body 
temperature of rhc mouse. 

c Even at an oxygen partial pressure of 21 kPa, 

3 	 Sigmoid-shaped curves, from left to right ­
elephant, human, shrew - because surface area to 

volume ratio increases in this order. 

4 	 The temperatures in Antarctic warers are very low. 
This means respiration rates of cold-blooded groups 
such as fish are also very low. As respirarion needs 
oxygen, their oxygen requirements are also very 
low. Without haemoglobin, ice fish must rely on 
water alone to transport their oxygen. The amount 
of oxygen dissolved in water, while very little, is 
still adequate to supply their needs. 

7.3 
I 	 a pulmonary artery; b aorta; c renal vein; 

d pulmonary vein; e aorta 

2 	 low surface area to volume ratio; a h igh metabolic 
ra te 

3 	 It increases blood pressu re and therefore the rate of 
blood flow 10 the 1issues. 

7.4 
l 	 coronary artery 

2 a deoxygenatcd; b deoxygenated; c oxygenated 

3 pulmonary vein left atrium lefr ventricle 
aorta vena cava right atrium 
right ventricle pulmonary artery 

4 The mixing of oxygenated and deoxygenated 
blood would result in only partially oxygenated 
blood reaching the tissues and lungs. This would 
mean the supply of oxygen to the tissues would be 
inadequate and there would be a reduced diffusion 
gradient in the lungs, limiting the rate of oxygen 
uptake. 

Risk factors associated with coronary 
heart disease 
l 	 Reducing blood pressure - for any given 

cholesterol level, 1his will reduce the risk more 
than giving up smoking, e.g. a t Bmmol dm-3 the 
risk falls from 23% to 15% by giving up smoking 
but falls 10 12% by lowering blood pressure. 

2 	 At Smmoldm-3, the risk is 5%. At Bmmoldm-3, 

the risk is 15%. The risk is therefore 15 7 5 = 
3 times greater. 

3 	 The man who increases hb blood cholesterol 
level is at greater risk. The risk of the man who 
starts to smoke increases from 2.5% to 3.5% 
= + l % . The risk of the man who increases his 
cholesterol level increases from 2.5% to 5.5% = 
+3%. 

• 

mouse haemoglobin is still loaded to the 7.5
maximum with oxygen. 

l left ventricle 


2 a true; b true; c false; d fa lse (it is 0.07) 




Answers to questions 

3 	 a muscular wall of atrium; b diastole; 
c semi -lunar valve 

4 	 Training builds up the muscles or the heart and 
so the stroke volume increases I more blood is 
pumped at each beat. This means that, if the 
cardiac output is the same, the heart rate I number 
of beats per minute decreases. 

5 	 One complete cycle takes 0.8 s. Therefore the 
number of cycles in a minute = 60 ~ 0.8 = 75. 
As there is l beat per cycle then there arc 
75 beats in a minute. 

6 	 --2..d_ = 80 beats min 1 
0.065 

Electrocardiogram 
l A= normal - large peaks and small troughs 

repeated identical ly suggesting a regular rhythm; 

B = heart a ttack - less pronounced peaks and 
smaller troughs repeated in a similar. but not 
identical, way - a disrupted rhythm; 

C =fibrillation - high ly irregular pattern with no 
discernible rhythm 

7.6 
l a 	 elastic tissue allows recoil and hence maintains 

blood pressure I smooth blood flow I constant 
blood flow 

b 	 muscle can contract. constricting the lumen of 
the anerioles and therefore controlling the flow 
of blood into capillaries; 

c 	 valves prevent flow of blood back LO the tissues 
and so keep it moving towards the heart I keep 
blood at low pressure flowing in one direction 

d 	 The wall is very thin, making the diffusion 
pathway short and exchange of material rapid. 

2 	 a C; b B; c E; d D; e A 

3 	 hydrostatic pressure (d ue to pumping of the heart) 

4 	 via the capillaries and via the lymphatic system 

Blood flow in various blood vessels 
1 	 Rate of blood flow decreases gradually in the 

aorta and then very rapid ly in the large and small 
arteries. lt remains relatively constan t in the 
arterioles and capillaries before increasing, at an 
increasing rate, in the venules and veins and vena 
cava. 

2 	 Contraction of the left ventricle of the heart 
causes distension of the aorta. The elastic layer 
in the aorta walls creates a recoil action. There is 
therefore a series of pulses of increased pressure, 
each one the result of ventricle contraction. 

3 	 Because the total cross-sectional area is increasing 
I there is increased frictiona l resistance from the 
increasing area of blood vessel wall . 
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4 	 Blood flow is slower, allowing more time for 
metabolic materiab to be exchanged. 

5 	 Capillaries have a large surface area and very thin 
walls (single cell thick) and hence a short diffusion 
pathway. 

7.7 
l 	 a transpiration; b st0ma ta; c lower I reduced I 

more negative; d osmosis; 
e cohesion; f increases 

Hug a tree 
l 	 at 12.00 hours because this is when water flow is 

at its maximum. As transpiration creates most of 
the water flow they are both at a maximum at the 
same time. 

2 	 Rate of flow increases from a minim um a t 
00.00 hours to a maximum at 12.00 hours 

and tht:n decreases to a minimum again a t 


24.00 hours. 

3 	 As evaporation I transpiration from leaves 
increases during the morning (due co higher 
temperature I higher light intensity) it pulls 
water molecules through the xylem because 
water molecules are cohesive I stick together. 
This transpiration pull creates a negative pressure 
I tension. The greater the rate of transpiration. 
the greater the water flow. The reverse occurs as 
transpiration rate decrea~es during the afternoon 
and evening. 

4 	 As transpiration increases up to 12.00 hours, 
so there is a higher tension (negative pressure) 
in the xylem. This reduces the diameter of the 
trunk. As transpiration rate decreases. from 12.00 
hours to 24.00 hours, the tension in the xylem 
reduct:s and the trunk diameter increases again. 

5 	 Transpiration pu ll is a passive process I does not 
require energy. Xylem is non-livi ng and so cannot 
provide energy. Al though root cortex and leaf 
mesophyll cells are living - the movement of water 
across them uses passive processes, e.g. osmosis, 
and so continues at least for a while, even though 
the cells have been killed. 

Measurement of water using a potometer 
1 a 	 As xylem is under tension, cutting the shoot in 

air would lead to air being drawn into the stem, 
which would stop transport of water up the 
shoot. Culling under water means water, rather 
than air, is drawn in and a continuous column 
of water is maintained. 

b 	 Sealing prevents air being drawn into the xylem 
and stopping water flow up it I Sealing prevents 
water leaking out which would produce an 
inaccurate result. 



Answers to questions 

2 	 that all water taken up is transpired 

3 	 Volume of water taken up in one minute: 
3.142 x (0.5 x 0.5) x 15.28 = 12.00mm3. Volume 
of water taken up in I hour: 
12.00 x 60 = 720 mm3. Volume in cm3 = 
720..;. 1000 = 0.72 cm3• 

Answer = 0.72cm3h-1 

4 	 their surface area I surface area of the leaves 

5 	 An isolated shoot is much smaller than the whole 
plant I may not be representative of the whole 
plant I may be damaged when cur. 

Conditions in the lab may be different from those 
in the wild, e.g. less air movement I greater 
humidity I more light (artificial lighting when 
dark). 

Specialised plant cells: 
l th in cell wall. large surface area /long, hair-like 

extension 

2 	 Osmosis is the passage of water from a region 
where it has a higher water potential to a region 
where it has a lower water potential, through a 
selectively permeable membrane. 

3 	 The water potential of the soi l solution is h igh er 
than that in the vacuole I cytoplasm of the root 
hair cell. Water therefore moves along a water 
potential gradient. 

4 	 mitochondria because they release energy I make 
ATP during respiration and this energy I ATP is 
essential for active transport 

5 	 They have thick walls to prevent the vessels 
collapsing. 

6 	 hollow; elongated 

7 	 Living cells have a cell-s urface membrane and 
cytoplasm, a nd water movement would be 
slowed as it c rossed this membrane I cytoplasm. 

8 	 waterproofing 

9 	 Any 3 from: a llows the vessel LO elongate as the 
plant grows I uses less materia l and therefore is less 
wasteful/ uses less ma teria l and therefore the plant 
has lower mass I allows s terns LO be flexible . 

7.8 
a phloem b sources 

c sinks d mass flow 

e sieve tube r co-transport 

g photosynthesising/chloroplast containing 

h lower/more negative 

xylem higher/less negative 

k osmosis 

7.9 
l a 	 There would be a large swelling above the ring 

in summer but little, if any, swelling in winter. 

b 	 ln summer the rate of photosynthesis, and 
therefore produaion of sugars, is greater due 
to higher temperature!>, longer daylight and 
higher light intensity. The translocation of these 
sugars leads to their accumulation, and therefore 
a swelling, above the ring. Ln winter lower 
temperatures, shorter daylight and lower light 
intensity mean the rate of photosynthesis is less 
and any swelling is therefore smaller. ln deciduous 
plants, the lack or leaves means there is no 
photosynthesis a nd therefore no swelling at all. 

2 	 H the squirrel strips away the phloem around the 
whole circumference of the branch it may not have 
sul'ficient sugar for i1s respirarion to release enough 
energy for surviva l as none can reach it from other 
parts of the plan t. 

3 	 If the branch has sufficient leaves to supply its 
own sugar needs from photosynthesis, rather than 
depending on suppl ies from elsewhere, it might 
survive for a while a t least. 

4 	 It is unlikely that sq uirrels would strip bark 
from around the whole circumference of a large 
tree trunk. Any intact phloem could still supply 
sufficient sugars to its roots to allow it to survive. 

5 a 	 It takes time for the sucrose Crom the leaves to 
be transported across the mcsophyll of the leaf 
by diffusion and then to be actively transported 
into the phloem. 

b 	 The sucrose in 1he phloem is diluted with the 
water that enters it from the xylem. A little 
sucrose may be converted to glucose and used 
up by the leaves during respira t.ion but th is 
a lone would not be sufficient to explain the 
reduction in concentra tion in the phloem. 

Using radioactive tracers 
I 	 The dnta suggest that the translocation of 42K is 

almost entirely in the xylem with very little in the 
phloem. 

2 	 The wax paper is 'impervious' which means that 
materials cannot pass across it. In the middle of the 
region w here xylem and ph loem are separated by 
wax paper 99% of the 42K is in the xylem. Even 
at the beginning and ends of the separated regions 
at least 85% of the 42K is in the xylem . Where the 
two are in contact (control) the levels of 42K are 
much more equal. 

3 	 1n sections 1 and 5, xylem and phloem arc not 
separated by wax paper and so lateral movement of 
42K can take place. The 42K therefore diffuses from 
the xylem into the phloem until the concentrations 
in both arc similar. 

• 




Answers to questions 

4 	 The xylem and ph loem cou ld have been separated 
over the 225mm portion of the control branch 
and then rejoined but without the wax paper. This 
is an improvement as it eliminates the physical 
disruption caused by separating xylem and phloem 
as the explanation for there being no lateral 
movement of 42K. 

8.1 
l a base sequence of DNA that codes for the 

amino acid sequence of a polypeptide or functional 
RNA 

2 	 18 

3 	 A different base might code for a different 
amino acid. The seq uence of amino acids in the 
polypeptide produced w ill be different. This change 
to the primary structure of the protein might 
result in a different shaped tertiary structure. The 
enzyme shape w ill be different and may not fit the 
substrate. The enzyme-substrate complex cannot 
be formed and so the enzyme is non-functional. 

4 a 5 

b the first and last (5th) I the two coded for by 
the bases TAC 

c because some am ino acids have up to six 
different codes, while others have just one 
triplet 

Interpreting the genetic code 
1 trp - UGG and met - AUG 

2 a leu 

b lys 

c asp 

3 a try-ala-ile-pro-ser 

b arg-phe-lys-gly-leu 

8.2 
l 	 In prokaryotic cells the DNA is smaller, circular 

and is not associa ted with proteins (i.e. does not 
have chromosomes). In a eukaryotic cell it is larger, 
linear and associa ted with proteins I histones to 
form chromosomes. 

2 It fixes the DNA into po5ition. 

3 it is looped and coiled a number of times 

4 a so mm (46 chromosomes in every cell); 

b 	 2.3m (all diploid cells have same quantity 
of DNA) 

8.3 
1 	 mRNA is larger, has a grea ter variety of types and is 

shaped as a long single helix. tRNA is smaller, has 
fewer types and is clover-leaf in shape. 
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2 	 Any 3 from: RNA is sma ller than DNA I RNA is 
usually a single strand and DNA a double helix I 
the sugar in RNA is ribose while the sugar in DNA 
is deoxyribose I in RNA the base uracil replaces the 
base thymine found in DNA 

3 	 A codon is the triplet of bases on messenger RNA 
that codes for an amino acid. An anticodon is the 
triplet of bases on a transfer RNA molecule that is 
complementary to a codon. 

Comparison of DNA, mRNA and tRNA 
1 a The amount of DNA in a gamete is half that in a 

body cell. 

b Tt allows gametes 10 fu se during sexual 
reproduction wi thou t doubling the cotal 
amount of DNA al each genera lion. In so 
doing it increases genetic variety by allowing 
the genetic in formation of two parents to be 
combined in the offspring. 

2 a DNA needs to be s table to enable it to be passed 
from generation to generation unchanged 
and thereby allow offspring to be very similar 
to their parents. Any change to the DNA is a 
mutation and is normally harmful. 

b mRNA is produced to help manufacture 
a protein, e.g. an emyme. lt would be wasteful 
to produce the protein continuously when it 
is only needed periodically. mRNA therefore 
breaks down once it has been 
used and is produced again only when the 
protein is next required. 

8.4 
l 	 The enzyme RNA polymerase moves along the 

template DNA strand, causing the bases on this 
strand to join with the individual complememary 
nucleot ides from the pool that is present in the 
nucleus. The RNA polymerase adds the nucleotides 
one at a time, LO bu ild a strand of pre-RNA until it 
reaches a particular seq uence of bases on the DNA 
that it recognises as a 's top' code. 

2 	 DNA helicase - This acts on a specific region of 
the DNA molecule to break the hydrogen bonds 
between the bases, causing the two strands to 
separate and expose the nucleotide bases in that 
region. 

3 	 Splicing is necessary because pre-mRNA has 
nucleotide sequences derived from introns in 
DNA. These introns arc non-functional and, if left 
on the mRNA, would lead to the production of 
non-functional polypeptides or no polypeptides at 
all. Splicing removes these non-functional introns 
from pre-mRNA. 

4 	 a UACGUUCAGGUC 



Answers to questions 

b 	 4 amino acid) ( 1 amino acid is coded for by 
3 bases so 12 bases code for 4 amino acids) 

5 	 Some of the base pairs in the genes are introns 
(non-functional DNA). These introns are spliced 
from pre-mRNA so the resulting mRNA has fewer 
nucleotides. 

8.5 
ribosome 

2 a UAG on tRNA 

b TAG on DNA 

3 A tRNA molecule attaches an amino acid at one 
end and has a sequence of 3 bases. called an 
anticodon, a t the other end. The tRNA molecule 
is transferred to a ribosome on an rnRNA 
molecule. The anticodon on tRNA pairs with 
the complementary codon sequence on mRNA. 
Further tRNA molecu les. w ith amino acids 
attached, line up along the mRNA in the sequence 
determined by the mRNA bases. The amino acids 
arc joined by peptide bonds. Therefore the tRNA 
helps to ensure the correct sequence of amino acids 
in the polypeptide. 

4 One of the codons is a stop codon that indicates the 
end of polypeptide synthesis. Stop codons do not 
code for any amino acid so there is one less amino 
acid than there are codons. 

Protein synthesis 
l X = ribosome; Y= mRNA 

2 amino group 

3 AUG 

4 Val-Thr-Arg-Asp-Ser 

5 CAATGGGCT 

6 	 The mu tat ion changes CAG to UAG. UAG is a 
stop codon tha t s ignifies the end of an amino 
acid seq uence at wh ich point the polypeptide is 
complete and is 'cast off'. The polypeptide chain 
is therefore shorter than il should be and may nol 
function as norma l. 

7 a 	 Glutamine has two codes GAG and GAA. The 
reversal of GAG produces the same codon 
and so still translates as glutamine and hence 
the polypeptide that is formed is unchanged. 
Reversal of GAA changes the codon to AAG 
which translates to a different amino add -
Lys. As a result, the polypeptide has a different 
primary structure which may affect bonding 
within the molecule and so change its tertiary 
structure also. 

b 	 Enzyme function depends on the substrate 
becoming loosely attached to an enzyme within 
its active site. 

If the mutation has changed the amino acid 
from glutamine to Lys., then the primary 
structure of the polypeptide will be different. 
Hydrogen and ionic bonds between the amino 
acids of the polypeptide may not be formed in 
the same way as before and so its tertiary shape 
may be changed. This change may alter the 
shape of the active site of the enzyme of which 
the polypeptide is a part and so the substrate no 
longer fits. 

Glutamine may have been one of the amino 
acids in the active site to which the substrate 
normally attaches. Its replacement by another 
am ino acid may mean that. a lthough the shape 
of the active s ite is unchanged, the substrate 
cannot attach normally. 

Cracking the code 
l 	 DNase is an enzyme that breaks down DNA. 

The DNA of the cell needs to be destroyed because 
it would produce its own mRNA and so make it 
be impossible to determine which of the many 
polypeptides produced was due to the synth etic 
DNA. 

2 	 The codon UUU - because the very radioactive 
polypeptide (39 800 counts min-1) was only 
produced from the mixture containing poly U. This 
polypeptide must be made up of phenylalanine 
because this is the only radioactive amino acid 
present. As the synthetic mRNA contains only the 
base sequence UUUUUUU, etc., one codon for 
phenylalanine must be UUU. 

3 	 As a control experiment to show that the 
radioactivity was due to the labelled phenylalanine 
rather than some other factor, e.g. background 
radiation. 

4 	 It may not be possible LO say whether the mRNA 
sequence starts with U and therefore reads UGU 
GUG UGU, etc. or starts with G and reads GUG 
UGU GUG. Equall y it may not be possible to say 
whether the polypept ide sequen ce begins with 
cysteine or valine. lt may therefore be lmpossible 
to relate a part icular codon 10 a particular amino 
acid. 

5 	 As most amino acids have more than one codon, 
the code is degenerate. However, any one triplet 
only codes for a single amino acid and so it is not 
ambiguous. 

6 	 Because they do not code for any amino acid ­
they are 'stop' codons that mark the end of a 
polypeptide. 

9.1 
A deletion because the fifth nucleotide (A) has 
been lost. The sequence prior to and after this 



Answers to questions 

is the same. (Note: The last base in the mutant 
version was previously the 13th in the sequence 
and therefore not shown in the normal version.) 

2 	 In a deletion, all codons after the delecion are 
affected. Therefore most amino acids coded for by 
these codons will be different and the polypeptide 
will be significantly affec1ed. In a substi1ucion, only 
a single codon. and therefore a single amino acid, 
will be affected. The effect on 1he polypepcide is 
likely to be less severe. 

3 	 The mutation may result from the substitution of 
one base in the mRNA wit h another. Although the 
codon affected will be d ifferent, as the genetic code 
is degenerate, the changed codon may still code 
for the same amino acid. The polypeptide will be 
unchanged and there will be no effect. 

4 	 These errors may be inheri1ed and may therefore 
have a perma ne nt a ffect on the whole organism . 
Errors in transcription usually affect only specific 
cells. are temporary and are not inherited. They are 
therefore less damaging. 

Hybridisation and polyploidy 
l 	 The numbers of chromosomes in the hybrids do 

not allow them to rorm homologous pairs during 
prophase I of meiosis I therefore they cannot 
produce gametes. This would arise if the hybrid 
has an odd, rather than an even, number of 
chromosomes. 

2 	 They are less likely to blow over in storms and are 
easier to harvest. 

3 	 They cannot breed to produce fertile offspring. 

9.2 
l 	 haploid because 27 is an odd number. Diploid cells 

have 2 sets of chromosomes and so their total must 
be an even number. 

2 	 independent segregation o f homologous 
chromosome and recombination by crossing over. 

3 	 roller and blood group A, non-roller and blood 
group A. 

4 	 Gametes are produced by meiosis. Tn meiosis, 
homologous chromosomes pair up. With 63 
chromosomes precise pairings are impossible. This 
prevents meiosis and hence gamete production, 
making them sterile. 

5 	 1024 (the haploid number of 5 is the same as the 
number of homologous chromosomes) 

9.3 
l 	 a increase; b decrease; c increase 

2 	 Different DNA - different codes for amino acids ­
different amino acids - different protein shape ­
different protein function (e.g. non-functional 
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enzyme) - change in a feature determined by that 
protein - altered appearance - greater genetic 
diversity 

9.3 Natural Selection in action 
l 	 Against the black background the dark form was less 

conspicuous than the light natural form. As a result, 
the light Corm was eaten by birds, or other predators, 
more frequently than the dark form. More 
black-coloured moths than light-coloured moths 
survived and successfully reproduced. Over many 
generations, the frequency of the 'advantageous' 
dark-colour allele increased at the expense of the 
'less advantageous' light-colour allele. 

9.4 
l 	 Selection is the process by wh ich organisms that are 

bett<::r adapted to thei r environment survive and 
breed, while those less well adapted fa il 10 do so. 

2 
Directional selection Stabilising selection 

Favours I selects Favours I selects 
phenotypes at one phenotypes around the 
extreme of a population mean of a population 

~~~..J.-~~~_;_...;_~~~---l 

Changes the Preserves the 
characteristics of a characteristics of a 
population population 

Distribution curve Distribution curve 
remains the same shape becomes narrower and 
but the mean shifts to the higher but the mean does 
left or right not change 

3 	 Directional selection - because birds to one side of 
the mean (heavier birds) were being selected for, 
whi le those to the other side o f the mean (lighter 
birds) were being selected against.. The population's 
characteristics are being changed, not preserved. 

They must be cuckoo! 
l Removing cuckoo eggs means there wLll be more 

food for the magpie's own chicks. These d1icks 
have a greater probability of being successfully 
raised to adulthood. 

2 	 Alleles [or this type of behaviour are obviously 
present in the adult birds. There is a high 
probability that some of the chicks will inherit 
these alleles. Removing cuckoo eggs increases the 
probability of more of these chicks surviving LO 

breed and therefore passing on the alleles for this 
behaviour to subsequent generations. 

3 	 Displaying this behaviour has previously been of 
no advantage to magpies and so no selection for 
this behaviour has taken place. Although cuckoos 
have now arrived, it will take many generations 



for sckction to operate and for allele frequencies to 
change. 

4 	 Directional selec1ion - because the population's 
characteristics are being changed, not preserved. 

5 	 Magpies that do not remove cuckoo eggs will raise 
both cuckoo and magpie chicks. There will be less 
food/space for the magpie chicks compared to 
those raised in magpie nests and so less chance of 
them surviving to adulthood and breeding. The 
chicks of magpies that remove cuckoo eggs will be 
selected for in preference to the chicks of parents 
that do not. Over many generations the population 
will change to have a greater proportion of magpies 
that remove cuckoo eggs at the expense of those 
that do not. 

10.1 
l 	 They arc capable of breeding to produce offspring 

which arc themselves fertile 

2 	 It is based on evolutionary relationships between 
organisms a nd their ancesto rs; it classifies species 
into groups using shared characteristics derived 
from their ancestors; it is arranged in a hierarchy 
in which groups arc contained within larger 
composite groups with no overlap. 

3 	 To ensure that mating only takes place between 
members of the same species as only they can 
produce fertile offspring. 

4 	 The courtship display tha1 most closely resembles 
that of 1he first species is likely w be the closest 
relative. 

5 l phylum, 2 class, 3 order, 4 family, 
5 Rana, 6 species, 7 temporaria 

6 a lizards 

b birds 

c common ancestor of liza rds and snakes 

d Dinosaurs arc extinct bur all the other groups 
arc still living and so they arc shown extending 
further along the time line - as far as 'present' . 

The difficulties of defining species 
I 	 Fossil records are normally incomplete and not all 

features can be observed (there is no biochemical 
record) and so comparisons between individuals 
are hard to make. Fossil records can never reveal 
whether individuals could successfully mate. 

2 	 Species change and evolve over time, sometimes 
developing into different species. There is 
con siderable variety within a species. Fossil 
records are incomplete I non-existent. Current 
classifications only reflect current scientific 
knowledge and, as this changes, so does the 
naming and classifying of organisms. 

Answers to questions 

3 	 No, it does not. Only fertile female mules are 
known, so interbreed ing (a fea ture of any species) 
is impossible. The event is so rare that it can be 
considered abnorma l and it would be wrong 
to draw conclusions from ii. If a mule were a 
species, ii would mean 1hat 1he parents were the 
same species - however, donkeys and horses are 
sufficiently different IO be recognised as separate 
species. 

10.2 
l 	 the number of differenl species and the proportion 

of each species within a given area I community 

2 Numbers in n (n - 1)Species 
salt marsh 

Sa/icornia maritima 24 24(23) =552 

Holimione portulacoides 20 20(19) =380 

7Festuca rubra 7(6) = 4 2 

Aster tripotium 3 3(2) = 6 

Limonium humile 3 3(2) = 6 

Suaeda maritima 1 1(0) = 0 

Ui(n - 1) 986 

- 58(57) - 3306 ­D - - - Answer 3.35
986 986 

3 	 It measures both the number of species and the 
number of individuals. It therefore takes account of 
species that arc only present in small numbers. 

Species diversity and ecosystems 
l 	 Greenhouse gases lead to cl imate change. 

Communities with a high species diversi1y index 
are likely to include at least one species adapted to 
withstand the change and the refore survive. When 
the index is low, the communi ty is less likely to 
include a species ada pted to w ithstand the change 
and is therefore at grea ter risk of being damaged. 

2 a The community flu ctuates in line with 
environmental change ­ rising and falling in the 
same way but a litt le later in time. 

b Communi ties with a high species diversity are 
more stable because they have a greater variety 
of species and therefore are more likely to 
have species that are adapted 10 the changed 
environment. Those with a low species diversity 
are less stable because they have fewer species 
and are less likely 10 include a species adapted 
to the change. 

10.3 
l 	 The few species possessing desirable qualities are 

selected for and bred. Other species are excluded, 
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to guestions 

as far as possible, by culling or the use of pesticides. 

Many individuals of a few species 

= low species diversity. 


2 	 Because forests, with their many layers, have many 
habitats with many different species, i.e. a high 
species diversity. Grasslands have a single layer, 
fewer habitats, fewer species and lower species 
diversity. 

3 	 Ponds provide a habitat for a wide range 
of aquatic species that are unlikely to find 
alternative habitats as aquatic habitats arc few 
and far between. Ponds may be a source of food 
and water for terrestrial species which may also 
not survive without them. Hedgerow species are 
likely to have a larger range of alternative habitats 
as most of the area around will be terrestrial with 
other sources of food and shelter and so fewer 
species arc likely to be lost. 

Human activity and loss of species in the UK 
I 	 500000 km (350000 x 100 + 70) 

2 	 Mixed woodlands comprise many species while 
the commercial conifer plantations that replace 
them arc largely of a single predominant species 

3 	 Any I from each: benefit - cheaper gra7.ing I 
rodder for animals and hence cheaper food I more 
efficient food production; risk - loss or species 
diversity I less stable ecosystem I more fertilizers 
and pesticides needed 

4 	 Lt provides evidence to inform and support decision 
making. Data show where the most change has 
occurred and therefore the habitats most at risk. 
These can be prioritised and measures taken 
to conserve them. e.g. by giving them special 
protection. funds can be directed towards reverting 
land to its former use, e.g. by grants to farmers 
to create hay meadows I convert set-aside to 

wood land I re-establish hedgerows. Helps decision­
makers form appropriate rules I legislation to 
prevent habitat destruction, e.g. ban on drainage 
of certain sites I rock removal. Informs decisions 
on planning applications for planting forests I 
reclaiming land. 

5 	 Hedges provide more habitats I niches I food 
sources and therefore more species can survive. 
Species diversity is therefore increased 

Hedge rows! 
I 	 There is more land on which to grow crops I 

as hedges harbour pests, diseases and weeds. 
especially in winter. their removal reduces the 
chances of these affecting crops which therefore 
produce greater yields I hedges compete with the 
crop for light, water and nutrients and therefore 
reduce yields . 
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2 	 Hedges are a habitat for a wide range of organisms, 
including some that are natural predators of crop 
pcm and therefore provide a means of biological 
col1lrol I pollinating insects live in hedges and 
these arc essential for the production of certain 
crops like fruits I hedges provide wind-breaks and 
so reduce soil erosion. 

10.4 
1 	 mutations 

2 	 species 2 and 3 because their amino acid sequences 
are identical 

Establishing relationships 
1 	 ch impanzee, gorilla, orang-utan, lemur, gibbon 

2 	 the chimpanzee and the gorilla because they both 
show the same% precipitation (95 %) 

3 	 the gibbon because it shows on ly a 3% difference 
(85-82) in precipitation between itself and the 
orang-utan. All the other primates show a greater 
difference. 

4 	 These data suggest that the gibbon is much more 
closely related to humans than the lemur. The 
haemoglobin study suggested the lemur was a 
closer relative. The chimpanzee is shown to be 
most closely related to humans in the haemoglobin 
study, while in the gene bases study it is the gorilla. 

5 	 There are fewer differences between the bases in 
the gene of a human and that of an orang-utan 
(29) than there are between the genes or a human 
and a lemur (48). This suggests that the evolution 
of humans and lemurs diverged earlier than that of 
humans and orang-utans, giving more time for the 
amino acid differences ro occur. 

6 	 No, it does not. This study suggests that gorillas 
(with fewer base differences) arc more closely 
rela ted to humans than chimpanzees. The other 
stud ies suggest chimpanzees arc more closely 
related to humans. The position or the orang-utan 
is the same in all three studies. The position of the 
lemur is the same as in the immunological study 
but different from that in the haemoglobin study. 

10.5 
1 	 sampling bias; chance variation 

2 	 by using random sampling - effectively using a 
computer to generate sampling sites 

3 	 In a given set of values. the mean is the sum of a 
set of values divided by the number of items. the 
mode is the single value that occurs most often 
while the median is the central or middle value 
when the values are arranged in ascending order. 



11.1 
l carbon dioxide and water 

2 glucose and oxygen 

3 a grana / thylakoids 

b stroma 

4 a reduced NADP, ATP and oxygen 

b sugars and other organic molecules 

11.2 
l 	 on the thylakoid membranes (of the grana in the 

chloroplast) 

2 	 Water molecules are split to form electrons, protons 
and oxygen, as a result of light exciting electrons I 
raising the energy levels of electrons in chlorophyll 
molecules. 

3 	 a reduction b reduction c oxidation 

Chloroplasts and the light-dependent reaction 
l 	 A= (double) membrane of chloroplast I chloroplast 

envelope 

C = granum D = stroma 

2 C (granum) 

3 starch 

4 	 Any 2 from: the light-dependent reaction does 
not produce sufficient ATP for the plants' needs I 
photosynthesis does not take place in the dark I 
cells without chlorophyll cannot produce ATP in 
this way and ATP cannot be transported around 
the plant. 

5 	 Length X-Y on Figure 4 = 24 mm(= 24000 µm ) 

Actual length X-Y = 2 ~tm 

Magnification= 24000 = 12000 times 
2 

11.3 
l 	 It accepts I combines with a molecule of C02 (to 

produce 2 molecules of glycerate-3-phosphate). 

2 It is used LO reduce (donate hydrogen) glycerate-3­
phosphate to triose phosphate. 

3 ATP 

4 	 Stroma or the chloroplasts. 

5 	 The Calvin cycle requires ATP and reduced NADP 
in order to operate. Both are the products of the 
light-dependent reaction, which needs light. No 
light means no ATP or reduced NADP are produced 
and so the Calvin cycle cannot continue once any 
ATP or reduced NADP already produced have been 
used up. 

Answers to questions 

Factors affecting photosynthesis 
1 	 Volume of oxygen produced I C02 absorbed. 

2 	 Light intensity - because an increase in light 
intensity produces an increase in photosynthesis 
over this region of the graph. 

3 	 Raising the C02 level lO 0.1 % - because this 
increases the rate of phot0synthesis more than 
increasing the temperature tO 35 °c. 

4 	 Because light is limiting photosynthesis and so an 
increase in temperature will not increase the rate 
of photosynthesis. 

5 	 More C0 is avai lable to combine with RuBP to2 
f'orm more GP, then more triose phosphate and 
ultimately more glucose. 

Measuring photosynthesis 
I 	 Because any a ir escaping from or entering the 

apparat.us will respectively decrease or increase 
the volume of gas measured, which will give an 
unreliable result. 

2 	 So that any changes in the rate or photosynthesis 
can be said to be the result of changes in light 
intensity and not changes in temperature. 

3 	 To ensure there is sufficient C02 and so it does not 
limit the rate of photosynthesis. 

4 	 To prevent other light falling on the plant as this 
may nuctuate and will affect the light intensity 
and hence the rate of photosynthesis, leading to an 
unreliable result. 

5 	 To prevent photosynthesis and to allow any oxygen 
produced before the experiment begins, to disperse. 

6 	 Because the volume of oxygen produced will be less 
than that produced by photosynthesis as some of 
the oxygen will be used up in cellular respiration I 
dissolved oxygen (ancl other gases) may be released 
from, or absorbed by the water. 

Using a lollipop to work out the 
light-independent reaction 
1 	 To allow the substances into which it becomes 

incorporated robe identified I to allow the 
sequence of substances produced to be identified. 

2 	 The radioactive carbon is initially found in 
glyceratc 3-pho~phate (5 seconds) and is next 
found in triose pho~phate (10 seconds). 

3 	 The high temperature and I or the methanol 
denature the enzymes that catalyse reactions. 

4 	 The quantity of GP begins to decrease almost 
immediately. The rate of decrease becomes less 
until. after about 4.5 minutes, the quantity of 
GP becomes constant, but at around a quarter 
of its original level. The quantity of RuBP rises 
almost immediately. The rate of increase is steady 
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5 

at first, but then slows, peaking at 3.5 minutes. 5 This is a single experin1ent. The same results would 
The quantity of RuBP then falls until it becomes 
constant at around 4.5 minutes, but at around 
double its original level. The quantities of GP and 
Ru BP are the same after 2.5 minutes. 

RuBP combines with C02 to form GP during 
the light- independent reaction I Calvin cycle of 
photosynthesis. GP is u ltimately used to regenerate 
RuBP. When the C02 level is decreased, there is 
less to combine with Ru BP and so less GP is formed 
but it is still being used up and so its level falls. 
There is still some C02 and so some GP is made, 
but much less than originally. With less C02 to 

combine with, the RuBP accumulates because it 
cannot be convened to GP. Its quantity rises to a 
new higher level due to the lower level of co2" 

12.1 
I cytoplasm 6 triose phosphate 

2 glucose 7 hydrogen 

3 phosphate 8 NAD 

4 ATP 9 pyruvatc 

5 phosphorylated glucose 10 ATP 

12.2 
I 3 2 acctylcoenzyme A 

3 matrix of mitochondria 

4 	 True - a, b, c. d, g. h, I, n 
Fa lse - e, r, i, j. k, m, o, p, q, r 

Coenzymes in respiration 
I 	 To show that the yeast suspension was responsible 

for any changes that occurred and the glucose did 
not change methylene blue nor did methylene blue 
change by itselL 

2 a 	 Yeast uses glucose as a respiratory substrate 
producing hydrogen atoms that arc taken up by 
methylene blue causing it w become reduced 
and changing from blue to colourless. 

b 	 As in (2a), except that the yeast uses stored 
carbohydrate as a respiratory substrate that 
has to be convened to glucose and so the 
production of hydrogen atoms is slower I 
reduced. 

3 	 Contents of tube might have remained blue because 
the enzymes involved in respiration arc denatured 
at 60 °C and so respiration, and hence the reduction 
of methylene blue, ceases I the enzymes involved in 
hydrogen transport have been denatured and so the 
indicator is not reduced by hydrogen. 

4 	 Air contains oxygen, which would re-oxidise 
methylene blue, turning it blue. 
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need to be obtained on many occasions to increase 
reliability. 

12.3 
1 	 The movement of electrons along rhe chain is 


due to oxidation. The energy from the electrons 

combines inorganic phosphate and ADP to form 

ATP= phosphorylation. 


2 	 It provides a large surface area of membrane 
incorporating the coenzymes (NAO I FAD) and 
electron carriers that transfer the electrons along 
the chain. 

3 	 Oxygen is the final acceptor of the electrons and 
hydrogen ions (protons) in the electron transfer 
chain. Without it the electrons would accumulate 
along the chain and respiration would cease. 

4 	 water molecule 

Sequencing the chain 
I 	 Sequence - C. A. D, B 

Explanation - Electron carriers become reduced 
by electrons from glycolysis and the Krebs cycle. 
Enzymes catalyse the transfer of rhese electrons 
to the next carrier. If an enzyme is inhibited all 
molecules prior to that enzyme will not be able to 
pass on their cleclrons and so will be reduced and 
those a ftcr it will be oxidised. The first molecule in 
the chain will be reduced with all inhibilOrs, the 
second with 2 out of 3 inhibitors, the rhird with l 
out of 3 and the last in the chain with none (i.e. it 
is always oxidised). 

12.4 
1 	 a D b A, C, D c A. D d A,B 

e A, 0 f B. C, D gA 

Investigating where certain respiratory pathways 
take place in cells 
I 	 Homogenate is spun al slow speed. Heavier 

particles (e.g. nuclei) form a sediment. Supernatant 
is removed, transferred to another tube and spun at 
a greater speed. Next heaviest particle is removed. 
Process is repeated. 

2 	 Nuclei and ribosomes - because neither C0 nor2 
lactate (products of respiration) are formed in any 
of the samples. 

3 	 a mitochondria 

b 	 Krebs cycle produces C02 and results show that 
co2 is produced when mitochondria onl y are 
incubated with pyruvate. 

4 	 (remaining) cyloplasm (Note: The complete 
homogenate is not a 'portion' of the homogenate.) 



Answers to questions 

5 	 Cyanide prevents electrons passing down 
the transport chain. Reduced NAD therefore 
accumulates and blocks Krebs cycle where C02 is 
produced. Glycolysis can still occur because the 
reduced NAD it produces is used to make lactate. 
Glucose can therefore be converted to lactate, but 
not into C02, in the presence of cyanide. 

6 The conversion of glucose to C02 involves glycolysis 
(occurs in cytoplasm) and Krebs cycle (occurs in 
mitochondria). Only the complete homogenate 
contains both cytoplasm and mitochondria. 

7 ethanol and co2 
8 xylem vessel - no mirochondria as mature xylem 

vessels are dead and the cell contents have been lost. 

liver cell-many mitochondria as it is metabolically 
very active and requires much ATP. 

epithelial cell of in testine - many mitochondria 
needed to provide the ATP required for the active 
transport of glucose, amino acids etc. 

myofibril - many mitochondria to provide ATP for 
contraction of fibre. 

9 	 The absence of mirochondria leaves extra space for 
haemoglobin and so increases the oxygen carrying 
capacity of red blood cells. As mitochondria carry 
out oxidative phosphorylation, they could use 
up some oxygen leaving less to be carried to the 
tissues by the red blood cell. 

13.1 
dragonfly nymphs 

2 	 unicellular and filamentous algae 

3 	 sticklebacks 

4 	 the direction of energy flow 

5 	 saprobionts/decomposers 

13.2 
Any 3 from: some of the organ ism is not eaten; 
some parts are not digested and so are lost as 
faeces; some energy is Josi as excre1ory materials; 
some energy is lost as hea1 

2 	 The proportion of energy transferred at each 
trophic level is small (less than 20%) . After four 
trophic levels there is insufficient energy to support 
a large enough breeding population. 

13 	 40000 .;- 25 = 1600kJ m-2 year-

Calculating the efficiency of energy transfers 
a 1250x l00 = l 9.84%1 

6300 

5b ~2x0~6o = 0.12 (0.119)% 

Adding up the totals 
1 	 saprobionts/decomposers 

2 	 insect-eating birds 
3 	 42 500 x 100 = 2.5 % 

1.7 x 106 
4 Any 3 from: most (90%+) solar energy is 

rcnccted by clouds, dust or absorbed by the 
atmosphere I not all light wavelengths arc used in 
photosynthesis I much of the light does not fall on 
the chloroplast/chlorophyll molecule I factors may 
limit the rate of photosynthesis or photosynthesis is 
inefficient I respiration by producers means energy 
i~ lost (as heat). 

5 	 4120 - (1010 + 810) = 2300 kJ m-2 year- 1 

Productivity and farming practices 
I 	 A longer dark period means more time is spent 

resting, less energy is expended, and more energy 
is converted into body mass. 

2 	 The pesticide might kill beneficia l organisms (e.g. 
ones that prey on organisms tha1 are harmful to 
1he farmed organism). 

If the pesticide kills most of the pests then the 
population of organisms (predators) feeding on it 
will fall. With no predators controlling it, the pest 
population will increase again, possibly to a level 
higher than before. The crop will be even more 
affected by the pest, leading to lower productivity. 

3 	 As the number of weeds increases, the productivity 
of wheat decreases. The reduction in productivity 
is initially large, between 0 and 40 weeds m-2, but 
lessens as the number of weeds increases, from 40 
t0 50 m-2, the curve then Oattens out. 

4 	 Soya bean because it has an increase in 
productivity of 50% (1000 co I 500 kg ha- 1) while 
wheat only increases by 33% (4500 to 6000 kg 
ha 1). 

5 	 No. Cost o r herbicide per hectare = Cl 00. 
Reducing weeds from 40-20 m- 1 increases wheat 
productivity from 4500 to 5000 kg ha- 1 - an 
increase of 500 kg or half a tonne. Wheat is sold 
at Cl 50 per tonne, so increased income is £75 per 
hectare which is £25 per hectare less than the cost 
or treating with herbicide. 

A mighty problem 
1 	 Description - In both experiments the spider mite 

populations rise slowly during the lirst 15 days and 
then very rapidly up to around 50 days. 

In experiment l the spider mite population remains 
high up to 150 days but fluctuates (between 400 
and 900). (Note: The scale is the square root of the 
number.. and so the figures on the y-axis need to be 
squared to give actual numbers.) 



Answers to questions 

In experiment 2 the spider mite population falls 
over the period 50- J 50 days until it reaches the 
starting level. 

Explanation - In experiment I the population of 
the spider mite increases until some factor (e.g. food 
supply) limits its size. h remains fairly constant as 
an equilibrium is reached with the limiting factor, 
fluctuating slightly as the factor fluctuates. 

In experiment 2 the population of the spider 
mite increases up to 50 days, by which time the 
population of the predatory mite has increased 
considerably. The predatory mites feed on the 
spider mites, cau!>ing their popu lation to drop to a 
very low level by l 50 days. 

2 	 Predatory mites are effective in controlling the 
population of spider mites as their presence reduces 
the spider mite populaLion from around 400-900 
when the predatory mite is absent to around 4 
when the predat0ry mite is present. 

3 	 The two popu lations wi ll probably remain small 
as they remain in balance. They will fl uctuate 
because. as the spider mi te population falls, there 
will be less food for the preda tory mite and so, a 
short time later, its population is also likely to fall. 
The fall in the predatory mite's population means 
there will be less predation on the spider mite, 
whose population is likely to increase, followed 
in turn by an increase in the predatory mite's 
population. 

13.3 
1 nitrogen fixation 

2 plants 

3 nitrate ions 

4 root hairs 

5 proteins I amino acid
nucleic acids 

6 saprobionts/ 
decomposers 

7 ammonia I 
ammonium ions 

8 

9 

10 denitrifying 

11 A 

s I 

nitrifying 

nitrate 

absorption 

B feeding and 
digestion 

c excretion and 
decomposition 

D erosion 

E excretion 

13.4 
1 	 Crops are grown repeatedly and incensively on the 

same area of land. Mineral ions are taken up by the 
crops, which are transported and consumed away 
from the land. The mineral ions they contain are 
not returned to the same area of land and so the 
levels in the soil are reduced, which can limit the 
rate of photosynthesis. Fertilisers need to be applied 
to replace them if photosynthesis f productivity is 
to be maintained. 
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2 	 100 kg ha 1 - although 150 kg ha- 1 gives a slightly 
better yield, this is marginal and the cost of using 
50% more feniliser makes it uneconomical. 

3 	 Some other factor is limiting photosynthesis, e.g. 
light. C02• and only the addition of this factor will 
increase photosynthesis and hence productivity. 

4 	 Natural fertilisers are organic and come from living 
organisms in the form of dead remains, urine or 
faeces (manure). 

Artificial fertilisers are inorganic and are mined 
from rocks and deposits. 

Different forms of nitrogen fertilisers 
1 	 manure, bone meal and urea 

2 	 To act as a control to show that any changes 
in productivity were the result or the 
nitrogen-containing fertiliser being added. 

3 	 Nitrogen is needed for proteins I amino acids I 
chlorophyll and DNA and therefore for plant 
growth. Nitrogen shortage may limit the 
production of proteins and ONA and hence growth . 
Its addition increases productivity. 

4 	 Some forms of fertilisers contain more actual 
nitrogen than others and so different masses arc 
added to ensure that the total nitrogen added was 
always the same (140 kg ha- 1). 

5 	 The data do not support the view. While 
ammonium nitrate brings about the greatest 
increase in productivity, ammonium sulphate 
produces a smaller increase than both urea and 
bone meal. Therefore the investigation suggests 
that only some ammonium salts are better. 

6 	 The farmer should spread the manure a few months 
before the main growing season for the crop. 

13.5 
1 	 Eutrophication is the process by which salts build 

up in bodies of water. 

2 	 The concen tration o f algae near the surface 
becomes so dense that no light penetrates Lo deeper 
levels. No light means no photosynthesis and 
hence no carbohydrate for respiration and so plants 
at lower levels die. 

3 	 Dead plants are used as food by saprobionts. With 
an increased supply of this food, the population of 
saprobionts increases exponentially. Being aerobic 
they use up the oxygen in the wacer leading co the 
death of the fish, which cannot respire without it. 

Troubled waters 
1 	 It has taken 10 days for the ferciliser that has 

dissolved in the rainwater to leach chrough the soil 
and into the lake. 

2 	 In normal circumstances, a low level of nitrate (or 
other ions) is the limiting factor to algal growth . 
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The fertilizer leaching into the lake contains nitrate 
(and other ions) and removes this limit on growth. 
The algal population grows rapidly, increasing in 
density. 

3 	 Description - As the densi ty of the algae increases 
so the clarity of the water decreases. i.e. the re is a 
negat ive correlation. For the llrst 20 days the algal 
density (30 ceUs cm-3) and water clarity (Secchi = 
9 m) remain constan t. 

From day 20 to day 100 the alga l density increases 
from 30 to 120 cells cm-3 while the water clarity 
decreases from 9 to l m (Secchi depth). However, 
there is an anomaly between day 40 and day 50 
when the water clarity suddenly falls from 7 to 4 m. 

Explanation - As the density of algae increases, 
more light is absorbed I reflected by them and 
so less light penetrates I water clarity is reduced . 
Between day 40 and day 50 some factor (e.g. water 
turbulence stirring up sediment) other than algal 
density is reducing the water clarity. 

4 	 Da)'S 0-10: oxygen level is constant (at 10 ppm) 
because there is a balance between oxygen produced 
in photosynthesis of plants and algae. and oxygen 
used up in respiration of all organisms. 

Days I 0-25: oxygen level rises (up to around 
13 ppm) due to increased photosynthesis by the 
larger population of algae. 

Days 25-100: oxygen level decreases (more rapidly 
a t first and then less so down to 
around 3 ppm) due to higher density of algae 
blocking out the light to lower depths and reducing 
the rate of photosynthesis of plants I algae at these 
depths. ln time, light is blocked out altogether 
at lower depths~ no photosynthesis~ plants I 
algae die ~ saprobionts decompose them~ their 
population increases~ they use up much oxygen 
in respiration~ oxygen levels fa ll. 

14.1 
(Negative chemo-) taxis - wastes are often removed 
from an organism because they are hanniul. Moving 
away prevents the waste harming the organism and 
so increases its chance of survival. 

2 	 (Positive chemo-) caxis - increases the chances of 
sperm cells fertilising the egg cells of other mosses 
and so helps to produce more moss plants I fumre 
generations. Cross-fercilisacion increases genetic 
variability, making species better able to adapt to 
fu ture environmental changes. 

3 	 (Negative gravi-) tropism - takes the seedlings 
above the ground and into the light, where they 
can photosynthesise. 

More photosynthesis means more carbohydrate 
and so a better chance of survival. 

14.2 
More lAA moves towards che shaded side of shoots 
than the light side when che light is unidirectional. 
In response to this uneven distribution of lAA, the 
cells on the shaded side elongate faster than those 
on the light side and the shoot bends towards the 
light. Th is ensures that the shoot and the leaves 
attached to it have a greater chance of being well 
illuminated. As light is essential for photosynthesis, 
the process by which organic material for respiration 
is manufactured. the plant has a greater chance of 
survival. 

2 	 Response ensures that roots grow down into the soil, 
anchodng the plant firmly and bringing them closer 
w water (needed for photosyn thesis). 

3 	 The fact that IAA is readily absorbed, easi ly 
synthesized and is letha l to plants in low 
concentrations makes it useful as a herbicide. 
The fact that it more readily ki lls broad-leaved 
plants than narrow-leaved ones is an advantage 
because many agricultural crops are narrow­
leaved while the weeds that compete with them 
are broad-leaved. As a result. application of IAA at 
appropriate concentrations will kill only the weeds 
with little, or no. ham1 to the crop. As IAA is nor 
easi ly broken down means it will persist in the 
soil and continue to act as a selective weedkiller 
for some time. This may preven t a broad-leaved 
crop being grown on the land for some time after 
application of IAA. There is also a danger that IAA 
might accumulate along food chains with possible 
harm tO animals in those chains. 

Discovering the role of IAA in tropisms 
l Experiment l 

2 	 As mica conducts electricity it will not prevent 
electrica l messages passing from the shoot tip but 
it will preven t chemical messages passing. As there 
is no response, the message must be chemical and 
must pass down the shaded sidr. 

3 	 Displacement of the tip means that the chemical 
initiaUy only moves down the side of the shoot that is 
in contact with the tip. This side grows more rapidly, 
causing bending away from that side. 

4 	 It prevents chemicals I IAA, but not light, passing 
from one side to the other. 

5 	 Results support the hypothesis that lAA is 
transported from the lighter side to the shaded side 
of the shoot. 

Experiment 8 shows that the total IAA produced 
and collected is the same whether the shoot is in 
the light or the dark. This discounts the theory that 
light destroys IAA or inhibits its production. 



Answers to ~uestions 

Experiment 9 !>hows that the amount of IAA 
produced at either side of the tip is the same. The 
glass plate prevents any sideways transfer. 

Experiment I 0 shows that the TAA is transferred 
from the light LO the shaded side of the shoot soon 
after it is produced because more than twice as 
much IAA is found on the shaded side of the shoot 
than on the light side. 

14.3 
1 brain I spinal cord 

2 brain I spinal cord 

3 motor 

4 sensory 

5 involuntary 

6 stim ulus 

7 

8 

9 

10 

11 

(temperature) receptor 

sensory 

intermcdiate 

motor 

effectors 

14.4 
1 	 Stretch-mediated sodium channel - a special type 

of sodium channel tha t changes its permeability to 

sodium when iL changes shape I is stretched. 

2 	 pressure on Pacinian corpuscle -t corpuscle 
changes shape -t stretches membrane of neurone 
-t widens stretch mediated sodium ion channels 
-tallows sodium ions into neurone -t changes 
potential or (depolarises) membrane -t produces 
generator potential 

3 	 Only rod cells are stimulated by low-intensity 
(dim) light. Rod cells cannot distinguish between 
differem wavelengths I colours of light, therefore 
the object is perceived only in a mixture of black 
and white, i.e. grey. 

4 	 Light reaching Earth from a star is of low intensity. 
Looking directly at a star, light is focused on to the 
fovea, where there are only cone cells. Cone cells 
respond on ly LO high light intensity so they are 
not stimulated by the low light intensi ty from the 
star and it cannot be seen. Looking to one side of 
the star means that light from the star is focused 
towards the outer regions of the retina, where 
there are mostly rod cells. These are stimulated by 
low lighc intensity and therefore the star is seen. 

14.5 
Autonomic nervous system - controls the 
involuntary adivities or internal muscles and glands. 

2 	 Sympathetic nervous system stimulates effectors 
and so speeds up an activity; prepares for stressful 
situations, e.g. the fight or flight response. 

Parasympathetic nervous system inhibits effectors 
and slows down an activity; controls activities 
under resting conditions. conserving energy and 
replenishing the body's reserves . 
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3 	 Blood pressure remains high because the 
parasympathetic sy~tem is unable to transmit nerve 
impulses to the SA node, which decreases heart 
rate and so lowers blood pressure. 

4 a 	 Heart rate remains a~ it was before taking 
exercise - after exercise. blood pressure increases 
and C02 concentration of blood rises (causing 
blood pH to be lowered). The cl1anges are 
detected by pressure and chemical receptors 
in the wall of the carotid arteries. As the nerve 
from here to the medulla oblongata is cur, no 
nerve impulse can be sent to the centres that 
control heart rate. 

b 	 Blood C02 concentra tion increases as a result of 
increased respiration during exercise. 

15.1 
1 	 (nerve) impulses I action potentials 

2 	 nucleus 

3 	 rough endoplasmic reticu lum 

4 dendrices 7 myelin 

5 Schwann cells 8 motor 

6 insulation 9 sensory 

10 intermediate 

11 Hormone response is slow. widespread and 
long-lasting. Nervous response is rapid, localised 
and short-lived. 

Aging in neurones 

1 dendrites become longer with age. 


2 	 dendrites are fewer, are much shorter and are less 
branched. 

3 After 10 years (age 60) there will be 
52000 -	 (-- x 2000) = 1900 neurones remaining. 

100 
After a further I 0 years (age 70) there will be 1900 
- ( ~O x l 900) = 1805 neurones remaining.

1 

15.2 
1 	 Active transport of sodium ions out of the axon 

by sodium-potassium pumps is faster than active 
transport of potassium ions inLO the axon. Potassium 
ions diffuse out of the axon but few, if any, sodium 
ions diffuse into the axon because the sodium 
·gates' are closed. Overall, there arc more positive 
ions outside than inside and therefore the outside is 
positive relative to the in~idc. 

2 	 A = closed B = open C = closed D = closed 
E =closed F =open 



Measuring action potentials 
I 	 sodium and potassium ions 

2 	 At resting potential (0.5 ms) there is a positive 
charge on the outside or the membrane and 
a negative charge inside, due to the high 
concentration or sodium ions outside the 
membrane. The energy or the stimulus causes 
the sodium voltage-gated channels in the axon 
membrane to open and therefore sodium ions 
diffuse in through the channels, along their 
electrochemical gradient. Being positively charged, 
they begin a reversal in the potential difference 
across the membrane. As sodium ions enter, so 
more sodium ion channels open, causing an even 
greater influx o[ sod ium ions and an even greater 
n:versal of poten tial difference: from -70 mv up to 

+40 mv at 2.0 ms. 

3 	 Two action potentia ls take place in I 0 ms. 

Each action potential takes JO-:- 2 = 5 ms I action 
potentials arc 5ms apart. 

There are I000 (I Q3) ms in l second. 

Therefore there arc I 000-:- 5 = 200 action 

I 02 1
potentials in l second (2 x ms- ) 

15.3 
1 	 a node of Ranvier 

b 	 Because the remainder or the axon is covered 
by a myelin sheath that prevents ions being 
exchanged I prevents a potential difference 
being set up. 

c 	 lt moves along in a series of jumps from one 
node of Ranvier to the next. 

d 	 saltatory (cond uction) 

e 	 It is faster than in an unmyclinated axon . 

2 	 It remains the same I docs not change. 

15.4 
1 	 During the refractory period the sodium 

voltage-gated channels arc closed so no sodium 
ions can move inwards and no action potential 
is possible. Thb means there must be an interval 
between one impulse and the next. 

2 	 All-or-nothing principle -There is a particular level 
or stimulus that triggers an action potential. At any 
level above this threshold, a stimulus will trigger 
an action potential that is the same regardless of 
the size of the stimulus (rhe 'all' part). Below the 
threshold, no action potential is triggered (the 
'nothing' part). 

3 	 Mammals have myelinated neurons and so have 
saltatory conduction. Mammals arc endothermic 
and their constant, usually higher, body 
temperature increases the rate of diffusion of ions 

Answers to questions 

across the axon membrane and hence the speed of 
conduction or the action potential. 

Different axons different speeds 
1 The greater the diameter of an axon the faster the 

speed of conductance. Comparing the data for 
the two myelinated axons shows that the 20 µm 
diameter axon conducts at 120 ms- 1 while the 10 ~un 
diameter axon conducts at only 50 ms-1• Likewise, 
the data for the two unmyelinated axons show that 
the 500 µm diameter axon conducts at 25 ms-1 

while the I pm diameter axon conducts at 2 ms-1• 

2 	 in myelinated axons, the myelin acts as an 
electrical insu lator. Action potentials can only form 
where there is no myelin (at nodes of Ranvier) . 
The action potential therefore jumps from node 
to node (= saltatory conductio n) wh ich makes its 
conductance faste r. 

3 Schwa nn cells 

4 The presence o l myelin has the greater effect 
because a myelinatcd human sensory axon 
conducts an action potential at twice the speed of 
the squid giant axon, despite being only l/50th 
of its diameter. (Note: Similar comparisons can be 
made between other types of axon, e.g. squid and 
human motor axons.) 

5 Temperature affects the speed of conductance of 
action potentials. The higher the temperature, the 
faster the conductance. The conductance of action 
potentials in the squid will therefore change as the 
environmental temperature changes. It will react 
more slowly at lower temperatures. 

6 	 Area of circle = m 2. Radius of axon= 500 = 250 
2 

2µm. Area o[ axon = n x 2502 = 196 349 µm . 

Expressed as mm2 to live signifi cam figures 
0 .19635 mm2. 

15.5 
I II possesses many mi tochond ria and large amounts 

o f endoplasmic ret iculum. 

2 lt has receptor molecu les for neurotransmitters 
e.g., acetylcholine, on its membrane. 

3 	 Neurotransmiuer is released from vesicles in the 
presynaptic neurone inlO the synaptic cleft when 
an action potential reaches the synaptic knob. The 
neurotransmiuer dirfuses across the synapse LO 

receptor molecules on the postsynaptic neurone 
LO which it binds, thereby se11ing up a new action 
potential. 

4 	 Only one end can produce neurotransmitter and so 
this end alone can create a new action potential in 
the neurone on the opposite side of the synapse. At 
the other end there is no neurotransmitter that can 
be released to pass across the synapse and so no 
new action potential can be set up. 

• 
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5 a The relatively quiet background noise of traffic 
produces a low- level frequency of action 
potentials in the sensory neurones from the 
ear. The amount of neurotransmitter released 
into the synapse is insufficient to exceed 
the threshold in the postsynaptic neurone 
and to trigger an action potential and so the 
noise is 'filtered out' I ignored. Louder noises 
create a higher frequency and the amount of 
neurotransmitter released is sufficient to trigger 
an action potential in the postsynaptic neurone 
and so there is a response. This is an example of 
temporal summation. (Note: An explanation in 
terms of spatia l summation is also valid: many 
sound receptors with a range of thresholds~ 
more receptors respond to the louder noise ~ 
more neurotransmitter~ response.) 

b Reacting LO low-level stimuli (background 
traffic noise) that present linle danger can 
overload the (central) nervous system and 
so organisms may fai l to respond to more 
important stimuli. High-level stimuli (sound of 
horn) need a response because they are more 
likely to represent a danger. 

6 	 As the inside of the membrane is more negative than at 
resting potential, more sodium ions must enter in order 
to reach the potential difference of an action potential, 
i.e. it is more difficult for depolarisation to occur. 
Stimulation is less Likely to reach the threshold levd 
needed for a new action potential. 

7 	 a Increase in speed 64 - 40 = 24 ms-1 

Percentage increase 24 x J00 =37.5% 
40 

b Refex arcs allow rapid responses to potentially 
harmlul situations. Information passes across 
synapses relatively slowly compared to the 
speed it passes along an axon. The fewer 
synapses there are. the shorter the overall time 
taken to respond 10 a stimulus - an advantage 
where a rapid response is required. 

15.6 
1 	 a sodium ions c ATP 

b 	 acetylcholine d calcium ions 

2 	 To recycle the choline and ethanoic acid; tO prevent 
acetylcholine £rom continuously generating a new 
action potential in the postsynaptic neurone. 

Effects of drugs on synapses 
1 They will reduce pain. 

2 	 They act like endorphins by binding to the receptors 
and therefore preventing action potentials being 
created in the neurones or the pain pathways. 

3 	 Prozac might prevent the elimination of serotonin 
from the synaptic cleh (Note: Any biologically 
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accurate answer that results in more serotonin in 
the synaptic cleft is acceptable.) 

4 	 By increasing the concentration of seroronin in 
the synaptic cleft, its activity is increased, reducing 
depression, which is caused by reduced seroronin 
activity. 

5 	 It will reduce muscle contractions (cause muscles 
to relax). 

6 	 Valium increases the inhibitory effects of GABA so 
therefore there are fewer action potentials on the 
nerve pathways that cause muscles to contract. 

7 	 The molecular structure of Vigabatrin is similar 
to GABA so it may be a competitive inhibitor 
(compete) for the active site of the enzyme that 
breaks down GABA. As less GABA is broken 
down by the enzyme, more of it is available to 

inhibit neurone activity. Or Vigabatrin might bind 
to GABA receptors on the neurone membrane 
and mimic its action, thereby inhibiting neuronal 
activity. 

15.7 
1 	 Muscles require much energy for contraction. Most 

of this energy is released during the Krebs cycle 
and electron transport chain in respiration. Both 
these take place in mitochondria. 

2 	 A =Z-line B =H-zone C =I-band (isotropic band) 
D = A-band (anisotropic band). 

3 	 The actin and myosin filaments lie side by side in 
a myofibril and overlap at the edges where they 
meet. lf cut where they overlap, both filaments can 
be seen. lf cut where they do not overlap, we see 
one or other filament only. 

4 	 Slow-twitch fibres contract more slowly and provide 
less powerful contractions over a longer period. 

Fast-twitch fibrcs contract more rapidly and 
produce powerful contractions but only for a short 
duration. 

5 	 Slow-twitch fibres have myoglobin to store oxygen. 
much glycogen 10 provide a source of metabolic 
energy, a rich supply of blood vessels to deliver 
glucose and oxygen, and numerous mitochondria 
to produce ATP. 

Fast-twitch fibres have thicker and more numerous 
myosin filaments, a high concentration of enzymes 
involved in anaerobic respiration and a store of 
phosphocrcatine to rapidly generate ATP from ADP 
in anaerobic conditions. 

15.8 
l 	 Myosin is made of two proteins. The fibrous 

protein is long and thin in shape, which enables 
it to combine with others to form a Jong thick 
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filament along which the act in filament can move. 
The globular protein forms two bulbous structures 
(the head) at the end of a filament (the tail). This 
shape allows it to exactly fit recesses in the actin 
molecule, to which it can become attached . Its 
shape also means it can be moved at an angle. 
This allows it to change its angle when attached to 
actin and so move it along, causing the muscle to 
contract. 

2 	 Phosphocreatine stores rhe phosphate that is used 
to generate ATP from ADP in anaerobic conditions. 
A sprinter's muscles oflen work so strenuously that 
the oxygen supply cannot meet the demand. The 
supply or ATP from mitochondria during aerobic 
respiration therefore ceases. Sprinters with the 
most phosphocreatine have an adva ntage because 
ATP can be supplied to their muscles for longer, 
and so they perform better. 

3 	 A single ATP molecule is enough to move an actin 
filament a distance of 40 nm. 


Total distance moved by act in ftlament = 0.8 µm 

(= 800 nm). 


Number of ATP molecules required = 800 ~ 40 = 20. 

4 One role or ATP in muscle contraction is to attach to 
the myosin heads, thereby ca using them to detach 
from the actin filament and making the muscle 
relax. As no ATP is produced after death, there 
is none to attach to the myosin. wh ich therefore 
remains attached to act.in, leaving the muscle in a 
contracted state, i.e. rigor mortis. 

16.1 
Homeostasis is the maintenance of a constant 
internal environment in organisms. 

2 	 Maintaining a constant temperature is important 
because enzymes function within a narrow range 
of temperatures. 

Fluctuations from the optimum temperature mean 
enzymes function less efficiently. If the variation is 
extreme, the enzyme may be denatured and cease 
to function altogether. A constant temperature 
means that reactions occur at a predictable and 
constant rate. 

3 	 Maintaining a constant blood glucose concentration 
is important in ensuring a constant water potential. 
Changes to the water potential of the blood and 
tissue fluids may cause cells to shrink and expand 
(even to bursting point), due to water leaving or 
entering by osmosis. In both instances the cells 
cannot operate normally. A constant blood glucose 
concentration also ensures a reliable source of 
glucose for respiration by cells. 

Thermoregulation in ectotherms and endotherms 
I 	 It allows accurate comparisons to be made even 

though the animals have different body masses. An 
increase in body size or body mass means there is 
increased heat generation. 

2 a 	 Both increase proportionally up to 25 °C. Above 
25 °C, heat generation increases more rapidly 
(gradient I slope of line increases), whereas 
evaporative heat loss increases at the same rate 
(gradient I slope of line remains the same). 

b 	 In a mammal, the relacionship is the inverse / 
opposite, i.e. as evaporative heat loss increases, 
heat generation decreases. 

3 	 Above 25 °C, the metabolic heat generation in 
reptiles becomes much more rapid. They therefore 
generate heat faster than they can lose it. As 
a result, their body temperature increases and 
enzymes may be denatured, leading LO death. As 
reptiles have no physiologica l means of cooling. 
they must seek shade in order to reduce their body 
temperature. 

4 	 Sweating or panting increases. 

16.2 
Jf the information is not fed back once an effector 
has corrected any deviation and returned the 
system to the set point, the receptor will continue 
to stimulate th e effector and an over-correction 
wil l lead to a deviation in the opposite direction 
from the original one. 

2 	 It gives a greater degree of homeostatic control. 

Positive feedback 
Positive feedback means the contractions get 
stronger and more frequent over time leading to 
the birth of the baby. Negative feedback would 
mean the contractions became weaker and less 
frequent until they stopped altogether and the 
baby would not be born. 

Negative feedback in temperature control 
I The blood temperature would be become 

progressively colder (because positive reedback 
increases the current process i.e. blood cooling). 

2 	 Cutting the nerves would mean that the 
them10receptors would not be able to communicate 
the rise in blood temperature to the heat loss 
centre. The centre would not be able to initiate 
act ions that could lower blood temperature. Blood 
temperature would rise. If the increase were great 
enough. enzymes vital to keep the organism alive e.g. 
respiratory enzymes would be denatured, cease to 
function and death would result. 



3 	 The heat loss centre might be connected to 

effectors, other than the skin, which could lower 
the blood temperature e.g. regions of the brain 
that control behaviour, and so the individual might 
be able to reduce blood temperature by resting, 
sheltering from the sun etc. 

4 	 vena cava. pulmonary anery. pulmonary vein. aorta. 

16.3 
respiration 8 gluconeogenesis 

2 brain 9 glycogen 

3 osmotic I water potential 10 respiration 

4 carbohydrate 11 islets of Langerhans 

5 glycogen 12 insulin 

6 m uscles 13 gl ucagon 

7 amino acids 14 adrena line 

16.4 
l 	 Type Tis caused by an inability to produce insulin. 

Type ll is caused by receptors on body cells losing 
their responsiveness to insulin. 

2 	 Type T is colllrolled by the injection of insulin. 

Type II is controlled by regulating the intake of 
carbohydrate in the diet and matching this to the 
amount of exercise taken. 

3 	 Diabetes is a condition in which insulin is 
not produced by the pancreas. This leads to 

fluctuations in the blood glucose level. If the level 
is below normal, there may be insufficient glucose 
[or the release of energy by cells during respiration. 
Muscle and brain cells in particular may therefore 
be less act ive, leading to tiredness. 

4 	 Match your carbohydrate intake to the amount 
of exercise that you take. Avoid becoming 
overweight by not consuming excessive quantities 
of carbohydrate and by taking regu lar exercise. 

Effects of diabetes on substance concentrations 
in the blood 
l adrenaline 

2 	 The rise in insu lin level is both greater and more 
rapid in group Y than in group X. 

3 	 Glucose is removed from blood by cells using it 
during respiration. 

4 	 Glucose concelllration rises at first because rhe 
glucose that is drunk is absorbed into the blood 
(glucose line on graph rises). This rise in blood 
glucose causes insulin to be secreted from cells (B 
cells) in the pancreas (insulin line rises steeply). 
Insulin causes increased uptake of glucose inco 
liver and muscle cells, activates enzymes rhat 
convert glucose into glycogen and fat, and 
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increases cellular respiration. The eHect of all these 
actions is to reduce glucose concentration (glucose 
line falls from 2.5 hours onwards). As the glucose 
concentration rises arter I hour, so the glucagon 
concentration falls. The reduction in glucagon 
concentration decreases glucose production 
from other sources (glycogen, amino acids. and 
glycerol) and so also helps to reduce blood glucose 
concentration. As the blood glucose concentration 
falls (after 2.5 hours) so the glucagon concentration 
increases to help maintain the blood glucose at its 
optimum concentration. 

5 	 Group X has diabetes and therefore the glucose 
intake does not stimulate insulin production 
(insulin concentration shown on the graph is low). 
The glucose concentration in the blood therefore 
conti nues to rise (glucose line rises steeply) as there 
is no insu lin to red uce its concentration . Blood 
glucose concentration remains high, railing only 
slightly as it is respired by cells. 

6 	 As it is respired by cells, the glucose concentration 
will decrease steadily until il rans below the 
optimum concentration. 

16.5 
1 renal (Bowman's) 6 epithelial cells 

capsule 7 microvilli 
2 glomerulus 8 loop or Henle 
3 afferent 9 distal 
4 podocytes 10 collecting duct 
5 proximal 

Control of blood water potential 
1 	 As sweating involves a loss or water from the 

blood, its water potent ial will decrease (be lower or 
more negative). 

2 	 a osmotic cells (in the hypothalamus) 

b 	 kidney 

3 	 Being a hormone, it is transported in the blood 
plasma . 

4 	 Absorption (taking in or consumption or drinking) 
of water because water has been lost during 
sweating. As the water potelllial of the blood 
returns 10 normal, the lost water must have been 
replaced. However, the kidney only excretes less 
water, it does not replace it. Therefore process X 
must be the way in which water is replaced. 

5 	 negative reedback 

The glomerulus - a unique capillary network 
1 	 The efferent arteriole later divides up into a second 

capillary bed that surrounds the loop or Henle. 
These then combine to form the venulc. 
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2 	 By looking at the structure of its wall. Arterioles 
have thicker walls with more muscle tissue than 
vcnules. 

16.6 
l 	 proximal convoluted tubule 

2 	 glomerulus; renal capsule; proximal convoluted 
tubule; loop of Henle; distal convoluted tubule; 
collecting duct 

3 	 microvilli to provide a large surface area to 

reabsorb substances from the filtrate; infoldings at 
their bases to give a large surface area to transfer 
reabsorbed substances into blood capillaries; a high 
density of mitochondria to provide ATP for the 
active transport. 

4 	 Animals in dry environmen ts would have longer 
loops of Henle 10 give a longer counter currem 
mu ltiplier and so more absorption of water by the 
collecting duct. 

16.7 
1 	 hypotha larnuss 

2 a 	 less-because the water drunk causes a rise in 
water potential of the blood 

b 	 more-because intense exercise leads LO sweating 
and the loss of water leading to a fall in water 
potential of the blood 

3 	 ADH binds to receptors on the cell-surface 
membrane of the cells lining the collecting duct 
and activate phosphorylase wirhin the cell. 
The activation of phosphorylase causes vesicles 
containing pieces of plasma membrane that have 
numerous water channcls/aquaporins to fuse with 
the cell-surface membrane. This increases the 
number of water channels and makes rhe cell ­
surface membrane much more permeable to water. 

4. 	 0.05 g dm- 1 

The significance of glucose in the urine 
I Insulin - lowers blood sugar level 

Glucagon - raises blood sugar level 

Adrenaline - raises blood sugar level. 

2 	 The graph measures the concentrarion of 
substances and not their actual quantities. Because 
water is progressively removed from filtrate as 
it passes along the nephron, there is the same 
amount of urea but in a smaller volume of water. 
Therefore the con centra tion of urea increases. 

3 	 Glucose because it is totally reabsorbed in proximal 
convoluted tubule. 

4 	 Sodium ions because they enter the descending 
limb of loop of Henle initially and so increase in 
concentration. They arc then actively transported 
out of the ascending limb and so decrease in 
concentration. The removal of water from the 
collecting duct causes their concentration to slowly 
rise again. 

5 	 The reabsorption of water from the collecting ducrs 
depends on there being a large water potential 
gradient between the fluid in the collecting duct 
and that in the blood capillaries. The presence of 
glucose in the fluid in the collecting duct reduces this 
gradient and leads to more water being lost in urine 
leading to dehydration. 

17.1 
I genotype 

2 mutation 

3 phenotype 

4 n ucleotides/bases 

5 polypeptides 

6 

7 

8 

9 

10 

locus 

homozygous 

heterozygous 

recessive 

codominant 

17.2 
I Lei allele for Huntington's disease = H 


Let allele for normal condition = h 


parental father with disease normal mother 
phenotypes 

parental Hh hh 
genotypes 

gametes AA 

offspring: 

father's gametes 

mother's gametes ® ® 
llh hh @ 

@ Hh hh 

half (50%) of offspring will have Huntington's disease (Hhl. 

half (50%) of offspring will be normal (hh). 

• 




Answers to questions 

2 a let allele for black coat = B 	 character. Provided the sample of offspring is 
large enough, however, we can be reasonably Let allele for red coat =b 
sure that the unknown genotype is homozygous parental 	 . 

phenotypes female with black coat male with red coat dominant. 


parental BB bb 2 a heterozygous (Gg) 

genotypes 

gametes AA
offspring. 

male gametes 

female gametes @ G) 

® Bb Bb 

® Bb Bb 

All (100%) offspring will have black coats (Bb). 

b Let allele for black coat =B 
Let allele for red coat = b 

phe:~: female wrth black coat male with black coat 

parental Bb Bb 
genotypes 

gametes A A®@ 
offspring: 

male gametes 

female gametes ® @ 

® BB Bb 

@ Bb bb 

3 offspring (75%) with black coat (BB, Bb and Bbl. 


1 offspring (25%) with red coat (bbl. 


probab1hty of offspring having red coat = 1 in 4 (25%/025) 


17.3 
l a homozygous dominant (GG) 

b We cannot be absolutely cenain because if the 
unknown genotype were heterozygous (Gg) 
the gametes produced would contain alleles 
of two types: either dom inant (G) or recessive 
(g). IL is a matter of chance which of 1hese 
gametes fuses with those from our recessive 
parent - all these gametes have a recessive 
allele (g). Tt is just possible that, in every case, 
it is the gametes with the dominant allele that 
fuse and so all the offspring show the dominant 

• 


b 	 We can be certain because 7 of the offspring 
display the recessive character (in our case yellow 
pods). These plants arc homozygous recessive 
and must have obtained one recessive allele from 
each parent. Our unknown parental genotype 
must therefore have a recessive allele and be 
heterozygous (in our case Gg). 11 is theoretically 
possible that the: plants with ycllow pods were 
due to a mutation but this is most unlikely. 
The unexpectcdly low numbcr of plants with 
ycllow pods is the rcsult of random fusion of the 
gametes. 

c 	 50% d 7.29% 

17.4 
1 	 Red eyes and nom1al wings are dominant because 

these characteristics are expressed in the F
1 

generation while pink eyes and vestigial wings are 
not expressed in the F1 generation and so these are 
recessive. Also red eyes and normal wings appear 
around 3 times more often in the F2 generation 
than pink eyes and vestigia l wings. 

2 	 R for red eyes and r for pink eyes, N for normal 
wings, n for vestigial wings. 



Answers to questions 

3 Parental cross 	 when self-fertilised, these must be the genotypes of 
the parents. Answer = AABb and AaBB. 

red eyes and pink eyes and 
proof for variety 1 CAABbl 

parental phenotypes vestigial wings normal wings 

red eyes and normal wings 
RrN n 

parental genotypes RRnn rrNN 	 parental genotypes AABb AABb 

A A 
gametes ~ 	 ~ gametes @@ @@

~RrNn/offspring genotype 
F1 offspring 

F1 intercross 

F1 phenotype 
F1 genotype 

F1 gametes 

if gametes 

~gametes (AB) (Ab) 

@ AABB AABb 

@ AABb AAbb 

3 offspring have alleles A and Band are 
F2 offspring 

(RN) (Rn) (rN) 

@ RRNN RR Nn RrNN 

§) RR Nn RRnn 

@) RrNN RrNn 

e RrNn Rrnn 

RrN n 

rrNN 

rrNn 

(rn) 

RrNn 

Rrnn 

rrNn 	

therefore green. 
gametesd' 1 offspring (AAbbl lacks allele Band is 

therefore white. 

proof for variety 2 (AaBB)~gametes 

parental genotype AaBB AaBB 

A A 
rrnn gametes 	 @@ @ @ 

9 red eyes and normal wings CR-N-l 	 F1 offspring 
3 red eyes and vestigial wings (R-nn) 

3 pink eyes and normal wings CrrN-l 
1 pink eyes and vestigial wings Crrnn) 

Better late than never 
I TheF ratiois3:1isa1ypicalraliofora

1 

monohybrid cross and supports Mendel's law 

of segregation. The F2 ra1io of 9:7 looks initially 

unusual bu1 has 16 genotypes and so could be a 

modified 9:3:3: 1 ra tio 1hat is 1he typical ratio for 

a di hybrid cross and surports Mendel's law of 3 


if gametes 

~gametes (AB') (aB} 

@ AABB AaBB 

@ AaBB aaBB 

3 offspring have alleles A and Band are 
therefore green. 
1 offspring (aaBBl lacks allele A and is 
therefore white. 

variety 1 variety 2 
independent assortment. 

parental genotype AABb AaBB 
2 	 The two different varieties when self-fertilised 

produce three green offspring for each white one. A A 
The green offspring must have allele A and allele gamete @ @ @@
B i.e. must be A-8 - (where - is either dominant 
or recessive). The white offspring must lack either 
allele A or allele B or both i.e. must have the 
genotype aabb, aaB- or A-bb. To obtain white 
offspring the green parent must provide a recessive 
allele so that a double recessive can occur in the 
offspring. There arc three possible genotypes that 
fulfil these criteria: AABb, AaBB and AaBb. The 
latter however, when self-fertilised produces a 9:7 
ratio of green to white (see later) and not a 3: l 
ratio. This leaves the remaining two. As there are 
two different varieties that produce this 3: l ratio 

F1 offspring variety 1 gametes 

variety 2 gametes (AB) @ 
@ AABB AABb 

@ AaBB AaBb 

All offspring have both allele A and allele B 

and so are green 

• 



4 

Answers to questions 

Examina tion of the results of cross 2 shows that 
two of the four genotypes (AABb and AaBB) 
were self-fertilised in cross 1 and produced a 3 
green to 1 white ratio and so can be discounted. 
Self-fertilisation of one of the two remaining 
genotypes, AABB, clearly will only produce green 
offspring. This leaves just the genotype AaBb. 
The results of self-fertilisation of plants with this 
genotype arc as follows: 

AaBb 
parental genotype 

gametes 

F2 offspring 

<f Gametes 

@ 
(AB) 

AA BB 

d' Gametes 

(Ab) (aB) 

AABb AaBB 

@ 
AaBb 

® 
@ 

@ 

AABb 

AaBB 

AaBb 

AAbb 

AaBb 

Aabb 

AaBb 

aaBB 

aaBb 

Aabb 

aaBb 

aabb I 
Nine boxes have a genotype with both allele A and allele 


B and so can produce chlorophyll and the plants are green. 


The seven other boxes lack either allele A, allele B or both and 


so cannot produce chlorophyll and the plants are white. 


5 	 Each gene controls the production of a polypeptide. 
Dominant alleles of genes A and Bare required 
to form their respective polypeptides. These 
polypeptides cou ld form part of a single enzyme or 
two different enzymes in the biochemical pathway 
that forms chlorophyll. On ly plants carrying 
both dominan t alleles will be able to syn thesise 
chlorophyll. 

17.5 
l 	 The man is not the father. 

Reasons - ch ild has blood group AB and therefore 
has alleles JAJD. The mother is blood group A and 
therefore either 1A1° or JA [ A. In either case she 
could have provided the JA alleles to the child but 
not the JD allele. The JD allele must have come 
from the real father. The supposed father is blood 

0group O and therefore has alleles 1°r . He cannot 
provide an JD allele and so cannot be the father. 
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2 parental mildly frizzled cockerel frizzled hen 
pheno1ypes 

parental 

genotypes 


gametes 


offspring: 


cockerel gametes 

hen gametes © ® 
® A'A' NA' 

® A'N NN 

half (50%) frizzled fowl (ArN) 

half (50%) mildly frizzled fowl (AW> 

Coat of many colours 

parental .l phenotypes bull with white coat cow with roan coat 

parental 
genotypes 

gametes 

offspring: 

male gametes 

female gametes ® ® 
® C''C"' C1·c·• 

cw cw cwvvw® 
half (50%) roan coat (CRcw) 

half (50%) whi le coat (Cw cw) 


2 a 100% b 50% c 50% d 50% 

3 Kittens develop inside their mother and so are 
kept warm I at a uni form temperature. As the 
ki tten's coat is light-coloured, tyrosinase must 
have been denatured I inactivated at this warm 
temperature. After birth, a kitten is exposed 
to cooler environmental temperatures and its 
extremities (ears, face. feet and cail) will be the 
coolest as they are furthest from the main body, 
where heat is generated and have a large surface 
area co volume ratio. Cooler temperature means 
tyrosine is activated I not denatured. Tyrosinase 
therefore catalyses the production of dark pigment 
in these areas . 



17.6 
l 	 E = XX F = XY 

2 A= not colour blind/normal vision B =not colour 
blind/normal vision D = colour blind 

3 G = x Rx r H = x Ry I = x Rx R J = xrv 

4 	 0% - because sons inherit their X chromosome 
from their mother and she has only alleles for 
normal vision (XR). 

5 	 By mutation (of the R allele). 

A right royal disease 
l Because the ancestors from whom they are 

descended (Edward VII and Victoria) did not have, 
or carry. alleles for haemophilia. 

2 a 	 The disease of haemophilia only occurs in males 
and not fema les. 

b 	 Parents withou t the disease are sh own to have 
children w ith the disease. Alexandra and Tsar 
Nicholas 11 do not have the disease but their son 
Tsarevitch Alexis does. (Note: There are many 
other examples.) 

3 	 a xHxH b x hy c xHxh 

4 	 Anastasia could have either genotype x Hx h or 
xHxH, depending on whether she inherited an xtt 
or an X h from her mother Alexandra. Waldemar's 
genotype must be xhv. Therefore: 

a 	 Sons would inherit a Y from Waldemar and either 
an XH or x h from Anastasia (mother). Therefore 
the possible genotypes are x Hy or x hv . 

b 	 Daughters must inherit x" from Waldemar 
(father) and either XH or x" from Anastasia 
(mother). Therefore the possible genotypes are 
xhx" or x"x". 

17.7 
l 	 ln sex-linkage the linked genes arc on the same sex 

ch romosome (usua lly the X chromosome) whereas 
in autosoma l linkage they arc on any ch romosome 
other than the sex chromosomes. 

2 

parental phenotype I short, I long, 
white fur grey fur 

parental genotype hh 

gg 

Hh 

Gg 

Gametes produced by meiosis G) @(fig) 

I rabbit with long. grey fur (HhGg) 

l rabbit with short, white fur (hhgg) 

Answers to questions 

Tales of the unexpected 
I a Y = allele for yellow flowers 

y =allele for white flowers 

R =allele for red fruit 

r = allele for yellow 

2 YyRr 

3 3 yellow flowers and red fruit 

I white flowers and yellow fruit. 

4 9 yellow flowers and red fruit 

3 yellow flowers and yellow fruit 

3 white flowers and red fruit 

l white flowers and yellow frui t 

5 a yellow flowers and yel low fru it 

w hite fl owers and red fruit 

b crossing over between ch romatids giving rise to 

rccombinan ts 

17.8 
l a mouse 1 = albino(whitc); mouse 2 =agouti 

b AABb; Aa Bb; AAbb; Aabb; AaBb; aaBb; 
Aabb; aabb 

c 4 albino : 3 agouti : I black 

2 a AaBb Purple seeds 

b 	 F1 phenotype AaBb 

F1 genotype ~ 
F1 gametes @@®€) 
F2 offspring 

AAbb AaBb 

AaBB AaBb aaBB 

AaBb Aabb aaBb 

Aabb 

aaBb 

aabb 

c i AABB; AABb; AaBB; AaBb; AABb; 
AaBb; AaBB; AaBb; AaBb. 

ii They all possess at least one dominant allele 
A and one dominant allele B. 

d 	 The production of anchocyanin uses a 
biochemical pathway that requires two 
functional enzymes each coded for by the 
dominant allele of both genes A and B. If either 
gene is represented by two recessive alleles 
the enzyme it codes for is non-functional and 
the pathway cannot be completed. This is an 
example of epistasis because it affects the other 
gene in that. even if it is functional and produces 
its enzyme, its effects cannot be expressed 
because no pigment can be manufactured. 

• 




Answers to questions 

17.9 
I There is no significant difference between the 

observed and the expected results. 

2 Th rce degrees of freedom. 

3 Chi-squared value = 9.11. 

4 	 The valu e of 9.11 lies between 7.82 and 9.84, 
wh ich is eq uivalent to a probabili ty of 0.05 (5%) 
and 0.02 (2%) that the deviation is due to chance 
alone. 

5 	 This deviation is significant and we must reject the 
null hypothesis. 

18.1 
I 	 Allelic frequency is the number of times an allele 

occurs within the gene pool. 

2 	 The proportion of dominant and recessive alleles of 
any gene in the population remains the same from 
one generation to the next. 

3 	 No mutations arise. 

The population is isolated I no Oow of alleles into, 

or out of, the population. 


No natural selecrion occurs I all alleles are equally 

advantageous. 


The population is large. 


Mating within the popular.ion is random. 


4 	 p + q = 1.0 and p = 0.942 

Therefore q = 1.0 - 0.942 = 0.058 

Frequency of the heterozygous genotype= 2pq 

= 2 x 0.942 x 0.058 

= 0.109 

As a percentage= 0.109 x I 00 = I0.9%. 

Not as black and white as it seems 
I 	 It is not sex-linked because the number of males 

and females of each wing colour arc approxima tely 
equa l - the small difference is due to statistical 
error. 

2 	 0.254 (25.4%) 

Number of moths with dark-coloured wings 
(having two recessive alleles) = 562. Total sample = 
1653 + 562 = 2215. Proportion with two recessive 
alleles = 562 '"" 2215 = 0.2 54. 

3 a 	 0.254 of the sample population has two 
recessive alleles 

Therefore q2 = 0.254 and q = ~0.254 =0.504. 

b 	 q = 0.504 and p + q = l.O. 

Therefore p = l.O - 0.504 = 0.496. 

c Frequency of hecerozygotes = 2pq = 2 x 0.496 x 
0.504 = 0.5 


Therefore % of heterozygotes = 50% 


• 

4 	 Capture a sample of moths and mark them in 
some way. Release them back into the population. 
Sometime later randomly recapture a given 
number or moths. Record the number of marked 
and unmarked moths in this second sample. 
Ca lculate the size of the population as follows: 

total number of moths to tal number of moths 
in first sample x in second sample 

number of marked moths recaptured 

5 	 234 people. As tongue rolling is dominant, only 
those who are homozygous recessive for the allele 
will be unable to roll their tongue = 26 people. 
The proportion of the total sample population that 

are non-rollers is therefore 26 = 0.0625. ln the 
416 

Hardy Weinberg equation (p2 + 2pq + q2 = l.0) 

q =the frequency of the recessive a llele. As the 
non-ro llers have two recessive a lleles (q2) then 
their proportion of the population is q2 = 0.0625. 
Therefore q = v0.0625 = 0.25. We know that 
p + q = 1.0, therefore p = l.O - 0.25 = 0.75. 
Homozygous dominant tongue rollers have two 
dominant alleles (p2) their proportion in the 
population is 0.75 x 0.75 = 0.5625. In a sample of 
416 people this is equal to 0.5625 x 416 =234. 

18.2 
I 	 muiation, meiosis and random fusion of gametes 

2 mu1a1ion only 

3 a environmental; b genetic; c genetic: 
d environmental; e environmental; 

18.3 
The total number of all the alleles of all the genes 
of all the individuals within a particular population 
at a given time. 

2 	 predation/competition for (food/water/space)/ 
disease/natural disasters 

3 	 Tn malaria l regions, the disadvantages of having the 
disease will be offset by the advantages of having 
resistance to malaria and so there will be little if 
any selection against the gene and its frequency 
will be relatively high. Tn non-malarial regions 
there is no advantage in having resistance to 
malaria and so individuals with sickle cell anaemia 
will be at a disadvantage; they will be selected 
against and the frequency of the gene will be low. 

How genetic variation leads to natural 
selection - copper tolerance in grasses 
1 Normal distribution curve 

2 	 Polygenic 

3 	 Where the soil is contaminated, the non-tolerant 
species arc poisoned by the copper and die so there 



Answers to questions 

is less competition and so the tolerant species' 
population becomes larger. Where there is no 
contamination, all varieties can survive, there is 
greater competition and so the populations are 
smaller. 

4 	 Cross pollinate the plant many times with other 
varieties of Agrostis capillaris. Tf ferti le ollspring resu lt 
they are the same species and therefore a variety. 
If not. it is likely that they are separate species. The 
more often they fail to produce fertile offspring, the 
more likely they are to be separate species. 

5 a Total sample= 450 of which 72 arc copper 
tolerant and therefore homozygous recessive. 

72 = 16% (or 0.16) are copper tolerant
450 
(genotype= tt). If p =frequency of T and 
q = frequency oft then q2 = 0. l 6. q is therefore 
../0. 16 = 0.4. We know p + q = 1, therefore 
p = 0.6. Using Hardy-Weinberg equation 
frequencies are: 

TI= p2 = 0.62 =0.36 =36% 

Tt = 2pq = 2 x 0.6 x 0.4 = 0.48 = 48% 
2ll = q = 0.42 = 0.16 = 16% 

b 	 The population is small and selection is taking 
place. 

18.4 
1 a stabilising e disruptive 

b stabilising f directional 

c directional g stabilising 

d disruptive 

2 	 The light coloured (non-melanic) form because 
pollution control means buildings are no 
longer black. The melanic form is therefore 
more conspicuous than the light form and so 
preferentia lly eaten by predators. The light form 
is more likely to survive and reproduce to give 
more light-coloured offspring There is a selection 
pressure favouring the light form that has led to it 
o utnumbering the melanic form. 

18.5 
A species is a group of individuals that share 
similar genes and are capable of breeding with one 
another to produce fertile offspring. ln other words 
they belong Lo th e same gene pool. 

2 	 Speciation is the evolution of new spccies from 
existing species. 

3 	 Geograph ica l isolation occurs when a physical 
barrier, such as mountains or oceans, prevents two 
populations from breeding with one another. 

4 	 Geographically isolated populations may experience 
different environmental conditions. In each 

population, phenotypes that arc best suited to the 
particular environmental conditions arc selected. 
The composition of the alleles in each gene pool 
1herefore changes as they pass to subsequent 
generations. The composition of rhe gene pool of 
each population becomes increasingly difkrcnt over 
time. Being geographically isolated, individuals of 
each population cannot breed with one another and 
so the two gene pools remain separate and different. 

5 	 Allopatric is speciation as a result of two populations 
becoming reproductively isolated because they are 
geographically separated and so unable to imerbreed. 
Sympatric is speciation as a result of populations that 
live together being reproductively isolated for other 
reasons e.g. they have different breeding seasons 
which do not overlap. 

19.1 
ecology 

2 biotic 

3 abiotic 

4 community 

5 

6 

7 

population 

habitat 

the carrying capacity 

19.2 
1 Certain factors limit growth, e.g. availability of 

food, accumulation of waste, disease. 

2 Biotic factors involve the ac1ivi1ics o f li ving 
orga nisms. 

Abiotic factors involve the non-living part of the 
environment. 

3 	 a 

b 

c 

4 	 a 

b 

c 

low light intensity 

lack of water 

low temperature 

Using a standard scale, most of the points 
plotted for the population of the world would 
be so dose together as to be indistinguishable 
from each other on the graph. A logarithmic 
scale separates these points. 

fim•ly•0<s IEst;m•tod h"m'" 
. Log human

before population/ . 
. . population

present (BP) b1lhons 

12000 1 0.00 

10000 s 0.70 

8000 10 1.00 

6000 20 1.35 

4000 35 1.54 

2000 200 2.30 

0 600 2.88 

As the time scale is back in time from the 
present day, the values can be treated as minus 

.. 



Answers to questions 

values and so the scale plotted from -12 000 
years to O years (present). The points are joined 
by a series of straight lines rather than a line 
of best fit because we cannot be certain that 
the intervening values would fall on the curve 
plotted. This is because human populations can 
fluctuate over relatively short periods e.g. due 
to diseases, famine etc. 

~ 30 

~ 

~ 

.g 20 
:;"' 
c. 

~ 10 

~ 

::i 
~ 

~ o......~--.~~-.-~~...-~--..~~-.-~--. 
- - 12000 10000 8000 6000 4000 - 2000 0 

time/years before present (BP) 

The influence of abiotic factors on plant 
population 
l 	 a l c 2 

b 	 3 d 3 

2 	 The pH is too high for species X and the 
temperature is too low for species Y. 

The growth and size of human populations 
l a Number of births= 25 x 1 000 000 = 25 000 

1000 

b Number of deaths= 20 x 	1 OOO OOO = 20 000 
1000 

c percentage population growth= 
population change during 2007 x lOO 
population at the start of 2007 

= (25 000- 20 000) x 100 
l 000 000 

5000 x 100 = 0.5%. 
I 000 000 

2 a Stage 3 d Stage I 

b 	 Stage I e SLage 4 

c 	 Stage 2 

3. 	 Pyramid A represents s tage 4 because Lhere is a 
low birth rate (narrow base 10 the pyramid) and a 
low death raLe (sides arc fairly vertical and many 
people live beyond 65 years). 

Pyramid B represents stage 2 because there is a 
high birth rate (wide base to the pyramid) and a 
falling death rate (sides slope upwards and some, 
but not many, people live beyond 65 years). 

19.3 
1 	 Intraspecific competition occurs when individuals 

of the same species compete with one another for 
resources. 
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lnterspecific compeLition occurs when individuals of 
different species compete for resources. 

2 	 Any 2 from: food I water I breeding sites (or any 
other relevant factor, e.g. light, minerals). 

The effects of interspecific competition on 
population size 
1 	 After 1985 the rise in the grey squirrels population 

is mirrored by a fall in the red squirrel population. 

2 	 Lack of food I adverse weather. e.g. cold 
winters I increase in number of squirrel predators I 
new disease. 

3 	 Grey squirrels have more chance of finding 
fruits I nuts I seeds that have fallen to the ground 
as well as those that arc still on the 
trees I bushes. 

4 	 The sea presen ts a barrier to the grey squirrels 
reaching islands. The red squirrels already presem 
on Lhe islands have little or no competition from 
grey squirrels and so nourish. 

Competing to the death 
l 	 Population increases slowly at first and then at 

an accelerating I exponential / logarithmic rare 
to around 8 days. The growth race then slows. 
reaching a maximum at around 12 days which is 
maintained at a constant level up to 20 days. 

2 	 Population growth is faster initially. Maximum size 
is read1ed earlier. Maximum size is reduced to less 
than hall. Size is not maintained at a constant level 
(it falls to zero). 

3 	 P. caudatum is unsuccessful in competing with P. 
aurelia for yeast I food. Most available food is taken 
by P. aurelia and P. caudatum starves, leading to a 
population crash. 

4 	 Some of the yeast I food is taken by P caudatum. 
leaving less for the population growth of P. aurelia. 

5 	 After 20 days all P. caudatum have died. P. aurelia 
has no competition for fooct and so it reaches its 
previous maximum. P. aurelia is in effect 'alone' 
again. 

Effects of abiotic and biotic factors on 
population size 
1 	 mark-release-recapture technique 

2 	 Increase in population is 1320 (in L995) minus 260 
(in 1993) = 1060. 

Time period= 2 years. 

Mean annual growth in population is 

1060
therefore: = = 530. 

2 
3 	 The more acorns produced in the autumn, the 

larger the deer mice population the following 
spring. The fewer acorns produced, the smaller the 
deer mice population . 



Answers to questions 

4 	 1992 

5 	 The population of deer mice would fall as more oak 
leaves are eaten by gypsy moth caterpillars so there 
will be less food (acorns) to support the deer mice 
population I some deer mice will starve. 

6 a 	 warm spring --+ more acorn seed is set --+ more 
acorns produced in autumn --+more food is 
available over winter --+ more deer mice survive 
and breed --+ deer mice population increases --+ 
more predation of gypsy moth pupae by deer 
mice--+ sma ller gypsy moth population 

b 	 more owls--+ more predation on deer mice--+ 
smaller deer mice population--+ fewer gypsy 
moth pupae are ea ten --+ larger gypsy moth 
popu lation--+ more oak leaves eaten --+less 
energy available from p hotosynthesis for the 
production or acorns--+ fewer acorns. 

19.4 
The range and variety or laboratory habitats is 
much smaller than in natural ones. This means 
that in nature there is a greater range of h iding 
places and so the prey has more space and places to 
escape the predator and survive. 

2 	 With fewer predators, fewer prey arc taken as food. 
The death rate of prey is reduced. Assuming the 
birth rate remaim unchanged the population size 
increases. 

3 	 Graph showing population fluctuations (peaks and 
troughs) of A. Species B mirrors these changes after 
a time lag. The population size of B is, ror the most 
part, smaller than A.Beats A--+ population of A 
rails --+ rewer A ror B LO eat --+ population of B falls 
--+ rewer B means fewer A are eaten--+ population 
of A rises--+ more A means more food for B --+ 
population or B rises. 

The Canadian lynx and the snowshoe hare 
1 The assumption is made that the relative n u mbers 

of each type of fur traded represents the relative 
size of each animal's population at the time. 

2 	 The population size of the snowshoe hare 
fluctuated in a series of peaks and troughs. Each 
peak and trough was repeated about every 10 
years. The population size of the Canadian lynx 
also fluctuated in a 10-year cycle of peaks and 
troughs. The relative pattern of peaks and troughs 
is similar for the lynx and the snowshoe hare. The 
rise in the population size of the lynx often (but 
not always) followed that of the snowshoe hare. 

3 	 The snowshoe hare population increases due to the 
low numbers of Canadian lynx that feed on them 
--+ more hares mean more food for the lynx, whose 
population therefore increases as fewer starve I 
more arc able to raise young--+ more lynx means 

there is more predation of hares. whose population 
therefore decreases --+ fewer hares means less food 
for the lynx, many of which starve and so their 
population decreases. 

4 	 4 times 

5 	 Addition of food - because the population increased 
more in every year that data were collected. 

6 	 Both food supply and predation influence hare 
population size. Food supply has a greater 
influence than predation but a combination of both 
factors has an even greater influence than either of 
the other two separately. 

19.5 
I 00 x BO = I600 

5 
2 a Population over-est imated (appears larger) 

as there will be proportionally fewer marked 
individua ls in the second sample. 

b 	 Population over-estimated I appears larger 
as there will be proportionally fewer marked 
individuals in the second sample because all the 
'new' individuals will be unmarked. 

c 	 No difference because the proportion of marked 
and unmarked individuals killed should be the 
same. 

3 	 ( 120 x 120) .;. 960 = I 5 

19.6 
I 	 pioneer species 

2 	 primary colonisers (pioneer species) 
photosynthesise and fix nitrogen --+ these die and 
form a soil with nutrients--+ further colonisers can 
survive in this soil --+ environment is a little less 
hostile--+ more habitats and food sources available 
--+ other species arc able to survive--+ increased 
biodivcrsit y 

3 	 climax commun ity 

Warming to succession 
1 Biomass increases very slowly and so the line 

curves gently upwards at first (up to 60 years) 
because there is little nitrogen in the soil and 
therefore growth and hence net production of the 
pioneer species (Dryas) is small. 

Biomass increases at a greater but constant rate 
and so the curve becomes a straight line with 
an upward gradient, from 60 to 120 years as 
soil nitrogen levels rise. Increased levels of soil 
nitrogen remove this limit on growth (net primary 
productivity) therefore large species, such as alder. 
and later spruce, establish themselves and hence 
biomass increases more rapidly. 



Biomass increase slows and finally stops and so 3 The moorland would undergo secondary 
the curve flattens out after 150 years because 
soil nitrogen levels fal l as plants take it into their 
biomass - nitrogen again limits plant growth (net 
primary productivity). 

2 a 	 Nitrogen from the atmosphere is fixed into 
compounds. e.g. proteins and amino acids by 
the nitrogen-fixing species (lichens, Dryas and 
alder). When these die or shed their leaves 
this nitrogen is released when decomposers 
break them down int0 ammonium compounds 
(ammonification) which are then broken down 
by nitrirying bacteria into nitrites and nitrates. 

b 	 More nitrogen is being absorbed by the 
increased biomass of the plants. The nitrogen­
fixing lichens, Dryas and alder have been 
replaced by spruce that docs not fix nitrogen 
therefore less n it rogen is being added to the 
soil. 

3 a 	 (Pioneer) species are taking advantage of new 
habitats and lack ol' competition to rapidly 
colonise the empty land. 

b 	 Spruce is becoming dominant and out­
competing the other species, such as lichen, 
Dryas and alder, for light, nutrients. etc. 
These other species arc eliminated from the 
community. 

4 	 Transects are better because there is a gradient 
of environmental factors that produce a series of 
changes over a long distance. Transects also ensure 
that every community is sampled. which may not 
be the case with random sampling. 

19.7 
I 	 The species within the habitat possess unique 

genes that at some point in the future may be 
usefu l. Conserving habitats maintains biodiversity. 
The greater the variety ol' habitats, the greater 
their potentia l to enrich our lives and provide 
enjoyment. 

2 	 Cut back reeds to prevent them becoming 
dominant. Remove dead vegetation to prevent 
build-up and thus stop fens drying out. Pump 
water into fens to keep them waterlogged. Cut 
back grasses and shrubs to prevent succession. 

Conflicting interests 
1 	 96 (32% of 300) 

2 	 It might increase the population of grouse as 
harriers would have alternative sources of food and 
therefore eat rewer grouse chicks. Alternatively 
it might lead to a large increase in harriers that 
then prey on grouse (especially once the supply of 
voles and meadow pipits has been exhausted). This 
would lead to a decrease in the grouse population. 

• 


succession, finally reaching its climax community 
of deciduous (oak) woodland. 

4 	 A selection from each of the following arguments: 

• The harrier is a major predator 
very rare bird ­ of grouse and so could threaten 
there are only the already declining grouse 
750 pairs in the population. 
UK. 

• 	 Previous • 	 If the grouse population is 
persecution led reduced I eliminated and I or 
to its extinction the harrier population is not 
on the UK controlled, this could adversely 
mainland and affect the populations of 
this could alternative harrier prey, such as 
happen again. voles and meadow pipits. 

• 	 Harriers are part • 	 Reduction I elimination of 
of our natural grouse population could make 
heritage and grouse shooting uneconomic 
their population and, unless money is found 
should not be from elsewhere, the moorland 
controlled other habitat might be lost along with 
than by natural the species that live there, and 
means. so reduce biodiversity. 

5 a 	 A long time is needed to allow population 
changes in both species as each only breeds 
once a year. 

b 	 The conflicting interests of conservationists 
and grouse managers mean that agreement 
on issues such as the popu lation cei ling for 
hen harrie rs is unlikely without independent 
arbitration. An independent body can ensure 
that the experiment is carried out properly and 
that the results are interpreted without bias 
from parties wi th a vested interest. 

c 	 This ensures that hen harrier populations rise 
within as short a time as possible so that results 
can be analysed and decisions on future policy 
made. If this takes too long, the harrier may 
already be eliminated from some regions. 

d 	 This ensures a wide range of different biotic and 
abiotic conditions as well as a range of different 
individuals. Some areas may not be typical and 
some individuals may not be totally cooperative 
and this may skew the results. A number of 
varied sites I individuals will minimise the 
effects of any such anomalies. 

e 	 They fear it might further reduce the currently 
dangerously low harrier population. They fear 
it might set a precedent for other species and 
other experiments. 



Answers to questions 

6 	 Where views conflict, evidence is essential to 
support or discount any claims made. Scientists 
can produce this evidence in carefully devised, 
controlled and unbiased experiments. The scientific 
evidence helps decisions to be made that are more 
likely to have the desired effect. 

20.1 
1 	 deletion and addition because the bases arc deleted 

from one chromosome and added to a different 
one. 

2 	 a deletion 

b inversion 

c substi tut ion 

d addition 

3 a 	 Tl w ill cause a frame sh ift ca using triple ts 
(codons) in a sequence r.o be read differen tly 
because each has been shifted r.o the right by 
one base. H the addi tional base is inserted early 
in the sequence most codons wil l be changed. 
so will the amino acids they code for. The 
resultant polypeptide will be very different from 
normal. 

b 	 lf the additional base is inserted at the end 
of the sequence few, if any codons will be 
changed. Few, if any, amino acids they code for 
will differ and the resultant polypeptide will be 
normal or near normal. 

4 	 Where the duplicated bases are consecutive, 
the frame shift is three bases long and so 
the subsequent codons are not affected. The 
polypeptide will have an additional amino acid but 
otherwise be unchanged. Tf the bases are separare, 
the fram e shift will initially be one base long. 
becoming two bases long after the second duplicate 
base is added. Codons after both the duplications 
will be changed and the polypeptide will have 
man y different ami no acids (but not necessarily all 
- degenerate code). /\f1er the third duplicare base 
the codons w ill be unchanged. 

5 	 Some codons w ill be changed co ones that code 
for the same amino acid (degenerate code) . The 
frame shift might not a lter some codons because 
the replacement bases arc the same as the originals. 
(e.g. GCT TTT CGA - a single base frame shift to 
the right does not alter the TTT codon). 

Mutagenic agents 
1 	 The codons in mRNA will be CAU AAA UAA (Note: 

In mRNA, guanine is coded for by cytosine in DNA, 
adenine by thymine and uracil by adenine as usual. 
but after the change, cytosine becomes uracil in 
DNA and this codes for adenine in mRNA.) 

2 	 substitution gene mutarion 

3 	 The active site of DNA polymerase can no longer 
fit the DNA molecule because the shapes of some 
DNA bases have been altered by X-rays. 

4 	 The replication of ONA requires DNA polymerase 
and so the process cannoc continue. 

5 	 Public opinion. special interest groups such as 
the owners of shops selling or using sunbeds, 
manufacturers. consumers, professional bodies (e.g. 
members of the medical profession), the media and 
other scientists. 

20.2 
1 	 Totipotent cells arc cells with the abi li ty to develop 

into any other cell of the organ ism. 

2 	 Totipotent - can dirferentiate inr.o any type or 
cell in the body a nd comprise the first few cells 
that form from 1he zygote. Pluripotent - can 
dirferentiate into almost any type of cell (but 
not all) and are round in the embryo and young 
fetus. Mu ltipotent - can differentiate into a 
limited number of cells and found in the umbilical 
cord and some adult tissues e.g. bone marrow. 
Unipotent - can only dirferentiate in co a single type 
of cell and are found in adult tissue such as the 
skin. 

3 	 ln skin cells. the gene that codes for keratin is 
expressed. but not the gene for myosin. The genetic 
code for keratin is translated into the protein 
keratin, which the cell therefore produces, but the 
genetic code for myosin is not translated. ln musde 
cells, the gene for myosin is expressed but nor the 
gene for keratin. In the same way, the genetic code 
for myosin rather than keratin is t ranslated and so 
only myosin is produced. 

4 	 Skin cells, being on the outside or the body, are 
subjected 10 much wear and tear and so need 
replacing frequently. Many othe r organs are less 
prone LO damage and need liule cell replacement. 

Human embryonic stem cells and the treatment 
of disease 
1 	 Any properly structured and eval uated accounts 

that make scientifically accurate points in a 
reasoned fashion arc acceptable, for example: 

For: Huge potential LO cure debilitating diseases; 
wrong to allow suffering when can be relieved; 
embryos created for 01her purposes (IVF) so why 
not stem cells; embryos of less than 14 days not 
recognisably human and so do not command same 
respect as adults or fetuses; no risk of research 
escalating or including fetuses because current 
legislation prevents this; adult stem cells not as 
suitable as embryonic stem cells and it may be 
many years before they are, in meantime many 
people suffer unnecessarily. 

• 




Against : wrong to use humans, including 
potential humans as a means to an end; embryos 
are human, they have human genes, and deserve 
the same respect and treatment as adult humans; 
is a 'slippery slope' to the use of older embryos 
and fetuses for research; could lead to research 
and development of human cloning and, although 
banned in UK the in£ormation could be used 
elsewhere; undermines respect for life; adult stem 
cells arc an available alternative and energies 
should be directed towards developing these. 

Growth of plant tissue cultures 
l differentiation 3 a clone b miwsis 

2 'in vitro ' 4 lAA and 2,4-D 

5 In test LUbe l the low concentration or IAA 
produces modera te shoot development but when a 
high concentration or cy1okini n is added (test tube 
3) the presence or cyt0kin in innuences the effects 
of the IAA by reducing shoot development to a 
'little'. 

20.3 
1 	 Transcriptional factors stimulate transcription of a 

gene. 

2 	 Oestrogen diffuses through the phospholipid 
portion of a cell-surface membrane into the 
cytoplasm of a cell, where it binds with a site on 
a recepcor portion of the transcriptional factor. 
Oestrogen changes the shape of the DNA binding 
site on the 1ranscription factor so it can now bind 
with DNA. The transcriptional factor now enters 
the nucleus through a nuclear pore and binds with 
DNA, scimula1ing transcription of the gene that 
makes up that portion of DNA, i.e. it stimulates 
gene expression. 

Gene expression in haemoglobin 
l 	 lt allows the fetus to load its haemoglobin with 

oxygen from the mother's haemoglobin where the 
two blood supplies come close to each other (at the 
placenta). 

2 	 alpha = 50% beta = 20% gamma = 30% 

3 	 The gene for gamma-globulin is expressed less 
while the gene for beta-globulin is expressed more. 

4 	 Expression of the gene for gamma-globulin 
is progressively reduced as a result of either 
preventing transcription, and hence preventing 
the production of mRNA, or by the breakdown of 
mRNA before its genetic code can be translated. 

5 	 A possible therapy would be to express (switch 
on) the gene £or gamma-globulin and prevent 
the expression of (switch off) the gene for beta­
globulin. This wou ld result in haemoglobin being 
of the feta l rather than the adult type . 
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20.4 
I 	 Epigenetics is the process by which environmental 

factors can cause heritable changes in gene 
function without changing the base sequence of 
DNA. 

2 	 decreased histone acetylation and increased DNA 
methylation. 

3 	 The ocher strand would have complementary bases 
(i.e. GCUA instead of CGAU respectively). It is 
unlikely chat these opposite base pairings would 
complement a sequence on the mRNA. The siRNA, 
with enzyme attached, would therefore not bind to 
the mRNA and so would be unaHected. 

4 a 	 Some siRNA 1hat blocks a particular gene could 
be added 10 cells. Sy observing the effects (or 
lack of them) we could determine what the role 
of the blocked gene is. 

b 	 siRNA could be used to prevent the disease by 
blocking the gene that causes it. 

5 a 	 Chromatin would be more condensed (tightly 
packed). 

b 	 Transcription would cease. 

Nature versus nurture 
l 	 Environmental factors 

2 	 ff the inOuence was LOtally genetic the plants 
that were genetically identical (those in the 
same column) would have the same phenotype 
regardless of where they were grown. The greater 
the environmental influence the greater the 
differences between the genetically identical plants. 
There are major differences so the main innuence 
is environmental. 

3 	 Environmenta l conditions at high altitude are more 
extreme than those at low a ltitude and less suited 
for photosynthesis (colder, windier. less soil) . Plants 
from h igh altitude have evolved to survive in these 
extremes. The conditions at med_ium and low 
altitude therefore present few problems and they 
thrive. Plants that have evolved at low altitude, by 
contrast, find harsher conditions at medium and 
high altitude and struggle to grow. 

Prader-Willi syndrome 
I Epigenetic tags are usually erased in sperm and 

eggs or during early fetal development and so do 
not silence the genes. 

2 	 The genes that are deleted might code for 
polypeptides/proteins/enzymes/hormones that are 
essential co 1he reproductive process. For example, 
they might code for enzymeslproteins needed to 
make functioning ovaries/eggs or testes/sperm 
or for the synthesis of hormones needed for the 
development of these organs/gametes. 



Answers to questions 

Cancer - the two hit hypothesis 20.S 
l 	 Fat cells of the breasts tend to produce more 

oestrogens after the menopause. These locally 
produced oestrogens release an inhibitor 
molecule that prevents transcription causing 
proto-oncogenes of breast tissue to develop into 
oncogenes. These oncogenes increase the rate 
of cell division leading to the development of a 
tumour (breast cancer). 

2 	 Proto-oncogenes increase the rate of cell division 
and so their activation produces a mass of cells 
(tumour) but tumour suppressor genes decrease 
the rate of cell division and so their deactivation 
produces tumour. 

3 	 Cells of a benign tumour produce ad hesion 
molecules that make them stick together and 
are surrounded by a capsule o f dense tissue. The 
tumour therefore rema ins as a compact structure 
and so surgical remova l is likely to remove all 
turnou r cells. 

4 	 Malignant tumours spread to other regions of the 
body and so even though surgery can remove the 
more obvious larger ones, tiny ones will require 
other therapies to prevent these re-growing into 
new tumour~. 

5 	 HADC removes acetyl groups from histones, 
inhibiting transcription and switching off the gene. 
Some cancers are the result of genes (e.g. tumour 
suppressor genes) that normally help repair DNA 
(and so prevent cancers) being switched off. By 
inhibiting HADC. phenylbutyric acid could prevent 
the removal of acetyl groups from histones and 
switch the 'protective' gene back on. 

Risk factors and cancer 
l 	 air pollution I inhaled substances (carcinogens), 

e.g. asbestos a t work 

2 	 a positive correlalion between the number of cases 
of lung cancer in men and the number of cigarettes 
smoked 

3 	 It is unlikely that a coincidence would have 
occurred many times over. 

4 	 No. While the data clearly point to the likelihood 
that smoking causes lung cancer, they do not 
provide experimental evidence that specifically 
links smoking to lung cancer. 

5 	 The experiment that showed that the derivative of 
benzopyrene caused changes to DNA at precisely 
the same three points as the mutations of the gene 
in a cancer cell. 

6 	 This is a single case. The link between early 
death and lung cancer is about probabilities not 
certainties. Statistically it is unlikely, but not 
impossible, for smokers to live to be very old. 

I 	 A person with a ramily history of cancer may 
already have one mutated allele for the inactivation 
of the tumour suppressor gene. As X-rays increase 
mutation rates they might advance the likelihood 
of cancer in these patients. Patients with no family 
history of cancer are less at risk because they are 
less likely to have inherited a mutant allele. 

2 	 The proto-oncogene mutant allele might be 
dominat whereas the tumour suppressor mutant 
allele might be recessive. If so, it requires just 
one dominant proto-oncogene allele to cause 
cancer where as it will take two recessive tumour 
suppressor alleles (homozygous sta te) to cause 
cancer. 

3 	 Tumour repressor genes inh ibit cell division . 
Mutated forms of these genes are inactive and so 
cell division increases and a wmour forms. The 
imroduction of no rmal tumour repressor genes 
means that the inhibition of cell division will be 
resu med and the tumou r growth will stop. 

4 	 Oncogenes cause cancer by permanently activating 
protein receptors on cells and so they stimulate cell 
division. By destroying these receptors on cancer 
cells. division will be halted and tumour growth 
will stop. 

20.6 
l 	 A genome is all the genetic material in an 

organism. A proteome is all the proteins produced 
by the genome. 

2 	 Simple organisms generally have just one, circular 
piece of DNA tha1 is not associated with histones 
and there is little, if a ny, non-coding DNA. 
Complex organisms have considerably more DNA 
and the majority o f this does not code for proteins. 

3 	 lt allows identification of those proteins that act as 
antigens on the surfaces of the pa thogens. These 
antigens can then be used to produce effective 
vaccines aga inst the disease. 

21 .1 
l recombinant 5 restriction 

2 reverse transcriptase endonucleases 

3 complementary 6 blunt 

(cDNA) 7 sticky 

4 ONA polymerase 8 CTTAAG 

21.2 
1 	 A vector transfers genes (ONA) from one organism 

into ano1her. 

• 




Answers to questions 

2 	 To show which cells (baderia) have taken up the 
plasmid (gene). 

3 	 Results can be obtained more easily and more 
quickly - because, with antibiotic-resistance 
markers, the bacterial cells with the required gene 
are killed, so replica plating is necessary to obtain 
the cells with the gene. With fluorescent gene 
markers, the bacterial cells are not killed and so 
there is no need to carry ouc replica plating. 

4 a B. C, D. J, Kand L - because those that did not 
take up the plasmid will not have taken up the 
gene for ampicillin resistance and so will be the 
ones that arc killed on the ampicillin plate. i.e. 
the colonies that have disappeared. 

b E, F and I - because those with the plasmid 
containing gene X will have a non-functional 
gene for tetracycline resistance and therefore the 
colonies will have been kil led on the tetracycline 
plate, i.e. the colonies will have disappeared. 

21.3 
I 	 Primers are shon rieces of DNA that have a set of 

bases complementary co those at the end of the 
DNA fragment to be copied. 

2 	 Primers attach to the end of a DNA strand that is 
to be copied and provide the starting sequences 
for DNA polymerase to begin DNA cloning. DNA 
polymerase can only attach nucleotides to the end 
of an existing chain. They also prevent the two 
separate strands from rejoining. 

3 Because the sequences at the opposite ends of the 
two strands of DNA are different. 

4 Hydrogen bonds 

5 Biologica l contaminams may conta in DNA and this 
DNA wou ld also be copied. 

Evaluation of DNA technology 
Argumen ts shou ld be reasoned, logica l and based on 
sound science. a nd should use specific examples rather 
than vague references. 

1 	 Whichever aspects arc chosen the beneficial 
aspects to humans should be dear, e.g. genetically 
modified crops that can be grown in extreme 
conditions - greater productiviLy; more food; less 
poverty and hunger in some human populations. 

2 	 Arguments musL relate directly to the aspecrs 
chosen in question I and should oppose the use of 
the technology, for example, genetically modified 
crops that can be grown in extreme condirions ­
risk of damaging the ecological balance; risk of 
the gene passing LO other organisms; dangers from 
unforeseen by-products of the plants' metabolism; 
dangers from possible mutations of the genes; the 
economic consequences for developing countries. 
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Treatment of severe combined 
immunodeficiency using gene therapy 
I 	 Using restriction endonucleases to cut the gene from 

the length of DNA that carries it I using reverse 
transcriptase to make cDNA from mRNA produced 
by the gene I manufacturing it in a 'gene machine'. 

2 	 A virus with RNA a!> its nucleic acid and which 
can make a copy of DNA from this RNA using the 
enzyme reverse transcriptase. 

3 	 Defective gene - ineffective or no enzyme ADA 
produced - toxins not destroyed by enzyme ADA ­
T cells destroyed by toxins - no/little immunity to 
infection - an infection causes dearh. 

4 	 T cells only live for 6-12 months and those that 
replace them do not possess the gene. 

5 	 Bone marrow siem cells d ivide to produce T cells 
and so there is a constant supply o f the ADA gene 
and hence the enzyme ADA. 

21.4 
I 	 A DNA probe is a short, single-stranded section of 

DNA that has some label attached that makes it 
easily identiriable. 

2 	 Determine the order of nucleotides on the mutated 
gene by DNA sequencing - produce a fragment of 
DNA that has complementary bases to the mutated 
ponion of the gene - label the fragments to form 
a DNA probe - make multiple copies of the DNA 
probe using PCR techniques - add the probe to 
DNA fragments from the individual being tested. If 
the donor has a mutant allele, the probe will bind 
to the complementary bases on the donor DNA. 
These fragments will now be labelled and can be 
distinguished from the rest of the DNA. 

3 a Tumour suppressor genes inhibit cell division. 

b He/she might change their li festy le ro reduce 
the risk of cancer, e.g. by giving up smoking, 
losing weight, eating more healthi ly and 
avoiding mutagens as far as possible; checking 
more regularly !or early symptoms of cancer; 
choosing to undergo treatment. 

21.5 
I 	 PCR is used to increase the quantity of DNA 

because the quantity ava ilable, e.g. at a crime 
scene, is often very small. 

2 a Suspect B - because the bands on this suspen's 
genetic fingerprint match those of the genetic 
fingerprint of blood found at the crime scene. 

b To eliminate the victim as the source of the 
blood sample found at the scene. 

3 The chemicals may inhibit some of the restriction 
endonucleases, which would then fail to cut 



Answers to questions 
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some sections of DNA. There would therefore be 
a greater number of longer DNA fragments than 
normal and the fingerprint would be different. 

4 	 In a person with the allele for Humington's disease, 
some of the DNA fragments will be larger than 
those in a person without the allele because of the 
extra repeating units on the gene. These will travel 
a shorter distance in the electrophoresis gel and so 
there will be more thick bands nearest the start of the 
fingerprilll (where the initial sample was located). 

5 	 Genetic fingerprints can determine how closely any 
two individuals arc rela ted. The closer the match 
between their fingerprints, the closer they are 
related. Therefore. to avoid the problems caused by 
inbreeding. it is advisable to mate animals whose 
fingerprin ts differ the most. 

Locating DNA fragments 
I 	 restrict ion end on uclcase 

2 	 A=2B=4C=5D=IE=6F=3 

Explanation - the shorter the fragments (those with 
fewer base pa irs) the further they travel and the 
longer the fragments the less distance they travel. 

3 	 5 times - because 5 cuts produce 6 fragments. 

Gel electrophoresis and DNA sequencing 
1 two 3 CACTGTTCAT 

2 	 cytosine 
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Practical questions - answers 


Practical l 	 "E 
~ 
£(a) 	 Sketch a graph of your expected results. _g


Remember t0 label your axes. 
 (\0 
:E 
00 

~'-------
pH 

(b) 	 List all variables that need t0 be controlled and how you would control them. 
Temperature - Keep celery extract and H20 2 in a thermostatically controlled water 
bath at 30°C 
Enzyme concen tration - use the same source of celery extract which has been 
mixed evenly 
Substrate concentration - use same volume and concentration of 1120 2 

2 	 (a) Repeat each pll at least twice and calculate a mean. 
(b) 	This method is very subjective t0 decide on the highest point of the froth. 


Change method LO using a gas syringe to collect the 0 2 gas released. 

Celery extract may conta in varying concentrations of enzyme. 

Change method LO use a pure source of a specific concentration of en1.yme. 


Practical 2 

(a) 	 Jl.x 100 =8% 
150 

(b) 	 No stai n used I not root tip I cells not dividing in this small sample I more than one 
layer of cells as not squashed firmly enough. 

2 (a) 	 As distance increases from the root tip, the mitotic index decreases. 
Above I mm an increase in distance from root tip has little effect on the mitotic 
index I plat ea us. 
Correctly quote paired set of data. 

(b) 	 Meristem ti~sue only nearest the tip has the ability to divide and there is less 
meristem tissue as the distance increases from the tip. 
Nearest the tip gets more damage, therefore needs LO do more cell division to repair 
the tissue. 

Practical 3 

Volume of distilled water (cm 3) Volume of 0.5 mot dm· 3 stockConcentration of sucrose 
solution sucrose ( cm 3)(mot dm-3) 

0.0 20 0 

4160.1 

80.2 12 

0.3 8 12 

4 160.4 

200.5 0 

2 (a) Calculat e the % change in mass of potato tissue. 

Concentration of Mass before Mass after Mass change (g) Percentage change 

sucrose submerging in submerging in in mass of potato 

(mot dm 3) solution (g] solution (g) tissue (\ ) 

+0.5 +11.10.0 4.5 5.0 

4.3 +0.4 +10.30.1 3.9 

+4.7 4.3 4.5 +0.2 0.2 

-2.44.1 4.2 - 0.10.3 

-15.93.7 - 0.70.4 4.4 

-0.8 - 18.2 0.5 4.4 3.6 

• 
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Practical questions - answers 

(b) 	There are different staning and finishing masses. 
The mass change is very small; therefore a % change is easier to compare real 
differences. 

3 	 (a) Correctly labelled axes with units; 

uniform axes; 

plots taking up over.!. space of graph; 

accurate plots; 2 


smooth line of best fit. 

(b) 	 Use this graph to find the concentration of sucrose 

(where curve crosses x-axis). Between 0.25 and 0.3 mot dm- 3 

(c) 	 Use a data resource with listed sucrose concentrations and water potentials to find 
the water potential for the sucrose solution read off the graph. 

Practical 4 

1 (a) 	 The red pigment is water soluble and held in the vacuole; 
The cell-surface membrane is selectively permeable and some pigment diffuses out. 

(b) 	 As temperature increases from 20 to 40°C, there is a small increase in absorbance 
reflecting a small increase in the permeability of the cell-surface membrane. 
Above 50°C there is a steep increase in the permeability of the cell-surface 
membrane. 

(c) 	 The proteins embedded in the cell-surface membrane become denatured. 
The structure of the cell-surface membrane has been permanently disrupted so is 
now fully permeable and most of the pigment diffuses out. 

Practical 5 

1 	 (a) Spiracles. 
(b) 	 Control water vapour loss by closing spiracles ii' need to conserve water. 
(c) 	 High temperature environment causes more water to evapora te; 

hairs trap water vapour and this reduces water potential gradient and therefore water 
vapour loss. 

2 	 (a) Penecrate deep into muscle tissues; 

delivers more air I oxygen to muscles. 


(b) 	 Chitin 
(c) 	 Smaller diameters arc more permeable to gases and get closer to body cells for 

gaseous exchange by diffusion. 

Practical 6 

1 	 (a) To sterilise the equipment/ to kill any microbes on the equipment. 
(b) 	 I Washing hands I cleaning work surface with disinfectant 

2 Flame sterilising the inoculating loop 
3 Flaming the neck of the culture tube containing the bacteria 
4 Streaking the plate with the inoculating loop quickly 
5 Only lifting the lid of the petri dish a small amount 

(c) 	 To kill any harmful I pathogenic bacteria so they don't harm anyone. 

• 
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Pr actical 7 

(a) 	 Ensure pigment spot is above solvent/ensure atmosphere in container was saturated 
with solvenL before running. 

(b) 	 Solutes/pigments dissolve in solvent; solvent moves up paper; distance moved by 
solutes/pigments depends on their relative solubility/molecular si1e. 

(c) 	 (i) Relative now (Rf) is a physical constant; for a specific solute in a specific solvent; 
it is the distance moved by the solute divided by the distance moved by the 
solvent (front); 

Rf= distance moved by the compound 7 distance moved by the solvent. 

C =36
(ii) 	 B =35 =0.38; (0.376) =0.39; (0.387)

93 	 93 
(iii) 	2-way chromatography/run with a different solvent 

Practical 8 

l 	 Colour change and inferences that can made from the results: 
Tube l (leaf extract + DCPlP) colour changes until it is the same colour as Lube 4 
(leaf extract + disti lled water). 
Tube 2 (isolation medium+ DCPlP) no colour d1ange. This shows that the DC PIP docs 
not decolourise when exposed to light. 
Tube 3 (leaf extract+ DCPlP in the dark) no colour change. ll can therefore be inferred 
that the loss of colour in tube I is due to the effect of light on the extract. 
Tube 4 (leaf extract+ distilled water) no colour change. This shows that the extract docs 
not change colour in the light. lt acts as a colour standard for the extract without DCPIP. 
Tube 5 (supernatant+ DCPlP) no colour change if the supernatant is clear; if it is slightly 
green there may be some dccolouring. 
The results should indicate that the light-dependent reactions of photosynthesis arc 
restricted to the chloroplasts that have been extracted. 

2 Carbon dioxide will have no effect, because it is not involved in the light-dependent 
rcactiom. 

3 Students should describe a procedure in which light intensity is varied but temperature is 
controlled. 

Practical 9 

l a 
mean volume of gas produced 

at various temperatures 
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Practical questions - answers 

b) 40°C 
c) the smallest quantity of glucose - answer 2 

Practical 10 

(a) 	 Darkness/shelter/humidity/moisture/protection rrom predators 
(b) 	 Cover one side to put imo darkness/ make one side more moist - place equal 

numbers of woodlice in each side - leave ror a set time and then compare the 
numbers in each side and note the preference. 

(c) 	 The woodlice would prefer the moist I dark side 
(d) 	Protection rrom predators I prevention of water loss 

Practical 11 

(a) 	 Use the same volume or concentration or Benedict's solu tion, use the same volu me of 
glucose solu tion, calibrate the colorimeter, boil ror the same length of time 

(b) 	 6.5 
(c) 	 Boil/heat with Benedict's then test the filtrate. Treat the filtrate with sucrose/ 

invertase/acid 

Practical 12 

(a) 	 Set up coordinate grid/use capes along 2 sides; generate random numbers for 
co-ordinates; co-ordinate indicates centre of sampling quad rat. 

(b) 	 Advantage: unbiased/allows statistical testing; Disadvantage: coverage may be 
uneven/unrepresentative/large areas may be missed. 

• species A 

x speciesC 
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mean light intensity 

(i) 	 Correct axes (light intensity on x-axis) I suitable scale I accurate plotting I joining 
points with a ruled/straight line/key/curves labelled. 

(ii) 	 Number increases as average light intensity decreases/converse. 
(iii) 	 Shade tolerant/loving plant/able to photosynthesise efficiently a1 low light 

intensities/low compensation point. 
(d) 	Thinner epidermis I large or many chloroplasts I chloroplas ts concentrated towards 

upper su r[ace I high chlorophyll concentration I larger lea vcs . 



A 
abiotic an ecological factor that makes up part of the 

non-biological environment of an organism, e.g. 
temperature, pH, rainfall and humidity. See also 
biotic. 

acctylcholinc one of a group of chemicals, called 
neurotransmitters, released by neurones. It diffuses 
across the gap (synapse) between adjacent 
neurones and so passes an impulse from one 
neurone to the next. 

action potential change that occurs in the electrical 
charge across the membrane of an axon when it is 
stimulated and a nerve impulse passes. 

actin fil amen tous protein which is involved in 
con tract io n within cells, especially muscle cells. See 
a lso myosin. 

activation energy energy required to bring about a 
reaction. The activation energy is lowered by the 
presence or enzymes. 

active immunity resistance to disease resulting 
from the activities of an individual's own immune 
system whereby an antigen induces plasma cells LO 

produce amibodies. 

active site a group of amino acids that makes up the 
region of an enzyme into which the substrate fits in 
order to catalyse a reaction. 

active transport movement of a substance from 
a region where it is in a low concentration to a 
region where it is in a high concentration. The 
process requires the expendiwre of metabolic 
energy. 

adenosine triphosphate (ATP) an activated 
nucleotide round in al l living cells that acts as an 
energy carrier. The hydrolysis of ATP leads to the 
formation of adcnosi nc diphosphate (ADP) and 
inorganic phosphate, with the release of energy. 

adrenaline a hormone produced by the adrenal 
glands in times of stress that prepares the body for 
an emergency. 

aerobic connected with the presence of free oxygen. 
Aerobic respiration requires free oxygen to release 
energy from glucose. Sec also anaerobic. 

allele one of a number of alternative forms of a 
gene. For example, the gene for the shape of pea 
seeds has two alleles: one for 'round' and one for 
'wrinkled'. 

allele frequency the number of times an allele 
occurs within the gene pool. 

allergen a normally harmless substance that causes 
the immune system to produce an immune 
response. See also allergy. 

allergy the response of the immune system to an 
allergen. Examples include hay fever and as11Ima. 

anaerobic connected with the absence of oxygen. 
Anaerobic respiration releases energy from glucose 
or other foods without the presence of oxygen. See 
also aerobic. 

antibiotic a substance produced by living organisms 
that can destroy or inhibit the growth of 
microorganisms. 

antibiotic resistance the development in 
microorganisms of mechanisms that prevent 
antibiotics from killing them. 

antibody a proLein produced by lymphocytes in 
response to the presence of the appropriate 
antigen. 

anticodon a sequence of three adjacent nucleotides on 
a molecule of transfer RNA that is complementary 
to a particular codon on a messenger RNA molecule. 

antidiuretic hormone (AOH) a hormone produced 
by the hypothalamus that passes to the posterior 
pituitary gland Crom where it is secreted. ADH 
reduces the volume of water in urine by increasing 
water reabsorption in the kidneys. 

antigen a molecule that triggers an immune response 
by lympliocytes. 

antioxidant chemical which reduces or prevents 
oxidation. Often used as an additive to prolong the 
shelf-life or certain foods. 

apoplastic pathway route through the cell walls 
and intcrccllular spaces of plants by which water 
and dissolved subswnccs arc transported. Sec also 
symplastic pathway. 

artificial '>election breeding o r organisms by human 
selection of parents/gametes in order to perpetuate 
certain characteristics and/or to e liminate others. 

asthma a chronic illness in which there is resistance 
to air flow to the alveoli or the lu ngs as a result of 
the airways becoming inflamed due to an allergic 
response to an allergen. 

atheroma fatty deposits in the walls of arteries, 
often associated with high cliolesterol levels in 
the blood. 

ATP see adenosinc triphosphatc. 

• 
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autonomic nervous system part of the nervous 
system, controlling the muscles and glands, that is 
not under voluntary control. 

autosomc a chromosome which is not a sex 

chromosome. 


axon a process ext.ending from a neurone that 
conducts adion potentials away from the cell body. 

B 
B cell (8 lymphocyte) type of white blood cell that 

is produced and matures within the bone marrow. 
B lymphocytes produce antibodies as pan or their 
role in immunity. See also T cell. 

Benedict's test a simple biochemical reaction to 

detect the presence of reducing sugars. 


biodivcrsily the range and variety of genes, species 

and habitats within a particular region. 


biomass the total mass of living materia l, normally 

measured in a specific area over a given period 

of time. 


biotic an ecological factor that makes up part or the 

living environment of an organism. Examples 

include food availability, competition and 

predation. See also abiotic. 


biosensor a device that uses biologica l molecules to 

measure the level of certain chemicals. 


Biurcl test a simple biochemica l reaction to detect 

the presence of protein. 


body mass index (BMI) a person's body mass in 

kilograms divided by the square of their height 

in metres. 


c 
Calvin cycle a biochemical pathway that forms part 

of the light-independent readion o{ photosynthesis, 
during which carbon dioxide is reduced to form 
carbohydrate. 

cancer a disease, resulting rrom cells that break away 
rrom an original tu mour to rorm secondary tumours 
elsewhere in the body. 

carcinogen a chemical, a form of radiation, or other 
agent that causes cancer. 

cardiac cycle a continuous series of events which 

make up a single heart beat. 


cardiac muscle type of muscle round only in the 

heart. It has fewer striations than skeletal muscle 

and can contract continuously throughout life 

withou t stimulation by nerve impulses. See also 

smooth muscle. 

cardiac output the total volume of blood that the 

heart can pump each minute. It is calculated as 

the volume of blood pumped at each beat (stroke 

volume) multiplied by the number of hean beats 

per minute (heart rate) . 
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carrier molecule (carrier protein) a protein on the 
surface of a cell that helps to transpon molecules 
and ions across plasma membranes. 

Casparian strip a distinctive band of suberin around 
the endodermal cells of a plant root that prevents 
water passing into xylem via the cell wa lls. The 
water is forced through the living part (pro1oplast) 
or the cndodermal cells. 

centrifugation process of separating out particles of 
different sizes and densities by spinning them at 
high speed in a centrifuge. 

cholinesterase enzyme that breaks down and 
therefore inactivates the neurotransmitter, 
acetylcholine, in the synapse. 

cholesterol lipid that is an important component of 
cell-surface membranes. Excess in the blood can 
lead to atheroma. 

chromatid one of the two strands of a chromosome 
that are joined together by a single ccntromere 
prior to cell division. 

chromatin the material that makes up chromosomes. It 
consists of DNA and the protein histone. 

chromoc;ome a thread-Hke structure made of protein 
and ONA by which hereditary information is 
physically passed from one generation to the next. 

climax community the organisms that make up the 
fina l stage of ecological succession. 

clone a group of genetically identical cells or 
organisms formed from a single paren t as the result 
of asexual reproduction or by artificial means. 

co-dominance condition in which both alleles for 
one gene in a heterozygous organism contribute to 

the phenotype. 

codon a sequence of three adjacent nucleotides in 
mRNA that codes for one amino acid. 

cohesion atrraction between molecules of the same 
type. It is importa nt in the movement of water 
up a plan t. 

collagen fibrous protein that is the main constituent 
of connective tissues such as tendons, cartilage 
and bone. 

community all the living organisms present in an 
ecosystem at a given time. 

complementary DNA DNA that is made from 
messenger RNA in a process that is the reverse of 
normal transcription. 

condensation chemical process in wh ich two 
molecu les combine to form a more complex 
one with the elimination of a simple substance, 
usually water. Many biological polymers, such as 
polysaccharides and polypeptides. arc fonned by 
condensation. See also hydrolysis. 
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conservation method of maintaining ecosystems and 
the living organisms that occupy them. It requires 
planning and organisation to make best use of 
resources while preserving the natural landscape 
and wildlife. 

consumer any organism that obtains energy by 
'eating' another. Organisms feeding on plants 
are known as primary consumers and organisms 
feeding on primary consumers are known as 
secondary consumers. See also producer. 

continuous variation variation in which organisms 
do not fall into distinct categories but show 
gradations from one extreme to the other. 

coronary arteries arteries that supply blood to the 
cardiac muscle of the hea rt. 

coronary heart disease (CHO) any condition, for 
example, atheroma and rhrombosis, affecting the 
coronary arreries that supply heart muscle. 

correlation when a change in one variable is 
reflected by a change in the second variable. 

co-transport the transport of one substance coupled 
with the transport or another substance across a 
plasma membrane in the same direction through 
the same protein carrier. 

countercurrent system a mechanism by which the 
efficiency or exchange between two substances 
is increased by having them flowing in opposite 
directions. 

covalent bond type of chemical bond in which 
two atoms share a pair of electrons, one from 
each atom. 

crossing over the process whereby a chromatid breaks 
during meiosis and rejoins to the chromatid of 
its homologous chromosome so that their alleles are 
exchanged. 

cuticle exposed non-cellular outer layer of certain 
animals and the leaves of plants. It is waxy and 
impermeable to water. Lt therefore helps to reduce 
water loss. 

D 
deciduouc; term applied 10 plants that shed all their 

leaves together at one season. 

denaturation permanent changes due to the 
unravelling of the three-dimensional structure of 
a protein as a result or factors such as changes in 
temperature or pH. 

dendrite a process, usually branched, extending from 
the cell body of a 11e11rone. which conducts impulses 
towards Lhe cell body. 

denitrifying bacteria bacteria that convert nitrates 
to nitrogen gas as pan of the nitrogen cycle. 

depolarisation temporary reversal of charges on the 
cell-surface membrane or a neurone that takes place 
when a nerve impulse is transmitted. 

diabetes a meLabolic disorder in which the body is 
unable to regulate Lhe level of blood glucose. There 
are two forms or the disorder -Type I and Type IT 
diabeLes. 

diastole the stage in the cardiac cycle when the heart 
muscle relaxes. See also systole. 

differentiation Lhe process by which cells become 
specialised ror different £unctions. 

diffusion the movement or molecules or ions from a 
region where they arc in high concentration to one 
where their concentration is lower. 

diploid a term applied to cells in which the nucleus 
contains two sets of chromosomes. See also haploid. 

dipolar having a pair or equal and opposi te electrical 
charges. 

directional selection selection that. operates towards 
one extreme in a range or variation. 

discontinuous variation variation shown when 
the characteristics of organisms fall into distinct 
categories, e.g. blood groups in humans. See also 
continuous variation. 

ON A helica'ie enzyme Lhat acts on a specific region 
or the DNA molecule LO break the hydrogen bonds 
between the bases causing the two strands to 
separate and expose the nucleotide bases in that 
region. 

DNA replication the process in which the double 
helix of a ONA molecule unwinds and each 
strand acts as a template on which a new strand is 
constructed. 

dominant allele a term applied to an allele that is 
always expressed in the phenotype of an organism. 
See also recessive allele. 

E 
ecological niche describes how an organism fits into 

its environment. lt describes what a species is like, 
where it occurs, how it behaves, its interactions 
with other species and how it responds to its 
environment. 

ecosystem all Lhe living and nonliving components 
or a particular area. 

ectothermic an animal that uses the environment to 
regulate its body temperature. See also endotherm. 

effector an organ Lhat responds to stimulation by a 
nerve impulse resulting in a change or response. 

electron negatively charged subatomic particle that 
orbits the positively charged nucleus of all atoms. 

• 
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electron carrier molecules a chain of carrier 
molecules along which electrons pass, releasing 
energy in the form of ATP as they do so. 

emphysema a disease in which the walls of the 
alveoli break down, reducing Lhc surface area for 
gaseous exchange, thereby causing breathlessness 
in Lhe patient. 

endocytosis the inward transport of large molecules 
through the cell-surface membrane. 

endotherm an animal maintaining i1s body 
temperature by physiological mechanisms. See also 
ectotherm. 

en1yme a protein or RNA that acts as a catalyst and 
so alters the speed of a biochemical reaction. 

epidemiology the study of the spread of disease and 
1he fa ctors 1ha1 affect this spread. 

eukaryotic cell a cell that has a membrane-bound 
nucleus nnd chromosomes. The cell also possesses a 
variety of other membranous organelles, such as 
mitochondria and endoplasmic re1iculum. See also 
prokaryotic cell. 

exocytosis the outward bulk transport of materials 
through the cell-surface membrane. 

F 
facilitated diffusion diffusion involving the 

presence of protein carrier molecules LO allow the 
passive movement of substances across plasma 
membranes. 

G 
gamete reproductive (sex) cell that fuses with 

ano1her gamete during fertilisation. 

gel electrophoresis a technique used 10 separate 
DNA fragments of different lengths by placing 
them on agar gel and passing a voltage across 
them. 

gene section of DNA on a chromosome coding for one 
or more polypeptides. 

gene pool the total number of alleles in a particular 
population at a specific time. 

gene marker a section of DNA that is u~ed to 
indicate the location of a gene or 01her section 
of DNA. 

gene mutation a change to one or more nucleotide 
bases in DNA resu lting in a change in genotype 
which may be inherited. 

gene therapy a mechanism by wh ich genetic 
diseases, e.g. cystic fibrosis, may be cured by masking 
the effect of the defective gene by inserting a 
functional gene. 

generator potential depolarisation of the membrane 
of a receptor cell as a result of a stimulus. 
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genetic engineering see recombinant DNA technology. 

genetically modified organism (GMO) organism 

that has had its DNA altered as a result of 

recombinant DNA technology. 

genotype the genetic composi1ion of an organism. 
Sec also phenotype. 

glomerulus a cluster of blood capillaries enclosed by 
the renal (Bowman's capsule) in the kidney. 

glucagon a hormone produced by a cells of the 
islets ofLangerhans in the pancrea~ tha1 increases 
blood glucose levels by initiating 1he breakdown of 
glycogen to glucose. 

gluconeogenesis the conversion of non­
carbohydrate molecules to glucose. 

glycogenesis the conversion of glucose to glycogen. 

glycogenolysis the con version of glycogen to 
glucose. 

glycolysis first part of cellular respiration in which 
glucose is broken down anaerobically in the 
cytoplasm to two molecules of pyruvate. 

glycoprotein substance made up of a carbohydrate 
molecule and a protein molecule. Pans of cell 
surface membrane and certain hormones are 
glycoproteins. 

granum (plural grana) a stack of thylakoids in a 
chloroplast that resembles a pile of coins. This is the 
site of the light-dependent reaction or photosynthesis. 
Sec a lso stroma. 

guard cell one of a pair of cells that surround a 
stoma in plant leaves and control its opening 
and closing. 

H 
habitat the place where an organism normally lives 

and which is characterised by physical conditions 
and the types of other organisms present. 

haemoglobin globular protein in blood that readily 
combines with oxygen to transpon ii around the 
body. T1 com prises four polypeptide chains around 
an iron-con1aining haem group. 

haploid 1erm referring to cells that comain only a 
single copy of each chromosome, e.g. the sex cells 
(gametes). 

heterozygouc; condition in which Lhe alleles of a 
particular gene are different. 

histones proteins which together with DNA, make 
up the chromosomes of eukaryot'ic cells. 

homeosta'iis the maintenance or a more or less 
cons1ant internal environment. 

homologous chromosomes a pair of chromosomes, 
one maternal and one paternal, that have the same 
gene loci and therefore determine the same features. 



They are not necessarily identical, however, as 
individual alleles of the same gene may vary, e.g. 
one chromosome may carry the allele for blue eyes, 
the other the allele for brown eyes. Homologous 
chromosomes are capable of pairing during meiosis. 

homozygous condition in which the alleles of a 
particular gene are identical. 

human genome the totality of the DNA sequences 
on the chromosomes of a single human cell. 

human genome project international scientific 
project to map the entire sequence of all the base 
pairs of the genes in a single human cell. 

hydrogen bond chemical bond formed between 
the positive charge on a hydrogen atom and the 
negative charge on another atom of an adjacent 
molecule, e.g. between the hydrogen atom of 
one water molecule and the oxygen atom of an 
adjacent water molecule. 

hydrolysis the breaking down of large molecules into 
smaller ones by the addition of water molecu les. 
See also condensation. 

hyperthermia a condition that results from the core 
body temperature rising above normal. 

hypothalamus region of the brain adjoining the 
pituitary gland that acts as the control centre for 
the autonomic nervous system and regulates body 
tempera r.ure and fluid balance. 

hypothermia a conclition that results from the core 
body temperature falling below normal. 

immunity the means by which the body protects 
itseH from infection. 

insulin a hormone, produced by the a cells of the 
islets ofLangerhans in the pancreas, which decreases 
blood glucose levels by, amongst other things, 
increasing the rate of conversion of glucose to 
glycogen. 

intcrcropping the practice of growing two or more 
crops in close proximity usually to produce a 
greater yield on a piece of land. 

interspecific competition competition between 
organisms of different species. 

interspecific variation diHerences between 
organisms of diUerent species. 

intraspecific competition competition between 
organisms of the same species. 

intraspecific variation differences between 
organisms of the same species. 

intrinsic proteins proteins of the cell-surface 
membrane that completely span the phospholipid 
bilayer from one side to the other. 

introns portions of DNA within a gene that do not 
code for a polypeptide. The introns are removed 
from pre-messenger RNA after transcription. 

ion an atom or group of atoms that has lost or gained 
one or more electrons. Tons therefore have either a 
positive or negative charge. 

ion channel a passage across a cell-surface 
membrane made up of a protein that spans the 
membrane and opens and closes to allow ions to 
pass in and out of the cell. 

islets of Langerhans groups of cells in the pancreas 
comprising large a cells, which produce the 
hormone glucagon, and small I) cells, which produce 
the hormone insulin. 

isotope variations of a chemical element that 
have the same number of protons and electrons 
but different numbers of neutrons. While their 
chemical properties are similar they differ in mass. 
One example is carbon which has a relative atomic 
mass of 12 and an isotope with a relative atomic 
mass of 14. 

in vitro refers to experiments carried out outside the 
living body, e.g. in test tubes. 

in vivo refers to experiments that are carried out 
within living bodies. 

K 
Krebs cycle series of aerobic biochemical reactions in 

the matrix of the mitochondria o[ most eukaryotic 
cells by which energy is obta ined through the 
oxidation of acetylcoenzyme A produced from the 
breakdown of glucose. 

L 
latent heat of vaporisation heat taken in by a 

liquid in order to transform it into a vapour. 

ligament a tough, fibro us connective tissue, rich in 
collagen, that joins bone to bone. See also tendon. 

light-dependent reaction stage of photosynthesis in 
which light energy is required to produce ATP and 
reduced NADP. See also light-independent reaction. 

light-independent react.ion stage of photosynthesis 
which does not require light energy directly but 
does need the products of the light-dependent 
reaction to reduce carbon dioxide and so form 
carbohydrate. 

limiting factor a variable that limits the ra te of a 
chemical reaction . 

link reaction the process linking glycolysis 
with the Krebs cycle in which hydrogen and 
carbon dioxide are removed from pyruvate to 
form acetylcoenzyme A in the matrix of the 
mitochondria. 
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locus the position of a gene on a chromosome/DNA 

molecule. 


loop of Henle the portion of the 11ephro11 that forms 
a hairpin loop that extends into the medulla of the 
kidney. It has a role in the reabsorption of water. 

lumen the hollow cavity inside a tubular structure 
such as the gut or a xylem vessel. 

lymph a slightly milky fluid found in lymph vessels 
and made up of tissue fluid, fats and lymphocytes. 

lymphocytes types of white blood cell responsible 
£or the immune response. They become activated 
in the presence of antigens. There arc two types: 
B lymphocytes and T lymphocytes. 

M 
meiosis the type or nuclear division in which the 

number of chromosomes is ha lved. See also mitosis. 

mesophyll tissue fou nd bet ween the two layers of 
epidermis in a plan t leaf comprising an upper layer 
of palisade cells and a lower layer of spongy cells. 

metabolism all the chem ical processes that take 
place in living organisms. 

microvilli tiny finger-like projections from the 
cell-surface membrane of some animal cells. 

middle lamella layer made up of pectins and other 
substances found between the walls of adjacent 
plant cells. 

mitosis the type of nuclear division in which 
the daughter cells have the same number of 
chromosomes as the parent cell. See also meiosis. 

monoclonal antibody an antibody produced by a 
single clone of cells. 

monomer one of many small molecules that combine 
to form a larger one known as a polymer. 

mono-unsaturated fatty acid [ally acid that 
possesses a carbon chain with a single double bond. 
See also po!yunsatura1ed fatty acid. 

motor neurone neurone that transmits adion 
potentials from the central nervous system to an 
effector, e.g. a muscle or gland. 

multiple alleles 1erm used to describe a gene that has 
more than two possible alleles. 

mutagen any agent that induces a mutation. 

mutation a sudden change in the amount or the 
arrangement of the genetic material in the cell. 

mutualism a nutritional relationship between two 
species in which both gain some advantage. 

myelin a fatty substance that surrounds axons and 
dendrites in certain neurones. 

myocardial infarction otherwise known as a heart 
attack, results from the interruption of the blood 
supply to the heart muscle, causing damage to an 
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area of the heart with consequent disruption to its 
function . 

myosin the thick filamentous protein found in 
skeletal muscle. 

N 
NAO (nicotinamide adenine dinucleotide) a 

molecule that carries electrons and hydrogen ions 
during aerobic respiration. 

NADP (nicolinamide adenine di nucleotide 
phosphate) a molecule that carries electrons 
produced in the light-dependent reaction of 
photosynthesis. 

negative feedback a series of changes, important 
in homeostasis, that resu lt in a substance being 
restored to irs norma l level. See also positive 
feedback. 

nephron basic fu nctiona l un it of the mammalian 
kidney responsible for the forma tion of urine. 

neurone a nerve cell, comprising a cell body, axon 
and dendrites, which is adapted to conduct action 
potentials. 

neuromuscular junction a synapse that occurs 
between a neurone and a muscle. 

neurotransmitter one of a number of chemicals that 
are involved in communication between adjacent 
neurones or berween nerve cells and muscles. 
1\.vo important examples are acetylcholine and 
noradrenaline. 

niche see ecological niche. 

nitrifying bacteria microorganisms that convert 
ammonium compounds to nitrites and nitrates. 

nitrogen fixation the incorporation of atmospheric 
nitrogen gas into organic nitrogen-con taining 
compounds. 

normal distribution a bell-shaped curve 
produced when a certain dis tribution is plotted 
on a graph. 

node of Ranvier a gap in the myelin sheath that 
surrounds the axon of a neurone. 

normal distribution a bell-shaped curve produced 
when a certain distribution is plotted on a graph. 

nucleotides complex chemicals made up of an 
organic base, a sugar and a phosphate. They are 
the basic units of which 1he nucleic acids DNA and 
RNA are made. 

0 
oestrus the period in the oestrous cycle immediately 

after ovulation when the female is most fertile. 

oncogenes mutated versions of proto-oncogenes 
that result in increased cell division leading to the 
growth of a tumour. 
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oral rehydration solution (ORS) means of 
treating dehydration involving giving, by mourh, 
a balanced solution of salts and glucose that 
stimulates the gm to reabsorb water. 

osmosis the passage of water rrom a region of 
h igb water potential to a region where its water 
potential is lower, through a selectively permeable 
membrane. 

oxidation chemical reaction involving the loss of 
electrons. 

oxidation-reduction a chemical reaction in which 
electrons are transferred from one substance to 
another substance. The substance losing electrons 
is oxidi~ed and the substance gaining the elenrons 
is reduced. 

oxidative phosphorylation the formation of 
ATP in the electron transport system of aerobic 
respiration. 

p 
palisade cells long. narrow cells, packed with 

chloroplasLS, that are found in the upper region of 
a leaf and wruch carry out photosynthesis. 

parasite an organism that lives on or in a host 
organism. The parasite gains a nutritional 
advantage and the host is harmed in some way. 

passive immunity resistance 10 disease that is 
acquired from the introduction of antibodies from 
another individual, rather than an individual's own 
immune system, e.g. across 1he placenta or in the 
mother's milk. It is usually short-lived. 

pathogen any microorganism 1ha1 causes disease. 

pentose sugar a sugar that possesses five carbon 
atoms. l\.vo examples are ribose and deoxyribose. 

peptide bond the chemical bond formed between 
two amino acids during condensation. 

phagocytosis mechanism by which cells enguli 
particles to form a vesicle or a vacuole. 

phenotype the characteristics of an organism, often 
visible, resulting from both its genotype and the 
effects of the envirorunent. 

phloem plant tissue that transports the products of 
photosynthesis from leaves LO 1he rest of the plant. 
See also xylem. 

phospholipid triglyceride in which one of the three 
fatty acid molecules is replaced by a phosphate 
molecule. Phospholipids arc important in the 
structure and functioning of plasma membranes. 

photolysis splitting of a water molecu le by light 
such as occurs during the light-dependem reaction of 
photosynthesis. 

photomicrograph photograph of an image produced 
by a microscope. 

pioneer species a species that can colonise bare rock 
or ground. 

plasmid a small circular piece of DNA found in 
bacterial cells. 

plasmodesmata fine strands of cytoplasm that 
extend through pores in adjacent plant cell 
wa lls and connect the cytoplasm o[ one cell 
with another. 

plasmolysis the shrinkage of cytoplasm away from 
the cell wall that occurs as a plant cell loses water 
by osmosis. 

polygenes group of genes that are responsible for 
controlling a characteristic. 

polymer large molecule made up of repeating smaller 
molecules (monomers). 

polymerase chain reaction (PCR) process of 
making many copies of a specific sequence of DNA 
or part of a gene. It is used extensively in gene 
technology and genetic fingerprinting. 

polymera<;es group of enzymes that catalyse the 
formation of long-chain molecules (polymers) from 
similar basic units (monomers). 

polyunsaturated fatty acid (PUFA) fatty acid that 
possesses carbon chains with many double bonds. 
Sec also mono-unsaturated fatty acid. 

population a group of individuals of the same species 
rhat occupy the same habitat ar the sa me time. 

positive reedback process which results in a 
substance that departs from its normal level 
becoming further from its norm. Sec also negative 
feedback. 

primary structure of a protein the sequence of 
amino acids that makes up the polypeptides of a 
protein. 

primary succession the progressive colonisation 
of bare rock or other barren terrain by living 
organisms. 

producer an organism that synthesises organic 
molecules from simple inorganic ones such as 
carbon dioxide and water. Most producers are 
photosynthetic and form the first trophic level in a 
food chain. See also consumer. 

prokaryotic cell a cell of an organism belonging 
w the kingdom Prokaryorac that is charancrised 
by lacking a nucleus and membrane-bound 
organelles. Examples include bacteria. Sec also 
eukaryotic cell. 

proton positively charged sub-atomic particle found 
in the nucleus of an atom. See also electron. 

protoplast the Jiving portion of a plant cell, that 
is, the nucleus and cytoplasm along with the 
organelles it contains. 
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Q 
quaternary c;tructure of a protein a number of 

polypeptide chains linked together. and sometimes 
associated with non-protein groups, to form a 
protein . 

R 
receptor a cell adapted to detect changes in the 


environment. 


recessive allele the condition in which the effect of 
an allele is apparent in the phenotype or a diploid 
organism only in the presence of another identical 
allele. See also dominant allele. 

recognition site a nudeotide sequence, usually 

of 4, 6 or 8 nucleotides, that is recognised by a 

restriction endonuclease and to which it attaches. 


recombinant DNA technology genera l term 
that covers the processes by which genes are 
manipulated, altered or transferred from organism 
to organism. Also known as genetic engineering. 

reduction chemical process involving the gain 

of electrons. 


reflex arc the nerve pathway in the body taken by an 
action potential that leads to a rapid, involuntary 
response to a stimulus. 

refractory period period during which the 

membrane of t he axon of a neurone cannot be 

depolarised and no new action potential can be 

initiated. 


renal capsule the cup shaped portion of the start of 
the nephron that encloses the glomerulus. 

repolari'iation return to the resting potemial in the 

axon of a neurone after an action potemial. 


resting potential the dillerence in electrical charge 
maintained across the membrane of the axon of 
a ne urone when not stimulated. Sec also action 
potential. 

restriction endonucleases a group of enzymes that 
cuL DNA molecules at a specific sequence of bases 
called a recognition sequence. 

RNA polymerase enzyme that joim together 

nucleotides to form messenger RNA during 

transcription. 


s 
c;altatory conduction propagation of a nerve 

impulse along a myelinated dendron or axon in which 
the action potential jumps from one node ofRanvier 
t:o another. 


saprobiolic microorganism also known as a 

saprophyte, this is an organism that obtains its 

food from the dead or decaying remains of other 
organisms. 

• 


sarcomerc a section of myofibril between two 
Z-lines that forms the basic structural unit of 
skeletal muscle. 

saturated fatty acid a fany acid in which there are 
no double bonds between the carbon atoms. 

Schwann cell cell around a neurone whose cell­
surfacc membrane wraps around the dendron or 
axon to rorm the myelin sheath. 

secondary structure of a protein the way in which 
the chain of amino acids of the polypeptides of a 
protein is folded. 

secondary succession the recolonisation of an area 
after an earlier community has been removed or 
destroyed. 

selection process that results in the best-adapted 
individuals in a population surviving to breed 
and so pass their favourable alleles to the next 
genera Lion. 

selection pressure the environmenta l force altering 
the frequency of alleles in a population. 

selective breeding breeding of organisms by human 
selection of parents/gametes in order to perpetuate 
certain characteristics and/or eliminate others. 

semi-conservative replication the means by which 
DNA makes exact copies of itself by unwinding the 
double helix so that each chain acts as a template 
for the next. The new copies therefore possess one 
origina l and one new strand of DNA. 

sensory neurone a neurone that transmits an action 
potential from a sensory receptor to the cenrral 
nervous system. 

serum clear liquid that is left after blood has clotted 
and the clot has been removed. It is therefore blood 
plasma without the clotting factors. 

sickle-cell anaemia inherited blood disorder in 
which abnorma l haemoglobin leads to red cells 
becoming sickle-shaped and less able to carry 
oxygen. 

sinoatrial node (SAN) an area of heart muscle in 
the right atrium that controls and coordi nates 
the contraction of the heart. Also known as the 
pacemaker. 

skeletal muscle the muscle that makes up the bulk 
of the body and which works under conscious 
control. Also known as voluntary muscle. See also 
smooth muscle. 

smooth mmcle also known as involuntary or 
unstria ted rnuscle, smooth muscle is found in the 
alimentary canal and the walls of blood vessels. Its 
contraction is not under conscious control. See also 
skeletal muscle. 

sodium- pota'ic;ium pump protein channels 

across cell-surface membranes that use ATP to 




move sodium ions out of the cell in exchange for 
potassium ions that move in. 

speciation the evolution of two or more species from 
existing species. 

species a group of similar organisms that can breed 
together to produce fertile offspring. 

species diversity the number of different species and 
the number of individuals of each species with in 
any one community. 

stabilising selection selection that tends to eliminate 
the extremes of the phenotype range within a 
population. It arises when environmental conditions 
are constant. 

stem cells undifferentiated dividing cells that occur 
in embryos and in adult animal tissues that require 
constant replacement. e.g. bone marrow. 

stimulus a detectable alteration in the internal 
or external environment of an organism that 
produces some change in that organism. 

stoma (plural stomata) a pore, mostly found in 
the lower epidermis of a leaf, through w hich gases 
diH'use in and out of the leaf. 

stroke volume the volume of blood pumped at each 
ventricular contraction of the heart. 

stroma matrix of a ch loroplast where the !ight­
independent reaction of photosynthesis takes place. 

substrate a substance that is acted on or used by 
another substance or process. In microbiology, the 
nutrient medium used to grow microorganisms. 

substrate-level phosphorylation the formation 
of ATP by the direct transfer of a phosphate group 
from a reactive intermediate to ADP. 

supernatant liquid the liquid portion of a mixture 
left at the top of the tube when suspended particles 
have been separated out at the bottom during 
centrifugation. 

symplastic pathway route through the cytoplasm 
and plasmodesmata of plant cells by which water 
and dissolved substances are tra nsported. See also 
apoplastic pathway. 

synapse a junction between neurones in which they 
do not touch but have a narrow gap, the synaptic 
cleft. across which a neurotransmitter can pass. 

systole tl1e stage in the cardiaccycle in which the heart 
muscle contracts. It occurs in two stages: atrial 
sysr.ole when the atria contract and ventricular 
systole when the ventricles contact. See also diastole. 

T 
tendon tough, flexible, but inelastic, connective 

tissue that joins muscle to bone. See also ligament. 

tertiary structure of a protein the folding of a 
whole polypeptide chain in a precise way, as 

determined by the amino acids of which it is 
composed. 

threshold level/value the minimum intensity that 
a stimulus must reach in order to trigger an action 
potential in a neurone. 

thrombosis formation of a blood clot within a blood 
vessel that may lead to a blockage. 

thylakoid series of flattened membranous sacs in 
a chloroplast that contain chlorophyll and the 
associated molecules needed for the light-dependent 
reaction of photosynthesis. 

tidal volume the volume of air breathed in and out 
during a single breath when at rest. 

tissue a group of similar cells organised into a 
structural unit that serves a particular function. 

tissue fluid fluid that surrounds the cells of the 
body. Its composition is similar to that of blood 
plasma except that it lacks proteins. It supplies 
nutrients to the cells and removes waste products. 

T cell (T lymphocyte) type of white blood cell that 
is produced in the bone marrow but matures in 
the thymus gland. T lymphocytes coordinate the 
immune response and kill infected cells. See also 
8 cell. 

transcription formation of messenger RNA 
molecules from the DNA that makes up a particular 
gene. It is the first stage of protein synthesis. 

transducer cells cells that convert a non -electrical 
signal, such as light or sound, into an electrical 
(nervous) signal and vice versa. 

transduction the process by which one form of 
energy is converted into another. In microbiology, 
the natural process by which genetic material is 
transferred between one host cell and another by a 
virus. 

transpiration evaporation of water from a p lant. 

triglyceride an individual lipid molecule made up of 
a glycerol molecule and three fatty acids. 

trophic level the position of an organism in a food 
chain. 

tumour a swelling in an organism that is made up of 
cells that continue to divide in an abnormal way. 

tumour suppressor gene a gene that maintains 
normal rates of cell division and so prevents the 
development of tumours. 

turgid a plant cell that contains the maximum 
volume of water it can. Additional entry of water 
is prevented by the cell wall stopping further 
expansion of the cell. 

u 
ultrafiltration filtration assisted by blood pressure, 

e.g. in the formation of tissue fluid. 
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unsaturated fatty acid a fatty acid in which there 
arc one or more double bond~ between the carbon 
atoms. 

vaccination the introduction of a vaccine containing 
appropriate disease antigens into the body. by 
injection or mouth, in order to induce artificial 
immunity. 

vasoconstriction narrowing of the internal diameter 
of blood vessels. Sec also vasodilation. 

vasodilation widening of the internal diameter of 
blood vessels. See also vasoconstriction. 

vector a carrier. The term may refer to something 
such as a plasmid, which carries DNA into a cell, or 
to an organism that ca rries a parasite to its host. 

voltage-ga ted channel protein channel across a cell­
surface membrane that opens and closes according 
to changes in the electrical potential across the 
membrane. 

• 


w 
water potential the pressure created by water 

molecules. It is the measure of the extent to 
which a solution gives out water. The greater the 
number of water molecules present, the higher 
(less negative) the water potential. Pure water has 
a water potential of zero. 

x 
xerophyte a plant adapted to living in dry conditions. 

xylem vessels dead, hollow. elongated tubes. with 
lignified side walls and no end walls. that transport 
water in most plants. 



abiotic factors 466, 469-70, 477 

influence of abiot ic factors on 


plant populations 471 

succession 485 


absorption 95 


absorption of amino acids and 

monosaccharides 156 


absorption of fatty acids 157 

absorption of triglycerides 156-7 

co-transport and absorption of 


glucose in the ileum 95-8 

role of active transport in 


absorption 95-6 

abundance 481, 482-3 

acetylcoenzyme A 286 

actin 368 


action potential 350, 351-3. 354 

different axons, different 


speeds 359 

factors affecting the speed at 


which an action potential 

travels 357 


measuring action potentials 353 

passage of an action potential 


along a myelinated axon 356 

passage of an action potential 


along an unmyelinated 

axon 354-5 


refractory period 358- 9 

activation energy 23, 46 

active transport 47. 9J-4, 130 


m itochondria 68 

role of active transport in 


absorption 95-6 

adaptation 231-4 

adaptive radiation 46 1 

addition of bases 501 

adenine 46 

adrenaline 388-9 

adult stem cells 505 

aerobic respiration 283 


energy yields from anaerobic and 

aerobic respiration 294 


afferent arteriole 396, 399 

agricu lture 246 


human activity and Joss of species 

in the UK 247-8 


alleles 206-07, 225, 229, 246, 418, 

422,427 


codominant alleles 419, 429- 30 

gene pool 229, 448 

locating specific alleles of 


genes 546 

multiple alleles 419-20, 430-1 

reproductive success and allele 


frequency 229-30 

a llelic frequency 448 


Hardy-Weinberg principle 448-50 

selection 460 


allopatric speciation 461-2 

alveoli 143, 145-9 

amino acids 19, 156 


comparison of amino acid 

sequences in proteins 250 


ammonifica1ion 307, 308 

amylase I 52- 3 


anaerobic respiration 283, 293-5 

animal breeding 553 

Auimalia 240 

antibio tics 121-2 

amibiotic-resis1ance marker 


genes 538-9 

amibodies 109, I 11, 252 

antigens I06, I09, 252 


amigen-presenting cells l07 

a111igen-amibody complex 111 

antigenic variability 116 


antioxidants 173 

aorta l71 


aortic pressure 176 

Archaea 239- 40 

arteries 178 


coronary arteries 17 1 

pulmonary anery 171 

renal artery 395 

afferem and efferem 


arterioles 396, 399 

ATP 46 


active 1ranspon 93-4. 96 

ATP synthase channels 272 

electron iransfer chain and the 


synthesis of ATP 289-90 

making of ATP 271-2 

mitochondria 68 

production of ATP 284 


atria 170 


a1rioventricular valves 170, 175 

autonomic nervous system 334, 340 

autosomal linkage 437-9 

axons 347 


diameter of the axon 357 

different axons, differem 


speeds 359 

passage of an action potential 


along a myclina1ed axon 356 

passage of an action poternial 


along an unmyelinated 

axon 354-5 


B lymphocytes (B cells) 106 

humoral immunity 109- 10 


bacteria 75, 239-4 

deni1rifying bac1eria 309 


free-living nitrogen fixing 

bacteria 308 


mutualistic nitrogen fixing 

bacteria 308 


behavioural mechanisms 380, 

381, 382 


belt transect\ 482 

Benedict's tesL 8-9 

benign lumours 5 19 

bile salts 153, 157 

binomial sys1em 237-8 

biodiversiLy 485 


diversity within a 

community 243-5 


invesLigating divers it y 249-52 

quantita1ive inves1igations of 


variation 253-6 

species and taxonomy 237-2 


biological molecules 2, 87, 93 

condensation and hydrolysis 


reactions 4-5 

polymerisation and the formation 


of macromolecules 4 

biomass 246, 298, 299, 485 

biotic fact0rs 466, 477 

blood pressure 342 

blood vessels I80 


endothe li um 178. 180 

lumen J 78, 180 

tissue Ouid and its 


formation I80-2 

valves 179 

wall thickness 179, 180 


blood water potential 398, 404-5 

brain medulla oblongata 341 

breathing 144-5 


calorimetry 299 

Ca lvin cycle 275 

cancer 80-1, 519 


abnormal meLhylation of tumour 

suppressor genes 521-2 

cancer and the genetic con trol of 


cell division 520-1 

lung cancer and smoki ng 148, 


I 50, I 5 I, 522-4 

oestrogen levels and breast 


cancer 521-2 

oncogenes 520 

risk factors and cancer 522-4 

tumour suppressor genes 520-1 

'1wo hiL' hypothesis 524 

types of LUmour 519-20 


capillaries 178, 180 

carbohydrases 152 

carbohydraLes 2, 8 
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carbohydrate digestion 152-3 

disaccharides 8, I 0 

monosaccharides 8 

polysaccharides 8. I l 

test for non-reducing sugars l 0-11 

test for reducing sugars 8-9 

test for starch 12 


carbon monoxide 172 

cardiac cycle 174 


cardiac output 176 

contraction or the atria (atrial 


systole) 174 

contraction or the vent rides 


(ventricular systole) 

174-5 


electrocardiogram l 77 

pressure and volume changes 


of the heart 175-7 

relaxation of the heari 


(diastole) 174 

valves in Lhe con trol of blood 


now 175 

cardiac muscle 367 

carrier proteins 84, 88 


active transport 93-4 

cDNA (complementary ONA) 532 


cell cycle 80 

cancer and the control of 


mitosis 80-1 

treatment of cancer 81 


cell differentiation 504 

cell differentiation and 


specialisation 504 

growth of plant tissue cultures 


508-9 

human embryonic stem cells 


and the treatmen1 of disease 

507-8 


pluripotent cells in treating 

human disorders 506-7 


stem cells 505-6 

totipotency 504-5 


cell division 42, 80 

cell division in prokaryotic 


cells 78 

cell fractionation 59 


homogenation 59 

ultracentrifugation 59-60 


cell recognition I02-3 

cell specialisation 73 


organs 74 

tissues 73-4 


cell-surface membrane 84-6 

cells 56, 67 


cell bodies 347 

cell walls 71-2 

cell-mediated immuni1y I06-7 

chloroplasts 68-9 

endoplasmic reticulum 69-70 
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Golgi apparatus 70 

lysosomes 71 

measuring cells 64-5 

mit0chondrion 67-8 

mitosis 77-9 

nucleus 67 

osmosis and animal cells 90-1 

osmosis and plant cells 92, 183 

phagocytic cells 71. 104-5 

relating cell ultrastructure to 


function 72 

specialised plant cells 187 

vacuoles 72 


cellu lose 14-15. 71-2. 92 

cen1ral nervous system (CNS) 334 

channel proteins 350 

charts 572 


adding ra nge ba rs and e rror 

ba rs 573-4 


plotting 572-3 

chemicals 501. 503 

chemorecept0rs 342 

chesrniosmotic theory 271-2 

chi-squared (X2) test 443, 576 


calculating chi-squared 443-4 

chi-squared test in genetics 445 

using the chi-squared table 444 


chloroplasts 68- 9, 270 


cholesterol 85 

blood cholesterol 172-3 


chromatin 514-15 

chromosomes 67. 77, 206. 224, 


433- 6 

chromosome mutations 221-3 


homologous pairs 207. 224. 225 

hybridisation 222- 3 

non-disjunction 221 

polyploidy 221, 222 


chylomicrons 156- 7 

circu latory system 74, 168 


blood vessels 178- 82 

circulatory systems in 


mammals 169 

heart 170- 7 

return of tissue fluid to the 


circulatory system 181-2 


classification 240 

clonal selection 109 


cloning 530 

in vitro gene cloning 540-4 

in vivo gene cloning 535-9 


codominance 419. 429-30 


coenzymes 287. 288 

coenzymes in respiration 288 

reduced coenzymes 286 


co-transport and absorption of 

glucose in the ileum 95-8 


co-transport proteins 188 


cohesion t 83 

cohesion-tension theory 184 


collagen 145 

communities 243, 246, 466, 467 

climax community 485 

competition 474 


effects of abio1ic and biotic £acwrs 

on population size 477 


interspecific competition 474-7 

intraspecific competition 474 


condensation reactions 4-5, 10, 11, 

13.16, 19,49 


ATP 46 

mononucleotides 36 


cone cells 338-9 

conservat ion 250, 488 

comumers 298 

control mechanisms 379-80 

coordination 346 


coordination of control 

mechanisms 379-80 


coordinators 326, 335, 379, 383 

correlation coefficient, r 577-9 

countcrcurrent now 137, 138 

counter-current multiplier 403 

courtship behaviour 238-9 

covalent bonding 4 

covalen1 bonds 48 

Crick, Francis 513 

crossing over 227-8 

cytokincsis 80 

Darwin, Charles 453, 454 


data 

estimating results 571-2 

uncertain1ies in measuremems 572 


denatura1ion 27-8, 153 

dendrites 347 

dendrons 347 

deni1rificalion 307, 309 

diabetes 391-2 


effects or diabetes on substance 

concentrations in the 

blood 393 


diastole 174 

diet t 73, 388 

diffusion 87, 130, 136. 137 


diffusion gradients 133 

facili1ated diffusion 87-8 

role of diffusion in absorption 95, 


157 

digestion I52 

dihybrid inheritance 426-7 

absorption of 1he products or 


digc5tion 155-7 

carbohydrate digestion 152-3 

chemical digestion 152 

lactose intolerance 154 

lipid digestion 153 




physical breakdown of food 152 

protein digestion I54 


diges tive system 74, 15-2 

dinucleolides 36 

dipeptidases 154 

diploid cells 79 

diploid number 207, 224 

diploid organisms 422 

dipolar molecules 48 

directional selection 231-2 

d isaccharides 8, IO 

disruptive selection 456, 457-8 

distal convoluted tubule 396, 403 

disulfide bridges 20 

diversity 243, 249 

DNA 36, 37, 513 


alleles 207-8 

bacteria 75 

base pairing 37 

cl1romosomes 206-7 

comparison of DNA, messenger 


RNA and transfer RNA 

DNA heUcase 42, 213 

DNA ligase 536 

DNA ligase 536 

DNA polymerase 42 

epigenetics 5 I 3-14, 515-17 

function of DNA 38-9 

in vitro gene cloning 5404 

in vivo gene cloning 535-9 

locating DNA fragments 554 

plasmids 75 

producing DNA fragments 5304 

unravelling the role of DNA 


3940 

uses of DNA fingerprinting 552-3 
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locating specific alleles of 


genes 546 

DNA probes 545 

DNA replication 42, 212 


conservative model 44-5 
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replication 42-3 

DNA transcription 212-13 


splicing of pre-mRNA 213 

template strands 212 


DNA translation 212 

assembling a protein 215 

protein synthesis 216 

synthesising the polypeptide 


214-15 


drugs 364-5 

duplication of bases 50 I 


ecology 466- 7 

ecological niches 467, 485 


ecosystems 244, 246, 298. 466 

biomass 299 

carrying capacity 466 


ectotherms 380 

regulation of body temperature 380 


effectors 335. 379, 383 

efferent arteriole 396, 399 

ege~tion I 5 I 

electrocardiogram 176 

electrolytes 97 

electron microscopes 61-2 

electrons 6 


electron carriers 27 1 

electron transfer chain 289-90 

sequencing the chain 292 


ELISA (enzyme linked 

immunosorbant assay) test 121 


embryonic stem cells 505 

human embryonic stem cells and 


the treatment of disease 507-8 

emulsification 153 

endopeptidases I 54 

endoplasmic reticulum 69-70 

endothelium 178, 180 

endotherms 380 


regulation or body 

temperature 38 1 


energy 46- 7 

energy sou rces 16 


immediate energy sources 47 

energy transfer 298-9 
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calculating the efficiency of 
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productivity 300-1 

productivity and farming 
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environmental impact of nitrogen­
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action 27-8 
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measuring enzyme-catalysed 
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en1yme inhibition 32 

competitive inhibitors 32 

control of metabolic pathways 33 
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en1ymes 23, 249 

active sites 24, 26, 29 

d igestion 152-4 

enzyme substrate complex 24 

substrates 24, 26, 30 


epigenetics 513 

DNA-histone complex 


(chromatin) 514-15 

dfect of RNA interference on 


gene expression 5 16- 17 

epigenetics and disease 515-16 

cpigcnetics and inheritance 515 

epigenome 5 I 3-14 

nature versus nurture 517-18 

Prader-Willi syndrome 518 
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therapy 516 

epistasis 440-2 

epithelial tissues 73 
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Eukarya 23940 
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feedback mechanisms 379, 383 
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insects 133-4 
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gel electrophoresis 550-1 
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