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Preface to the First Edition

When we were first approached by the publishers to write
a textbook on pharmaceutical microbiology to appear in
the spring of 1977, it was felt that such a task could not be
accomplished satisfactorily in the time available.

However, by a process of combined editorship and by
invitation to experts to contribute to the various chapters,
this task has been accomplished thanks to the cooperation
of our collaborators.

Pharmaceutical microbiology may be defined as that part
of microbiology which has a special bearing on pharmacy
in all its aspects. This will range from the manufacture and
quality control of pharmaceutical products to an under-
standing of the mode of action of antibiotics. The full
extent of microbiology on the pharmaceutical area may be
judged from the chapter contents.

As this book is aimed at undergraduate pharmacy stu-
dents (as well as microbiologists entering the pharmaceu-
tical industry), we were under constraint to limit the
length of the book to retain it in a defined price range.
The result is to be found in the following pages. The

editors must bear responsibility for any omissions, a point
which has most concerned us. Length and depth of treat-
ment were determined by the dictate of our publishers. It
is hoped that the book will provide a concise reading for
pharmacy students (who, at the moment, lack a textbook
in this subject) and help to highlight those parts of a gen-
eral microbiological training which impinge on the phar-
maceutical industry.

In conclusion, the editors thank most sincerely the con-
tributors to this book, both for complying with our stric-
tures as to the length of their contribution and for providing
their material on time, and our publishers for their friendly
courtesy and efficiency during the production of this book.
We also wish to thank Dr. H. J. Smith for his advice on vari-
ous chemical aspects, Dr. M. I. Barnett for useful comments
on reverse osmosis, and Mr. A. Keall who helped with the
table on sterilisation methods.

W. B. Hugo
A. D. Russell



Preface to the Ninth Edition

When we first started planning for this edition in 2017, we
could not have foreseen how many aspects of microbiology,
particularly pharmaceutical microbiology, would come to
prominence in the following pandemic years. Now, as we
are slowly emerging from COVID-19, we have first-hand
experience of the vital importance of antisepsis, infection
prevention and control measures, epidemiology, immunol-
ogy, vaccine development and an understanding of viral
pathogenicity. The power of the pandemic to mobilise indi-
vidual, national, international and commercial effort to
combat infection and research new measures of treatment
and immunisation has been inspiring. It is against this
backdrop that many of our authors have been preparing
their chapters, sometimes in the most demanding of cir-
cumstances; we thank them for their willing contribution
and for their perseverance. Throughout this time, the
understanding and patience of our publishers have been
much appreciated.

While the structure of this edition draws much from the
previous one, all chapters are revised, some with new

authors, and they incorporate many significant develop-
ments in the discipline. These include: the gathering
momentum of antibiotic resistance; the risk of microbicide
cross-resistance;  emerging pathogens; healthcare-
associated infection; new vaccine technologies; advances
in pharmaceutical production; and alternative strategies to
antibiosis. Inevitably COVID-19 features, and while our
understandings and conclusions may change with long-
term analysis, our authors have attempted to draw as many
reliable insights as possible while the pandemic progresses.

For this edition, we would like to acknowledge the con-
tribution of past editors, Sean Gorman and Norman
Hodges (who both remain as authors), and Barry Hugo and
Denver Russell who were instrumental in recognising and
building the discipline of pharmaceutical microbiology.
They would not have been surprised at the contribution it
now makes to safeguarding society.

S. P. Denyer
B. F. Gilmore
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Introduction to Pharmaceutical Microbiology

Brendan F. Gilmore® and Stephen P. Denyer?
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1.1 Pharmaceutical Microbiology:
Microorganisms and Medicines

1.1.1 The Discipline of Pharmaceutical Microbiology

In its most literal sense, pharmaceutical microbiology is
the study of microorganisms relevant to pharmacy and the
pharmaceutical sciences. As a branch of the much wider
discipline of applied microbiology, however, it is also con-
cerned with understanding the fundamental importance
of microorganisms in global health and disease.
Pharmaceutical microbiology therefore includes an under-
standing of: the fundamentals of microbial physiology and
pathogenicity, including host interactions; immunological
products; the design, manufacture and appropriate use of
antibiotics and other antimicrobial agents; strategies to
prevent the emergence of resistance; practices in public
health designed to control infectious disease; environmen-
tal design for the manufacture of medicinal products and
medical devices; microbiological control in the prepara-
tion of pharmaceutical products and their preservation
during use; the beneficial exploitation of microorganisms,
including pharmaceutical biotechnology; and advances in
molecular microbiology.

1.1.2 Microorganisms and Medicines

The observed steady improvement in global public health
and the increasing trajectory of human life expectancy
owes much to improved sanitation and healthcare, alongside
better nutrition and a wider availability and access to
effective medicines for the treatment and control of human
and animal diseases. Indeed, the opening comments in
previous editions of Hugo & Russell’s Pharmaceutical
Microbiology have reflected positively on global trends in
controlling infectious disease, whilst recognising that still
microbial infections and diarrhoeal diseases remain the
leading causes of death in low- and low-middle-income
countries (LMICs). Two infectious diseases, smallpox and
rinderpest, the high-mortality cattle disease, have been
declared eradicated by the World Health Organisation
(WHO). At the time of writing, polio, once a global epi-
demic, remains endemic in only two countries, Afghanistan
and Pakistan, with Africa having been declared free of
wild-type polio in 2020. It is now expected that polio, and
parasitic infection by the guinea worm Dracunculus medi-
nensis, will be eradicated in the next few years. These and
other significant advances in public health are major
achievements, but a new threat has emerged, antibiotic

Hugo and Russell’s Pharmaceutical Microbiology, Ninth Edition. Edited by Brendan F. Gilmore and Stephen P. Denyer.

© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd.
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resistance, which has been referred to as the silent pan-
demic. Antibiotics have been estimated to extend human
lifespan by 23 years on average, yet the emergence of anti-
biotic resistance to all current classes of antibiotics has
been reported, and no major new class of antibiotic drug
has been brought to the market in over 35years. In 2019,
the Institute and Faculty of Actuaries (UK) published their
antibiotic resistance working party report on the impact of
antimicrobial resistance (AMR) on mortality and morbid-
ity, which predicted for the first time a reduction in UK life
expectancy attributable to AMR. A recent analysis of the
global burden of antimicrobial resistance estimated that in
2019, 1.27 million deaths were attributable to antibiotic-
resistant bacteria, greater than from either human immu-
nodeficiency virus/acquired immunodeficiency syndrome
(HIV/AIDS) or malaria. Antibiotic resistance is a problem
not of the future, but of the present.

The development of the many vaccines and medicines
that have been crucial to the improvement in world health
has been the result of the large investment in research and
development made by the major international pharmaceu-
tical companies and also by national governments invest-
ing in research infrastructure and training. As a result, the
research, development and production of pharmaceuticals
has become one of the most successful, profitable and
important industries in many countries worldwide. The
global pharmaceutical market has experienced unprece-
dented growth in the past two decades, from $390 billion in
2001 to $1.27 trillion by the end of 2020. In the UK, the
pharmaceutical industry is a major contributor to the
national economy, with 2 of the top 15 global pharmaceuti-
cal companies headquartered there, representing a 2.5%
share of the global pharmaceutical sector. The UK industry
generates a turnover of £36.7 billion, with an export market
value of £23.4 billion and an import value of £21.4 billion.
It employs more than 63,000 people, and whilst 41% of
pharmaceutical products are exported, 30% are for the
domestic UK market and the remainder are substances
used in the manufacture of other pharmaceutical products.
Overall, the UK pharmaceutical industry contributes £14
billion (gross value added, GVA) to the UK economy.
During the coronavirus disease (COVID)-19 global pan-
demic, the UK pharmaceutical industry supported 68 com-
mercial COVID-19 clinical trials in 2020 alone.

The growth in the pharmaceutical industry in recent
decades has been paralleled by the development and imple-
mentation of increasingly rigorous and stringent standards
and regulations for pharmaceutical product manufacture
and quality. Manufacture or assembly of a pharmaceutical
product must be conducted under license from the appro-
priate authority (e.g., the Medicines and Healthcare
Products Regulatory Agency [MHRA] in the UK, or the
Food and Drug Administration [FDA] in the USA), and

manufacturers must demonstrate compliance with current
good manufacturing practice (GMP) guidelines, the mini-
mum standards that a medicines manufacturer must meet
in their production process. The final product must meet all
current standards for quality, safety and efficacy; many of
these standards are harmonised across national bodies.
Most medicines or pharmaceutical products are complex
formulations containing the active ingredient formulated
with inactive excipients which ensure the stability, safety
and efficacy of the final product. Whilst the efficacy and
safety of the active agent or drug fall within the domain of
the pharmacologist and the toxicologist, respectively,
ensuring the quality of the final pharmaceutical product
requires a multidisciplinary approach. Analytical chemists
and pharmacists/pharmaceutical scientists take lead
responsibility for ensuring that the components of the final
formulation are present in the correct physical form and
concentration; however, quality is not established solely on
the physicochemical properties of the product but also
through stringent microbiological quality control to ensure
formulation efficacy and safety.

Whilst not yet a feature of this book, the appearance of
three-dimensional (3D) printed pharmaceuticals will be a
matter for consideration in the future. This technology sig-
nals a potential shift from the traditional centralised mass
production of medicines to the point-of-care manufacture
of discrete batches of highly personalised dosage forms for
particular patient and clinical circumstances. Thus, GMP
approaches towards quality and safety that have been
designed around conventional medicine manufacture will
need to be adjusted to include real-time quality-assurance
mechanisms, GMP-compliant 3D printer validation and
new requirements to accommodate multiple manufactur-
ing sites. The first 3D printed oral antiepileptic drug, leveti-
racetam, was approved for human use by the FDA in 2015.

It is obvious that medicines contaminated with poten-
tially pathogenic microorganisms pose a significant risk of
harm to the end-user, especially in vulnerable patients.
Indeed, medicines to be administered to patients parenter-
ally, that is, other than via the gastrointestinal tract, which
include intravenous, intramuscular, subcutaneous and
intraspinal injections, and ocular, otic and intranasal prod-
ucts, must be sterile and are marketed as sterile products.
They must also be free from microbially derived toxins and
pyrogens, including lipopolysaccharides, which can lead to
anaphylactic reactions. Perhaps less predictable, although
still self-evident, the presence of microorganisms in phar-
maceutical products can cause physical and chemical
spoilage, which may lead to changes in the formulation
itself or to degradation or decomposition of the active drug
and/or excipients. This can result in sub-therapeutic con-
centrations of the active drug in the contaminated formu-
lation or impaired delivery characteristics, both leading to



therapeutic failure, or the presence of toxic drug metabo-
lites. Physical and chemical changes to the formulation
may be obvious, such as changes to odour, flavour or ele-
gance of the product, which would lead to lack of patient
acceptance. Thus, it is clear that pharmaceutical microbiol-
ogy must encompass the practices of sterilisation and pres-
ervation of often complex formulations capable of
supporting the growth or survival of contaminating micro-
organisms. The pharmacist or pharmaceutical scientist
with responsibility for the safe manufacture of medicines
must appreciate the factors which predispose to product
spoilage and how these might be managed by effective
product design, and also the sources of potential contam-
inants and their control by good manufacturing practices.
In these respects, the pharmaceutical microbiologist has
much in common with microbiologists in the food and
cosmetic industries, and many practices have been success-
fully shared.

The properties of antimicrobial chemicals used as disin-
fectants, preservatives and antiseptics (often termed micro-
bicides) have direct relevance to the pharmacist and
pharmaceutical scientist responsible for preserving formu-
lated products and for managing microbiological risks in
the manufacturing environment, and also because antisep-
tics and disinfectants are pharmaceutical products in their
own right. However, they are not the only antimicrobial
agents with which the pharmaceutical microbiologist must
be familiar; antibiotic medicines are one of the most impor-
tant and frequently prescribed pharmaceutical products,
and are a major focus of several chapters of this book. The
term antibiotic was originally used to refer to a naturally
occurring substance, produced by one microorganism
which inhibits the growth of, or kills, another microorgan-
ism. This strict definition of an antibiotic as a microbial
metabolite did not, however, allow for the many genera-
tions of semi-synthetic compounds based on naturally
occurring antibiotic templates and wholly synthetic agents
(although significantly fewer in number) arising from
high-throughput synthetic compound library screening
efforts. The manufacture, quality control, formulation and,
of particular relevance given the global crisis of antibiotic
resistance, the appropriate use of antibiotics are important
areas of knowledge which contribute significantly to the
discipline of pharmaceutical microbiology.

The study of microorganisms continues to be important
in both drug discovery and pharmaceutical manufacture.
Screening of microorganisms for the production of bioac-
tive agents has led not only to the discovery of almost all of
the classes of antibiotics which are clinically used, but also
to a number of important antifungal (such as nystatin, gri-
seofulvin and amphotericin B), anti-cancer (including
actinomycin, bleomycin, taxol and doxorubicin) and
immunosuppressant (sirolimus and tacrolimus) agents in

1.1 Pharmaceutical Microbiology: Microorganisms and Medicines

current clinical use. Following the discovery of penicillin
in 1928, commercial antibiotic production began in the
1940s with the large-scale fermentation of Penicillium chry-
sogenum for production of benzylpenicillin (penicillin G).
For many years, antibiotics were the only significant exam-
ple of an active drug that was manufactured using microor-
ganisms. However, exploitation of microorganisms for the
manufacture and modification of steroids in the 1950s, and
the development of recombinant DNA technologies in the
last three decades of the twentieth century, has given sig-
nificant momentum to the use of microorganisms in the
production of pharmaceuticals and has supported a bur-
geoning biotechnology sector. The global market for
recombinant DNA technology is forecast to reach
$844.6 billion by 2025, with medical products dominating
the market in terms of revenue generation. Biopharma-
ceuticals, or biological medical products (sometimes
shortened to ‘biologics’ or ‘biologicals’), broadly defined
as pharmaceuticals inherently biological in nature and man-
ufactured using biotechnology or bioprocesses (including
fermentation and recombinant DNA technology/heterolo-
gous expression in Escherichia coli), represent a major pro-
portion of all drugs under clinical development with an
anticipation that biologics will account for 50% of drugs
under development in the coming decade. Whilst a tradi-
tional focus for pharmaceutical interest in microorganisms
has been their control, the more recent exploitation of
microbial metabolism for the manufacture of drugs and the
particular regulatory and quality control challenges of prod-
ucts arising through biotechnological and bioprocessing
pipelines is now an area of knowledge which is of central
importance to the discipline of pharmaceutical microbiol-
ogy. This will be of increasing significance not only in the
pharmacy and pharmaceutical sciences curricula, but also
those of disciplines employed in the pharmaceutical indus-
try. Table 1.1 summarises the benefits and uses of microor-
ganisms in pharmaceutical manufacture, alongside more
widely recognised hazards and problems they present.
Looking ahead, an understanding of microbial physiol-
ogy and genetics will be increasingly important within the
discipline of pharmaceutical microbiology, both in terms
of the production of new therapeutic agents and in the
understanding of infection microbiology, where host-
pathogen interactions and the impact of the human micro-
biome on drug metabolism and its role in health and
disease are becoming increasingly clear. The accessibility
of pharmacists to the public often leads to them being
called upon to explain the terminology and concepts of
genetics and the biological sciences to patients. This has
been evident during the global COVID-19 pandemic,
which has been characterised by multiple genetic variants
of the severe acute respiratory syndrome (SARS)-CoV-2
virus, rapid development of novel mRNA vaccine

5
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Table 1.1 Microorganisms in pharmacy: benefits and problems.

Benefits or uses

Related study topics

Harmful effects

Related study topics

The manufacture of:
Antibiotics
Steroids
Therapeutic enzymes
Polysaccharides

Products of recombinant
DNA technology

Use in the production of
vaccines

As assay organisms to
determine antibiotic, vitamin
and amino acid concentrations

To detect mutagenic or
carcinogenic activity

As adjuncts or alternatives to
antibiotics

Good manufacturing practice

Industrial ‘fermentation’
technology

Microbial genetics

Quality control of
immunological products

Assay methods

Ames mutagenicity test

Bacteriophage, lysins and
probiotic therapy

May contaminate non-sterile
and sterile medicines with a
risk of infection

May contaminate non-sterile
and sterile medicines with a
risk of product deterioration

Cause infectious and other
diseases

Cause pyrogenic reactions
(fever) when introduced into
the body even in the absence
of infection

Provide a reservoir of
antibiotic resistance genes

Non-sterile medicines:

Enumeration of microorganisms
in the manufacturing environment
(environmental monitoring) and
in raw materials and
manufactured products

Identification and detection of
specific organisms

Sterile medicines:

Sterilisation methods

Sterilisation monitoring and
validation procedures

Sterility testing
Assessment and calculation of
sterility assurance

Aseptic manufacture

Enumeration, identification and
detection as above, plus:

Characteristics, selection and
testing of antimicrobial
preservatives

Immunology and infectious
diseases

Microbial biofilms
Microbiome

Characteristics, selection and use
of vaccines and antibiotics

Infection and contamination
control

Control of antibiotic resistance

Alternative strategies for
antimicrobial chemotherapy

Bacterial structure
Pyrogen and endotoxin testing

Microbial genetics

technologies and delivery of a vaccination programme in
part through community pharmacies. Unfortunately, at the
time of writing, the UK measles, mumps and rubella
(MMR) vaccination rates are at their lowest in 10years,

which has been attributed to lack of parental knowledge of
the significant risks associated with infections such as
measles in children, and misinformation regarding poten-
tial adverse effects. The pharmacist’s scientific training in



pharmaceutical microbiology is critically important in
advancing public health through patient understanding of
the underpinning scientific concepts. The re-emergence of
bacterial infections which were once associated with high
mortality rates, such as tuberculosis and diphtheria, as
antibiotic-resistant infections is posing an additional threat
to public health, alongside threats from new pathogens;
this latter has been illustrated in particular by SARS-CoV-2
and the global COVID-19 pandemic, estimated in October
2022 to have caused more than 634 million infections and
over 6.62 million deaths globally.

The ability of microorganisms to adapt to new environ-
ments and exploit changes in modern clinical practices are
also considerations within the discipline of pharmaceuti-
cal microbiology. The ability to conduct a wider range of
routine and life-saving surgeries, and the demographic
trend towards ageing populations, has led to an increased
reliance on implantable medical devices, made from a vari-
ety of materials and used to support normal physiological
functions. These include urinary catheters, ureteral stents,
endotracheal tubes, central venous catheters, intraocular
lenses, prosthetic joints and heart valves. Undoubtedly,
such devices have saved countless lives and improved the
quality of life for many millions of patients, but they come
with the inherent risk of infectious complications. Many
bacteria, including commensal bacteria, and fungi are
capable of adhering to implantable medical device surfaces
and, through production of extensive extracellular poly-
meric substances, can form biofilms which are often char-
acterised by a uniquely high tolerance to antimicrobial
challenge and resistance to clearance by the host’s immune
system. Biofilms are a source of chronic, recurrent infec-
tion which are typically only resolved on removal and
replacement of the colonised device, which may lead to
discomfort or extended morbidity for the patient, increased
risk of mortality and increased attendant care costs to
healthcare providers. The development of strategies for the
accurate assessment of antimicrobial susceptibility in, and
antimicrobial selection for, device-associated biofilm infec-
tions and strategies for the prevention and elimination of
these infections is a challenge for pharmacy practitioners
and other healthcare professionals.

The participation of microorganisms in human disease
other than by clear-cut infection is becoming increasingly
recognised. This is no more obvious than in the role of a
healthy microbiome, where the dysbiosis caused by antibi-
otic therapy can have a dramatic effect on chronic diseases,
with growing evidence that perturbations in the gut micro-
biome are not only associated with intestinal disorders
(inflammatory bowel and coeliac disease) but also extra-
intestinal disorders including cardiovascular disease,
type-2 diabetes, allergy, asthma, obesity and central
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nervous system disorders (the impact of the so-called ‘gut-
brain axis’). Further examples include: the finding that
Helicobacter pylori is implicated not only in peptic ulcera-
tion but also stomach cancers; the oncogenic nature of cer-
tain viruses (e.g., the association of human papilloma virus
[HPV] and cervical cancer); and recent findings that sug-
gest the Epstein-Barr virus may cause multiple sclerosis.
Such discoveries offer the possibility that in situations
where microbial infection has a clear link to the develop-
ment of chronic disease, vaccination programmes could
have a preventative role to play. This is best evidenced in
the recent widespread school-based immunisation pro-
gramme against HPV aimed at the prevention of cervical
cancer, rather than the infection itself. Whilst not all
chronic diseases will be found to have an association with
infection, advances in genomic sequencing technologies
now permit further examination of the interplay between
infectious agents, microbiota, and chronic disease, and it is
likely that more relationships will be discovered in
the future.

Clearly, a knowledge of the mechanisms whereby micro-
organisms are able to resist antibiotics, colonise medical
devices and cause or predispose humans to other disease
states is essential in the development not only of new anti-
biotics, but of other medicines and healthcare practices,
including protection of the host biome, which will mini-
mise the risks of these adverse situations developing.

1.2 Scope and Content of the Book

In the manufacture of medicines, the criteria and standards
for microbiological quality are governed primarily by the
intended route of administration. The vast majority of medi-
cines intended for oral administration or application to the
skin are not required to be sterile. Non-sterile pharmaceuti-
cals, such as creams, ointments, oral suspensions and so on,
may contain some microorganisms, within strict acceptance
criteria as to the number and type, whereas all parenteral for-
mulations, for example, injections and ophthalmic prepa-
rations, must be sterile, that is, free from all living
microorganisms. Products for administration at various other
sites (nose, ear, vagina and bladder, for instance) are usually
sterile formulations but not invariably so (Chapter 22). The
microbiological quality of non-sterile pharmaceuticals is con-
trolled by specifications (typically defined in the relevant
pharmacopoeial standards) defining the number of organ-
isms that may be present, and requiring the absence of spe-
cific, potentially pathogenic microorganisms (also called
objectionable organisms). To fulfil these stringent require-
ments, the ability to isolate and identify the microorganisms
present, to detect those that are prohibited from particular
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categories of pharmaceutical product and to enumerate
microbial contaminants in the manufacturing environment,
raw materials and the finished product are essential for the
pharmaceutical microbiologist (Chapters 2-6). Knowledge of
the characteristics of antimicrobial preservatives, included in
formulations to restrain growth of microorganisms and pre-
vent product spoilage during storage and use by the patient,
and the means of assessment of preservative efficacy within
complex formulations are also critical for demonstration that
a product conforms to the relevant microbiological quality
standards (Chapters 17-19).

For sterile products, quality criteria are simple: there
should be no detectable microorganisms whatsoever. The
product must be able to pass a sterility test, and a knowl-
edge of the experimental design and procedures, and inter-
pretation of results of these tests alongside understanding
concepts of sterility assurance levels and process validation
are important aspects of pharmaceutical microbiology
(Chapter 21). In addition to stringent requirements for ste-
rility, parenteral products for injection are also required to
be free from pyrogens; these are substances which cause a
rise in body temperature when administered to the patient.
Strictly, any compound capable of causing fever following
administration is classified as a pyrogen; however, with
respect to pharmaceutical formulation, the vast majority of
pyrogens are of bacterial origin, with thermally stable
lipopolysaccharides from Gram-negative bacteria a par-
ticular issue (Chapter 3). Therefore, the detection, assay
and removal of bacterial pyrogens (endotoxins) fall within
the realm of pharmaceutical microbiology (Chapter 22).

There are two main strategies for the manufacture of ster-
ile medicines. The first, and most straightforward, is to make
the product, package it in its final market container and
sterilise it by heat, radiation or other means. This approach,
known as terminal sterilisation (Chapter 21), is the preferred
option, as samples of the batch may be assessed for sterility
to provide an assurance of sterility of the population of ster-
ile items. The alternative is to formulate the product using
sterile ingredients under conditions that do not permit entry
of contaminating microorganisms (aseptic manufacture,
Chapters 17 and 22). This strategy is usually adopted when
the ingredients or physical form of the product render it
unstable, or heat- or radiation-sensitive. It is a suitable
approach for the manufacture of sterile products which have
a short shelf- or half-life. Those responsible for the manufac-
ture of sterile products must be familiar with both aseptic
manufacturing techniques and sterilisation procedures for
different product types, and assessment of the microbiologi-
cal quality of those formulations. Those who have caused to
open, use or dispense sterile products should be aware of the
aseptic manipulation procedures to be adopted to minimise
the risk of product contamination.

The microbial spoilage of medicines has as its main con-
sequence financial loss rather than harm to patients, since
microbial spoilage is often detected, through change of
odour, appearance and so on, before the formulation is
used. However, the other major problem associated with
microbial contamination of medicines, that of patient
harm through initiation of infection, although uncommon,
is far more important in terms of risk of morbidity and
mortality in the patient (Chapters 7 and 17).

The range of antimicrobial drugs to treat infections is
large, despite being restricted to a relatively small number
of mechanistic classes, thanks to the discovery of antibiotic
scaffolds which are amenable to modification and optimi-
sation using medicinal chemistry approaches. This has
given rise to multiple generations of antibiotics from the
same class, for example, penicillins and cephalosporins.
Whilst approval of new antibiotics used to depend on the
demonstration of superiority to currently available drugs,
the crisis in the antibiotic discovery pipeline means that
the need to find new antibiotics to treat infections that
were once manageable with available agents has become
critical. Therefore, there has been some focus not only on
developing narrow-spectrum antibiotics for specific
difficult-to-treat infections caused by antibiotic-resistant
pathogens, including the ESKAPE pathogens (Chapter 13),
but also away from finding superior drugs with the inten-
tion instead of identifying safe and effective antibiotics
which are ‘non-inferior’ rather than ‘superior’ to treat
those infections where therapeutic options are limited. As
a result of this range and diversity of drugs, and the emer-
gence of antibiotic resistance to current antibiotics, phar-
macists are required to advise on the relative merits and
appropriateness of certain antibiotics, and on the develop-
ment of formularies and prescribing guidelines to ensure
compliance with the principles of good antimicrobial stew-
ardship (Chapters 11, 12, 14, and 15). In addition to knowl-
edge of the drugs in question, this also requires an
understanding of the factors which might influence the
success of a given antibiotic therapy, including the likeli-
hood of microbial growth as a biofilm, where antibiotic tol-
erance is significantly elevated (Chapters 7 and 8).

Whilst cardiovascular, pulmonary and malignant dis-
eases are more frequent causes of death in the most devel-
oped high-income countries, infectious diseases still
remain of paramount importance in countries of low to
middle income, with lower respiratory infections and diar-
rhoeal diseases ranking above malaria, tuberculosis and
HIV/AIDS. In 2019, over 12% of the 55.4 million deaths
worldwide were caused by these five communicable dis-
eases; the WHO estimates that overall 1 in 5 global deaths
can be attributed to sepsis, the life-threatening reaction to
infection caused by disease or injury. Infectious diseases,



although showing significant reductions in mortality over
the last 20years, still rank amongst the top 10 leading
causes of death globally, despite the significant advances in
their treatment through the introduction of safe and effec-
tive antibiotics and vaccines. Worryingly too, the reservoir
of antibiotic resistance is growing and the WHO estimates
that 1.27 million people died worldwide in 2019 from
antibiotic-resistant infections. Confidence that the antibi-
otic pipeline would continue to deliver antibiotics for the
treatment of the vast majority of bacterial infectious dis-
eases indefinitely has now been replaced by the realisation
that the widespread emergence of resistance, and dimin-
ishing returns in antibiotic discovery programmes, has left
the antibiotic pipeline critically depleted and unable to
keep pace with antibiotic resistance (Chapter 13).
Resistance to antibiotics has been reported for all major
classes of antibiotics, and across virtually all pathogenic
bacteria. As mentioned above, antibiotic-resistant infec-
tions have imposed a significant, and increasing, burden of
mortality globally. It is clear that the number of infections,
particularly healthcare-acquired infections, for which
there is no effective antibiotic (and none in development),
is on the rise. This worrying scenario leads to an increasing
reliance on effective infection control measures designed
to minimise the risk of transmission of infection from one
patient to another within the healthcare setting
(Chapter 16). The importance of such infection-control
measures in reducing the transmission of SARS-CoV-2
during the global COVID-19 pandemic has brought this
important aspect of global public health microbiology
squarely into the public arena. As a key component of
infection-control measures, the properties of microbicides
(disinfectants and antiseptics), the assessment of their
antimicrobial activity in real-world scenarios and the fac-
tors which influence their selection for use in infection-
control strategies, or for contamination control in

1.2 Scope and Content of the Book

pharmaceutical manufacturing, are topics with which
pharmacists, pharmaceutical scientists and industrial
microbiologists should be familiar (Chapters 18-20).
Furthermore, as antibiotic resistance threatens to curtail
the ‘antibiotic era’, significant interest is now focused on
potential alternatives, such as bacteriophage therapy,
endolysins, novel vaccines and biological drugs, and anti-
microbial peptides, bringing diversification to the available
therapeutic options for treatment of infection (Chapter 26).

The beneficial biotechnological applications of microor-
ganisms in the production of antibiotics, steroids and other
medicines, including recombinant proteins from heterolo-
gous expression systems, have revolutionised the pharma-
ceuticalworld, givingrise toaburgeoningbiopharmaceuticals
and biological pharmaceuticals industry. The application of
microorganisms and their enzymes (biocatalysts) has driven
down the manufacturing cost of active pharmaceutical
ingredients by improving yield, streamlining synthetic path-
ways by circumvention of multiple synthetic steps and by
providing cheap and accessible starting materials for semi-
synthetic compounds. Recombinant DNA technologies have
supported the growth of a pharmaceutical sector worth hun-
dreds of billions of pounds, and recombinant proteins (such
as insulin and growth hormone), recombinant monoclonal
antibodies and recombinant enzymes and vaccines are avail-
able for the treatment of a diverse range of diseases, includ-
ing infections (Chapters 10, 23, and 24).

All of these developments, alongside miscellaneous
applications in the detection of mutagenic and carcino-
genic activity in drugs and chemicals, and in the assay of
vitamins, amino acids and antibiotics (Chapter 25), have
cemented the role of microorganisms in the production of
human and animal medicines, and a basic knowledge of
immunology (Chapter 9), gene cloning and expression and
other biotechnological approaches (Chapter 24) form an
integral part of pharmaceutical microbiology.
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2.1 Introduction

Microorganisms differ enormously in terms of their shape,
size and appearance and in their genetic and metabolic
characteristics. All these properties are used in classifying
microorganisms into the major groups with which many
people are familiar, for example, bacteria, fungi, protozoa
and viruses, and into the less well-known categories such
as chlamydia, rickettsia and mycoplasmas. The major
groups are the subject of individual chapters immediately
following this, so the purpose here is not to describe any of
them in great detail but to summarise their features so that
the reader may better understand the distinctions between
them. A further aim of this chapter is to avoid undue

repetition of information in the early part of the book by
considering such aspects of microbiology as cultivation,
enumeration and genetics that are common to some, and
sometimes all, of the various types of microorganism.

2.1.1 Viruses, Viroids and Prions

Viruses do not have a cellular structure. They are particles
composed of nucleic acid surrounded by protein; some
possess a lipid envelope and associated glycoproteins, but
recognisable chromosomes, cytoplasm and cell mem-
branes are invariably absent. Viruses are incapable of inde-
pendent replication, as they do not contain the enzymes
necessary to copy their own nucleic acids; as a conse-
quence, all viruses are intracellular parasites and are
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reproduced using the metabolic capabilities of the host
cell. Viruses, and virus-like entities such as viroids, are
sometimes known as mobile genetic elements; these are
considered selfish genetic elements that move between
hosts and/or change their integration in host genes. A great
deal of variation is observed in the shape of viruses (heli-
cal, linear or spherical), size (20-1500 nm) and nucleic-
acid composition (single- or double-stranded, linear or
circular RNA or DNA), but almost all are smaller than bac-
teria and they cannot be seen with a normal light micro-
scope; instead they may be viewed using an electron
microscope which affords much greater magnification.

Viroids (virusoids) are even simpler than viruses, being
infectious particles comprising single-stranded RNA with-
out any associated protein. Those that have been described
are plant pathogens, sometimes of considerable economic
importance; so far, there are no known human pathogens
in this category, although human hepatitis D virus shares
some features in common with viroids, and may have origi-
nated from them.

Prions are unique as infectious agents in that they
contain no nucleic acid. A prion is an atypical form of a
mammalian protein that can interact with a normal protein
molecule and cause it to undergo a conformational change
so that it, in turn, becomes a prion and ceases its normal
function. Prions are the agents responsible for transmissible
spongiform encephalopathies, for example, Creutzfeldt-
Jakob disease (CJD) and bovine spongiform encephalopa-
thy (BSE). They are the simplest and most recently
recognised agents of infectious disease, and are important
in a pharmaceutical context owing to their extreme resist-
ance to conventional sterilising agents such as steam,
gamma radiation and disinfectants (see Chapter 21).

2.1.2 Prokaryotes and Eukaryotes

The most fundamental distinction between the various
microorganisms having a cellular structure (i.e., all except
those described in Section 2.1.1 above) is their classifica-
tion into two groups - the prokaryotes and eukaryotes —
based primarily on their structural characteristics and
mode of reproduction. Expressed in the simplest possible
terms, prokaryotes are the bacteria and archaea (see
Section 2.1.2.1), and eukaryotes are all other cellular micro-
organisms, for example, fungi, protozoa and algae. The
crucial difference between these two types of cell is the
possession by the eukaryotes of a true cell nucleus in which
the chromosomes are separated from the cytoplasm by a
nuclear membrane. The prokaryotes have no true nucleus;
they normally possess just a single chromosome that is not
separated from the other cell contents by a membrane.
Other major distinguishing features of the two groups are

that prokaryotes are normally haploid (possess only one
copy of the set of genes in the cell) and reproduce asexu-
ally; eukaryotes, by contrast, are usually diploid (possess
two copies of their genes) and normally have the potential
to reproduce sexually. The capacity for sexual reproduction
confers the major advantage of creating new combinations
of genes, which increases the scope for selection and evolu-
tionary development. The restriction to an asexual mode
of reproduction means that the organism in question is
heavily reliant on mutation as a means of creating genetic
variety and new strains with advantageous characteristics,
although many bacteria are able to receive new genes from
other strains or species (see Section 2.6.1 and Chapter 3).
Table 2.1 lists some distinguishing features of the prokary-
otes and eukaryotes.

2.1.2.1 Bacteria and Archaea

Bacteria are essentially unicellular, although some species
arise as sheathed chains of cells. They possess the proper-
ties listed under prokaryotes in Table 2.1, but, like viruses
and other categories of microorganisms, exhibit great
diversity of form, habitat, metabolism, pathogenicity and
other characteristics. The bacteria of interest in pharmacy
and medicine belong to the group known as the eubacteria.
The other subdivision of prokaryotes, the archaea, while
formerly considered largely to comprise organisms capable
of living in extreme environments (e.g., high temperatures,
extreme salinity or pH) or organisms exhibiting specialised
modes of metabolism (e.g., by deriving energy from sul-
phur or iron oxidation or the production of methane), are
now known to occur in a wide variety of habitats. This rec-
ognised tolerance to extremes has led to consideration of
the archaea as biocatalysts for industrial processes; as a
source of extremely stable enzymes, they are well suited
to biotechnological applications, some of which are of
potential pharmaceutical importance.

The eubacteria are typically rod-shaped (bacillus, see
Figure 2.1a), spherical (cocci), curved or spiral cells of
approximately 0.5-5.0pm (longest dimension) and are
divided into two groups designated Gram-positive and
Gram-negative according to their reaction to a staining
procedure developed in 1884 by Christian Gram (see
Chapter 3). Although all the pathogenic species are
included within this category, there are very many other
eubacteria that are harmless or positively beneficial. Some
of the bacteria that contaminate or cause spoilage of phar-
maceutical materials are saprophytes, that is, they obtain
their energy by decomposition of animal and vegetable
material, while many could also be described as parasites
(benefiting from growth on or in other living organisms
without causing detrimental effects) or pathogens (para-
sites damaging the host). Rickettsia and chlamydia are



Table 2.1 Distinguishing features of prokaryotes and eukaryotes.
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Characteristic

Eukaryotes

Prokaryotes

Size

Location of chromosomes

Nuclear division

Nucleolus

Reproduction

Chromosome number
Mitochondria and chloroplasts
Cell membrane composition

Cell wall composition

Ribosomes

Endoplasmic reticulum
Extracellular capsule/slime
Flagella

Pili

Fimbriae

Storage compounds

Normally >10 pm

Within a true nucleus separated from the cytoplasm

by a nuclear membrane
Exhibit mitosis and meiosis

Present

Asexual or sexual reproduction

>1
May be present

Sterols present

Cell walls (when present) usually contain cellulose
or chitin but not peptidoglycan

Cytoplasmic ribosomes are 80S

Present

Absent

Structurally complex

Absent

Cilia

Poly-B-hydroxybutyrate absent

Typically, 1-5pm
In the cytoplasm, usually attached to the
cell membrane

Mitosis and meiosis are absent
Absent

Normally asexual reproduction
1

Absent

Sterols absent

Walls usually contain peptidoglycan

Ribosomes are smaller, usually 70S
Absent

Often present

Structurally simple

Present

Present

Poly-p-hydroxybutyrate often present

types of bacteria that are obligate intracellular parasites,
that is, they are incapable of growing outside a host cell
and so cannot easily be cultivated in the laboratory. Most
bacteria of pharmaceutical and medical importance pos-
sess rigid cell walls (and are therefore relatively resistant to
osmotic stress), grow well at temperatures between ambi-
ent and human body temperature and exhibit wide varia-
tions in their requirement for, or tolerance of, oxygen. Strict
aerobes require atmospheric oxygen, but for strict anaer-
obes oxygen is toxic. Many other bacteria would be
described as facultative anaerobes (normally growing best
in air but can grow without it) or microaerophiles (prefer-
ring oxygen concentrations lower than those in normal air).

2.1.2.2 Fungi

Fungi are structurally more complex and varied in appear-
ance than bacteria, and, being eukaryotes, differ from them
in the ways described in Table 2.1. Fungi are considered to
be non-photosynthesising plants, and the term fungus cov-
ers both yeasts and moulds, although the distinction
between these two groups is not always clear. Yeasts are
normally unicellular organisms that are larger than bacte-
ria (typically 5-10um) and divide either by a process of
binary fission (see Section 2.4.2) or budding (whereby a
daughter cell arises as a swelling or protrusion from the
parent that eventually separates to lead an independent

existence, Figure 2.1b). Mould is an imprecise term used to
describe fungi that do not form fruiting bodies visible to the
naked eye, thus excluding toadstools and mushrooms.
Most moulds consist of a tangled mass (mycelium) of fila-
ments or threads (hyphae) which vary between 1 and over
50pm wide (Figure 2.1c); they may be differentiated for
specialised functions, for example, absorption of nutrients
or reproduction. Some fungi may exhibit a unicellular
(yeast-like) or mycelial (mould-like) appearance depend-
ing upon cultivation conditions. Although fungi are
eukaryotes that should, in theory, be capable of sexual
reproduction, there are some species in which this has
never been observed. Most fungi are saprophytes with rela-
tively few having pathogenic potential, although this view
is changing in the case of immunocompromised patients.
The ability of fungi to form spores that are resistant to dry-
ing makes them important as contaminants of pharmaceu-
ticalrawmaterials, particularly materials of vegetable origin.

2.1.2.3 Protozoa

Protozoa are eukaryotic, predominantly unicellular micro-
organisms that have been regarded in the past as animals
rather than plants (‘protozoa’ means ‘first animals’),
although the distinction between protozoa and fungi is
not always clear. Many protozoa are free-living motile
organisms that occur in water and soil, although some are
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Figure 2.1
prior to separation. (b) A growing culture of the yeast Saccharomyces cerevisiae displaying budding (arrowed). (c) The mould Mucor
plumbeus exhibiting the typical appearance of a mycelium in which masses of asexual zygospores (arrowed) are formed on specialised
hyphae. (d) The bacterium Streptomyces rimosus displaying the branched network of filaments that superficially resembles a mould
mycelium. (e) The typical appearance of an overnight agar culture of Micrococcus luteus inoculated to produce isolated colonies
(arrowed). (f) A single colony of the mould Aspergillus niger in which the actively growing periphery of the colony (arrowed) contrasts
with the mature central region where pigmented asexual spores have developed.

parasites of plants and animals, including humans, for
example, the organisms responsible for malaria and amoe-
bic dysentery. Protozoa are not normally found as contami-
nants of raw materials or manufactured medicines and the
relatively few that are of pharmaceutical interest owe that
status primarily to their potential to cause disease.

2.2 Naming of Microorganisms

Microorganisms, just like other organisms, are normally
known by two names: that of the genus (plural = genera)
and that of the species. The former is normally written with

(a) A growing culture of Bacillus megaterium in which cells about to divide by binary fission display constrictions (arrowed)

an uppercase initial letter and the latter with a lowercase
initial letter, for example, Staphylococcus aureus or
Escherichia coli. These may be abbreviated by shortening
the name of the genus provided that the shortened form is
unambiguous, for example, S. aureus or E. coli. Both the
full and the shortened names are printed in italics to desig-
nate their status as proper names (in old books, theses or
manuscripts, they might be in roman type but underlined).
The species within a genus are sometimes referred to by a
collective name, for example, staphylococci or pseudomon-
ads, and neither these names nor names describing groups
of organisms from different genera, for example, coliforms,
are italicised or spelt with an uppercase initial letter.



Viruses are generally classified by phenotypic character-
istics (see Chapter 5) such as morphology, nucleic-acid
composition and the nature of the disease they cause. By
convention, the name of the family to which the virus
belongs ends with the suffix viridae, for example,
Adenoviridae, and the genus ends with virus, for example,
Adenovirus; these are italicised. Species names often take
the form [disease] virus, for example, influenza virus. Viral
nomenclature has yet to find a standardised form under
the authority of the International Committee on Taxonomy
of Viruses.

2.3 Microbial Metabolism

As in most other aspects of their physiology, microorgan-
isms exhibit marked differences in their metabolism. While
some species can obtain carbon from carbon dioxide and
energy from sunlight or the oxidation of inorganic materi-
als such as sulphides, the vast majority of organisms of
interest in pharmacy and medicine are described as chem-
oheterotrophs — they obtain carbon, nitrogen and energy
by breaking down organic compounds. The chemical reac-
tions by which energy is liberated by digestion of food
materials are termed catabolic reactions, while those that
use the liberated energy to make complex cellular polymers,
proteins, carbohydrates and nucleic acids are called ana-
bolic reactions.

Food materials are oxidised in order to break them down
and release energy from them. The term oxidation is
defined as the removal or loss of electrons, but oxidation
does not invariably involve oxygen, as a wide variety of
other molecules can accept electrons and thus act as oxidis-
ing agents. As the oxidising molecule accepts the electrons,
the other molecule in the reaction that provides them
is simultaneously reduced. Consequently, oxidation and
reduction are invariably linked and such reactions are
often termed redox reactions. The term redox potential is
also used, and this indicates whether oxidising or reducing
conditions prevail in a particular situation, for example, in
a body fluid or a culture medium. Anaerobic organisms
prefer low redox potentials (typically 0 to —200 mV or less),
while aerobes thrive in high redox potential environments
(e.g., 0 to +200mV or more).

There are marked similarities in the metabolic pathways
used by pathogenic bacteria and by mammals. Many bacte-
ria use the same process of glycolysis that is used by
humans to begin the breakdown of glucose and the release
of energy from it. Glycolysis describes the conversion of
glucose, through a series of reactions, to pyruvic acid, and
it is a process for which oxygen is not required, although
glycolysis is undertaken by both aerobic and anaerobic

2.3 Microbial Metabolism

organisms. The process releases only a relatively small
amount of the energy stored in a sugar molecule, and aero-
bic microorganisms, in common with mammals, release
much more of the energy by aerobic respiration. Oxygen is
the molecule at the end of the sequence of respiratory
reactions that finally accepts the electrons and allows the
whole process to proceed, but it is worth noting that many
organisms can also undertake anaerobic respiration, which
uses other final electron acceptors, for example, nitrate or
fumarate.

As an alternative to respiration, many microorganisms
use fermentation as a means of releasing more energy from
sugar; fermentation is, by definition, a process in which the
final electron acceptor is an organic molecule. The term is
widely understood to mean the production by yeast of
ethanol and carbon dioxide from sugar, but in fact many
organisms apart from yeasts can undertake fermentation
and the process is not restricted to common sugar (sucrose)
as a starting material or to ethanol and carbon dioxide as
metabolic products. Many pathogenic bacteria are capable
of fermenting several different sugars and other organic
materials to give a range of metabolic products that
includes acids (e.g., lactic, acetic and propionic), alcohols
(e.g., ethanol, propanol and butanediol) and other com-
mercially important materials such as the solvents, acetone
and butanol. Fermentation is, like glycolysis, an anaerobic
process, although the term is commonly used in the phar-
maceutical and biotechnology industries to describe the
manufacture of a wide range of substances by microorgan-
isms where the biochemical process is neither fermentative
nor even anaerobic, for example, many textbooks refer to
antibiotic fermentation, but the production vessels are usu-
ally vigorously aerated.

Microorganisms are far more versatile than mammals
with respect to the materials that they can use as foods and
the means by which those foods are broken down. Some
pathogenic organisms can grow on dilute solutions of min-
eral salts and sugar (or other simple molecules such as
glycerol, lactic acid or pyruvic acid), while others can
obtain energy from rarely encountered carbohydrates or by
the digestion of proteins or other non-carbohydrate foods.
In addition to accepting a wide variety of food materials,
many microorganisms can use alternative metabolic path-
ways to break the food down depending on the environ-
mental conditions, for example, facultative anaerobes can
switch from respiration to fermentation if oxygen supplies
are depleted. It is partly this ability to switch to different
metabolic pathways that explains why none of the major
antibiotics work by interfering with the chemical processes
microorganisms use to metabolise their food. It is a funda-
mental principle of antibiotic action that the drug must
exploit a difference in metabolism between the organism to
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be killed and the human host; without such a difference,
the antibiotic would be very toxic to the patient too.
However, not only do bacteria use metabolic pathways for
food digestion that are similar to our own, many of them
would have the ability to switch to an alternative energy-
producing pathway if an antibiotic were developed that
interfered with a reaction that is unique to bacteria.

The metabolic products that arise during the period
when a microbial culture is actually growing are termed
primary metabolites, while those that are produced after
cell multiplication has slowed or stopped, that is, in the
‘stationary phase’ (see Chapter 3), are termed secondary
metabolites. Ethanol is a primary metabolite of major com-
mercial importance, although it is produced in large quan-
tities only by some species of yeast. More common than
ethanol as primary metabolites are organic acids, so it is a
common observation that the pH of a culture progressively
falls during growth, and many organisms further metabo-
lise the acids so the pH often rises after cell growth has
ceased. The metabolites that are found during secondary
metabolism are diverse, and many of them have commer-
cial or therapeutic importance (see Chapter 25). They
include antibiotics, enzymes (e.g., amylases that digest
starch and proteolytic enzymes used in biological washing
powders), toxins (responsible for many of the symptoms of
infection but some also of therapeutic value, for example,
botox, the toxin of Clostridium botulinum) and carbohy-
drates (e.g., dextran, used as a plasma expander and for
molecular separations by gel filtration).

2.4 Microbial Cultivation

The vast majority of microorganisms of interest in phar-
macy and medicine can be cultivated in the laboratory and
most of them require relatively simple techniques and
facilities. Some organisms are parasites and so can only be
grown inside the cells of a host species — which often neces-
sitates mammalian cell culture facilities — and there are a
few (e.g., the organism responsible for leprosy) that are not
cultivated outside the living animal. Viral culture is cov-
ered in Chapter 5.

2.4.1 Culture Media

A significant number of common microorganisms are
capable of synthesising all the materials they need for
growth (e.g., amino acids, nucleotides and vitamins) from
simple carbon and nitrogen sources and mineral salts.
Such organisms can grow on truly synthetic (chemically

defined) media, but many organisms do not have this capa-
bility and need a medium that already contains these bio-
chemicals. Such media are far more commonly used than
synthetic ones, and several terms have been used to
describe them, for example, routine laboratory media, gen-
eral purpose media and complex media. They are complex
in the sense that their precise chemical composition is
unknown and likely to vary slightly from batch to batch. In
general, they are aqueous solutions of animal or plant
extracts that contain hydrolysed proteins, B-group vitamins
and carbohydrates.

Readily available and relatively inexpensive sources of
protein include meat extracts (from those parts of animal
carcasses that are not used for human or domestic animal
consumption), milk and soya. The protein is hydrolysed to
varying degrees to give peptones (by definition not coagu-
lable by heat or ammonium sulphate) or amino acids.
Trypsin or other proteolytic enzymes are preferred to acids
as a means of hydrolysis because acids cause more amino
acid destruction; the term ‘tryptic’ denotes the use of the
enzyme. Many microorganisms require B-group vitamins
(but not the other water- or fat-soluble vitamins required
by mammals) and this requirement is satisfied by yeast
extract. Carbohydrates are used in the form of starch or
sugars, but glucose (dextrose) is the only sugar regularly
employed as a nutrient. Microorganisms differ in terms of
their ability to ferment various sugars, and their fermenta-
tion patterns may be used as an aid in identification. Thus,
other sugars included in culture media are normally pre-
sent for these diagnostic purposes rather than as carbon
and energy sources. Sophisticated biochemical profiling
using different carbohydrate sources and indicator dyes
can establish metabolic patterns applicable to genus and
species level; these phenotypic methods are often minia-
turised and automated in commercial kits. Sodium chlo-
ride may be incorporated in culture media to adjust osmotic
pressure, and occasionally buffers are added to neutralise
acids that result from sugar metabolism. Routine culture
media may be enriched by the addition of materials such as
milk, blood or serum, and organisms that need such sup-
plements in order to grow are described as ‘exacting’ in
their nutritional requirements.

Culture media may be either liquid or solid; the latter
term describes liquid media that have been gelled by the
addition of agar, which is a carbohydrate extracted from
certain seaweeds. Agar at a concentration of about 1-1.5%
w/v will provide a firm gel that cannot be liquefied by the
enzymes normally produced during bacterial growth
(which is one reason it is used in preference to gelatin).
Agar is unusual in that the melting and setting



temperatures for its gels are quite dissimilar. Fluid agar
solutions set at approximately 40 °C, but do not re-liquefy
on heating until the temperature is in excess of 90 °C. Thus,
agar forms a firm gel at 37°C which is the normal incuba-
tion temperature for many pathogenic organisms (whereas
gelatin does not) and when used as a liquid at 45°C is ata
sufficiently low temperature to avoid killing microorgan-
isms - this property is important in pour plate counting
methods (see Section 2.5).

In contrast to medium ingredients designed to support
microbial growth, there are many materials commonly
added to selective or diagnostic media whose function is to
restrict the growth of certain types of microorganism while
permitting or enhancing the growth of others. Examples
include antibacterial antibiotics added to fungal media to
suppress bacterial contaminants, and bile to suppress
organisms from anatomical sites other than the gastroin-
testinal tract. Many such additives are used in media for
organism identification purposes, and these are considered
further in subsequent chapters. The term enrichment
sometimes causes confusion in this context. It is occasion-
ally used in the sense of making a medium nutritionally
richer to achieve more rapid or profuse growth. Alter-
natively, and more commonly, an enrichment medium is
one designed to permit a particular type of organism to
grow while restricting others, so the one that grows
increases in relative numbers and is ‘enriched’ in a mixed
culture.

Solid media designed for the growth of anaerobic organ-
isms usually contain non-toxic reducing agents, for exam-
ple, sodium thioglycolate or sulphur-containing amino
acids; these compounds create redox potentials of —200mV
or less and so diminish or eliminate the inhibitory effects
of oxygen or oxidising molecules on anaerobic growth. The
inclusion of such compounds is less important in liquid
media where a sufficiently low redox potential may be
achieved simply by boiling; this expels dissolved oxygen,
which in unstirred liquids only slowly resaturates the
upper few millimetres of liquid. Redox indicators such as
methylene blue or resazurin may be incorporated in anaer-
obic media to confirm that a sufficiently low redox poten-
tial has been achieved.

Media for yeasts and moulds often have a lower pH
(5.5-6.0) than bacterial culture media (7.0-7.4). Lactic
acid may be used to impart a low pH because it is not,
itself, inhibitory to fungi at the concentrations used. Some
fungal media that are intended for use with specimens
that may also contain bacteria may be supplemented with
antibacterial antibiotics, for example, chloramphenicol or
tetracyclines.

2.4 Microbial Cultivation

2.4.2 Cultivation Methods

Most bacteria and some yeasts divide by a process of binary
fission whereby the cell enlarges or elongates, then forms a
cross-wall (septum) that separates the cell into two more or
less equal compartments each containing a copy of the
genetic material. Septum formation is often followed by
constriction such that the connection between the two cell
compartments is progressively reduced (see Figure 2.1a)
until finally it is broken and the daughter cells separate. In
bacteria, this pattern of division may take place every
25-30minutes under optimal conditions of laboratory culti-
vation, although growth at infection sites in the body is nor-
mally much slower owing to the effects of the immune
system and scarcity of essential nutrients, particularly iron.
Growth continues until one or more nutrients is exhausted,
or toxic metabolites (often organic acids) accumulate and
inhibit enzyme systems. Starting from a single cell, many
bacteria can achieve concentrations of the order of
10°cellsml™ or more following overnight incubation in
common liquid media. At concentrations below about
10 cells ml ™, culture media are clear, but the liquid becomes
progressively more cloudy (turbid) as the concentration
increases above this value; turbidity is, therefore, an indirect
means of monitoring culture growth. Some bacteria produce
chains of cells, and some produce elongated cells (filaments)
that may exhibit branching to create a tangled mass resem-
bling a mould mycelium (Figure 2.1d). Many yeasts divide
by budding (see Section 2.1.2.3 and Figure 2.1b), but they,
too, would normally grow in liquid media to produce a tur-
bid culture. Moulds, however, grow by extension and
branching of hyphae to produce a mycelium (Figure 2.1c) or,
in agitated liquid cultures, pellet growth may arise.

When growing on solid media in Petri dishes (often
referred to as ‘plates’), individual bacterial cells can give
rise to colonies following overnight incubation under opti-
mal conditions. A colony is simply a collection of cells aris-
ing by multiplication of a single original cell or a small
cluster of them (called a colony-forming unit or CFU). The
term ‘colony’ does not, strictly speaking, imply any particu-
lar number of cells, but it is usually taken to mean a num-
ber sufficiently large to be visible by eye. Thus, macroscopic
bacterial colonies usually comprise hundreds of thousands,
millions or tens of millions of cells in an area on a Petri
dish that is typically 1-10mm in diameter (Figure 2.1e).
Colony size is limited by nutrient availability and/or waste
product accumulation in just the same way as cell concen-
tration is in liquid media. Colonies vary between bacterial
species, and their shapes, sizes, opacities, surface markings
and pigmentation may all be characteristic of the species in
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question, so these properties may be an aid in identifica-
tion procedures (see Chapter 3).

Anaerobic organisms may be grown on Petri dishes pro-
vided that they are incubated in an anaerobic jar. Such jars
are usually made of rigid plastic with airtight lids, and Petri
dishes are placed in them together with a low-temperature
catalyst. The catalyst, consisting of palladium-coated pel-
lets or wire, causes the oxygen inside the jar to be com-
bined with hydrogen that is generated by the addition of
water to sodium borohydride; this is usually contained in a
foil sachet that is also placed in the jar; alternatively, oxy-
gen may be removed by combination with ascorbic acid.
After its removal, an anaerobic atmosphere is achieved and
this is monitored by an oxidation- reduction (redox) indi-
cator; resazurin is frequently used as a solution soaking a
fabric strip.

Yeast colonies often look similar to those of bacteria,
although they may be larger and more frequently coloured.
The appearance of moulds growing on solid microbiologi-
cal media is similar to their appearance when growing on
common foods. The mould colony consists of a mycelium
that may be loosely or densely entangled depending on the
species, often with the central area (the oldest, most mature
region of the colony) showing pigmentation associated
with spore production (Figure 2.1f). The periphery of the
colony is that part which is actively growing and it is
usually non-pigmented.

2.4.3 Planktonic and Sessile (Biofilm) Growth

Bacteria growing in liquid culture in the laboratory usually
exist as individual cells or small aggregates of cells sus-
pended in the culture medium; the term planktonic is used
to describe such freely suspended cells. In recent years, how-
ever, it has become recognised that planktonic growth is not
the normal situation for bacteria growing in their natural
habitats. In fact, bacteria in their natural state far more com-
monly grow attached to a surface which, for many species,
may be solid, for example, soil particles, stone, metal or
glass, or for pathogens, an epithelial surface in the body, for
example, lung or intestinal mucosa. Bacteria attached to a
substrate in this way are described as sessile, and are said to
exhibit the biofilm or microcolony mode of growth.
Planktonic cells are routinely used for almost all the
testing procedures that have been designed to assess the
activity of antimicrobial chemicals and processes, but the
recognition that planktonic growth is not the natural state
for many organisms prompted investigations of the relative
susceptibilities of planktonic- and biofilm-grown cells to
antibiotics, disinfectants and decontamination or sterilisa-
tion procedures. In many cases, it has been found that
planktonic and sessile bacteria exhibit markedly different

susceptibilities to these lethal agents, and this has prompted
a reappraisal of the appropriateness of some of the proce-
dures used (see Chapters 8, 13, and 19).

2.5 Enumeration of Microorganisms

In a pharmaceutical context, there are several situations
where it is necessary to measure the number of microbial
cells in a culture, sample or specimen:

o when measuring the levels of microbial contamination
in a raw material or manufactured medicine;

o when evaluating the effects of an antimicrobial chemical
or decontamination process;

e when using microorganisms in the manufacture of
therapeutic agents;

e when assessing the nutrient capability of a growth
medium.

In some cases, it is necessary to know the total number of
microbial cells present, that is, both living and dead: for
example, in vaccine manufacture, dead and living cells
may both produce an immune response, and in pyrogen
testing, both dead and living cells induce fever when
injected into the body. However, in many cases, it is the
number or concentration of living cells that is required.
The terminology in microbial counting sometimes causes
confusion. A total count is a counting procedure enumerat-
ing both living and dead cells, whereas a viable count,
which is far more common, records the living cells alone.
However, the term total viable count (TVC) is used in most
pharmacopoeias and by many regulatory agencies to mean
a viable count that records all the different species or types
of microorganism that might be present in a sample (e.g.,
bacteria plus fungi).

Table 2.2 lists some of the more common counting meth-
ods available. The first three traditional methods of viable
counting all operate on the basis that a living cell (or a
CFU) will give rise to a visible colony when introduced into
or onto the surface of a suitable medium and incubated.
Thus, the procedure for pour plating (Figure 2.2a) usually
involves the addition of a small volume (typically 1.0 ml) of
sample (or a suitable dilution thereof) into molten agar at
45°C which is then poured into empty sterile Petri dishes.
After incubation, the resultant colonies are counted and
the total is multiplied by the dilution factor (if any) to give
the concentration in the original sample. In a surface
spread plate technique (Figure 2.2b), the sample (usually
0.1-0.25ml) is spread over the surface of agar which has
previously been dried to permit absorption of the added
liquid. The Miles-Misra (surface drop) method (Figure 2.2¢c)



Table 2.2 Examples of traditional and rapid methods for enumerating cells.

2.5 Enumeration of Microorganisms

Traditional methods

Rapid methods

Viable counts

Total counts

Indirect viable counts

1 Pour plate (counting colonies in agar)

2 Surface spread or surface drop
(Miles-Misra) methods (counting
colonies on agar surface)

3 Membrane filter methods (colonies
growing on membranes on agar surface)

4 MPN* (counts based on the proportion
of liquid cultures growing after receiving
low inocula)

1 Direct microscopic counting (using
Helber or haemocytometer counting
chambers)

2 Turbidity methods (measure turbidity
[opacity] in suspensions or cultures)

3 Dry weight determinations

4 Nitrogen, protein or nucleic-acid
determinations

1 Epifluorescence (uses dyes that give
characteristic fluorescence only in living cells)
often coupled to image analysis

2 ATP methods (measure ATP production in
living cells using bioluminescence)

3 Impedance (measures changes in
resistance, capacitance or impedance in
growing cultures)

4 Detection of respiring cells either by
following changes in gas pressure or by
colourimetric dye reduction

“MPN = most probable number.

Figure 2.2 Viable counts of bacteria: (a) Pour plate method using Bacillus subtilis; the colonies on the surface of the agar are growing
larger than those within the agar due to greater oxygen availability. (b) Surface spread and (c) surface drop (Miles—Misra) methods
using B. subtilis. (d) Membrane filtration method showing Serratia marcescens colonies growing on a 47-mm diameter membrane.
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is similar in principle, but several individual drops of cul-
ture are allowed to spread over discrete areas of about 1cm
diameter on the agar surface. These procedures are suitable
for samples that are expected to contain concentrations
exceeding approximately 100 CFU ml™" so that the number
of colonies arising on the plate is sufficiently large to be
statistically reliable. If there are no clear indications of the
order of magnitude of the concentration in the sample, it is
necessary to plate out the sample at each of two, three or
more (decimal, i.e., tenfold) dilutions so as to obtain Petri
dishes with conveniently countable numbers of colonies
(usually taken to be 30-300 colonies).

If 30 colonies are accepted as the lowest reliable number
to count and a pour plate method uses a 1.0ml sample, it
follows that the procedures described above are unsuitable
for any sample that is expected to contain <30 CFUml ™,
for example, water samples where the count may be
1CFUmI™" or less. Here, membrane filter methods are
used (Figure 2.2d) in which a large, known volume of sam-
ple is passed through the membrane which is placed, with-
out inversion, on the agar surface. Nutrients then diffuse
up through the membrane and allow the retained cells to
grow into colonies on it just as they would on the agar
itself. Some of the relative merits of these colony-counting
procedures are described in Table 2.3.

Most probable number (MPN) counts may be used when
the anticipated count is relatively low, that is, from <1 up to
100 microorganisms ml™". The procedure involves inoculat-
ing multiple tubes of culture medium (usually three or five)
with three different volumes of sample, for example,
three tubes each inoculated with 0.1 ml, three with 0.01 ml
and three with 0.001 ml. If the concentration in the sample
isin the range indicated above, there should be a proportion

of the tubes receiving inocula in which no microorganisms
are present; these will remain sterile after incubation, while
others that received inocula actually containing one or
more CFU show signs of growth. The proportions of posi-
tive tubes are recorded for each sample volume and the
results are compared with standard tables showing the
MPN of organisms per millilitre (or per 100 ml) of original
sample. The procedure is more commonly used in the
water, food and dairy industries than in the pharmaceutical
industry; nevertheless, it is a valid technique described in
pharmacopoeias and appropriate for pharmaceutical mate-
rials, particularly water. The poor accuracy and precision
associated with MPN counts usually means that the method
is one of last resort — to be considered only when other
counting methods are inappropriate.

Turbidity measurements are the most common means
of estimating the total numbers of bacteria present in a
sample. Measuring the turbidity using a spectrophotome-
ter or colourimeter and reading the concentration from a
calibration plot are the simple means of standardising cell
suspensions for use as inocula in antibiotic assays or other
tests of antimicrobial chemicals. Fungi cannot readily be
handled in this way because the suspension may not be
uniform or may sediment in a spectrophotometer cuvette.
Consequently, dry weight determinations on dried centri-
fuged pellets or evaporated distilled water suspensions
from known volumes of culture are an alternative means
of estimating fungal biomass. Direct microscopic counting
may be an appropriate method for bacteria, yeasts and
fungal spores but not for moulds, and indirect measures of
biomass such as assays of insoluble nitrogen, protein or
nucleic acids are possible for all cell types, but rarely used
outside the research laboratory.

Table 2.3 Relative merits of the common viable counting procedures.

Counting method Advantages

Disadvantages

Pour plate

‘Will detect lower concentrations than
surface spread/surface drop methods

Surface spread and surface
drop methods
count

Easier to identify contaminants by

appearance of the colonies

Membrane filtration If necessary, will detect lower

concentrations than other methods

Requires no pre-drying of the agar surface

Surface spread often gives larger colonies
than pour plates - thus they are easier to

Very small colonies of strict aerobes at the base of
the agar may be missed

Colonies of different species within the agar
appear similar - so it is difficult to detect
contaminants

Agar surface requires pre-drying to absorb sample

Possibility of confluent growth, particularly with
moulds, masking individual colonies

Viscous samples will not go through the
membrane and particulate samples may block the
membrane thereby restricting filtration capacity

Antimicrobial chemicals in the sample can
be physically removed from the cells




The traditional methods of viable counting all suffer
from the same limitations:

o relatively labour-intensive;

e not easy to automate;

o slow, because they require an incubation period for colo-
nies to develop or liquid cultures to become turbid;

e and, may require relatively large volumes of culture
media, many Petri dishes and a lot of incubator space.

For these reasons, much interest and investigative effort
have been invested over recent years in the use of so-called
‘rapid’ methods of detecting and counting microorganisms
(see also Chapter 3). These methods enumerate viable
organisms - usually bacteria and yeasts rather than
moulds - in a matter of hours and eliminate the 24-48 hour
(or longer) incubation periods that are typical of traditional
procedures. These alternative methods employ various
means of indirect detection of living cells, but the follow-
ing operating principles are the most common.

o Epifluorescent techniques use fluorescent dyes that either
exhibit different colours in living and dead cells (e.g., acri-
dine orange) or appear colourless outside the cell but
become fluorescent when absorbed and subjected to cel-
lular metabolism (e.g., fluorescein diacetate which, when
cleaved by intracellular esterase, accumulates as fluores-
cein in the intact cell and fluoresces under ultraviolet
light). This technique is aided by automated epifluores-
cent microscopy and by laser scanning methodologies.

o Living cells generate adenosine triphosphate (ATP) that
can be readily released and then detected by enzyme
assays, for example, luciferin emits light when exposed
to firefly luciferase in the presence of ATP, a process
called bioluminescence. To ensure there is sufficient
ATP for detection, an enrichment step is often used; light
emission can then be measured and related to bacterial
concentration. When cells are captured on a membrane
filter, samples can be assayed with the assistance of
image analysis software.

o The resistance, capacitance or impedance of a culture
medium changes as a result of bacterial or yeast growth
and metabolism, and these electrical properties vary in
proportion to cell concentration.

o Respirometry techniques are appropriate for monitoring
the growth of organisms that consume oxygen or pro-
duce significant quantities of carbon dioxide during their
metabolism, where changes in gas pressure may be
measured by pressure transducers (in a closed vessel) or
by manometry. Carbon dioxide accumulation in the
growth medium can also lead to a pH decrease, which
may be detected by an appropriate colourimetric indica-
tor. While successfully detecting viable microbial pres-
ence, there is no direct relationship between the original
bioburden and the detectable endpoint.

2.6 Microbial Genetics

e Metabolically active respiring cells can be detected by
colourimetric assay using, for example, tetrazolium salts
which are reduced to form a coloured formazan product,
the colour change being proportional to the number of
viable respiring organisms; this technique can be adapted
for use with a microtitre plate reader.

These methods are fast, readily automated and eliminate
the need for numerous Petri dishes and incubators. On the
other hand, they often require expensive equipment, have
limitations in terms of detection limits and may be less
readily adapted to certain types of sample than traditional
methods. Furthermore, there are problems in some cases
with reconciling the counts obtained by alternative meth-
ods and by traditional means. The newer techniques may
detect organisms that are metabolising but not capable of
reproducing to give visible colonies (viable but non-
culturable [VBNC] organisms), so may give values many
times higher than traditional methods; this has contributed
to the caution with which regulatory authorities have
accepted the data generated by rapid methods. Nevertheless,
they are becoming more widely accepted, and now feature
in pharmacopoeial monographs; favoured methods are likely
to become an integral part of enumeration procedures in
pharmaceutical microbiology in the foreseeable future.

2.6 Microbial Genetics

The nature of the genetic material possessed by a micro-
bial cell and the manner in which that genetic material
may be transferred to other cells depend largely upon
whether the organism is a prokaryote or a eukaryote (see
Section 2.1.2).

2.6.1 Bacteria

The genes essential for growth and metabolism of bacteria
are normally contained on a chromosome of double-
stranded (ds) DNA, which is in the form of a covalently
closed circle (ccc) (and so designated ccc ds DNA).
Additional genes that usually just confer upon the cell a
survival advantage under certain circumstances may also
be contained upon plasmids; these are usually similar in
structure to chromosomes but much smaller and replicate
independently (see Chapters 3 and 13). The total comple-
ment of genes possessed by a cell, that is, those in the chro-
mosome, plasmid(s) and any received from other sources,
for example, bacteriophages (bacterial viruses), is referred
to as the genome of the cell.

Typically, bacterial chromosomes are 1 mm or more in
length and contain about 1000-3000 genes. As many bacte-
rial cells are approximately 1pm long, it is clear that the
chromosome has to be tightly coiled in order to fit in the
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available volume. Although all the genes are contained on
a single chromosome (rather than being distributed over
two or more), it is possible for a cell to contain several cop-
ies of that chromosome at any one time. Usually there are
multiple copies during periods of rapid cell division, but
some species seem to have many copies all the time. The
mechanisms by which bacterial genes may be transferred
from one organism to another are described in Chapter 3.

The nucleic-acid sequences in the bacterial genome are
usually highly conserved, particularly in the case of ribo-
somes, and are independent of culture conditions; they are
therefore ideal for identification purposes. Genotypic bac-
terial identification methods have therefore evolved which
include DNA-DNA probe hybridisation, 16s and 23s ribo-
somal RNA gene sequencing and analytical ribotyping fol-
lowing DNA digestion with specific restriction enzymes.
Targeted DNA can be amplified by the polymerase chain
reaction technique (see Chapter 24). These genotyping
methods are technically demanding and are generally not
employed for routine characterisation of microflora but for
critical identification of contaminants.

Plasmids usually resemble chromosomes except that they
are approximately 0.1-1.0% of the size of a bacterial chromo-
some, and there are a few that are linear rather than circular.
Plasmid genes are not essential for the normal functioning
of the cell, but may code for a property that affords a survival
advantage in certain environmental conditions; bacteria
possessing the plasmid in question would therefore be
selected when such conditions prevail. Properties which can
be coded by plasmids include the ability to utilise unusual
sugars or food sources, toxin production, production of pili
that facilitate the attachment of a cell to a substrate (e.g.,
intestinal epithelium) and antibiotic resistance. A cell may
contain multiple copies of any one plasmid and may contain
two or more different plasmids. However, some plasmid
combinations cannot coexist inside the same cell and are
said to be incompatible; this phenomenon enables plasmids
to be classified into incompatibility groups.

Plasmids replicate independently of the chromosome
within the cell, so that both daughter cells contain a copy
of the plasmid after binary fission. Plasmids may also be
passed from one cell to another by various means
(see Chapter 3). Some plasmids exhibit a marked degree of
host specificity and may only be transmitted between dif-
ferent strains of the same species, although others, particu-
larly those commonly found in Gram-negative intestinal
bacteria, may cross between different species within a
genus or between different genera. Conjugative (self-
transmissible) plasmids code for genes that facilitate their
own transmission from one cell to another by the produc-
tion of pili. These sex pili initially establish contact between
the two cells and then retract, drawing the donor and
recipient cells together until membrane fusion occurs.

2.6.2 Eukaryotes

Eukaryotic microorganisms (yeasts, moulds, algae and
protozoa) possess a nucleus that normally contains one or
more pairs of linear chromosomes, in which the ds DNA is
complexed with protein. The cells may divide asexually
and the nucleus undergoes mitosis — a sequence of events
by which the nucleus and the chromosomes within it are
replicated to give copies identical to the originals. Most
eukaryotes also have the potential for sexual reproduction
during which the nucleus undergoes meiosis, that is, a
more specialised form of nuclear and chromosome divi-
sion creating new gene combinations, so the offspring dif-
fer from the parents. Despite this potential, there are some
eukaryotic cells, particularly fungi, in which a sexual stage
in the life cycle has never been observed. Many eukaryotic
microorganisms possess plasmids, and some fungal plas-
mids are based on RNA instead of DNA.

2.6.3 Genetic Variation and Gene Expression

Microorganisms may adapt rapidly to new environments
and devise strategies to avoid or negate stressful or poten-
tially harmful circumstances. Their ability to survive adverse
conditions may result from the organism using genes it
already possesses, or by the acquisition of new genetic infor-
mation. The term ‘genotype’ describes the genetic composi-
tion of an organism, that is, it refers to the genes that the
organism possesses, regardless of whether they are expressed
or not. It is not uncommon for a microbial cell to possess a
particular gene but not to express it, that is, not to manufac-
ture the protein or enzyme that is the product of that gene,
unless or until the product is actually required; this is simply
a mechanism to avoid wasting energy. For example, many
bacteria possess the genes that code for p-lactamases; these
enzymes hydrolyse and inactivate p-lactam antibiotics (e.g.,
penicillins). In many organisms, f-lactamases are only pro-
duced in response to the presence of the antibiotic. This
form of non-genetic adaptation is termed phenotypic adapta-
tion, and there are many situations in which bacteria adopt
a phenotypic change to counter environmental stress. But
microorganisms may also use an alternative strategy of
genetic adaptation, by which they acquire new genes either
by mutation or by conjugation (see Chapter 3); subsequently,
a process of selection ensures that the mutant organisms
that are better suited to the new environment become
numerically dominant.

In bacteria, mutation is an important mechanism by
which resistance to antibiotics and other antimicrobial
chemicals is achieved, although the receipt of entirely new
genes directly from other bacteria is also clinically very
important. Spontaneous mutation rates (rates not influ-
enced by mutagenic chemicals or ionising radiation) vary



substantially depending on the gene and the organism in
question, but rates of 107°-1077 are typical. These values
mean that, on average, a mutant arises once in every 100,000
to every 10 million cell divisions. Although these figures
might suggest that mutation is a relatively rare event, the
speed with which microorganisms can multiply means, for
example, that mutants exhibiting increased antibiotic resist-
ance can arise quite quickly during the course of therapy.

2.7 Pharmaceutical Importance of the
Major Categories of Microorganisms

Table 2.4 indicates the ways in which the different types of
microorganism are considered relevant in pharmacy. The
importance of viruses derives almost exclusively from their
pathogenic potential, and because of their lack of intrinsic
metabolism they are not susceptible to antibiotics. Partly
for these reasons, viral infections are among the most dan-
gerous and difficult to cure, and of all the categories of
microorganism, only viruses appear in (the most serious)
Hazard Category 4 as classified by the Advisory Committee
on Dangerous Pathogens. Because they are not free-living,
viruses are incapable of growing on manufactured
medicines or raw materials, so they do not cause product
spoilage, and they have no synthetic capabilities that can
be exploited in medicines manufacture. Viruses are
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relatively easy to destroy by heat, radiation or toxic chemicals,
so they do not represent a problem from this perspective. In
this, they contrast with prions; although some authorities
would question the categorisation of these infectious
agents as microorganisms, they are included here because
of their undoubted ability to cause, as yet incurable, fatal
disease, and their extreme resistance to lethal agents.
Pharmacists and healthcare personnel in general should be
aware of the ability of prions to easily withstand sterilising
conditions that would be satisfactory for the destruction of
all other categories of infectious agent.

There are examples of bacteria that are important in
each of the different ways indicated by the column head-
ings of Table 2.4. Many of the medically and pharmaceuti-
cally important bacteria are pathogens, and some of these
pathogens are of long-standing notoriety as a result of their
ability to resist the activity of antibiotics and microbicides
(disinfectants, antiseptics and preservatives). In addition
to these long-established resistant organisms, other bacteria
have given more recent cause for concern including
methicillin-resistant S. aureus (MRSA), vancomycin-resistant
enterococci (VSE) and multiply resistant Mycobacterium
tuberculosis (see Chapter 13). While penicillin and cepha-
losporin antibiotics are produced by fungal species, the
majority of the other categories of clinically important
antibiotics are produced by species of bacteria, notably
streptomycetes. In addition, a variety of bacteria are

Table 2.4 Pharmaceutical importance of the major categories of microorganisms.

Pharmaceutical relevance

Contamination or spoilage
of raw materials and

Used in the
manufacture of

Resistance to
sterilising agents

Resistance to
antibiotics and

Type of organism medicines Pathogens microbicides and processes therapeutic agents
Viruses + + + (vaccines)
Prions + + +
Bacteria
Gram-negative + + + +
Gram-positive + + + + (spores) +
Deinococcus + (D. radiodurans)
Mycobacteria + +
Streptomycetes + +
Chlamydia +
Rickettsia +
Mycoplasma +
Fungi
Yeasts + + + +
Moulds + + + +

Protozoa +
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exploited commercially in the manufacture of other medicines
including steroids, enzymes and carbohydrates. The ability
of bacteria to grow on diverse substrates ensures that
their potential as agents of spoilage in manufactured
medicines and raw materials is well recognised, and the
ability of many species to survive drying means that they
survive well in dust and so become important as contami-
nants of manufactured medicines. The ability to survive
not only in dry conditions but in other adverse environ-
ments (heat, radiation, toxic chemicals, etc.) is well exem-
plified by bacterial spores, and their pre-eminence at or
near the top of the ‘league table’ of resistance to lethal
agents has resulted in spores acting as the indicator organ-
isms that have to be eliminated in most sterilisation pro-
cesses (see Chapter 21).

Like bacteria, fungi are able to form spores that survive
drying, so they too arise commonly as contaminants of
manufactured medicines. However, the degree of resist-
ance presented by the spores is usually less than that exhib-
ited by bacteria, and fungi do not represent a sterilisation
problem. Fungi do not generally create a significant infec-
tion hazard either; relatively few fungal species are consid-
ered major pathogens for animals that possess a fully
functional immune system. There are, however, several
fungi which, while representing little threat to immuno-
competent individuals, are nevertheless capable of initiat-
ing an infection in persons with impaired immune
function; the term ‘opportunist pathogens’ is used to
describe microorganisms (of all types) possessing this char-
acteristic. In this context, it is worth noting that the immu-
nocompromised represent an increasingly large group of
patients, and this is not just because of human immuno-
deficiency virus/acquired immunodeficiency syndrome
(HIV/AIDS). Several other conditions or drug treatments
impair immune function, for example, congenital immu-
nodeficiency, cancer (particularly leukaemia), radiother-
apy and chemotherapy, the use of systemic corticosteroids
and immunosuppressive drugs (often following tissue or
organ transplants), severe burns and malnutrition.

Protozoa are of significance largely owing to the patho-
genic potential of a few species. Because protozoa do not
possess cell walls they do not survive drying well (unless in
the form of cysts), so they are not a problem in the manu-
facturing environment - and even the encysted forms do
not display resistance to sterilising processes to match that
of bacterial spores. It should be noted that protozoal infec-
tions are not currently a major problem to human health in
temperate climates, although they are significantly more
troublesome in veterinary medicine and in the tropics.
There are concerns that the geographical ranges of proto-
zoal infections such as malaria may extend substantially if
current fears about global warming translate into reality.

2.8 Preservation of Microorganisms

In addition to their uses in the manufacture of medicines,
microorganisms are employed in a variety of tests and
assays, particularly those to measure the activity of antimi-
crobial chemicals (see Chapter 19). Useful organisms,
therefore, need to be correctly preserved in order to ensure
that their desirable properties are not changed during stor-
age or, worse, the culture dies completely and is irreplace-
able. Many bacteria and fungi can conveniently be stored
for a few days, or possibly weeks, in the form of liquid cul-
tures in tubes, or as colonies on Petri dishes. Organisms
that readily form spores — Bacillus and Clostridium species
of bacteria and most fungi - can be stored for months or
even years in this way provided that the culture medium
does not evaporate to dryness, but non-sporing organisms
vary substantially in their survival capacities. Gram-
positive bacteria generally tend to survive better than
Gram-negative ones: species such as Pseudomonas aerugi-
nosa, for example, may die within a few weeks, even at
refrigeration temperatures, if maintained as colonies on
unsealed Petri dishes. Even if a culture that is to be pre-
served does not die completely when stored in the refrig-
erator, there is a risk that the cells that do survive are not
typical of the population as a whole; they may, for example,
be mutants that have increased resistance to adverse condi-
tions in general, and so fail to give the expected results
when used in tests on antibiotic activity. The dual aims of a
culture preservation procedure therefore are to maintain
the viability of the highest possible percentage of cells and
to minimise the risk of selecting atypical mutants.

The most common procedures for long-term storage are
by freezing at —80 °C (or lower) in refrigerators, by storage
in liquid nitrogen at —196 °C in special vessels or by freeze-
drying (also called lyophilisation). In each case, cryopro-
tectant chemicals - compounds like glycerol or dimethyl
sulphoxide - are incorporated at a concentration of about
10% v/v in the liquid culture of the organism in order to
minimise both the formation of damaging ice crystals and
osmotic stresses that can accelerate cell death during freez-
ing and thawing.

Reference cultures, those with well-defined biosynthetic
capabilities or resistance properties, can be obtained in a
freeze-dried form from internationally accessible culture col-
lections such as the American Type Culture Collection (cul-
tures having the designation ATCC before a reference
number) or the UK National Collection of Industrial, Food
and Marine Bacteria (NICMB). Increasingly, pharmacopoeias
and regulatory agencies are requiring tests that employ micro-
organisms to be conducted with cultures or test suspensions
of cells that are no more than five subcultures from the refer-
ence material obtained from the designated culture collection.
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3.1 Introduction

The smallest free-living microorganisms are the prokary-
otes, comprising bacteria and archaea (see Chapter 2).
Prokaryote is a term used to define cells that lack a true
nuclear membrane; they contrast with eukaryotic cells (e.g.,
plants, animals and fungi) that possess a nuclear membrane
and internal compartmentalisation. Indeed, a major feature
of eukaryotic cells, absent from prokaryotic cells, is the
presence in the cytoplasm of membrane-enclosed orga-
nelles. These and other criteria differentiating eukaryotes
and prokaryotes are shown in Table 2.1 of Chapter 2.
Bacteria and archaea share many traits and it was not
until the early 1980s that differences first became evident
from analyses of gene sequences. One major difference is
the composition of cell walls. A more striking contrast is in
the structure of the lipids that make up their cytoplasmic
membranes. Differences also exist in their respective pat-
terns of metabolism: most archaea are anaerobes, and are
often found inhabiting extreme environments. It is possible
that their unusual membrane structure gives archaeal
cells greater stability under extreme conditions. Of notable
interest is the observation that no disease-causing archaea
have yet been identified; the vast majority of prokaryotes of
medical and pharmaceutical significance are bacteria.
Bacteria represent a large and diverse group of microor-
ganisms that can exist as single cells or as cell clusters.
Moreover, they are generally able to carry out their life pro-
cesses of growth, energy generation and reproduction
independently of other cells. In these respects, they are
very different from the cells of animals and plants, which
are unable to live alone in nature and can exist only as part
of a multicellular organism. Bacteria are capable of grow-
ing in a range of different environments and can not only

cause contamination and spoilage of many pharmaceutical
products but also a range of different diseases.

3.1.1 Bacterial Diversity and Ubiquity

Bacterial diversity can be seen in terms of variation in cell
size and shape (morphology), adaptation to environmental
extremes, survival strategies and metabolic capabilities.
Such diversity allows bacteria to grow in a multiplicity of
environments ranging from hot sulphur springs (65°C) to
deep freezers (—20°C), from high (pH1) to low (pH13)
acidity and high (0.7m) to low osmolarity (water). In
addition, they can grow in both nutritionally rich (com-
post) and nutritionally poor (distilled water) situations.
Hence, although each organism is uniquely suited to its
own particular environmental niche and rarely grows out
of it, the presence of bacteria may be considered ubiqui-
tous. Indeed, there is no natural environment that is free
from bacteria. This ubiquity is often demonstrated by the
terms used to describe organisms that grow and/or survive
in particular environments. An example of such descrip-
tive terminology is shown in Table 3.1.

3.2 Bacterial Ultrastructure

3.2.1 Cell Size and Shape

Bacteria are the smallest free-living organisms, their size
being measured in micrometres (microns). Because of this
small size, a microscope affording a considerable degree of
magnification (x400-1000) is necessary to observe
them. Bacteria vary in size from a cell as small as 0.1-0.2 pm
in diameter to those that are >5pm in diameter. Bacteria



Table 3.1 Descriptive terms used to characterise bacteria.

Descriptive term Adaptive feature

Psychrophile Growth range —40°C to +20°C
Mesophile Growth range +20°C to +40°C
Thermophile Growth range +40°C to +85°C
Thermoduric Endure high temperatures
Halophile Salt-tolerant

Acidophile Acid-tolerant

Aerobe Air (oxygen)-requiring

Obligate anaerobe Air (oxygen)-poisoned

Autotroph Utilises inorganic material

Heterotroph Requires organic material

this large, such as Thiomargarita namibiensis, are extremely
rare: the majority of bacteria are 1-5pm long and 1-2 pm in
diameter. By comparison, eukaryotic cells may be 2pum to
>200 um in diameter. The small size of bacteria has a num-
ber of implications with regard to their biological proper-
ties, most notably increased and more efficient transport
rates. This advantage allows bacteria far more rapid growth
rates than eukaryotic cells.

While the classification of bacteria is complex,
nowadays relying very much on 16S ribosomal DNA
sequencing data, a more simplistic approach is to
divide them into major groups on purely morphologi-
cal grounds. The majority of bacteria are unicellular
and possess simple shapes, for example, round (cocci),
cylindrical (rod, also called bacillus, spelt with a low-
ercase initial letter to distinguish from Bacillus, the
genus) or ovoid (a cross between a coccus and a rod).
Some rods are curved (vibrios), while longer rigid
curved organisms with multiple spirals are known as spiro-
chaetes. Rarer morphological forms include: the actinomy-
cetes which are rigid bacteria resembling fungi that may
grow as lengthy branched filaments; the mycoplasmas
which lack a conventional peptidoglycan (murein) cell
wall and are highly pleomorphic organisms of indefinite
shape; and some miscellaneous bacteria comprising
stalked, sheathed, budded and slime-producing forms
often associated with aquatic and soil environments.

The shape of an organism is determined by heredity.
Genetically, most bacteria are monomorphic; that is,
they maintain a single shape. However, a number of
environmental conditions can cause that shape to alter,
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including exposure to sub-lethal concentrations of
antibiotics. Moreover, a few bacteria such as Corynebac-
terium species are genetically pleomorphic; that is, they
can adopt more than one shape depending on environ-
mental conditions.

Often bacteria remain together in specific arrangements
after cell division. These arrangements are usually charac-
teristic of different organisms and can be used as part
of a preliminary identification. Examples of such cellular
arrangements include chains of rods or cocci, paired cells
(diplococci), tetrads and clusters.

3.2.2 Cellular Components

Compared with eukaryotic cells, bacteria possess a fairly
simple base cell structure, comprising cell wall, cytoplasmic
membrane, nucleoid, ribosomes and occasionally inclu-
sion granules (Figure 3.1). Nevertheless, it is important for
several reasons to have a good knowledge of these structures
and their functions. First, the study of bacteria provides an
excellent route for probing the nature of biological processes,
many of which are shared by multicellular organisms.
Secondly, at an applied level, normal bacterial processes
can be customised to benefit society on a mass scale. Here,
an obvious example is the large-scale industrial production
(fermentation) of antibiotics. Thirdly, and from a pharma-
ceutical and healthcare perspective, it is important to be
able to know how to kill bacterial contaminants and
disease-causing organisms. To treat infections, antimicro-
bial agents are used to inhibit the growth of bacteria, a pro-
cess known as antimicrobial chemotherapy. The essence
of antimicrobial chemotherapy is selective toxicity (see
Chapters 11, 12, and 14), which is achieved by exploiting
differences between the structure and metabolism of

Cp Capisule

Slime

Fimbriae

Ribosomes ‘/<— Pili
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Figure 3.1 Diagram of a bacterial cell. Features represented
above the dotted line are only found in some bacteria, whereas
those below the line are common to all bacteria.
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bacteria and host cells. Selective toxicity is, therefore, most
efficient when a similar target does not exist in the host.
Examples of such targets will be noted in the following
sections.

3.2.2.1 CellWall

The bacterial cell wall is an extremely important structure,
being essential for the maintenance of the shape and integ-
rity of the bacterial cell. It is also chemically unlike any
structure present in eukaryotic cells and is therefore an
obvious target for antibiotics that can attack and kill bacte-
ria without harm to the host (see Chapter 12).

The primary function of the cell wall is to provide a
strong, rigid structural component that can withstand the
osmotic pressures caused by high chemical concentra-
tions of inorganic ions in the cell. Most bacterial cell walls
have in common a unique structural component called
peptidoglycan (also called murein or glycopeptide);
exceptions include the mycoplasmas, extreme halophiles
and the archaea. Peptidoglycan is a large macromolecule
containing glycan (polysaccharide) chains that are cross-
linked by short peptide bridges. The glycan chain acts as a
backbone to peptidoglycan, and is composed of alternat-
ing residues of N-acetyl muramic acid (NAM) and
N- acetyl glucosamine (NAG). To each molecule of NAM
is attached a tetrapeptide consisting of the amino acids
L-alanine, D-alanine, D-glutamic acid and either lysine or
diaminopimelic acid (DAP). This glycan tetrapeptide
repeat unit is cross-linked to adjacent glycan chains,
either through a direct peptide linkage or a peptide inter-
bridge (Figure 3.2). The types and numbers of cross-
linking amino acids vary from organism to organism.
Other unusual features of the cell wall that provide poten-
tial antimicrobial targets are DAP and the presence of two
amino acids that have the D-configuration.

Bacteria can be divided into two large groups, Gram-
positive and Gram-negative, on the basis of a differential
staining technique called the Gram stain. Essentially, the

—[NAM— NAG —NAM — NAG]—

L-Iala L-ala

interbridge
D-glu D-glu
Meso-DIAP Meso-DIAP ......................... D-ala
D-Iala D-Iala D,IAP
D-Iglu
L—Iala

|
— NAG—NAM—NAG—

Figure 3.2 Structure of Escherichia coli peptidoglycan.

Gram stain consists of treating a film of bacteria dried on
a microscope slide with a solution of crystal violet, fol-
lowed by a solution of iodine; these are then washed with
an alcohol solution. In Gram-negative organisms, the
cells lose the crystal violet-iodine complex and are ren-
dered colourless, whereas Gram-positive cells retain the
dye. Regardless, both cell types are counter-stained with a
different coloured dye, for example, carbolfuchsin, which
is red. Hence, under the light microscope, Gram-negative
cells appear red, while Gram-positive cells are purple.
These marked differences in response reflect differences
in cell wall structure. The Gram-positive cell wall consists
primarily of a single type of molecule, whereas the Gram-
negative cell wall is a multilayered structure and quite
complex.

The cell walls of Gram-positive bacteria are quite thick
(20-80nm) and consist of between 60 and 80% peptidogly-
can, which is extensively cross-linked in three dimensions
to form a thick polymeric mesh (Figure 3.3). Gram-positive
walls frequently contain acidic polysaccharides called
teichoic acids; these are either ribitol phosphate or glycerol
phosphate molecules that are connected by phosphodiester
bridges. Because they are negatively charged, teichoic acids
are partially responsible for the negative charge of the cell
surface as a whole. Although they do not confer any extra
rigidity to the cell wall, their function may be to effect pas-
sage of metal cations through the cell wall. In some Gram-
positive bacteria, glycerol-teichoic acids are bound to
membrane lipids and are termed lipoteichoic acids. During
an infection, lipoteichoic acid molecules released by killed
bacteria trigger an inflammatory response. Cell wall pro-
teins, if present, are generally found on the outer surface of
the peptidoglycan.

The wall, or more correctly, envelope of Gram-negative
cells is a far more complicated structure (Figure 3.4).
Although it contains less peptidoglycan (10-20% of wall), a
second membrane structure is found outside the pepti-
doglycan layer. This outer membrane is asymmetrical,
composed of proteins, lipoproteins, phospholipids and a
component unique to Gram-negative bacteria, lipopolysac-
charide (LPS). Essentially, the outer membrane is attached
to the peptidoglycan by a lipoprotein, one end of which is
covalently attached to peptidoglycan and the other end
is embedded in the outer membrane. The outer membrane
is not a phospholipid bilayer, although it does contain
phospholipids in the inner leaf, and its outer layer is com-
posed of LPS, a polysaccharide-lipid molecule. Proteins
are also found in the outer membrane, some of which form
trimers that traverse the whole membrane and in so doing
form water-filled channels or porins through which small
molecules can pass. Other proteins are found at either the
inner or outer face of the membrane.



Figure 3.3 Structure of the Gram-positive cell wall.
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Figure 3.5 Schematic representation of
lipopolysaccharide (LPS). KDO, ketodeoxyoctonate.

N

Lipid A

The LPS (Figure 3.5) is an important molecule because it
determines the antigenicity of the Gram-negative cell and
it is extremely toxic, if not lethal, to animal cells. For exam-
ple, if a sterile solution of killed Gram-negative cells were
to be injected into a patient, high fever, circulatory collapse
and death may occur. This is due to the (endo) toxicity asso-
ciated with the LPS. It is important, therefore, that injec-
tions are not only sterile (free from viable microorganisms)
but also free from the LPS endotoxin (see Chapter 22).

Sometimes the LPS endotoxin is referred to as a pyrogen
due to its fever-causing properties. The molecule consists
of three regions, namely lipid A, core polysaccharide and
O-specific polysaccharide. The lipid A portion is composed
of a disaccharide of glucosamine phosphate bound to fatty

KDO

acids and forms the outer leaflet of the membrane. It is the
lipid A component that is responsible for the toxic and
pyrogenic properties of Gram-negative bacteria. Lipid A is
linked to the core polysaccharide by the unique molecule
ketodeoxyoctonate (KDO), and at the other end of the core
is the O-polysaccharide (O-antigen), which usually con-
tains six-carbon sugars as well as one or more unusual
deoxy sugars such as abequose.

Although the outer membrane is relatively permeable to
small molecules, it is not permeable to enzymes or macro-
molecules. Indeed, one of the major functions of the outer
membrane may be to keep certain enzymes that are present
outside the cytoplasmic membrane from diffusing away
from the cell. Moreover, the outer membrane is not readily

Core O-antigen
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Table 3.2 Gram-positive and Gram-negative cell wall
composition.

Feature Gram-positive cells ~ Gram-negative cells
Peptidoglycan 60-80% 10-20%
Teichoic acid Present Absent
Lipoteichoic acid Present Absent
Lipoprotein Absent Present
Lipopolysaccharide =~ Absent Present
Protein Approximately 15% Approximately 60%
Lipid Approximately 2%  Approximately 20%

penetrated by hydrophobic compounds and is, therefore,
resistant to dissolution by detergents.

The region between the outer surface of the cytoplasmic
membrane and the inner surface of the outer membrane is
called the periplasm. This occupies a thickness of about
12-15nm, is gel-like in consistency and, in addition to
the peptidoglycan, contains sugars and an abundance of
proteins including hydrolytic enzymes and transport
proteins. Table 3.2 summarises the major differences in
wall composition between Gram-positive and Gram-
negative cells.

Some bacteria have no cell walls or have very little wall
material. These include members of the Mycoplasma
genus. Mycoplasmas are the smallest known bacteria that
can grow and reproduce outside living host cells; the major-
ity are parasites of plants and animals with some, such as
Mycoplasma pneumoniae, causing human disease. Due to
the absence of a cell wall, these organisms can change their
shape and are pleomorphic. All bacteria of the genus
Mpycobacterium (e.g., Mycobacterium tuberculosis, causative
agent of TB) have high concentrations of a hydrophobic
waxy lipid called mycolic acid in their cell walls, forming a
layer outside of a thin layer of peptidoglycan. The waxy
nature of the mycolic acid prevents the uptake of dyes,
including those of the Gram-stain. These bacteria can
only be stained by gently heating the cells with carbol-
fuchsin. The carbolfuchsin penetrates the cell walls, binds
to the cytoplasm and resists removal by rinsing with acid
alcohol. These acid-fast bacteria retain the red colour of
carbolfuchsin.

3.2.2.2 Cytoplasmic Membrane

Biochemically, the cytoplasmic membrane is a fragile,
phospholipid bilayer (20-30%) with proteins (60-70%)
distributed randomly throughout. These proteins are
involved in the various transport and enzyme functions
associated with the membrane. A major difference in

chemical composition between prokaryotic and eukary-
otic cells is that eukaryotes have sterols in their mem-
branes (e.g., cholesterol) providing rigidity, whereas
prokaryotes do not. The cytoplasmic membrane serves
many functions, including transport of nutrients, energy
generation and electron transport; it is the location for
regulatory proteins and biosynthetic proteins, and it acts
as a semipermeable selectivity barrier between the cyto-
plasm and the cell environment.

Invaginations of the cytoplasmic membrane are referred
to as mesosomes. Those that form near the septum of Gram-
positive cells serve as organs of attachment for the bacterial
chromosome.

3.2.2.3 C(Cytoplasm

The cytoplasm consists of approximately 80% water and
contains enzymes that generate adenosine triphosphate
(ATP) directly by oxidising glucose and other carbon
sources. The cytoplasm also contains some of the enzymes
involved in the synthesis of peptidoglycan subunits.
Ribosomes, the DNA genome (nucleoid) and inclusion
granules are also found in the cytoplasm.

3.2.2.4 Nucleoid

The bacterial chromosome exists as a singular, covalently
closed circular molecule of double-stranded DNA compris-
ing approximately 4600kilobase pairs. It is complexed with
small amounts of proteins and RNA, but unlike eukaryotic
DNA, is not associated with histones. The DNA, if linearised,
would be about 1mm in length. In order to package this
amount of material, the cell requires that the DNA is super-
coiled into a number of domains (approximately 50) and that
the domains are associated with each other and stabilised by
specific proteins into an aggregated mass or nucleoid. The
enzymes, topoisomerases, that control topological changes in
DNA architecture are different from their eukaryotic coun-
terparts (which act on linear chromosomes) and therefore
provide a unique biochemical target for antibiotic action.

3.2.2.5 Plasmids

Plasmids are relatively small, circular pieces of double-
stranded extrachromosomal DNA. They are capable of
autonomous replication and encode for many auxiliary
functions that are not usually necessary for bacterial
growth but can provide a competitive advantage to the cell.
These include production of toxins, pili and siderophores
(iron-chelating molecules). One function of great signifi-
cance is that of antibiotic resistance (see Chapter 13).
Plasmids replicate faster than the chromosome, so cells
usually contain multiple copies. Plasmids may also trans-
fer readily from one organism to another, and between



species (e.g., between a harmless, intrinsic species and a
pathogenic species), thereby increasing the spread of
resistance.

3.2.2.6 Ribosomes

The cytoplasm is densely packed with ribosomes. Unlike
eukaryotic cells, these are not associated with a membra-
nous structure; the endoplasmic reticulum is not a compo-
nent of prokaryotic cells. Bacterial ribosomes are 70S in
size, made up of two subunits of 30S and 50S. This is
smaller than eukaryotic ribosomes, which are 80S in size
(408 and 60S subunits). Differences will therefore exist in
the size and geometry of RNA-binding sites.

3.2.2.7 Inclusion Granules

Bacteria occasionally contain inclusion granules within
their cytoplasm. These consist of storage material com-
posed of carbon, nitrogen, sulphur or phosphorus, and are
formed when these materials are replete in the environ-
ment to act as repositories for these nutrients when short-
ages occur. Some inclusions are common to a wide variety
of bacteria, whereas others are limited to a small number
of species. Examples include polysaccharide granules, gly-
cogen, polyphosphate and lipid inclusions, in particular
one unique to bacteria, poly-p-hydroxybutyrate.

3.2.3 Cell Surface Components

The surface of the bacterial cell is the portion of the organ-
ism that interacts with the external environment most
directly. As a consequence, many bacteria deploy compo-
nents on their surfaces in a variety of ways that allow them
to withstand and survive fluctuations in the growth environ-
ment. The following sections describe a few of these compo-
nents that are commonly found, although not universally,
that allow bacteria to move, sense their environment, attach
to surfaces and provide protection from harsh conditions.

3.2.3.1 Flagella

Active bacterial motility is commonly provided by flagella,
long (approximately 12 pm) helical-shaped structures that
project from the surface of the cell. The filament of the fla-
gellum is built up from multiple copies of the protein
flagellin. Where the filament enters the surface of the bac-
terium, there is a hook in the flagellum, which is attached
to the cell surface by a series of complex proteins compris-
ing the flagellar motor. This rotates the flagellum, causing
the bacterium to move through its environment. The
numbers and distribution of flagella vary with bacterial
species. Some have a single, polar flagellum, whereas
others are flagellate over their entire surface (peritrichous);

3.2 Bacterial Ultrastructure

intermediate forms also exist. The direction of rotation of
the flagella can be changed in response to changing exter-
nal chemical stimuli, prompting the bacterial cell to move
towards beneficial environments such as nutrient-rich
areas and away from harmful locations, a process called
chemotaxis.

3.2.3.2 Fimbriae

Fimbriae are structurally similar to flagella, but are not
involved in motility. Although they are straighter, more
numerous and considerably thinner and shorter (3pm) than
flagella, they do consist of protein and project from the cell
surface. Fimbriae are more commonly found on Gram-
negative bacteria than on Gram-positive bacteria. There is
strong evidence to suggest that fimbriae act primarily as
adhesins, allowing organisms to attach to surfaces, including
animal tissues in the case of some pathogenic bacteria, and to
initiate biofilm formation. Fimbriae are also responsible for
haemagglutination and cell clumping in bacteria. Among the
best characterised fimbriae are the type I fimbriae of enteric
(intestinal) bacteria (e.g., E. coli and Salmonella species),
helping these organisms to colonise the large intestine.

3.2.3.3 Pili

Pili are morphologically and chemically similar to fim-
briae, but they are present in much smaller numbers (<10)
and are usually longer. They are involved in the genetic
exchange process of conjugation (see Section 3.6.3).

3.2.3.4 Capsules and Slime Layers

Many bacteria secrete extracellular polysaccharides
(EPS) that are associated with the exterior of the bacte-
rial cell. The EPS is composed primarily of approximately
2% carbohydrate and 98% water, and provides a gummy
exterior to the cell. Morphologically, two extreme forms
exist: capsules, which form a tight, fairly rigid layer
closely associated with the cell, and slimes, which are
loosely associated with the cell. Both forms function sim-
ilarly, to offer protection against desiccation, to provide a
protective barrier against the penetration of biocides, dis-
infectants and positively charged antibiotics, to protect
against engulfment by phagocytes and protozoa and to
act as a cement binding cells to each other and to the
substratum in biofilms (see below). One such polymer
that performs all of these functions is alginate, produced
by Pseudomonas aeruginosa; dextran, produced by
Leuconostoc mesenteroides, is another. Both polymers
may be harvested and used variously as pharmaceutical
aids, surgical dressings and drug delivery systems,
although the preferred source of alginate is seaweed
rather than bacteria.
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3.2.3.5 S-layers

S-layers are the most common cell wall type among the
archaea. These consist of a two-dimensional paracrystal-
line array of proteins or glycoproteins which show various
ordered symmetries when viewed under the electron
microscope. In many species of bacteria, S-layers are pre-
sent on their outer surfaces in addition to other cell wall
components such as polysaccharides. In such arrange-
ments, the S-layer is always the outermost layer. In addi-
tion to increasing the structural robustness of the cell,
S-layers can act to a certain extent as an external permea-
bility barrier.

3.3 Biofilms

Any surface, whether it is animate or inanimate, is of con-
siderable importance as a microbial habitat owing to the
adsorption of nutrients. A nutrient-rich microenvironment
is thus produced in a nutrient-poor macroenvironment
whenever a surface-liquid interface exists. Consequently,
microbial numbers and activity are usually much greater
on a surface than in suspension. Hence, in many natural,
medical and industrial settings, bacteria attach to surfaces
and form multilayered communities called biofilms. These
commonly contain more than one species of bacteria,
which exist cooperatively together as a functional, dynamic
consortium. Moreover, biofilms commonly possess unique
properties that are distinct from unattached cells. Biofilm
formation usually begins with pioneer cells attaching to a
surface, either through the use of specific adhesins such as
fimbriae, or non-specifically by EPS. Once established,
these cells grow and divide to produce microcolonies,
which, with time, eventually coalesce to produce a biofilm.
A key characteristic of biofilms is the enveloping of the
attached cells in a matrix of EPS and other macromole-
cules. This helps to cement cells to the surface and to each
other, and protects the bacteria from hazardous materials
such as antibiotics and biocides, from desiccation and from
engulfment by macrophages and phagocytes in much the
same way as the capsules and slime layers mentioned
above. In addition, strands of EPS hold the bacterial cells at
a distance from one another, enabling small water chan-
nels to form in the biofilm. These channels act as a primi-
tive circulatory system carrying trapped nutrients and
oxygen to the enclosed cells and take waste products away.

Biofilms have a number of significant implications in
medicine and industry. In the human body, the resident cells
within the biofilm are not exposed to attack by the immune
system and in some instances can exacerbate the inflamma-
tory response. An example of this is shown by the growth of
P. aeruginosa as an alginate-enclosed biofilm in the lungs of

cystic fibrosis patients. Bacterial biofilms are also profoundly
less susceptible to antimicrobial agents than their free-living,
planktonic counterparts. As a consequence, bacterial bio-
films that form on contaminated medical implants and pros-
thetic devices, manufacturing surfaces or fluid conduit
systems are virtually impossible to eliminate with antibiotics
or biocides. In these situations, antimicrobial resistance
occurs as a population or community response. Biofilms are
considered in more detail in Chapter 8.

3.4 Bacterial Sporulation

In a few bacterial genera, most notably Bacillus and
Clostridium, a unique process takes place in which the
vegetative cell undergoes a profound biochemical change
to give rise to a specialised structure called an endospore or
spore (Figure 3.6). This process of sporulation is not part of
a reproductive cycle, but the spore is a highly resistant cell
that enables the producing organism to survive in adverse
environmental conditions such as lack of moisture or
essential nutrients, or exposure to toxic chemicals, radia-
tion or high temperatures. Because of their extreme resist-
ance to radiation, ethylene oxide and heat, all sterilisation
processes for pharmaceutical products have been designed
to destroy the bacterial spore (see Chapter 21). Removal of
the environmental stress may lead to germination of the
spore back to the vegetative cell form.

3.4.1 Endospore Structure

Endospores are differentiated cells that possess a grossly dif-
ferent structure to that of the parent vegetative cell in which
they are formed. The structure of the spore is much more
complex than that of the vegetative cell in that it has many
layers surrounding a central core (Figure 3.7). The outer-
most layer is the exosporium composed of protein; within
this are the spore coats, which are also proteinaceous but
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Figure 3.6 Bacterial sporulation and germination.
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Figure 3.7 Diagram of endospore structure.

with a high cysteine content, the cortex that consists of
loosely cross-linked peptidoglycan and the central core that
contains the genome. Characteristic of the spore is the pres-
ence of dipicolinic acid and high levels of calcium ions
which complex together. The core is also partially dehy-
drated, containing only 10-30% of the water content of the
vegetative cells. Dehydration has been shown to increase
resistance to both heat and chemicals. In addition, the pH of
the core is about 1 unit lower than the cytoplasm of the veg-
etative cell and contains high levels of core-specific proteins
that bind tightly to the DNA and protect it from potential
damage. These core-specific proteins also function as an
energy source for the outgrowth or germination of a new
vegetative cell from the endospore.

3.4.2 Endospore Formation

Under adverse growth conditions, a single cell gives rise to
a single spore due to internal and structural reorganisation.
During endospore formation, the vegetative cell undergoes
a complex series of biochemical events in cellular differen-
tiation, and many genetically directed changes in the cell
that underpin the conversion occur in a series of distinct
stages. Sporulation requires that the synthesis of some pro-
teins involved in vegetative cell function ceases and that
specific spore proteins are made. This is accomplished by
activation of a variety of spore-specific genes such as spo
and ssp. The proteins coded by these genes catalyse a series
of events leading ultimately to the production of a dry, met-
abolically inert but extremely resistant endospore. The
whole process can take only a matter of hours to complete
under optimal conditions.

3.4.3 Endospore Germination

Although endospores can lie dormant for decades, they can
revert back to a vegetative cell very rapidly. Activation of the
process may occur through removal of the stress inducer that
initiated sporulation. During germination, loss of resistance

3.5 Bacterial Toxins

properties occurs along with a loss of calcium dipicolinate
and cortex components, and degradation of the core-specific
proteins. Outgrowth occurs, involving water uptake and syn-
thesis of new RNA, proteins and DNA until eventually, after
a matter of minutes, the vegetative cell emerges from the
fractured spore coat and begins to divide again.

3.5 Bacterial Toxins

Although bacteria are associated with disease, only a few
species are disease-producing or pathogenic for healthy indi-
viduals (see Chapter 7). Of increasing concern are those
organisms that, if presented with the correct set of condi-
tions, can cause disease, that is, opportunist pathogens.
Examples include Staphylococcus epidermidis, a beneficial
organism when present on the skin (its normal habitat) yet
potentially fatal if attached to a synthetic heart valve, and
P. aeruginosa, a non-pathogenic environmental organism but
again potentially lethal in immunocompromised patients.

Pathogens cause host damage in a number of ways. In
most cases, they produce a variety of molecules or factors
that promote pathogenesis, among which are the toxins:
products of bacteria that produce immediate host-cell
damage. Toxins have been classified as either endotoxin,
that is, cell-wall-related, or exotoxin, products released
extracellularly as the organism grows.

Endotoxin is the lipid A component of LPS (see Section
3.2.2.1). It possesses multiple biological properties including
the ability to induce fever, initiate the complement and blood
cascades, activate B lymphocytes and stimulate production
of tumour necrosis factor. Endotoxin is generally released
from lysed or damaged cells. Care must be taken to eliminate
or exclude such heat-resistant material from parenteral prod-
ucts and their delivery systems through a process known as
depyrogenation (see Chapters 21 and 22).

Most exotoxins fall into one of three categories on the
basis of their structure and activities. These are the AB tox-
ins, the cytolytic toxins and the superantigen toxins. The
AB toxins consist of a B subunit that binds to a host cell
receptor and is also covalently bound to the A subunit that
mediates the enzymic activity responsible for toxicity. Most
exotoxins (e.g., diphtheria toxin and cholera toxin) are of
the AB category. The cytolytic toxins such as haemolysins
and phospholipases do not have separable A and B por-
tions but work by enzymatically attacking cell constitu-
ents, causing lysis. The superantigens also lack an AB type
structure and act by stimulating large numbers of immune
response cells to release cytokines, resulting in a massive
inflammatory reaction. An example of this type of reaction
is Staphylococcus aureus-mediated toxic shock syndrome.
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3.6 Bacterial Reproduction
and Growth Kinetics

3.6.1 Multiplication and Division Cycle

The majority of bacterial cells multiply in number by a
process of binary fission. That is, each individual will
increase in size until it is large enough to divide into two
identical daughter cells. At the point of separation, each
daughter cell must be capable of growth and reproduction.
While each daughter cell will automatically contain those
materials that are dispersed throughout the mother cell
(mRNA, rRNA, ribosomes, enzymes, cytochromes, etc.),
each must also carry at least one copy of the chromosome.
The bacterial chromosome is circular and attached to the
cytoplasmic membrane where it is able to uncoil during
DNA replication. The process of DNA replication proceeds
at a fixed rate dependent on temperature, therefore the
time taken to copy an entire chromosome depends on the
number of base pairs within it and the growth tempera-
ture. For E. coli growing at 37 °C, replication of the chromo-
some will take approximately 45minutes. These copies of
the chromosome must then segregate to opposite sides of
the cell before cell division can proceed. Division occurs in
different ways for Gram-positive and Gram-negative bacte-
ria. Gram-negative cells do not have a rigid cell wall and
divide by a process of constriction followed by membrane
fusion. Gram-positive cells, on the other hand, having a
rigid cell wall, must develop a cross-wall (see Figure 2.1a in
Chapter 2) that divides the cell into two equal halves.
Constriction and cross-wall formation take approximately
15minutes to complete. DNA replication, chromosome
segregation (C-phase) and cell division (D-phase) occur
sequentially in slow-growing cells with generation times of
greater than 1 hour, and are the final events of the bacterial
cell cycle. Cells are able to replicate faster than once every
hour by initiating several rounds of DNA replication at a
time. Thus, partially replicated chromosomes become seg-
regated into the newly formed daughter cells. In this fash-
ion, it is possible for some organisms growing under their
optimal conditions to divide every 15-20minutes. Rod-
shaped organisms maintain their diameter during the cell
cycle and increase their mass and volume by a process of
elongation. When the length of the cell has approximately
doubled, then the division/constriction occurs centrally.
Coccal forms increase in size by radial expansion, with the
division plane going towards the geometric centre. In some
genera, the successive division planes are always parallel.
Under such circumstances, the cells appear to form chains
(i.e., streptococci). In staphylococci, successive division
planes are randomised, giving dividing clusters of cells
the appearance of a bunch of grapes. Certain genera, for

example, Sarcina, rotate successive division planes by 90°
to form tetrads and cubical octets. The appearance of divid-
ing cells under the microscope can therefore be a useful
initial guide to identification.

3.6.2 Population Growth

When placed in favourable conditions, populations of bac-
teria can increase at remarkable rates, given that each divi-
sion gives rise to two identical daughter cells, then each has
the potential to divide again. Thus, cell numbers will
increase exponentially as a function of time. For a microor-
ganism growing with a generation time of 20 minutes, one
cell will have divided three times within an hour to give a
total of eight cells. After 20hours of continued division at
this rate, the accumulated mass of bacterial cells would be
approximately 70kg (the weight of an average man). Ten
hours later, the mass would be equivalent to the combined
body weight of the entire population of the UK. Clearly
this does not happen in nature; rather, the supply of nutri-
ents becomes exhausted and the organisms grow consider-
ably more slowly, if at all.

The time interval between one cell division and the next
is called the generation time. When considering a growing
culture containing thousands of cells, a mean generation
time is usually calculated. As one cell doubles to become
two cells, which then multiply to become four cells and so
on, the number of bacteria n in any generation can be
expressed as:

Ist generation n =1x2 =2

2nd generationn =1x2x2 = 2*
3rd generation n =1x2x2x2 =2?
xth generation n = 1x2* = 2"

For an initial population of Nj cells, as distinct from one
cell, at the xth generation the cell population will be:

N =N x2"

where N is the final cell number, N, the initial cell number
and x the number of generations. To express this equation
in terms of x, then:

logN=logN, +xlog2,

logN —logNy=xlog2,

x=(log N ~log Ny )/ log2=(log N —logN, ) /0.301
:3.3(10gN—logN0)

The actual generation time is calculated by dividing x
into t, where t represents the hours or minutes of expo-
nential growth.



3.6.2.1 Growth on Solid Surfaces

If microorganisms are immobilised on a solid surface from
which they can derive nutrients and remain moist, cell divi-
sion will cause the daughter cells to form a localised colony.
In spite of the small size of the individual organisms, colo-
nies are easily visible to the naked eye. Indeed, microbial
growth can often be seen on the tonsils of an infected indi-
vidual or as colonies on discarded or badly stored foods. In
the laboratory, solidified growth media are deployed to sep-
arate different types of bacteria and also as an aid to enu-
merating viable cell numbers. These media comprise a
nutrient soup (broth) that has been solidified by the addi-
tion of agar (see Chapter 2). Agar melts and dissolves in
boiling water but will not resolidify until the temperature is
below 45°C. Agar media are used in the laboratory either
poured as a thin layer into a covered dish (Petri dish or plate)
or contained within a small, capped bottle (slant). If suspen-
sions of different species of bacteria are spread on to the sur-
face of a nutrient agar plate, then each individual cell will
produce a single visible colony. These may be counted to
obtain an estimate of the original number of cells. Different
species will produce colonies of slightly different appear-
ance, enabling judgements to be made as to the population
diversity. The colour, size, shape and texture of colonies of
different species of bacteria vary considerably and form a
useful diagnostic aid to identification. Transfer of single
colonies from the plate to a slant enables pure cultures of
each organism to be maintained, cultured and identified.

3.6.2.2 Growth in Liquids

When growing on a solid surface, the size of the resultant
colony is governed by the local availability of nutrients.
These must diffuse through the colony. Eventually growth
ceases when the rate of consumption of nutrients exceeds
the rate of supply. When grown in liquids, the bacteria,
being of colloidal dimensions and sometimes highly
motile, are dispersed evenly through the fluid. Nutrients
are therefore equally available to all cells. When consider-
ing growth of bacterial populations in liquids, it is neces-
sary to consider whether the environment is closed or open
with respect to the acquisition of fresh nutrient. Closed
systems are typified by batch culture in closed glass flasks.
In these, waste products of metabolism are retained and all
the available nutrients are present at the beginning of
growth. Open systems, on the other hand, have a continual
supply of fresh nutrients and removal of waste products.

Liquid Batch Culture (Closed)

Figure 3.8 shows the pattern of population growth obtained
when a small sample of bacteria is placed within a suitable
liquid growth medium held in a glass vessel. As the increase
in cell numbers is exponential (1, 2, 4, 8, 16, etc.), then
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Figure 3.8 Typical bacterial growth curve in closed batch
liquid culture: (A) lag or adaptive phase; (B) logarithmic or
exponential phase; (C) stationary phase; (D) decline phase.

during active growth a logarithmic plot of cell number
against time gives a straight line (B). This period is often
referred to as the logarithmic growth phase, during which the
generation or doubling time may be calculated from the
slope of the line. However, the exponential phase is pre-
ceded by a lag period (A), during which time the inoculum
adapts its physiology to that required for growth on the avail-
able nutrients. As growth proceeds, nutrients are consumed
and waste materials accumulate. This has the effect of
reducing the rate of growth (late logarithmic phase) towards
an eventual halt (stationary phase, C). Starvation during the
stationary phase will eventually lead to the death of some of
the cells and adaptation to a dormant state in others (decline
phase, D). Patterns of growth such as this occur within inad-
equately preserved pharmaceutical products, in water stor-
age tanks and in industrial fermentations.

Growth in Open Culture

Except under circumstances of feast-famine, growth of
bacteria in association with humans and in our environ-
ment is subject to a gradual but continuous provision of
nutrients and a dilution of waste products. Under such cir-
cumstances, the rate of growth of bacteria is governed by
the rate of supply of nutrients and the population size.
Accordingly, bacteria in our gastrointestinal tracts receive a
more or less continuous supply of food and excess bacteria
are voided with the faeces (indeed, bacteria make up >90%
of the dry mass of faeces). In many situations, the bacteria
become immobilised, as a biofilm, upon a surface and
extract nutrients from the bulk fluid phase.

3.6.3 Growth and Genetic Exchange

For many years, it was thought that bacteria, dividing by
binary fission, had no opportunity for the exchange of
genetic material and could only adapt and evolve through
mutation of genes. This is not only untrue but masks the
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profound ability of bacteria to exchange and share DNA
across diverse genera. This is of particular significance
because it enables bacterial populations to adapt rapidly to
changes in their environment, whether this is related to the
appearance of a novel food or to the deployment of anti-
bacterial chemicals and antibiotics. Three major processes
of genetic exchange can be identified in bacteria — transfor-
mation, transduction and conjugation. Further details of
these processes are given in Chapter 13 dealing with the
development and spread of antibiotic resistance.

3.6.3.1 Transformation

In 1928, Griffith noticed that a culture of Streptococcus
pneumoniae that had mutated to become deficient in cap-
sule production could be restored to its normal capsulate
form by incubation with a cell-free filtrate taken from a cul-
ture of the normal strain. While this discovery preceded
the discovery of DNA as the genetic library and was only
poorly understood at the time, it demonstrated the ability
of certain types of bacteria to absorb small pieces of naked
DNA from the environment that may recombine into the
recipient chromosome. The process has become known as
transformation and is likely to occur naturally in situations
such as septic abscesses and in biofilms where high cell
densities are associated with death and lysis of significant
portions of the population. Transformation is also exploited
in molecular biology as a means of transferring genes
between different types of bacteria.

3.6.3.2 Transduction

Viruses are discussed more fully elsewhere (see Chapter 5);
however, there is a group of viruses, called bacteriophages,
which have bacterial cells as their hosts. These bacterio-
phages inject viral DNA into the host cell. This viral DNA is
then replicated and transcribed at the expense of the host
and assembled into new viral particles. Under normal cir-
cumstances, the host cell becomes lysed in order to release
the viral progeny, but in exceptional circumstances, rather
than enter a replication cycle, the viral DNA becomes
incorporated, by recombination, into the chromosome of
the bacterium. This is known as a temperate phage. The
viral DNA thus forms part of the bacterial chromosome
and will be copied to all daughter cells. Temperate phage
will become active once again at a low frequency and phas-
ing between temperate and lytic forms ensures the long-
term survival of the virus. Occasionally during this
transition back to the lytic form, the excision of the viral
DNA from the bacterial chromosome is inaccurate. The
resultant virus may then either be defective, if viral DNA
has been lost, or it may carry additional DNA of bacterial
origin. Subsequent temperate infections caused by the lat-
ter virions will result in this bacterial DNA having moved

between cells: a process of gene movement known as trans-
duction. As the host range of some bacteriophages is broad,
such processes can move DNA between diverse species.

3.6.3.3 Conjugation
Conjugation is thought to have evolved through transduc-
tion, and relates to the generation of defective viral
DNA. This can be transcribed to produce singular viral ele-
ments, which cannot assemble or lyse the host cell. Such
DNA strands are known as plasmids. They are circular and
can either be integrated into the main chromosome, in
which case they are replicated along with the chromosome
and passed to daughter cells, or they are separate from it
and can replicate independently. The simplest form of plas-
mid is the F-factor (fertility factor); this can be transcribed
at the cell membrane to generate an F-pilus within the cell
envelope and cells containing an F-factor are designated
F*. The F-pilus is a hollow appendage that is capable of
transferring DNA from one cell to another, through a pro-
cess that is very similar to the injection of viral DNA into a
cell during infection. In its simplest form, an unassociated
F-factor will simply transfer a copy to a recipient cell, and
such a transfer process is known as conjugation. Integration
with, and dissociation of, the F-factor with the chromo-
some occurs randomly. When it is in the integrated form,
designated Hfr (high frequency of recombination), not
only can a copy of the plasmid DNA be transferred across
the F-pilus but so also can a partial or complete copy of the
donor chromosome. Subsequent recombination events
incorporate the new DNA into the recipient chromosome.
Just as the excision of temperate viral DNA from the host
chromosome could be inaccurate, and lead to additions
and deletions from the sequence, so too can the F-factor
gather chromosomal DNA as the host cells change from
Hfr to F*. In such instances, the plasmid that is formed will
transfer not only itself but also this additional DNA into
recipient cells. This is particularly significant because the
unassociated plasmid can replicate autonomously from the
chromosome to achieve a high copy number. It can also be
transferred simultaneously to many recipient bacteria. If
the transported DNA encoded a mechanism of antibiotic
resistance (see Chapter 13), it would not be difficult to
imagine how whole populations could rapidly acquire the
resistance characteristics.

3.7 Environmental Factors that
Influence Growth and Survival

The rate of growth of a microbial population depends on
the nature and availability of water and nutrients, tem-
perature, pH, the partial pressure of oxygen and solute



concentrations. In many laboratory experiments, the micro-
organisms are provided with an excess of complex organic
nutrients and are maintained at optimal pH and tempera-
ture. This enables growth to be very rapid and the results
visualised within a relatively short time period. Such ideal-
ised conditions rarely exist in nature, where microorgan-
isms not only compete with one another for nutrients but
also grow under suboptimal conditions. Particular groups
of organisms are adapted to survive under particular condi-
tions; thus, Gram-negative bacteria tend to be aquatic,
whereas Gram-positive bacteria tend to prefer more arid
conditions such as the skin. The next two sections of this
chapter will consider separately the physicochemical fac-
tors that affect growth and survival of bacteria, and the
availability and nature of the available nutrients.

3.7.1 Physicochemical Factors that Affect
Growth and Survival of Bacteria

3.71.1 Temperature

Earlier in this chapter, various classes of bacteria (thermo-
phile, mesophile, etc.) were described according to the
range of temperatures under which they could grow. The
majority of bacteria that have medical or pharmaceutical
significance are mesophiles and have optimal growth tem-
peratures between ambient and body temperature (37 °C).
Individual species of bacteria also have a range of tempera-
tures under which they can actively grow and multiply
(permissive temperatures). For every organism, there is a
minimum temperature below which no growth occurs, an
optimum temperature at which growth is most rapid and a
maximum temperature above which growth is not possible
(Figure 3.9). As temperatures rise, chemical and enzymic
reactions within the cell proceed more rapidly, and growth
becomes faster until an optimal rate is achieved. Beyond
this temperature certain proteins may become irreversibly
damaged through thermal lysis, resulting in a rapid loss of
cell viability.

Enzyme reactions
at maximum rate

30°C Range

Growth

Temperature

Protein
denaturation

Membrane
gelling

Figure 3.9 The effect of temperature on bacterial growth.

3.7 Environmental Factors that Influence Growth and Survival

The optimum temperature for growth is much nearer the
maximum value than the minimum, and the range of the
permissive temperatures can be quite narrow (3-4°C) for
obligate pathogens yet broad (10-20°C) for environmental
isolates, reflecting the range of temperatures that they are
likely to encounter in their specialised niches. If the tem-
perature exceeds the permissive range, then provided that
lethal temperatures are not achieved (approximately 60 °C
for most Gram-negative mesophiles) the organisms will
survive but not grow. Temperatures of 105 °C and above are
rapidly lethal and can be deployed to sterilise materials and
products. Generally, bacteria are able to survive tempera-
tures beneath the permissive range provided that they are
gradually acclimatised to them.

3.71.2 pH

As for temperature, each individual microorganism has an
optimal pH for growth and a range about that optimum
where growth can occur albeit at a slower pace. Unlike the
response to temperature, pH effects on growth are bell-
shaped (Figure 3.10), and extremes of pH can be lethal.
Generally, those microorganisms that have medical or
pharmaceutical significance have pH growth optima of
between 7.4 and 7.6 but may grow suboptimally at pH val-
ues of 5-8.5. Thus, growth of lactobacilli within the vaginal
vault reduces the pH to approximately 5.5 and prevents the
growth of many opportunist pathogens. Accordingly, the
pH of a pharmaceutical preparation may dictate the range
of microorganisms that could potentially cause its spoilage.

3.7.1.3 Water Activity/Solutes

Water is essential for the growth of all known forms of
life. Gram-negative bacteria are particularly adapted to an
existence in, and are able to extract trace nutrients from,
the most dilute environments. This adaptation has its limi-
tations because the Gram-negative cell envelope cannot
withstand the high internal osmotic pressures associated

4 units
Optimum
7.2-7.6
Growth
pH

Figure 3.10 The effect of pH on bacterial growth.
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with rapid rehydration after desiccation and the organisms
are unable to grow in the presence of high concentrations
of solute. The availability of water is reflected in the water
activity of a material or liquid. Water activity (A,) is defined
as the vapour pressure of water in the space above the
material relative to the vapour pressure above pure water at
the same temperature and pressure. Pure water by defini-
tion has an Ay, of 1.00. Pharmaceutical creams might have
Ay, values of 0.8-0.98, whereas strawberry jam might have
an A,, of approximately 0.7. Generally Gram-negative bac-
teria cannot grow if the A, is below 0.97, whereas Gram-
positive bacteria can grow in materials with A,, of 0.8-0.98
and can survive rehydration after periods of desiccation,
hence their dominance in the soil. Yeasts and moulds can
grow at low A,, values, hence their appearance on moist
bathroom walls and on the surface of jam. The water activ-
ity of a pharmaceutical product can markedly affect its vul-
nerability to spoilage contaminants (see Chapter 17).

3.7.1.4 Availability of Oxygen

For many aerobic microorganisms, oxygen acts as the ter-
minal electron acceptor in respiration and is essential for
growth. Alternative terminal electron acceptors are organic
molecules whose reduction leads to the generation of
organic acids such as lactic acid. They can sometimes be
utilised under conditions of low oxygen or where carbon
substrate is in excess (fermentation), and highly specialised
groups of microorganisms can utilise inorganic materials
such as iron as electron acceptors (e.g., iron-sulphur bacte-
ria). Different groups of organisms therefore vary in their
dependence on oxygen. Those that require oxygen and
would die in the absence are known as obligate (strict) aer-
obes (e.g., Bacillus subtilis). When in the cell, oxygen can be
broken down to oxygen radicals (O,”) which are poison-
ous. To be able to survive these, a bacterium must be able to
produce the enzyme superoxide dismutase (SoD). This
catalyses the reaction which converts the oxygen radical
(superoxide: O,") into ordinary molecular oxygen (O,) and
hydrogen peroxide (H,0,); the latter can be further broken
down to water and molecular oxygen by the enzyme per-
oxidase, found in abundance in some bacteria.

There are many bacteria for which oxygen is highly toxic
(obligate anaerobes, e.g., Clostridium species); they are
killed by oxygen because they do not possess SoD. Hence,
the presence or absence of oxygen within a nutrient envi-
ronment can profoundly affect both the rate and nature of
the microbial growth obtained and is an important
consideration when attempting to grow clinical and
environmental (manufacturing) contaminants. Strongly
oxygen-dependent bacteria will tend to grow as a thin
pellicle on the surfaces of liquid media where oxygen is
most available. Special media and anaerobic chambers are

required to grow obligate anaerobes within the laboratory,
yet such organisms persist and actively grow within the
general environment. This is because the close proximity of
strongly aerobic cells and anaerobes will create an anoxic
(much reduced or non-existent oxygen availability) micro-
environment in which the anaerobe can flourish. This is
particularly the case for the mouth and gastrointestinal
tract where obligate anaerobes such as Bacteroides and
Fusobacter can be found in association with strongly aero-
bic streptococci.

Facultative cells have a biochemical preference. A facul-
tative anaerobe (e.g., Staphylococcus spp. or E. coli) prefers
to grow in the presence of oxygen but can survive and grow
in its absence, but at much reduced rates. Biochemically it
is more favourable for the organism to grow in the presence
of oxygen. Microaerophilic bacteria such as Helicobacter
and Campylobacter require oxygen, but at much reduced
levels to that normally found in the general environment
(about 1-10%, well below the 21% found in the atmos-
phere). Aerotolerant bacteria are bacteria with an exclu-
sively anaerobic (fermentative) type of metabolism, but
they are insensitive to the presence of O,. They live by fer-
mentation alone whether or not O, is present in their
environment.

The inability of oxygen to diffuse adequately into a liquid
culture is often the factor that causes an onset of stationary
phase, so culture density is limited by oxygen demand. The
cell density at stationary phase can often be increased,
therefore, by shaking the flask or providing baffles. Diffusion
of oxygen may also be a factor limiting the size of bacterial
colonies formed on an agar surface.

3.7.2 Nutrition and Growth

Bacteria vary considerably in their requirements for
nutrients and in their ability to synthesise for them-
selves various vitamins and growth factors. Clearly the
major elemental requirements for growth will match
closely the elemental composition of the bacteria them-
selves. In this fashion, there is a need for the provision of
carbon, nitrogen, water, phosphorus, potassium and sul-
phur with a minor requirement for trace elements such
as magnesium, calcium and iron. The most independent
classes of bacteria are able to derive much of their nutri-
tion from simple inorganic forms of these elements.
These organisms are called chemolithotrophs and can
even utilise atmospheric carbon dioxide and nitrogen as
sources of carbon and nitrogen. Indeed, such bacteria
are, in addition to the green plants and algae, a major
source of organic molecules and so they are more benefi-
cial than problematic to humans. The majority of bacte-
ria require a fixed carbon source, usually in the form of
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a sugar, but this may also be obtained from complex
organic molecules such as benzene, paraffin waxes and
proteins. Nitrogen can generally be obtained from
ammonium ions but is also available by deamination of
amino acids, which can thus provide both carbon and
nitrogen sources simultaneously. Many classes of bacte-
ria are auxotrophic and can grow on simple sugars
together with ammonium ions, a source of potassium
and trace elements. Such bacteria can synthesise for
themselves all the amino acids and ancillary factors
required for growth and division. These bacteria, for
example, the pseudomonads and Achromobacter spe-
cies, are generally free-living environmental strains, but
they can sometimes cause infections in immunocompro-
mised people. In the laboratory, they can be grown in
simple salts media with few, if any, complex supple-
ments. The rate of growth of such organisms depends
not only on temperature and pH but also on the nature
of the carbon and nitrogen sources. Thus, a faster rate of
growth is often obtained when glucose or succinate is
the carbon source rather than lactose or glycerol, and
when amino acids are provided as sources of nitrogen
rather than ammonium salts. If faced with a choice of
carbon and nitrogen sources, bacteria will adapt their
physiology to the preferred substrate and only when this
is depleted will they turn their attention to the less pre-
ferred substrate. Growth in liquid cultures with dual
provision of substrate such as this is often characterised
by a second lag phase during the logarithmic growth
period while this adaptation takes place. This is called
diauxic growth (Figure 3.11).

As the association between bacteria and higher life
forms becomes closer, then more and more preformed
biosynthetic building blocks become available without
the need to synthesise them from their basic elements.

Growth on
lactose
Glucose l
exhausted
Log l
growth
Time
Figure 3.11 Diauxic growth on a mixture of glucose and

lactose.

Thus, a pathogenic organism growing in soft tissues will
have available to it glucose and metal ions from the
blood and a whole plethora of amino acids, bases, vita-
mins, etc., from lysed tissue cells. While most bacteria
will utilise these when they are available, a number of
bacteria that have become specialised pathogens have
lost their ability to synthesise many of these chemicals
themselves and so cannot grow in situations where the
chemicals are not provided in the medium. Consequently,
many pathogens require complex growth media if they
are to be cultured in vitro.

The foregoing discussion about the physicochemical and
nutritional constraints on bacterial growth has been based
on laboratory studies. By definition, the only bacteria that
we can describe in this way are those that can be cultured
artificially. It cannot be overstated that a majority of bacte-
rial species and genera cannot be cultured in the labora-
tory. In the past, the presence of such non-culturable
bacteria has been attributed to moribund cells. With the
advent of modern molecular tools, however, it has now
been realised that these organisms are viable. By amplify-
ing their DNA and sequence mapping, the genetic relation-
ship of such bacteria to the culturable ones can be
demonstrated and whole new families of hitherto unrecog-
nised bacteria are being identified. It is possible that in the
future many disease states currently thought to have no
microbiological involvement could be identified as being of
bacterial origin. A recent example of this has been the asso-
ciation of Helicobacter pylori with gastric ulcers and gastric
cancers.

3.8 Detection, Identification and
Characterisation of Organisms of
Pharmaceutical and Medical Significance

There are many situations in which microorganisms must
not only be detected and enumerated but where they must
also be identified either to make a specific diagnosis of
infection or to ensure the absence of specified bacteria
from certain types of product. In such circumstances, vari-
ous cultural approaches are available that deploy enrich-
ment and selection media. Once a microorganism has been
isolated in pure culture, usually from a single colony grown
on an agar plate, then further characterisation may be
made by the application of microscopy together with some
relatively simple biochemical tests. Over the last 30years,
the biochemical characterisation of individual organisms
has become simplified by the introduction of rapid identi-
fication systems. In recent years, molecular approaches
have enabled identification of organisms without the need
to culture them.
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3.8.1 Culture Techniques

Conventional approaches to microbiological examination
of specimens require that they be cultured to assess the
total numbers of specific groups of microorganisms or to
determine the presence or absence of particular named
species. The majority of samples taken for examination
contain mixtures of different species, so simple plating on
to an agar surface may fail to detect an organism that is
present at <2% of the total viable population. Various
enrichment culture techniques may therefore be deployed
to detect trace numbers of particular pathogens, prior to
confirmatory identification.

3.8.1.1 Enumeration

The simplest way in which to enumerate the microorgan-
isms that contaminate an object or liquid sample is to
dilute that sample to varying degrees and inoculate the sur-
face of a predried nutrient agar with known volumes of
those dilutions (see Chapter 2). Individual viable bacteria
that are able to grow on the nutrients provided and under
the conditions of incubation will produce visible colonies
that can be counted and the numbers related back to the
original sample. Such counting procedures are often
lengthy and tedious; the number of colonies formed might
not relate to the viable number of cells, as clumps of cells
will only produce a single colony and they will only detect
a particular subset of the viable bacteria present in the
sample that can grow under the chosen conditions.
Accordingly, a variety of different media and cultural con-
ditions are deployed to enumerate different categories of
organism.

A number of techniques are currently being developed
in order to speed up the enumeration process, although
some of these rapid enumeration techniques indirectly
measure the most probable number of viable cells.

Enumeration Media

Enumeration media will only ever culture a subset of cells
towards which the medium and incubation conditions are
directed. Thus, simple salts media with relatively simple
sugars as carbon sources and trace levels of amino acids are
often used to enumerate bacteria associated with water (e.g.,
R2A medium). Such plates may be incubated under aerobic
or anaerobic conditions at a range of temperatures. Different
temperatures will select for different subsets of cells; there-
fore, any description of a viable bacterial count must specify
the incubation conditions. In medical microbiology, tem-
peratures akin to the human body are often deployed
because only those bacteria able to grow at such tempera-
tures are likely to cause infection. However, psychrophilic
Gram-negative bacteria (growing in water at 10°C) can be a

major source of bacterial pyrogen, so a variety of incubation
temperatures are often used in monitoring pharmaceutical
waters and products. Highly nutritious media, for example,
blood agar, are also used as enumeration media. This is par-
ticularly the case when looking for microorganisms such as
staphylococci that are usually found in association with ani-
mals and humans. Such agar plates may be deliberately
exposed to air (settle plates) and the number of colonies
formed related to the bacterial content of a room. In the
pharmaceutical industry, microbiological monitoring will
generally report the total aerobic count and, less commonly,
the total anaerobic counts obtained on a moderately rich
medium such as tryptone soya agar. Sometimes inhibitors
of bacterial growth (e.g., Rose Bengal) can be added to a
medium in order to select for moulds.

Rapid Enumeration Techniques

The detection and quantification of components of bacte-
rial cells are considerably faster than those approaches
requiring the growth of colonies, and estimates of total
viable cell number can thereby be obtained within minutes
rather than hours and days.

Some of the rapid methods that have been used for bacteria
and other microorganisms, for example, bioluminescence, epi-
fluorescence and impedance techniques, have been described
in Chapter 2, but there are other rapid methods that have
found more limited application; these will be considered
here. In the examination of pharmaceutical waters and aque-
ous pharmaceutical products, electronic particle counters,
for example, Coulter counters, can be used to determine bac-
terial concentration, although these instruments do not dis-
criminate between living and dead cells. Similar counters are
available that are able to analyse particles found in air. More
advanced imaging and counting techniques, such as those
employing fluorescence-activated cell sorters combined with
specific vitality stains, do offer the potential to differentiate
between viable and injured/dead bacteria and are being
developed for this purpose. Other rapid techniques aim to
detect microbial growth rather than to visualise individual
cells and colonies. As bacteria grow in liquid culture, they not
only alter the conductivity of the culture (see Chapter 2), but
also generate small quantities of heat. The time taken to
detect this heat can be directly related to the numbers of
viable cells present by means of microcalorimeters. The
metabolism of growing cultures can also be followed by man-
ometric techniques to measure oxygen consumption or car-
bon dioxide production. Once again these are considerable
improvements over conventional culture, but unlike particle
counting and bioluminescence can only detect those organ-
isms that are able to grow in the chosen medium.

None of the rapid techniques are able to isolate individual
organisms. They do not therefore aid in the characterisation
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or identification of the contaminants, although growth-
based techniques can employ liquid selective media (see
below) to give presumptive information.

3.8.1.2 Enrichment Culture

Enrichment cultures are intended to increase the domi-
nance of a numerically minor component of a mixed cul-
ture such that it can be readily detected on an agar plate.
Enrichment media are always liquid and are intended to
provide conditions that are favourable for the growth of the
desired organism and unfavourable for the growth of other
likely isolates. This can be achieved either through manipu-
lation of the pH and tonicity of the medium or by the inclu-
sion of chemicals that inhibit the growth of unwanted
species. Thus, MacConkey broth contains bile salts that will
inhibit the growth of non-enteric bacteria and may be used
to enrich for Enterobacteriaceae. Several serial passages
through enrichment broths may be made, and after enrich-
ment it is not possible to relate the numbers of organisms
detected back to that in the original sample.

3.8.1.3 Selective Media

Selective media are solidified enrichment broths, so again
they are intended to suppress the growth of particular
groups of bacteria and to allow the growth of others. The
methods of creating this situation are the same as for
enrichment broths. Thus, mannitol salt agar will favour the
growth of micrococci and staphylococci, and cetrimide
agar will favour the growth of pseudomonads. The use of
selective media is an adjunct to characterising the nature of
contaminants. Counts of colonies obtained on selective
solid media are often documented as presumptive counts,
so, for example, colonies formed on a MacConkey agar
(containing bile salts) might be cited as a presumptive coli-
form count.

3.8.1.4 Identification Media (Diagnostic)

Identification media contain nutrients and reagents that
indicate, usually through some form of colour formation,
the presence of particular organisms. This enables them
to be easily detected against a background of other spe-
cies. In this fashion, inclusion of lactose sugar and a pH
indicator into MacConkey agar facilitates the identifica-
tion of colonies of bacteria that can ferment lactose.
Fermentation leads to a reduction in pH within these
colonies and can be detected by an acid shift in the pH
indicator, usually to red. Lactose-fermenting coliforms,
for example, Escherichia spp. and Klebsiella spp., can
therefore be easily distinguished from non-fermentative
coliforms, such as Salmonella spp. and Shigella spp.
Similarly, the inclusion of egg-yolk lecithin into an agar
gives it a cloudy appearance that clears around colonies

of organisms that produce lecithinase (a virulence factor
in staphylococci). While there are numerous types of
selective and diagnostic media available, they can only be
used as a guide to identification, but microscopy and bio-
chemical or genetic characterisation are much more
definitive.

3.8.2 Microscopy

Observation of stained and wet preparations of clinical
specimens (blood, pus or sputum) and isolated pure cul-
tures of bacteria from the manufacturing environment pro-
vides rapid and essential information to guide further
identification. The application of simple stains such as the
Gram stain can divide the various genera of bacteria into
two convenient broad groups. The size and shapes of indi-
vidual cells and their arrangement into clusters, chains and
tetrads will also guide identification, as will specific stains
for the presence of endospores, capsules, flagella and inclu-
sion bodies. Examination of wet preparations can give an
indication as to the motility status of the isolate, and these
procedures all represent an important first stage in the
identification process.

3.8.3 Biochemical Testing and Rapid Identification

The differing ability of bacteria to ferment sugars, glyco-
sides and polyhydric alcohols is widely used to differentiate
the Enterobacteriaceae and in diagnostic bacteriology gen-
erally. Fermentation can be indicated by pH changes in the
medium with or without gas production visualised by the
collection of bubbles in inverted tubes. More specialised
media examine the ability of certain strains to oxidise or
reduce particular substrates. There are many hundreds of
individual biochemical tests available that each separately
seek the presence of a particular enzyme or physiological
activity. Taxonomic studies have led to the recognition that
certain of these tests in combination characterise particu-
lar species of bacteria. Various long-established manuals
such as Bergey’s Manual (Holt et al 1994) and Cowan and
Steel’s Manual for the Identification of Medically Important
Bacteria (Barrow and Feltham 2004) provide a logical and
sequential framework for the conduct of such tests.
Identification of particular species and genera by such pro-
cesses is time-consuming, expensive and may require
numerous media and reagents.

This process has become simplified in recent years by the
development of rapid identification methods and kits. The
latter often use multiwell microtitration plates that can be
inoculated in a single operation either with an inoculated
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wire or with a suspension of a pure culture. Each individ-
ual well contains the medium and reagents for the conduct
of a single biochemical test. Identification kits vary in their
complexity and also in the precision of the identification
made. Simple kits may perform only 8-15 tests, while more
complex ones are capable of performing 96 simultaneous
biochemical evaluations. Scoring of each test and entry
into a computer database then allows the pattern of test
results to be compared with a large panel of organisms and
a probability of identity calculated. As different sets of tests
will be required for different classes of bacteria, guidance
as to the initial choice of kit is given on the basis of the
Gram stain reaction, and the results of oxidase and catalase
tests performed directly on isolated colonies. In large diag-
nostic laboratories and in quality assurance laboratories,
automated systems are deployed that can inoculate, incu-
bate and analyse hundreds of individual samples at a time.

3.8.4 Molecular Approaches to Identification

The need to identify microorganisms rapidly has led to the
development of a number of molecular identification and
characterisation tools. Increasingly, these have become
routinely adopted in the analytical or diagnostic laboratory
and will continue to be so in the future. The last few years
have produced a revolution in the development of very sen-
sitive, rapid, automated and reliable molecular methods
used for identifying and differentiating for a variety of vari-
ous species. A wide range of genome-based methods, par-
ticularly those that are polymerase-chain-reaction-based
(for example, pulsed field gel electrophoresis, multilocus
sequence typing and extragenic palindromic deoxyribonu-
cleic acid sequencing), are useful in identifying bacteria
as a complementary or alternative tool to phenotypic

Table 3.3 Examples of some pharmaceutically useful bacteria.

methods. One technique (denaturing gradient gel electro-
phoresis; DGGE) isolates and amplifies 16S ribosomal
DNA, and, following sequencing of the bases, compares
this with known sequences held in a reference library. This
approach enables phylogenetic relationships to be derived
even for those bacteria that have not previously been iden-
tified. Other systems examine the patterns of key constitu-
ents of the cells such as fatty acids and assign identities
based on similarity matches to known reference cultures.

Molecular approaches can be especially useful when attempt-
ing to detect a particular species. Thus, gene probes carrying
fluorescent dyes can be used in hybridisation procedures with
the collected clinical material. Examination under the fluores-
cent microscope will show the targeted organism as fluorescent
against a background of non-fluorescent organisms.

3.8.5 Pharmaceutically and Medically
Relevant Microorganisms

Microorganisms of medical and pharmaceutical relevance
can be broadly classified into those organisms that are
harmful or problematic, and those that can be used to our
advantage. Some microorganisms, depending on the situa-
tion, can fall into both categories. Microorganisms cause
some of the most important diseases of humans and ani-
mals and they can also be found as major contaminants of
pharmaceutical products. On the other hand, many large-
scale industrial processes, for example, antibiotic produc-
tion, are based on microorganisms, and selected species
can be used to test disinfectant efficacy and to monitor ster-
ilisation procedures. Tables 3.3 and 3.4, respectively, list
examples of some of the more pharmaceutically relevant
beneficial and problematic microorganisms. Specific texts
should be referred to for more detailed descriptions.

Organism Characteristics

Pharmaceutical relevance

Actinomyces spp.

Bacillus atrophaeus (formerly Bacillus subtilis)
spore-former

Bacillus pumilus
spore-former

Gram-positive, filamentous rods

Gram-positive rod, aerobic,

Gram-positive rod, aerobic,

Antibiotic production

Used to validate and monitor dry heat
and ethylene oxide sterilisation processes

Used to validate and monitor radiation
sterilisation processes

Bordetella pertussis

Brevundimonas (formerly Pseudomonas)
diminuta
Clostridium sporogenes

Clostridium tetani

Corynebacterium diphtheriae

Gram-negative rod, aerobe

Gram-negative, microaerobic rod

Gram-positive rod, anaerobe,
spore-former

Gram-positive rod, anaerobe,
spore-former

Gram-positive rod, aerobe

Vaccine against whooping cough

0.22 pm filter challenge test
Used to confirm anaerobic growth
conditions

Vaccine against tetanus

Vaccine against diphtheria



Table 3.3 (Continued)

Organism

Characteristics

Pharmaceutical relevance

Escherichia coli

Geobacillus stearothermophilus (formerly

Bacillus stearothermophilus)

Haemophilus influenzae type b

Leuconostoc mesenteroides
Neisseria meningitidis

Pseudomonas aeruginosa

Proteus vulgaris

Salmonella enterica serovar Typhi

Staphylococcus aureus

Gram-negative enteric rod,
facultative anaerobe

Gram-positive rod, aerobic,
spore-former

Gram-negative rod, aerobe
Gram-positive rod

Gram-negative cocci, aerobic

Gram-negative, microaerobic rod

Gram-negative, aerobic rod

Gram-negative enteric rod,
facultative anaerobe

Gram-positive, facultative anaerobe,

catalase-positive cocci

Kelsey-Sykes disinfectant capacity test

Preservative limit test

Used to validate and monitor moist heat
sterilisation processes

Vaccine against Hib infections
Dextran production

Vaccine against meningitis C

Alginate production

Kelsey-Sykes disinfectant capacity test
Kelsey-Sykes disinfectant capacity test

Chick-Martin/Rideal-Walker
disinfectant coefficient test

Kelsey-Sykes disinfectant capacity test

Preservative limit test

Table 3.4 Examples of some pharmaceutically problematic bacteria.

Organism Characteristics Pharmaceutical relevance
Bacteroides fragilis Gram-negative enteric rod, anaerobe Wound infections

Bordetella pertussis Gram-negative rod, aerobe Causative agent of whooping cough
Campylobacter jejuni Gram-negative enteric spiral rod, Severe enteritis

Clostridium tetani
Corynebacterium diphtheriae
Escherichia coli

Haemophilus influenzae

Legionella pneumophila

Mpycobacterium tuberculosis

Pseudomonas aeruginosa

Salmonella spp.

Staphylococcus aureus

Staphylococcus epidermidis

Streptococcus spp.

microaerophilic

Gram-positive rod, anaerobe, spore-former
Gram-positive rod, aerobe

Gram-negative enteric rod, facultative anaerobe

Gram-negative rod, aerobe

Gram-negative rod, aerobic

Gram-positive, acid-fast rod, aerobe

Gram-negative, microaerobic rod

Gram-negative enteric rods, facultative
anaerobes

Gram-positive, facultative anaerobe,
catalase-positive cocci

Gram-positive, facultative anaerobe,
catalase-positive cocci

Gram-positive, catalase-negative cocci;
many are facultative anaerobes

Causative agent of tetanus
Causative agent of diphtheria
Food poisoning, severe enteritis

Causative agent of infantile meningitis and
chronic bronchitis

Causative agent of Legionnaires’ disease
Causative agent of tuberculosis

Disinfectant resistance

Intracellular pathogen

General environmental contaminant
Quintessential opportunist pathogen

High resistance to antibiotics and microbicides
Biofilm-former

Varying degrees of food poisoning, typhoid
fever

Skin contaminant

Food poisoning
Toxic shock syndrome
Pyogenic infections

Implanted medical device/prosthetic device
contaminant

Biofilm-former

Causative agents of tonsillitis and scarlet
fever
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4.1 What Are Fungi?

Yeast, such as brewers’ yeast, and moulds, such as
Penicillium chrysogenum which produces the antibiotic
penicillin, are classified as fungi. Yeast cells tend to grow as
single cells which reproduce asexually in a process
known as budding, although a minority of species (e.g.,
Schizosaccharomyces pombe) reproduce by fission. Many
yeast species are capable of sexual reproduction and the
formation of spores. By contrast, moulds (or filamentous
fungi) grow as masses of overlapping and interlinking
hyphal filaments (Figure 4.1) and reproduce by producing

masses of spores or conidia in a variety of structures. This
division between yeast and moulds based on growth
morphology is not clear-cut, since some yeast can produce
hyphae under specific conditions (e.g., Candida albicans),
while many normally filamentous fungi possess a yeast-
like phase at some point in their life cycle. Fungi are eukar-
yotic organisms, that is, their cells possess a nuclear
membrane surrounding the nucleus; consequently there
are many strong similarities between the biochemistry and
genetics of fungal cells and vertebrate (human) cells. This
partly explains why it can be difficult to kill pathogenic
fungi, since agents that are toxic to them can also be toxic

Hugo and Russell’s Pharmaceutical Microbiology, Ninth Edition. Edited by Brendan F. Gilmore and Stephen P. Denyer.
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to human cells. Fungi are widely distributed in nature,
occurring as part of the normal flora on the body of warm-
blooded animals, as decomposers of organic matter and as
animal and plant pathogens. Medically, fungi are an
extremely important group of microbes being responsible
for a number of superficial infections of the skin (e.g.,
athlete’s foot) and potentially fatal systemic diseases in
humans (Table 4.1). By contrast, however, a significant
number of fungi are of great benefit to humanity in terms
of the production of alcoholic beverages, bread, enzymes
and antibiotics (Table 4.2). Further, they have also been
utilised for a range of molecular biological applications
such as the production of recombinant proteins (e.g.,
glucagon and ecallantide).

Hyphal cell
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\\_Cytop[asmVacuoIes
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Figure 4.1 Septate hyphae of Aspergillus fumigatus.

4.2 Structure of the Fungal Cell

The typical yeast cell is oval in shape and is surrounded by
a rigid cell wall which contains a number of structural
polysaccharides and may account for up to 25% of the dry
weight of the cell wall (Figure 4.2). Glucan accounts for
50-60%, mannan for 15-23% and chitin for 1-9% of the dry
weight of the wall, respectively, with protein and lipids also
present in smaller amounts. The thickness of the cell wall
may vary during the lifetime of the cell; the average thick-
ness in the yeast C. albicans varies from 100-300nm.
Glucan, the main structural component of the fungal cell
wall, is a branched polymer of glucose which exists in three
forms in the cell, that is, p-1,6-glucan, $-1,3-glucan and
$-1,3-p-1,6-glucan complexed with chitin. Mannan is a
polymer of the sugar mannose and is found in the outer
layers of the cell wall. The third principal structural com-
ponent, chitin, is concentrated in bud scars which are areas
of the cell from which a bud has detached. Proteins and
lipids are also present in the cell wall and under some con-
ditions may represent up to 30% of the cell wall contents.
Mannoproteins form a fibrillar layer that radiates from an
internal skeletal layer which is in turn formed from the
polysaccharide component of the cell wall. The innermost
layer is rich in glucan and chitin, which provides rigidity to
the wall and is important in regulating cell division.

Table 4.1 Examples of fungal diseases and selected causative agents.

Type of mycosis Disease

Species name

Superficial
White piedra

Cutaneous

Pityriasis versicolor

Malassezia furfur

Trichosporon beigelii

Subcutaneous

Systemic

Opportunistic

Tinea pedis (athlete’s foot)
Onychomycosis (nail infection)
Tinea capitis (scalp ringworm)
Chromoblastomycosis
Mycetoma

Blastomycosis

Histoplasmosis
Coccidioidomycosis
Paracoccidioidomycosis

Candidosis (superficial/systemic)

Aspergillosis

Pneumonia

Trichophyton rubrum
Trichophyton rubrum
Trichophyton tonsurans
Fonsecaea pedrosoi
Acremonium spp.
Blastomyces dermatitidis
Histoplasma capsulatum

Coccidioides immitis

Paracoccidioides brasiliensis

Candida albicans
Candida glabrata
Candida parapsilosis
Aspergillus fumigatus

Pneumocystis carinii
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Table 4.2 Examples of economically important fungi.

Fungal species

Application

Filamentous fungi

Agaricus bisporus

Aspergillus, Penicillium spp.
Aspergillus spp. + Saccharomyces spp.
Fusarium graminearum

Penicillium chrysogenum

Penicillium notatum

Penicillium roqueforti

Yeast

Pichia spp.

Saccharomyces cerevisiae

Edible mushroom

Enzymes (catalase, lipase, amylase, etc.)
Sake (rice wine)

Single-cell protein

Penicillin production

Enzyme (glucose oxidase)

Cheese flavouring (Roqueforti ‘blue’ cheese)

Gene expression system

Bakers’ yeast — bread

Brewers’ yeast — beer, wine, cider, etc.

Enzyme (invertase)

Gene expression system

Dietary supplement

Figure 4.2 Diagrammatic representation of a

‘typical’ yeast fungal cell. 1 pum

Bud
vacuole

Enzymatic or mechanical removal of the cell wall leaves
an osmotically fragile protoplast which will burst if not
maintained in an osmotically stabilised environment.
Incubation of such protoplasts in an osmotically stabilised
agar growth medium will allow the re-synthesis of the wall
and the resumption of normal cellular functions. The abil-
ity to generate fungal protoplasts affords the possibility of
fusing protoplasts from distantly related fungi to generate
strains with novel biotechnological application.

The periplasmic space is a thin region that lies directly
below the cell wall. It contains secreted proteins that can-
not pass out through the wall and is thus the location for a
number of enzymes required for processing nutrients prior

Bud

Vacuole

Vacuolar granules

Mitochondrion

Cell wall

Vacuolar
membrane

Storage granules

Pore in nuclear
membrane T

Cell membrane
Bud scar

to their entry into the cell core. The cell membrane or
plasmalemma is located directly underneath the periplas-
mic space and is a phospholipid bilayer which contains
phospholipids, lipids, protein and sterols. The plasma-
lemma is approximately 10nm thick and, in addition to
being composed of phospholipids, also contains globular
proteins. The dominant sterol in fungal cell membranes
is ergosterol which is the target of the antifungal agent
amphotericin B. Sterols are important components of the
plasmalemma and create regions of rigidity within the flu-
idity provided by the phospholipid bilayer.

Most of the cell genome is concentrated in the nucleus;
this is surrounded by a nuclear membrane which contains
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pores to allow communication with the rest of the cell
(shown in Figure 4.2). The nucleus is a discrete organelle
and, in addition to being the repository of the DNA, also
contains proteins in the form of histones. Yeast chromo-
somes vary in size from 0.2 to 6 megabases (Mb) and the
number per yeast cell is also variable with Saccharomyces
cerevisiae having as many as 16, while the fission yeast
S. pombe has as few as 3. In addition to the genetic material
in the nucleus, the yeast cell often has extra-chromosomal
information in the form of plasmids. For example, a 2 pm
plasmid is present in S. cerevisiae, although its function
is unclear, and there are killer plasmids in the yeast
Kluyveromyces lactis which encode a toxin.

Actively respiring fungal cells possess distinct mitochon-
dria which serve as the ‘power-house’ of the cell.
The enzymes of the tricarboxylic acid cycle (Krebs cycle)
are located within the matrix of the mitochondrion, while
electron transport and oxidative phosphorylation occur in
the mitochondrial inner membrane. The outer membrane
contains enzymes involved in lipid biosynthesis. The mito-
chondrion is a semi-independent organelle possessing its
own DNA and capable also of producing proteins using its
own ribosomes which are referred to as mitoribosomes.

The typical fungal cell contains a vast number of
ribosomes which are usually present in the form of
polysomes - lines of ribosomes strung together by a strand
of mRNA. Ribosomes are the site of protein biosynthesis.
The system which mediates the export of proteins from the
cell involves a number of membranous compartments
including the Golgi apparatus, the endoplasmic reticulum
and the plasmalemma. In addition, the vacuole is employed
as a ‘storage space’ where nutrients, hydrolytic enzymes or
metabolic intermediates are retained until required.

4.3 Maedical Significance of Fungi

Fungi represent a significant group of pathogens capable
of causing a wide range of diseases in humans under spe-
cific conditions (see Table 4.2). While the majority of fungi
appear to be harmless, it is worth bearing in mind that a
normally non-pathogenic fungus can cause a clinically rel-
evant problem if the immune system is compromised as a
result of therapy (e.g., immune suppression for receipt of
an organ transplant) or disease (e.g., human immunodefi-
ciency virus [HIV] infection or cancer). In the case of pro-
found immunosuppression, the range of fungi that can
present as capable of inducing disease is considerable.

The most frequent fungal pathogens of humans can be
divided into three broad groups: yeasts, moulds and derma-
tophytes. The yeast C. albicans is the most frequently
encountered human fungal pathogen, being responsible

for a wide range of superficial and systemic infections.
The superficial infections include oropharyngeal and
genital candidosis, the former occurring predominantly in
HIV-positive individuals, geriatrics and premature infants,
and often arising when a weakened or immature immune
system is present. Genital candidosis is very common and
approximately 75% of women are affected by vulvovaginal
candidosis (VVC) at stages during their life with a further
5-12% suffering from recurring bouts of infection over a
prolonged period of time.

The mould Aspergillus fumigatus is the dominant fungal
pulmonary pathogen of humans and generally presents as
a problem in those with pre-existing lung disease or dam-
age. In addition to pulmonary infection, other sites may be
affected including the brain, kidneys and sinuses depend-
ing upon the level of immunocompromise suffered by the
individual. Groups particularly susceptible to colonisation
by Aspergillus species include those with cavities due to
tuberculosis, patients affected with asthma or cystic fibro-
sis and those with profound immunosuppression due to
leukaemia (neutropaenia). Aspergillosis presents as a seri-
ous problem in patients immunosuppressed in advance
of organ transplantation. Pulmonary infections caused by
Aspergillus spores released from hay and inhaled by farm
workers are recognised and sometimes referred to as
‘farmer’s lung’.

Dermatophyte is the term applied to a range of fungi
capable of colonising the skin, nails or hair. The principal
dermatophytic fungi are Trichophyton, Microsporum and
Epidermophyton species. The most commonly encoun-
tered dermatophytic infections are athlete’s foot (infection
of the foot) and ringworm (fungal infection of the scalp
or skin).

Fungi can produce toxic secondary metabolites known
as mycotoxins. These often have greatest health impact as
contaminants of fungally spoiled foodstuffs, particularly
poorly stored crops. Such toxins include: aflatoxins
(Aspergillus spp.), ochratoxin (Aspergillus and Penicillium
spp.), citrinin (Penicillium spp.) and patulin (Aspergillus
and Penicillium spp.). Although there is a theoretical pos-
sibility of such toxins arising from contaminated pharma-
ceuticals, there is no evidence that this has occurred (see
Chapter 17).

4.4 Antifungal Therapy

The choice and dose of an antifungal agent will depend
upon the nature of the condition, whether there are any
underlying diseases, the health of the patient and whether
antifungal resistance has been identified as compromising
therapy. Part of the difficulty in designing effective



antifungal agents lies in the fact that fungi are eukaryotic
organisms, so agents that will kill fungi may also have a
deleterious effect on human tissue. The ideal antifungal
drug should target a pathway or process specific to the fun-
gal cell (see Chapter 12), thereby reducing the possibility of
damaging tissue and inducing unwanted side effects. There
are four principal classes of antifungal agents in clinical
use today (see also Chapter 11).

4.4.1 Polyene Antifungals

Polyene antifungals are characterised by having a large
macrolide ring of carbon atoms closed by the formation of
an internal ester or lactone (Figure 4.3). In addition, poly-
enes have a large number of hydroxyl groups distributed

Figure 4.3 Structures of polyene (amphotericin B)
and azole (itraconazole, fluconazole, miconazole and
ketoconazole) antifungal agents.

4.4 Antifungal Therapy

along the macrolide ring on alternate carbon atoms. This
combination of highly polar and non-polar regions within
the molecule renders the polyenes amphipathic, that is,
having hydrophobic and hydrophilic regions in the one
molecule, which assists solubility in lipid membranes.

The principal polyenes are amphotericin B and nystatin.
Amphotericin B is produced by the bacterium Streptomyces
nodosus and its activity is due to the ability to bind ergos-
terol, which is the dominant sterol in fungal cell mem-
branes, and consequently increase membrane permeability
by the formation of pores (Figure 4.4). This action leads to
fungal cell injury and death by the loss of intracellular con-
tents through the pores. Amphotericin B is active against a
broad range of fungal pathogens and is considered the ‘gold
standard’ against which the activity of other antifungal
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Lanosterol

Site of action of azoles

ergosterol
precursors

Site of action of amphotericin B

agents is often compared. Amphotericin B can lead to renal
damage during prolonged antifungal therapy. Due to this
renal toxicity, the drug tends to be reserved for severe cases
of systemic fungal disease (e.g., invasive aspergillosis or
systemic candidosis); promisingly, recent formulations in
which the agent is encapsulated within liposomes have
been shown to be of reduced toxicity.

Nystatin was discovered in 1950 and exhibits the same
mode of action as amphotericin B, but tends to be of lower
solubility, which has restricted its use to the treatment of
topical infections. Although nystatin was effective for the
treatment of conditions such as oral and vaginal candido-
sis, its use has been overtaken by the introduction of azole
antifungal drugs.

Resistance to polyene antifungals is rare clinically, although
it can be induced experimentally in the laboratory by altering
the ergosterol content of the fungal cell membrane.

Accumulation of

Figure 4.4 Modes of action of polyene
(amphotericin B) and azole antifungal agents.

4.4.2 Azole Antifungals

The first generation of azole antifungals revolutionised the
treatment of mucosal and invasive fungal infections, and
azoles are still the most widely used group of antifungal
agents. The azole derivatives are classified as imidazoles
and triazoles on the basis of whether they have two or
three nitrogen atoms in the five-membered azole ring
(Figure 4.3). The azoles in routine clinical use are clotrima-
zole, miconazole, econazole and ketoconazole, while drugs
such as itraconazole, fluconazole and voriconazole are
finding important applications in the treatment of systemic
infections. Azoles function by interfering with ergosterol
biosynthesis by binding to the cytochrome-P450-mediated
enzyme known as 14a-demethylase (P450py). This blocks
the formation of ergosterol by preventing the demethylation
of lanosterol (a precursor of ergosterol) (Figure 4.4). This
results in a reduction in the amount of ergosterol in the



fungal cell membrane which leads to membrane instability,
growth inhibition and cell death. An additional conse-
quence of the block in ergosterol biosynthesis is the build-
up of toxic intermediates which can prove fatal to the cell.

Azoles exhibit a broad spectrum of activity in vitro
being capable of inhibiting the growth of most Candida,
Cryptococcus and Aspergillus species, and the dermato-
phytes. Miconazole was the first azole used to treat sys-
temic fungal infections, but demonstrated a number of
toxic side effects. Ketoconazole produced high serum con-
centrations upon oral administration but had poor activity
against aspergillosis. In addition, ketoconazole was associ-
ated with a range of side effects which limited its applica-
bility. Newer triazoles such as fluconazole and itraconazole
have increased the options for dealing with fungal infec-
tions. Fluconazole was introduced for clinical use in 1990,
is water soluble and shows good penetration and deposi-
tion into the pulmonary tissues, it also reaches high levels
in the cerebrospinal fluid and the peritoneal fluids.
Fluconazole has proved highly effective in the treatment of
infections caused by C. albicans but shows limited activity
against Aspergillus. Itraconazole, available for clinical use
in the late 1980s, was the first azole with proven efficacy
against Aspergillus. Itraconazole is effective in treating
severe Aspergillus infections and exhibits both fungicidal
and fungistatic effects. Upon ingestion, itraconazole under-
goes extensive hepatic metabolism which yields up to
30 metabolites, a number of which retain antifungal activ-
ity. Itraconazole is currently available as an intravenous
formulation and is widely used for the treatment of severe
Aspergillus infection in this form. Fluconazole and itracon-
azole demonstrate significantly reduced side effects com-
pared to ketoconazole. Novel azole drugs with increased
ability to inhibit the fungal 14a-demethylase are also
becoming available. These agents, which include voricona-
zole, posaconazole and ravuconazole, have a wider spec-
trum of activity than fluconazole and it has been suggested
that some of them show fungicidal effects to some species
(e.g., Aspergillus spp.). Voriconazole is one of the newest
second-generation triazole antifungal drugs and it shows
good activity against pulmonary aspergillosis and cerebral
aspergillosis.

The use of azoles in therapy is being increasingly com-
promised by the appearance of resistance, particularly
among yeasts of the genus Candida. Mutations in the erg3
gene disrupt the formation of ergosterol and lead to
increased accumulation of 14a-methylfecosterol which
can substitute for ergosterol in the fungal cell membrane,
thus conferring resistance. Mutation of the ergll gene
results in alterations in the structure of 14a-demethylase
and reduced binding by azoles, particularly fluconazole.
Overexpression of ergll leads to increased levels of

4.4 Antifungal Therapy

l4a-demethylase, meaning that insufficient amounts of
azole can accumulate in the cell to bind to all copies of the
enzyme. Cells express a number of different efflux pumps
(e.g., major facilitator super family [MFS] and the adeno-
sine triphosphate [ATP]-binding cassette super family)
which normally expel xenobiotics from the cell and main-
tain homeostasis. Elevated abundance of efflux pumps
in yeast cells can lead to expulsion of the antifungal
drug before toxic levels can be achieved. For example, in
Candida dubliniensis, increased expression of the
multidrug resistance mutation 1 (MDR1) efflux family con-
fers fluconazole resistance (Figure 4.5).

Clinical resistance to azole antifungal drugs is still very
uncommon in A. fumigatus, but recently a number of envi-
ronmental isolates have developed resistance to azoles,
particularly itraconazole. It appears that the widespread
use of triazole fungicides in agriculture to control the
growth of pathogenic fungi in plants may be selecting for
resistance in A. fumigatus populations which then have the
potential to infect patients.

4.4.3 Echinocandins

The echinocandins are a relatively new group of antifungal
agent and are semi-synthetic lipopeptides comprising a
cyclic hexapeptide core connected to a lateral fatty acid
chain. Three compounds from this group are currently
in use: caspofungin, micafungin and anidulafungin
(Figure 4.6). Unlike conventional antifungal therapy that
targets ergosterol or its synthesis, the echinocandins pre-
vent the synthesis of p-1,3-glucan, the major polymer of
the fungal cell wall. This wall is essential to the fungus as it
provides physical protection, maintains osmotic stability,
regulates cell shape, acts as a scaffold for proteins, medi-
ates cell-cell communication and is the site of a number of
enzymatic reactions. Glucan is synthesised by p-1,3-glucan
synthase which is composed of two subunits; echinocan-
dins prevent the formation of this enzyme complex and
thus B-1,3-glucan synthesis is prevented. Inhibition of
B-1,3-glucan synthesis disrupts the structure of the grow-
ing cell wall, resulting in osmotic instability and ballooning-
out of the intracellular contents as a result of high internal
osmotic pressure leading, at high drug concentrations, to
cell lysis.

Caspofungin has demonstrated in vitro antifungal activ-
ity against various filamentous fungi and yeasts. It has
activity against different Aspergillus species including
A. fumigatus, A. flavus, A. niger and A. terreus, but is con-
sidered to be more fungistatic than fungicidal. Conversely,
caspofungin is particularly fungicidal against a range
of Candida species including species that are resistant
(e.g, C. krusei) or isolates that are less susceptible
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Figure 4.5 Mechanism of resistance to azole drugs commonly exhibited in Candida albicans: (a) ergosterol biosynthesis is catalysed
by lanosterol 14a-demethylase (cytochrome); (b) azoles (e.g., fluconazole) inhibit the activity of 14a-demethylase leading to a
build-up of toxic by-products in the cell and a reduction in the amount of ergosterol in the membrane; (c) overexpression of genes
coding for 14a-demethylase leads to an abundance of the enzyme to which fluconazole binds; (d) alterations at the active site of the
enzyme prevent the azoles binding; (e) increased abundance of transmembrane efflux pumps prevents toxic concentrations of drug

being achieved in the cell.

(e.g., C. dubliniensis and C. glabrata) to azoles, or resistant
to amphotericin B. Caspofungin shows little or no activity
against a range of fungi including Cryptococcus neofor-
mans, Fusarium spp. and Histoplasma capsulatum.

The fungal cell wall represents an attractive target and
the echinocandins have proven to be a safer alternative
to conventional antifungal therapies (i.e., polyenes and
azoles). Echinocandins display a unique mode of action
which results in defects in cell wall morphology and
osmotic instability. As the cell wall is an essential compo-
nent for stability and ultimately virulence, the targeting of
the wall by echinocandins results in the efficient destruc-
tion of the fungal cell. Resistance to echinocandins is rarely
encountered, but those cases that have been recorded have
usually involved strains of C. glabrata that also show resist-
ance to azoles. To avoid future problems with resistance,
research will need to clarify the precise interactions of the

echinocandins with the target enzyme, and fully examine
the cell’s complex response to this agent.

4.4.4 Synthetic Antifungal Agents

Flucytosine is a synthetic fluorinated pyrimidine which
has been used as an oral antifungal agent and demonstrates
good activity against a range of yeast species and moderate
levels of activity against Aspergillus species. Two modes of
action have been proposed for flucytosine. One involves
the disruption of protein synthesis by the inhibition of
DNA synthesis, while the other possible mode of action is
the depletion of amino acid pools within the cell as a result
of inhibition of protein synthesis. In general, yeast cells
increase in size when exposed to levels of flucytosine lower
than the minimum inhibitory concentration (MIC) and
display alterations in their surface morphology, both of
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Figure 4.6 Structure of echinocandins.

which can be interpreted as a result of an imbalance in the
control of cellular growth. Many fungi are inherently
resistant to flucytosine or develop resistance after a rela-
tively short exposure, and resistance has been attributed to
alteration in the enzyme (cytosine deaminase) required to
process flucytosine once inside the cell or to an elevation in
the amount of pyrimidine synthesis. The problem of resist-
ance has limited the use of flucytosine so that now it is gen-
erally used in combination with another antifungal agent
(e.g., amphotericin B) where it can potentiate the effect of
the second agent.

Functionalised allylamines (e.g., terbinafine and nafti-
fine) inhibit the action of squalene epoxidase, an enzyme
important for the conversion of squalene to squalene-2,3-
epoxide which is an intermediate in the ergosterol synthe-
sis pathway; a build-up of intracellular squalene can prove
toxic for the fungal cell. Allylamines bind effectively to the
stratum corneum because of their lipophilic nature and are
therefore useful in the topical treatment of dermatophyte
infections. Terbinafine, given orally, is the drug of choice
for fungal nail infections.

4.5 Medically Important Fungal
Pathogens of Humans

4.5.1 Candida albicans

The yeast C. albicans is an opportunistic fungal pathogen
which can be present as a normal part of the body’s micro-
flora. C. albicans can induce a variety of superficial

4.5 Medically Important Fungal Pathogens of Humans

Figure 4.7 Oral candidosis. Note growth of yeast colonies
(white plaque) on surface of tongue.

infections including oral and genital candidosis (often
referred to as ‘thrush’) (Figure 4.7) and a range of systemic
infections which can be difficult to diagnose, hard to treat
and are frequently fatal. Systemic infection often leads to
colonisation of the kidney, spleen and brain. Infection of
the gastrointestinal tract is frequently seen in diabetics,
cancer patients and people with acquired immunodefi-
ciency syndrome (AIDS); the oesophagus is a common
infection site, rendering swallowing difficult. The urinary
tract can also be a site of candidosis which may be due to
renal infection, other underlying disease(s) or cystitis. The
presence of an indwelling urinary catheter may also predis-
pose to Candida infection.

A range of factors are capable of pre-disposing the
individual to superficial or systemic Candida infections.
Factors which impair the host’s immune system such as
the presence of underlying disease (AIDS, cancer, diabetes,
etc.), the use of immunosuppressive therapy during organ
transplantation and broad-spectrum antibiotic therapy can
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leave the individual susceptible to candidosis. Other fac-
tors that may predispose to Candida infection include the
presence of indwelling catheters and skin damage as a
result of burns or other trauma.

C. albicans displays a variety of virulence factors which
aid colonisation and persistence in the body. One of the
most important of these factors is the ability to adhere to
host tissue using a variety of mechanisms (Figure 4.8). The
importance of adherence may be illustrated by the ability
of C. albicans to attach to various mucosal surfaces and to
withstand forces which might lead to its removal from the
body, such as the bathing/washing action of body fluids. A
hierarchy exists among Candida species indicating that the
more common etiological agents of candidosis (C. albicans
and Candida tropicalis) are more adherent to host tissue
in vitro than relatively non-pathogenic species such as
C. krusei and Candida guilliermondii.

Adherence to host tissue is achieved through a combination
of specific and non-specific mechanisms. Specific adher-
ence mechanisms include ligand-receptor interactions,
while non-specific mechanisms include electrostatic
forces, aggregation and cell surface hydrophobicity.

Figure 4.8 Cells of C. albicans (arrows) adhering to a human
buccal epithelial cell. Y, yeast cells; H, hyphal cells.

a) _ (b)

Figure 4.9

(a) Blastospores and (b) hyphae of Candida albicans.

Non-specific interactions, which occur over longer dis-
tances, are the primary mechanism involved in the initial
adherence process and are reversible. Non-specific adher-
ence subsequently becomes irreversible, however, as
shorter-range specific interactions come into play that
involve the ability of the yeast to recognise a variety of host
cell receptors/ligands wusing cell-surface molecules.
Adherence to host tissue gives C. albicans the ability to
form biofilms (see Chapter 8) which protect the yeast from
the host’s immune response and form a focal point for dis-
semination throughout the body.

C. albicans can exist in two morphologically distinct
forms: budding blastospores or hyphae (Figure 4.9a,b). The
yeast can switch between each form and is usually encoun-
tered in tissue samples in both morphological forms
(Figure 4.10). The hyphae are capable of thigmotropism
(contact sensing) which may assist in finding the line of
least resistance between and through layers of cells in tis-
sue. C. albicans produces a range of extracellular enzymes
which facilitate adherence and/or tissue penetration.
Phospholipase A, B, C and lysophospholipase may func-
tion to damage host cell membranes and facilitate invasion.
C. albicans produces a range of acid proteinases which
have been shown to aid adherence and invasion but which
also play an important role in the degradation of the immu-
noglobulins IgG and IgA. There are now known to be at
least 10 members of the secreted aspartic proteinase (SAP)
family and these have a low pH optimum which may assist
in the colonisation of the vagina. Haemolysin production
by C. albicans has also been documented and seems to be
important in allowing the yeast to access iron released
from ruptured red blood cells. An important immune eva-
sion tactic of C. albicans is the ability to bind to platelets via
fibrinogen-binding ligands which results in the fungal cell
being surrounded by a cluster of platelets.

C. albicans is capable of giving rise to a variety of inter-
convertible phenotypes which can be considered as




Figure 4.10 Growth morphologies of Candida
albicans: (A) budding morphology; (B) hyphal

formation; (C) germ-tube formation leading to
hyphal formation; (D) pseudohyphal formation.

providing an extra dimension to the existing virulence fac-
tors associated with this yeast. A number of switching sys-
tems have been identified and phenotypic switching may
have evolved to compensate for the lack of variation
achieved in other organisms that utilise sexual reproduc-
tion. Phenotypic switching allows the yeast to exploit
micro-niches in the body and alters a variety of factors
(e.g., antifungal drug resistance, adherence and extracellu-
lar enzyme production) in addition to the actual phenotype
and so may be considered as the ‘dominant’ or ‘controlling’
virulence factor.

In terms of tissue colonisation and invasion, adherence is
the initial step in the process. Once the yeast has adhered,
enzymes (phospholipase and proteinase) can facilitate fur-
ther adherence by damaging or degrading cell membranes
and extracellular proteins. Hyphae may be produced and
penetrate layers of cells using thigmotropism to find the line
of least resistance. The passage through cells is undoubtedly
aided by the production of extracellular enzymes. Once
endothelial cells are reached, enzymes may assist in the
degradation of tissue and allow the yeast to enter the host’s
blood stream where phenotypic switching or coating with
platelets may be used to evade the immune system. While in
the blood stream, the haemolysin may function to lyse blood
cells and release iron which is essential for growth. Escape
from the blood stream involves adherence to the walls of
capillaries and passage across the wall.

4.5.2 Aspergillus fumigatus

A. fumigatus is a saprophytic fungus which is widely dis-
tributed in nature where it is frequently encountered grow-
ing on decaying vegetation and damp surfaces (Figure 4.11).
A. fumigatus can present as an opportunistic pathogen of
humans and is the commonest etiological agent of
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pulmonary aspergillosis, being responsible for 80-90% of
cases. While the incidence of disease due to Aspergillus
species is less than that due to Candida, aspergillosis
results in a greater mortality.

A. fumigatus produces a number of extracellular enzymes
which facilitate growth in the lung and dissemination
through the body. Phospholipase production has been
shown in clinical isolates of this fungus with optimal pro-
duction occurring at 37 °C. This enzyme plays a crucial role
in tissue degradation and may facilitate exit of the fungus
from the lung into the blood stream. Fungal proteases are
responsible for tissue degradation and neutralisation of the
immune system and probably evolved to allow the fungus
to degrade animal and plant material. Elastin constitutes
almost 30% of lung tissue and many A. fumigatus isolates
display elastinolytic activity, while isolates incapable of
elastinase production display reduced virulence in mice.
A. fumigatus produces two elastinases: a serine protease
and a metalloproteinase. Apart from their direct role in tis-
sue degradation, A. fumigatus proteases (in particular the
serine protease) may also function as allergens which may
be important in the induction and persistence of allergic
aspergillosis. Local inflammation due to the presence of
proteases results in airway damage and in vitro studies
have shown that proteases are capable of inducing epithe-
lial cell detachment from basement membranes. Such des-
quamation may partly explain the extent of damage seen in
the lungs of asthmatic and cystic fibrosis patients affected
with allergic aspergillosis. In addition, proteases induce
the release of the proinflammatory IL-6 and IL-8 cytokines
in cell lines derived from airway epithelial cells which may
induce a mucosal inflammatory response and subsequent
damage to the surrounding tissue.

The production and secretion of toxins into surrounding
tissues by the proliferating fungus is regarded as an
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(a) (b)

Figure 4.11

important virulence attribute and may facilitate fungal
growth in the lung. Gliotoxin is the main toxin produced by
A. fumigatus, others include helvolic acid, fumigatin and
fumagillin. It is believed that toxins play a significant role
in facilitating the colonisation of the lung by the fungus,
since they can act to retard elements of the local immunity
(e.g., gliotoxin inhibits the action of neutrophils).
Significantly, Aspergillus species that do not produce toxins
to the same extent as A. fumigatus isolates are rarely seen in
clinical cases.

4.5.3 Histoplasma capsulatum

H. capsulatum is a dimorphic fungus which is the cause of
histoplasmosis, the most prevalent fungal pulmonary
infection in the USA. Histoplasmosis is common among
AIDS patients but is also found among infants and elderly
people living in endemic areas who may be susceptible to
infection due to impaired immune function. The mortality
rate among infants exposed to a large dose of H. capsula-
tum may be 40-50%. H. capsulatum grows in the mycelial
form in soil, while in tissue it is encountered as round bud-
ding cells. Its natural habitat is soil that has been enriched
with the droppings of bats or birds, and disturbance of
such soil by natural (e.g., wind) or human (e.g., agricul-
ture) activities releases large numbers of airborne spores
that upon inhalation can establish pulmonary infection in
individuals or in populations distant from the original
source of spores.

Upon inhalation of H. capsulatum, pulmonary mac-
rophages engulf the yeast cells and provide a protected envi-
ronment for that yeast to multiply and disseminate from the
lungs to other tissues. The ability to survive within the hos-
tile environment offered by the macrophage is the key to the
success of H. capsulatum as a pathogen. Normal individuals
who inhale a large number of H. capsulatum spores can
develop a non-specific flu-like illness associated with fever,

(a) Conidiophore and (b) germinating conidia after incubation of Aspergillus fumigatus at 37 °C.

chills, headache and chest pains after a 3-week incubation
period that resolves without treatment. Chronic pulmonary
histoplasmosis is seen in men in the 45-55-year age group
who may have been exposed to low levels of spores over a
long period of time. The condition is progressive, and leads
to a loss of lung function and death if untreated.

4.5.4 Cryptococcus neoformans

C. neoformans is an encapsulated yeast that is most fre-
quently associated with infection in immunocompromised
patients particularly those with AIDS where meningitis is
the most common clinical manifestation. C. neoformans is
a facultative intracellular pathogen that is capable of sur-
viving and replicating within macrophages and withstand-
ing the lytic activity within these cells. In order to survive
within macrophages, C. neoformans appears to accumulate
polysaccharides within a cytoplasmic vesicle. As part of its
survival strategy, C. neoformans also produces melanin,
which has the ability to bind and protect against microbi-
cidal peptides. In addition, melaninisation may allow the
cell to withstand the effects of harmful hydroxyl radicals
and so survive in hostile environments. The capsule of
C. neoformans is a virulence factor in that it protects the
cell from the immune response, and capsular material
(glucuronoxylomannans) induces the shedding of host cell
adherence molecules required for the migration of host
inflammatory cells to the site of infection, thus explaining
the reduced inflammatory response to this yeast.

In immunocompromised patients, pulmonary infection
can lead to disseminated forms of the disease where the
eyes, skin, and bones become infected. Cryptococcal men-
ingitis is particularly associated with AIDS patients where
it is a major cause of death. While cryptococcosis may be
controlled by antifungal therapy, in AIDS patients there
is a danger of relapse unless that therapy is constantly
maintained.



4.5.5 Dermatophytes

The dermatophytes are a group of keratinophilic fungi
which can metabolise keratin, the principal protein in skin,
nails and hair (Figure 4.12a,b). Tinea capitis is defined as
the infection of the hair and scalp with a dermatophyte,
usually Microsporum canis or Trichophyton violaceum. In
Europe and North Africa, T. violaceum may be responsible
for approximately 60% of cases of tinea capitis. This condi-
tion is characterised by a mild scaling and loss of hair and,
in some cases, it may be contagious. Tinea corporis is char-
acterised by infection of the skin of the trunk, leg and arms
with a dermatophyte and is usually caused by Trichophyton
spp., Microsporum spp. or Epidermophyton floccosum.
Lesions are itchy, dry and show scaling. Typically, lesions
retain a circular morphology and the condition is often
referred to as ‘ringworm’. Tinea cruris is seen where the
skin of the groin is infected with a dermatophytic fungus,
usually E. floccosum or Trichophyton rubrum. This condi-
tion is highly contagious via fomites (towels, sheets, etc.)
and up to 25% of patients show recurrence following anti-
fungal therapy. Tinea pedis presents as a dermatophyte
infection of the feet; it is very common and easily con-
tracted. The principal fungi responsible for this condition
are T. rubrum and E. floccosum and the sites of infection
may include the webs of the toes, the sides of the feet or the
soles of the feet. Tinea manuum is a fungal infection of the
hands and can be caused by a range of fungi most notably
Trichophyton mentagrophytes. Infection is often seen in
association with eczema and can result from transmission
of fungi from another infected body site. Tinea unguium
is defined as infection of the fingernails or toenails and is
often described as onychomycosis which includes

(a) (b)
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infections due to a range of other fungi, bacteria and nail
damage associated with certain disease states (e.g.,
psoriasis).

4.6 Emerging Fungal Pathogens

In recent years, a number of fungal species previously
regarded as non-pathogenic have emerged as causes of
disease in certain groups of patients (e.g., HIV-positive
patients, cancer patients and transplant patients). While a
number of these fungal species may have been causing dis-
ease previously, their emergence as significant pathogens
is a cause of great concern. Undoubtedly, the ability to keep
immunocompromised patients alive for long periods is
providing a set of novel niches for fungi, as is the introduc-
tion of novel drugs and therapies. This section will focus on
a number of emerging fungal pathogens and demonstrates
how the availability of novel opportunities has facilitated
the appearance of this group of fungal pathogens.

4.6.1 Saccharomyces cerevisiae

The yeast Saccharomyces cerevisiae is widely distributed in
nature and has been used for millennia in the production
of bread and alcoholic beverages, and can be consumed
directly as a dietary supplement. Traditionally, it is better
known as brewer’s or baker’s yeast. Due to the ease with
which it can be genetically and biochemically manipu-
lated, it is probably the most studied and best characterised
organism on the planet. Recently, a considerable number
of reports have implicated this yeast as a cause of disease in
immunocompromised patients but also in those with no

Figure 4.12 Dermatophytic infections. (a) Hyphae of Microsporum canis and (b) a dermatophytic infection of the skin.
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apparent predisposing conditions. As a result, S. cerevisiae
is no longer regarded as a GRAS (‘generally regarded as
safe’) organism, but is now classified as a Biosafety Level 1
pathogen indicating that it can cause superficial or mild
systemic infections in certain instances. This change of sta-
tus has serious implications for industries using this yeast
and indicates that, in cases of impairment of the immune
system, what was once regarded as a harmless yeast is
capable of causing life-threatening illness.

S. cerevisiae has been implicated in a number of superfi-
cial and systemic cases of disease and often in patients who
have no apparent predisposing illness. In the majority of
cases, it has been found in association with other microbes,
but in a significant number of instances it was identified as
the sole pathogen. It has been identified as a cause of vul-
vovaginitis in women, being responsible for up to 5% of
cases, and is responsible for pneumonia and widespread
dissemination in AIDS patients. Other conditions attrib-
uted to this yeast include septicaemia, postoperative perito-
nitis and the induction of fever and coughs in transplant
patients. In one instance, a bone marrow transplant (BMT)
patient taking a self-prescribed course of brewer’s yeast
tablets developed a fever, cough and chest pains. S. cerevi-
siae was isolated from the lung and identified as the source
of the infection. In relation to BMT patients, the contami-
nation of food with S. cerevisiae is now regarded as a poten-
tial source of infection.

Isolates of S. cerevisiae that have been associated with
disease display a number of attributes that facilitate their
persistence and dissemination in the host. Clinical isolates
show the ability to grow at 42°C, which is significantly
greater than the upper temperature range for brewing yeast.
This ability is regarded as important, since febrile patients
can reach this temperature and it is therefore advantageous
for a pathogenic microorganism to survive at this elevated
temperature. Pathogenic isolates are capable of producing a
number of extracellular enzymes such as acid proteinases
and phospholipases which play a role in modulating the
immune system’s response to infection and allow the degra-
dation of cell membranes, respectively. Isolates also demon-
strate the ability to grow in a pseudohyphal form which may
assist in the penetration of tissue. Brewing strains of S. cere-
visiae are known to flocculate at the end of the fermentation
process and this phenomenon is also seen in pathogenic iso-
lates where it plays a role in obstructing capillaries, particu-
larly in the brain, with concomitant damage to surrounding
tissue. Pathogenic isolates adhere to epithelial tissue via a
proteinaceous adhesin which is critical to the survival of the
yeast in areas where it could be washed away by the action
of swallowing as in the mouth. Potentially, the most impor-
tant attribute of virulent isolates is their ability to alter their
phenotype. In clinical isolates of S. cerevisiae, this ability

contributes to the yeast’s persistence in the body where, in
complement factor 5 mice, isolates were capable of persist-
ing in the brain for up to 7 days without being cleared.

Conventional therapy for superficial or systemic
S. cerevisiae infection relies upon the use of azoles or poly-
enes. Interestingly, clinical isolates demonstrate a high
level of resistance to fluconazole which has been regarded
as the first choice for the treatment of C. albicans-induced
superficial candidosis in HIV-positive individuals. While
the mechanism that confers resistance to fluconazole in
S. cerevisiae is still poorly characterised, it is thought to be
mediated via a multidrug efflux pump which would remove
the drug from the cell before it can act.

4.6.2 Non-albicans Candida Species

The rather cumbersome term ‘non-albicans Candida
species’ covers a range of Candida species that have emerged
as significant human pathogens in recent years. The princi-
pal species are C. dubliniensis, C. krusei, C. glabrata and
recently Candida auris, although it must be emphasised that
other Candida species may be problematic in specific situa-
tions. All the emerging Candida species share a number of
common characteristics, that is, they were either unknown
or regarded as inconsequential pathogens until recently and
their emergence as significant causes of disease has occurred
by exploiting a series of novel niches produced either as a
result of therapy or disease.

C. dubliniensis was first identified in 1995 in samples
taken from HIV-positive patients suffering from oropharyn-
geal candidosis. Upon streaking samples on CHROMagar
plates, C. albicans appeared green but the newly discovered
C. dubliniensis produced colonies displaying a different
shade of green. The yeast is similar to C. albicans in many
ways but displays different carbohydrate assimilation and
DNA restriction patterns. This yeast has been identified in
HIV-positive and -negative populations from many parts of
the world and is now the dominant cause of oral candidosis
in the former group. The discovery of C. dubliniensis dem-
onstrates that the provision of a novel niche allows previ-
ously unrecognised pathogens to emerge and outcompete
the perceived dominant pathogen.

C. krusei was regarded as a harmless, transient commen-
sal being commonly found in the environment (on fruit)
and on the human body, but now it is regarded as a signifi-
cant cause of disease in HIV-positive patients, diabetics and
cancer patients (both solid tumour and leukaemia where it
is capable of colonising the gastrointestinal, respiratory and
urinary tracts). In terms of virulence attributes, C. krusei
demonstrates a reduced ability to adhere to epithelial cells
compared to C. albicans, although it does display a high cell-
surface hydrophobicity which allows it stick to and colonise



catheters and implants. Its main virulence attribute is the
high level of inherent resistance to fluconazole. Upon the
introduction of this drug in 1990 to treat oropharyngeal can-
didosis in AIDS patients and systemic candidosis in trans-
plant patients, there was a reduction in the number of cases
of disease caused by C. albicans. However, the elimination
of this yeast may have facilitated the emergence of C. krusei
as the dominant fungal pathogen in certain classes of patient

C. glabrata has emerged in recent years as a serious cause
of disease in neutropaenic cancer patients and has been
responsible for mortality rates of 5-38% in some surveys. It
appears to be a particular problem in the late stages of hae-
matological malignancies where mortality rates of 70-100%
have been described. The incidence of C. glabrata infection
has increased in recent years, and it is now the fourth most
commonly isolated Candida species and this increase may
be attributable, in part at least, to an alteration in local epi-
demiology. Since C. glabrata is common among leukaemia
patients and bone marrow recipients, a range of other risk
factors such as prolonged hospitalisation, use of cytotoxic
drugs and catheterisation may also play a role in its preva-
lence. C. glabrata is recognised as being a yeast of relatively
low virulence, but its emergence as a serious pathogen has
been attributed to it being partially resistant to fluconazole.
In addition, other factors that may have contributed to its
appearance as a serious pathogen have been identified as
azole prophylaxis which eliminates C. albicans but not
C. glabrata or C. krusei and local factors such as the use of
broad-spectrum antibiotics or vascular catheters or the
presence of neutropaenia as part of the disease state.

C. auris was first classified as an emerging pathogen in
June 2016, but retrospective studies have suggested infec-
tions due to this yeast go back as far as 2009. This yeast is
capable of inducing superficial and systemic infection and
is a particular problem in intensive care units where
person-to-person spread occurs. It can produce a mortality
rate of 60% and isolates show a high level of resistance to
fluconazole and, in some cases, amphotericin B.

4.6.3 Penicillium marneffei

Until recently, Penicillium marneffei was regarded as a very
rare and inconsequential cause of disease in humans. Now,
however, it is considered the most frequent cause of fungal
disease in AIDS patients who reside in, or have visited,
South-East Asia. The principal areas of infection are Thailand
and southern China, although cases have been reported from
Malaysia, Taiwan, Japan and Hong Kong. While the nature
of the infection in humans is well-characterised, the natural
habitat or reservoir of this fungus is still unknown, although
it may be soil or decaying vegetation. P. marneffei is an asex-
ual, dimorphic fungus growing as a mycelium at 37°C in

4.7 Antibiotic Production by Fungi

tissue and as single cells at 28 °C. It reproduces by a process
known as fission. In the yeast form of growth, it can be
difficult to distinguish microscopically from H. capsulatum
and C. neoformans, so monoclonal antibody-based assays
specific for the detection of mannoproteins associated with
P. marneffei have been developed. Polymerase chain reaction
(PCR) fingerprinting is also used to identify P. marneffei and
to distinguish between infecting strains.

Infection in humans follows inhalation of fungal material,
and in AIDS patients dissemination throughout the body can
result. Pulmonary involvement is often seen particularly in
AIDS patients, but the conditions most associated with infec-
tion are fever, weight loss, anaemia, skin lesions and liver
and spleen inflammation. The condition is fatal if untreated
with antifungal drugs. While the condition responds well to
in AIDS patients and continuing antifungal therapy may be
required. Due to the immunocompromised nature of AIDS
patients, other infections such as tuberculosis and pneumo-
nia are often seen alongside P. marneffei infection.

4.7 Antibiotic Production by Fungi

Perhaps one of the most important discoveries regarding the
beneficial use of fungi for humans was the identification in
1929 by Sir Alexander Fleming that an isolate of Penicillium
notatum produced a substance capable of killing Gram-
positive bacteria. This compound was subsequently identi-
fied as penicillin and was the first member of the p-lactam
class of antibiotics to be discovered (Figure 4.13a). Other
members of this class include the cephalosporins, the pen-
ems and the carbapenems (see Chapter 11). These com-
pounds function by inhibiting peptidoglycan synthesis in
bacteria and their use has helped reduce the significance of
the Gram-positive bacteria as a cause of infection. Subsequent
to the identification of penicillin production by P. notatum, a
screen revealed that P. chrysogenum was a superior producer.
Following a series of mutagenic and selection procedures,
the strain used in conventional fermentations is now capable
of producing penicillin at a rate of 7000mgl” compared to
the 3mgl™ of Fleming’s P. notatum isolate. A typical penicil-
lin fermentation yields three types of penicillin, namely, F, G
and V. The latter can be used directly; however, penicillin G
is modified by the action of penicillin acylase to give a variety
of semi-synthetic penicillins which show resistance to the
action of bacterial penicillinases which are implicated in
conferring antibacterial drug resistance.

Other clinically useful antimicrobial compounds produced
by fungi include fusidic acid (Figure 4.13b), which is pro-
duced by Fusarium coccineum and is used in the treatment of
bacterial infections of the skin and eyes, and griseofulvin
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Figure 4.13 Chemical structure of antimicrobial compounds
produced by fungi: (a) penicillin; (b) fusidic acid; (c) griseofulvin.
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5.1 Introduction

Viruses were first discovered at the end of the nineteenth
century, although the symptoms they cause were identified
much earlier. One of the earliest pieces of evidence is the
symptoms of poliomyelitis in an Egyptian priest depicted
on a hieroglyph. Virus discovery came about when the
cause of an infectious disease (rabies) could not be
explained by the presence of bacteria. Unlike bacteria, the
‘infectious materials’ were not retained by filtration and
thus viruses were then referred to as ‘filterable agents’ or
‘filterable viruses’ (the term ‘virus’ was adopted from the
Latin word for poison). Until the advent of electron micros-
copy in the 1940s, only the chemical nature of viruses (i.e.,
proteins and nucleic acid) could be identified and their
infectivity was mainly studied in animal models. The
observation of a virus by electron microscopy and the
development of cell tissue culture started the golden era of
virology. Since then, a large number of viruses have been
isolated, their structure identified and their replication
understood, leading to the design of potent antiviral drugs
and effective vaccines. Progress in virology over the last
50years has been considerable, leading to the eradication
of smallpox following a worldwide vaccination programme,
and the likely future eradication of poliovirus, which cur-
rently remains in circulation in the wild only in two coun-
tries, Afghanistan and Pakistan. For the first time in human
history, an infectious disease (smallpox) has been van-
quished. Despite such an achievement, much progress is
still required to combat other viruses. For example, despite
large financial investment and high-profile studies, a cure
or vaccine for human immunodeficiency virus (HIV) is still
not available, although the use of modern antiretroviral
therapy (ART) allows for efficient control of infection,
keeping the virus load at undetectable levels and thus sig-
nificantly increasing the life expectancy of HIV-positive
individuals and preventing the transmission of the virus
during sexual contacts. The results of latest studies in stem
cell therapy and genome editing indicate that complete
eradication of HIV from the body of an infected individual
is technically possible, but it is difficult to predict when
(and if) these approaches will be introduced into clinical
practice. The number of commercially available antivirals
continues to grow, although it is still limited, especially
when compared to the number of antibiotics. Within the
last few years, diseases caused by viruses in humans and
animals have reminded us that viral infections can easily
spread and cause epidemics and pandemics. Recent exam-
ples are ‘swine flu’ and ‘avian flu’, both caused by influenza
viruses, epidemics caused by Ebola and a number of arbo-
viruses, including Zika, West Nile and dengue viruses, and
outbreaks of foot and mouth virus affecting cattle, sheep

and pigs that had important economic consequences in the
UK and mainland Europe. In May 2022, a monkeypox out-
break started from a cluster of infections in the United
Kingdom and spread internationally.

One of the most worrying recent developments is the
emergence of coronaviruses as a new global public health
threat. In the past two decades, three novel coronaviruses
have emerged and caused outbreaks in different parts of
the world: severe acute respiratory syndrome coronavirus
(SARS-CoV) in 2002, Middle East respiratory syndrome-
related coronavirus (MERS-CoV) in 2012, and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019.
This latter outbreak has resulted in the global pandemic of
coronavirus disease 2019 (COVID-19). Recognising that
these novel coronaviruses are of zoonotic origin, it is likely
that another major outbreak will happen in the foreseeable
future. In this regard, global warming alters the distribu-
tion ranges of some viral vectors, such as mosquitoes and
ticks. Furthermore, the accelerating rates of growth of the
world population and associated economic activities
(including human encroachment into natural ecosystems
and increasing interconnectivity through globalisation)
have created the optimal conditions for cross-species trans-
mission. Reducing global biodiversity due to climate
change could further exacerbate the problem by increasing
the number of competent hosts for a virus. It is now becom-
ing clear that successful prevention and management of
such emerging zoonotic viral diseases are only possible
through the holistic ‘One Health’ approach, which takes
interconnections between human, animal and environ-
mental health into consideration. This further emphasises
the critical importance of better knowledge and under-
standing of the ecology, biology and epidemiology of differ-
ent viruses and the available and potential preventive and
therapeutic approaches to viral infections.

5.2 General Structure of Viruses

Viruses are extremely diverse in size and in structure
(Figure 5.1). The smallest known virus is approximately
17nm in size (porcine circovirus 1), while the largest is
1500 nm (Pithovirus sibericum). In simplistic terms, a virus
consists of viral nucleic acid within a protein core, the cap-
sid (also referred to as the coat), possibly surrounded by a
lipidic envelope (Table 5.1). In reality, there are many differ-
ences between viruses in terms of nucleic acid, capsid
structure, number of coats and envelope composition.
Such differences account for the high diversity of viruses
and the differences in their properties, notably their resist-
ance to antiviral drugs and viricidal agents. Latest research
suggests that viruses are polyphyletic, that is, have no
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Figure 5.1 The morphology of a variety of virus particles. The large circle indicates the relative size of a Staphylococcus bacterial cell.

single evolutionary origin and have developed indepen-
dently several times during evolutionary history. This
makes viral classification (Figure 5.2) extremely compli-
cated and no general methodology for classification of
viruses is commonly accepted at the moment. The decision
to assign a certain virus to a specific taxon is made by the
International Committee on Taxonomy of Viruses (ICTV)
mainly based on the information derived from the genomic
sequences of viruses, complemented with many additional
physical attributes and chemical properties of viral parti-
cles, including, for example, their overall structure and
morphology. The complete up-to-date taxonomy of viruses
can be found in the latest ICTV Report on Virus
Classification and Taxon Nomenclature.

5.2.1 Viral Nucleic Acid

The viral genome is composed of either DNA or RNA. It
can be double-stranded (ds) or single-stranded (ss), linear
(e.g., poliovirus) or circular (e.g., hepatitis B virus),
containing several segments (e.g., influenza A virus - eight

segments of negative-sense single-stranded RNA) or one
molecule (e.g., poliovirus). Seven groups can be distin-
guished depending on their nucleic acid content
(Table 5.2) - this system is known as the Baltimore classifi-
cation. Viruses that contain positive-sense ssSRNA (e.g.,
poliovirus) can have their genome translated directly by
the host ribosomes. The nature of the viral nucleic acid is
important for the effectiveness of antiviral treatments (see
below). For example, to replicate within the host cell retro-
viruses such as HIV require a specific virus-encoded
enzyme, a reverse transcriptase, to convert their sSRNA
into ssDNA. This enzyme is a primary target site of many
antiviral drugs.

On some occasions, the viral genome itself has been
shown to be infectious, that is, to cause an infection. Such
an observation is important when one considers viricidal
agents that damage the viral capsid or envelope but not the
viral nucleic acid. Furthermore, in laboratory conditions,
the phenomenon of multiplicity reactivation has been
observed with poliovirus whereby random damage to viral
capsid and nucleic acid following treatment with
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Table 5.1 Structure and clinical importance of mammalian viruses, including emerging ones.

Family

Genus

Virus

Characteristics

Clinical importance

DNA viruses

Poxviridae

Adenoviridae

Herpesviridae

Orthopoxvirus

Mastadenovirus

Simplexvirus

Varicellovirus

Variola

Monkeypox virus (MPX)

Vaccinia

Various human
adenoviruses (HAdV) in
seven species (A to G)

Herpes simplex virus 1
(HSV-1); formally known
as human
alphaherpesvirus 1
(HHV-1)

Herpes simplex virus 2
(HSV-2); formally known
as human
alphaherpesvirus 2
(HHV-2)

Varicella zoster virus

(VZV); formally known as

human alphaherpesvirus
3 (HHV-3)

Large particles
200-250nm;
complex symmetry

Large complex enveloped
virus, similar in size and
morphology to other
orthopoxviruses

Large complex enveloped
virus, approximately
360nm in length and
250nm in diameter

Icosahedral particles
80nm in diameter

Enveloped, icosahedral
particles 150 nm in
diameter

Enveloped, icosahedral
particles 150nm in
diameter

Variola is the smallpox virus; it
produces a systemic infection
with a characteristic vesicular
rash affecting the face, arms and
legs, and has a high mortality rate

Causes a systemic infection
accompanied by enlarged lymph
nodes and a characteristic
vesicular rash similar in
manifestation to smallpox; cases
are normally milder, but the
infection can be fatal, especially
in individuals with weakened
immune system. Two major
clades (I and II) are in circulation,
with clade I causing more severe
disease

Vaccinia has been derived from
the cowpox virus and has been
used to immunise against
smallpox. It also offers protection
against viruses related to
smallpox (such as monkeypox
virus). A vaccine based on a
modified vaccinia virus (Ankara
strain) was approved for the
prevention of monkeypox in 2019

Commonly cause upper
respiratory tract infections; tend
to produce latent infections in
tonsils and adenoids; will produce
tumours on injection into
hamsters, rats or mice.
Adenovirus serotype 14 is known
to cause severe and potentially
fatal respiratory infections

HSV-1 infects oral membranes in
children; >80% are infected by
adolescence. Following the
primary infection, the individual
retains the HSV-1 DNA in the
trigeminal nerve ganglion for life
and has a 50% chance of
developing ‘cold sores’. HSV-2 is
responsible for recurrent genital
herpes

Causes chickenpox in children;
virus remains dormant in any
dorsal root ganglion of the CNS;
release of immune control in
elderly people stimulates
reactivation resulting in shingles
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Family

Genus

Virus

Characteristics

Clinical importance

Hepadnaviridae

Papillomaviridae

Polyomaviridae

Cytomegalovirus

Rhadinovirus

Lymphocryptovirus

Orthohepadnavirus

Multiple genera

Alphapolyomavirus

Human cytomegalovirus
(HCMV or simply CMV);

formally known as human

betaherpesvirus 5
(HHV-5)

Kaposi’s sarcoma-
associated herpesvirus
(KSHV); formally
known as human
gammaherpesvirus

8 (HHV-8)

Epstein-Barr virus (EBV);
formally known as human

gammaherpesvirus
4 (HHV-4)

Hepatitis B virus (HBV)

Human
papillomaviruses
(HPV)

Merkel cell
polyomavirus (MCV);

formally known as human

polyomavirus 5

Enveloped, icosahedral
particles 150nm in
diameter

Enveloped, icosahedral
particles 150nm in
diameter

Enveloped, icosahedral
particles 150nm in
diameter

Spherical enveloped

particle 42nm in diameter

enclosing an inner
icosahedral 27nm
nucleocapsid

Naked icosahedral
particles 50nm in
diameter

Naked icosahedral
particles 50nm in
diameter

CMV is generally acquired in
childhood as a subclinical
infection. About 50% of adults
carry the virus in a dormant state
in white blood cells. The virus can
cause severe disease (pneumonia,
hepatitis, and encephalitis) in
immunocompromised patients.
Primary infections during
pregnancy can induce serious
congenital abnormalities in the
foetus. Latent CMV infection may
result in certain forms of cancer

Causes Kaposi’s sarcoma, a type
of cancer affecting skin and
lymph nodes. The skin lesions are
of characteristic purple colour.
Opportunistic HHV-8 infections
are common in people with AIDS

Infections occur by salivary
exchange. In young children they
are commonly asymptomatic, but
the virus persists in a latent form
in lymphocytes. Infection delayed
until adolescence often results in
glandular fever. In tropical Africa,
a severe EBV infection early in
life predisposes the child to
malignant facial tumours
(Burkitt’s lymphoma)

The cause of hepatitis B, a
dangerous liver infection. In areas
such as South-East Asia and
Africa, most children are infected
by prenatal transmission. In the
Western world, the virus is spread
through contact with
contaminated blood or by sexual
intercourse. There is strong
evidence that chronic infections
with HBV can progress to liver
cancer (hepatocarcinoma)

Multiply only in epithelial cells of
skin and mucous membranes
causing warts. There is strong
evidence that some types are
associated with cervical cancer
and certain other genital cancers.
Human papillomavirus 16 and 18
account for 70% of cervical cancer
cases. HPV vaccines are available

Oncogenic virus, causes Merkel
cell carcinoma, a rare skin cancer

(Continued)
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Family Genus Virus Characteristics Clinical importance
Betapolyomavirus BK virus (human Naked icosahedral BK virus causes polyomavirus-
polyomavirus 1) particles 50nm in associated nephropathy and
JC virus (human diameter haemorrhagic cystitis. JC virus is
polyomavirus 2) associated with progressive
multifocal leukoencephalopathy
(PML), a rare but severe disease
of the brain; up to 50% of PML
cases are fatal
Parvoviridae Erythroparvovirus Human parvovirus B19 Small (22-24nm in This virus causes ‘fifth disease’
diameter), non-enveloped (erythema infectiosum); the
particles with icosahedral infection is typically contracted
symmetry during childhood. Although the
disease generally manifests as a
mild rash and resolves within a
few days without complications,
in rare cases infections might be
more dangerous. In pregnant
women, parvovirus B19 infections
might infrequently lead to
miscarriage
Dependoparvovirus ~ Adeno-associated Small (20-24nm in Adeno-associated viruses infect
(also classified asa  dependoparvovirus A diameter), non-enveloped humans, but do not cause any
subviral agent — (also known as AAV-1to  particles with icosahedral  diseases and elicit very weak
satellite virus; see AAV-4) symmetry immune response. These
Sections 5.8 Adeno-associated properties make AAVs attractive
and 5.10) dependoparvovirus B vector platforms for gene therapy
(AAV-5)
RNA viruses
Orthomyxoviridae Alphainfluenzavirus Influenza A virus Enveloped particles, These viruses are capable of
Betainfluenzavirus  Influenza B virus 100nm in diameter with a  extensive antigenic variation,
helically symmetric producing new types against which
capsid; haemagglutinin the human population does not
and neuraminidase spikes have effective immunity. These
project from the envelope; new antigenic types can cause
genome consists of 8 pandemics of influenza. In natural
—ssRNA linear fragments, infections, the virus only multiplies
encapsidated by in the cells lining the upper
nucleoprotein respiratory tract. The constitutional
symptoms of influenza are
probably brought about by
absorption of toxic breakdown
products from the dying cells on
the respiratory epithelium
Paramyxoviridae  Orthorubulavirus Mumps virus (MuV) Enveloped particles Infection in children produces
variable in size, 110- characteristic swelling of parotid
170nm in diameter, with ~ and submaxillary salivary glands.
helical capsids The disease can have neurological
complications, for example,
meningitis, especially in adults.
In rare cases, MuV infection may
lead to reduced male fertility
Morbillivirus Measles virus (MeV) Enveloped particles Very common childhood fever;
variable in size, 120- immunity is lifelong and second
250nm in diameter, helical attacks are very rare. The virus is
capsids very infectious
Henipavirus Nipah virus Spherical enveloped Infects pigs, bats and humans.

particles, around 150 nm
in diameter, helical
capsids

Causes fevers, headaches and
cough; 40-75% of infected people
die. Infections in animals are not
normally fatal. Considered an
emerging infectious disease of
zoonotic origin
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Family Genus

Virus

Characteristics

Clinical importance

Rhabdoviridae Lyssavirus

Reoviridae Rotavirus

Enterovirus

Picornaviridae

Hepatovirus

Matonaviridae Rubivirus

Rabies virus (RabV)

Rotavirus A
Rotavirus B
Rotavirus C

Poliovirus (PV) is one of
three serotypes of human
enterovirus C (PV-1, PV-2
or PV-3)

Various human
rhinoviruses

Hepatitis A virus (HAV)

Rubella virus (RuV)

Bullet-shaped particles,
75-180nm, enveloped,
helical capsids

The virion has a triple
capsid structure - the
inner core is surrounded
by two additional
concentric icosahedral
shells producing particles
80nm in diameter; the
genome is segmented and
consists of 11 linear
dsRNA segments

Naked icosahedral
particles 28 nm in
diameter

Naked icosahedra 30nm in
diameter

Naked icosahedra 27 nm in
diameter

Spherical particles 70nm
in diameter; a tightly
adherent envelope
surrounds an icosahedral
capsid

The virus has a very wide host
range, infecting all mammals so
far tested; dogs, cats and cattle are
particularly susceptible. The
incubation period of rabies is
extremely varied, ranging from
6 days up to 1 year. The virus
remains localised at the wound
site of entry for a while before
passing along nerve fibres to the
central nervous system, where it
invariably produces a fatal
encephalitis

A very common cause of
gastroenteritis in infants, with
Rotavirus A responsible for more
than 90% of cases. It is spread
through poor water supplies and
when standards of general
hygiene are low (faecal-oral
transmission). In developing
countries, it is responsible for
about a million deaths each year

One of a group of enteroviruses
common in the gut of humans.
The primary site of multiplication
is the lymphoid tissue of the
alimentary tract. Only rarely do
they cause systemic infections or
serious neurological conditions
such as encephalitis or
poliomyelitis

The common cold viruses,
causing around 50% of cases;
there are over 100 antigenically
distinct types, hence the difficulty
in preparing effective vaccines.
The virus is shed copiously in
watery nasal secretions

Responsible for ‘infectious
hepatitis’, an inflammation
causing damage to the liver. The
virus is spread by the oral-faecal
route especially in children. Also
associated with sewage
contamination of food or water
supplies

Causes rubella (German measles)
in children, mainly manifesting
as a spotty rash. An infection
contracted in the early stages of
pregnancy can induce severe
multiple congenital
abnormalities, for example,
deafness, blindness, heart disease
and mental retardation

(Continued)
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Table 5.1 (Continued)

Virus

Characteristics

Clinical importance

Yellow fever virus (YFV)

Zika virus (ZIKV)

Dengue virus (DENV)

Japanese encephalitis

Spherical particles 50nm
in diameter with an inner
core surrounded by an
adherent lipid envelope

Spherical particles 50nm
in diameter with an inner
core surrounded by an
adherent lipid envelope

Spherical particles 50nm
in diameter with an inner
core surrounded by an
adherent lipid envelope

Spherical particles 50nm

The virus is spread to humans by
mosquito bites; the liver is the
main target; necrosis of
hepatocytes leads to jaundice and
fever, with a mortality rate up

to 90%

The virus is spread to humans by
mosquito bites; the initial
infection is either asymptomatic
or mild and generic (e.g., fever,
joint pain, and headache).
Mother-to-child transmission
during pregnancy can result in
microcephaly or other brain
development abnormalities in the
foetus. Zika virus infections are
also found to be implicated in the
rare Guillain-Barré syndrome
(GBS), a rapidly developing
autoimmune disease causing
muscle weakness, including the
muscles of the respiratory system

Causes dengue fever. A specific
skin rash is a characteristic sign
of the disease. DENV is
widespread in South America and
South Asia, infecting almost

400 million people in the world
every year; the fatality rate in
severe cases, characterised by
haemorrhage and hypotension,
can be up to 2.5%

The majority of infections are

virus (JEV) in diameter with an inner asymptomatic or mildly
core surrounded by an symptomatic. In approximately
adherent lipid envelope 0.4% of cases it causes Japanese
encephalitis, a severe
inflammation of the brain,
resulting in neurological damage
and fatality rates of up to 30%
Hepatitis C virus (HCV)  Spherical particles 60nm  The virus is spread through blood
in diameter consisting of  transfusions and blood products.
an inner core surrounded Induces a hepatitis which is
by an adherent lipid usually milder than that caused
envelope by HBV. Infection might result in
hepatocarcinoma
Ebola virus Long filamentous rods The virus is widespread among

composed of a lipid
envelope surrounding a
helical nucleocapsid
1000nm long, 80nm in
diameter

populations of monkeys. It can be
spread to humans by contact with
body fluids from the primates.
The resulting haemorrhagic fever
has a 90% case fatality rate
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Table 5.1 (Continued)
Family Genus Virus Characteristics Clinical importance
Retroviridae Deltaretrovirus Human T-cell leukaemia  Spherical enveloped virus HTLYV is spread inside
virus (HTLV-1) 100nm in diameter; infected lymphocytes in
icosahedral cores contain  blood, semen or breast milk. Most
two copies of linear RNA  infections remain asymptomatic
molecules and reverse but after an incubation period of
transcriptase 10-40years in about 2% of cases,
adult T-cell leukaemia can result
Lentivirus Human Differs from other HIV is transmitted from person to
immunodeficiency virus 1 retroviruses in that the person via blood or genital
(HIV-1) core is cone-shaped rather secretions. The principal target
Human than icosahedral for the virus is the CD4"
immunodeficiency virus 2 T-lymphocyte cells. Depletion
(HIV-2) of these cells induces
immunodeficiency
Unassigned Deltavirus Hepeatitis delta virus An RNA-containing virus  The presence of the satellite HDV
(subviral (HDV) that can only replicate in ~ exacerbates the pathogenic effects
agent — satellite cells co-infected with HBV. of HBV producing severe
virus; see Nucleocapsid is formed by hepatitis

Section 5.10)

Coronaviridae

Caliciviridae

Pneumoviridae

Hantaviridae

Betacoronavirus

Norovirus

Orthopneumovirus

Orthohantavirus

Severe acute respiratory
syndrome-related
coronavirus
(SARS-CoV)

Middle East respiratory
syndrome-related
coronavirus
(MERS-CoV)

Severe acute respiratory
syndrome-related
coronavirus 2
(SARS-CoV-2)

Norovirus (also referred to
as the Norwalk virus)

Human respiratory
syncytial virus (RSV)

Human hantaviruses

HDV antigen, but the lipid
envelope of HDV is
decorated by HBV proteins

Large roughly spherical
(average diameter 125nm)
enveloped particles with
bulbous surface
projections

Small (23-40nm diameter)
non-enveloped icosahedral
RNA virus

Enveloped, spherical
particles (average diameter
150 nm); helical capsid

Enveloped, spherical
particles (average diameter
100 nm); helical capsid;
genome consists of 3
—ssRNA linear segments

Causes respiratory tract diseases
ranging from the common cold
(approximately 25% of cases) to a
much more serious and
potentially fatal severe acute
respiratory syndrome (SARS,
MERS and COVID-19 pandemic)

Called the ‘winter vomiting
bug’, norovirus is the

most common cause of
gastroenteritis characterised
by sudden onset of severe
vomiting and diarrhoea

Causes respiratory tract
diseases, responsible for

about 70% of bronchiolitis cases
in infants

Depending on the virus, can
cause one of two fatal diseases:
hantavirus haemorrhagic

fever with renal syndrome
(HFRS) or hantavirus pulmonary
syndrome (HPS)

(Continued)
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Table 5.1 (Continued)

Family Genus Virus Characteristics Clinical importance
Arenaviridae Arenavirus Lassa mammarenavirus  Enveloped, spherical Causes Lassa fever. The virus is
(LASV) particles (average diameter endemic to rodents of several
150 nm); helical capsid; West African countries.
genome consists of 2 Transmission to humans can
—ssRNA linear segments  occur through contact with
household items and food
contaminated by rat faeces or
urine. The disease is
asymptomatic in 80% of cases,
but in about 1 in 5 results in
severe disease, affecting internal
organs (such as the liver, kidneys,
and spleen). About 15% of those
with severe clinical manifestation
of Lassa fever die
Hepeviridae Orthohepevirus Hepatitis E virus Quasi-enveloped (the The virus is spread through
envelope is not always contaminated water and food
present) icosahedral products. Induces a hepatitis
particles about 33nm which might be fatal in pregnant
diameter women and
immunocompromised individuals
Togaviridae Alphavirus Chikungunya virus Enveloped, spherical viral ~ Spread by mosquitoes,

particles 65-70nm in the symptoms of the

diameter; capsid infection include fever and

icosahedral joint pains. Fatality rate is
about 0.1%

CNS, central nervous system; SARS, severe acute respiratory syndrome; MERS, Middle East respiratory syndrome; COVID-19, coronavirus

disease 2019.

hypochlorite, a microbicide intensively used for surface
disinfection, resulted in complementary reconstruction of
an infectious particle by hybridisation of the gene pool of
the inactivated virus. This again underlines the necessity of
rendering the viral nucleic acid non-infectious following a
viricidal treatment.

5.2.2 Viral Capsid

The function of the capsid is to protect the viral nucleic
acid from detrimental chemical and physical conditions
(e.g., disinfection). The capsid is composed of a number of
proteinaceous subunits named capsomeres genetically
encoded by the viral genome. The nature and association
of the capsomeres are fundamental for the virus, as they
give the shape of the capsid, but also provide the virus with
resistance to chemical and physical agents. The assembly
of the capsomeres results in two main different architec-
tural styles - icosahedral and helical symmetries
(Figure 5.3); in mammalian viruses, a more complex struc-
ture can be found, where several proteinaceous structures

envelop the viral genome core (e.g., poxviruses and rhab-
doviruses). The majority of bacterial viruses (bacterio-
phages) also show a complex structure consisting of a
capsid head, a tail and tail fibres (see Section 5.9.1). The
nature of the capsomeres in certain viruses allows for the
self-assembly of the capsid within the host cell. The cap-
someres are held together by non-covalent intermolecular
forces. Such assembly also allows the release of the viral
genome following dissociation of the non-covalently
bonded subunits. These subunits offer considerable econ-
omy of genetic information within the viral genome, since
only a small number of different subunits contribute to the
formation of the capsid. Viruses with an icosahedral capsid
usually have capsomeres in the form of pentons and hex-
ons. The number of these subunits varies considerably
between viruses: for example, adenovirus is constructed
from 240 hexons and 12 pentons, whereas the poliovirus is
composed of 20 hexons and 12 pentons, forming a much
smaller structure. Viruses with a helical capsid (e.g., influ-
enza and mumps viruses) have their subunits symmetri-
cally packed in a helical array, appearing like coils of



Primary characteristic
Genome sequence similarity to known viruses

Genome properties

* Nucleic acid (DNA/RNA)

* Number of strands (single/double)
* Molecular weight of nucleic acid
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* Capsid topology (icosahedral, helical, complex)
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 Lipid envelope present/absent

* Coat proteins, spikes

Biological properties

* Host (humans, animals, plants, fungi, bacteria)
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* Infection manifestation
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—

5.2 General Structure of Viruses

Viral family

Figure 5.2 Classification of viruses. Some of the main attributes used in classification are listed. Each viral family is defined by a
specific combination of these and other traits. Genome sequence similarity of the newly described viruses to the already classified

ones serves as the principal classification characteristic.

wound rope under electron microscopy. Although the core
of such a virus is hollow, the viral nucleic acid is embedded
into ridges on the inside of each subunit and does not fill
the hollow core. Such a close association between viral
nucleic acid and capsid proteins can explain the damage
caused to the nucleic acid following disaggregation of the
capsid after chemical or physical treatments.

5.2.3 Viral Envelope

The viral capsid can be surrounded by a lipidic envelope,
which originates from the host cell. The envelope is
added during the replication process or following exci-
sion of the viral progeny from the host cells. The enve-
lope can come from the host cell nuclear membrane
(e.g., herpes simplex virus [HSV]), endoplasmic
reticulum-Golgi intermediate compartment (e.g., coro-
naviruses) or the cytoplasmic membrane (e.g., influenza
virus). One characteristic of the viral envelope is that
host proteins are excluded, but proteins encoded by the
viral genome are present. These viral proteins play an
important serological role. Enveloped viruses are

generally considered to be the most susceptible to chem-
ical and physical conditions and do not survive well on
their own outside the host cell (e.g., on surfaces),
although they can persist longer in organic matter (e.g.,
blood, exudates, and faeces). Lipids in viruses are gener-
ally phospholipids from the host envelope, although gly-
colipids, neutral fats, fatty acids, fatty aldehydes and
cholesterol can be found. In some cases, lipids can also
facilitate the entry of the virus into the host cell.

5.2.4 Viral Envelope-associated Proteins

In addition to these structures, viral proteins and glycopro-
teins can be found protruding from the viral capsid or
embedded in the envelope, either individually or as multi-
meric units. These structures are known as peplomers or
spikes and usually serve as viral receptors. They are impor-
tant for viral infectivity, as they recognise the host cell
receptor site conveying viral specificity. Certain peplomers
may have enzymatic activity, such as the neuraminidase of
influenza viruses. In bacteriophages, these structures can
take the shape of tail fibres.
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Table 5.2 Examples of types of nucleic acid in human and bacterial viruses.

Group Nucleic acid Family Example
I dsDNA Herpesviridae, Poxviridae, Herpes simplex virus,
Papillomaviridae, Adenoviridae, cytomegalovirus, poxvirus, papilloma
Polyomaviridae virus, adenovirus, JC virus
Mpyoviridae, Siphoviridae, Enterobacteria bacteriophages T4, A
Podoviridae and P22
1I ssDNA Parvoviridae, Anelloviridae Human parvovirus B19, human
torque teno viruses
Inoviridae, Microviridae Filamentous bacteriophages,
including M13, phiX174
111 dsRNA Reoviridae Rotaviruses
Cystoviridae Pseudomonas virus phi6
v +ssRNA with mRNA Picornaviridae, Coronaviridae, Poliovirus, hepatitis A virus,
identical in base sequence Flaviviridae rhinovirus, SARS-CoV-2, Zika virus
to virion RNA Leviviridae Bacteriophages MS2, Qf
A% —ssRNA with mRNA Orthomyxoviridae, Influenza, paramyxovirus, measles,
complementary in base Paramyxoviridae, Filoviridae, mumps, Ebola virus, RSV
sequence to virion RNA Pneumoviridae
VI +ssRNA with DNA Retroviridae HIV, HTLV-1
intermediate in their growth
VII dsDNA with RNA Hepadnaviridae* HBV

intermediate in their growth

# Hepadnaviridae genome contains partially dsDNA and partially ssDNA, with a capped ssRNA oligomer attached to the 5’ end of one of the

DNA strands.
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Figure 5.3

An icosahedral virus
particle composed of
252 capsomeres

240 being hexons and
12 being pentons

A helical virus partially
disrupted to show the
helical coil of viral
nucleic acid embedded
in the capsomeres

Icosahedral and helical symmetry in viruses.

5.3 Virus—-Host Cell Interactions

Viruses need to interact with a host cell, as they cannot
reproduce on their own. They have no metabolism and
cannot synthesise their own proteins, lipids or nucleic
acids. Thus, viruses can be considered as true obligate
intracellular parasites that grow within living cells and use
their energy and synthetic machinery to produce viral com-
ponents. The production and egress of viruses from the
host cell will result in cell death, although this might not be
immediate. Following the replication of one virus within
the host cell, hundreds of new viruses (virus progeny or
virions) can be released and infect adjacent cells (within a
tissue). The propagation from one infected cell to new cells,
and the subsequent destruction of tissue or cells, provides
signs of the viral disease. If viruses enter the bloodstream
or the lymphatic system, they will be distributed through-
out the whole body, causing systemic infection.

On the basis of host specificity, three major viral groups
can be distinguished: (i) viruses of bacteria, also known as
bacteriophages, (ii) viruses of archaea and (iii) eukaryotic
viruses. Eukaryotic viruses are a large and diverse group,
which consists of viruses infecting eukaryotic



microorganisms, plants, fungi, animals (including inverte-
brates) and humans. Viruses are usually very specific and
rarely cross species barriers, although there are some
exceptions, such as rabies, influenza and certain coronavi-
ruses (e.g., SARS-CoV, MERS-CoV) that can cause diseases
in both animals and humans. Viruses can also be asympto-
matic in certain hosts where they do not cause an infection;
the host becomes a reservoir and can transmit the virus to
a susceptible recipient (e.g., transmission of yellow fever
virus to humans by mosquitoes).

Viruses can interact with the host cell in five different
ways: (i) multiplication of the virus and destruction of the
host cell upon release of the viral progeny, (ii) multiplica-
tion of the virus and release of the virions without the
immediate destruction of the host cell, (iii) survival of
the virus in a latent stage without noticeable changes to the
infected cell, (iv) survival of the infected cell in a dramati-
cally altered or transformed state (e.g., transformation of a
normal cell to one having the properties of a cancerous
cell) and (v) incorporation of the viral nucleic acid in the
host cell genome without noticeable changes to the infected
cell. The interaction with the host cell will vary between
viruses, but will generally follow one of these five routes.

There is a great diversity in viral infections and viral dis-
eases. Many viral infections are asymptomatic or ‘silent’
whereby the virus replicates within the host but does not
produce symptoms of a disease. Other common infections
produce some mild symptoms, such as a low-grade fever and
a ‘runny nose’. This is the case of the common cold, caused
by rhinoviruses, from which patients make a full recovery
within a few days. At the other end of the spectrum, some
viruses kill their host very quickly following infection, as in
the case of haemorrhagic viruses such as the Ebola virus. On
other occasions, a range of symptoms can be observed in dif-
ferent hosts. This has been the case recently with ‘swine flu’
caused by a new strain of HIN1 influenza virus A, which
produced a range of symptoms, from a slight fever to full
influenza including a high fever, vomiting, and dizziness.
Another recent example of such varying interactions are the
effects caused by SARS-CoV-2 infection: while the majority
of infected persons will develop some symptoms of the dis-
ease, about 20-30% of infections will not cause any noticea-
ble illness and will progress and resolve asymptomatically.
Other problematic viruses might not cause immediate
symptoms, but following the systematic destruction of host
cells will lead to an incurable disease, for example, HIV and
oncogenic (tumour) viruses.

5.3.1 Coronaviruses

Coronaviruses, including SARS-CoV-2, the agent responsi-
ble for the COVID-19 pandemic, are enveloped, spherical

5.3 Virus—Host Cell Interactions

+ssRNA viruses about 120nm in diameter. The surface of
the viral particle is decorated by spikes consisting of the
spike glycoprotein (S) trimers. Once SARS-CoV-2 enters the
alveoli, principally through inhalation, it binds to cellular
angiotensin-converting enzyme-2 (ACE-2) receptors present
on the surface of type II alveolar cells. This initiates the pro-
cess of endocytosis. Two other proteins present on the host
cell surface, the serine proteases furin and TMPRSS2 (trans-
membrane serine protease type 2), are essential for initial
proteolytic cleavage and processing of the virus’ spike pro-
tein, making the fusion of the endosomal and viral envelope
membranes possible. This releases the genomic positive-
stranded viral RNA into the cytoplasm, where it is first
directly translated into a number of polyproteins, which
undergo proteolytic cleavage and become processed into the
RNA-dependent RNA polymerase (RdRp) and a number of
other non-structural proteins. The replication process of
SARS-CoV-2 occurs in viral factories; these are special struc-
tures formed in cells upon infection with certain groups of
viruses that increase the efficiency of replication and assem-
bly of viral particles and protect the viral nucleic acids from
defence mechanisms of the host cell. In the case of coronavi-
ruses, these structures take the form of double membrane
vesicles derived from membranes of the Golgi complex and
the endoplasmic reticulum. Viral transcription and replica-
tion result in the production of structural proteins, from
which new virions are then assembled. Finally, the mature
virus particles are released from the infected cell via exocyto-
sis following which they can infect adjacent cells.

Direct damage by the virus as well as damage from a
hyperinflammatory response will eventually lead to
destruction of the infected cells, which is the main cause of
pathology associated with COVID-19. The dysfunctional
immune response, commonly referred to as a ‘cytokine
storm’, leads to the accumulation of a protein-rich fluid in
the alveoli, causing shortness of breath, pneumonia and
progressively alveolar collapse resulting in hypoxia, acute
respiratory distress syndrome (ARDS) and multiorgan fail-
ure. SARS-CoV-2 can cause a number of additional compli-
cations, including direct damage to organs that express
ACE-2 receptors, such as the heart, gastrointestinal tract,
kidneys and liver. In severe disease, blood coagulation
might occur, with blood clots forming in the lungs and else-
where. Severe cases, including the ones resulting in death,
are more prevalent in older people and those with a pre-
existing long-term condition such as cardiovascular dis-
ease, diabetes, respiratory disease, hypertension or cancer.
A noticeable proportion of people recovered from
COVID-19 appear to experience long-lasting symptoms
and disabilities, which include, among others, extreme
fatigue, shortness of breath, and loss of the senses of smell
and taste. This post-COVID-19 syndrome is known as ‘long
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COVID’, but there is still limited data on how it should be
managed and whether its effects are permanent or not.

Treatment of COVID-19 is largely symptomatic. While
several antiviral compounds are approved for emergency
use in a number of countries and more are in development
(discussed in Section 5.7.1.6), supportive care remains the
main approach to management of the disease.

5.3.2 Human Immunodeficiency Virus (HIV)

HIV is an enveloped virus with a cone-shaped capsid con-
taining two copies of a +ssRNA molecule and the enzymes
reverse transcriptase (RT), protease and integrase. The
viral genome contains nine genes, encoding 16 proteins in
total. Three major genes are: gag, coding for structural pro-
teins (matrix, capsid, nucleocapsid and p6); pol, coding for
key viral enzymes (RT, protease and integrase); and env,
encoding the envelope glycoproteins (gp120 and gp41l).
The genes tat and rev encode essential proteins regulating
host metabolism, while the remaining genes encode acces-
sory proteins. Seventy glycoprotein spikes (gp120) project
from the envelope and interact specifically with the CD4
protein receptor on the T helper lymphocyte (see
Chapter 9). The HIV core penetrates the cell cytoplasm fol-
lowing membrane fusion and is uncoated, releasing two
RNA molecules and the enzymes, including the reverse
transcriptase, into the cytoplasm. The RNA is copied by RT
into ssDNA, which is then duplicated to form a dsDNA
copy of the original viral RNA genome. This DNA moves
into the host cell nucleus where it is integrated as a provirus
into a host cell chromosome.

The provirus can lie dormant in the cell or can be
expressed, producing viral mRNA and proteins, thereby
resuming the multiplication cycle producing virions. The
viral mRNA is polycistronic, producing polyproteins (Gag
and Pol) that need to be processed (cleaved) by a specific
virus-encoded protease. Following the assembly of viral
proteins and viral RNA, the virions bud off the infected cells.

Some of the latest studies, conducted in mice, demon-
strate that HIV-1 proviruses can be eliminated from the
infected cells by a combination of currently used antiretro-
viral chemotherapy and CRISPR/Cas9 gene editing (see
Chapter 24). This approach remains highly experimental
and will require additional development and validation
before it can be used for human treatment, but raises hopes
that HIV infections will be curable in the foreseeable
future. Current therapy allows HIV-positive individuals to
maintain a high count of CD4" T helper lymphocytes by
regulating the viral load produced by infected cells
(untreated, up to 10 viral particles can be produced con-
tinuously per day). Indeed, the ultimate decrease in CD4*
T helper cells (below 200 ml™ of blood), indicating the

progression of HIV infection to the stage of acute immuno-
deficiency syndrome (AIDS), seriously compromises the
host immune system and allows infection by a range of
opportunist pathogens including fungi, protozoa, bacteria
and other viruses. Currently, antireteroviral therapies
(ART) combining two reverse transcriptase inhibitors and
another antiviral agent, such as a protease inhibitor, reduce
the number of HIV particles to undetectable levels and
slow the progression of the disease by restoring and main-
taining the number of CD4* T helper lymphocytes.
However, while this prevents the further transmission of
the virus, this triple therapy does not eliminate the virus
completely. Patients who stop using the drugs experience a
rapid rebound in levels of the virus in the blood and pro-
gression of the disease. The inability to eliminate the virus
completely calls for lifelong therapy that is prohibitively
expensive for countries with very limited health budgets.

5.3.3 Oncogenic Viruses

It is estimated that approximately one in eight of human
cancers has a viral origin. Virus-infected cells change dra-
matically, acquiring the characteristics of tumour cells
exhibiting uncontrolled growth. For example, the Epstein—
Barr virus (EBV) has been associated with the formation of
lymphomas and nasopharyngeal carcinomas, the hepatitis
B and C viruses with hepatocellular carcinoma, human
papilloma viruses with cervical cancer, human T-cell
lymphotropic virus type 1 with adult T-cell leukaemia/lym-
phoma syndrome and Kaposi’s sarcoma-associated herpes-
virus (KSHV) with skin or mucous membrane cancers.

There are no identified single mechanisms by which
viruses induce tumours. One direct mechanism involves the
acquisition of viral genes whose products disrupt the meta-
bolic and regulatory pathways of the host cell, resulting in
oncogenic transformation. In certain situations, the malig-
nant transformation might be caused by a chronic inflam-
mation resulting from a long-term infection with a virus,
such as in case of HCV infections. Other events, such as
environmental or dietary exposures to chemical carcino-
gens, might increase the chances for cancer to occur in the
virus-infected host cells. For example, there might be an
association between EBV and malaria to trigger Burkitt’s
lymphoma in young children in Africa. EBV and consump-
tion of smoked fish might trigger nasopharyngeal carcinoma
in adults in China. The development of liver cancer follow-
ing infection with hepatitis B virus (HBV) might be triggered
by high alcohol consumption, smoking and exposure to fun-
gal toxin (aflatoxins), events that damage the liver.

It is known that the viral genome of oncogenic viruses
(oncoviruses) can integrate with the host DNA. Indeed,
viral DNA has been recovered from infected cells. Following



integration of the provirus, the regulation of cell growth
and division can be affected. There is currently no means
of eradicating proviruses. However, progress in the preven-
tion of papillomavirus has been made by designing an
effective vaccine linked to a successful vaccination pro-
gramme that is now responsible for an important decrease
in cervical cancer cases.

5.4 Multiplication of Human
Viruses

The objective of the replication cycle is to ensure the mul-
tiplication of the virus with the formation of identical viral
progeny. Viruses differ in their replication cycle and the
time to produce and release new virions. The multiplica-
tion cycle of human viruses is generally slow, from 4 to
more than 40hours. Bacterial viruses are generally faster
and can take as little as 20 minutes to replicate within the
bacterial host. The replication cycle can be divided into six
distinct phases (attachment, penetration, uncoating, gene
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expression and replication, assembly and virion release)
(Figure 5.4); these are common to all viruses, although the
detail within each phase varies greatly between viruses.
Understanding the viral multiplication process is crucial
for the development of new antiviral drugs as well as repur-
posing existing ones.

5.4.1 Attachment to the Host Cell

Viral attachment to the cell surface can be divided into
three phases: (i) an initial contact mainly dependent on
Brownian motion, (ii) a reversible phase during which
electrostatic repulsion is reduced and (iii) irreversible
changes in virus-receptor-host-receptor configuration
that initiates viral penetration through the cell
membrane.

All viruses possess receptors on their surface, usually in
the form of glycoproteins embedded in the viral envelope
or protruding as spikes from the viral capsid. These struc-
tures recognise and bind receptors on the host cell and pro-
vide the virus with its high specificity, although different
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Figure 5.4 General diagrammatic representation of the production and release of viral particles from an infected cell. Specific

details may vary depending on the virus.
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viruses might share the same receptor. The virus—cell rec-
ognition event is similar to any protein-protein interaction
in that it occurs through a stereospecific network of hydro-
gen bonds and hydrophobic forces. For example, the hae-
magglutinin receptor of influenza virus binds the terminal
glycoside residues of gangliosides (cell surface glycolipids)
of the target cell leading directly to the virus particle adher-
ing to the cell. Similarly, the interaction between the HIV
receptor (i.e., gp120) and the T-lymphocyte receptor (i.e.,
CD4) has been intensively studied, as well as the interac-
tion between the ACE-2 receptor of lung type II alveolar
cells and the S protein of SARS-CoV-2. This is important
for antiviral drug development, as it allows the identifica-
tion of chemical compounds and approaches that could
interfere with this process, preventing viral infections of
the host cells.

5.4.2 Penetration of the Viral Particle

Following the irreversible attachment of the virus to the
host cell, penetration of the virus through the cell mem-
brane is initiated following either of two energy-dependent
mechanisms, endocytosis or fusion. A third mechanism
has been identified in those bacteriophages that can inject
their nucleic acid into the bacterium (see Section 5.9.1).
During endocytosis, the association between virus receptor
and host receptor triggers a number of mechanisms that
cause the cell membrane to engulf the virus particle form-
ing a cytosolic vacuole. This process is widespread among
non-enveloped viruses, but is also used with some envel-
oped viruses such as influenza (orthomyxoviruses) and
SARS-CoV-2 (coronaviruses). In case of SARS-CoV-2, it
has been shown Delta variants primarily infect cells via the
fusion mechanism, while Omicron relies on endocytosis.
Certain enveloped viruses (e.g., herpes simplex virus, and
HIV) can penetrate following fusion of their envelope with
the host cell membrane, liberating the viral capsid within
the cell cytoplasm.

5.4.3 Uncoating of the Viral Particle

Following penetration of the virus in a vacuole or directly
into the cell cytoplasm, the viral nucleic acid then needs to
be released from the capsid/coat(s) to initiate viral replica-
tion. This is the uncoating process. For viruses that pene-
trate by endocytosis, the acidification of the cytosolic
vacuoles following endosome fusion induces a conforma-
tional change in the capsid and the release of viral nucle-
ocapsid (some helper proteins are associated with the viral
nucleic acid) into the cytoplasm. For certain viruses, such
as rotaviruses, only a partial uncoating is necessary for the
expression of the viral genome. The release of the

nucleocapsid from vacuoles can occur in the cytoplasm,
close to the nucleus or within the cell nucleus.

5.4.4 Replication of Viral Nucleic Acids
and Translation of the Genome

This stage of viral replication ensures that (i) the host cell
synthetic machinery is taken over by the virus, and (ii)
the viral genome is replicated. The structure, size and
nature of the viral genome are extremely diverse and thus
this stage of the viral multiplication cycle reflects this
diversity. Three main mechanisms are, however, common
to all viruses: the transcription of viral genes into viral
mRNA, the translation of the viral genome into proteins
and the replication of the viral genome. Early transcrip-
tion and translation, usually occurring immediately after
the release of the nucleocapsid in the cytoplasm, are also
common, and ensure the production of early proteins
such as viral polymerases, and the hijacking of the cell
synthesis machinery. In addition, some viruses can
encode genes, the products of which regulate the host
synthetic processes according to the needs of the virus
(e.g., tat gene in HIV).

The replication and transcription of the viral genome
depend on the type of nucleic acid carried by the virus
(Table 5.2) and require the activity of a polymerase, which
can be either encoded in the viral genome or come from
the host. Viruses are known to utilise all four possible
types of polymerases: DNA-dependent DNA polymerases,
DNA-dependent RNA polymerases, RNA-dependent RNA
polymerases and RNA-dependent DNA polymerases
(reverse transcriptases), with the latter two types of poly-
merase being unique to viruses. For example, the positive-
strand RNA genome in viruses such as the poliovirus or
SARS-CoV-2 can be used directly as mRNA following its
release into the host cell. Negative-strand RNA (e.g., in
influenza virus) is transcribed into a positive RNA com-
plementary in base sequence to the parent RNA using an
RNA-dependent RNA polymerase carried by the virus. In
dsDNA viruses (e.g., adenoviruses), the nucleic acid passes
into the nucleus where it is usually transcribed by a host
DNA-dependent RNA polymerase. In some viruses
(e.g., poxvirus), this enzyme is contained within the virus
and released during uncoating, allowing the viral genome
to be replicated in the cell cytoplasm. In retroviruses (e.g.,
HIV), a single-stranded proviral DNA is produced from
the viral ssSRNA by the HIV reverse transcriptase. This
unique enzyme acts both as an RNA- and DNA-directed
DNA polymerase, and has associated RNAase activity. The
proviral DNA can be transported to the cell nucleus where
it can be integrated within the cell host genome by a viral
integrase.



In comparison to host polymerases, viral polymerases
often demonstrate higher processivity, being able to syn-
thesise long chains of nucleic acids without dissociating
from the template. At the same time, their fidelity is
often lower, resulting in frequent misincorporation of
nucelotides during DNA or RNA synthesis and thus a
higher mutation rate of viral genomes compared to prokar-
yotic and eukaryotic organisms. In general, mutation rates
of dsDNA viruses are the lowest, while SSDNA viruses usu-
ally accumulate mutations at a faster rate. The majority of
viruses with RNA genomes mutate even faster due to the
activity of their error-prone polymerases, to the extent that
some viruses (including such important pathogens as HCV
and HIV), instead of having a defined and relatively stable
genome sequence, are known to exist as a population con-
sisting of a spectrum of viable mutant variants of approxi-
mately equal ecological fitness collectively known as a viral
quasispecies. Such high mutation rates and the resulting
genetic diversity at the population level significantly expe-
dite evolution and allow for high adaptability of viral qua-
sispecies whereby, upon the exposure to a new
environmental stress factor, beneficial mutants will be
quickly selected from the existing pool of genetic variants
and a new quasispecies will form around them. A rapid
accumulation of mutations making a viral quasispecies
resistant to an antiviral drug or an immune response could
be seen as an example of this process. Conversely, with the
mutation rates this high, such viruses are dangerously
close to the error threshold - the mutation rate after which
the level of detrimental and lethal mutations becomes too
high, reducing the overall fitness of the quasispecies or
even driving it to extinction. Certain antiviral drugs (e.g.,
ribavirin) exploit this vulnerability, increasing viral muta-
tion rates above the error threshold and thus inducing
lethal mutagenesis.

It should be noted that, although error-prone polymer-
ases are frequently found in viral species, some viral poly-
merases have proofreading activity, which improves the
overall accuracy of replication. For example, the DNA-
dependent DNA polymerase of the dsDNA bacteriophage
phi29 has a proofreading domain and is characterised by
both high processivity (it can amplify the 20 kbp genome of
the phage in a single event, without dissociating from the
template) and accuracy, which is estimated to be 1-2 orders
of magnitude higher than that of Taq polymerase, the
enzyme frequently used in the polymerase chain reaction
(PCR). Among RNA viruses, coronaviruses (including
SARS-CoV-2) are unique, as their RNA-dependent RNA
polymerase complexes (replicases) also have proofreading
activity, resulting in lower mutation rates of coronaviruses
compared to other RNA viruses, which makes the develop-
ment of antivirals against coronaviruses particularly
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challenging. This additional proofreading functionality of
replicases probably can be explained by the size of corona-
viral genomes - at approximately 26-32kbp they are the
longest of all RNA viruses and thus their replication
requires higher accuracy. Nevertheless, coronaviruses still
have relatively high mutation rates and evolve rapidly (see
Section 5.6), although slower than comparable RNA
viruses (e.g., influenza viruses).

One important difference between the eukaryotic host
cell and the virus is in the nature of their mRNA. Host cell
mRNA codes directly for functional proteins, whereas
some viral mRNAs are polycistronic, which means several
distinct proteins are encoded within a single piece of
mRNA. This implies that the virus needs to use a virus-
specific protease to cut at the correct place within the poly-
protein formed by translation of such an mRNA to produce
functional viral proteins.

Late protein synthesis during the replication cycle con-
cerns the production of structural components (e.g., cap-
someres) of the new virions and proteins required for the
release of viral particles from the infected cell.

5.4.5 Maturation or Assembly of Virions

Towards the end of the multiplication process, large
amounts of viral material accumulate within the host.
Viral capsid starts to form from individual structural pro-
teins. In certain viruses (e.g., poliovirus), the capsid self-
assembles. The replicated viral genome and some viral
proteins become packaged within the capsid. Most non-
enveloped viruses accumulate within the cytoplasm or
nucleus and are only released when the cell lyses. Packaging
of viral components can occur within the cytoplasm, in the
cell nucleus or, in the case of certain viruses such as SARS-
CoV-2, in viral factories. For example, with influenza virus,
the capsomeres are transported to the cell nucleus where
they combine with the viral RNA and assemble into helical
capsids. The envelope of enveloped viruses originates from
the host membrane structures. With the influenza virus,
viral proteins such as neuraminidase and haemagglutinin
migrate to the cell membrane, displacing cell protein. The
assembled nucleocapsids pass out from the nucleus to the
cytoplasm and as they impinge on the altered cytoplasmic
membrane they cause it to bulge and bud off completed
enveloped particles from the cell. In the herpesvirus, the
envelope originates from the nuclear membrane. The
nucleocapsid assembles into the nucleus and it acquires its
envelope as it passes through the inner nuclear membrane.
The complete virus is then incorporated into a vesicle
which migrates to the cell surface.

The maturation of viruses and their assembly is not well
understood at present. The presence of chaperone proteins
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Table 5.3 Cultivation of viruses to produce vaccines.

Virus

Cultivation

Hepatitis A virus

Coronaviruses

Influenza virus

Smallpox

Measles and mumps

Rubella

Human herpesvirus 3 (shingles, herpes zoster)
Rabies virus

Varicella zoster virus

Tick-borne encephalitis virus

Yellow fever virus

Poliovirus

Baculovirus (recombinant vaccine)

Human diploid cells

Human or mammalian continuous cell lines (e.g., African green
monkey kidney cells Vero E6 and Vero CCL-81)

Fertilised hen’s eggs - membrane bounding the amniotic cavity
Fertilised hen’s eggs - chorioallantoic membrane

Chick embryo cells

Human diploid cells

Human diploid cells

Chick embryo cells or in human diploid cells

Human diploid cells

Chick embryo cells

Chick embryos

Human diploid cell line, continuous cell line or primary, secondary

or tertiary monkey kidney cells

Insect vector

may play an important role in the interaction between the
viral nucleic acid and the structural proteins.

5.4.6 Release of Virions into the
Surrounding Environment

At the end of the multiplication process, the mature virions
are released from the host cell. This can occur in a number
of different ways. For most non-enveloped viruses, the
virus progeny accumulates within the host cell cytoplasm
and is released following cell lysis. Some viruses (e.g., bac-
teriophages) produce lytic enzymes (endolysins) or pro-
teases to lyse the host enabling the release of infectious
particles, although the host often self-disintegrates as it
cannot maintain normal housekeeping functions during a
viral infection. Enveloped viruses are usually released by a
budding process over a period of hours. Ultimately the host
cell will die following damage to its metabolism and home-
ostatic functions during viral replication.

5.5 Cultivation of Human Viruses

The study and identification of viruses (for diagnosis)
depend on our ability to propagate them, but viruses repli-
cate only within living cells. In the early days of virology,
viruses were propagated in a host. To some extent, this is
still the case today with the use of the chick embryo
(see below). However, progress in cell and tissue culture
has revolutionised the cultivation of many viruses, ena-
bling a better understanding of their replication properties,

more rapid diagnosis and the easier production of vaccine
(Table 5.3).

5.5.1 Cell Culture

Cells to support the growth of human viruses are usually
derived from humans or other primates, or from rodents.
Cell cultures may be divided into three types according to
their history: (i) primary, (ii) secondary and (iii) continu-
ous cell cultures. Primary and secondary cells are usually
diploid cell lines. Primary cell lines are derived directly
from an intact tissue such as human embryo kidney or
monkey kidney. Secondary cell cultures are derived from
primary cultures, usually those arising from embryonic tis-
sue. These cells are more homogenous, better character-
ised, but might not be as susceptible to viral infection as
primary cell lines. In addition, a limited number of subcul-
tures can be performed with these cells, generally up to a
maximum of about 50 before the cells degenerate.
Continuous cell lines are usually derived from malignant
tissue (e.g., HeLa cells derived from a cervical carcinoma)
and have the capacity to multiply indefinitely in vitro.

In principle, cell culture for propagating viruses relies on
the growth of cells in a semiconfluent monolayer attached
to a surface (e.g., the bottom of a flask). To subculture, the
cells are separated from the monolayer or relevant tissue
usually with trypsin to form a suspension of single cells.
These suspended cells are then used to seed a new flask.
Following growth at 37 °C, cells will multiply, attach to the
surface and form a new monolayer within a few days. The
media used to grow the cells consist of basic nutrients and



salts (the composition of the medium varies depending on
the type of cell) supplemented with serum (usually bovine
albumin) to provide growth factors; antibiotics and anti-
fungals are included to prevent bacterial and fungal con-
tamination in such a rich growth medium.

The established cell monolayer will support viral replica-
tion from which viruses can be harvested. Many types of
viruses, upon inoculation of a cell culture, will produce a
characteristic morphological change in the infected cells.
This is called a cytopathic effect and usually indicates cell
death. The cytopathic effect can take the form of cell
shrinkage or ballooning, or the detachment of cells from
the surface of the flask; in some instances, cellular effects
will be detected using various staining solutions. Cytopathic
effects usually spread to adjacent cells and will result in
local lysis and the formation of a clear zone (plaque) that
can easily be identified following staining. These plaques
are used for the enumeration of viruses assuming one
plaque results from an initial infection by one virus.

To confirm the identity of a viral pathogen (e.g., herpes
simplex virus, cytomegalovirus, or influenza), viruses are
grown in cell culture and, following the appearance of a cyto-
pathic effect, the identity of the virus is confirmed using an
appropriate viral antiserum labelled with a fluorescent dye.

Mammalian cells used for vaccine production are
obtained from an approved cell bank. All such cells need to
be checked for infectious agents and tumourigenicity (in
the case of live vaccines). Such cells are also characterised
biochemically (isoenzyme analysis), immunologically (his-
tocompatibility antigens) and by cytogenetic markers, and
are shown to be free from contaminating cells (nucleic acid
fingerprint analysis). Depending on their origin, cells will
be examined for the absence of specific infectious agents,
for the absence of bacterial, fungal and mycoplasma con-
taminants and for retroviruses; techniques used to do this
include product-enhanced reverse transcriptase (PERT)
assay, transmission electron microscopy and, if necessary,
infectivity assays. The same controls apply to insect cells.

5.5.2 The Chick Embryo

Fertile chicken eggs, 9-11 days old, are used as a convenient
cell system to grow a number of human pathogenic viruses.
Their usefulness derives from the many types of different
tissues found in the eggs, tissues that will support the
growth of different viruses (Table 5.3). The use of chicken
eggs is expensive, and cell culture is preferred wherever
possible. The use of chicken eggs for the production of vac-
cine is necessarily subject to many controls. The eggs have
to be free from specific pathogens and originate from
healthy flocks. The processing of the fertilised eggs must be
conducted under aseptic conditions in an area where no
other infectious agents or cells are handled at the same time.

5.6 Viral Epidemics and Pandemics

5.5.3 Animal Inoculation

Some animals (e.g., rodents and primates) have to be used
to culture certain viruses in order to study antiviral and
vaccine effectiveness, and also as a source of cell lines for
cell cultures. The use of animals follows strict ethical
guidelines and is very costly. A number of controls ensur-
ing that the animals are free from diseases must be
observed. Where animals are used to grow viruses or to test
an antiviral or vaccine, growth of the virus is indicated by
signs of disease or death.

5.6 Viral Epidemics and Pandemics

When a disease affects a large proportion of a population,
it is called an epidemic. A pandemic is an especially danger-
ous epidemic, occurring over a wide geographic area and
affecting a large proportion of the world’s population.
Epidemics and pandemics happen in circumstances when
the population as a whole is susceptible to the disease and
the methods of detection, prevention and control are either
not available or not effective. The lack of immunity to an
infectious agent in a population facilitates its transmission
and is most often caused by the absence of prior exposure
to that agent, which happens when such a pathogen is
either novel or a recently formed mutated strain, or as a
consequence of insufficient numbers of individuals immu-
nised against the pathogen in the population.

Under certain favourable circumstances, if the initial
outbreak is not detected and contained in time, viral infec-
tions capable of human-to-human transmission, especially
respiratory and gastrointestinal ones, can rapidly spread
through communities and entire populations. Some of the
worst of recent epidemics and pandemics have been caused
by viral agents, including multiple influenza epidemics,
the ongoing HIV pandemic, epidemics of Ebola and mea-
sles, and the COVID-19 pandemic.

COVID-19 is a new and highly dangerous illness and as
such has become the focus of very intensive research. It is
caused by SARS-CoV-2 betacoronavirus, a member of the
Coronaviridae family, which includes viruses that cause res-
piratory and intestinal illnesses in humans and animals.
Although usually associated with mild respiratory disease
(e.g., colds caused by betacoronaviruses OC43 and HKU1),
coronaviruses were the cause of SARS in 2002 and MERS in
2012. On 31st December 2019, the first cases of pneumonia
of unknown cause were identified in Wuhan, Hubei
Province, China. Several of the early cases had visited a live
animal market and so the newly discovered virus, named in
February 2020 by the ICTV as SARS-CoV-2, is thought to be
of zoonotic origin. Although at the time of writing (August
2022) the natural host of SARS-CoV-2 has not yet been
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identified, it appears to be closely related to the bat coronavi-
rus RaTG13 (96% identical at the whole genome level); sev-
eral studies also reported high similarity of the virus to
pangolin (scaly anteater) coronaviruses, thus both animals
have been considered to be possible vectors to the human
population. The SARS-CoV-2 human coronavirus spread
rapidly beyond national borders and COVID-19 was declared
a pandemic by the World Health Organization on 11th
March 2020.

The COVID-19 virus appears to spread more easily than
influenza and is more contagious than SARS; without con-
trol measures the median R, (the basic reproduction number,
a number of people an infected individual is expected to
infect in a community with no pre-existing immunity to a
particular pathogen) is in the region of 2.5-3 for early (ances-
tral) strains and higher for more recently evolved variants
such as Delta and Omicron, while for seasonal influenza it is
around 1.3. Replication in RNA viruses is error-prone, lead-
ing to the rapid accumulation of mutations. However, SARS-
CoV-2 appears to have a mutation rate lower than many
other RNA viruses such as influenza virus, norovirus and
HIV and this may limit strain variation. Nevertheless, as the
virus constantly mutates and evolves, new variants have
emerged. The majority of mutations are either neutral or
detrimental for the virus, but some mutations will result in
its increased ecological fitness, such as improving transmis-
sibility of the virus or reducing the efficiency of immune
response. For example, the mutation that led to replacement
of aspartate (D) in the 614th position of the SARS-CoV-2
spike protein with glycine (G) was first reported in January
2020. The new variant of the virus with D614G mutation
had completely replaced the original one globally by July
2020, raising concerns that the virus was becoming more
transmissible. To monitor the evolution of the virus and
identify and track strains with particularly important muta-
tions (variants of concern), many countries implemented
COVID-19 surveillance systems, based on routine sequenc-
ing of viral genomes isolated from samples collected from
infected individuals. By January 2021, about 44% of all
SARS-CoV-2 genomic sequences in international public
databases were generated by the national monitoring system
of the UK (COVID-19 Genomics UK Consortium). The bio-
informatics analysis of the available sequencing data identi-
fied that several lineages of SARS-CoV-2 were prevalent
globally. One particular lineage, known as the lineage
B.1.1.7, or Alpha in WHO classification, was detected in
samples from Kent in December 2020. This variant, desig-
nated by Public Health England as the Variant of Concern
202012/01 (VOC-202012/01), is characterised by the pres-
ence of 17 mutations changing sequences of viral proteins.
More recently emerged SARS-CoV-2 variants, Delta
(B.1.617.2) and Omicron (B.1.1.529), in particular,

accumulated further mutations, which resulted in their
increased virulence (Delta) and transmissibility (Omicron).
The accumulation of mutations in the viral genome, espe-
cially in the spike protein, raises a number of concerns about
the future effectiveness of vaccines. Laboratory testing has
demonstrated that a number of the vaccines developed by
March 2021 indeed had reduced effectiveness against some
novel variants of SARS-CoV-2, prompting vaccine manufac-
turers to initiate research into modifying their vaccines to
address this.

A future concerning development would be the acquisi-
tion of mutations by the virus that would make it easier to
infect animals, similar to what happened during the
2009 influenza pandemic. Here, the human influenza HIN1
virus which originated in pigs, crossed into humans, spread
globally and finally jumped back into pigs, causing a disrup-
tion to the pork industry in a number of countries. The
H1N1 virus continues to circulate in pigs. It is known that
SARS-CoV-2 can infect domestic cats and minks. The infec-
tion of minks at mink farms in the Netherlands and
Denmark resulted in the culling of millions of animals and
significant economic losses. There is a risk that the SARS-
CoV-2 could develop mutations allowing for better human-
to-animal and animal-to-animal transmissions, thus
potentially creating a new reservoir of viruses in animals
from which the disease could re-emerge. White-tailed deer
in the United States are known to be highly susceptible to
SARS-CoV-2 infections and animal-to-animal transmissions
have been detected. Finally, a case in which a veterinarian
from Thailand acquired SARS-CoV-2 from an infected
domestic cat was reported in June 2022. While such cases
remain rare, this once again highlights the importance of the
‘One Health’ approach to infectious diseases.

As of August 2022, the global case fatality ratio (CFR) for
COVID-19 appears to be around 1.1% with close to 600 mil-
lion cases worldwide and 6.5 million deaths, a fatality level
around 25 times higher than common flu (estimated
4billion cases each flu season). For comparison, the death
rate for the Spanish flu of 1918 is estimated at 1-2% (of
500million cases), for the 2009 swine flu pandemic
0.01-0.08% (from 1.6billion cases), for 2002 SARS it was
9.6% (of 8096 cases) and for MERS in 2012, 34.4% (of 2494
cases). Both CFR and R vary significantly between differ-
ent countries due to differences in population structure,
genetics and the standard of care available, usually improv-
ing over time as new treatments become available. For
example, as of August 2022, the CFR for COVID-19 in
Singapore is close to 0.15%, while in two countries with the
highest COVID-19 death rates, Yemen and Sudan, it is
18.1% and 7.9%, respectively. It should be noted that esti-
mates for low-income countries might be highly unreliable
if cases are underreported. For comparison, the CFR in the



United Kingdom is 0.8%, which is higher than in Ireland
(0.5%), but lower than in the United States (1.1%).

SARS-CoV-2 has emerged only recently as a pathogen,
and so there is little clarity as to whether the virus will
become endemic (circulating permanently in the global
human population) and whether its transmission will vary
seasonally, although the latest data suggest that this most
likely will be the case. However, we do know that it is trans-
mitted through direct and indirect contact with respiratory
aerosols and droplets in a manner similar to the other res-
piratory viruses such as the four human coronaviruses that
have circulated in the population for many decades. These
coronaviruses, usually associated with mild cold symp-
toms, tend to spread alongside influenza during the winter
in temperate regions.

As with other viruses with similar transmission mecha-
nisms, control measures have been a significant feature for
managing the pandemic caused by SARS-CoV-2.
Transmission is mainly by close contact between people,
most often via aerosols and droplets released by coughing,
sneezing and talking, but less commonly by transfer from
contaminated surfaces to the face; transmission via air con-
ditioning systems is unlikely. The virus can survive in drop-
lets for up to 3hours and on surfaces of stainless steel for
up to 72hours.

To control the outbreak, national authorities responded
by implementing travel restrictions, screening travellers,
local and national lockdowns, workplace hazard controls
and facility closures. Personal preventative measures
employed included: hand-washing, the wearing of masks
and face coverings in public, maintaining distance between
people, monitoring and self-isolation; personal protective
equipment (PPE) was issued to front-line healthcare work-
ers. Shortages of clinical equipment, particularly ventila-
tors, PPE and testing materials, were experienced on a
global scale in the first several months of the pandemic.

One of the most important approaches helping to keep
the infection spread under control is timely identification
of infected persons. Many countries increased their testing
capacity and contact-tracing capabilities in order to do so.
Two main techniques were routinely used. The first
approach detects the ongoing viral infection and is based
on the use of the PCR for detection of viral RNA fragments.
The second detects the presence of antibodies against
SARS-CoV-2 and thus can be used for confirmation of pre-
vious exposure to the virus. Both of these methods require
a sample of nasopharyngeal secretions, but other secre-
tions or bodily fluids, such as blood, faeces and urine, can
also be used for diagnostic testing.

Recently, an approach called wastewater surveillance has
become popular in the UK and several other countries. It is
based on continuous sampling and monitoring of
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community wastewater (untreated sewage) for the pres-
ence of viral genetic material using PCR, which can be fur-
ther supplemented with DNA sequencing for a reliable
identification of the viral variants. This approach allows for
measuring levels of infection within the sampled commu-
nity (such as city district, town, or a prison), monitoring
infection rate trends (increasing or decreasing), timely
identification of potential outbreaks and enables identifi-
cation of novel viral variants in circulation. An interesting
finding of such surveillance conducted in New York City
(USA) was the detection of cryptic lineages of SARS-CoV-2,
which are virus variants that are rarely or never detected in
clinical samples. A potential explanation could be that they
originate from either unsampled human COVID-19 infec-
tions or a non-human animal reservoir. Another example
of the utility of wastewater surveillance was the detection
of a poliovirus from sewage samples collected in London
between February and May 2022, which allowed the UK
Health Security Agency (UKHSA) to begin a timely inves-
tigation into its community source.

Alongside infection monitoring and control and contact
tracing, effective immunisation is a critical measure in the
management of a pandemic. As soon as the scale and seri-
ousness of the COVID-19 pandemic had been realised, an
unprecedented international initiative to find efficient
antiviral drugs, develop vaccines and accelerate clinical
testing was implemented. Six main approaches in vaccine
development were explored (see also Chapter 10): a viral
vector vaccine, a DNA vaccine, an RNA vaccine, a live-
attenuated vaccine, a vaccine based on the inactivated
virus and a protein-based vaccine (subunit vaccine). Before
undergoing clinical trials, candidates had to show that they
could induce protective immunity, not immunopathology,
as was unfortunately experienced in early attempts to
develop a SARS-CoV vaccine after the virus emerged in
2002. By March 2021, 12 different vaccines were authorised
for use in at least one country, 85 more were in different
stages of clinical testing and 225 in preclinical testing. The
rate at which new vaccines were developed, tested, manu-
factured and deployed was astonishing: the first vaccine in
the world (outside clinical trials) was administered in the
UK on the 8th December 2020, just 343 days after the dis-
ease was reported for the first time. By the end of March
2021, more than 50% of the adult population of the UK had
been vaccinated either once or twice and more than
400million people in the world had received at least one
dose of the vaccine.

As noted in Section 5.1, an outbreak of another disease
of viral origin, monkeypox, was detected in May 2022. The
initial cases were reported from the UK in individuals who
had recently travelled to Nigeria where monkeypox is
endemic. The disease began to spread internationally and
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by the end of August 2022 more than 40,000 cases had been
reported from over 90 countries in total. On 24th July 2022,
monkeypox was declared to be a public health emergency
of international concern (PHEIC) by the WHO. Monkeypox
clinical manifestations are superficially similar to those of
deadly smallpox (fever, rash, formation of characteristic
blisters all over the body), but the disease is usually milder
and less likely to be fatal; the case fatality rate of the clade
II variants that caused the initial outbreak in the UK is nor-
mally around 1%. Nevertheless, monkeypox is a dangerous
infectious disease; moreover, the ease and speed of the
global spread, and the fact that the new variants are geneti-
cally more distant from previously studied isolates than
would be expected based on the assumed speed of viral
evolution, make this a reason for concern. Two antivi-
rals, cidofovir, an inhibitor of viral DNA-dependent DNA
polymerases, and tecovirimat, a novel drug inhibiting the
egress of newly formed viral particles through binding to
an envelope protein, were shown to be effective against
monkeypox. While no specific vaccine against monkeypox
exists, vaccines developed against smallpox provide ade-
quate protection as smallpox and monkeypox belong to the
same Orthopoxvirus genus of the Poxviridae family of
dsDNA viruses. By the end of August 2022, several coun-
tries had initiated preventive vaccination against monkey-
pox among healthcare workers involved in the treatment of
monkeypox patients and had begun offering post-exposure
vaccines to individuals at risk. Unsurprisingly, since small-
pox was eradicated by 1980, the production and supply of
vaccines remains limited.

5.7 Control of Viruses

5.7.1 Antiviral Chemotherapy

A number of antivirals are in use in the UK for a range of
viral infections, including HIV, herpesvirus infections, viral
hepatitis, influenza and respiratory syncytial virus (RSV).
Antiviral treatments are particularly important for persons
at high risk, notably immunocompromised patients. Most
antivirals are prodrugs that need to be activated within the
cell, usually by a kinase and other cellular enzymes.
Antivirals can act at different stages of the viral replication
cycle, with the most effective treatments targeting unique
viral enzymes, such as proteases, polymerases and the reverse
transcriptase (Table 5.4 and Chapter 11). A number of targets
are being investigated to prevent viral attachment to the host
cell: competition for CD4 receptors using a pentapeptide
identical in sequence to the terminal amino acids of HIV
gp120; inhibition of HSV ribonucleotide reductase; compe-
tition for the cell receptor using a hexapeptide fusion

sequence at the N-terminus of the influenza haemagglutinin
viral receptor. Proteases are particularly important at certain
stages of a virus life cycle, including the uncoating process,
which is necessary for the release of viral genetic material
into the host cell, and for the cleavage of viral polypeptide
gene products, thus making protease inhibitors (e.g., saqui-
navir) particularly disruptive. The replication of viral DNA
is also a well-exploited target with the use of nucleoside
analogues (e.g., aciclovir which is incorporated into viral and
cellular DNA instead of guanine), non-nucleoside ana-
logues (e.g., nevirapine and foscarnet) and oligonucleotides
(Table 5.5). These nucleic acid oligomers with base sequence
complementarity to conserved regions of proviral DNA
have found successful use in the prevention of viral mRNA
function. Oligonucleotide-based therapeutic agents are
specific, efficient and generally well-tolerated. Although
oligonucleotide-based antivirals are not currently used in the
UK, several are in phase I or II clinical trials. The inhibition
of HIV reverse transcriptase has led to the synthesis of many
successful antivirals (Table 5.4). The release of the mature
virions after the multiplication process can also be blocked.
This is the case for neuraminidase inhibitors (e.g., zanamivir
and oseltamivir) which prevent the shedding of virions.

Unfortunately, antiviral chemotherapy is associated with
a number of problems. Many viral diseases only become
apparent after extensive viral multiplication and tissue
damage have occurred, delaying treatment onset. Many
antivirals are toxic (e.g., nucleoside analogues), since viral
replication often depends on the use of host cell enzymes.
There is also scope for improving the pharmacokinetic
properties of antivirals, providing a better penetration and
retarding drug degradation. The use of prodrugs has
improved drug adsorption. Finally, antiviral monotherapy
often leads to the development of virus resistance.
Emerging HIV resistance has been well documented and
current treatments are based on a triple therapy.

5.71.1 HIv

There is no cure for HIV infections as yet. The role of anti-
virals is to slow or halt disease progression. Since their dis-
coveryand use, thesedrugs(Table 5.4), called antiretrovirals,
have considerably prolonged the life expectancy of patients,
although not without some significant side effects.
Antiretroviral treatments aim to reduce HIV plasma levels
by as much and for as long as possible. Several antiretrovi-
ral drugs are usually given together to avoid emerging viral
resistance. Initiation of HIV treatment (ART) is therefore
complex and involves two nucleoside reverse transcriptase
inhibitors and a third antiretroviral agent, such as a non-
nucleoside reverse transcriptase inhibitor, protease inhibi-
tor or integrase inhibitor. Alternative regimens are possible
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Table 5.4 Current antiviral drugs in use in the UK (based on BNF 83), classified according to their mechanism of action.

Mechanism of action Viral infection Name
Ribonucleotide analogue (RNA polymerase SARS-CoV-2 Remdesivir
inhibitor) (COVID-19)
Ribonucleoside analogue (increases number of SARS-CoV-2 Molnupiravir
mutations) (COVID-19)
Nucleoside reverse transcriptase inhibitor (NRTI) HIV Zidovudine (AZT)
HIV Abacavir
HIV Emtricitabine
HIV Lamivudine

Nucleotide reverse transcriptase inhibitor (NtRTT)

HIV protease inhibitor

Non-nucleoside reverse transcriptase inhibitor

Inhibition of HIV-host fusion
Attachment inhibitor
Antagonist of CCR5 chemokine receptor

Inhibitor of HIV integrase

Inhibitor of viral DNA polymerase

Immunostimulant

Cytomegalovirus DNA terminase complex
inhibitor

Inactivation of virus-specific DNA polymerase and
reverse transcriptase

Chronic hepatitis B, HIV
Chronic hepatitis B, HIV
Chronic hepatitis B

HIV

HIV

HIV

HIV

HIV
HIV
HIV
HIV
HIV
HIV
HIV
HIV
HIV
HIV
HIV
HIV
HIV
HIV
HIV
Herpes viruses

Herpes zoster and
genital herpes

Herpes simplex, herpes
zoster

Cytomegalovirus
Cytomegalovirus
Cytomegalovirus

Herpes simplex
Chronic hepatitis B
Cytomegalovirus

Cytomegalovirus, herpes
simplex

Tenofovir disoproxil

Tenofovir alafenamide

Adefovir dipivoxil

Atazanavir*

Darunavir*

Fosamprenavir (prodrug of amprenavir)

Lopinavir (only in combination with
ritonavir)

Ritonavir
Tipranavir
Efavirenz
Etravirine
Nevirapine
Doravirine
Rilpivirine
Enfuvirtide
Fostemsavir (prodrug of temsavir)
Maraviroc
Raltegravir
Bictegravir
Cabotegavir
Dolutegravir
Elvitegravir
Aciclovir

Famciclovir (prodrug of penciclovir)
Valaciclovir (ester of aciclovir)

Ganciclovir
Valganciclovir (ester of ganciclovir)
Cidofovir

Inosine pranobex (stimulates cell-
mediated immune response — mode of
action unknown)

Peginterferon alfa

Letermovir

Foscarnet

(Continued)
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Table 5.4 (Continued)
Mechanism of action Viral infection Name
Nucleoside and nucleotide analogues; interference Hepatitis C, RSV, Ribavirin
with viral nucleic acids synthesis adenovirus, influenza
Chronic hepatitis C Sofosbuvir
Chronic hepatitis B Entecavir
NS3/NS4A protease inhibitors (used in different Chronic hepatitis C Grazoprevir
combinations with NS5A inhibitors)
Chronic hepatitis C Glecaprevir
Chronic hepatitis C Voxilaprevir
NS5A inhibitors Chronic hepatitis C Elbasvir
Chronic hepatitis C Pibrentasvir
Chronic hepatitis C Ledipasvir
Chronic hepatitis C Velpatasvir
Inhibition of viral neuraminidase Influenza Oseltamivir
Influenza Zanamivir
Monoclonal antibody RSV Palivizumab

*, effect can be enhanced by the pharmacokinetic enhancer cobicistat; NS3/NS4A, hepatitis C virus (HCV) protease; NS5A, non-structural

protein 5A, required for HCV replication.

Table 5.5 Oligonucleotide therapies.

Methods Principles

Effect

Antisense nucleotides

Antigen methods
Decoy methods

Ribozymes

Production of an RNA sequence
complementary to single-stranded
viral RNA

Formation of triple helix of DNA

Production of synthetic decoys
corresponding to a specific
nucleic-acid sequence which binds
virally encoded regulatory proteins

Production of RNA molecules

Triggers the formation of double-stranded duplex,
inhibiting viral RNA replication

Inhibits transcription

Inhibits transcription

Cleave other RNA sequences at specific sites

(oligo(ribo)nucleotides)

following treatment failure and deterioration of a patient’s
condition. The use of antiretrovirals for prophylaxis after
exposure is also possible, where a patient has been exposed
to HIV-contaminated materials (e.g., needle injury). Such
use follows guidelines available locally (e.g., hospital) or
nationally (e.g., Department of Health and Social Care,
British HIV Association [BHIVA] and the British
Association for Sexual Health and HIV).

The immune reconstitution syndrome and the lipodystro-
phy syndrome have been associated with antiretroviral treat-
ments. The latter includes fat redistribution, insulin
resistance, hyperglycaemia and dyslipidaemia. In addition,
these antivirals can be damaging to liver function and have
been associated with osteonecrosis following long-term com-
bination treatments. A number of side effects are commonly

associated with the use of antiretrovirals: gastrointestinal
disturbance, anorexia, pancreatitis, liver damage, dyspnoea,
cough, headache, insomnia, dizziness, fatigue, blood disor-
ders, myalgia, arthralgia, rash, urticaria and fever. Protease
inhibitors are metabolised by cytochrome P450 and therefore
have a significant potential for drug interactions. Non-
nucleoside reverse transcriptase inhibitors have been shown
to interact with a number of drugs metabolised in the liver.
They have been associated with a number of side effects such
as rash, psychiatric and central nervous system disturbances
and even fatal hepatitis. Nevertheless, BHIVA guidelines rec-
ommend to start antiretroviral therapy immediately after the
confirmation of HIV infection and continue it indefinitely, as
this minimises the loss of CD4* lymphocytes, which out-
weighs the risks from side effects.



5.7.1.2 Herpesvirus Infections

Herpesviridae is a family of viruses that include the herpes
simplex virus, chickenpox (varicella), shingles (herpes zos-
ter) and cytomegalovirus. Mild herpes simplex virus infec-
tions in healthy individuals are treated with a topical
antiviral drug (e.g., treatment of cold sores). However, for
primary herpetic gingivostomatitis, a change of diet and
analgesics are recommended. For severe infections (e.g.,
neonatal herpes infection and infection in immunocom-
promised patients), a systemic antiviral drug is used
(Table 5.4). Antiviral treatments for chickenpox are recom-
mended in patients at risk and in neonates to reduce risks
of severe disease. In healthy adults, treatment taken within
24hours of the appearance of a rash may decrease the
duration and severity of symptoms. Systemic antivirals are
used to decrease the severity and duration of shingles when
taken within 72hours of the onset of rash. Antivirals for
herpes are also associated with a number of side effects
which vary depending on the drug, but may include nau-
sea, vomiting, stomach pain, headache, fatigue, rash, and
an increase in serum and urine uric acid. Antivirals for the
treatment of cytomegalovirus are usually given to immu-
nocompromised patients and they tend to be more toxic
with notable nephrotoxicity (e.g., cidofovir) and a number
of documented side effects (e.g., ganciclovir and foscarnet).

5.7.1.3 Viral Hepatitis

Hepatitis B and C are major causes of viral chronic hepatitis.
The initial treatment for acute hepatitis B is with interferons
(peginterferon alfa-2a) which may reduce the risk of chronic
infection. However, the use of interferon is limited by a poor
response rate in patients and frequent relapse. A number of
antivirals are licensed for the treatment of chronic hepatitis
B (Table 5.4). The choice of antivirals depends upon the ini-
tial response to peginterferon alfa, emerging viral resistance
and co-infection with HIV. For the treatment of chronic hep-
atitis C, a combination of ribavirin and peginterferon alfa is
recommended, although the choice and duration of treat-
ment depend upon the viral genotypes and viral load. These
antivirals are also associated with a number of side effects
including nausea, vomiting, abdominal pain and diarrhoea.

5.7.1.4 Influenza

Two antivirals are recommended for the treatment of influ-
enza according to the National Institute for Health and
Care Excellence (NICE) guidelines (Table 5.4). Oseltamivir
was extensively used for the prevention and control of the
swine flu outbreak in the UK in 2009. Following an inten-
sive use, at least two major limitations in the usefulness of
the drug have been identified. First, the drug needs to be
taken within a few hours of the onset of symptoms, which
proved very difficult with a range of mild ‘cold-like’ to
severe ‘flu-like’ symptoms reported. Second, the side
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effects, especially in young children and adolescents, have
been very severe, prompting many parents to stop the med-
ication, decreasing the willingness to give the antivirals to
children who have been possibly exposed to the virus.

5.7.1.5 Respiratory Syncytial Virus

RSV is responsible for severe bronchiolitis notably in
infants. A monoclonal antibody (palivizumab) or an antivi-
ral drug (ribavirin) is indicated for the treatment of RSV
(Table 5.4). The antiviral is associated with a number of
severe side effects.

5.7.1.6 SARS-CoV-2

No curative treatment is currently available, but remdesivir
has been approved for management of severe COVID-19
cases in many countries. Remdesivir is a prodrug, which is
converted into its active form through the action of a num-
ber of cellular enzymes. The resulting active ribonucleotide
analogue acts as an inhibitor of viral RNA-dependent RNA
polymerase. Remdesivir was originally developed for treat-
ment of hepatitis C and RSV infections, but proved ineffec-
tive. It was later used for treatment of Ebola infections.
Remdesivir was repurposed for treatment of COVID-19
soon after the start of the pandemic, but the results of later
clinical trials were inconclusive. In November 2020, the
World Health Organization (WHO) issued a recommenda-
tion against the use of remdesivir for COVID-19 treatment.
The antiviral is associated with a number of side effects,
including nausea, respiratory failure and liver damage.

A massive international effort to discover new and repur-
pose existing drugs for treatment and prevention of
COVID-19 continues. Three main approaches are being
investigated: (i) antivirals that interfere with different
stages of SARS-CoV-2 life cycle; (ii) antibodies against the
virus’ components, either derived from convalescent
plasma or produced as recombinant proteins (e.g., sotro-
vimab, a neutralising monolconal antibody) and (iii)
immune system modulators that normalise the inflamma-
tory response. The largest clinical trial of several potential
COVID-19 treatments, RECOVERY, began in the UK in
March 2020. One of the important findings was the discov-
ery of positive effects for the immunosuppressant dexa-
methasone in patients requiring respiratory support and
the monoclonal antibody tocilizumab, targeting interleu-
kin 6 (IL-6). Both dexamethasone and tocilizumab were
found to significantly reduce the risk of death in patients
with severe COVID-19. The trial also demonstrated the
ineffectiveness of a hydroxychloroquine and lopinavir/rito-
navir combination in people hospitalised with COVID-19.

Several drugs that inhibit cellular components necessary
for replication of the virus are being actively studied, such as
camostat mesylate, an inhibitor of the cellular protease
transmembrane serine protease 2 (TMPRSS2), essential for
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viral entry into lung cells. A number of other approaches are
being investigated, such as cell-based therapies and RNA-
based therapeutic agents, including antisense oligonucleo-
tides. Finally, many pharmaceutical and biotechnology
companies and research institutions are conducting compu-
tational screening of promising compounds for in vitro test-
ing against SARS-CoV-2, powered by artificial intelligence.
By June 2022, several additional options had become
available for COVID-19 treatment, including the antiviral
molnupiravir, a prodrug whose activated form is incorpo-
rated into viral RNA during its synthesis causing increased
mutation rate and making the majority of viral progeny
defective. Another recent drug is paxlovid, a combination of
nirmatrelvir, a 3C-like protease inhibitor which inactivates
SARS-CoV-2 protease, thus preventing cleavage of viral pol-
ypeptides and interfering with the viral replication process,
and ritonavir, an inhibitor of cytochrome CYP3A, which
delays nirmatrelvir inactivation by human host enzymes
and thus increases the duration of its pharmacological
action. It is worth noting that, as the virus continues evolv-
ing, some of the currently used drugs will become ineffec-
tive, necessitating continued research into new antivirals.

5.7.2 Vaccination

It is always better to prevent a disease than to treat it.
Vaccination is undoubtedly the most successful measure
against microbial infections, and particularly viral infec-
tions. Remarkably, human protection against smallpox was
achieved by Jenner in 1796 with the inoculation of cowpox,

Table 5.6 Examples of viral vaccines.

well before the ‘germ theory’ of disease was postulated. A
worldwide vaccination programme initiated in 1966 led to
the eradication of smallpox in 1980. The poliovirus is
almost completely eradicated following an intensive world-
wide vaccination programme by the World Health
Organization.

Vaccines are preparations containing antigens that elicit
a specific and active immunity against an infecting agent
(see Chapter 10); they can induce the innate and the adap-
tive (cellular and humoral) parts of the immune system
(see Chapter 9). There are currently a number of viral vac-
cines available against a diverse range of human viruses
(Table 5.6). The success of vaccination relies on the preven-
tion of a disease from occurring. Vaccination is particularly
indicated to protect persons at risk (e.g., hepatitis B and
varicella zoster vaccines for healthcare workers), prior to
travelling (hepatitis A virus, Japanese encephalitis, yellow
fever, and tick-borne encephalitis virus) or to prevent can-
cer (human papillomavirus [HPV] vaccine preventing cer-
vical cancer). A vaccine can also be given to protect from a
viral outbreak (e.g., measles, mumps and rubella vaccine
[MMRY]), where success is greatly influenced by the level of
uptake within a susceptible population, or following expo-
sure to rabies.

Viral vaccines are prepared using different methods, the
most common being the use of live attenuated viruses,
inactivated viruses or viral components (subunits). Viruses
or their components can be prepared from animals, ferti-
lised hen’s eggs, in suitable cell cultures (see Section 5.5) or
in suitable tissues, or in cultures of genetically engineered

Vaccine Type

Hepatitis A vaccine

Hepatitis B vaccine

HPV vaccine

Influenza vaccine

Japanese encephalitis vaccine
MMR vaccine Live attenuated viruses

Poliomyelitis vaccines

Formaldehyde-inactivated hepatitis A virus

Inactivated HBV surface antigen (HBsAg)

Virus-like particle composed of the major capsid protein (L1) of HPV types 6, 11, 16 and 18
Formaldehyde-inactivated influenza virus

Inactivated Japanese encephalitis virus

Inactivated poliomyelitis vaccine (injection)

Live poliomyelitis vaccine (oral)

Rabies vaccine Inactivated rabies virus

Rotavirus vaccine Live attenuated rotavirus

SARS-CoV-2 vaccines Multiple types: RNA, protein subunit, non-replicating vector, inactivated virus; additional

types are in development
Tick-borne encephalitis vaccine Formaldehyde-inactivated tick-borne encephalitis virus
Varicella zoster vaccine Live attenuated varicella zoster virus

Yellow fever vaccine Live attenuated yellow fever virus

HBsAg, hepatitis B virus surface antigen; HPV, human papillomavirus; MMR, measles, mumps and rubella.



cells. MMR vaccine and live (oral) poliomyelitis vaccines
are based on the use of live attenuated viruses, which are
not as virulent as the original virus. The attenuated viruses
will cause a strong immune response without causing the
disease. Hepatitis A virus and influenza vaccines rely on
chemically inactivated (formaldehyde or propiolactone)
virus particles or components (surface antigens). Hepatitis
B virus vaccine is a recombinant vaccine where the viral
DNA encoding for a virus surface antigen (hepatitis B sur-
face antigen [HBsAg]) is expressed in yeast (Saccharomyces
cerevisiae) or mammalian cells (Chinese hamster ovary
cells or other suitable cell lines). The surface antigen is
then purified. HPV vaccine contains virus-like particles
and recombinant capsid protein expressed in yeast or using
a baculovirus as an expression system.

It should be noted that most viral vaccines contain one or
more adjuvants, for example, aluminium salts (antigens
are absorbed to the aluminium salts) or monophosphoryl
lipid A, to increase or modulate the host immune response
to the antigens.

A promising alternative approach for vaccine develop-
ment harnesses the host’s own synthetic machinery to pre-
pare isolated viral components, usually surface protein,
which upon release to the circulation elicit the necessary
protective immune response. Vectors in this instance
include genetically engineered non-pathogenic viral carri-
ers, whether non-replicating (e.g., adenoviruses) or repli-
cating (e.g., vesicular stomatitis virus [VSV]), DNA
plasmids and messenger RNA coding for the viral surface
protein gene. Of the seven different COVID-19 vaccines
currently procured for the use in the UK (Table 5.7), five
fall into this category. Finally, some more experimental
approaches are being explored, including peptide vaccines
and dendritic-cell-based vaccines (i.e., live dendritic cells
that are challenged with an antigen ex vivo and then deliv-
ered back into the patient). It should be noted that new vac-
cines have to be developed when the mutations of the virus
lead to changes in antigens that render the original

5.7 Control of Viruses

vaccines less effective. In August 2022, the UK became the
first country to approve a dual vaccine (Spikevax) devel-
oped by the US company Moderna to target both the origi-
nal SARS-CoV-2 strain and the latest Omicron variant,
against which previously developed vaccines had become
less efficient.

Immunoglobulin may play a role in the protection of
patients with a compromised immunity against viral infec-
tions. Human normal immunoglobulin (HNIG) is pre-
pared from a pool of donated human plasma that has been
checked to be non-reactive for hepatitis B surface antigen,
hepatitis C virus and HIV (types 1 and 2), but contains
immunoglobulin G (IgG) and antibodies against viruses
that are prevalent in the general population including hep-
atitis A, measles, mumps, rubella and varicella.
Intramuscular normal immunoglobulin is thus used to
protect against hepatitis A virus in immunocompromised
patients visiting areas where the disease is highly endemic
and to protect against or attenuate measles infection in
immunocompromised patients. It can also be used for
pregnant women against rubella virus, where the risk of
termination of pregnancy is unacceptable.

Disease-specific immunoglobulins are prepared from a
pool of plasma obtained from specific human donors who
have high levels of the specific antibody required, such as
the ones who have recently recovered from an infectious
disease (convalescent plasma). Disease-specific hepatitis B
immunoglobulin is used following accid