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Preface to the Sixth Edition

We were delighted to be asked to produce a sixth edition of Pharmaceutical
Microbiol ogy and wethank the publishersfor their considerable input. With thewilling
cooperation of our co-authors, we have been able to update and modify our text. Severd
chapters are under new authorship in an attempt to produce a fresh approach. Some
chapters have been streamlined but others expanded to take into account the rapid
changes and progress being made in certain areas. A new chapter on vaccination and
immunization has been introduced to act as a link with the updated chapters on the
principles of immunity and the production of immunologica products. The chapter on
antibiotic assays has been deleted from this edition because it was considered not only
that few developments had taken place in this field during the past few years but dso
that the topic had been comprehensively dedlt with in the previous edition.

We hope that this edition will sty the needs of pharmacy students, now that
the pharmacy degree has been extended to 4 years, and that it will aso be of vdue
to phamacy graduates in hospital, industry and genera practice as well as to
microbiologists working in the pharmaceutical industry.

W.B.Hugo
A.D.Russl

Preface to the Sxth Edition ix
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Preface to the First Edition

When wewerefirst gpproached by the publishersto write atextbook on pharmaceutical
microbiology to appear in the spring of 1977, it was fdt that such atask could not be
accomplished satisfactorily in the time available.

However, by a process of combined editorship and by invitation to experts to con-
tribute to the various chapters thistask has been accomplished thanksto the cooperation
of our collaborators.

Pharmaceutical microbiology may be defined as thet part of microbiology which
has aspecia bearing on pharmacy indl its aspects. Thiswill range from the manufacture
and quality control of pharmaceutica products to an understanding of the mode of
action of antibiotics. The full extent of microbiology on the pharmaceutical area may
be judged from the chapter contents.

Asthisbook isamed a undergraduate pharmeacy students (aswell asmicrobiologists
entering the pharmaceutical industry) we were under constraint to limit the length of
the book to retain it in a defined price range. Theresult 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 treatment were determined by the dictate of our
publishers. It ishoped that the book will provideaconcise reading for pharmacy students
(who, a the moment, lack atextbook in this subject) and help to highlight those parts
of ageneral microbiological training which impinge on the pharmaceutical industry.

In conclusion, the editors thank most sincerely the contributors to this book, both
for complying with our strictures asto 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 dso wish to thank Dr H. J. Smith for his advice
on various chemical aspects, Dr M. |. Barnett for useful comments on reverse osmosis,
and Mr A. Kedl who helped with the table on sterilization methods.

W B.Hugo
A.D.RusHl

Preface to First Edition



Part 1
Biology of Microorganisms

Pharmaceutical microbiology is one of the many facets of applied microbiology, but
very little understanding of its posed and potentia problems will be achieved unless
the basic properties of microorganisms are understood.

This section considers, in three separate chapters, the anatomy and physiology of
bacteria, fungi and yeasts, and viruses, together with a survey of the characters of
individual members of these groups likely to be of importance to the applied fidd
covered by this book. Additional information is provided about more rapid methods
for detecting bacteria. The fina chapter in this section (Chapter 4) considers the
principles of microbial pathogenicity and epidemiology.

The trestment is perforce brief, but it is hoped that the materid will give an
understanding of the essential's of each group which may be amplified as required from
the bibliographic materia listed a the end of each chepter.
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Further reading

Bacteriashare with the blue-green dgae aunique placein theworld of living organisms.
Formerly classified with the fungi, bacteria were consdered as primitive members of
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Chapter 1

Table 1.1 The main features distinguishing prokaryotic and eukaryotic cells

Feature Prokaryotes Eukaryotes

Nucleus No enclosing membrane Enclosed by a membrane
Cell wall Peptidoglycan Cellulose

Mitochondria Absent Present

Mesosomes Present Absent

Chloroplasts Absent Present

the plant kingdom, but they are now called prokaryotes, a name which means primitive
nucleus. All other living organisms are called eukaryotes, a name implying a true or
proper nucleus. Thisimportant division does not invalidate classification schemes within
the world of bacterial, animal and plant life.

This subdivision is not based on the more usual macroscopic criteria; it was made
possible when techniques of subcellular biology became sufficiently refined for many
more fundamental differences to become apparent. Some of the criteria differentiating
eukaryotes and prokaryotes are given in Table 1.1.

Recently, athird class must be added to the bacteriaand blue-green algae. Organisms
in this class have been named the Archaebacteria; they differ from bacteria and blue-
green algae in their wall and membrane structure and pattern of metabolism. They are
thought by many to be the first living organisms to have appeared on earth.

Structure and form of the bacterial cell

Size and shape

The majority of bacteria fal within the general dimensions of 0.75-4(Xm. They are
unicellular structures which may occur as cylindrical (rod-shaped) or spherical (coccoid)
forms. In one or two genera, the cylindrical form may be modified in that asingle twist
(vibrios) or many twists like a corkscrew (spirochaetes) may occur.

Another feature of bacterial form is the tendency of coccoid cells to grow in
aggregates. Thus, there exist assemblies (i) of pairs (called diplococci); (ii) of groups
of four arranged in a cube (sarcinae); (iii) in a generally unorganized array like a
bunch of grapes (staphylococci); and (iv) in achain like astring of beads (streptococci).
The aggregates are often so characteristic as to give rise to the generic name of a
group, e.g. Diplococcus (now called Streptococcus) pneumoniae, a cause of pneumonia;
Saphylococcus aureus, a cause of boils and food poisoning; and Streptococcus pyogenes,
a cause of sore throat.

Rod-shaped organisms occasionally occur in chains either joined end to end or
branched.

Structure

Three fundamental divisions of the bacterial cell occur in al species: cell wall, cell or
cytoplasmic membrane, and cytoplasm.
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Cell wall

Extensve chemica dudies have reveded a basic dructure of aternating A~
acetylglucosamine and A™-acetyl-3-O-I-carboxyethyl-glucosamine molecules, giving
a polysaccharide backbone. This is then cross-linked by peptide chains, the nature of
which variesfrom speciesto species. Thisstructure (Fig. 1.1) possesses greet mechanica
strength and is the target for a group of antibiotics which, in different ways, inhibit the
biosynthesis occurring during the cell growth and division (Chapter 8).

This basic peptidoglycan (sometimes called murein or mucopeptide) also contains
other chemical tructures which differ in two types of bacteria, Gram-negative and
Gram-positive. In 1884, Chrigtian Gram discovered astaining method for bacteriawhich
bears his name. It consists of treating afilm of bacteria, dried on amicroscope dide,
with a solution of a basic dye, such as gentian violet, followed by application of a
solution of iodine. The dye complex may be easily washed from some types of cells
which, as a reault, are cdled Gram-negative wherees others, termed Gram-positive,
retain the dye despite acohol washing. These marked differences in behaviour,
discovered by chance, are now known to be areflection of different wal structuresin
the two types of cell. These differences reside in the differing chemistry of materia
attached to the outside of the peptidoglycan (Fig. 1.2).

In the walls of Gram-positive bacteria, molecules of a polyribitol or polyglycerol-
phosphate are atached by covalent linksto the oligosaccharide backbone; these entities

Toichoic acid | Lipegalysaccharide

Lipoprobeln
Covalent link

Call wall paptidogkycan

Cytoplagmn mbmbrana

P I )

Flagelium

NI W, N Y

I
I
!
|
f
l
A

. ] | c

Fig. 1.1 Diagram of the bacicrial cell A, the peneralized suweiurs of the bacterial celt; B, Gram-
posidve dracture; L, CGram-negative sruciire,

Bacierin 5
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Lipopolysaccharide

el B R

Peptidoglycan

Cytoplasmic membrane

Fig. 14 Diagram showing detailed structure of the envelope of Gram-negative bacteria

are teichoic acids (Fig. 1.3A, B). The glycerol teichoic acid may contain an alanine
residue (Fig. 1.3A). Teichoic acids do not confer additional rigidity on the cell wall,
but as they are acidic in nature they may function by sequestering essential metal cations
from the media on which the cells are growing. This could be of value in situations
where cation concentration in the environment is low.

The Gram-negative cell envelope (Fig. 14) is even more complicated; essentialy,
it contains lipoprotein molecules attached covalently to the oligosaccharide backbone
and in addition, on its outer side, alayer of lipopolysaccharide (LPS) and protein attached
by hydrophobic interactions and divalent metal cations, Ca?* and Mg*". On the inner
side is alayer of phospholipid (PL).

The LPS molecule consists of three regions, called lipid A, core polysaccharide
and O-specific side chain (Fig. 1.5). The O-specific side chain comprises an array of
sugars that are responsible for specific serological reactions of organisms, which are
used in identification. The lipid A region is responsible for the toxic and pyrogenic
(fever-producing) properties of this group (see Chapter 18).

The complex outer layers beyond the peptidoglycan in the Gram-negative species,
the outer membrane, protect the organism to a certain extent from the action of toxic
chemicals (see Chapter 13). Thus, disinfectants are often effective only at concentrations
higher than those affecting Gram-positive cells and these layers provide unique
protection to the cells from the action of benzylpenicillin and lysozyme.

,/3’/ // _ "1:1
/ Ligidl % Core polysaccheride. ::hmn *:1,:-
G SRR

Fig. 15 Lipopolysaccharide structure in Gram-negative bacteria.

Bacteria 7
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Part of the LPS may be removed by treating the cells with ethylenediamine tetra-
acetic acid (EDTA) or related chelating agents (Chapter 12).

The proteins of the outer membrane, many of which traverse the whole structure,
are currently the subject of active study. Some of the proteins consist of three subunits,
and these units with acentral space or pore running through them are known as porins.
They are thought to act as a mechanism of selectivity for the ingress or exclusion of
metabolites and antibacterial agents (see Chapter 8).

Cytoplasmic membrane

The chemistry and structure of this organelle have been the subject of more than a
century of research, but it is only during the last 20 years that some degree of finality
has been realized.

Chemically, the membraneis known to consist of phospholipids and proteins, many
of which have enzymic properties. The phospholipid molecules are arranged in a
bimolecular layer with the polar groups directed outwards on both sides. The structures
of some phospholipids found in bacteria are shown in Fig. 1.6. Earlier views held that
the protein part of the membrane was spread as a continuous sheet on either side of the

Q HiL—O——L—R,
A= C=——0=—LH Q
1 | :
HaC—0Q T ——H"
o-
Palar group
H* = —{H,—CH,—NH; B
= —CH,:-—-—'.l‘.‘Hm—CHZDH C
OH
Fig. 16 The structure of some
phagphalipidsfound in E. coli.
E A, the structure of phosphatidic
Ag——LU—0—CH; acid. H* of this structure is
E replaced by grouping B-D to
R — O give the following phospholipids:
v Gl B, phosphatidylethanolamine; C,
‘L phosphatidylglycerol; D,
= e Hy=——fH—{H P —O—={H; diphosphatidylglycerol
(cardiolipin). Rx.COO and
oH Q Rg.COO are faity acid residues.

Cheprer §
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phospholipid bilayer. The current view is that protein is distributed in local patchesin
the bilayer, the mosaic structure (Fig. 1.7).

Unlike the wall, which has great mechanica strength, determines the characteristic
shape of the cdll and is metabolically inert, the membraneis structurally avery delicate
organelle and is highly active metabolically.

The membrane acts as a selective permesability barrier between the cytoplasm and
the cdl environment; the wdl acts only as a sieve to exclude molecules larger than
about 1 nm. Certain enzymes, and especialy the eectron trangport chain, that are located
in the membrane are responsible for an elaborate active transport system which utilizes
the eectrochemical potentia of the proton to power it.

An interesting experiment serves to illustrate the differing mechanica strengths of
the wall and membrane. The wal of some Gram-positive bacteria may be partialy
dissolved by trestment of cells with lysozyme or in the case of Gram-negative cells
with EDTA plus lysozyme. Upon doing this, cdlls so treated burst due to the fact that
the cytoplasm contains alarge number of solutes giving it an effective osmoatic pressure
of 608-2533 kPa (6-25 atm). Water enters the cell, now no longer protected by the
peptidoglycan, causing the naked protoplast to swell and burgt. If this experiment is
conducted in amedium containing 0.33 M sucrose, anon-penetrating solute, the osmotic
pressure inside and outside the protoplast is equalized, thus no bursting occurs, and
forms free of cell wall (protoplasts) may be observed in the medium.

Cytoplasm

The cytoplasm is a viscous fluid and contains within it sysems of paramount im-
portance. These are the nucleus, responsible for the genetic make-up of the cell, and
the ribosomes, which are the site of protein synthesis. In addition are found granules of
reserve materia such as polyhydroxybutyric acid, an energy reserve, and polyphosphate
or volutin granules, the exact function of which has not yet been ducidated. The
prokaryotic nucleus or bacterid chromosome exigts in the cytoplasm in the form of a
loop and is not surrounded by anuclear membrane. Bacteria carry other chromosomal
elements. episomes, which are portions of the main chromosome that have become
isolated from it, and plasmids, which may be called miniature chromosomes. These are
small annular pieces of DNA which carry a limited amount of genetic information,

Bacteria 9
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Chapter 1

often associated with the expression of resistance to antimicrobial agents (Chapters 9
and 13).

Despite the differences in nuclear structures between prokaryotes and eukaryotes,
the genetic code, i.e. the combination of bases which does for a particular amino acid
in the process of protein synthesis, is the same as it isin al living organisms.

Appendages to the bacterial cell

Three types of thread-like appendages may be found growing from bacterial cells:
flagella, pili (fimbriag) and F-pili (sex strands).

Flagella are threads of protein often \2fim. long which start as small basal organs
just beneath the cytoplasmic membrane. They are responsible for the movement of
motile bacteria. Their number and distribution varies. Some species bear a single
flagellum, others are flagellate over their whole surface.

Pili are responsible for haemagglutination in bacteria and also for intercellular
adhesiveness giving rise to clumping. At present, a clear role for these structures has
not been formulated.

F-pili or sex strands are part of aprimitive genetic exchange system in some bacterial
species. Part of the genetic material may be passed from one cell to another through the
hollow pilus, thus giving rise to a simple form of sexual reproduction.

Capsules and dime

Some bacterial species accumulate material as acoating of varying degrees of |ooseness.
If the material is reasonably discrete it is called a capsule, if loosely bound to the
surface it is called slime.

Recently a phenomenon of resistance to biocide solutions has been recognized
(see also Chapters 9 and 13) in which bacteria adhere to a container wall and cover
themselves with a carbohydrate slime called a glycocalyx; thus, doubly protected (wall
and glycocalyx), they have been found to resist biocide attack.

Bacillus anthracis, the causative organism of anthrax, possesses a capsule composed
of polyglutamic acid; the slime layers produced by other organisms are of a carbohydrate
nature.

An extreme example of slime production is found in Leuconostoc dextranicum
and L. mesenteroides where so much carbohydrate, called dextran, may be produced
that the whole medium in which these cells are growing becomes almost gel-like. This
phenomenon has caused pipe blockage in sugar refineries and is deliberately encouraged
for the production of dextran as a blood substitute (Chapter 25).

Pigments

Some bacterial species produce pigments during their growth which give the colonies
a characteristic colour.

Thus, Staphylococcus aureus produces a golden yellow pigment, Serratia marcescens
abright red pigment. There appears to be no valid function for these pigments but they
may afford the cell some protection from the toxic effects of sunlight.
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Fig. 1.4 Diagram of & transverse section of a baclecial Cvioplasm or Epdra Lonts
spore. soore core

The bacterial spore

In a few bacterial genera, notably Bacillus and Clostridium, a unique process takes
place in which the vegetative cell undergoes a profound biochemical change to give
rise to a structure called a spore or endospore (Fig. 1.8). This process is not part of
a reproductive cycle, but the bacterial endospore is highly resistant to adverse
environments such as lack of moisture or essential nutrients, toxic chemicals and
radiations and high temperatures. Because of their heat resistance al sterilization
processes have to be designed to destroy the bacterial spore.

The process of spore formation

In general, an adverse environment, and in particular the absence or limited presence
of one component, induces spore formation. Examples of such components are alanine,
Zn*, Fe**, POj~ and, in the case of the aerobic (oxygen-requiring) Bacillus species,
oxygen. Equally, certain substances, for instance Ca?* and Mn®*, have to be present for
the process of spore formation to proceed to completion.

If the conditions for spore formation are fulfilled the sequence of events shown
in Fig. 19 occurs.

The essential genetic material of the original vegetative bacterium is retained in the
core or protoplast; around this lies the thick cortex which contains the murein or
peptidoglycan already encountered as a cell wall component (see Fig. 1.2). The outer
coats which are protein in composition are distinguished by their high cysteine content.
In this respect they resemble keratin, the protein of hair and horn.

Another feature of the spore is the presence of pyridine 2,6-dicarboxylic acid (DPA)
(Fig. 1.10) occurring as a complex with calcium, which at one time was implicated
in heat resistance. The isolation of heat-resistant spores containing no Ca-DPA has
refuted this hypothesis.

The reason for heat resistance is thought to lie in the fact that the core or spore
cytoplasm becomes dehydrated during sporulation. The mechanism for this dehydration
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COOH COOH  Fig. 110 Pyridine 2,6-dicarboxylic adid, dipicolinic acid (DPA).

is the mechanical expulsion of water by the expansion of the peptidoglycan network
which comprises the cortex—the expanded cortex theory.

Dehydration of the core by means of concentrated sucrose solution also results in
heat resistance.

The tough keratin-like spore coats probably help to protect the spore core or
protoplast from the harmful effects of chemicals. Radiation resistance has not been
fully explained.

The same generally impervious properties make spores difficult to stain by simple
stains. However, if a slide preparation of spores is warmed with a stain the spores are
dyed so effectively that dilute acid will not wash out the colour. This is the basis of the
acid-fast stain for spores.

Soore germination and outgrowth

In nature, spores canrevert to the vegetative form by aprocess called either ‘germination’
or 'germination and outgrowth'. The process of germination may be triggered by specific
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germination stimulants, such as L-alanine or glucose, by the physical processes of
shaking with small glass beads, or by sublethal heating (e.g. at 60°C for 1 hour).
Outgrowth and subsequent growth depends on the presence of the necessary nutrients
for the particular organism concerned. The stages of germination and outgrowth, and
also the action of inhibitors of the process, are shown in Fig. 1.11.

Parameters of heat resistance

The existence and possible presence of bacterial spores determines the parameters,
i.e. time and temperature relationships, of thermal sterilization processes which are
used extensively by the food and pharmaceutical industry. These are defined below
(see also Chapters 20 and 23).

1 D-vaue (decimal reduction time, DRT) is the time in minutes required to destroy
90% of a population of cells. The D-value has little relevance to the sterilization of
medicines for injection, surgical instruments or dressings, where aprocess designed to
kill al living spores must be developed. The D-value is used extensively in the food
industry.

2 TheFg-valueisaprocess-describing unit expressed in terms of minutesat 121.1 °C
(originally 250°F) or a corresponding time-temperature relationship to produce the
same complete spore-killing effect.

3 The z-value is the increase in temperature (°C) to reduce the D-value to
one-tenth.

Bacteria 13
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Toxins

Although bacteria are associated with the production of disease, only a few species
are disease-producing or pathogenic.

The mechanism whereby the bacteria produce the disease with its attendant symptoms
is often dueto the cells' ability to produce specific poisons, toxins or aggressins (Chapter
14). Many of these are tissue-destroying enzymes which can damage the cellular
structure of the body or destroy red blood cells. Others (neurotoxins) are highly specific
poisons of the central nervous system, for example the toxin produced by Clostridium
botulinum is, weight for weight, one of the most poisonous substances known.

Reproduction

Binary fission

The majority of bacteria reproduce-by simple binary fission; the circular chromosome
divides into two identical circles which segregate at opposite ends of the cell. At the
same time, the cell wall is laid down in the middle of the cell, which finaly grows to
produce two new cells each with its own wall and nucleus. Each of the two new cells
will be an exact copy of the original cell from which they arose and no new genetic
material is received and none lost.

Reproduction involving genetic exchange

For many years, it was thought that binary fission was the only method of reproduction
in bacteria, but it is now known that there are three methods of reproduction in which
genetic exchange can occur between pairs of cells, and thus aform of sexua reproduction
is exhibited. These processes are transformation, conjugation and transduction. Further
details of these processes as they affect antibiotic resistance will be found in Chapter 9.

Transformation

In 1928, long before the role of DNA, the genetic code and the mechanics of genetics
and gene expression were known, Griffith found that a culture of Streptococcus
pneumoniae deficient in capsular material could be made to produce normal capsulated
cells by the addition of the cell-free filtrate from aculture in which anormal capsulated
strain had been growing. The state of knowledge at that time was insufficient for the
great significance of this experiment to be realized and developed. It was not until 16
years later that the material in the culture filtrate responsible for the re-establishment
of capsulated cells was shown to be DNA.

Conjugation

Conjugation, discovered in 1946, is a natural process found in certain bacterial genera
and involves the active passage of genetic material from one cell to another by means
of the sex pili (p. 10). However, despite the resemblance of this process to the complete
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genetic exchange found in eukaryotes, it is not possible to designate male and femae
bacteria. Bacteria which are able to effect transfer contain in their genetic make-up a
fertility factor and are designated F* strains. These are ableto transfer part, and in some
cases dl, of their genetic materia to F' gtrains.

It should be redlized that this is an extremely brief and incomplete account of
conjugation. The importance of bacterial conjugetion in antibiotic resistance will be
considered later (Chapter 9).

Transduction

Viruses are discussed more fully esewhere (Chapter 3). However, there are certain
groups of viruses, caled bacteriophages (phages), which can attack bacteria. Thisattack
involves the injection of vird DNA into bacteria cells which then proceed to make
new virus particles and destroy cells. Some viruses, known as temperate viruses, do
not causethis catastrophic event when they infect their host, but can pass genetic materia
from one cdll to another.

In summary, then, conjugation is a natural process representing the early stagesin a
true sexudly reproductive process. Transformation involving autolysis of the culture
with loss of genetic materid, and transduction arising out of an infective process, are
secondary processes which are not known to occur in eukaryotes; nevertheless, they
mugt have taken their part in microbia evolution.

Bacterial growth

The preceding account has been concerned with the single bacterid cell and the
information has been obtained by various forms of microscopy and by chemicd anaysis.
Further bacteriologica information has been, and is being, obtained by observing
bacteriain very large numberseither asaculturein liquid growth medium or ascolonies
on a solid growth medium. Under these circumstances bacteria can be seen but the
behaviour of aggregates is redlly a datidtical average behaviour of its individuas. A
somewhat fanciful andogy is that whereas a molecule of a chemica substance is
invisble, molecules in mass, i.e. a chemica specimen, are visible and macroscopic
properties are determinable.

The growth requirements of bacteria

The determinants of microbia growth are described as consumable and environmental.

Consumabledeterminants

The consumables represent the essential food or nutritiona requirements. Conventiondly
they include sugars, starches, proteins, vitamins, trace elements, oxygen, carbon dioxide
and nitrogen; but bacteria are probably the most omnivorous of al living organisms
and to the above list may be added plastic, rubber, kerosene, naphthalene, phenol and
cement. One is left feding that there is no substance which is immune to microbia
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attack. It iseasy, too, to overlook the importance of water; bacteria cannot grow without
water and, besides amilieu in which to thrive, water dso provides hydrogen as part of
reaction sequences for the metabolism of the substrates.

Some bacteria have very smple growth requirements, and the following medium
(expressed as gl~) will support the growth of a wide range of species. glucose, 20;
(NH_,)2,HP04,0.05. On the other hand, some species may need the addition of some 20
amino acids and perhaps 8-10 vitamins or growth factors (thiamine or vitamin Bj isan
example of the latter) before growth will occur, and it follows that these requirements
haveto be present in natural environments also. Between the extremes of the nutritionally
non-exacting and the nutritionally highly exacting, a whole range of intermediate
requirements are found.

The requirements of a microorganism for an amino acid or vitamin can be used to
determine the amount of that substancein foods or pharmaceutical products by growing
the organismin amedium containing al the essential requirementsand measured doses
of the substance to be determined.

Mention has been made of gases as part of the bacterid consumables list. Some
bacteriacannot grow unless oxygen is present in their immediate aamosphere; in practica
terms this means that they grow in ar. Such organisms are cdled obligate aerobes.
Another group is actualy inhibited in the presence of oxygen, this gas behaving amost
as an intoxicant, and such bacteria are known as obligate anaerobes. A large number of
species can grow both in the presence and absence of oxygen and these are termed
facultative bacteria. These organisms, however, make much better use of foodduffs,
i.e. their consumables, when growing in ar. A fourth group is named microaerophilic:
these grow best in the presence of oxygen a dightly lower concentrations than that
found in air. Specid techniques are needed to grow anaerobic bacteria which, briefly,
consig of cultivation in oxygen-free atmospheres or growth in culture media containing
areducing agent; sometimes a combination of both methods is used.

Environmental deter minants

The main environmenta determinants of microbid growth are pH and temperature.
The availahility of water may be lowered when certain solutes are present in high
concentration; thus, concentrated sdt and sugar solutions may either dow down or
prevent growth.,

Mogt bacteriagrow best a pH vauesof 7.4-7.6, onthe dkaine sde of neutrdity, but
some bacteria gpeciesare ableto grow at pH 1-2 or 9-9.5, dthough they are exceptiond.

Bacteria also show awide range of growth temperatures. Those organisms which
cause disease in man and other mammals, and in consequence have been extensively
studied, grow best a the temperature of the mammalian body, i.e. 37-39°C. However,
viable microorganisms have been recovered from hot springs, the polar sees and
submarine volcanic fissures (therma vents), and there are bacteriawhich can grow in
domedtic refrigerators. Bacteriawhich grow best at 15-20°C are called psychrophiles,
a 25"10°C mesophiles, and at 55-75°C thermophiles.

Thegrowth of bacteria, aswith other living organisms, can beinhibited or prevented.
Antiseptics, disinfectants, antibiotics and chemotherapeutic agents are the names given
to specia chemicals developed to combet infection. They are discussed inlater chapters.



Culturemedia

Mention has dready been made of the wide variety of consumable nutrients which
may be required by bacteria, and also how some bacteria can grow in Smple agueous
solution containing an energy source, such as glucose, and afew inorganic ions.

For the routine cultivation of bacteria, a cheap source of al likely nutrients is
desirable, and it should aso be remembered that even bacteria whose minimum
requirements are very smple grow far better on more highly nutritious media

The mediausualy employed are prepared from protein by acid or enzymic digestion.
Typicd sources are muscle tissue (mest), casein (milk protein) and blood fibrin. Their
digestion provides a supply of the natural amino acids and, because of their origin as
living tissue, they will aso contain vitamins or growth factors and minera traces.
Solutions of these digests, with the addition of sodium chlorideto optimize the tonicity,
comprise the common liquid culture media of the bacteriological laboratory. If it is
required to study the characteristic colony agppearance of cultures, the above media
may be solidified by anatura carbohydrate gelling agent, agar, which is derived from
Seaweed.

In addition, a vast aray of specid culture media have been developed containing
chemicaswhich by either their sdlectiveinhibitory properties or characteristic changes
act as selective and diagnostic agents to pick out and identify bacterial species from
specimens containing a mixture of microorganisms. The examination of faeces for
pathogens is a good example.

As dated in section 5.1.1, some bacteriawill not grow in the presence of oxygen.
These anaerobes may be grown by placing cultures in an oxygen free atmosphere, or
adding areducing agent such as cooked meet or sodium thioglycollate to the media.

Energy provison

The growth requirements outlined above express themselves in growth itsdf through
the less tangible but fundamenta necessity of energy which is provided by metabolism.
Not al metabolic reactions, however, provide energy; esterase activity is an example
of one that does not.

The energy provision by carbohydrate metabolism has been extensvely studied
from the beginning of this century, chiefly in an attempt to understand the basic
biochemistry of acohol production from carbohydrate. However, many laboratory
culture media contain only nitrogenous compounds and their metabolism is of
importance as it clearly provides energy for growth and maintenance.

In addition, living cells need a system of energy storage and this is provided by
'bond energy’, grictly the free energy of hydrolysis of a diphosphate bond in the
compound adenosine triphogphate (ATP).

Energy-Yielding reactions and energy-storage systems form acommon pattern found
in dl living systems and may be depicted thus:

nstored
Reactant —> products + energy
utilized as produced.

Bacteria 17
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A fundamental characteristic of the overall reaction is that it proceeds by a series
of steps, each catalysed by a separate enzyme. This ensures gentle and not explosive
release of energy and also provides a useful set of intermediates for the biosynthetic
reactions which are concomitant to growth.

Itis the complexity of the array of enzymes, coenzymes and intermediates which at
first sight provides a daunting barrier to those wishing to try to understand cellular
energetics.

As stated in section 5.1.1, some bacteria derive energy from food sources without
the use of oxygen, whereas others are able to use this gas. The pathway of oxygen
utilization itself is also a stepwise series of reactions and thus the overall picture emerges
of cellular metabolism characterized by multistep reactions.

Although bacteria (the prokaryotes) differ in many fundamental ways from al other
living organisms (see Table 1.1), their metabolic pathways do not. The handling of
carbohydrates by the Embden-Meyerhof pathway and the Krebs citric acid cycle and
many of the reactions of the metabolism of nitrogen-containing compounds are common
to both eukaryotes and prokaryotes. The enzymes and coenzymes for handling molecular
oxygen are also strikingly similar in both classes. A full treatment of these pathways is
given in the former editions of this book and in textbooks of biochemistry and microbial
chemistry.

Identification of bacteria

The varying metabolic activities of bacteria and their response to immediate environ-
mental factors have been exploited in the design of special diagnostic and selective
media. Recipes for these run into many hundreds; such media are used in hospital and
public health laboratories for identifying organisms found in samples believed to be
contaminated by them, and as an aid to diagnosis and treatment. In addition they are
used to detect contaminants in pharmaceutical products (British Pharmacopoeia 1993).
A few examples will be given to illustrate the principle.

Selective and diagnostic media

MacConkey's medium. This was introduced in 1905 to isolate Enterobacteriaceae from
water, urine, faeces, foods, etc. Essentially, it consists of a nutrient medium with bile
salts, lactose and a suitable indicator. The bile salts function as anatural surface-active
agent which, while not inhibiting the growth of the Enterobacteriaceae, inhibits the
growth of Gram-positive bacteria which are likely to be present in the material to be
examined.

Escherichia coli and Klebsiella pneumoniae subsp, aerogenes produce acid from
lactose on this medium, altering the colour of the indicator, and also adsorb some of the
indicator which may be precipitated around the growing cells. The organisms causing
typhoid and paratyphoid fever and bacillary dysentery do not ferment lactose, and
colonies of these organisms appear transparent.

Many modifications of MacConkey's medium exist; one employs a synthetic
surface-active agent in place of bile salts.



Bismuth sulphite agar. This medium was developed in the 1920s for the identification
of Salmonella typhi in water, faeces, urine, foods and pharmaceutical products. It consists
of a buffered nutrient agar containing bismuth sulphite, ferrous sulphate and brilliant
green.

Escherichia coli (which is also likely to be present in material to be examined) is
inhibited by the concentration (0.0025%) of brilliant green used, while Sal. typhi will
grow luxuriantly. Bismuth sulphite also exerts some inhibitory effect on E. coli.

Salmonella typhi, in the presence of glucose, reduces bismuth sulphite to bismuth
sulphide, a black compound; the organism can produce hydrogen sulphide from
sulphur-containing amino acids in the medium and this will react with ferrous ions to
give a black deposit of ferrous sulphide (Table 1.2).

Selective media for staphylococci. It is often necessary to examine pathological
specimens, food and pharmaceutical products for the presence of staphylococci,
organisms which can cause food poisoning as well as systemic infections.

In media selective for enterobacteria a surface-active agent is the main selector,
whereas in staphylococcal medium sodium and lithium chlorides are the selectors;
staphylococci are tolerant of 'salt' concentrations to around 7.5%. Mannitol salt,
Baird-Parker (BP) and Vogel-Johnson (VJ) media are three examples of selective
staphyloccocal media. Beside salt concentration the other principles are the use of a
selective carbon source, mannitol or sodium pyruvate together with a buffer plus
acid-base indicator for visualizing metabolic activity and, by inference, growth. BP
medium also contains egg yolk; the lecithin (phospholipid) in this is hydrolysed by
staphylococcal (esterase) activity so that organisms are surrounded by a cleared zone
in the otherwise opague medium. The United Sates Pharmacopeia (1990) includes a
test for staphylococci in pharmaceutical products, whereas the British Pharmacopoeia
(1993) does not.

Selective media for pseudomonads. These media depend on the relative resistance of
pseudomonads to the quaternary ammonium disinfectant cetrimide. In some recipes
the antibiotic nalidixic acid (Chapter 5) is added, to which pseudomonads are also
resistant.

Table 1.2 Appearance of bacterial colonies on bismuth sulphite agar

Organism Appearance

Salmonella typhi
Salmonella enteritidis
Salmonella  schotmulleri
Salmonella paratyphi
Salmonella  typhimurium
Salmonella choleraesuis
Shigella flexneri
Shigella sonnei

Other shigellae
Escherichia coli

Black with blackened extracolonial zone

Green

Brown

No growth

—_———, —i —
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Sdlectivemediafor legionellasand listerias. Such have been devised.

Media for fungi. Most fungi encountered as contaminants in pharmaceutica products
will grow on mediasimilar to that used to grow bacteria. Growth is favoured, however,
if the proportion of carbohydrate is increased in relaion to that of nitrogenous
congtituents.

Thus, media for the cultivation of fungi often contain additiona glucose, malt,
sucrose or wort. The optimum pH for mould growth is usualy on the acid side of
neutrality and so the pH of culture mediafor mouldsisusudly 5-6. This, while entirely
suitable for most common moulds, at the same time discourages bacteria growth and
thus renders the medium selective. Examples of such mediaare Sabouraud maltose or
dextrose agar, malt extract agar and soyatryptone agar.

The optimum temperature varies widdly from species to species but in generd
the common moulds will grow better at 22-25 °C than most human pathogenic and
commensa bacteria. It is customary, therefore, to incubate mould cultures at lower
temperatures than bacteria cultures.

A comprehensive account of culture mediamay be found in the Oxoid manual (see
references).

Examplesof additional biochemical tests

The differing ability to ferment sugars, glycosides and polyhydric acohols is widely
used to differentiate the Enterobacteriaceae and in diagnogtic bacteriology generaly.
The test is usudly carried out by adding the reagent aseptically to sterilized peptone
water and a suitable indicator, contained in a 5-ml bottle closed with a rubber-lined
screw cap and containing asmall inverted tube filled with the medium. Acid production
isindicated by achangein colour of the indicator, and gas production by gas collecting
in the inverted tube.

It is possible to buy ingenious testing devices which consst of a plastic gtrip
containing cavities in which dried reagents are placed. Such a strip may contain some
50 different tests and is used by depositing in the cavity aculture medium containing a
suspension of bacteria from the colony to be investigated. The strip is then incubated.
Thisisthe API sysem (AP Laboratory Products, Basingstoke, Hants). Another ussful
device consists of aplastic tube with anumber of compartments of about 12 cm®, each
containing agar medium. These are inoculated by means of a till wire run through
their centre; this enables some 11 tests to be carried out. It is known as the Enterotube.

Measurement of bacterial growth

The quantification of the growth response to the total environment may be determined
by counting the bacterial population to see if it changes with the passage of time. The
most direct method is literaly to count the bacterid cells placed on a calibrated
microscope dide. Thisdide hasagrid of 0.05-mm squaresruled onit and isso arranged
that when amicroscope dideis placed in position on two ledges raised by 0.02 mm, a
known volume (0.00005 mm?) is spread over each square. From the counts per unit
of known volume, the totd count may be calculated. This method cannot distinguish
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between living and dead bacteria, however, and to determine the number of living
bacteriain aculture it is necessary to perform what is known as aviable count. In this
method, an aiquot of the culture, suitably diluted, is mixed with, or placed on the
surface dof, a suitable solid culture medium and the mixture incubated. Viable colonies
appear in or on the medium and are counted. It will be redized here that a sngle
bacterium in the origina culture being plated is assumed to give riseto asingle viable
colony—this may not aways be true, and aggregates of two or more cells may give
riseto asingle colony. Idedly, this situation should be avoided, but in order to present
some notion of scientific correctness or semantic perfection, the viable count may
be referred to as the number of colony-forming units (cfu) rather than as ‘'number of
bacteria.

A third method of determining the changesin aviable population isto take advantage
of the fact that bacteriain suspension scatter or absorb light. By shining a light beam
through a bacterial suspension and calculating changes in light intensity by alowing
the emergent beam to fdl on a photoelectric cell connected to a galvanometer,
the bacterial population observed as light-scattering or light-absorbing units may be
determined. This method is rapid but it counts both living and dead bacteria and, for
that metter, non-bacteria particles. A calibration curve relating bacterial numbers to
galvanometer reading must be produced for each experimental circumstance.

Great care, skill and understanding are required to determine the state of a bacteria
population whether growing, stationary or dying.

In addition to these time-honoured methods, newer techniques involving bio-
luminescense, fluorescent dyes (epifluorescence) and physicd methods such as
impedance, caorimetry and flow cytometry have been devel oped. A festure being sought
in these methods is rapidity: see section 5.6.

Mean generationtime

Thetimeinterval between one cell division and the next is caled the generation time.
When considering a growing culture containing many thousands of cells, a mean
generation time is usualy calculated.

If asingle cdll reproduces by binary fisson, then the number of bacterian in any
generation will be as follows:
14 generation n=1 x 2 =2
2nd generationn=1x2x2 =22
3rd generation n=1x2x2x2=23
yth generation n=\x2" =2

For an initia inoculum of ny cells, as distinct from one cell, at the yth generation
the cell population will be:

n = nex2

This equation may be rewritten thus:
logn=logng+ ylog2

whence
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y log 2 0.3010

wherey is the number of generations that have elapsed in the time interval between
determining the viable count ng and the population reaching n.
If thistimeinterval ist, then the mean generation time G is given by the expression:

t tx 0.3010
Iogn-logrco |ogn - |ogn0
0.3010

Growth curves

When a sample of living bacteria is inoculated into a medium adequate for
growth, the change in viable population with time follows a characteristic pattern
(Fig. 1.12).

The first phase, A, is called the lag phase. It will be short if the culture medium is
adequate, i.e. not necessarily minimal, and is at the optimum temperature for growth. It
may be longer if the medium is minimal or has to warm up to the optimum growth
temperature, and prolonged if toxic substances are present; other things being equal,
there is arelationship between the duration of the lag phase and the amount of the toxic
inhibitor.

In phase B it is assumed that the inoculum has adapted itself to the new environment
and growth then proceeds, each cell dividing into two. Cell division by binary fission
may take place every 15-20 minutes and the increase in numbers is exponential or
logarithmic, hence the name log phase. Phase C, the stationary phase, is thought to
occur as aresult of the exhaustion of essential nutrients and possibly the accumulation
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Fig. 1.12 Typica bacterial growth curve: A, lag phase; B, log phase; C, stationary phase; D, phase
of decline.



of bacteriogtatic concentrations of wastes. Growth will recommenceif fresh mediumis
added to provide anew supply of nutrients and to dilute out toxic accumulations.

In phase D, the phase of decline, bacteria are actualy dying due to the combined
pressures of food exhaustion and toxic waste accumulation.

Quicker methods for detecting bacteria

The methods for determining bacterial contamination both quantitatively and quali-
tatively which have been outlined in sections 5.3, 54 and 55 have the generd
disadvantage that they involve an incubation period of 15-72 hours before areliable
answer is obtained.

In the case of pharmaceutical qudity control, and in many other spheres, methods
which give an answer in a shorter time are being investigated, evaluated and in some
cases used. Some of these quicker or rapid methods will be referred to in this section.

Microscopy

It had been found that if bacteria are stained with acridine orange and examined under
fluorescent microscopy, viable, as distinct from dead, cells fluoresce with an orange-
red hue. Thisbasic observation has been adapted to an ingenious method of determining
bacteria content and may be completed within 1 hour.

Themethod, known asthe direct epifluorescent filtration technique (DEFT), consists
of filtering the liquid to be tested through a membrane filter, staining the filter with the
acridine orange and examining thefilter under afluorescent microscope. The organisms
may be counted, thus rendering the technique quantitative. This method has been used
to determine microbia contaminants in intravenous fluids and was able to detect
organisms a alevd of 25/ml. DEFT presents difficulties if the fluid to be examined
is viscous, athough this may be overcome by dilution. Water-soluble solids may be
dissolved before difficulties with water-immiscible, viscous liquids and water-insoluble
solids.

Flow cytometry

This technique together with the Coulter counting technique depends upon a smple
but ingenious device. A potential differenceis maintained in acircuit which includes a
tube with a small orifice submerged in aconducting liquid (Fig. 1.13).

If aliquid containing particulate matter, blood cells, bacteria or suspensions of
inanimate matter is passed down the tube, when a particle passes through the orifice a
change in resistance in the circuit occurs and the change may be recorded by the usual
detection or print-out devices. Both the number of particles per unit of time and their
size may be determined.

There are certain points to be borne in mind, however, with this method:

1 Inthe counting of bacteria, both dead and living cells will be counted and szed
athough prestaining with a dye and a sophigtication of the instrumentation has been
investigated.

2 A further possible disadvantage is that the orifice may become blocked during use.
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3 If the bacterial content of an inanimate suspension, i.e. a medicine such as milk
of magnesia, is being examined both bacteria and magnesium hydroxide particles will
be detected, although here again methods of distinguishing the two types of particle
have been developed.

Microcalorimetry

This method depends on the fact that bacteria like al living organisms produce heat
when they metabolize. Because of the small amount of heat produced, especially
sensitive calorimetric devices are required hence the name microcalorimetry. The
specimen to be evaluated is diluted with a nutrient medium and, if microorganisms are
present and can metabolize, heat is produced and can be measured. An interesting
offshoot of this technique is the fact that differing organisms produce different heat
outputs and this may provide a means of identification. Microcal orimetry may enable
organisms to be detected and possibly identified in 3 hours.

Electrical conductivity

When organisms grow in a liquid media their metabolic products can create a change
in the conductivity of the media, afact noted in 1898. Research has shown that colony
numbers of about 10/ml are required to produce a measurable conductivity change.
The actual changes in the media may be measured also by changes in impedance
(resistance to an alternating current) or the change in its electrical capacity. Aswith al
techniques it has certain limitations. If the level of initial contamination of aproduct is
low, incubation of asamplein asuitable broth will be necessary to increase the organism
content to nearer 10/ml. Thiswill add to the time of the test. Another limitation liesin
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the detection of non-fermentative microorganisms whose metabolic activity produces
little change in media conductivity.

Bioluminescence

It has long been known that certain insects (e.g. the beetles known as fire flies) and two
or three genera of bacteria possess the ability to emit light; this property has been
utilized in quality control and research.

The use of the fire fly light-emitting system. Light generation depends on the oxidation
of asubstance known asluciferin. Thisis afatty aldehyde such as dodecanal. An enzyme
caled luciferase, extracted from fire flies, catalyses the oxidation. The reaction also
requires ATP. Thus, light emission measures ATP.

The detection of bacteria by this method depends on the fact that they, like al
living material, contain ATP but here arises a potential problem.

When determining the bacterial content of, for example, foods, clinical material
and even water, elaborate techniques are required to eliminate non-bacterial ATP. Also,
the sample being tested has to undergo an extraction process to remove ATP from any
bacteria present. The problem of non-microbial ATP is not likely to be met in the
examination of pharmaceuticals and toilet goods, however.

Comprehensive kits are available to analysts, bacteriologists and research workers
to perform the determination of ATP. They include, or are backed by, special light-
measuring equipment (luminometers) to estimate light emission and follow its extinction.

The use of luminous bacteria. A naturally occurring light-emitting bacterium,
Photobacteriumfischeri, was used as early as 1942 to assay antibiotics, the end-point
being taken as the extinction of light as viewed visibly.

With the advent of genetic engineering it has been possible to insert the light-
emitting genes of a natural bioluminescent organism, the so-called lux cluster into
organisms more relevant to medicine and public health, e.g. Escherichia coli, Salmonella
typhimurium, Listeria spp. and Mycobacterium smegmatis amongst others. The ex-
tinction of light in these organisms is used to mark the end-point in an estimation of
biocide activity and thermal stress to quote two examples of the application of this
method.

Rapid methods have great appeal in microbial quality control and certain areas of
research, but it should always be borne in mind, especially in quality control, that
rigorous testing of the method should be carried out in comparison to accepted
methods.

Rapid and quicker methods have an extensive literature and mainly review-type
publications are given at the end of the chapter.

Properties of selected bacterial species

In this section, no attempt will be made to follow the modern classification system; the
reader is referred to the works of Bergey (Buchanan & Gibbons 1974), Cowan and
Steel (Cowan 1993) and Logan (1994) for an overview of classification.
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Gram-positive cocci

Saphylococcus

The spheres grow characteristically in aggregates which have been likened to abunch
of grapes. The organisms are non-motile and non-sporing; they can grow aerobically
or anaerobically. Staphylococcus aureus produces a golden yellow pigment. It is a
cause of skin lesions such as boils, and can affect bone tissue in the case of staphylococcal
osteomyelitis. It produces atoxin which, if ingested with food in which the organism
has been growing, can give rise to food poisoning. A common manifestation of
its infection is the production of pus, i.e. the organism is pyogenic. Other com-
mon conditions associated with staphylococcal infections are styes, impetigo and
conjunctivitis.

Sreptococcus

These also are non-sporing, spherical organisms which grow characteristically in chains
like strings of beads, and can grow aerobically or anaerobically.

Streptococcus pyogenes can be an extremely dangerous pathogen; it produces a
series of toxins, including an erythrogenic toxin which induces a characteristic red
rash, and afamily of toxins which destroy the formed elements of blood.

Typica diseases caused by Strep, pyogenes are scarlet fever and acute tonsillitis
(sore throat), and the organism is a dangerous infective agent in wounds and in blood
poisoning after childbirth (puerperal sepsis). Rheumatic fever and acute inflammation
of the kidney are serious sequelae of streptococcal infection. Invasive streptococcal
infection can cause necrosis of subcutaneous tissue (necrotizing fasciitis) together with
other serious systemic pathologies.

Diplococcus (now Streptococcus)

As the name implies, these organisms grow in pairs, otherwise they are similar
to streptococci and are now referred to as streptococci. Streptococcus pneumoniae is
the causal agent of acute lobar pneumonia and also of meningitis, peritonitis and
conjunctivitis. This organism can also initiate an invasive infection.

Gram-negative cocci

Neisseria and Branhamella

The Gram-negative pathogenic cocci belong to the genus Neisseria. The cells are slightly
curved rather than true spheres and have been likened to akidney bean in shape. They
often occur in pairs and embedded in pus cells. Neisseria gonorrhoeae is the causal
organism of the venereal disease gonorrhoea. The organism can also affect the eyes,
causing a purulent ophthalmia. Neisseria meningitidis is a cause of cerebrospinal fever
or meningococcal meningitis. Branhamella catarrhalis (formerly N. catarrhalis) is a
harmless member of the genus and is often isolated from sputum.
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Gram-positive rods

The genera of importance in this group are Bacillus, Clostridium and Corynebacterium.

Bacillus

Members of this genus are widespread in air, soil and water, and in animal products
such as hair, wool and carcasses. It occurs characteristically as alarge rod with square
ends; it is aerobic and spore-forming. The most dangerous member of the group, B.
anthracis, is the causal organism of anthrax. Bacillus cereus has been implicated during
recent years as a cause of food poisoning, B. polymyxa is the source of the antibiotic
polymyxin, B. brevis of tyrothricin and B. subtilis and B. licheniformis of bacitracin.

Clostridium

Clostridiaare anaerobic, spore-forming rods. The genus contains anumber of dangerous
pathogens.

Clostridium septicum, Cl. perfringens (welchii) and Cl. nowyi (cedematiens) cause
serious damageto tissue if they are able to develop in wounds where the oxygen supply
islimited. Tissue may be destroyed, and carbon dioxide produced from muscle glycogen
gives rise to the condition known as gas gangrene.

Clostridium botulinum secretes an extremely toxic nerve poison and ingestion of
food in which this organism has grown is fatal. Cooking rapidly destroys the poison
but cold meats, sausages and pates that contain the organism and that are eaten uncooked
are possible sources of botulism. Clostridium tetani also produces a powerful central
nervous system poison and gives rise to the condition known as lockjaw or tetanus.
Clostridium sporogenes is a non-pathogenic member of the genus and is sometimes
used as a control organism for anaerobic culture mediain sterility testing (although the
European Pharmacopoeia specifies Cl. sphenoides. Chapter 23).

Clostridium difficile, described in older texts as of little significance as a pathogen
if present in the gut, may, after therapy with antibiotics such as clindamycin or ampicillin,
remain uninhibited, grow and produce toxins which give rise to a serious condition
known as pseudomembranous colitis. The organism will usually succumb to vancomycin.

Corynebacterium

Corynebacterium diphtheriae, which is non-sporing, is the causal organism of diphtheria,
a disease which has largely been eradicated by immunization (Chapter 16).

Gardnerella vaginalis (previously named C. vaginale or Haemophilus vaginalis),
although often part of the normal flora of the vagina, can be a cause of vaginitis. It has
been suggested that the condition is expressed in association with anaerobes. It responds
to treatment with metronidazole (Chapter 5).

Listeria
Listeria monocytogenes has been known as apathogen since the 1920s. It has achieved
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prominence and some notoriety lately as a contaminant in dairy products. It occurs as
a non-sporing Gram-positive coccobacillus or rod-shaped organism, and is able to
survive and multiply at low temperatures. Thus, it is essential that freezer cabinets in
retail outlets should be maintained at temperatures low enough to prevent growth of
the organism.

Ingestion of L. monocytogenes can cause abortion in humans and animals and in
the case of listeriosis a prime characteristic is an increase in monocytes.

Listeriosis may be treated with a combination of ampicillin and gentamicin.

Gram-negative rods

Pseudomonas

Pseudomonas aeruginosa (pyocyanea) has, in recent years, assumed the role of a
dangerous pathogen. It has long been a troublesome cause of secondary infection of
wounds, especially burns, but is not necessarily pathogenic. With the advent of immuno-
suppressive therapy following organ transplant, systemic infections including pneumonia
have resulted from infection by this organism. It has also been implicated in eye
infections resulting in the loss of sight.

Pseudomonas aeruginosa is resistant to many antibacterial agents (Chapters 9,13)
and is biochemically very versatile, being able to use many disinfectants as food sources.

Vibrio

Vibrio cholerae {comma) is often seen in the form of a curved rod (or acomma), hence
its alternative specific name. It is the causal organism of Asiatic cholera. This disease
is still endemic in Indiaand Burma, and was in the UK until the nineteenth century, the
last epidemic occurring in 1866. It is a water-borne organism and infection may be
prevented in epidemics by boiling al water and consuming only well-cooked foodstuffs.
Vibrio parahaemolyticus occurs in seawater and has been implicated in food poisoning
following consumption of raw fish. It accounts for more than half the cases of food
poisoning in Japan, where raw fish, suchi, is an important dietary item. Food poisoning
from this organism also occurs in the UK.

Yersinia and Francisella

Yersinia pestis (formerly Pasteurella pestis) is the causal organism of plague or the
Black Death which ravaged the UK at various times, the Great Plague occurring in
1348. It infects the lymphatic system to give bubonic plague, the more usual form, or
the respiratory system, giving the rapidly fatal pneumonic plague.

Francisella tularensis (formerly Pasteurella tularensis) causes tularaemiain humans,
a disease endemic in the American Midwest and contracted from infected animals.

Bordetella

Bordetella pertussis is the causal organism of whooping-cough, a disease which
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has been largely eradicated by a successful immunization programme (Chapter
16).

Brucella

This genus is found in many domesticated animals and in some wild species.
Brucella abortus is a cause of spontaneous abortion in cattle. In humans it causes
undulant fever, i.e. afever in which temperature undulates with time. Brucella melitensis
infects goats; it causes an undulant fever called Malta fever, which is common in people
living in Mediterranean countries where large flocks of goats are kept.
Brucella suis is found in pigs; it too manifests itself in humans as undulant fever
and occurs frequently in North America.

Haemophilus

Haemophilus influenzae owes its specific name to the fact that it was thought to be the
causal organism of influenza (now known to be a virus disease) as it was often isolated
in cases of influenza. It is the main cause of infantile meningitis and conjunctivitis and
is one of the most important causes of chronic bronchitis.

Escherichia

Escherichia coli and the organisms listed below (sections 6.4.8-6.4.12) are members
of a group of microorganisms known as the enterobacteria, so called because they
inhabit the intestines of humans and animals. Many selective and diagnostic media and
differential biochemical reactions are available to isolate and distinguish members of
this group, as they are of great significance in public health.

Escherichia coli is a cause of enteritis in young infants and the young of farm
animals, where it can cause diarrhoea and fatal dehydration. It is a common infectant
of the urinary tract and bladder in humans, and is a cause of pyelitis, pyelonephritis and
cystitis.

Salmonella

Salmonella typhi is the causal organism of typhoid fever, Sal. paratyphi causes
paratyphoid fever, whilst Sal. typhimurium, Sal. enteritidis and very many other closely
related organisms are a cause of bacterial food poisoning.

Shigella

Shigella shiga, Sh. flexneri, Sh. sonnei and Sh. boydii are the causes of bacillary
dysentery.

Proteus (Morganella, Providencia)
Proteus vulgaris and Pr. morganii can infect the urinary tract of humans. They are avid
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decomposers of urea, producing ammonia and carbon dioxide. These organisms
occasionally cause wound infection. Some species have the generic name Morganella
or Providencia.

Serratia  marcescens

This very small organism, 0.5-1.0/zm long, has been used to test bacterial filters. It is
not to be regarded as non-pathogenic, although infections arising from it are rare.

Klebsiella

Klebsiella pneumoniae subsp, aerogenes is found in the gut and respiratory tract of
man and animals, and in soil and water. It may be distinguished from E. coli by a
pattern of biochemical tests (Table 1.3). It can giverise to acute bronchopneumoniain
humans but is not a common pathogen.

Flavobacterium

Various species of this characteristically pigmented genus occur in water and soil and
can contaminate pharmaceutical products.

Acinetobacter

This genus has the same distribution and the same opportunities for causing
contamination as Flavobacterium. These organisms are not pigmented.

Bacteroides

The characteristic of this genus is that its members are anaerobes. They occur in the
alimentary tract of humans and animals and have been associated with wound infections,
especially after surgery. Bacteroidesfragilis is a frequently encountered member of
the genus.

Campylobacter

Campylobacters are thin, Gram-negative organisms which are in essence rod-shaped
but often appear in culture with one or more spirals or as 'S' and "W (gull-winged)
shaped cells. They are microaerophilic or anaerobic and move by means of a single
polar flagellum. They are unable to grow below 30°C.

Table 1.3 Comparison of E. coli and K. pneumoniae subsp, aerogenes

Indole MR VP Citrate 44°C

E. coli + +
K. pneumoniae subsp, aerogenes - - + + +
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Campylobacter jejuni has emerged during the last few years as a major cause of
enteritis in humans and is mainly transmitted by contaminated food, in other wordsitis
a food-poisoning microorganism.

Helicobacter

This genus, originally grouped with the Campylobacters (section 6.4.16), is now
considered a separate genus. Helicobacter pylori is of interest as a cause of peptic
ulcer.

Chlamydia

The diseases associated with chlamydias (e.g. psittacosis) were at one time thought to
be due to what were regarded as large viruses.

Chlamydias, however, are bacteria and have been shown to possess a cell wall
containing muramic acid (section 2.2.1), to contain ribosomes of the bacterial
(prokaryotic) type, to reproduce themselves by binary fission and to be inhibited by
antibiotics active against bacteria.

They are coccoid-shaped organisms and the feature which at one time consigned
them to the virus class was the fact that they would only reproduce in living tissue.

Chlamydia psittaci is the causal organism of psittacosis or ornithosis and occurs
mainly in the parrot family (hence psittacosis), but it is now known to be found in other
avian species (hence ornithosis). It is often found in persons who work in pet shops
selling parrots and budgerigars, and can be fatal.

Chlamydia trachomatis can cause a variety of diseases in humans, for example
trachoma, conjunctivitis and non-gonococcal urethritis. Itis sensitive to therifampicins,
the tetracyclines and erythromycin.

Rickettsia

This group of microorganisms shares with chlamydias the property of growing only
in living tissue. Rickettsiae occur as small (0.3 x 0.25/mi) rod-shaped or coccoid
cells. They can be stained by special procedures. Division is by binary fission. They
may be cultivated in the blood of laboratory animals or in the yolk sac of the embryo
of the domestic fowl, and it is by this method that the organism is grown to produce
vaccines.

Infection with rickettsiae gives rise to avariety of typhus infections in humans, the
intermediate carriers being lice, fleas, ticks or mites. Rickettsiae can occur without
harm to these arthropod hosts.

Amongst the diseases caused by rickettsiae are epidemic typhus, trench fever and
murine typhus, caused by R. prowazeki, R. quintana and R. typhi, respectively. Q-fever
is caused by Coxiella burned.

Legionella
Few people can have failed to have heard of Legionnaires disease or legionellosis.
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The causal organism of this disease, which must have existed undetected from time
immemorial, was isolated and verified in 1977 and called L. pneumophila.

It causes an influenza-like fever which is accompanied by pneumonia in 90% of
cases and which was usually diagnosed as atypical or vira pneumonia.

Legionella pneumophila is a rod-shaped, Gram-negative organism which grows
on aconventional laboratory medium provided the concentrations of cysteine and iron
are optimal. The organism will grow on a medium of sterilized tap water. Thisis in
keeping with its known habitat of water supplies, especially water maintained in storage
tanks, and must rely on the correct nutrients being present in the water.

The organism is sensitive to the antibiotic erythromycin (Chapter 5).

In addition to L pneumophila, 16 other species of Legionella of proven pathogenicity
have been described.

Acid-fast organisms

These comprise a group of organisms which, like the Gram-positive and Gram-negative
groups, have been named after a staining reaction.

Due to a waxy component in the cell wall these organisms are difficult to
stain with ordinary stain solutions, the hydrophobic nature of the wall being stain
repellent; however, if the bacterial smear on the slide is warmed with the stain, the
cells are dyed so strongly that they are not decolorized by washing with dilute
acid, hence the term acid-fast. Many bacterial spores exhibit the phenomenon of acid
fastness.

Mycobacterium

Mycobacterium tuberculosis is the causal organism of tuberculosis in humans. Allied
strains cause infections in animals, e.g. bovine tuberculosis and tuberculosis in rodents.
Due to the waxy nature of the cell wall this organism will resist desiccation and will
survive in sputum. Tuberculosis has been largely eliminated by immunization and
chemotherapy.

Mycobacterium leprae is the cause of leprosy.

Spirochaetes

Spirochaetes have a unique shape, structure and mode of locomotion. They are not
stained easily by normal staining methods and thus cannot be designated either Gram-
negative or Gram-positive. They are best observed by dark-ground illumination. They
are slender rods in the form of spirals, like a corkscrew, and may be as long as 500 *m.
Examples of spirochaete genera follow.

Borrelia

Borrelia recurrentis causes a relapsing fever in humans. Borrelia vincenti is the cause
of Vincent's anginain humans, an ulcerative condition of the mouth and gums. Borrelia
burgdorferi is the causal organism of the tick-borne Lyme disease.
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Treponema

Treponema pallidum is the causal organism of syphilis. Treponema pertenue causes
the tropical disease called yaws.

Leptospira

Leptospira icterohaemorrhagiae is the cause of a type of jaundice in humans called
Weil's disease. The disease is carried by rats and is encountered in sewer workers.
Other species of Leptospira, with hosts ranging from domestic animals such as the pig
to wild animals such as opossums and jackals, giverise to avariety of fevers encountered
locally or widely across the world.

Note: All organisms are potential pathogens in ill or immunologically compromised
patients.
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Introduction

Y easts and moulds are members of thefungi. Y essts are characterized asbeing essentidly
unicellular, whereas moulds are composed of filaments which en masse frequently
appear fuzzy or powdery. The familar budding yeast Saccharomyces cerevisiae, aso
known as Baker's or Brewer's yead,, is usudly thought of as the typica yeast. The
green mould Penicilliumdigitatum, afrequent spoiler of fruits such as applesor oranges,
and the bread mould Neur ospora crassawill aso bewe l-known to many. Theselatter
two organisms are properly considered astypical moulds. Asisusudly the case, however,
lifeis not completely straightforward for there are a considerable number of so-called
‘dimorphic fungi' which can alternate between yeast-like and filamentous forms. One
such organismsis Candida al bicans. To make matters more complicated, it has been
rediscovered that the would-be typica yeast S cerevisiae can dso form filaments
under a variety of different conditions (Gimeno et al. 1992). All of these fungi have
pharmaceutical and medical sgnificance. The precise nature of this significance is
different in each case. For example, S cerevisiaeisgeneraly regarded asatotally safe
organism suitable for use in human food and drink; the reason for its importance is
becauseit is by far the best understood eukaryotic organism on the planet. In contrast,
Cryptococcus neoformans has a variety of ways by which it can evade defence
mechanisms of the immune system, but is relatively little sudied. In between these
two extremes are many yeasts and moulds, which are omnipresent in the environment,
in or on our foods, or a part of the norma flora of humans, but dl of which can
opportunigtically contaminate pharmaceutica preparations or cause post-operative
disease. All fungi pose athreat to immunocompromised individuals. This knowledge
should be weighed againgt a background of ageneral lack of suitable antifungd agents
(see Chapter 5). The approach of this chapter will beto first describe S cerevisiaein
considerable detail because so much is known about it. Then, other yeasts and moulds
will be considered in turn, pointing out (where appropriate) significant differences
from S cerevisiae or from each other.
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Saccharomyces  cerevisiae

Saccharomyces cerevisiae has a predominant place in the realms of cell biology and
molecular biology where it has become accepted as the universal modd eukaryote.
The main reason for thisisits genetic tractability. Traditiondly, for reasons associated
with its importance to the food and drink industry, a great deal was known about the
biochemistry and physiology of this yeast. Later, with the advent of yeast genetics, a
vadt range of well-characterized mutants became available. Inturn, because S cerevisiae
can be transformed and is readily amenable to genetic manipulation, this permitted
the isolation and characterization of many yeast genes. Ultimately, in mid 1996
the nuclectide sequence of the entire genome of the organism was reported. This
achievement is dill only a far-off dream for molecular biologists studying most other
eukaryotic organisms. Nevertheless, it is possibleto identify genesfrom other organisms
by means of genetic complementation in S cerevisiae. Explained briefly, only one
piece of DNA from another organism will be able to substitute for a mutation in a
known genein S cerevisiae—thisisasegment of DNA which carries the homologous
gene (i.e. codes for the same function) in the other organism. The availability of well-
defined mutants in S cerevisiae combined with the facility of genetic manipulation
and thisyeast's short generation time, make thisavery rapid way to identify heterologous
(i.e. belonging to another organism) genes. Many of the latest concepts in cell and
molecular biology (e.g. concerning control of the cell cycle) have been developed and
tested in this organism. Naturaly then, sinceit isthe prime modd eukaryote, itis aso
the best understood fungus.

Thelife cycle

Thelifecycle of S cerevisiaeisshown in Fig. 2.1. It can exist both as ahaploid (one
copy of each chromosome per cell) or asadiploid (two copies of each chromosome per
cell). Haploids exists as one of two sexes referred to as mating type aand mating type
a. When two haploid cdlls come close together they cause each other to arrest in the
Gl phase of the cdll cycle. Each subsequently produces a specia protuberance enabling
growth towards the mating partner. These somewhat abnormal looking cdllsaretermed
'schmoos. A haploid will only mate with another haploid of the opposite mating type.
This is achieved by the expression of specific oligopeptide mating pheromones
(hormones with brings about behavioua change in cells of the opposite sex) and the
possession of surface receptors only for the opposite pheromone (hence, mating type a
grains produce only afactor and have receptors for afactor, whilst mating type a
strains produce only auHactor and have receptors for afactor). The resulting diploid,
like the haploids from which it arose, is capable of repeated rounds of vegetative
reproduction.

The vegetative cdl cycle of S cerevisiae has received extensve attention. There
are many judtifications for this. Firgly, the cdl cycle in this organism has many
convenient 'landmarks' (Hartwell 1974, 1978; Pringle 1978) which make it very easy
to identify the exact point in the cell cycle a which acell happens to be. Examples of
these landmark events include bud emergence, the size of the bud, mitosis (nuclear
division takes place through the neck between the 'mother' cell and the bud), and cell
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Fig. 2.1 The life cycle of Saccharomyces cerevisiae.
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separation. Other markers of cdll cycle progress are d so gpparent to the more experienced
observer (Fig. 2.2). The reader will notice from Fig. 2.2 that the 'daughter’ which is
formed is smdler than the mother cell from which it arose. There is a size control
which operates over initiation of anew cell cycle (Pringle & Hartwell 1981), and since
the mother islarger than the minimum sze necessary to passthis contral, but the daughter
is not, the consequence is that the mother cell can immediately start anew cdl cycle,
whereasthe daughter must firgt grow for aperiod until it islarge enough. Hence, mother
and daughter do not proceed through the next cdll cycle synchronoudly. The significant
extent of morphologica change throughout the cell cycle provides another reason for
studying this yeast as the construction of defined morphology.

A third judtification for studying the cell cycle of this yeast is that it affords
a convenient system in which to sudy cell polarity. Together with asymmetric cell
divison (inherent in the S cerevisiae cdll cycle with the unequa sized mothers and
daughters), the development of polarity is crucid in many aspects of development and
differentiation. Furthermore, as explained in more detail later in this chapter, the correct
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development of polarity isan essentid aspect in thelife of most fungi. The development
of polarity and the resulting asymmetric divison can be considered as five constituent
processes (Lew & Reed 1995) shown schematically in Fig. 2.3. These are:

1 the F-actin cytoskeleton;

the polarity of growth achieved by the way new cell wal materia is arranged;
the location of 10-nm neck filaments;

formation of the cell 'cap’;

the ditribution of DNA and microtubules.

The congtruction of ayeast cell requires isotropic growth. Bud emergenceis signalled
by the accumulaion of secretory vesicles, the rho protein Cde42p and a cap of
membrane-locdized actin patches. Once the cap is established, subsequent bud
emergence is accomplished entirely by polarized growth. Following bud emergence,
the rings of 10-nm filaments remain at the mother/bud neck, wheress the proteins in
the cap concentrate at the tip of the bud where secretion takes place. Later, thereis a
critical switch back to isotropic growth which brings about swelling of the bud. Most
of the proteins of the cap appear to disperse smultaneoudy with the apical/isotropic
switch. At cytokinesis, secretion is redirected to the neck and the proteins of the cap
redistribute to this region. Mutants have been isolated which distinguish between the
separate components and processes. In turn, the genes which the mutations have
identified have dl been characterized.

The pattern of budding in haploids differs from that in diploids (Friefelder 1960).
Haploids grown in rich medium bud in an axia pattern, i.e. each new bud siteis placed
adjacent to the previous one. In the same rich nutrient conditions diploids exhibit bipolar
budding, in this case choosing new bud stes at either end of the cdll (Fig. 2.4). Under
avariety of other conditions, al presumably involving some form of nutrient limitation,
diploids will form pseudohyphae and haploids will form invesive filaments. As aluded
to earlier in this chapter, this represents a 'rediscovery' in the case of S cerevisiae
because it had been known for a long time and forms part of the basic taxonomy. Its
significance had been ignored. This Situation arose because the ability to form these
structures had been crossed-out of the genetic background of many academic strains
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Fig. 2.3 The development of polarity and asymmetric division in Saccharomyces cerevisiae. The
diagram is reproduced in a dightly simplified form from the work of Lew & Reed (1995) with the
permission of Current Opinion in Genetics and Development, (&) The F-actin cytoskeleton: strands =
actin cables; () cortical actin patches, (b) The polarity of growth is indicated by the direction of the
arrows; (arrows in many directions signifies isotropic growth), (¢) 10-nm filaments which are
assembled to form aring at the neck between mother and bud. (d) Construction of the ‘cap' at the
pre-bud site. Notice that the proteins of the cap become dispersed at the apical/isotropic switch, first
over the whole surface of the bud, then more widely. Finaly, secretion becomes refocussed at the neck
in time for cytokinesis, (e) The status and distribution of the nucleus and microtubules of the spindle.
Notice how the spindle pole body (¢) plays an important part in orientation of the mitotic spindle.
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Fig. 2.4 The budding pattern in
haploid and diploid
Saccharomyces cerevisiae. The
original cell which formed a bud

i
1
is the mother (M). The daughter
+ '/ . \ cell (D) is shown remaining
attached as might be the case in
% @:/\O @;i colonies growing on the surface
of agar.

around the world. Pseudohyphae are chains of regular-shaped, elongated cells in which

§0-C

unipolar budding predominates. The analogous situation in colonies of haploids growing
on solid media is the formation of invasive filaments which are capable of penetrating
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the agar. The generally accepted view isthat starvetion of nitrogen is the signdl for the
switch from the yeast to a filamentous form (Kron et al. 1994), athough it has dso
been shown that pseudohypha growthis strictly oxygen-dependent (Wright et al. 1993)
and that limitation of oxygen during continuous cultivation can result in the formation
of pseudohyphae (Kuriyama & Saughter 1995). In 1996 Dickinson showed tht,
dependent upon the concentration used, 'fusel' acohals, i.e. n-amyl, isoamyl acohoal,
etc., caused the formation of hyphal-like extensions or pseudohyphae in awide number
of different yeast species which were being cultured in rich liquid media where the
cells would normaly proliferate as yeasts rather than in any other form (Dickinson
1996). It seems reasonable to conclude that since fusd acohals are produced when the
yeedts are under various conditions of nutrient stress, the many situations which have
been reported to induce pseudohyphd formation are triggered by fusd acohols. Aswe
have dready noted, yeest-form proliferation is asymmetric and asynchronous; in
contrast, as others have adready observed (Kron & Gow 1995), pseudohyphd growth
issymmetric and synchronous and, aswill become gpparent later in this chapter, hyphal
growth is symmetric and asynchronous (Fig. 2.5).

The diplophase and haplophase are equaly stable. Hence, in the presence of adequate
nutrients, both are capable of repested rounds of vegetative growth and mitosis.
However, in the presence of apoorly utilized carbon source such as acetate, and usudly
in the abasence of anitrogen source, diploid strains switch to the aternative devel opmenta
pathway of meiosis and spore formation. This process of sporulation gives rise to
structures termed 'asci'. Each single ascus contains four haploid ascospores (usualy
referred to Smply as 'spores). Sporuletion in diploid strains of S cerevisiae has been
sudied as a smple unicelular modd of differentiation because it involves the co-
ordination of a complex sequence of genetic, biochemical and morphologicd events
(Fig. 2.6). The developmenta switch occurs only in the Gl phase of the cell cycle, in
norma (a/a) diploids which are respiratorily complete. Hence, it requires the co-
ordination of signals about the environment, about the physiologicd and metabolic
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Fig. 2.5 Cdl cycles resulting in yeast-form cells, pseudohyphae and hyphae. In many respects the
cell cycle of pseudohyphal cells is similar to that of yeast-form cells, except that in pseudohyphae
G2 is prolonged, thus larger daughter cells are produced which are identical in size to the mother
cell. Hence, mother and daughter are both sufficiently large to start the next cell cycle and so bud
synchronously. In hyphae the apical cell becomes progressively longer. The diagram is reproduced
from the review of Kron & Gow (1995) with the permission of Current Opinion in Cell Biology.
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Fig. 2.6 The morphological events of sporulation in Saccharomyces cerevisiae. (a) starved cell: V,
vacuole; LG, lipid granule; ER, endoplasmic reticulum; CW, cell wall; M, mitochondrion; S, spindle
pole; SM, spindle microtubules; N, nucleus; NO, nucleolus, (b) Synaptonemal complex (SX) and
development of polycomplex body (PB) along with division of spindle pole body in (c). (d) First
meiotic division which is completed in (e). (f) Prepararation for meiosis I1. (g) Enlargement of
prospore wall, culminating in enclosure of separate haploid nuclei (h). (i) Spore coat (SC) materials
produced and deposited, giving rise to the distinct outer spore coat (OSC) seen in the completed
spores of the mature ascus (j). Reproduced from the review by Dickinson (1988) with permission
from Blackwell Science Ltd.

status of the cell dong with a way of monitoring the cell's ploidy and position in
the cdl cycle. It is atractive for Sudy because it involves meioss, areatively rare
event that occurs only in cells of specidized tissues in higher eukaryotes, and because
it dlows the sudy of developmentaly regulated gene expression. Transfer to the
sporulation pathway dso involves anumber of distinct metabolic switches (Dickinson
1988; Dickinson & Hewlins 1991). The whole process can be completed within 24
hours. The products of sporulation (haploid ascospores) have far greater resistance to
heet, solvents, dehydration, etc. than vegetative cells. If returned to good nutrient
conditions the spores will germinate and commence proliferation as free-living haploids.
This whole sequence of events formsthe basis of conventional genetics and laboratory
drain congruction in this yeast. Two haploids of opposite mating type each carrying
particular mutations are placed in close proximity to each other on the surface of an
agar medium. After mating and subsequent formation of the diploid, the cells can be
replica plated to a different medium to dlow sdection for the diploid and againgt the
parenta haploids. ('Replicaplating' involves making areplica of agroup of cellswhich

Yeasts and moulds 41



are growing on one type of medium onto one, or more, different media. Thisis done by

pressing the agar surface of a Petri dish carrying cells onto a sheet of sterile velvet.

Subsequently, other, uninocul ated, Petri dishes can receive doses of these cdllsby being
pressed onto the surface of the velvet). Thisis most Smply arranged by ensuring that
eech parental haploid has different auxotrophic requirements, hencetheresultant diploid
will be able to grow on aminima medium (due to complementation) whereas neither
of the parents can. After 1-3 days growth, the diploid will then be replica plated again
onto a sporulation medium. When the asci have formed, the individua spore progeny
can be separately grown as individua clones (a clone is a group of cells which are
genetically identical). This find step is accomplished by enzymatic digestion of the
ascus wall followed by micromanipulation of the individual spores (a process known
as'dissection’). Dueto thefact that meiotic recombination took place during sporulation,
the spores will have different combinations of mutations to those present in the origina

parents. The precise combination of mutations in each spore can be determined by
anaysing the phenotypes.

Metabolism and physiology

Saccharomycescerevisiaeisnormally described as afaculative anaerobe which means
that it is able to proliferate under either anaerobic or aerobic conditions. It is able to
utilize a wide range of mono-, di- and oligosaccharides, ethanol, acetate, glycerol,
pyruvate and lactate. The favourite carbon source is glucose and the preferred mode of
metabolism is fermentative using the Embden-Meyerhof pathway (EMP) resulting in
the formation of ethanol. Many aspects of metabolism and physiology in this organism
(not merely carbon metabolism) are subject to catabolite repression which in most
cases means glucose repression. In the presence of glucose, synthesis of the enzymes
necessary for disaccharide (sucrose and maltose) or galactose utilization and for growth
on non-fermentable carbon sources (ethanol, acetate, glycerol, pyruvate and lactate) as
well asmitochondrial development are repressed. Astherepressing substrate (glucose)
is consumed its concentration fals and the cells are said to become 'derepressed’; this
occurs typically a glucose concentrations below 0.2%. In other words, induction of
respiratory enzymes and components of the mitochondria €eectron transport chain
occurs. This metabolic switch takes place late in the exponentia phase of a batch
culture. As the cdls pass through the decderation phase and enter the dationary
phase they will be fully derepressed and will start to consume the ethanol that was
produced earlier. This requires the full participation of the tricarboxylic acid (TCA)
and glyoxylate cycles for the complete oxidation of ethanol to carbon dioxide and
water. Cells utilizing any of the non-fermentable carbon sources are dso carrying out
gluconeogenesis. The glucose-6-phosphate produced asaresult of thisgluconeogenesis
is used both for the production of storage carbohydrate (trehalose) and for 'shuttling'
around the hexose monophosphate pathway (HMP) for synthesis of ribose which is
required for nucleotide (and hence ultimately nucleic acid) biosynthesis. Theimportance
of the glycolytic pathway to S cerevisiae cannot be overdated. This is underlined by
the frequently quoted figure that the enzymes of glycolysis represent 30-65% (depending
upon physiological conditions) of soluble protein (Fraenkel 1982). The storage materia
trehaose is produced in large quantities during sporulation (Dickinson et al. 1983). It
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confers to the spore the ahility to withstand dehydration. A wide range of organisms
in low water environments utilize trehalose for the same purpose including most
insects and the remarkable drought-resisting resurrection plant Selaginellalepidophylla
which can survive protracted desiccation until rains return (Leopold 1986). Trehalose
does this by preventing phase transitions within membranes (Crowe et al. 1984). The
compound is now added to a considerable number of laboratory products in order to
extend their shelf-life and its use in pharmaceutical and medical materids including
plasma, blood-based products, whole cells and tissues is under active investigation for
the same reason.

Notwithstanding the foregoing, an important congtraint on this otherwise meta-
bolicaly flexible organiam is the fact that proliferation under truly anaerobic conditions
(something that is very difficult to achievein the laboratory) is not possible without the
provison of unsaturated faity acid and sterol (Andreasen & Stier 1953, 1954). These
are required for the assembly of membranes. Naturdly, mutants defective in faity acid
or geral biosynthesis have such requirements, but so do mutants with defects in
porphoryin biosynthesis due to the involvement of haematin in the synthesis of both
groups of compounds. Wild-type S cerevisiae do not take up sterol under aerobic
conditions. It is possible to supply a limited range of dternative sterols instead of
the yeast's usud ergosterol. The ability of such an dternaive sterol to support growth
of anagrobic S cerevisiae is a way of assessing the structurd specificity of steral
requirement (Henry 1982). Some yeast sterol mutants were isolated as auxotrophs
requiring ergosterol whilst others were obtained on the basis of resistanceto the polyene
antibiotic nystatin. Polyene antibiotics ater membrane permesbility by interaction
with specific membrane sterols (Cass et al. 1970; Norman et al. 1972; see Chapter 8)
and seem not to inhibit lipid synthesis. Hence, mutants resistant to polyene antibiotics
have been ussful in identifying the effects of dtered sterol composition on different
membranes within the cell. This can be reflected in, for example, atered permesbility
to a specific molecule or ion.

Cel wall

Thecel wal of S cerevisiae, likethat of other fungi, is very strong. Despite its great
strength, one should remember that the cell wall is adynamic structure (unlike abrick
wall). There are three mgor components.

1 aninterna glucan layer,

2 the externa layer of mannoproteins;

3 chitin which occupies various specidized locations.

Cdl wall composition varies according to physiologica conditions and devel opmental
status. For example, the wal of cells from stationary phase is much more resistant to
degradation by /3-glucanase than that from exponentia phase cells (Necas 1971). The
glucan of S cerevisiae is mainly j8(I-3)-linked glucoses with branching via/?(1-6)-
linked glucose units (Manners et al. 1973a, b). Most of the mannoproteins can only be
released dfter enzymatic degradation of the glucan layer. There are long «(1-6)-
mannose chains with a{\-2) and cu(l-3) side chainsiV-linked to asparagine. There are
aso short mannose chains O-linked to serine or threonine (Van Rinsum et al. 1991).
The carbohydrate chains of the mannoprotein layer are the main antigenic determinants
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when S. cerevisiae is injected into laboratory mammals. Chitin is a /3(I-4-)-linked
polymer of jV-acetylglucosamine. It confers enormous mechanical strength. In S
cerevisiae aring of chitin is formed at the mother-budjunction (see Fig. 2.2). Thisring
persists after cell separation and is referred to as the 'bud scar'. Chitin isreadily stained
with the optical brightener Calcofluor White, and all of the bud scars on a cell can
easily be visualized. Thus, it is possible to determine both the 'age’ of acell (by counting
the number of bud scars) and the ploidy of the cell (by observing the pattern of bud
scars, because, as explained earlier, haploids and diploids have different patterns of
bud formation). Indeed, ageing research is also possible in this organism (Kennedy &
Guarente 1996). In spore walls, the outermost layers contain a special polymer which
is based upon dityrosine (Briza et al. 1990).

Candida albicans

Phar maceutical and clinical significance

Candida albicans is a dimorphic organism which is part of the normal body flora of
humans. For the mgjority of normal healthy individuals it will never cause any problems.
However, in a number of settings it can cause severe disruption to lifestyle or even
death. In the USA it is now the third most frequent cause of nosocomial (hospital
acquired) infections. Post-operative infection arises typically where a patient has been
in intensive care for weeks and has undergone several cycles of bacterial infections
and high dose antibacterial therapy. In excess of 50% of deep-seated Candida infections
are lethal. Persons suffering from AIDS, transplant patients and other immuno-
compromised individuals are at even greater risk. The azole family of antifungal
compounds (see Chapter 5) is frequently deployed but several of these block the
metabolism of cyclosporins (which are administered for chronic immunosuppressive
therapy) and thereby increase immunosupressivity. A possible aternative antifungal
drug is amphotericin B, but this interacts with cyclosporins to give increased nephro-
toxicity. Catheterized patients can become infected with C. parapsilosis which causes
problems by virtue of its ability to form biofilm. In many apparently norma women,
C. albicans causes vaginal thrush which can be so extreme as to incapacitate. Some
denture-wearers and malnourished children can develop thrush in the mouth; in the
case of the latter this can extend to large portions of the face.

It would be reasonable to imagine that the cell wall would be a focus for attacking
this organism. In reality, whilst there have been studies of the biosynthesis of cell wall
materials, the precise molecular organization within the cell walls islargely unknown.
jS-glucans and chitin form a skeleton for the mannoproteins which are found both at the
outer surface and throughout the entire cell wall. By using wheat germ agglutinin it has
been shown that chitin is concentrated in the cross-walls between mother and daughter
cells, but is also distributed throughout the whole of the cell wall. It has not been
possible to examine the distribution of glucans using plant lectins because there is no
known lectin which reacts specifically with glucans. However, the use of amonoclonal
antibody that reacts with (1,6)-/5-glucan has enabled the linkages which connect (1,6)-
/3-glucan to mannoproteins and the distribution of (I,6)-/?-glucan in the cell walls to be
studied (Sanjuan et al. 1995). In S. cerevisiae, the synthesis of (l,6)-/3-glucan begins
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early in the secretory pathway whereasin C. albicansitis apparently incorporated &t a
later stage. In both yeadts, (1,6)-/3-glucan is located within an inner layer of the cell
wal which can be rendered accessble with tunicamycin.

In the yeast form, C. albicans could be confused with S cerevisiae upon smple
microscopic ingpection. However, maor differences exist which would soon become
gpparent even to one not familiar with yeest taxonomy. Candida albicans is diploid
and has no sexud cycle. This meansthat classical genetic methods like those described
for S cerevisiae are not possiblewith this organism. Attemptsto isolate mutants by the
use of mutagenic agents are dmost bound to fal because of the improbability of
producing mutations in both copies of a given gene and nowhere ese in the genome.
Naturaly occurring mutants do, of course, exist. The more recent developments of
molecular genetics are now being applied to Candida, but the reader should not conclude
that thisorganismis understood to anything likethe extent of S cerevisiae. Theisolation
of C. albicansgeneshomologousto thosein S cerevisiae by means of complementation
of S cerevisiae mutants has been particularly useful as have techniques such as 'Ura
blasting' in which first one copy of agiven Candida gene is disrupted with the coding
sequence of the URA3 gene and then the second copy istreated likewise. This process
can be applied sequentialy to produce a strain with defined mutations in known genes
(Gow etal. 1993).

Alternative morphologies

One spectacular difference between S cerevisiae and C. albicansiis the ability of the
latter to switch to a hyphal pattern of proliferation (Gow 1994). A variety of different
factors and conditions have been described which can dicit this switch. Theseinclude
serum, neutral pH, certain temperature profiles, the addition of yV-acetylglucosamine
and many more (Odds 1988). In germ tube formation, a protuberance develops from
the cdl and theregfter growth remains highly polarized (Fig. 2.7). The cel which
formsthe tip of the developing germ tube remains polarized throughout the cell cycle.
It must be emphasized that this is hyphd growth where cell division is symmetric,
but in contrast to pseudohypha development (where the next cdl cycle is darted
synchronoudly), in this case growth is asynchronous with the result that the apica cell
becomes progressively longer (seeFig. 2.5). It has not been shown thet the virulence or
pathogenicity of C. albicans are uniquely due to either the yeast or hyphd form.
Nonetheless, the ability to be able to interconvert between the distinct morphologies
must surely be to its advantage. The hypha form is considered to be specidized for
foraging (Kron & Gow 1995). Even if this is not the correct conclusion, it certainly
conveys the ability to penetrate tissue, whilst the yeast form would seem to be more
effective for digpersal, eg. through the blood system. One of the judtifications for
studying morphological switchingin C. albicansisthat this may reved auniquetarget
for therapy or prophylaxis.

Another form of switching is well-known in C. albicans. Thisis the phenomenon
of ‘phenotypic switching' (Soil 1992) whereby colony morphologies vary dramatically
(e.0. white, opague, fuzzy, wrinkled.) These may seem trivid to the pharmacist or
physician, but the variability extends far beyond the mere appearance of the colonies.
It can encompass a vast array of biochemical dterations, antigenicities and drug
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Fig. 2.7 Germ tube formation by
Candida albicans. For smplicity
the diagram merely illustrates the
nuclear content of the parental

yeast cell and the developing
o | & [ ] D germ tube. Inreal lifethereisa

5 complex rearrangement of
cytoplasmic constituents which
resultsin al parts except the

s | & @ & T @ ™ apex becoming highly

8 vacuolated.

sengtivities. Furthermore, it is documented thet patientswho have suffered from repested
vagina candidoss have yielded the same gtrain which has presented an dternative
phenotype on each occasion (Sail et al. 1989). Thus, this phenomenon seemsto represent
a mechanism which has evolved to enable C. albicans to escape destruction by the
immune system. Phenotypic switching is so-called because it has been assumed that a
mutational event could not be responsible due to the high frequencies (up to 10%)
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Fig. 2.8 Mating type switching in Saccharomyces cerevisiae. The founder cell (F) isavirgin (i.e. has
not formed a bud previoudly), carries the HO gene and is mating type a. After the first cell cycle there
will be the mother cell (M) and the daughter (D), both of which are mating type a. Mother cells which
carry HO are able to switch mating type whilst in the Gl phase of the cell cycle. Assuming that M
switches to mating type a, the progeny which result from M (amother and a daughter) will thus both
be mating type a. Daughters cannot switch mating type, hence D will produce two cells of mating
type a. Note that two of the cells present at the four cell stage are mothers and hence capable of
switching mating type before entering the next budding cycle.



observed. However, there clearly has to be a genetic basis to such variation. In S
cerevisiae, maing type switching can occur (Herskowitz et al 1992) dueto the presence
of the HO gene. This gene confers on a haploid strain of either mating type the ability
to switch to the opposite mating type. The opportunity to switch is only available to
mother cellswhich arein the Gl phase of thecdl cycle. Thus, itisquite easy to calculate
that a single cdll that was (say) mating type a could give rise after two complete cell
cyclesto a colony that comprised two cells of mating type a and two of mating type a
(Fig. 2.8.) Hence, one could sy that mating type switching in S cerevisiae has a
frequency of agpproximaely 50% in appropriate strains, i.e. even higher than the
frequency of phenotypic switching in C. albicans. The molecular basis of phenopic
switching remains unclear at the time of writing.

Cryptococcus  neoformans

Cryptococcus neoformans is an encapsulated yeast which causes cryptococcos's, a
subacute or chronic infection of the central nervous system. In extreme cases, tissue
damage can dso occur in the skin, bones and interna organs. Cryptococcad meningitis
is very frequent in AIDS patients. Despite this, it is not a newly discovered organism
and its pathogenic capabilities have been known for many years. For example, in 1955
it was known that Cr. neoformans was the causative agent in 10% of dl fatd human
mycosesin the USA (Emmons 1955). It does not form a pseudomycelium, neither does
it develop hyphae. Surely this yeast provides adequate proof that neither is necessary
to be pathogenic to any warm-blooded animal! The yeast cells are dmost spherical and
in conditions of high osmolarity they produce a much reduced capsule, such that the
overdl sizeislessthan 5fm\ in diameter. This renders them smdl enough to remain as
dugt in the atmosphere and be inhaled. Thisis reckoned to be the route of al infections.
Theyeast is inhaled and carried to the aveoli of the lungs. When in the warm, moist
aveoli, the yeast cdls regenerate their thick capsules with the consequent release of
polysaccharides and glycoproteins into the host's bloodstream, both of which serve as
virulence factors (Murphy 1996). The capsule products cause neutrophils to lose their
surface L-sdlectin, which is required for leukocytes to attach to endothelid cdlls before
moving from the blood system to the tissues. Since the leukocytes are not sent to the
site of infection in the tissue, the yeast escapes. Theimmune system isfurther confused
by yeast cel products in the bloodstream due to the induction of suppressor T
lymphocytes which attenuate immune responses. It isbdieved that the release of mdanin
from the yeast adso helpsit to evade the immune system. Mdanin isthought to act asan
antioxidant which thereby protects cryptococci from oxidative killing. With such an
armoury of virulence, the reader will appreciate why rapid identification of thisorganism
iS SO important.

Neurospora crassa

Neurospora crassa is afilamentous pink mould. It became famous to scientists due to
the work of Beadle and Tatum in the 1940s when they developed the 'one gene—one
enzyme' hypothesis. Itslife cycleis shownin Fig. 2.9. Unfortunately, the full force of
fungd nomenclature comes into play when considering this organism. Aerid hyphae
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Fig. 2.9 The life cycle of Neurospora crassa. The figure illustrates both the asexud cycle via
macroconidia and the sexud cycle. In the case of the latter, the diagram represents the

interaction between a male of mating type A and afemale of mating type a. The trichogyne

grows towards the male. There is fusion, one male nucleus enters and pairs with a female nucleus.
Rounds of synchronous nuclear divisions result in dikaryotic (i.e. containing two nuclei)

cells. Karyogamy produces a true diploid which immediately undergoes meiosis and
ascosporogenesis. The cycle is completed by germination of the individual ascospores to found fresh
mycelia.

from the heterokaryotic (i.e. containing many separate nuclei) vegetative mycelium
produce either macroconidiaor microconidia. The macroconidiacontain several nuclei
and re-establish vegetative mycelium when they germinate. Each microconidium is
uninucleate; their role in the life cycle is to fuse with the trichogyne (a specialized
hypha of opposite mating type.) The trichogyne is carried on the protoperithecium,
which, asits name suggests, is the precursor to the perithecium (fruiting body). Inside
the perithecium, nuclear fusion takes place, followed by meiosis and further differen-
tiation to produce an ascus containing ei ght ascospores. When the ascospores germinate,
they produce haploid myceliawhich can form heterokaryons by means of hyphal fusions
with mycelia of the opposite mating type.

It is instructive to consider the similarities and differences in the life cycle of
S cerevisiae and N. crassa. Disregarding the obvious difference that the former is a
yeast whilst the latter is amould, it should be noted that both fungi have a vegetative
haplophase. The diplophase of S. cerevisiae can proliferate, whereas in N. crassa the
diploid rapidly undergoes meiosis and ascospore formation. Both organisms can exist
in one of two mating types, each of which is controlled by a single genetic locus.
Neurospora crassa has truly male and female thalli (singular, thallus, is the vegetative



body of afungus) which aremorphologicaly distinct. Neurospora crassaisan obligate
aerobe, hence, dimination of oxygen will prevent its growth.

Penicillium and Aspergillus

The scientificaly informed layperson is aware that Penicillium species are associated

with anumber of beneficia products. These include the important antibiotic penicillin

(originally from P. notatum, but which soon cameto be prepared from P. chrysogenum
because this species produces more: see Chapters 5 and 7), and the ripening of Stilton,

Roquefort and Camembert cheeses with strains of P. roquefortii (blue vein cheeses)

and P. camembertii (surface-ripened cheeses). However, many morewould be surprised
tolearnthat today's commercia penicillin-producing strainsdl derive from an organism
which was origindly isolated from arotting Canteloupe melon. This fact emphasizes
the real ecological place of such moulds where, of course, decomposition of fruits and

vegetablesis an essentia part of the recycling of materiasin the biosphere. Life could

not continue on our planet in the absence of decomposer organisms.

A less desirable characteristic of many moulds is the production of mycotoxins.
One group of mycotoxins, the aflatoxins, which are derived from decaketides, are a
particular cause for concern. Aflatoxin Bj is carcinogenic in animas and mammadian
cdl lines in tissue culture. It has been linked to specific mutations in the human
tumour suppressor gene p53 thus causing primary hepatocdllular carcinoma. Hence,
contamination by aflatoxins of food, feed, and medical, veterinary, pharmaceutical and
laboratory preparations has serious health and economic consequences. Aspergillus
parasiticusand A. flavus are notorious as producers of aflatoxins. Aswith other species
of Aspergillus, they are very widespread in the environment and, aided by their rapid
growth on a variety of subgtrates, they are commonly found as contaminants of al
sorts of materials. Members of the genus can give rise to a group of diseases known
collectively as aspergilloses. These includes dlergies, toxicoses, tissue invason and
local colonization. Aspergillus fumigatus is the most common cause of aspergillosis.
Not al members of the genus are wholly bad. Aspergillus oryzae has been used for
centuries in the production of soy sauce. Although this is of little consequence in the
Weg, the underlying technology became the foundetion of the Japanese amino acid
and nucl eotide business which have worldwide economic importance.

It gppears that the various strains of Penicillium used in cheese production do not
produce any such toxins. Presumably thisis an example of selection acting on the early
human cheese-makers. the folk who produced cheese which contained mycotoxins ate
their own cheese and died. Hence, they did not hand on their skillsand strains of mould
to subsequent generations! Microbiologica contamination by wild moulds dwayscarries
the possibility of chemica contamination with their toxins, so we should not think of
Penicilliumspecies asbeing of universal benefit to humankind. Indeed, direct infections
by Penicillium species have been reported to various parts of the human body including
the cornea, ear, respiratory tract, urinary tract and heart (following the surgical insertion
of artificid valves. Kwon-Chung & Bennett 1992).

Penicilliumhasno sexua cycle. The organisms merely produce conidia (asexually
produced spores) which are readily dispersed by dight draughts (Fig. 2.10). New growth
cah commence after landing on asuitable subgtrate. The brush-like gppearanceistypica
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Conidia

Fig. 2.10 A typica Penicillium.

(Fig. 2.10). The organism Penicillium marneffei is said to be thermally dimorphic: a
25-30°C it produces colonies like any other of the genus. At 35-37°C it is yeast-like
(Larone 1995). It is endemic in South-East Asiaand isreported as causing deep-seated
infectionsin both immunocompromised and normal individuaswho have visited those
parts. The wider sgnificance of this to fungd biology and especidly to the taxonomy
of Penicilliumspecies remainsto be established, but theimportance to human hedthis

dready clear.

Epidermophy ton, Microsporum and Trichophyton

All three of these are dermatophytes, i.e. filamentous fungi which can utilize keratin
for their nutrition. Keratin isthe chief proteinin skin, hair and nail. Hence, dl of these
organisms are responsible for superficid mycoses in mammals. It is often sated that
dermatophytes are the only fungi to have evolved which rely upon infection for their
own survival. This mistaken belief results from aview which istoo human-centred and
neglects, for example, the presence of symbiotic fungi in the somachs of ruminants.

The genus Microsporum contains severd interesting speciesincluding M. audouinii,
which, in years gone by, caused epidemics of 'ringworm' in children, but rarely in
adults: M.ferrugineum appearsto fulfil thisroletoday; M. caniswhich infects children,
cas and dogs, but not adults—it is said that the children acquire the infection from
the animals; M. gypseum affects mainly lower animals, M. gallinae infects poultry and
humans; M. nanum can be common in pigs, but israrein humans. The appearance of a
tinea (‘'ringworm") is the host's reaction to the proteolytic (protein degrading) enzymes
secreted by the fungus. In highly sensitized or hyper-allergic individuals this can be
very pronounced.

Epidermophyton floccosum infects the skin and nails but not the hair, wheress
different species of the genus Trichophyton display both geographica and anatomical
variations. For example, T. rubrum is currently the most common dermatophyte of



humans. it infects skin and nails but dmost never hairy parts of the body; T.
mentagrophytes, which is frequently the cause of athlete's foot, can infect al parts of
the human body; the aptly-named T. tonsurans is the major causative agent of scap
ringworm in the USA whereas T. megninii is hardly ever found in the Western world.
These varied distributions presumably reflect a complex matrix of varigblesincluding
climate, nutrition, age, physiologica status, the proximity of animasand other aspects
of human lifestyle.

Certain identification of eech individua dermatophyte requiresgreat skill epecidly
in the case of Microsporumwhere thereis considerable morphologica similarity between
the species. hyphae are septate with numerous macroconidia which are thick-walled
and rough in mogt cases. Microconidiaare usudly present. Epider mophytonisbroadly
smilar except that microconidia are not formed. Digtinguishing individual species
of Trichophyton from each other is less problematical, dthough an unwary observer
might confuse T. mentagrophyteswith T. rubrum. Generaly, in Trichophyton species,
macroconidia are rare, thin-walled and smooth; there are numerous microconidia
Clearly, dthough these organisms only cause superficid infections, arapid, genetic-
based identification system would be aboon.
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Introduction

Following the demongtration by Koch and his colleagues that anthrax, tuberculosis
and diphtheria were caused by bacteria, it was thought that sSimilar organisms
would, in time, be shown to be responsible for dl infectious diseases. It gradualy
became obvious, however, that for a number of important diseases no such bacterial
cause could be established. Infectious material from a case of rabies, for example,
could be passed through specid filters which held back dl particles of bacteria
size, and the resulting bacteriafree filtrate till proved to be capable of inducing
rabies when inoculated into a susceptible animal. The term virus had, up until
this time, been used quite indiscriminately to describe any agent capable of
producing disease, so these filter-passing agents were originaly called filterable viruses.
With the passage of time the description ‘filterable’ has been dropped and the name
virus has come to refer specificaly to what are now known to be a digtinctive
group of microorganisms different in structure and method of replication from
al others.

General properties of viruses
All forms of life—animadl, plant and even bacterid—are susceptible to infection by
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viruses. Three main properties distinguish viruses from their various host cells: size,
nucleic acid content and metabolic capabilities.

Size

Whereas abacterial cell like a staphylococcus might be I000nm in diameter, the largest
of the human pathogenic viruses, the poxviruses, measure only 250 nm along their
longest axis, and the smallest, the poliovirus, is only 28 nm in diameter. They are mostly,
therefore, beyond the limit of resolution of the light microscope and have to be visualized
with the electron microscope.

Nucleic acid content

Viruses contain only a single type of nucleic acid, either DNA or RNA.

Metabolic capabilities

Virus particles have no metabolic machinery of their own. They cannot synthesize
their own protein and nucleic acid from inanimate |aboratory media and thus fail to
grow on even nutritious media. They are obligatory intracellular parasites, only growing
within other living cells whose energy and protein-producing systems they redirect for
the purpose of manufacturing new viral components. The production of new virus
particles generally results in death of the host cell and as the particles spread from cell
to cell (e.g. within atissue), disease can become apparent in the host.

Structure of viruses

In essence, virus particles are composed of a core of genetic material, either DNA or
RNA, surrounded by a coat of protein. The function of the coat is to protect the viral
genes from inactivation by adverse environmental factors, such as tissue nuclease
enzymes which would otherwise digest a naked viral chromosome during its passage
from cell to cell within a host. In a number of viruses the coat also plays an important
part in the attachment of the virus to receptors on susceptible cells, and in many bacterial
viruses the coat is further modified to facilitate the insertion of the viral genome through
the tough structural barrier of the bacterial cell wall. The morphology of a variety of
virusesisillustrated in Fig. 3.1.

The viral protein coat, or capsid, is composed of a large number of subunits, the
capsomeres. This subunit structure is a fundamental property and is important from a
number of aspects.

1 It leads to considerable economy of genetic information. This can be illustrated by
considering some of the smaller viruses, which might, for example, have as agenome
asingle strand of RNA composed of about 3000 nucleotides and a protein coat with an
overall composition of some 20000 amino acid units. Assuming that one amino acid is
coded for by atriplet of nuclectides, such a coat in the form of a single large protein
would require a gene some 60000 nucleotides in length. If, however, the viral coat
comprised repeating units each composed of about 100 amino acids, only a section of
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Fig. 3.1 The morphology of a variety of virus particles. The large circle indicates the relative size of
a staphylococcus cell.

about 300 nuclectides long would be required to specify the capsid protein, leaving
genetic capacity for other essentid functions.
2 Suchasubunit structure permits the construction of the virus particles by a process
in which the subunits sdlf-assemble into structures held together by non-covaent
intermolecular forces as occurs in the process of crystallization. This eiminates the
need for a sequence of enzyme-catalysed reactions for coat synthesis. It also provides
an automatic quality-control system, as subunitswhich may have mgor structura defects
fal to become incorporated into complete particles.
3 The subunit composition is such that the intracellular release of the vira genome
from its coat involves only the dissociation of non-covaently bonded subunits, rather
than the degradation of an integral protein sheath.

In addition to the protein coat, many anima virus particles are surrounded by a
lipoprotein envel ope which has generally been derived from the cytoplasmic membrane
of their last host cell.
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The geometry of the capsomeres results in their assembly into particles exhibiting
one of two different architectural styles—helical or icosahedral symmetry (Fig. 3.2).

There is a third structural group comprising the poxviruses and many bacterial
viruses, in which a number of major structural components can be identified and the
overall geometry of the particles is complex.

Helical symmetry

Some virus particles have their protein subunits symmetrically packed in a helical
array, forming hollow cylinders. The tobacco mosaic virus (TMV) is the classic
example. X-ray diffraction data and electron micrographs have revealed that 16 subunits
per turn of the helix project from a central axial hole that runs the length of the
particle. The nucleic acid does not lie in this hole, but is embedded into ridges on the
inside of each subunit and describes its own helix from one end of the particle to the
other.

Helical symmetry was thought at one time to exist only in plant viruses. It is now
known, however, to occur in a number of animal virus particles. The influenza and
mumps viruses, for example, which were first seen in early electron micrographs as
roughly spherical particles, have now been observed as enveloped particles; within the
envelope, the capsids themselves are helically symmetrical and appear similar to the
rods of TMV, except that they are more flexible and are wound like coils of rope in the
centre of the particle.



|cosahedral symmetry

The viruses in this architectural group have their capsomeres arranged in the form of
regular icosahedra, i.e. polygons having 12 vertices, 20 faces and 30 sides. At each of
the 12 vertices or corners of theseicosahedral particlesisacapsomere, caled apenton,
which is surrounded by five neighbouring units. Each of the 20 triangular faces contains
an identical number of capsomeres which are surrounded by sx neighbours and called
hexons. In plant and bacteria viruses exhibiting this type of symmetry, the hexons
and pentons are composed of the same polypeptide chains; in animal viruses, however,
they may be digtinct proteins. The number of hexons per cgpsid varies considerably
in different viruses. Adenovirus, for example, is constructed from 240 hexons and 12
pentons, while the much smaler poliovirus is composed of 20 hexons and 12 pentons.

The effect of chemical and physical agents on viruses

Hest is the most reliable method of virus disinfection. Most human pathogenic viruses
areinactivated following exposure a 60°C for 30 minutes. The virus of serum hepatitis
can, however, survive this temperature for up to 4 hours. Viruses are stable at low tem-
peratures and are routingly stored at -40 to -70°C. Some viruses are rgpidly inactivated
by drying, others survivewdl in adesiccated state. Ultraviolet light inactivates viruses
by damaging their nucleic acid and has been used to prepare vird vaccines. These facts
must be taken into account in the storage and preparation of vird vaccines (Chepter 15).

Viruses that contain lipid are inactivated by organic solvents such as chloroform
and ether. Those without lipid are resistant to these agents. This digtinction has been
used to dassify viruses. Many of the chemical disinfectants used against bacteria, e.g.
phenols, acohols and quaternary ammonium compounds (Chapter 10), have minimal
virucidal activity. The most generaly active agents are chlorine, the hypochlorites,
iodine, ddehydes and ethylene oxide.

Virus-host-cell interactions

The precise sequence of events resulting from the infection of a cell by a virus will
vary with different virus-host systems, but they will be variations of four basic themes.
1 Multiplication of the virus and destruction of the host cell.

2 Elimination of the virus from the cdll and the infection aborted without arecognizable
effect on the cdlls occurring.

3 Survivd of the infected cell unchanged, except that it now carries the virusin a
latent state.

4 Survivd of the infected cel in a dramatically dtered or transformed dtete, eg.
transformation of a norma cdll to one having the properties of a cancerous cell.

Bacteriophages

Bacteriophages, or asthey are more Smply termed, phages, are virusesthat have bacteria
as their host cells. The name wes first given by D'Herelle to an agent which he found
could produce lysis of the dysentery bacillus Shigella shiga. D'Herelle was convinced
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that he had stumbled across an agent with tremendous medica potential. His phage
could destroy Sh. shiga in broth culture so why not in the dysenteric gut of humans?
Similar agents were found before long which were active againgt the bacteria of many
other diseases, including anthrax, scarlet fever, cholera and diphtheria, and attempts
were made to use them to treat these diseases. It was agreet disgppointment, however,
that phages so virulent in their antibacterial activity in vitro proved impotent in vivo. A
possible exception was cholera, where some success seems to have been achieved, and
cholera phages were apparently used by the medical corps of the German and Japanese
armies during the Second World War to treat this disease. Since the development of
antibiotics, however, phage therapy has been abandoned.

Interest in bacterid viruses did not cease with the demise of phage therapy. They
proved to be very much easier to handle in the laboratory than other viruses and had
conveniently rapid multiplication cycles. They have, therefore, been used extensively
as the experimental models for eucidating the biochemical mechanisms of vira
replication. A vast amount of information has been collected about them and many
of the important advances in molecular biology, such as the discovery of messenger
RNA (mRNA), the understanding of the genetic code and the way in which genes are
controlled, have come from work on phage-bacterium systems.

It is probable that al species of bacteria are susceptible to phages. Any particular
phage will exhibit amarked specificity in selecting host cells, attacking only organisms
belonging to a single species. A Staphylococcus aureus phage, for example, will not
infect Saph, epidermidis cells. In most cases, phages are in fact strain-specific, only
being active on certain characterigtic srains of a given species.

Most phages are tadpole-shaped structures with heads which function as containers
for the nucleic acid and tails which are used to attach the virus to its host cell. There
are, however, some smpleicosahedra phages and othersthat are helically symmetrica
cylinders. The dimensions of the phage heads vary from the large T-even group (Fig.
3.3) of Escherichia coli phages (60 x 90 nm) to the much smaler ones (30 x 30nm) of
certain Bacillus phages. The tails vary in length from 15 to 200 nm and can be quite
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6.1

complex structures (Fig. 3.3). While the mgority of phages have double-stranded DNA
as their genetic material, some of the very smdl icosahedral and the hdlica phages
have single-stranded DNA or RNA.

Onthebasisof the response they producein their host cells, phages can be classified
asvirulent or temperate. Infection of asengtive bacterium with avirulent phageresults
in the replication of the virus, lyss of the cell and release of new infectious progeny
phage particles. Temperate phages can produce this lytic response, but they are dso
cgpable of asymbiotic response in which the invading vird genome does not take over
the direction of cdlular activity, the cell survives the infection and the vira nucleic
acid becomesincorporated into the bacterial chromosome, whereit istermed prophage.
Cedls carrying vira genes in thisway are referred to as lysogenic.

The lytic growth cycle

The replication of virulent phage wes initialy studied using the T-even-numbered
(T,, T4 and Tg) phages of E. coll These phages adsorb, by their long tail fibres, on
to specific receptors on the surface of the bacterial cell wall. The base plate of the
tail sheeth and its pins then lock the phage into position on the outside of the cell. At
this stage, the tail sheath contracts towards the head, while the base plate remains in
contact with the cell wall and, as aresult, the hollow tail core is exposed and driven
through to the cytoplasmic membrane (Fig. 3.3). Smultaneoudly, the DNA passes from
the head, through the hollow tail core and is deposited on the outer surface of the
cytoplasmic membrane, from where it finds its own way into the cytoplasm. The
phage protein coat remains on the outside of the cell and plays no further part in the
replication cycle.

Within the first few minutes after infection, transcription of part of the viral genome
produces 'early' mRNA molecules, which are trandated into aset of 'early' proteins.
These serve to switch off host-cell macromolecular synthesis, degrade the host DNA
and dtart to make components for vird DNA. Many of the early proteins duplicate
enzymes dready present in the host, concerned in the manufacture of nucleotides for
cdl DNA. However, the requirement for the production of 5-hydroxymethylcytosine-
containing nucleotides, which replace the norma cytosine derivatives in T-even phage
DNA, means that some of the early enzymes are entirely new to the cell. With the
build-up of its components, the vira DNA replicates and also sarts to produce a batch
of 'late’ MRNA molecules, transcribed from genes which specify the proteins of the
phage coat. These |late messages are trandated into the subunits of the capsid structures,
which condense to form phage heads, tails and tail fibres, and then together with viral
DNA are assembled into complete infectious particles. The enzyme digesting the cell
wall, lysozyme, isaso produced inthe cdll at this stage and it eventudly brings about the
lysisof the cdl and liberation of about 100 progeny viruses, some 25 minutes after infection.

As other phage sysems have been studied, it has become clear that the T-even
modd of virulent phage replication is atypica in a number of respects. The large T-
even genomes, with their coding capacity for about 200 proteins, give these phages a
relatively high degree of independence from their hosts. Although relying on the host
energy and protein-synthesizing systems they are capable of specifying a battery of
their own enzymes. Most other phages have considerably smaller genomes. They tend
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Fig. 3.4 Plagues formed by a phage on aplate seeded with Bacillus subtilis.

to disturb the host-cell metabolism to a much lesser extent than the T-even viruses, and
also rely to a greater degree on pre-existing cell enzymes to produce components for
their nucleic acid.

The lytic activity of the virulent phages can be demonstrated by mixing phage
with about 10 sensitive indicator bacteria in 5ml of molten nutrient agar. The
mixture is then poured over the surface of a solid nutrient agar plate. On incubation,
the phage particles will infect bacteria in their immediate neighbourhood, lysing
them and producing a burst of progeny viruses. These particles then infect bacteria
in the vicinity, producing a second generation of progeny and this seguence is
repeated many times. In the meantime the uninfected bacteria produce a thick
carpet or lawn of growth over the agar. As the lawn develops, clear holes or 'plaques’
become obvious in it a each site of virus multiplication (Fig. 3.4). As each of
these plaques is initiated by a single phage particle, they provide a means for titrating
phage preparations.

Lysogeny

When a temperate phage is mixed with sensitive indicator bacteria and plated as
described above, the reaction at each focus of infection is generally a combination of
Iytic and lysogenic responses. Some bacteria will be lysed and produce phage, others
will survive as lysogenic cells, and the plague becomes visible as a partial area of
clearing in the bacterial lawn. It is possible to pick off cells from the central areas of
these plagues and demonstrate that they carry prophage.

The phage lambda (X) ofE. coli is the temperate phage that has been most extensively
studied. When any particular strain of E. coli, say K12, is infected with A, the cells
surviving the infection are designated E. coli K 12(A) to indicate that they are carrying
the /I-prophage.
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The essentid features of lysogenic cells and the phenomenon of lysogeny are listed
bdow and summarized in Fig. 3.5.

1 Integration of the prophage into the bacterial chromosome ensures that, on cell
division, each daughter cdll will acquire the set of vird genes.

2 Inanormaly growing culture of lysogenic bacteria, the mgority of bacteriamanage
to keep their prophages in adormant state. In avery smal minority of cells, however,
the prophage genes express themsalves. This results in the multiplication of the virus,
lysis of the cells and liberation of infectious particles into the medium.

3 Exposureof lysogenic culturesto certain chemica and physical agents, e.g. hydrogen
peroxide, mitomycin C and ultraviolet light, resultsin mass lysis and the production of
high titres of phage. This processis cdled induction.

4  When alysogenic cdll isinfected by the same type of phage asit carries as prophage,
the infection is aborted, the activity of the invading vird genes being repressed by the
same mechanism that normally keeps the prophage in a dormant state.

5 Lysogeny isgenerdly avery stable state, but occasiondly acell will loseits prophage
and these "cured' cells are once more susceptible to infection by that particular phage
type.

Lysogeny is an extremely common phenomenon and it seems that most natura
isolates of bacteria carry one or more prophages, some strains of Saph, aureus have
been shown to carry four or five different prophages.

The induction of a lysogenic culture to produce infectious phages, followed by
lysogenization of a second strain of the bacterial species by these phages, resultsin the
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transmission of aprophage from the chromosome of one type of cdl to that of another.
On this migration, temperate bacteriophages can occasionaly act as vectors for the
transfer of bacterial genes between cells. Thisprocessis caled transduction and it can
be responsible for the transfer of such genetic factors as those that determine resistance
to antibiotics (Chapter 9). In addition, certain phages have the innate ability to
change the properties of their host cell. The classic example is the case of the /3-phege
of Corynebacterium diphtheriae. The acquisition of the j8-prophage by non-toxin-
producing strains of this speciesresultsin their conversion to diphtheriartoxin producers.

Epidemiological uses

Different srains of anumber of bacterid species can bedistinguished by their sengitivity
to acollection of phages. Bacteriawhich can betyped in thisway include Staph, aureus
and Salmonella typhi. The particular strain dof, say, Saph, aureus responsible for an
outbregk of infection is characterized by the pattern of its senditivity to a standard set
of phages and then possible sources of infection are examined for the presence of that
same phagetype of Staph, aureus.

More recently, the fact that many of the chemical agents which cause the induction
of prophage are carcinogenic has led to the use of lysogenic bacteriain screening tests
for detecting potentia carcinogens.

Human viruses

Viruses are, of course, important and common causes of disease in humans, particularly

in children. Fortunately, mogt infections are not serious and, like the rhinovirusinfections
responsible for the common cold syndrome, are followed by the complete recovery of

the patient. Many viral infections are in fact so mild that they are termed 'silent’, to
indicate that the virus replicates in the body without producing symptoms of disease.

Occasiondly, however, some of the viruses that are normaly responsible for mild

infections can produce serious disease. This pattern of pathogenicity is exemplified by

the enterovirus group. Most enterovirus infections merely result in the symptomless
replication of thevirusin the cdlslining thedimentary tract. Only inasmall percentage
of infections does the virus spread from this Ste via the bloodstream and the lymphatic
system to other organs, producing afever and possibly a skin rash in the host. On rare
occas ons enteroviruses like poliovirus can progressto the centra nervous sysem where
they may produce an aseptic meningitis or paralysis. There are a few virus diseases,

such asrabies, which are invariably severe and have very high mortality rates.

Human viruses will cause disease in other animals. Some are cagpable of infecting
only afew closdly related primate species, otherswill infect awide range of mammals.
Under the conditions of natural infection viruses generdly exhibit aconsiderable degree
of tissue pecificity. The influenzavirus, for example, replicates only in the cellslining
the upper respiratory tract.

Table 3.1 presents a summary of the properties of some of the more important
human viruses.



Table 3.1 Important: human viruses and their properties

Group Virus Characteristics Clinical importance

DNA viruses

Poxviruses Variola Large particles 200 x Variola is the smallpox virus. It

Vaccinia 250nm: complex produces a systemic infection with a
symmetry characteristic vesicular rash affecting

the face, arms and legs, and has
a high mortality rate. Vaccinia has
been derived from the cowpox
virus and is used to immunize against
smallpox

Adenoviruses Adenovirus Icosahedral particles Commonly cause upper respiratory tract

Herpesviruses

Hepatitis viruses

80nm in diameter

Herpes simplex Enveloped,

virus (HSV1 and icosahedral particles

HSV2) 150nm in diameter
%

Cytomegalovirus Enveloped,

(CMV) icosahedral particles
150nm in diameter

Epstein-Barr
virus (EBV)

Enveloped,
icosahedral particles
150nm in diameter

Hepatitis B virus Spherical enveloped
(HBV) particle 42 nm in

diameter enclosing an

inner icosahedral
27-nm nucleocapsid

infections; tend to produce latent
infections in tonsils and adenoids; will
produce tumours on injection into
hamsters, rats or mice

HSV1 infects oral membranes in
children, >80% are infected by
adolescence. Following the primary
infection the individual retains the
HSV1 DNA in the trigeminal nerve
ganglion for life and has a 50% chance
of developing 'cold sores'. HSV2

is responsible for recurrent genital
herpes

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,
encephalitis) in immunocompromised
patients. Primary infections during
pregnancy can induce serious
congenital abnormalities in the fetus

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)

In areas such as South-East Asia and
Africa, most children are infected by
perinatal 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

continued on p. 64
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Table 3.1 Continued

Group Virus

Characteristics

Clinical importance

Papovaviruses Papilloma virus

RNA viruses

Myxoviruses Influenza virus

Paramyxoviruses Mumps virus

Measles virus

Rhabdoviruses Rabies virus
Reoviruses Rotavirus
Picomaviruses Poliovirus

Naked icosahedra
50nm in diameter

Enveloped particles,
100 nm in diameter with
a helically symmetric
capsid; haemagglutinin
and neuraminidase
spikes project from the
envelope

Enveloped particles

variable in size, 110-170nm

in diameter,
with helical capsids

Enveloped particles

variable in size, 120-250nm

in diameter, helical
capsids

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

An inner core is
surrounded by two
concentric icosahedral
shells producing
particles 70nm in
diameter

Naked icosahedral
particles 28 nm in
diameter

Multiply only in epithelial cells of skin
and mucous membranes causing warts.
There is evidence that some types are
associated with cervical carcinoma

These viruses are capable of extensive
antigenic variation, producing new types
against which the human population does
not have effective immunity. These new
antigenic types can cause pandemics of
influenza. In natural infections the virus
only multiplies in the cells lining the
upper 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

Infection in children produces
characteristic swelling of parotid and
submaxillary salivary glands. The disease
can have neurological complications, e.g.
meningitis, especially in adults

Very common childhood fever, immunity
is life-long and second attacks are very
rare

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
localized at the wound side of entry for a
while before passing along nerve fibres to
central nervous system, where it
invariably produces a fatal encephalitis

A very common cause of
gastroenteritis in infants. It is spread
through poor water supplies and
when standards of general hygiene
are low. 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 like
encephalitis or poliomyelitis

continued



Table 3.1 Continued

Group

Virus

Characteristics

Clinical importance

Togaviruses

Flaviviruses

Filoviruses

Retroviruses

Rhinoviruses

Hepatitis A virus

(HAV)

Rubella

Yellow fever virus

Hepatitis C virus

(HCV)

Ebola virus

Human T-cell
leukaemia virus
(HTLV-1)

Human
immunodeficiency
virus (HIV)

Naked icosahedra 30 nm
in diameter

Naked icosahedra
27 nm in diameter

Spherical particles 70 nm
in diameter, a

tightly adherent
envelope surrounds an
icosahedral capsid

Spherical particles 40 nm
in diameter with

an inner core
surrounded by an
adherent lipid

envelope

Spherical particles 40 nm
in diameter

consisting of an inner
core surrounded by an
adherent lipid

envelope

Long filamentous rods
composed of a lipid
envelope surrounding a
helical nucleocapsid
1000nm long, 80nm

in diameter

Spherical enveloped
virus 100nm in
diameter, icosahedral
cores contain two
copies of linear RNA
molecules and reverse
transcriptase

Differs from other
retroviruses in that the
core is cone-shaped
rather than icosahedral

The common cold viruses; 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' spread by the oro-faecal
route especially in children. Also
associated with sewage
contamination of food or water
supplies

Causes German measles in children.
An infection contracted in the early
stages of pregnancy can induce
severe multiple congenital
abnormalities, e.g. deafness,
blindness, heart disease and mental
retardation

The virus is spread to humans by
mosquito bites; the liver is the main
target; necrosis of hepatocytes leads
to jaundice and fever

The virus is spread through blood

transfusions and blood products. Induces

a hepatitis which is usually milder
than that caused by HBV

The virus is widespread amongst
populations of monkeys. It can be
spread to humans by contact with
body fluids from the primates. The
resulting haemorragic fever has a
90% case fatality rate

HTLV is spread inside infected
lymphocytes in blood, semen or
breast milk. Most infections
remain asymptomatic but after an
incubation period of 10-40 years in
about 2% of cases, adult T-cell
leukaemia can result

HIV is transmitted from person to
person via blood or genital secretions.
The principal target for the virus is the
CD4+ T-lymphocyte cells. Depletion
of these cells induces
immunodeficiency
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Cultivation of human viruses

The cultivation of viruses from material taken from lesions is an important step in the
diagnosis of many viral diseases. Studies of the basic biology and multiplication
processes of human viruses also require that they are grown in the laboratory under
experimental conditions. Human pathogenic viruses can be propagated in three types
of cell systems.

Cdl culture

Cells from human or other primate sources are obtained from an intact tissue, e.g.
human embryo kidney or monkey kidney. The cells are dispersed by digestion with
trypsin and the resulting suspension of single cells is generally allowed to settle in a
vessel containing a nutrient medium. The cells will metabolize and grow and &fter a
few days of incubation at 37°C will form a continuous film or monolayer one cell
thick. These cells are then capable of supporting viral replication. Cell cultures may be
divided into three types according to their history.

1 Primary cell cultures, which are prepared directly from tissues.

2 Secondary cell cultures, which can be prepared by taking cells from some types of
primary culture, usualy those derived from embryonic tissue, dispersing them by
treatment with trypsin and inoculating some into a fresh batch of medium. A limited
number of subcultures can be performed with these sorts of cells, up to a maximum of
about 50 before the cells degenerate.

3 Thereare now available anumber of lines of cells, mainly originating from malignant
tissue, which can be serially subcultured apparently indefinitely. These established cell
lines are particularly convenient as they eliminate the requirement for fresh animal
tissue for such sets or series of cultures. An example of these continuous cell lines are
the famous Hel a cells, which were originally isolated from a cervical carcinoma of a
woman called Henrietta Lacks, long since dead but whose cells have been used in
laboratories al over the world to grow viruses.

Inoculation of cell cultures with virus-containing material produces characteristic
changes in the cells. The replication of many types of viruses produces the cytopathic
effect (CPE) in which cells degenerate. This effect is seen as the shrinkage or sometimes
ballooning of cells and the disruption of the monolayer by death and detachment of the
cells (Fig. 3.6). The replicating virus can then be identified by inoculating a series of
cell cultures with mixtures of the virus and different known viral antisera. If the virus
is the same as one of the types used to prepare the various antisera, then its activity will
be neutralized by that particular antiserum and CPE will not be apparent in that tube.
Alternatively viral antisera labelled with a fluorescent dye can be used to identify the
virus in the cell culture.

The chick embryo

Fertile chicken eggs, 10-12 days old, have been used as a convenient cell system in
which to grow a number of human pathogenic viruses. Figure 3.7 shows that viruses
generally have preferences for particular tissues within the embryo. Influenza viruses,
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for example, can be grown in the cdlls of the membrane bounding the amnictic cavity,

whilesmallpox viruswill grow in the chorioa lantoic membrane. The growth of smallpox
virus in the embryo is recognized by the formation of characteristic pock marks on the
membrane. Influenza virus replication is detected by explaiting the ability of these
particles to cause erythrocytes to clump together. Huid from the amniotic cavity of the
infected embryo is titrated for its haemagglutinating activity.
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713 Animal inoculation

Experimental animals such as mice and ferrets have to be used for the cultivation of
some viruses. Growth of the virus is indicated by signs of disease or death of the
inoculated animal.

8 Multiplication of human viruses

The long incubation times of many human virus diseases indicate that they replicate
slowly in host cells. Intissue culture systems it has been shown that most human viruses
take from 4 to 24 hours to complete a single replication cycle, contrasting with the 30
or so minutes for many bacterial viruses.

In general terms, four main stages can be recognized in the multiplication of
human viruses, (i) attachment; (ii) penetration and uncoating (iii) production of viral
proteins and replication of viral nucleic acid, (iv) assembly and release of progeny
viruses.

8.1 Attachment

Specific proteins on the surface of virus particles, e.g. the haemagglutinins of influenza
viruses (Fig. 3.8), mediate their adherence to glycoprotein receptors in the plasma
membrane of host cells. Viruses make use of a variety of membrane glycoproteins as

FLMNISH

S

Prngun-.-

= Hmgmaggkihinan

¢ and
nauramansdag
ambaddrg in

call mambrena

= —r |y

Viral  RNA ard
cagrsid  RNA-polymeraze

e \

. di“
Messenger © _ | RIBOSOMES —— il /’ Envelogs
RHA L privtaing protalng

Fig. 3.8 Diagrammatic representation of the production and release of influenza virus particles from
an infected cell.

68 Chapter 3



their receptors. The primary functions of the cellular receptor molecules are not rel ated
to their role as vira attachment sites, some being membrane permeases or hormone
receptors. Different viruses may use different receptors, e.g. different serotypes of human
rhinoviruses use different receptors, in other cases unrelated viruses may share common
receptors.

Penetration and uncoating

Viruses penetrate their host cells either by endocytosis or by fuson with the cdll
membrane. Macromolecules can be taken up into anima cdls by attachment to
membrane receptors and subsequent endocytosis. Many viruses use this essentia cell
function of receptor-mediated endocytosis to gain entry to their host cells. The virus-
containing cytoplasmic vacuole fuses with endosomes and the resulting acidification
generates conformationa changes in the virus coat which can release the virus
nucleocapsid into the cytosol. The membranes of some enveloped viruses fuse with the
plasma membranes of their host cells and this releases the nucleocapsid directly into
the cytoplasm. Some viruses then require only partial uncoating before transcription of
their nucleic acid can begin, but in mogt cases the viral capsid completely disintegrates
before vird functions gtart to be expressed. In some cases the nucleocapsid passes to
the cell nucleus before uncoating occurs.

Production of viral proteins and replication of viral nucleic acid

During this phase most human viruses ssem to bring host-cell macromolecular synthesis
to astop: the cell DNA, however, is generdly not degraded. With the DNA-containing
viruses, like adenovirus, the nucleic acid passes to the nucleus, where ahost-cell RNA
polymerase enzyme is used to transcribe part of the viral genome. These first messages
are analogous to the 'early' messages of the T-even phages and are concerned in the
production of enzymesfor viral DNA synthesis. Vird DNA replication is then followed
by formation of 'late’ MRNA specifying capsid protein. The mRNA molecules are of
course trandated on the cytoplasmic ribosomes. The proteins produced are rapidly
transported back to the nucleus, where capsid assembly takes place. An exception to
this pattern of DNA virus replication is provided by the poxvirus, vaccinia. Within
their complex structure these particles contain a DNA-dependent RNA polymerase
enzyme, which is released during uncoating and proceeds to make mRNA molecules
from the vird DNA. The whole of the replication of vaccinia takes place in the cdll
cytoplasm.

With some RNA viruses, eg. paliovirus, the RNA strand from the particle can act
directly as mRNA and is trandated into viral proteins on the host-cell ribosomes.
In many other RNA viruses, however (e.g. the influenza viruses), the RNA strands
are negative-sense RNAs (antimessages) that have first to be transcribed to the
complementary sequence by RNA-dependent RNA polymerases before they can
function in protein synthesis. Since eukaryatic cells do not have these enzymes, the
negative-sense RNA viruses must carry themin the virion.

Unlike eukaryotic cells which normaly produce monocistronic mRNA, many
viruses produce polycistronic messages. DNA viruses, which usualy replicate in
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the cdl nuclel, use nuclear RNA processing and splicing enzymes to cleave their
polycistronic messages. Some RNA viruses such as human immunodeficiency virus
(HIV) produce polycistronic messages which are trandated into polyproteins. These
then have to be cleaved by protease enzymes to produce functiond proteins. Other RNA
virusss (eg. influenza) have segmented genomes in which each RNA molecule is a
separate gene in its own nucleocapsid.

Assembly and release of progeny viruses

The non-enveloped human viruses dl have icosshedral capsids. The structural proteins
undergo a sdf-assembly process to form capdds into which the vird nucleic acid is
packaged. Most non-enveloped viruses accumulate within the cytoplasm or nucleus
and are only released when the cdll lyses.

All envdoped human viruses acquire their phospholipid coating by budding through
cdlular membranes. The maturation and release of enveloped influenza particles is
illustrated in Fig. 3.8. The capsid protein subunits are transported from the ribosomes
to the nucleus, where they combine with new vird RNA molecules and are assembled
into the helical capsids. The haemagglutinin and neuraminidase proteins that project
from the envelope of the normal particles migrate to the cytoplasmic membrane where
they displace the normd cdl membrane proteins. The assembled nucleocapsids findly
pass out from the nucleus, and as they impinge on the atered cytoplasmic membrane
they cause it to bulge and bud off completed enveloped particles from the cell. Virus
particles are released in this way over aperiod of hours before the cell eventually dies.

The problems of viral chemotherapy

Bacteria are vulnerable to the sdlective attack of chemotherapeutic agents because
of the many metabolic and molecular differences between them and animd cells. The
biology of virus replication, with its considerable dependence on host-cell energy-
producing, protein-synthesizing and biosynthetic enzyme systems, severdly limits the
opportunities for selective attack. Another problem is that many virus diseases only
become apparent after extensive vird multiplication and tissue damage has been done.

Recently, however, there have been a number of encouraging developments in the
field of antivira therapy. For example, acycloguanosine (acyclovir: see Chapter 5) has
been shown to be non-toxic to hogt cells while specificaly inhibiting the replication of
herpes viruses. Successful clinical trials have led to the introduction of this drug for the
treatment of a variety of herpetic conditions.

The control over human vird diseasesis exercised by activeimmunization (Chapters
14 and 16) of the population, together with general hygiene and physical and chemica
disinfection procedures.

Interferon

Although it is difficult to obtain drugs capable of interrupting vira replication, it had
been known for many years that infection of a host with one virus could sometimes
prevent infections with a second, quite unrdlated virus. This phenomenon was called
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interference and in many cases it proved to be due to the production of a substance
cdledinterferon,

Interferons are low molecular weight proteins produced by virus-infected cells.
They have no direct antiviral activity. They bind to the cell membranes and induce
the synthesis of secondary proteins. If interferon-treated cells are then infected
with a virus, athough adsorption, penetration and uncoating can take place, the
interferon-induced proteins inhibit vird nucleic acid and protein synthesis and the
infection is aborted. Interferons have mgor roles to play in protecting the host
againg natura virus infections. They are produced more rapidly than antibodies and
the outcome of many natural vird infections is probably determined by the relative
early titres of interferon and virus, protection being most effective when the infecting
dose of virus is low.

Potentialy, interferon is an ided antivird agent in that it acts on many different
viruses and is not toxic to hogt cells. However, the explaitation of this agent in the
treatment of vira infections has been delayed by a number of factors. For example, it
has proved to be species-specific and interferons raised in anima sources offered little
protection to human cells. Human interferon is thus needed for the treatment of human
infections and the production and purification of human interferon on alarge scae has
proved difficult. The insertion of human genes for interferon into E. coli has resolved
the production problems (Chapter 24). Clinica trials have demondtrated that interferon
prevents rhinovirus infection and has a beneficid effect in herpes, cytomegdovirus
and hepatitis B virus infections.

Interferon does not only inhibit virus replication, it aso has multiple effects on cell
metabolism and dows down the growth and multiplication of trested cells. This is
probably responsible for its widdly reported antitumour effect. Encouraging results
have been reported from clinical trids of interferon against severa human tumours
such as osteogenic sarcoma, myeloma, lymphoma and breast cancer.

Tumour viruses

Many viruses, both DNA and RNA containing, will cause cancer in animals. This so-
called oncogenic activity of avirus can be demonstrated by the observation of tumour
formation in inoculated experimenta animas and by the ability of the virusto transform
normal tissue culture cells into cells with malignant characteristics. These transformed
cells are easily recognizable as they exhibit such properties as rapid growth and frequent
mitosis, or loss of norma cell contact inhibition, so that they pile up on top of each
other ingtead of remaining in a well-organized layer.

Studies on the transformation of tissue cultures with DNA-containing viruses
have shown that, dthough complete virus particles cannot be found in the infected,
transformed cells, viral DNA is present and is bound to the transformed cell DNA as
provirus, analogous to the prophage of lysogenic bacteria

RNA oncogenic viruses have an unusua enzyme, reverse transcriptase, which is
capable of making DNA copies from an RNA template. Cels transformed by these
retroviruses have been shown to possess DNA transcripts of the viral RNA. It appears
that the transformation from normal to malignant is associated with the acquisition by
the cdll of vird DNA.
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While human viruses like the adenoviruses can induce cancer in hamsters, rats and
mice, the search for viruses causing human cancer is of course difficult because of the
unacceptability of testing for oncogenic activity by infecting humans. In the last 10
years, however, it has been realized that viruses are a mgor cause of the disease in
humans, being involved in the genesis of some 20% of human cancers worldwide. The
characterigtic features of the association between viruses and human cancers are that
the incubation time between virus infection and development of the disease can be
considerable, that lessthan 1 % of infected individua swill devel op the disease and that
genetic and environmenta cofactors are crucia for the progression to cancer. The
Epstein-Barr virus (EBV), for example, is involved in the aetiology of Burkitt's
lymphoma a maignant tumour of thejaw, found in African children. In fact this virus
has a widespread digtribution in the human population, being responsible for the
condition of glandular fever which is common in young adultsin Europe and America
The characteristic occurrence of Burkitt'slymphomain hot humid areas of Africawhere
mosquitoes flourish hasled to the hypothesis that infection with EBV hasto befollowed
by malaria, which then induces immunosuppression and acts as the cofactor necessary
for tumour formation.

The ligt of viruses involved in other human cancers includes hepatitis B, which is
associated with hepatocdl lular carcinoma; human papillomaviruseswith cervicd, penile
and some and carcinomas; human T-cdl lymphotropic virus type 1 associated with
adult T-cdl leukaemiallymphoma syndrome; and HIV with Kaposi's sarcoma.

The human immunodeficiency virus

HIV is an enveloped particle with a cone-shaped nucleocapsid containing two copies
of a pogtive sense sngle stranded RNA and the enzyme reverse transcriptase. The
virus is transmitted from person to person by genital secretions and blood. From the
origind dite of infection the virus is trangported to lymph nodes where it replicates
extensvdy initstarget host cells, the CD4+ lymphocytes. After infection, most patients
experience a brief glandular fever-like illness which is associated with adecline in the
CD4+ cdls and high titres of virus in the blood. The levels of virus in the blood then
decline as the cellular and humora immune responses are mounted. A long period of
latency then follows which may last from 1 to perhaps 15 years or longer before any
further clinicad symptoms become agpparent. In infected CD4+ cdlls the vira reverse
transcriptase makes double stranded DNA copies of the HIV RNA and some of these
becomeintegrated into cellular chromosomes. Theseintegrated provirusesmay remain
latent indefinitely. During this long asymptomatic phase only asmdl minority of CD4+
cells produce virus and only very low titres of HIV can be detected in the blood. As
time goes by, however, there is a steady decline in the numbers of CD4+ cdlls in the
blood and when the count falls below 200M-00/LLI the immune system becomes severdly
compromised. The consequent activation of other latent infections with organisms such
cytomega ovirus or Mycobacteriumtuber cul osis and secondary infectionswith averiety
of opportunistic pathogens such as Pneumocystis carinii will inevitably kill the AIDS
patient.

Despite enormous research efforts, effective vaccines or chemotherapeutic agents
againgt HIV have yet to be produced. There is no prospect that drugs will be able to



diminate the virus from the popul ation of lymphocytes, the only hopeisthat compounds
will be found that will achieve long-term suppression of vira replication and thus
preserve the sock of CD4+ cdlsin infected individuas. It was hoped that inhibitors of

reverse transcriptase such as azidothymidine (AZT) or dideoxyinosine (ddl) would act

inthisway; however, it isbecoming increasing clear that these drugs do not consistently
arrest the progress of the disease even when treatment is started in the asymptomatic
phase.

In parts of the world (sub-Sahran African and southern and South-East ASa) the
AIDS pandemic is out of control, with no effective chemotherapeutic agents and little
prospect of a vaccine, the prognoses are blesk for the millions of HIV-infected
individuals. Sexua intercourse is now the main mode of infection and if the pandemic
isto be contained, sexudly active individua s have to be persuaded to reduce the numbers
of their sex partners and to practise safe sex using condoms.

Prions

The causative agents of the neurodegerative diseases of scrapie in sheep, bovine
spongiform encephaopathy (BSE) and Creutzfeldt-Jakob disease (CID) in humans
used to be referred to as dow viruses. It is now clear, however, that they are caused by
adistinct class of infectious agents termed prions (a word standing for 'proteinaceous
infectious particl€e') that have unique and disturbing properties. These particles can be
recovered from the brains of infected individuas as minute rod-like structures composed
of oligomers of a 30-kDa polypeptide. They are devoid of nucleic acid and extremely
resistant to heating and to ultraviolet irradiation. They aso fail to produce an immune
response in the host. Just how such proteins can replicate and be infectious has only
recently become understood. It seemsthat a protein with the same amino acid sequence
as the prion, but with a different conformation, is present in the membranes of normal
neurones of the host. The evidence suggeststhat the prion form of the protein combines
with the normd hogt cell form and dters its configuration to that of the prion. The
newly formed prion can then in turn modify the folding of other normd protein
molecules. In this way the prion protein is capable of autocatalytic replication. Asthe
prions dowly accumulate in the brain, the neurones progressively vacuolate, holes
eventually develop in the grey matter and the brain takes on a sponge-like appearance.
The clinical symptoms take a long time to develop—up to 20 years in humans—but
the disease has an inevitable progression to paraysis and desth.

There has been great concern over the large-scale outbresk of BSE that occurred in
the UK from 1988 as aresult of feeding cattle with supplements prepared from sheep
and cattle offd. Brain extracts from BSE cattle have tranamitted the disease to mice,
sheep, cattle, pigs and monkeys. Studies of 12 recent cases of aypicd CID in the
UK have provided evidence that the bovine prions have infected humans through the
consumption of contaminated beef.
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Introduction

The mgority of microorganisms are free living and dferive their nutrition from inert
organic and inorganic materials. The association of such microorganismswith humans
is generaly harmonious, as the mgority of those encountered are benign and, indeed,

are often vital to balanced ecosystems. In spite of the ubiquity of microorganisms the
tissues of hedthy animals and plants are essentially microbe-free. This is achieved
through provison of a number of non-specific defences to those tissues, and specific
defences such as antibodies (see Chapters 14, 15) acquired after exposure to particular
agents. Breach of these defences by microorganismsthrough the expression of virulence
factors and adaptation to a pathogenic mode of life or following disease, accidenta

trauma, catheterization or implantation of medica devices may lead to the establishment
of microbia infections,

The ability of bacteria and fungi to establish infections varies considerably. Some
are rardly, if ever, isolated from infected tissues, whilst opportunist pathogens (e.g.
Pseudomonas aer uginosa) can establish themsalves only in compromised tissues. Only
afew species of bacteria may be regarded as obligate pathogens, for which animals,
plants or humansare the only reservoirsfor their existence (e.g. Neisseria gonorrhoeae).
Viruses (Chapter 3) on the other hand must parasitize host cells in order to replicate
and are therefore inevitably associated with disease. Even amongst the viruses and
obligate bacterial pathogens the degree of virulence varies, in that some are able to
coexigt with the host without causing the disease state (e.g. staphylococci), whilst others
will dways manifest disease. Organisms such asthese invariably produce their effects,
directly or indirectly, by actively growing on or in the host tissues.
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Other groups of organisms may cause disease through ingestion by the victim of
substances (toxins) produced during microbiad growth on foods (eg. Clostridium
botulinum, botulism; Bacillus cereus, vomiting). The organisms themsalves do not
have to survive and grow in the victim in order for the effects of the toxin to be felt.
Whether such organisms should be regarded as pathogenic is debatable, but they must
be considered in any account of microbia pathogenicity.

The course of infection can be considered as a sequence of separate events (Fig.
4.1). In order for an infection to develop, pathogenic microorganisms must increase
their number within the host more rapidly than the host can diminate or kill them.
Greater numbers of cellsin theinitial chalenge to the host will increase the chances of
successful colonization. The successful pathogen must therefore arrive at its 'portal of
entry' to the body, or directly at the target tissue, in sufficient numbers as to dlow
establishment. The minimum number of infective organisms required to cause disease
is caled the 'minimum infective number' (MIN). MIN varies markedly between
the various pathogens and is dso afected by the genera health and immune status
of the individual host organisms, between individual hosts, and with the general state
of hedlth of the host. Growth and consolidation of the microorganisms a the portd of
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entry commonly involves the formation of a microcolony (biofilm). Biofilms and
microcolonies are collections of microorganisms that are attached to surfaces and

enveloped within exopolymer matrices (glycocalyx) composed of polysaccharides,

glycoproteins and/or proteins. Growth within the matrix not only protects the pathogens
againgt phagocytosis and opsonization within the host but also modulates their micro-

environment and reduces the effectiveness of some antibiotics. The high bacteria

densities present within the biofilm communities dso initiate the production of

extracdlular virulence factors such astoxins, proteases and siderophores (low molecular

weight ligands responsible for the solubilization and transport of iron (111) in microbia

cdls) and may promote their acquisition of nutrients. Viruses are incapable of growing

extracellularly and must therefore rapidly gain entry to the epithdlial cdlls at their Ste
of entry. Onceinternalized they areto alarge extent, in the non-immune host, protected
againg the non-specific host defences. Following these initial consolidation events,

the organisms may expand into surrounding tissues, and/or disperse viathe circulatory

systemsto digtant tissues to establish secondary sites of infection and consolidate further.

Findly, the organism must exit the body, survive and/or immediately re-enter another

susceptible host.

Portals of entry

The part of the body most widdy exposed to microorganisms is the skin. Intact
kin is usudly impervious to microorganisms. Its surface contains reletively few
nutrients and is of acid pH, which is unfavourable for microbid growth. The vast
mgority of organismsfaling onto the skin surface will die, the remainder must compete
for nutrients with the commensa microflorain order to grow. These commensals are
highly adapted to growth on the skin and will normally prevent the establishment of
adventitious contaminants. Infections of the skin itsdlf, such asringworm { Trichophyton
mentagrophytes) rarely, if ever, involve penetration of the epidermis. Infections can,
however, occur through the skin following trauma such as burns, cuts and abrasions
and, in some instances, through insect or animal bites or the injection of contaminated
medicines. In recent years extensive use of intravascular and extravascular medica
devices and implants has led to an increase in the occurrence of hospital-acquired
infection. Commonly these infections involve growth of skin commensds such as
Saphylococcus epidermidis when associated with devices which penetrate the skin
barrier. The organism grows as an adhesive hiofilm upon the surfaces of the device,
where infection arises either from contamination of the device during its implantation
or by growth of the organism dong it from the skin. In such instances the biofilm sheds
bacteria cells to the body and gives rise to bacteraemias (the presence of bacteriain
the blood). These readily respond to antibiotic treatment but the biofilm which is
relatively recalcitrant towards even agressive antibiotic therapy, remains and acts as a
continued focus of infection. In practice, such infected devices must be removed, and
can be replaced only after successful chemotherapy of the bacteraemia

Thewesk pots, or Achilles hedls, of the body occur where the skin ends and mucous
epithdlia tissues begin (mouth, anus, eyes, ears, nose and urinogenitd tract). These
mucous membranes present amuch more favourable environment for microbial growth
than the skin, in that they are warm, moist and rich in nutrients. Such membranes,
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nevertheless, possess certain characteristics that dlow them to resist infection. The
mgjority, for example, possess their own highly adapted commensa microflora which
must be displaced by any invading organisms. Theseresident floravary greatly between
different sites of the body but are usualy common to particular host species. Each site
can be additionaly protected by physico-chemical barriers such as extreme acid pH in
the stomach, the presence of fredy circulating non-specific antibodies and/or opsonins,
and/or by macrophages and phagocytes (see Chapter 14). All infections art from contact
between these tissues and the potentia pathogen. Contact may be direct, from an infected
individual to a hedthy one; or indirect, and involve inanimate vectors such as soil,
food, drink, air and airborne particles being ingested, inhded or entering wounds, or
viainfected bed-linen and clothing. Indirect contact may also involve animal vectors
(carriers).

Respiratory tract

Air contains a large amount of suspended organic matter and, in enclosed occupied
spaces, may hold up to 2000 microorganismsm 3, Almost al of these airborne organisms
are non-pathogenic bacteria and fungi of which the average person would inhde
approximately 10000 per day. The respiratory tract is protected againg this assault by
a mucociliary blanket which envelops the lower respiratory tract and nasal cavity.
Particles becoming entrapped in this blanket of mucus are carried by ciliary action to
the back of the throat and swallowed. The aveolar regions are, in addition, protected
by alining of macrophages. To be successful, a pathogen must avoid being trapped in
the mucus and swallowed, and if deposited in the aveolar sacs must avoid engulfment
by macrophages or resist subsequent digestion by them. The possession of surface
adhesins, spedific for epithelia receptors, aids attachment of the invading microorganism
and avoidance of remova by the mucociliary blanket.

Intestinal tract

The intestinal tract must contend with whatever it is given in terms of food and drink.
The lower gut is highly populated by commensal microorganisms (10"g-" gut tissue).
These organiams are often associated with the intestinal wall, either embedded in layers
of protective mucus or attached directly to the epithelia cells. The pathogenicity of
incoming bacteria and viruses depends upon their ability to survive passage through
the stomach and duodenum and upon their capacity for atachment to, or penetration
df, the gut wall in competition with the commensal flora, and in spite of the presence of
secretory antibodies (Chepter 14).

Urinogenital tract

In hedthy individuas, the bladder, ureters and urethra are sterile and sterile urine
congtantly flushes the urinary tract. Organisms invading the urinary tract must avoid
being detached from the epithelial surfaces and washed out during urination. In the
male, since the urethrais long ica. 20 cm), bacteria must be introduced directly into
the bladder, possibly through catheterization. In the femae, the urethrais much shorter



(ca. 5 cm) and is more readily traversed by microorganisms normally resident within
the vagind vault. Bladder infections are therefore much more common in the femae.
Spread of the infection from the bladder to the kidneys can easly occur through the
reflux of urine into the ureter. As for the implantation of devices across the skin barrier
(above), long-term catheterization of the bladder will promote the occurrence of
bacterurias (the presence of bacteriain the urine) with dl of the associated complications.

Lactic acid in the vagina gives it an acidic pH (5.0) which together with other
products of metabolisminhibits coloni zation by most bacteria, except somelactobacilli,
which congtitute the commensal flora. Other types of bacteria are unable to establish
themselvesin the vaginaunlessthey have become extremely specialized. These species
of microorganism tend to be associated with venered infections.

Conjunctiva

The conjunctiva is usudly free of microorganisms and protected by the continuous
flow of secretions from lachryma and other glands, and by frequent mechanica
cleansng of its surface by the eyelid periphery during blinking. Damege to the
conjunctiva, caused through mechanica abrasion or reduction in tear flow, will
increase microbial adhesion and dlow colonization by opportunist pathogens. The
likelihood of infection is thus promoted by the use of soft and hard contact lenses,
physica damage, exposure to chemicals, or damage and infection of the eyelid border
(blepharitis).

Consolidation

To besuccessful, apathogen must be ableto surviveat itsinitid portd of entry, frequently
in competition with the commensal flora and subject to the attention of macrophages
and wandering white blood cells. Such surviva invariably reguires the organism to
attach itsdlf firmly to the epithelia surface. This attachment must be highly specificin
order to displace the commensa microflora and subsequently governs the course of
an infection. Attachment can be mediated through provision, on the bacteria surface,
of adhesive substances, such as mucopeptide and mucopolysaccharide dime layers,
fimbriae (Chapter 1), pili (Chapter 1) and agglutinins (Chapter 14). These are often
highly specific in their binding characteristics, differentiating, for example, between
the tips and bases of villi and the epithelial cdlls of the upper, mid and lower gut.
Secretory antibodieswhich are directed againgt such adhesinsblock theinitia attachment
of the organism and confer resistance to infection.

The outcome of the encounter between the tissues and potentia pathogens is
governed by the ability of the microorganisms to multiply at afaster rate than they are
removed from those tissues. Factors which influence this are the organisms's rate of
growth, the initial number of organisms arriving & the site and their ahility to resist the
efforts of the host tissues at killing it. The definition of virulence for pathogenic
microorganisms must therefore relate to the minimum number of cells required to
initiate an infection. This will vary between individuals, but will invariably be lower in
compromised hosts such as diabetics, cystic fibrotics and those suffering trauma such
as malnutrition, chronic infection or physica damage.

Microbial pathogenicity and epidemiology 79



3.1

311

312

80 Chapter 4

Resistance to host's defences

Most bacterial infections confine themselves to the surface of epithelial tissue (e.g.
Bordetella pertussis, Corynebacterium diphtheriae, Vibrio cholerae). Thisis, to alarge
extent, areflection of their inability to combat that host's deeper defences. Survival at
these sites is largely due to firm attachment to the epithelial cells. Such organisms
manifest disease through the production and release of toxins (see below).

Other groups of organisms regularly establish systemic infections (e.g. Brucella
abortus, Salmonella typhi, Streptococcus pyogenes) after traversing the epithelial
surfaces. This property is associated with their ability either to gain entry into susceptible
cells and thereby enjoy protection from the body's defences, or to be phagocytosed by
macrophages or polymorphs yet resist their lethal action and multiply within them.
Other organisms are able to multiply and grow freely in the body's extracellular fluids.
Microorganisms have evolved a number of different strategies which alow them to
suppress the host's normal defences and thereby survive in the tissues. These are
considered |ater.

Modulation of the inflammatory response

Growth of microorganisms releases cellular products into their surrounding medium,
many of which cause non-specific inflammation associated with dilatation of blood
vessels. This increases capillary flow and access of phagocytes to the infected site.
Increased lymphatic flow from the inflamed tissues carries the organisms to lymph
nodes where further antimicrobial and immune forces come into play (Chapter
14). Many of the substances released by microorganisms are chemotactic towards
polymorphs which tend therefore to become concentrated at the site of infection.
This is in addition to inflammation and white blood cell chemotaxis associated
with antibody binding and complement fixation (Chapter 14). Many organisms have
adapted mechanisms which allow them to overcome theseinitial defences. Thus, virulent
strains of Staphylococcus aureus produce a mucopeptide (peptidoglycan), which
suppresses early inflammatory oedema, and a related factor which suppresses the
chemotaxis of polymorphs.

Avoidance of phagocytosis

Resistance to phagocytosis is sometimes associated with specific components of the
cell wall and/or with the presence of capsules surrounding the cell wall. Classic examples
of these are the M-proteins of the streptococci and the polysaccharide capsules of
pneumococci. The acidic polysaccharide K-antigens of Escherichia coli and Sal. typhi
behave similarly, in that (i) they can mediate attachment to the intestinal epithelial
cells, and (ii) they render phagocytosis more difficult. Generally, possession of an
extracellular capsule will reduce the likelihood of phagocytosis.

Microorganisms are more readily phagocytosed when coated with antibody
(opsonized). Thisis due to the presence on the white blood cells of receptors for the Fc
fragment of IgM and 1gG (discussed in Chapter 14). Avoidance of opsonization will
clearly enhance the chances of survival of a particular pathogen. A substance called



protein A isreleased from actively growing strains of Staph, aureus. This acts by non-
gpecific binding to 1gG, at the Fc region (see dso Chapter 14), at sites both closeto and
remote from the bacterial surface. Thisblocks the Fc region of bound antibody masking
it from phagocytes. Protein A-1gG complexes will aso bind complement, depleting it
from the plasma and negating the associated chemotactic responses.

Survival following phagocytosis

Desth following phagocytosis can be avoided if the microorganisms are not exposed to
theintracellular processes (killing and digestion) within the phagocyte. Thisispossible
if fuson of the lysosomes with phagocytic vacuoles can be prevented. Such a strategy
isemployed by virulent Mycobacteriumtubercul osis, dthough the precise mechanismis
unknown. Other bacteria seem ableto grow within the vacuoles despite lysosomal fuson
(Listeria monocytogenes, Sal. typhi). Thiscan be attributed to cell wal componentswhich
prevent access of the lysosomal substances to the bacteria membranes (e.g. Brucella
abortus, mycobacteria) or to the production of extracellular catal ase which neutraizes
the hydrogen peroxide liberated in the vacuole (e.g. Staphylococci, streptococci).

If microorganisms are able to survive and grow within phagocytes then they will
escgpe many of the other body defences and be distributed around the bodly.

Killing of phagocytes

An dterndtive drategy is for the microorganism to kill the phagocyte. This can be
achieved by the production of leucocidins (e.g. staphylococci, streptococci) which
promote the discharge of lysosoma substances into the cytoplasm of the phagocyte
rather than into the vacuole, thus directing the phagocyte's letha activity towards itself.

Manifestation of disease

Once established, the course of abacterid infection can proceed in anumber of ways.
These can be related to the relative ability of the organism to penetrate and invade
surrounding tissues and organs. The vast mgjority of pathogens, being unable to combat
the defences of the deeper tissues, consolidate further on the epithelid surface. Others,
which include a mgority of viruses, penetrate the epithelia layers, but no further, and
can be regarded as partidly invasive. A amdl group of pathogens are fully invasive.
These permegte the subepithelia tissues and are circulated around the body to initiate
secondary sites of infection remote from the initia porta of entry.

Other groups of organisms may cause disease through ingestion by the victim of
substances produced during microbia growth on foods. Such diseases may be regarded
as intoxications rather than as infections and are considered further in section 5.1.1.
Treatment in these cases is usually an dleviation of the haomful effects of the toxin
rather than elimination of the pathogen from the body.

Non-invasive pathogens
Bordetella pertussis (the aetiologica agent of whooping-cough) is probably the best
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described of these pathogens. This organism is inhaled and rapidly localizes on the
mucociliary blanket of the lower respiratory tract. This localization is very selective
and thought to involve agglutinins on the organisms' surface. Toxins, produced by the
organism, inhibit ciliary movement of the epithelial surface and thereby prevent removal
of the bacterial cells to the gut. A high molecular weight exotoxin is also produced
during the growth of the organism which, being of limited diffusibility, pervades the
subepithelial tissues to produce inflammation and necrosis. C. diphtheriae (the causal
organism of diphtheria) behaves similarly, attaching itself to the epithelial cells of the
respiratory tract. This organism produces alow molecular weight, diffusible toxin which
enters the blood circulation and brings about a generalized toxaemia.

In the gut, many pathogens adhere to the gut wall and produce their toxic effect via
toxins which pervade the surrounding gut wall or enter the systemic circulation. Vibrio
cholerae and some enteropathic E. coli strains localize on the gut wall and produce
toxins which increase vascular permeability. The end result is a hypersecretion of
isotonic fluids into the gut lumen, acute diarrhoea and consequent dehydration which
may be fatal in juveniles and the elderly. In al these instances, binding to epithelial
cellsis not essential but increases permeation of the toxin and prolongs the presence of
the pathogen.

Partially invasive pathogens

Some bacteria and the majority of viruses are able to attach to the mucosal epithelia
and then penetrate rapidly into the epithelial cells. These organisms multiply within
the protective environment of the host cell, eventually killing it and inducing disease
through erosion and ulceration of the mucosal epithelium. Typically, members of the
genera Shigella and Salmonella utilize such mechanisms. These bacteria attach to the
epithelial cells of the large and small intestines, respectively, and, following their entry
into these cells by induced pinocytosis, multiply rapidly and penetrate laterally into
adjacent epithelial cells. The mechanisms for such attachment and movement are
unknown. Some species of salmonellae produce, in addition, exotoxins which induce
diarrhoea (section 4.1). There are innumerable species and serotypes of Salmonella.
These are primarily parasites of animals, but are important to humans in that they
colonize farm animals such as pigs and poultry and ultimately infect such food.
Salmonella food poisoning (salmonellosis), therefore, is commonly associated with
inadequately cooked meats, eggs and also with cold meat products which have been
incorrectly stored following contact with the uncooked product. Dependent upon the
severity of the lesions induced in the gut wall by these pathogens, red blood cells and
phagocytes pass into the gut lumen, along with plasma, and cause the classic 'bloody
flux' of bacillary dysentery. Similar erosive lesions are produced by some enteropathic
strains of E. coli.

Virus infections such as influenza and the 'common cold' (in reality 300-400
different strains of rhinovirus) infect epithelial cells of the respiratory tract and naso-
pharynx, respectively. Release of the virus, after lysis of the host cells, is to the void
rather than to subepithelial tissues. The epitheliais further infected resulting in general
degeneration of the tracts. Such damage predisposes the respiratory tract to infection
with opportunistic pathogens such as Neisseria meningitidis and Haemophilus influenzae.



4.3 Invasive pathogens

Invasive pathogens either aggressively invade the tissues surrounding the primary
gte of infection or are passvely trangported around the body in the blood, lymph,
cerebrospind fluid or pleural fluids. Some, especially aggressive organisms, do both,
Setting up a number of expansive secondary Sites of infection in various organs.

431 Activespread

Active spread of microorganisms through normal subepithdia tissues is difficult
in that the gel-like nature of the intracellular materids physicaly inhibits bacteria
movement. Induced death and lysis of the tissue cells, in addition, produces a highly
viscousfluid, partly dueto undenatured DNA. Physical damage, such aswounds, rapidly
sed with fibrin clots, thus reducing the effective routes of spreed for opportunist
pathogens. Organisms such as Sr. pyogenes, Cl. perfringens, and to some extent the
staphylococci, are able to establish themsalves in tissues by virtue of ther ahility to
produce awide range of extracellular enzyme toxins. These are associated with killing
of tissue cells, degradation of intracellular materias and mobilization of nutrients, and
will be considered briefly.

1 Haemolysinsare produced by most of the pathogenic staphylococci and streptococci.
They have alytic effect on red blood cells, releasing iron-containing nutrients.

2 Fibrinolysinsare produced by both staphylococci (staphylokinase) and streptococci
(streptokinase). These toxins dissolve fibrin clots, formed by the host around wounds
and lesions to sed them, by indirect activation of plasminogen, thereby increasing the
likelihood of organism spreed. Streptokinase may be employed clinicaly in conjunction
with streptodornase (Chapter 25) in the treatment of thrombosis.

3 Collagenasesand hyaluronidasesare produced by most of the aggressiveinvaders.
These are able to dissolve collagen fibres and hyaluronic acids which function as
intracellular cements. Their loss causesthe tissuesto break up and produce oedematous
lesions.

4 Phospholipasesare produced by organisms such as Cl. perfringens (cc-toxin). These
kill tissue cdlls by hydrolysing phospholipids present in cell membranes.

5 Amylases, peptidases and deoxyribonuclease mobilize many nutrients that are
released from lysed cells. They dso decrease the viscosity of fluids present at thelesion
by depolymerization of their biopolymer substrates.

Organisms possessing the aove toxins, particularly those also possessing leuco-
cidins, are likdy to cause expanding oedematous lesions at the primary dte of
infection. In the case of Cl. perfringens, a soil microorganism which has become
adapted to a saprophytic mode of life, when it causes infection due to accidental
contamination of deep wounds there ensues a process smilar to that seen during
the decomposition of a carcass. This organiam is mog likely to soread through
tissues when blood circulation, and therefore oxygen tension, in the affected aress is
minimal.

Abscesses formed by streptococci and staphylococci can be deep seated in oft
tissues or associaed with infected wounds or skin lesions. These become localized
through the deposition of fibrin capsules around the infective site. Fibrin deposition is
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partly a response of the host tissues and partly a function of enzyme toxins such as
coagulase. Phagocytic white blood cells can migrate into these abscesses in large
numbers to produce significant quantities of pus; this might be digested by other
phagocytes in the latter stages of the infection or discharged to the exterior or to the
capillary and lymphatic network. In the latter case, blocked capillaries might serve as
Stesfor secondary lesions. Toxinsliberated from the microorganisms during their growth
in such abscesses can fredy diffuse to the rest of the body to set up a generdized
toxaemia

Particular strains of salmonellae (section 4.2) such as Sal. typhi, Sal. paratyphi and
Sal. typhimuriumare able not only to penetrate into intesting epithdial cellsand produce
exotoxins but aso to penetrate beyond into subepithelial tissues. These organisms
therefore produce, in addition to the usual symptoms of sadimonellosis, a characterigtic
systemic disease (typhoid and enteric fever). Following recovery from such infection
the organism is commonly found associated with the gdl bladder. In this dtate, the
recovered person will excrete the organism and form a reservoir for the infection of
others.

432 Passive spread

When invading microorganisms have crossed the epithdlia barriers they will dmost
certainly betaken up, with lymph, in the lymphatic ducts and be delivered to thefiltration
and immune sysems of theloca lymph nodes. Sometimesthis servesto soread infections
further around the body. Eventualy, spread may occur from loca to regiona lymph
nodes and thence to the bloodstream. Direct entry to the bloodstream from the primary
portal of entry israre and will only occur when the organism damages the blood vessels
or if it isinjected directly into them. This might be the case fallowing an insect bite or
surgery. Bacteraemia such as this will often lead to secondary infections remote from
the origina porta of entry.

5 Damage to tissues

Damage caused to the host organism through infection can be direct and relate to the
destructive presence, or to the production, of toxins by microorganisms in particular
target organs; or it can beindirect and relaeto interactions of the antigenic components
of the pathogen with the host'simmune system. Effects can therefore be closdly rdated
to, or remote from, the target organ.

Symptoms of the infection can in some instances be highly specific, relating to a
single, precise pharmacologica response to a particular toxin; or they might be non-
specific and relate to the usual response of the body to particular types of trauma.
Damage induced by infection will therefore be considered in these categories.

51 Direct damage

511 Foecific effects
The consequences of infection to the host depend to a large extent upon the tissue or
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organ involved. Soft tissue infections of skeletd muscle are likely to be less damaging
than, for instance, infections of the heart muscle and central nervous system. Infections
of the epithelid cells of smdl blood vessels can produce anoxia or necrosis in the
tissues they supply. Cdl and tissue damage is generally the result of direct loca action
by the microorganisms, usually concerning action & cell membranes. The target cells
are usudly phagocytic cdls and are generdly killed (eg. by Brucella, Listeria,
Mycobacterium). Interference with membrane function, through the action of enzymes
such as phospholipase, cause the dffected cdls to lesk. When lysosomd membranes
are affected, then lysosomal enzymes disperse into the cells and tissues causing them,
inturn, to autolyse. Thisis mediated through the vast battery of enzymetoxinsavailable
to these organiams (section 4). If enough of these toxins are produced to enter the
circulation then a generdized toxaemia might result. During their growth, other
pathogens liberate toxins with precise pharmacologica actions. Diseases mediated in
this manner include diphtheria, tetanus and scarlet fever.

In diphtheria, the organism C. diphtheriae confines itsdlf to epithdia surfaces of
the nose and throat and produces a powerful toxin which afects the elongation factor
involved in protein biosynthesis. The heart and periphera nervesare particularly affected
resulting in myocarditis (inflammation of the myocardium) and neuritis (inflammation
of anerve). Little damage is produced at the infective site.

Tetanus occurs when Cl. tetani, ubiquitous in the soil and faeces, contaminates
wounds, especialy deep puncture-type lesions. These might be minor traumas such as
agplinter, or mgor ones such asbattleinjury. At these sites, tissue necrosis and possibly
microbid growth reduce the oxygen tension to dlow this anaerobe to multiply. Its
growth is accompanied by the production of a highly potent toxin which passes up
periphera nerves and diffuses locally within the central nervous system. It acts like
strychnine by affecting norma function a the synapses. Since the motor nerves of the
brain sem are the shortest, the crania nerves are the firgt affected, with twitches of the
eyes and spasms of thejaw (lockjaw).

A related organism, CI. botulinum, produces asimilar toxin which may contaminate
food if the organism has grown in it and conditions are favourable for anaerobic growth.
Meat pastes and pates are likely sources. Thistoxin interferes with acetylcholine release
a cholinergic synapses and aso acts at neuromuscular junctions. Degth from thistoxin
eventualy results from respiratory failure.

Many other organisms are capable of producing intoxication following their growth
on foods. Most common amongst these are the staphylococci and particular strains of
Bacillussuch asB. cereus. Staphylococci such as Staph, aureus produce an enterotoxin
which acts upon the vomiting centres of the brain. Nausea and vomiting therefore
follow ingestion of contaminated foods, the delay between eating and vomiting varying
between 1 and 6 hours, depending on the amount of toxin ingested. Bacillus cereus
aso produces an emetic toxin but its actions are delayed and vomiting can follow up to
20 hours &fter ingestion. The latter organism is often associated with rice products and
will propagate when the rice is cooked (spore activation) and subsequently reheated
after aperiod of storage.

Scarlet fever is produced following infection with certain Srains of Strep, pyogenes.
These produce a potent toxin which causes an erythrogenic skin rash which accompanies
the more usual effects of a streptococcd infection.
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Non-specific effects

If the infective agent damages an organ and affects its functioning, this can manifest
itsdf as aseries of secondary disease features. Thus, diagbetes may result from an infection
of the idets of Langerhans, paraysis or coma from infections of the centrd nervous
system, and kidney mafunction from loss of tissue fluids and its associated hyper-
glycaemia. In this respect virus infections dmog inevitably result in the desth and
lysis of the host cells. This will result in some loss of function by the target organ.
Similarly, exotoxins and endotoxins can aso be implicated in non-specific symptoms,
even when they have fairly well-defined pharmacologica actions. Thus, a number
of intestina pathogens (e.g. V. cholerae, E. coli) produce potent exotoxins which
affect vascular permesbility. These generaly act through adenyl cyclase, raising the
intracellular levels of cyclic AMP (adenosine monophosphate). As a result of this
the cells lose water and eectrolytes to the surrounding medium, the gut lumen. A
common consequence of these related, yet didtinct, toxins is acute diarrhoea and
haemoconcentration. Kidney mafunction might well follow and in severe cases lead
to desth. Symptomologicaly there is little difference between these conditions and
food poisoning induced by ingestion of staphylococcd enterotoxin. The latter toxin is
formed by the organisms during their growth on infected food substances and is aasorbed
actively from the gut. It acts, not at the epithelia cells of the gut, but at the vomiting
centre of the central nervous system causing nausea, vomiting and diarrhoea within
6 hours.

Endotoxins form part of the cell envelopes of some bacterial species (see Chapter
1). They are shed into the surrounding medium during growth and following autolysis
of the infecting organism. Endotoxins tend to be less toxic than exctoxins and less
preciseintheir action. Classic endotoxins are the lipopolysaccharide/protein components
of Gram-negative cells, i.e. E. coli and the salmonellae. Various toxic effects have been
attributed to these endotoxins but their role in the establishment of the infection, if any,
remains unclear. The most notable effect is their pyrogenicity (Chapters 1 and 18).
Thisrelates to release by the endotoxin of endogenous pyrogen from macrophages and
phagocytes. Elevation of body temperature follows within 1-2 hours.

Indirect damage

Inflammatory materials are released from necrotic cells and directly from the infective
agent. Itis not always clear to what extent these can be related to actions by the host or
by the pathogen. Inflammation causes swelling, pain and reddening of the tissues, and
sometimes loss of function of the organs affected. These reactions may sometimes be
the mgor sign and symptom of the disease.

Many microorganisms minimize the effects of the host's defence system againgt
them by mimicking the antigenic structure of the host tissue. The eventua immunological
response of the host to infection then leads to the autoimmune destruction of itsdlf.
Thus, infections with Mycoplasma pneumoniae can lead to production of antibody
againgt norma Group O erythrocytes with concomitant haemolytic anaemia.

If antigen, released from the infective agent, is soluble then antigen-antibody
complexesare produced. When antibody is present at aconcentration equal to or greater



than the antigen, such asin the case of animmune hog, then these complexes precipitate
and are removed by macrophages present in the lymph nodes. When antigen is present

in excessthe complexes, being smal, continueto circulatein the blood and are eventualy
filtered off by the kidneys, becoming lodged in kidney glomeruli. A locdized

inflammeatory responsein the kidneys might then beinitiated by the complement system

(Chepter 14). Eventualy the filtering function of the kidneys becomes impaired,

producing symptoms of chronic glomerulonephritis.

Recovery from infection: exit of microorganisms

The primary requirement for recovery is that multiplication of the infective agent is
brought under control, that it ceases to spread around the body and that the damaging
consequences of its presence are arrested and repaired. Such control and recovery
are brought about by the combined functioning of the phagocytic, immune and
complement systems. A successful pathogen will not serioudly debilitateits hogt; rather,
the continued existence of the host must be ensured in order to maximize the
dissemination of the pathogen within the host population. Idedly, the organism must
persist within the host for the remainder of its lifespan and be congtantly released to the
environment. Whilst this is the case for a number of virus infections and for some
bacteria ones, it is not common. Generdly, recovery from infection is accompanied by
complete destruction of the organism and restoration of a sterile tissue. Alternatively,
the organism might return to a commensa relaionship with the host on the epithelial
and skin surface.

Where the infective agent is an obligate pathogen, a means mugt exist for it to
infect other individuas before its eradication from the host organism. The route of exit
is commonly related to the origina portal of entry. Thus, pathogens of the intestina
tract are liberated in the faeces and might easily contaminate food and drinking water.
Infective agents of the respiratory tract might be inhaed during coughing, sneezing or
talking, survivein the associated water droplets and infect nearby individuals. Infective
agentstransmitted by insect and anima vectors may be spread through the same vectors,
the insects/animas having been infected by the diseased host. For some ‘fragile
organisms (e.g. N. gonorrhoeae, Treponema pallidum), direct contact transmissionis
the only means of transmission. In these cases, intimate contact between epithelial
membranes, such as occurs during sexud contact, is required for transfer to occur. For
opportunist pathogens, such as those associated with wound infections, transfer isless
important because the pathogenic role is minor. Rather, the naturd habitat of the
organism serves as a congtant reservoir for infection.

Epidemiology of infectious disease

Spread of amicrobia disease through a population of individuas can be considered as
vertica (trandferred from one generation to another) or horizonta (transfer occurring
within genetically unrelated groups). The latter can be divided into common-source
outbreaks, relating to infection of a number of susceptible individuas from a single
reservoir of the infective agent (i.e. infected foods), or propagated-source outbresks,
where eech individua provides a new source for the infection of others.
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Common-source outbreaks are characterized by a sharp onset of reported cases
over the course of asingle incubation period and relate to a common experience of the
infected individuals. The number of cases will persigt until the source of the infection
is removed. If the source of the infection remains (i.e. a reservair of insect vectors)
then the disease becomes endemic to the exposed population with a constant rate of
infection. Propagated-source outbresks, on the other hand, show a gradud increase in
reported cases over a number of incubation periods and eventudly decline when the
majority of susceptibles in the population have been affected. Factors contributing to
propagated outbresks of infectious disease are the infectivity of the agent (1), the
population dengity (P) and the numbers of susceptibleindividudsin it (F). Thelikelihood
of an epidemic is given by the product of these three factors (i.e. FIP). Changesin any
one of them might initiate an outbreak of the disease in epidemic proportions. Thus,
reported cases of particular diseases show periodicity, with outbresks of epidemic
proportion occurring only when FIP exceeds certain critica threshold vaues, related
to the infectivity of the agent. Outbreaks of meades and chickenpox therefore tend to
occur annualy in the late summer amongst children attending school for the first time.
This has the effect of concentrating al susceptible individuals in one, often confined,
gpace a the sametime. The proportion of susceptibles can be reduced through rigorous
vaccination programmes (Chapter 16). Provided that the susceptible population does
not exceed the threshold FIP value, then herd immunity against epidemic spread of the
disease will be maintained.

Certain types of infectious agent (e.g. influenza virus) are able to combat herd
immunity such as this through undergoing mgor antigenic changes. These render the
majority of the population susceptible, and their occurrence is often accompanied by
spreed of the disease across the entire globe (pandemics).

Further reading
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Part 2
Antimicrobial Agents

Thetheme of this section isantimicrobia agents; these are consdered in three categories:.
fird, antibiotics and de novo chemicaly synthesized chemotherapeutic agents; second,
non-antibiotic antimicrobia compounds (disinfectants, antiseptics and preservatives);
and third, immunologica products. The subjects covered comprise the manufacture,
evaduaion and properties of antibiotics; the evaluation and properties of disinfectants,
antiseptics and preservatives; the fundamentas of immunology; and the manufacture,
quality control and clinical uses of immunologica products. The mechanisms of action
of antibiotics and non-antibiotic agents are aso considered, together with an account
of the ever-present problem of naturd and acquired resistance. The principles involved
in the clinical uses of antimicrobia drugs are discussed in Chapter 6.

Problems of recent years involving listerioss, samonellosis, giardiass and
L egionnaire's disease have received attention, as have the re-emergence of tuberculosis
and the importance of methicillin-resstant Staphylococcus aureus (MRSA) and
vancomycin-resistant enterococci (VRE).

Appropriate suggestions for additiona reading are provided.



Types of antibiotics and synthetic
antimicrobial agents

1 Antibiotics 8.1 Vancomycin
11 Definition 8.2 Teicoplanin
12 Sources
9 Miscellaneous antibacterial antibiotics
2 /3-lactam antibiotics 9.1 Chloramphenicol
21 Penicillins and mecillinams 9.2 Fusidic acid
22 Cephalosporins 9.3 Lincomycins
2.2.1  Structure-activity relationships 9.4 Mupirocin (pseudomonic acid A)
2.2.2 Pharmacokinetic properties
2.3 Clavams 10 Antifungal antibiotics
24 1-oxacephems 10.1  Griseofulvin
25 1-carbapenems 10.2  Polyenes
25.1 Olivanic acids
2.5.2 Thienamycin and imipenem 11 Synthetic antimicrobial agents
2.6 1-carbacephems 11.1  Sulphonamides
2.7 Nocardicins 112  Diaminopyrimidine derivatives
2.8 Monobactams 11.3  Co-trimoxazole
29 Penicillanic acid derivatives 114  Dapsone
2.10  Hypersensitivity 115 Antitubercular drugs
11.6  Nitrofuran compounds
3 Tetracycline group 11.7  4-quinolone antibacterials
31 Tetracyclines 11.8 Imidazole derivatives
3.2 Glycylcyclines 119 Flucytosine
11.10 Synthetic allylamines
4 Rifamycins 11.11 Synthetic thiocarbamates
5 Aminoglycoside-aminocyclitol 12 Antiviral drugs
antibiotics 121 Amantadines
12.2 Methisazone
6 Macrolides 123  Nucleoside analogues
6.1 Older members 124  Non-nucleoside compounds
6.2 Newer members 125 Interferons
7 Polypeptide antibiotics 13 Drug combinations
8 Glycopeptide antibiotics 14 Further reading
Antibiotics
Definition

An antibiotic was origindly defined as a substance, produced by one microorganism,
which inhibited the growth of other microorganisms. The advent of synthetic methods
has, however, resulted in a modification of this definition and an antibiotic now refers
to asubstance produced by amicroorganism, or to asimilar substance (produced wholly
or partly by chemicd synthesis), which in low concentrations inhibits the growth of
other microorganisms. Chloramphenicol was an early example. Antimicrobial agents
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such as sulphonamides (section 11.1) and the 4-quinolones (section 11.7), produced
soldy by synthetic means, are often referred to as antibiotics.

Sources

There are three mgor sources from which antibiotics are obtained.

1 Microorganisms. For example, bacitracin and polymyxin are obtained from some
Bacillus species, streptomycin, tetracyclines, etc. from Streptomyces species; gentamicin
from Micromonospora pur pur ea; griseofulvin and some penicillinsand cephal osporins
from certain genera (Penicillium, Acremonium) of the family Aspergillaceae; and mono-
bactams from Pseudomonas aci dophila and Gluconobacter species. Mogt antibiotics
in current use have been produced from Streptomyces spp.

2 Synthesis. Chloramphenicol is now usualy produced by a synthetic process.

3 Semisynthesis. This meansthat part of the moleculeis produced by afermentation
process using the appropriate microorganism and the product is then further modified
by a chemical process. Many penicillins and cephal osporins (section 2) are produced
inthis way.

/" -lactam antibiotics

There are severd different types of /3-lactam antibiotics that are valuable, or potentialy
important, antibacterial compounds. These will be considered briefly.

Penicillins and mecillinams

Thepenicillins (generd structure, Fig. 5.1 A) may be conddered asbeing of thefollowing
types.

1 Naturdly occurring. For example, those produced by fermentation of moulds such

as Penicillium notatum and P. chrysogenum. The most important examples are

benzylpenicillin (penicillin G) and phenoxymethylpenicillin (penicillin V).

2 Semisynthetic. In 1959, scientists a Beecham Research Laboratories succeeded in

isolating the penicillin 'nucleus, 6-aminopenicillanic acid (6-APA; Fig. 51A: R

represents H). During the commercial production of benzylpenicillin, phenylacetic

(phenylethanoic) acid (CegHs.CH,.COOH) is added to the medium in which the

Penicilliummould isgrowing (see Chapter 7). This substance isaprecursor of the Sde

B
% CH; HO.IH
RNH & %E £H GEHECHEL"ﬂ. NH E
1 4% a 3
oo
u}
l.'.ll-i fH

J

"

Fig. 5.1 A, Genera structure of penicillins; B, removal of side chain from benzylpenicillin; C, site
of action of /3-lactamases.
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chain (R; see Fig. 5.2) in benzylpenicillin. Growth of the organism in the absence of
phenylacetic acid led to the isolation of 6-APA; this has a different R- vadue from
benzylpenicillin which dlowed it to be detected chromatographicaly.

A second method of producing 6-APA came with the discovery that certain
microorganisms produce enzymes, penicillin amidases (acylases), which catalyse the
remova of the side chain from benzylpenicillin (Fig. 5. IB).

Acylation of 6-APA with appropriate substances results in new penicillins being
produced which differ only in the nature of the side chain (Table 5.1; Fig. 5.2). Some of
these penicillins have considerable activity againgt Gram-negetive as wel as Gram-
positive bacteria, and are thus broad-spectrum antibiotics. Pharmacokinetic properties
may aso be dtered.

The sodium and potassium sdlts are very soluble in water but they are hydrolysed
in solution, a atemperature-dependent rate, to the corresponding penicilloic acid (Fig.
5.3A; seedso Fig. 9.3), whichisnot antibacterid. Penicilloic acid isproduced & akaine
pH or (via penicillenic acid; Fig. 5.3B) at neutra pH, but a acid pH a molecular
rearrangement occurs, giving penillic acid (Fig. 5.3C). Ingtability in acid medium
logicaly precludes ord adminigtration, since the antibiotic may be destroyed in the
stomach; for example a pH 13 and 35°C methicillin has a hdf-life of only 2-3 minutes
and is therefore not administered ordly, whereas ampicillin, with a hdf-life of 600
minutes, is obvioudy suitable for ord use.

Benzylpenicillinisrapidly absorbed and rapidly excreted. However, certain sparingly
soluble sdlts of benzylpenicillin (benzathine, benethamine and procaine) dowly release
penicillin into the circulation over a period of time, thus giving a continuous high
concentration in the blood. Simultaneous administration of benzylpenicillin (see
Fortified Procaine Penicillin, BP) may be given initidly.

Pro-drugs (e.g. carbenicillin esters, ampicillin esters; Fig. 5.2, Table 51) are
hydrolysed by enzyme action after absorption from the gut mucosa to produce high
blood leves of the active antibiotic, carbenicillin and ampicillin, respectively.

Severd bacteria produce an enzyme, /actamase (penicillinase; see Chapter 9)
which may inactivate apenicillin by opening the/3-lactamring, asin Fig. 5.1C. However,
some penicillins (Table 5.1) are congderably more resistant to this enzyme than are
others, and consequently may be extremely vauable in the treatment of infections
caused by /Mactamase-producing bacteria. In generd, the penicillins are active against
Gram-positive bacteriaz some members (eg. ampicillin) are dso effective againgt
Gram-negative bacteria though not Pseudomonas aeruginosa, wheress others (eg.
carbenicillin) are active againg this organism aso. In particular, subgtituted ampicillins
(piperacillin and the ureidopenicillins, azlocillin and mezlocillin) appear to combine
the properties of ampicillin and carbenicillin. Temocillin is the first penicillin to be
completely stable to hydrolysis by "-lactamases produced by Gram-negative bacteria.

The 6-j3-amidinopenicillanic acids, mecillinam and its ester pivmecillinam, have
unusual antibacterid properties, snce they are active against Gram-negetive but not
Gram-posditive organisms.

Cephalosporins
Inthe 1950s, agpecies of Cephal osporium (now known as Acremonium: see Chapter 7)
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Table 5.1 The penicillins and mecillinams

Penicillin

Oreilly
effective

Stability to

A-lactamases

from

Activity versus

Staph.
aureus

Gram
-ve

Gram
-ve*

Ps.
aeruginosa

Hydrolysed
after

absorption
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14

15 Talampicillin

16
17

Benzylpenicillin
Phenoxymethylpenicillin
Methicillin

Oxacillin

Cloxacillin
Flucloxacillin
Ampicillin
Amoxyecillin
Carbenicillin
Ticarcillin
Temocillin
Carfecillin

Indanyl carbenicillin
(carmdacitin)’ J
Pivampicillin 1 o ...,

o esters
Bacampicillin J

Piperacillin

18AZlociim  F T

19 'Mezlocillin *J

20
21

ampicillins

Mecillinam | 6-/3-amidino-
Pivmecillinam J penicillins

Vo o+ o+ 4

+ o+ 4+ 1

+ o+ o+ 1

NR
NR

o+ 4+ o+ o+

+ 4+ 4+ 4+ 4

\%
\%

+ 4+ 4+ 4+ + o+ o+

o+ o+ o+ o+ o+ +

+ o+ 4+ 4+ 4+

* Except Ps. aeruginosa. All penicillins show some degree of activity against Gram-negative cocci.

+, applicable. -, inapplicable. NR, not relevant: mecillinam and pivmecillinam have no effect on Gram-positive bacteria;
V, variable.
Note: 1 Esters give high urinary levels. 2 Hydrolysis of these esters by enzyme action after absorption from the gut
mucosa gives rapid and high blood levels. 3 For additional information on resistance to /3-lactamase inactivation, see
Chapter 9. 4 In general, al penicillins are active against Gram-positive bacteria, athough this may depend on the
resistance of the drug to /*-lactamase (see column 3); thus, benzylpenicillin is highly active against strains of
Saphylococcus aureus which do not produce /3-lactamase, but is destroyed by /?-lactamase-producing strains. 5 Temocillin
(number 11) is less active against Gram-positive bacteria than ampicillin or the ureidopenicillins (substituted ampicillins).

isolated near a sawage outfall doff the Sardinian coast was studied at Oxford and found
to produce the following antibiotics.
1 An acidic antibiotic, cephaosporin P (subsequently found to have a steroid-like

structure).

2 Ancther acidic antibiotic, cephaogporin N (later shown to be apenicillin, Snceits
Structure was based on 6-APA).

Fig. 5.2 (Opposite) Examples of the side chain R in various penicillins (the numbers 1-19
correspond to those in Table 5.1). Numbers 20 (mecillinam) and 21 (pivmecillinam) are 6-/3-
amidinopenicillanic acids (mecillinams). Number 11 (temocillin) has a methoxy (—OCHS;) group at
position 6a: this confers high /3-lactamase stability on the molecule.
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Fig. 5.3 Degradation products of benzylpenicillin in solution: A, penicilloic acid; B, penicillenic
acid; C, penillic acid.

3 Cephalosporin C, obtained during the purification of cephalosporin N; thisis atrue
cephalosporin, and from it has been obtained 7-aminocephal osporanic acid (7-ACA;
Fig. 5.4), the starting point for new cephal osporins.

Cephalosporins consist of a six-membered dihydrothiazine ring fused to a/3-lactam
ring. Thus, the cephalosporins (A3-cephalosporins) are structurally related to the
penicillins (section 2.1). The position of the double bond in A3-cephalosporins is
important, since A%-cephal osporins (double bond between 2 and 3) are not antibacterial
irrespective of the composition of the side-chains.

Sructure-activity relationships

The activity of cephalosporins (and other /3-lactams) against Gram-positive bacteria
depends on antibiotic affinity for penicillin-sensitive enzymes (PSEs) detected in
practice as penicillin-binding proteins (PBPs). Resistance results from altered PBPs or,
more commonly, from /A-lactamases. Activity against Gram-negative bacteria depends
upon penetration of j6-lactams through the outer membrane, resistance to ~-lactamases
found in the periplasmic space and binding to PBPs. (For further information on
mechanisms of action and bacterial resistance, see Chapters 8 and 9.) Modifications of
the cephem nucleus (Fig. 5.4) at la, i.e. R, by addition of methoxy groups increase
/Mlactamase stability but decrease activity against Gram-positive bacteria because
of reduced affinity for PBPs. Side-chains containing a 2-aminothiazolyl group at
R, e.g. cefotaxime, ceftizoxime, ceftriaxone and ceftazidime, yield cephalosporins
with enhanced affinity for PBPs of Gram-negative bacteria and streptococci. An
iminomethoxy group (—C=N.OCH?3) in, for example, cefuroxime provides *-lactamase
stability against common plasmid-mediated ~-lactamases. A propylcarboxy group
((CH3),—C—COOQH) in, for example, ceftazidime increases /"-lactamase resistance
and also provides activity against Ps. aeruginosa, whilst at the same time reducing j8
lactamase induction capabilities.

Further examples of the interplay of factors in antibacterial activity are demonstrated
by the following findings.



1 7cc-methoxy substitution of cefuroxine, cefamandole and cephapirin produces
reduced activity against E. coli because of a lower affinity for PBPs;
2 similar substitution of cefoxitin produces enhanced activity against E. coli because
of greater penetration through the outer membrane of the organism.

In cephal osporins susceptible to /?-lactamases, opening of the y8-lactam ring occurs
with concomitant loss of the substituent at R? (except in cephalexin, where R? represents
H; see Fig. 5.4). Thisis followed by fragmentation of the molecule. Provided that they
are not inactivated by "-lactamases, the cephal osporins generally have abroad spectrum
of activity, although there may be awide variation. Haemophilus influenzae, for example,
is particularly susceptible to cefuroxime; see also Table 5.2.

Pharmacokinetic properties

Pharmacokinetic properties of the cephalosporins depend to a considerable extent on
their chemical nature, e.g. the substituent R% The 3-acetoxymethyl compounds such
as cephalothin, cephapirin and cephacetrile are converted in vivo by esterases to the
antibacterially less active 3-hydroxymethy! derivatives and are excreted partly as such.
The rapid excretion means that such cephalosporins have a short half-life in the body.
Replacement of the 3-acetoxymethyl group by a variety of groups has rendered other
cephal osporins much less prone to esterase attack. For example, cephaloridine has an
internally compensated betaine group at position 3 (R%) and is metabolically stable.

Cephalosporins such as the 3-acetoxymethyl derivatives described above,
cephaloridine and cefazolin are inactive when given orally. For good oral absorption,
the 7-acyl group (R') must be based on phenylglycine and the amino group must remain
unsubstituted. The R? substituent must be small, non-polar and stable; a methyl group
is considered desirable but might decrease antibacterial activity. Earlier examples of
oral cephalosporins are provided by cephalexin, cefaclor and cephradine (Table 5.2).
Newer oral cephalosporins such as cefixime, cefpodoxime and ceftibuten show increased
stability to /~-lactamases produced by Gram-negative bacteria.

Like cefuroxime atexil (also given orally), cefpodoxime is an absorbable ester.
During absorption, esterases remove the ester side-chain, liberating the active substance
into the blood. Cefixime and ceftibuten are non-ester drugs characterized by activity
against Gram-positive and Gram-negative bacteria, although Ps. aeruginosa is resistant.

Parenterally administered cephal osporins that are metabolically stable and that are
resistant to many types of jS-lactamases include cefuroxime, cefamandole, cefotaxime
and cefoxitin, which has a 7a-methoxy group at R? Injectable cephalosporins with
anti-pseudomonal activity include cefsulodin and cefoperazone.

Side-chains of the various cephal osporins, including those most recently devel oped,
are presented in Fig. 5.4 and a summary of the properties of these antibiotics in Table
5.2.

Clavams

The clavams differ from penicillins (based on the penam structure) in two respects,
namely the replacement of S in the penicillin thiazolidine ring (Fig. 5.1) with oxygen
in the clavam oxazolidine ring (Fig. 5.5 A) and the absence of the side-chain at position
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6. Clavulanic acid, anaturaly occurring dlavam isolated from Streptomyces clavuligerus,
has poor antibacteria activity but is a potent inhibitor of staphylococca jft-lactamase
and of mogt types of lactamases produced by Gram-negative bacteria, especialy
those with a 'penicillinase’ rather than a '‘cephal osporinase' type of action.

A sgnificant development in chemotherapy has been the introduction into clinical
practice of a combination of clavulanic acid with abroad-spectrum, but jS-lactamase-
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and R?. (R®is—OCHj in cefoxitin and cefotetan and —H in other members.) Cephalosporins
containing an ester group at position 3 are liable to attack by esterases in vivo.
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Table 5.2 The cephal osporins'

"Properties

S
Group Examples co @® «i. co w ww 2§ £ Comment
Oral cephalosporins Cephalexin, +H o+ + vV Vv + # R
cephradine,
cefaclor,
cefadroxil
Cefixime, + ++ ++ \Y \Y ++ ++ R Newer oral
ceftibuten cephalosporins
Cefuroxime atexil — ++ + o+ VOV ++ ++ R Absorbable ester
Cefpodoxime ++ ++ + V.V ++ ++ R Absorbable ester
Injectable Cephaloridine, ++ o+ + \ + (# R
cephalosporins cephalothin,
(/3-lactamase- cephacetrile,
susceptible) cefazolin
Injectable Cefuroxime, ++ ++ o+ ++ 4+ ++ ++ R Cefoxitin shows
cephalosporins cefoxitin, activity
(improved cefamandole against
/3-lactamase Bacteroides
stability) fragilis
Injectable Cefotaxime, ++ ++ +++  +++ +++ +++ +++ R (ceftazidime) Latamoxef has
cephalosporins ceftazidime, +++) high activity
(still higher ceftizoxime, against B.
~-lactamase ceftriaxone (also fragilis
stability) the oxacephem,
latamoxef,
section 2.4)
Injectable Cefoperazone ++ ++ + \Y \% ++ o+
cephalosporins Cefsulodin +# @ R +++
(anti-pseudomonal
activity)
Injectable Cefotetan +) 4t R Inhibits
cephalosporins B. fragilis

(other)

* Early cephalosporins were spelt with 'ph', more recently with T.
t Methicillin-resistant Staph, aureus (MRSA) strains are resistant to cephal osporins.
t Enterococci are resistant to cephal osporins.

+++, excellent; ++, good; +, fair; (+), poor; R, resistant; V, variable.
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susceptible, penicillin, amoxycillin. The spectrum of activity has been extended to
include Ps. aeruginosa by combining clavulanic acid with the /3-lactamase-susceptible
penicillin, ticarcillin.

1-oxacephems
In the 1-oxacephems, for example latamoxef (moxaactam, Fig. 5.5B), the sulphur
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Fig. 55 A, clavulanic acid; B, latamoxef; C, 1-carbapenems; D, olivanic acid (general structure); E,
thienamycin; F, meropenem; G, 1-carbacephems; H, loracarbef.

atom in the dihydrothiazine cephaosporin ring system is replaced by oxygen. This
would tend to make the molecule chemicaly less stable and more susceptible to
inactivation by ~lactamases. Theintroduction of the 7-a-methoxy group (asin cefoxitin,
Fig. 5.4), however, stabilizes the molecule. Latamoxef is a broad-spectrum antibiotic
with a high degree of stability to most types of /A-lactamases, and is highly active
againgt theanaerobe, B. fragilis.

1-carbapenems

The 1-carbapenems (Fig. 5.5C) comprise a new family of fused /3-lactam antibiotics.
They are andogues of penicillins or clavams, the sulphur (penicillins) or oxygen
(calvams) aom being replaced by carbon. Examples are the olivanic acids (section
2.5.1) and thienamycin and imipenem (section 2.5.2).
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Olivanic acids

The olivanic acids (general structure, Fig. 5.5D) are naturally-occurring /3-lactam
antibiotics which have, with some difficulty, been isolated from culture fluids of Srep.
olivaceus. They are broad-spectrum antibiotics and are potent inhibitors of various
types of /3-lactamases.

Thienamycin and imipenem

Thienamycin (Fig. 5.5E) is abroad-spectrum /3-lactam antibiotic with high /3-lactamase
resistance. Unfortunately, it is chemically unstable, athough the TV-formimidoyl
derivative, imipenem, overcomes this defect. Imipenem (Fig. 5.5E) is stable to most /3-
lactamases but it readily hydrolysed by kidney dehydropeptidase and is administered
with adehydropeptidase inhibitor, cilastatin. Meropenem, which has yet to be marketed,
is more stable than imipenem to this enzyme and may thus be administered without
cilastatin. Its chemical structure is depicted in Fig. 5.5F.

1-carbacephems

In the 1-carbacephems (Fig. 5.5G), the sulphur in the six-membered dihydrothiazine
ring of the cephal osporins (based on the cephem structure, see Fig. 5.4) isreplaced by
carbon. Loracarbef (Fig. 5.5H) is anew oral carbacephem whichis highly active against
Gram-positive bacteria, including staphylococci.

Nocardicins

The nocardicins (A to G) have been isolated from a strain of Nocardia and comprise a
novel group of /3-lactam antibiotics (Fig. 5.6A). Nocardicin A isthe most active member,
and possesses significant activity against Gram-negative but not Gram-positive bacteria.

Monobactams

The monobactams are monocyclic /3-lactam antibiotics produced by various strains
of bacteria. A novel nucleus, 3-aminomonobactamic acid (3-AMA, Fig. 5.6B), has
been produced from naturally-occurring monobactams and from 6-APA. Severa
monobactams have been tested and one (aztreonam, Fig. 5.6C) has been shown to
be highly active against most Gram-negative bacteria and to be stable to most types of
/3-lactamases. Itis not destroyed by staphylococcal /3-lactamases but is inactive against
al strains of Saph, aureus tested. Bacteroidesfragilis, a Gram-negative anaerobe, is
resistant to aztreonam, probably by virtue of the /3-lactamase it produces, and this
conclusion is supported by the finding that a combination of the monobactam with
clavulanic acid (section 2.3) is ineffective against this organism.

Penicillanic acid derivatives

Penicillanic acid derivatives are synthetically produced /3-lactamase inhibitors.
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Fig. 5.6 A, Nocardicin A; B, 3-aminomonobactamic acid (3-AMA); C, aztreonam; D, penicillanic
acid sulphone (sodium salt); E, /?-bromopenicillanic acid (sodium salt); F, tazobactam; G, sulbactam.

Penicillanic acid sulphone (Fig. 5.6D) protects ampicillin from hydrolysis by
staphylococca /-lactamase and some, but not al, of the ~-lactamases produced by
Gram-negative bacteria, but is less potent than clavulanic acid. /3-bromopenicillanic
acid (Fig. 5.6E) inhibits some types of /A-lactamases.

Tazobactam (Fig. 5.6F) is a penicillanic acid sulphone derivative marketed as a
combination with piperacillin. Alone it has poor intrinsic antibacteria activity but is
comparable to clavulanic acid in inhibiting /J-lactamase activity.

Sulbactam (Fig. 5.6G) isasemisynthetic 6-desaminopenicillin sulphone structural ly
related to tazobactam. Not only is it an effective inhibitor of many /-lactamases but it
is aso active done againg certain Gram-negative bacteria. It is used in combination
with ampicillin for clinical use.

210 Hyper sengtivity

Some types of dlergic reaction, for example immediate or delayed-type skin dlergies,
serum-sickness-like reactions and anaphylactic reactions, may occur in aproportion of
patients given penicillin treatment. There is some, but not complete, cross-dlergy with
cephalosporins.

Contaminants of high molecular weight (considered to have arisen from mycelia
residues from the fermentation process) may be responsible for the induction of dlergy
to penicillins; their remova leads to a marked reduction in the antigenicity of the
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penicillin. It has dso been found, however, tha varying amounts of a non-protein
polymer (of unknown source) may aso be present in penicillin and that this aso may
be antigenic.

The interaction of a non-enzymatic degradation product, D-benzylpenicillenic
acid (formed by cleavage of the thiazolidine ring of benzylpenicillin in solution;
see Fig. 5.3B), with sulphydryl or amino groups in tissue proteins, to form hapten-
protein conjugates, is dso of importance. In particular, the reaction between D-
benzylpenicillenic acid and the e-amino group of lysine (a,£-diamino-rc-caproic acid,
NHy(CH,)4.CH(NH,).COOH) residuesisto be nhoted, because these D-benzylpenicilloyl
derivatives of tissue proteins function as complete penicillin antigens.

Tetracycline group

Tetracyclines

There are severd clinically important tetracyclines, characterized by four cyclic rings
(Fig. 5.7). They consist of a group of antibiotics obtained as by-products from the
metabolism of various species of Sreptomyces, athough some members may now be
thought of as being semisynthetic. Thus, tetracycline (by catalytic hydrogenation) and
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Fig. 5.7 Tetracycline antibiotics: 1, oxytetracycline; 2, chlortetracycline; 3, tetracycline; 4,
demethylchlortetracycline; 5, doxycycline; 6, methacycline; 7, clomocycline; 8, minocycline; 9,
thiacycline (a thiatetracycline with a sulphur atom at 6).



3.2

clomocycline are obtained from chlortetracycline, which is itself produced from
Srep, aureofaciens. Methacycline is obtained from oxytetracycline (produced from
Srep, rimosus) and hydrogenation of methacycline gives doxycycline. Demethyl-
chlortetracycline is produced by a mutant strain of Srep, aureofaciens. Minocyclineis
a derivative of tetracycline.

The tetracyclines are broad-spectrum antibiotics, i.e. they have a wide range of
activity against Gram-positive and Gram-negative bacteria. Ps. aeruginosa is less
sensitive, but is generally susceptible to tetracycline concentrations obtainable in the
bladder. Resistance to the tetracyclines (see aso Chapter 9) develops relatively slowly,
but there is cross-resistance, i.e. an organism resistant to one member is usually resistant
to dl other members of this group. However, tetracycline-resistant Saph, aureus strains
may still be sensitive to minocycline. Suprainfection (‘overgrowth') with naturally
tetracycline-resistant organisms, for example Candida albicans and other yeasts, and
filamentous fungi, affecting the mouth, upper respiratory tract or gastrointestinal tract,
may occur as aresult of the suppression of tetracycline-susceptible microorganisms.

Thiatetracyclines contain a sulphur atom at position 6 in the molecule. One
derivative, thiacycline, is more active than minocycline against tetracycline-resistant
bacteria. Despite toxicity problems affecting its possible clinical use, thiacycline could
be the starting point in the development of a new range of important tetracycline-type
antibiotics.

The tetracyclines are no longer used clinically to the same extent as they were in
the past because of the increase in bacterial resistance.

Glycylcyclines
The glycylcyclines (Fig. 5.8) represent a new group of tetracycline analogues. They

are novel tetracyclines substituted at the C-9 position with adimethylglycylamido side-

N(CHa)2

OH

CONH;

CONH,

CH Q H O

Fig. 5.8 Structures of two tetracycline analogues, which are members of the new glycylcycline
group of antibiotics: A, yV,A”-dimethylglycylamido-6-demethyl-6-deoxytetracycline; B, N,N-
dimethylglycylamidominocycline.
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chain. They possess activity againgt bacteria that express resistance to the older
tetracyclines by an efflux mechanism (Chapter 9).

Rifamycins

Therifamycins comprise acompardively new antibiotic group and consist of rifamycins
A to E. From rifamycin B are produced rifamide (rifamycin B diethylamide) and
rifamycin SV, which is one of the most useful and least toxic of the rifamycins.

Rifampicin (Fig. 5.9), a bactericidd antibiotic, is active againg Gram-positive
bacteria (including Mycobacteriumtuber cul osis) and some Gram-negative bacteria (but
not Enterobacteriaceae or pseudomonads). It has been found to have agreater bactericida
dfect againgt M. tuberculosis than other antituberculosis drugs, is active ordly,
penetrateswell into cerebrospina fluid and isthus of usein the trestment of tuberculous
meningitis (see also section 11.5).

Rifampicin possesses significant bactericidd activity a very low concentrations
againg staphylococci. Unfortunately, resistiant mutants may arise very rapidly, both in
vitro and in vivo. It has thus been recommended that rifampicin should be combined
with another antibiotic, e.g. vancomycin, in the trestment of staphylococca infections.

A newly introduced rifamycin is rifabutin. This may be used in the prophylaxis of
M. avium complex infections in immunocompromised patients and in the treatment,
with other drugs, of non-tuberculous mycobacteria infections.

Aminoglycoside-aminocyclitol antibiotics

Aminoglycoside antibiotics contain amino sugarsin their structure. Deoxystreptamine-
containing members are neomycin, framycetin, gentamicin, kanamycin, tobramycin,
amikacin, netilmicin and ssomicin. Both streptomycin and dihydrostreptomycin contain
sreptidine, whereas the aminocyclitol spectinomycin has no amino sugar. Examples
of chemical structures are provided in Fig. 5.10.

CH, CH, H

Fig. 5.9 Rifampicin.
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D, amikacin.

Streptomycin was isolated by Waksman in 1944, and its activity against
M. tuberculosis ensured its use as a primary drug in the trestment of tuberculosis.
Unfortunately, its ototoxicity and the rgpid development of resistance have tended
to modify its usefulness, and dthough it gill remains a front-line drug against
tuberculosis it is usualy used in combination with isoniazid and p(4)-aminosalicylic
acid (section 11.5). Streptomycin also shows activity against other types of bacteria,
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for example againgt various Gram-negative bacteria and some strains of staphylococci.
Dihydrostreptomycin has a smilar antibacteria action but is more toxic.

Gentamicin (a mixture of three components, C, Ci, and Cy; Fig. 510C) is active
againg many strains of Gram-positive and Gram-negative bacteria, including some
drains of Ps. aeruginosa. Its activity is greetly increased at pH values of about 8.
It is often administered in conjunction with carbenicillin to delay the development
of resstance. Gentamicin is the most important aminoglycoside antibictic, is the
aminoglycoside of choice in the UK and is widdly used for treating serious infections.
As with other members of this group, sde-effects are dose related, dosage must be
given with care, plasmalevels should be monitored and treatment should not normally
exceed 7 days.

Kanamycin (a complex of three antibiotics, A, B and C) is active in low con-
centrations againg various Gram-positive (including penicillin-resistant staphylococci)
and Gram-negative bacteria. It is a recognized second-line drug in the trestment of
tuberculosis.

Paromomycin finds specid use in the trestment of intestinal amoebiasis (it is
amoebicidal against Entamoeba histolytica) and of acute bacillary dysentery.

Neomycin is poorly absorbed from the alimentary tract when given ordly, and is
usualy used in the form of lotions and ointments for topical application againgt skin
and eyeinfections. Framycetin conssts of neomycin B with asmal amount of neomycin
C, and is usudly employed locdly.

A desirable property of newer aminoglycoside antibiotics isincreased antibacteria
activity againgt resstant strains, especidly improved stability to aminoglycoside-
modifying enzymes (Chapter 9). Alteration in the 3' position of kanamycin B (Fig.
5.1 OB) to give 3-deoxy kanamycin B (tobramycin) changes the activity spectrum.
Amikacin (Fig. 5.10D) has a substituted aminobutyryl in the amino group &t position 1
in the 2-deoxystreptamine ring and this enhances its resistance to some, but not all,
types of aminoglycosde-modifying enzymes, as it has fewer sites of modification.
Netilmicin (Af-ethylssomicin) is a semisynthetic derivative of ssomicin but is less
susceptible than sisomicin to some types of bacterid enzymes.

The most important of these antibiotics are amikacin, tobramycin, netilmicin and
especialy gentamicin.

Macrolides

Older members

The macrolide antibiotics are characterized by possessing molecular structures that
contain large (12-16-membered) lactone rings linked through glycosidic bonds with
amino sugars.

The most important members of this group are erythromycin (Fig. 5.11),
oleandomycin, triacetyloleandomycin and spiramycin. Erythromycin is active against
most Gram-positive bacteria, Neisseria, H. influenzae and Legionella pneumophila,
but not againgt the Enterobacteriaceae; its activity is pH-dependent, increasing with
pH up to about 8.5. Erythromycin estolate is more stable than the free base to the acid
of gadtric juice and is thus employed for ora use. The estolate produces higher and
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Fig. 5.11 Erythromycins: erythromycin is a mixture of macrolide antibiotics consisting largely of
erythromycin A.

more prolonged blood levels and distributes into some tissues more efficiently than
other dosage forms. In vivo, it hydrolysesto give the free base.

Saphylococcus aureusisless sendtive to erythromycin than are pneumococci or
haemolytic streptococci, and there may be arapid development of resistance, especialy
of staphylococcdi, in vitro. However, in vivo with successful short courses of treatment,
resistance is not usualy a serious clinical problem. On the other hand, resistance is
likely to develop when the antibiotic is used for long periods.

Oleandomycin, its ester (triacetyloleandomycin) and piramycin have asimilar range
of activity as erythromycin but are less active. Resistance develops only dowly in
clinical practice. However, cross-resistance may occur between al four members of
thisgroup.

Newer members

The new macrolides are semisynthetic molecules that differ from the origind com-
pounds in the subgtitution pattern of the lactone ring system (Table 5.3, Figs 5.12
and 5.13).

Table 5.3 New macrolide derivatives of erythromycin

Lactone ring

structure Example Derivative of erythromycin
14-membered Erythromycin
Roxithromycin Methoxy-ethoxy-methyloxine
Clarithromycin Methyl
Dirithromycin Oxazine
15-membered Azithromycin Deoxo-aza-methyl-homo
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Roxithromycin has similar in vitro activity to erythromycin but enters leucocytes
and macrophages more rapidly with higher concentrations in the lysosomal component
of the phagocytic cells. It is likely to become an important drug against Legionella
pneumophila. Clarithromycin is also of potential value.



Polypeptide antibiotics

The polypeptide antibiotics comprise arather diverse group. They include:

1 bacitracin, with activity against Gram-positive but not Gram-negative bacteria
(except Gram-negative cocci);

2 the polymyxins, which are active against many types of Gram-negative bacteria
(including Ps. aeruginosa but excluding cocci, Serratia marcescens and Proteus spp.)
but not Gram-positive organisms; and

3 the two antitubercular antibiotics, capreomycin and viomycin.

Because of its highly toxic nature when administered parenterally, bacitracin is
normally restricted to external usage.

The antibacterial activity of five members (A to E) of the polymyxin group is
of a similar nature. However, they are al nephrotoxic although this effect is much
reduced with polymyxins B and E (colistin). Colistin sulphomethate sodium is the
form of colistin used for parenteral administration. Sulphomyxin sodium, a mixture of
sulphomethylated polymyxin B and sodium bisulphite, has the action and uses of
polymyxin B sulphate, but is less toxic.

Capreomycin and viomycin show activity against M. tuberculosis and may be
regarded as being second-line antituberculosis drugs.

Glycopeptide antibiotics

Two important glycopeptide antibiotics are vancomycin and teicoplanin.

Vancomycin

Vancomycin is an antibiotic isolated from Strep, orientalis and has an empirical formula
of CesH75C1:N904 (mol. wt 1448); it has a complex tricyclic glycopeptide structure.
Modern chromatographically purified vancomycin gives rise to fewer side-effects than
the antibiotic produced in the 1950s.

Vancomycin is active against most Gram-positive bacteria, including methicillin-
resistant strains of Saph, aureus and Saph, epidermidis, Enterococcus faecalis,
Clostridium difficile and Gram-negative cocci. Gram-negative bacilli, mycobacteria
and fungi are not susceptible. Vancomycin-resistant enterococci are now posing aclinical
problem in hospitals, however.

Vancomycin is bactericidal to most susceptible bacteria at concentrations near its
minimum inhibitory concentration (MIC) and is an inhibitor of bacterial cell wall
peptidoglycan synthesis, although at a site different from that of j3-lactam antibiotics
(Chapter 9).

Employed as the hydrochloride and administered by dilute intravenous injection,
vancomycin is indicated in potentially life-threatening infections that cannot be
treated with other effective, less toxic, antibiotics. Oral vancomycin is the drug
of choice in the treatment of antibiotic-induced pseudomembranous colitis asso-
ciated with the administration of antibiotics such as clindamycin and lincomycin
(section 9.3).
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Teicoplanin

Teicoplaninisanaturaly occurring complex of five closdy related tetracyclic molecules.
Its mode of action and spectrum of activity are essentially similar to vancomycin,
athough it might be less active againgt some strains of coagul ase-negative staphylococci.
Teicoplanin can be administered by intramuscular injection.

Miscellaneous antibacterial antibiotics

Antibiotics described here (Fig. 5.14) are those which cannot logically be considered
in any of the other groups above.

Chloramphenical

Chloramphenical (Fig. 5.14A) has abroad spectrum of activity, but exertsabacteriogtatic
effect. It has antirickettsid activity and isinhibitory to the larger viruses. Unfortunately,
aplagtic anaemia, which is dose-related, may result from trestment in a proportion of
patients. It should thus not be given for minor infections and its usage should be restricted
to cases where no effective dternative exists, eg. typhoid fever (see Chapter 6). Some
bacteria (see Chapter 9) can produce an enzyme, chloramphenicol acetyltransferase,
that acetylatesthe hydroxyl groupsin the side-chain of the antibiotic to produce, initidly,
3-acetoxychloramphenicol and, findly, 1,3-diacetoxychloramphenicol, which lacks
antibacteria activity. The design of fluorinated derivatives of chloramphenicol thet are
not acetylated by this enzyme could be a significant finding.

The antibiotic is administered oraly as the pamitate, which is tasteless; this is
hydrolysed to chloramphenicol in the gastrointestinal tract. The highly water-soluble
chloramphenicol sodium succinate is used in the parenteral formulation, and thus acts
as apro-drug.

Fusidic acid

Employed as a sodium sdt, fuddic acid (Fig. 5.14B) is active againgt many types of
Gram-positive bacteria, especidly staphylococci, dthough streptococci are relatively
resistant. Itis employed in the treatment of staphylococcd infections, including strains
resigtant to other antibiotics. However, bacterid resistance may occur invitro andinvivo.

Lincomycins

Lincomycin and dlindamycin (Fig. 5.14C, D) are active againgt Gram-positive cocci, except
Enterococcusfaecalis. Gram-negetive cocci tend to be less sensitive and enterobacteria
are resigtant. Cross-resistance of staphylococci may occur between lincomycins and

erythromycin, but some erythromycin-resistant organisms may be sengtiveto lincomycins.

Mupirocin (pseudomonic acid A)

Mupirocin (Fig. 5.14E) isthe main fermentation product obtained from Ps.fluorescens.
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Fig. 5.14 Miscellaneous antibiotics: A, chloramphenicol; B, fusidic acid; C, lincomycin; D,
clindamycin; E, mupirocin (pseudomonic acid A).

Other psaudomonic acids (B, C, D) aredso produced. Mupirocin is active predominantly
againgt staphylococci and most streptococci, but Enterococcusfaecalis and Gram-
negative bacilli are resistant. There is dso evidence of plasmid-mediated mupirocin
resistancein some clinicd isolates of Staph, aureus.

Mupirocin is employed topicaly in eradicating nasal and skin carriage of staphy-
lococci, including methicillin-resistant Staph, aureus colonization.
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Antifungal antibiotics

In contrast to the wide range of antibacterial antibiotics, there are very few antifungal
antibiotics that can be used systemically. Lack of toxicity is, as always, of paramount
importance, but the differences in structure of, and some biosynthetic processes in,
fungal cells (Chapter 2) mean that antibacterial antibiotics are usually inactive against
fungi.

Fungal infections are normally less virulent in nature than are bacterial or vira
ones but may, nevertheless, pose a problem in individuals with a depressed immune
system, e.g. AIDS sufferers.

Griseofulvin

This is a metabolic by-product of Penicillium griseofulvum. Griseofulvin (Fig. 5.15A)
was first isolated in 1939, but it was not until 1958 that its antifungal activity was
discovered. It is active against the dermatophytic fungi, i.e. those such as Trichophyton
causing ringworm. It is ineffective against Candida albicans, the causative agent of
oral thrush and intestinal candidasis, and against bacteria, and thereis thus no disturbance
of the normal bacterial flora of the gut.

Griseofulvin is administered oraly in the form of tablets. It is not totally absorbed
when given orally, and one method of increasing absorption is to reduce the particle
size of the drug. Griseofulvin is deposited in the deeper layers of the skin and in hair
keratin, and is therefore employed in chemotherapy of fungal infections of these areas
caused by susceptible organisms.

Polyenes

Polyene antibiotics are characterized by possessing a large ring containing a lactone
group and a hydrophobic region consisting of a sequence of four to seven conjugated
double bonds. The most important polyenes are nystatin and amphotericin B (Fig. 5.15B
and C, respectively).

Nystatin has a specific action on C. albicans and is of no value in the treatment of
any other type of infection. It is poorly absorbed from the gastrointestinal tract; even
after very large doses, the blood level is insignificant. It is administered orally in the
treatment of oral thrush and intestinal candidiasis infections.

Amphotericin B is particularly effective against systemic infections caused by
C. albicans and Cryptococcus neoformans. It is poorly absorbed from the gastro-
intestinal tract and is thus usually administered by intravenous injection under strict
medical supervision. Amphotericin B methyl ester (Fig. 5.15C) iswater-soluble, unlike
amphotericin B itself, and can be administered intravenously as a solution. The two
forms have equal antifungal activity but higher peak serum levels are obtained with the
ester. Although the ester is claimed to be less toxic, neurological effects have been
observed. An ascorbate salt has recently been described which is water-soluble, of
similar activity and less toxic.
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Fig. 5.15 Antifunga antibictics: A, griseofulvin; B, nystatin; C, amphotericin (R = H) and its
methyl ester (R = CH3).

Synthetic antimicrobial agents

Sulphonamides

Sulphonamides were introduced by Domagk in 1935. It had been shown that ared azo
dye, prontosil (Fig. 5.16B), had a curative effect on mice infected with /3-haemolytic
streptococci; it was subsequently found that in vivo, prontosil was converted into
sulphanilamide. Chemicad modifications of the nucleus of sulphanilamide (see Fig.
5.16A) gave compounds with higher antibacteria activity, athough this was often
accompanied by grester toxicity. In generd, it may be stated that the sulphonamides
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Fig. 5.16 A, some sulphonamides; B, prontosil rubrum; C, unsubstituted diaminobenzylpyrimidines;
D, trimethoprim; E, tetroxoprim; F, dapsone.

have a broadly similar antibacterial activity but differ widely in pharmacological
actions.

Bacteria which are aimost always sensitive to the sulphonamides include Strep.
pneumoniae, /3-haemolytic streptococci, Escherichia coli and Proteus mirabilis; those
almost always resistant include Enterococcus faecalis, Ps. aeruginosa, indole-positive
Proteus and Klebsiella; whereas bacteria showing amarked variation in responseinclude
Saph, aureus, gonococci, H. influenzae and hospital strains of E. coli and Pr. mirabilis.

The sulphonamides show a considerable variation in the extent of their absorption
into the bloodstream. Sulphadimidine and sulphadiazine are examples of rapidly
absorbed ones, whereas succinylsul phathiazone and phthal ylsul phathiazol e are poorly
absorbed and are excreted unchanged in the faeces.

From a clinical point of view, the sulphonamides are extremely useful for the
treatment of uncomplicated urinary tract infection caused by E. coli in domiciliary
practice. They have also been employed in treating meningococcal meningitis (acurrent
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problem is the number of sulphonamide-resistant meningococcd strains) and superficia
eye infections.

Diaminopyrimidine derivatives

Small-molecule diaminopyrimidine derivatives were shown in 1948 to have an antifolate
action. Subsequently, compounds were devel oped that were highly active againgt human
cdls (e.g. the use of methotrexate as an anticancer agent), protozoa (e.g. the use of

pyrimethamine in malaria) or bacteria (e.g. trimethoprim: Fig. 5.16D). Unsubstituted
diaminobenzylpyrimidines (Fig. 5.16C) bind poorly to bacterid dihydrofolate reductase
(DHFR). The introduction of one, two or especidly three methoxy groups (as in
trimethoprim) produces a highly sdective antibacterial agent. A recent antibacteria

addition is tetroxoprim (2,4-diamino-5-(3,5-dimethoxy-4'-methoxyethoxybenzyl)

pyrimidine; Fig. 5.16E) which retains methoxy groups a R' and R® and hes a
methoxyethoxy group a R Trimethoprim and tetroxoprim have a broad spectrum of

activity but resistance can arise from anon-susceptible target site, i.e. an dtered DHFR

(see Chapter 9).

Co-trimoxazole

Co-trimoxazole is a mixture of sulphamethoxazole (five parts) and trimethoprim
(one part). The reason for using this combination is based upon the in vitro finding
that there is a'sequentia blockade' of folic acid synthesis, in which the sulphonamide
isacompetitiveinhibitor of dihydropteroate synthetase and trimethoprim inhibits DHFR
(see Chapter 8, especidly Fig. 8.5). The optimum ratio of the two components may not
be achieved in vivo and arguments continue as to the clinical value of co-trimoxazole,
with many advocating the use of trimethoprim aone. Co-trimoxazole is the agent of
choicein treating pneumonias caused by Pneumocystiscarinii, ayesst (althoughit hed
been classified as protozoa). Pneumocystiscarinii isacommon cause of pneumoniain
patients receiving immunosuppressive therapy and in those suffering from AIDS.

Dapsone

Dapsone (diaminodiphenylsulphone; Fig. 5.16F) is used specificaly in the trestment
of leprosy. However, because resistance to dapsone is unfortunately now well known,
it is recommended that dgpsone be usad in conjunction with rifampicin and clofazimine.

Antitubercular drugs

The three standard drugs used in the treatment of tuberculosis were streptomycin
(conddered above), M-aminosalicylic acid (PAS) and isoniazid (isonicotinylhydrazide,
INH; synonym, isonicotinic acid hydrazine, INAH). The tubercle bacillus rapidly
becomes resistant to streptomycin, and the role of PAS was mainly that of preventing
this development of resistance. The current gpproach is to treat tuberculosis in two
phases: aninitial phase where acombination of three drugsis used to reduce the bacteria
level as rapidly as possible, and a continuation phase in which a combination of
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two drags is employed. Front-line drags are isoniazid, rifampicin, streptomycin
and ethambutol. Pyrazinamide, which has good meninged penetration, and is thus
particularly useful in tubercular meningitis, may be used in the initial phase to produce
ahighly bactericida response.

Isoniazid has no significant effect againgt organisms other than mycobacteria. It is
given ordly. Cross-resistance between it, streptomycin and rifampicin has not been
found to occur.

When bacteria resistance to these primary agents exists or develops, trestment
with the secondary antitubercular drugs hasto be considered. Thelatter group comprises
cagpreomycin, cycloserine, some of the newer macrolides (azithromycin, clarithromycin),
4-quinolones (e.g. ciprofloxacin, ofloxacin) and prothionamide (no longer marketed in
the UK). Prothionamide, pyrazinamide and ethionamide are, likeisoniazid, derivatives
of isonicotinic acid. The British National Formulary no longer lists ethionamide
as being a suitable antitubercular drug. Chemica structures of the above, and of
thiacetazone (not nowadays used because of its Sde-effects) are presented in Fig. 5.17.

There has, unfortunately, been agloba resurgence of tuberculosis in recent years.
Multiple drug-resistant M. tuberculosis (MDRTB) strains have been isolated in which
resistance has been acquired to many drugs used in the trestment of this disease.
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Fig. 5.17 Antitubercular compounds (see text also for details of antibiotics): A, PAS; B, isoniazid;
C, ethionamide; D, pyrazinamide; E, prothionamide; F, thiacetazone; G, ethambutol.
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Nitrofuran compounds

The nitrofuran group of drugs (Fig. 5.18) is based on the finding over 40 years ago that
anitro group in the 5 position of 2-substituted furans endowed these compounds with
antibacteria activity. Many hundreds of such compounds have been synthesized, but
only a few are in current thergpeutic use. In the mogt important nitrofurans, an
azomethine group, —CH=N—, is attached at C-2 and a nitro group a C-5. Less
"important nitrofurans have avinyl group, —CH=CH—, at C-2.
Biologica activity is logt if:
1 thenitroring is reduced;
2 the—CH=N— linkage undergoes hydrolytic decomposition; or
3 the—CH=CH— linkage is oxidized.

The nitrofurans show antibacteria activity againgt a wide spectrum of micro-
organisms, but furatadone has now been withdrawn from use because of its toxicity.
Furazolidone has avery high activity against most members of the Enterobacteriacese,
and has been used in the trestment of diarrhoea and gastrointestinal disturbances of
bacteria origin. Nitrofurantoin is used in the trestment of urinary tract infections; anti-
bacteria levels are not reached in the blood and the drug is concentrated in the urine. It
ismost active e acid pH. Nitrofurazoneisused mainly asatopica agent in the trestment
of burns and wounds and dso in certain types of ear infections. The nitrofurans are
believed to be mutagenic.
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Fig. 518 A, furan; B, 5-nitrofurfural; C-F, nitrofuran drugs: respectively C, nitrofurazone, D,
nitrofurantoin, E, furazolidone and F, furaltadone.
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4-quinolone antibacterials

Over 10000 quinolone antibacteria agents have now been synthesized. Nalidixic
acid is regarded as the progenitor of the new quinolones. It has been used for
severa years as aclinically important drug in the treatment of urinary tract infections.
Sinceits clinical introduction, other 4-quinolone antibacterias have been synthesized,
some of which show considerably greater antibacteria potency. Furthermore, this
means that many types of bacteria not susceptible to nalidixic acid therapy may be
sengtiveto the newer derivatives. The most important development wasthe introduction
of a fluorine substituent at C-6, which led to a consderable increase in potency and
spectrum of activity compared with nalidixic acid. These second-generation quinolones
are known as fluoroquinolones, examples of which are ciprofloxacin and norfloxacin
(Fig. 5.19).

Nalidixic acid isunusud in that it is active againgt severd different types of Gram-
negative bacteria, whereas Gram-positive organisms are resistant. However, the newer
fluoroquinolone derivatives show superior activity againgt Enterobacteriacease and
Ps. aeruginosa, and their spectrum aso includes staphylococci but not streptococci.
Extensive studies with norfloxacin have demonsirated that its broad spectrum, high
urine concentration and oral administration make it a useful drug in the treatment of
urinary infections. Ciprofloxacin may be used in the treatment of organisms resistant
to other antibictics; it can aso be used in conjunction with a/3-lactam or aminoglycoside
antibiotic, eg. when severe neutropeniais present.

Thethird and most recently devel oped generation of quinolones has maintained many
of the properties of the second generation; examples are lomefloxacin, sparfloxacin (both
difluorinated derivatives) and temafloxacin (atrifluorinated derivative). Lomefloxacin
has a sufficiently long hdf-life to dlow once-daily dosing, but adverse photosengtivity
reactions are now being recognized. Sparfloxacin retains high activity against Gram-
negative bacteriabut has enhanced activity against Gram-positive cocci and anaerobes.
Temafloxacin has, unfortunately, been withdrawn from clinical use because of unex-
pected severe haemolytic and nephrotoxic reactions.

Imidazole derivatives

The imidazoles comprise a large and diverse group of compounds with properties
encompassing antibacterial (metronidazole), antiprotozod (metronidazole), antifunga
(clotrimazole, miconazole, ketoconazole, econazol€e) and anti-anthelmintic (mebendazole)
activity: see Table 5.4. Metronidazole (Fig. 5.20A) inhibits the growth of pathogenic
protozoa, very low concentrations being effective againg the protozoa Trichomonas
vaginalis, Entamoeba histolytica and Giardialamblia. It isalso used to treat bacterial
vaginoss caused by Gardnerellavaginalis. Given ordly, it cures 90-100% of sexualy
transmitted urogenital infections caused by T. vaginalis. It has dso been found that
metronidazoleis effective againgt anaerobic bacteria, for example B.fragilis, and against
facultative anaerobes grown under anaerobic, but not aerobic, conditions. Metronidazole
is administered orally or in the form of suppositories.

Other imidazole derivatives include clotrimazole (Fig. 5.20B), miconazole (Fig.
5.20C) and econazole (Fig. 5.20D), dl of which possess a broad antimycotic spectrum
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Table 5.4 Antimicrobia imidazoles

Antimicrobial

or other activity Examples

Antibacterial Metronidazole, tinidazole: anaerobic bacteria only
Antiprotozoal Metronidazole, tinidazole

Anthelmintic Mebendazole

Antifungal Clotrimazole, miconazole, econazole, ketoconazole

Newer imidazoles: fluconazole, itraconazole

with some antibacterial activity and are used topically. Miconazole is used topically
but can also be administered by intravenous or intrathecal injection in the treatment of
severe systemic or meningeal fungal infections. Newer imidazoles are (a) ketoconazole
(Fig. 5.20E) which is used orally for the treatment of systemic fungal infections (but
not when there is central nervous system involvement or where the infection is life-
threatening), (b) fluconazole (Fig. 5.20F), which is given orally or by intravenous
infusion in the treatment of candidiasis and cryptococcal meningitis. Itraconazole is
well absorbed when given orally after food.

Flucytosine

Flucytosine (5-fluorocytosine; Fig. 5.20G) is a narrow-spectrum antifungal agent
with greatest activity against yeasts such as Candida, Cryptococcus and Torulopsis.
Evidence has been presented which shows that, once inside the fungal cell, flucytosine
is deaminated ot 5-fluorouracil (Fig. 5.20H). This is converted by the enzyme
pyrophosphorylase to 5-fluorouridine monophosphate (FUMP), diphosphate (FUDP)
and triphosphate (FUTP), which inhibits RNA synthesis; 5-fluorouracil itself has
poor penetration into fungi. Candida albicans is known to convert FUMP to 5-
fluorodeoxyuridine monophosphate (FAUMP), which inhibits DNA synthesis by virtue
of its effect on thymidylate synthetase. Resistance can occur in vivo by reduced uptake
into fungal cells of flucytosine or by decreased accumulation of FUTP and FAUMP.

Synthetic allylamines

Terbinafine (Fig. 5.171), amember of the allylamine class of antimycotics, isan inhibitor
of the enzyme squalene epoxidase in fungal ergosterol biosynthesis. Terbinafine is
orally active, is fungicidal and is effective against a broad range of dermatophytes and
yeasts. It can also be used topically as a cream.

Synthetic thiocarbamates

The synthetic thiocarbamates, of which tolnaftate (Fig. 5.20J) is an example, also inhibit
squalene epoxidase. Tolnaftate inhibits this enzyme from C. albicans, but is inactive
against whole cells, presumably because of its inability to penetrate the cell wall.
Tolnaftate is used topically in the treatment or prophylaxis of tinea.
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Fig. 5.20 Imidazoles (A-F): A, metronidazole; B, clotrimazole; C, miconazole; D, econazole;
E, ketoconazole; F, fluconazole; G, flucytosing; H, 5-fluorouracil; |, terbinafing; J, tolnaftate.
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12 Antiviral drugs

Severa compounds are known that are inhibitory to mammalian viruses in tissue
culture, but only afew can be used in the treatment of human viral infections. Themain
problem in designing and developing antiviral agents is the lack of selective toxicity
that is normaly possessed by most compounds. Viruses literdly 'teke over' the
mechinery of an infected human cell and thus an antiviral drug must be remarkably
sdectively toxicif itisto inhibit the viral particle without adversdly affecting the humen
cell. Consequently, in comparison with antibacterial agents, very few inhibitors can be
consdered as being safe antivird drugs, dthough the situation is improving. Possible
sites of attack by antivirad agents include prevention of adsorption of avird particle to
the host cdll, prevention of the intracdllular penetration of the adsorbed virus, and
inhibition of protein or nucleic synthesis.

Genetic information for vira reproduction residesin its nucleic acid (DNA or RNA:
see Chapter 3). The vira particle (virion) does not possess enzymes necessary for its
own replication; after entry into the host cell, the virus uses the enzymes aready present
or induces the formation of new ones. Viruses replicate by synthesis of their separate
components followed by assembly.

Antivird drugs are consdered below with a summary in Table 5.5.

121 Amantadines

Amantadine hydrochloride (Fig. 5.21A) does not prevent adsorption but inhibits
vird penetration. It has a very narrow spectrum and is used prophylacticaly against
infection with influenza A virus; it has no prophylactic vauewith other types of influenza
virus.

Table 55 Antiviral drugs and their clinical uses®

124

Antiviral
Group drug Clinical uses
Nucleoside Idoxuridine Skin including herpes labialis
analogues Ribavirin (tribavirin) Severe respiratory syncytial virus

Zidovudine
Didanosine (DDI)
Zalcitabine (DDC)
Acyclovir (aciclovir)

bronchiolitis in infants and
children

AIDS treatment

AIDS treatment

AIDS treatment

Herpes simplex and varicella zoster

Famciclovir
Ganciclovir Cytomegalovirus infections in
immunocompromised patients only
Non-nucleoside Fascornet Cytomegalovirus retinitis in patients

analogues

Amantadines

with AIDS
Prophylaxis: influenza A outbreak

For further information, see the current issue of the British National Formulary.
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M ethisazone

Methisazone (Fig. 5.2IB) inhibits DNA viruses (particularly vaccinia and variola) but
not RNA viruses, and has been usad in the prophylaxis of smalpox. It is now little
used, especidly as, according to the World Hedth Organization, smallpox has now
been eradicated.

Nucleoside analogues

Various nucleoside analogues have been developed that inhibit nucleic acid synthesis.
Idoxuridine (2-deoxy-5-iodouriding; 1UdR; Fig. 5.22C) is a thymidine anadogue
which inhibits the utilization of thymidine (Fig. 5.22A) in the rapid synthesis of DNA
that normally occurs in herpes-infected cells. Unfortunately, because of its toxicity,
idoxuridine is unsuitable for systemic use and it is restricted to topica treatment of
herpes-infected eyes. Other nucleoside analogues include the following: cytarabine
(cytosine arabinosde; Ara-C; Fig. 5.22D) which has antineoplastic and antivira
properties and which has been employed topicaly to treat herpes keratitis resistant
to idoxuridine, adenosine arabinoside (Ara-A; vidarabine); and ribavirin (14/3D-
ribofuranosyl-1,2,4-triazole-3, carboxamide; Fig. 5.22E) which has abroad spectrum
of activity, inhibiting both RNA and DNA viruses. Vidarabine, in particular, hasahigh
degree of sdectivity againgt vird DNA replication and is primarily active against
herpesviruses and some poxviruses. It may be used systemically or topicaly. Itisrdaed
dructurdly to guanosine (Fig. 5.22B).

Human immunodeficiency virus (HIV) is aretrovirus, i.e. its RNA is converted in
human cdlls by the enzyme reverse transcriptaseto DNA which isincorporated into the
human genome and is responsible for producing new HIV particles. Zidovudine
(azidothymidine, AZT; Fig. 5.22F) is astructurd andogue of thymidine (Fig. 5.22A)
and is used to treat AIDS patients. Zidovudine is converted in both infected and
uninfected cells to the mono-, di- and eventudly triphosphate derivatives. Zidovudine
triphosphate, the active form, is a potent inhibitor of HIV replication, being mis-
taken for thymidine by reverse transcriptase. Premature chain termination of vira
DNA ensues. However, AZT is relatively toxic because, as pointed out above, it
is converted to the triphosphate by cdlular enzymes and is thus aso activated in
uninfected cells.

2'3-Dideoxycytidine (DDC, zalcitabine), a nucleoside anadogue that also inhibits
reverse transcriptase, is more active than zidovudine in vitro, and (unlike zidovudine)
does not suppress erythropoiesis. DDC is not without toxicity, however, and a
severe periphera neurotoxicity, whichis dose-related, has been reported. The chemical
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Fig. 5.22 Thymidine (A), guanosine (B) and some nucleoside analogues (C-J). C, idoxuriding;
D, cytarabine; E, ribavirin; F, zidovudine (AZT); G, dideoxycytidine (DDC); H, dideoxyinosine
(DDI); 1, acyclovir; J, ganciclovir.

structures of DDC and of another andogue with similar properties, 2'3-dideoxyinosine
(DD, didanosine), are presented in Fig. 5.22 (G, H, respectively).

Acyclovir (acycloguanosine, Fig. 5.221) is a nove type of nucleoside andogue
which becomes activated only in herpesinfected host cells by a herpes-specific
enzyme, thymidine kinase. This enzyme initiates conversion of acyclovir initially to a
monophosphate and then to the antivird triphosphate which inhibits vird DNA
polymerase. The hogt cdll polymeraseis not inhibited to the same extent, and the antiviral
triphosphate is not produced in uninfected cells. Ganciclovir (Fig. 5.22J) isup to 100
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12.4

times more active than acyclovir against human cytomegalovirus (CMV) but is also
much moretoxic; it isreserved for the treatment of severe CMV inimmunocompromised
patients. Famciclovir is similar, and valociclovir is a pro-drug ester of acyclovir.

Non-nucleoside compounds

Apart from the amantadines (section 12.1) and methisazone (section 12.2), various
non-nucleoside drugs have shown antiviral activity. Two simple molecules with potent
activity are phosphonoacetic acid (Fig. 5.23A) and sodium phosphonoformate (foscarnet,
Fig. 5.23B). Phosphonoacetic acid has a high specificity for herpes simplex DNA
synthesis, and has been shown to be non-mutagenic in experimental animals, but is
highly toxic. Foscarnet inhibits herpes DNA polymerase and is non-toxic when applied
to the skin and is a potentially useful agent in treating herpes simplex labialis (cold
sores). Itisused for cytomegalovirusretinitisin patientswith AIDSin whom ganciclovir
isinappropriate. Tetrahydroimidazobenzodiazepinone (TIBO) compounds have shown
excellent activity in vitro against HIV reverse transcriptase in HIV type 1 (HIV-1) but
not HIV-2 or other retroviruses.

Reverse transcriptase inhibitors prevent DNA from being produced in newly infected
cells. They do not, however, prevent the reactivation of HIV from previously infected
cells, thereason being that the enzymeis not involved in this process. Thus, agents that
act at alater point in the replication cycle, possibly preventing reactivation, would be a
major advance in the treatment of AlDs sufferers. The HIV protease inhibitors, which
are currently receiving considerable attention, are believed to act in the manner depicted
in Fig. 5.24.
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Fig. 5.23 A, phosphonoacetic acid; B, sodium phosphonoformate (foscarnet).
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Fig. 5.24 Postulated mechanism of action of HIV protease inhibitors.
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Interferons

Interferon is a low molecular weight protein, produced by virus-infected cells, that
itsdf induces the formation of a second protein inhibiting the transcription of vira
mMRNA. Interferon is produced by the host cell in response to the virus particle, the
vira nucleic and non-vira agents, including synthetic polynucleides such as polyinosinic
acid: polycytidylic acid (paly I: C). There are two types of interferon.

Type | interferons. These are acid-stable and comprise two mgor classes, leucocyte
interferon (Le-IFN, IFN-a) released by stimulated leucocytes, and fibroblast
interferon (F-IFN, IFN-/3) released by stimulated fibroblasts.

Type Il interferons. These are acid-labile and are aso known as 'immune’ (IFN-y)
interferons because they are produced by T-lymphocytes (see Chapter 14) in the
cellular immune system in response to specific antigens.

Type | interferons induce a virus-resstant state in human cells, whereas Type |l are

more active in inhibiting growth of tumour cells.

Disgppointingly low yields of F-IFN and Le-IFN are achieved from eukaryotic
cells. Recently, however, recombinant DNA technology has been employed to produce
interferon in prokaryotic cells (bacteria). This agpect is conddered in more detail in
Chapter 24.

Drug combinations

A combination of two antibacterial agents may produce the following responses.

1 Synergism, wherethejoint effect is greater than the sum of the effects of each drug
acting done.

2 Additive effect, in which the combined effect is equa to the arithmetic sum of the
effects of the two individud agents.

3 Antagonism (interference), in which there is alesser effect of the mixture than that
of the more potent drug action alone.

There are four possible judtifications as to the use of antibacteria agents in
combination.

1 Theconcept of clinical synergism, which may be extremdy difficult to demondrate
convincingly. Even with trimethoprim plus sulphamethoxazole, where true synergism
occursin vitro, the optimum ratio of the two components may not aways be present in
Vivo, i.e. at the site of infection in aparticular tissue.

2 A wider spectrum of cover may be obtained, which may be (a) desirable as an
emergency measure in life-thregtening situations; or (b) of use in treating mixed
infections.

3 The emergence of resistant organisms may be prevented. A classical example here
occurs in combined antitubercular therapy (see earlier).

4 A possible reduction in dosage of atoxic drug may be achieved.

Indications for combined thergpy are now consdered to be much fewer than
originaly thought. Thereis aso the problem of achemica or physical incompatibility
between two drugs. Examples where combinations have an important role to play in
antibacteria chemotherapy were provided earlier (sections 2.3 and 2.9) in which a fi-
lactamase inhibitor and an appropriate j3-lactamase-labile penicillin fom a single
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pharmaceutical product. It must dso be noted that a combination of two /3-lactams
does not necessarily produce asynergistic effect. Someantibiotics are excellent inducers
of /3-lactamase, and consequently areduced response (antagonism) may be produced.
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Introduction

The worldwide use of antimicrobia drugs continues to rise; in 1995 these agents
accounted for an expenditure of approximately £17000 billion. In the UK antibiotic
prescribing continues to rise. General practice use accounts for approximately 90% of
al antibiotic prescribing and largely involves ora and topical agents. Hospital use
accounts for the remaining 10% of antibiotic prescribing with a much heavier use of
injectable agents. Although this chapter is concerned with the clinical use of
antimicrobia drugs, it should be remembered that these agents are aso extensively
used in veterinary practice as well as in anima husbandry as growth promoters. In
humans the therapeutic use of anti-infectives has revolutionized the management of
mogt bacterid infections, many parasitic and fungd diseases and, with the availability
of acyclovir and zidovudine (azidothymidine, AZT) (see Chapter 3 and 5), sdlected
herpesvirus infections and human immunodeficiency virus (HIV) infection, respectively.
Although originally used for the treetment of established bacteria infections, antibiotics
have proved useful in the prevention of infection in various high-risk circumstances;
this applies epecialy to patients undergoing various surgical procedures where peri-
operative antibiotics have significantly reduced postoperative infectious complications.
The advantages of effective antimicrobia chemotherapy are sdf-evident, but this
has led to a significant problem in ensuring that they are dways appropriately used.
Surveysof antibiotic use have demonstrated that more than 50% of antibiotic prescribing
can be inappropriate; this may reflect prescribing in Stuations where antibiotics are
either ineffective, such as vird infections, or that the selected agent, its dose, route of
administration or duration of use areinappropriate. Of particular concernisthe prolonged
use of antibioticsfor surgica prophylaxis. Apart from being wasteful of health resources,



prolonged use encourages superinfection by drug-resistant organisms and unnecessarily
increases the risk of adverse drug reactions. Thus, it is essential that the clinical use of
these agents be based on a clear understanding of the principles that have evolved to
ensure safe, yet effective, prescribing.

Further information about the properties of antimicrobial agents described in this
chapter can be found in Chapter 5.

Principles of use of antimicrobial drugs

Susceptibility of infecting organisms

Drug selection should be based on knowledge of its activity against infecting
microorganisms. Selected organisms may be predictably susceptible to a particular
agent, and laboratory testing is therefore rarely performed. For example, Sreptococcus
pyogenes is uniformly sensitive to penicillin. In contrast, the susceptibility of many
Gram-negative enteric bacteriais less predictable and laboratory guidance is essential
for safe prescribing. The susceptibility of common bacterial pathogens and widely
prescribed antibiotics is summarized in Table 6.1. It can be seen that, although certain
bacteria are susceptible in vitro to a particular agent, use of that drug may be
inappropriate, either on pharmacological grounds or because other less toxic agents
are preferred.

Host factors

In vitro susceptibility testing does not always predict clinical outcome. Host factors
play animportant part in determining outcome and this applies particularly to circulating
and tissue phagocytic activity. Infections can progress rapidly in patients suffering
from either an absolute or functional deficiency of phagocytic cells. This applies
particularly to those suffering from various haematological malignancies, such as the
acute leukaemias, where phagocyte function is impaired both by the disease and also
by the use of potent cytotoxic drugs which destroy healthy, as well as malignant, white
cells. Under these circumstances it is essential to select agents which are bactericidal,
since bacteristatic drugs, such as the tetracyclines or sulphonamides, rely on host
phagocytic activity to clear bacteria. Widely used bactericidal agents include the
aminoglycosides, broad-spectrum penicillins, the cephalosporins and quinolones (see
Chapter 5).

In some infections the pathogenic organisms are located intracellularly within
phagocytic cells and, therefore, remain relatively protected from drugs which penetrate
cells poorly, such as the penicillins and cephalosporins. In contrast, erythromycin,
rifampicin and chloramphenicol readily penetrate phagocytic cells. Legionnaires' disease
is an example of an intracellular infection and is treated with rifampicin and/or
erythromycin.

Pharmacological factors
Clinical efficacy is also dependent on achieving satisfactory drug concentrations at the
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site of the infection; this is influenced by the standard pharmacologicd factors of
absorption, digtribution, metabolism and excretion. If an ord agent is selected,
gastrointestinal absorption should be satisfactory. However, it may be impaired by
factors such asthe presence of food, drug interactions (including chelation), or impaired
gastraintestingl function either as aresult of surgica resection or maabsorptive states.
Although effective, ord a@bsorption may be inappropriate in patients who are vomiting
or have undergone recent surgery; under these circumstances aparenteral agent will be
required and has the advantage of providing rapidly effective drag concentrations.

Antibiotic selection aso varies according to the anatomical site of infection. Lipid
solubility is of importance in relation to drug distribution. For example, the amino-
olycosides are poorly lipid-soluble and athough achieving therapeutic concentrations
within the extracellular fluid compartment, penetrate the cerebrospina fluid (CSF)
poorly. Likewise the presence of inflammation may affect drug penetration into the
tissues. In the presence of meninged inflammation, /3-lactam agents achieve satisfactory
concentrations within the CSF, but as the inflammatory response subsides drug
concentrations fall. Hence it is essentia to maintain sufficient dosaging throughout the
treatment of bacterial meningitis. Other agents such as chloramphenicol arelittle affected
by the presence or absence of meninged inflammation.

Therapeutic drug concentrations within the bile duct and gall bladder are dependent
upon biliary excretion. In the presence of biliary disease, such as galstones or chronic
inflammation, the drug concentration may fail to reach thergpeutic levels. In contragt,
drugswhich are excreted primarily viatheliver or kidneys may require reduced dosaging
in the presence of impaired rena or hepatic function. The mafunction of excretory
organs may not only risk toxicity from drug accumulation, but will aso reduce urinary
concentration of drags excreted primarily by glomerular filtration. This applies to the
aminoglycosides and the urinary antiseptics, nalidixic acid and nitrofurantoin, where
thergpeutic failure of urinary tract infections may complicate severe rend failure.

Drug resstance

Drag resistance may be a naturd or an acquired characterigtic of a microorganism.
This may result from impaired cell wall or cel envelope penetration, enzymatic
inactivation or atered binding sites. Acquired drug resistance may result from mutation,
adaptation or gene transfer. Spontaneous mutations occur at low frequency, as in the
case of Mycobacterium tuberculosis where a minority populaion of organisms is
resigtant to isoniazid. In this Stuaion the use of isoniazid aone will eventudly result
in overgrowth by this subpopulation of resistant organisms.

A more recently recognized mechanism of drug resistanceisthat of efflux inwhich
the antibiotic is rapidly extruded from the cell by an energy-dependent mechanism.
This afects antibiotics such as the tetracyclines and macrolides.

Genetic resistance may be chromosomally or plasmid-mediated. Plasmid-mediated
resistance has been increasingly recognized among Gram-negetive enteric pathogens.
By the process of conjugaion (Chapter 9), resistance plasmids may be transferred
between bacteria of the same and different gpecies and aso different genera. Such
resistance can code for multiple antibiotic resistance. For example, the penicillins,
cephalosporins, chloramphenicol and the aminoglycosides are dl subject to enzymatic
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inactivation which may be plasmid-mediated. Knowledge of the local epidemiology of
resistant pathogens within a hospital, and especialy within high-dependency areas
such as intensive care units, is invaluable in guiding appropriate drug selection.

Multi-drug resistance

In recent years multi-drug resistance has increased among certain pathogens. These
include Saph, aureus, enterococci and M. tuberculosis. Saphylococcus aureus resistant
to methicillin is known as methicillin-resistant Saph, aureus (MRSA). These strains
are resistant to many antibiotics and have been responsible for major epidemics
worldwide, usualy in hospitals where they affect patients in high-dependency units
such asintensive care units, burns units and cardiothoracic units. MRSA have the ability
to colonize staff and patients and to spread readily among them. Several epidemic
strains are currently circulating in the UK. The glycopeptides, vancomycin or teicoplanin,
are the currently recommended agents for treating patients infected with these organisms.

Another serious resistance problem isthat of drug-resistant enterococci. These include
Enterococcusfaecalis and, in particular, E. faecium. Resistance to the glycopeptides
has again been a problem among patients in high-dependency units. Four different
phenotypes are recognized (Van A, B, C and D). The Van A phenotype is resistant to
both glycopeptides, while the others are sensitive to teicoplanin but demonstrate high
(Van B) or intermediate (Van C) resistance to vancomycin; Van D resistance has only
recently been described. Those fully resistant to the glycopeptides are increasing in
frequency and causing great concern since they are essentially resistant to almost all
antibiotics.

Tuberculosisis on theincrease after decades in which the incidence has been steadily
falling. Drug-resistant strains have emerged largely among inadequately treated or
non-compliant patients. These include the homeless, alcohalic, intravenous drug abusing
and immigrant populations. Resistance patterns vary but increasingly includes rifampicin
and isoniazid. Furthermore, outbreaks of multi-drug-resistant tuberculosis have been
increasingly reported from a number of hospital centres in the USA and more recently
Europe, including the UK. These infections have occasionally spread to health care
workers and is giving rise to considerable concern.

The underlying mechanisms of resistance are considered in Chapter 9.

Drug combinations

Antibiotics are generally used alone, but may on occasion be prescribed in combination.
Combining two antibiotics may result in synergism, indifference or antagonism. In the
case of synergism, microbial inhibition is achieved at concentrations below that for
each agent alone and may prove advantageous in treating relatively insusceptible
infections such as enterococcal endocarditis, where a combination of penicillin and
gentamicin is synergistically active. Another advantage of synergistic combinations is
that it may enable the use of toxic agents where dose reductions are possible. For
example, meningitis caused by the fungus Cryptococcus necformans responds to an
abbreviated course of amphotericin B when it is combined with 5-flucytosine, thereby
reducing the risk of toxicity from amphotericin B.
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Combined drug use is occasionally recommended to prevent resistance emerging
during treatment. For example, treatment may fail when fusidic acid is used alone to
treat Staph, aureus infections, because resistant strains develop rapidly; thisis prevented
by combining fusidic acid with flucloxacillin. Likewise, tuberculosis is treated with a
minimum of two agents, such as rifampicin and isoniazid; again drug resistance is
prevented which may result if either agent is used alone.

The most common reason for using combined therapy is in the treatment of
confirmed or suspected mixed infections where a single agent alone will fail to cover
all pathogenic organisms. This is the case in serious abdominal sepsis where mixed
aerobic and anaerobic infections are common and the use of metronidazole in
combination with either an aminoglycoside or a broad-spectrum cephalosporin is
essential. Finally, drugs are used in combination in patients who are seriously ill andin
whom uncertainty exists concerning the microbiological nature of their infection. This
initial 'blind therapy' frequently includes abroad-spectrum penicillin or cephal osporin
in combination with an aminoglycoside. The regimen should be modified in the light
of subsequent microbiological information.

Adver se reactions

Regrettably, al chemotherapeutic agents have the potential to produce adverse
reactions with varying degrees of frequency and severity, and these include hypersen-
sitivity reactions and toxic effects. These may be dose-related and predictable in a
patient with a history of hypersensitivity or a previous toxic reaction to a drug or its
chemical analogues. However, many adverse events are idiosyncratic and therefore
unpredictable.

Hypersensitivity reactions range in severity from fatal anaphylaxis, in which there
is widespread tissue oedema, airway obstruction and cardiovascular collapse, to minor
and reversible hypersensitivity reactions such as skin eruptions and drug fever. Such
reactions are more likely in those with a history of hypersensitivity to the drug, and are
more frequent in patients with previous allergic diseases such as childhood eczema or
asthma. It isimportant to question patients closely concerning hypersensitivity reactions
before prescribing, since it precludes the use of al compounds within aclass, such as
the sulphonamides or tetracyclines, while cephal osporins should be used with caution
in patients alergic to penicillin since these agents are structurally related. They should
be avoided entirely in those who have had a previous severe hypersensitivity reaction
to penicillin.

Drug toxicity is often dose-related and may affect a variety of organs or tissues.
For example, the aminoglycosides are both nephrotoxic and ototoxic to varying degrees,
therefore, dosaging should be individualized and the serum assayed, especially where
renal function is abnormal, to avoid toxic effects and non-therapeutic drug concen-
trations. An example of dose-related toxicity is chloramphenicol-induced bone marrow
suppression. Chloramphenicol interferes with the normal maturation of bone marrow
stem cells and high concentrations may result in a steady fal in circulating red and
white cells and also platelets. This effect is generally reversible with dose reduction
or drug withdrawal. This dose-related toxic reaction of chloramphenicol should be
contrasted with idiosyncratic bone marrow toxicity which is unrelated to dose and occurs
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a a much lower frequency of approximately 1:40 000 and is frequently irreversible,
ending fataly. Toxic effects may aso be geneticaly determined. For example, periphera
neuropathy may occur in those who are dow acetylators of isoniazid, while haemolysis
occurs in those deficient in the red cell enzyme glucose-6-phosphate dehydrogenase,
when treated with sulphonamides or primaguine.

Superinfection

Anti-infective drugs not only affect the invading organism undergoing treatment but

aso have an impact on the norma bacteria flora, especiadly of the skin and mucous
membranes. This may result in microbia overgrowth of resistant organisms with

subsequent superinfection. One example is the common occurrence of ord or vagind

candidiasis in patients treated with broad-spectrum agents such as ampicilhn or

tetracycline. A more serious exampleisthe development of pseudo-membranous colitis
from the overgrowth of toxin-producing strains of Clostridium difficile present in the
bowe flora following the use of clindamycin and other broad-spectrum antibiotics.

This condition ismanaged by drug withdrawa and ordl vancomycin. Rarely, colectomy
(excision of part or whole of the colon) may be necessary for severe cases.

Chemoprophylaxis

An increasingly important use of antimicrobial agents is that of infection prevention,
especidly in relationship to surgery. Infection remains one of the most important
complications of many surgical procedures, and the recognition that peri-operative
antibiotics are effective and safe in preventing this complication has proved a mgor
advance in surgery. The principles that underly the chemoprophylactic use of anti-
bacterids relate to the predictability of infection for a particular surgical procedure,
both in terms of its occurrence, microbid aetiology and susceptibility to antibiotics.
Therapeutic drug concentrations present & the operative sSte at the time of surgery
rapidly reduce the number of potentialy infectious organisms and preventswould sepsis.
If prophylaxisis delayed to the post-operative period then efficacy ismarkedly impaired.
It is important that chemoprophylaxis be limited to the peri-operative period, the first
dose being administered gpproximately 1 hour before surgery for injectable agents and
repeated for two to three repest doses postoperatively. Prolonging chemaoprophylaxis
beyond this period is not cost-effective and increases the risk of adverse drug reactions
and superinfection. One of the best examples of the efficacy of surgica prophylaxisis
in the area of large-bowel surgery. Before the widespread use of chemoprophylaxis,
postoperative infection rates for colectomy were often 30% or higher; these have now
been reduced to around 5%.

Chemoprophylaxis has been extended to other surgica procedures where the risk
of infection may be low but its occurrence has serious consequences. Thisis especidly
true for the implantation of prosthetic joint or heart vaves. These are mgor surgica
procedures and athough infection may be infrequent its consequences are serious and
on baance the use of chemoprophylaxis is cost-effective.

Examples of chemoprophylaxisin the non-surgica arenainclude the prevention of
endocarditis with amoxycillin in patients with valvular heart disease undergoing dental
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surgery, and the prevention of secondary cases of meningococca meningitis with
rifampicin among household contacts of an index case.

Clinical use

The choice of antimicrobia chemotherapy is initialy dependent upon the clinica
diagnosis. Under some circumstances the clinical diagnosis implies amicrobiologica
diagnosis which may dictate specific thergpy. For example, typhoid fever is caused by
Salmonella typhi which is generally sensitive to chloramphenicol, co-trimoxazole and
ciproflaxin. However, for many infections, establishing aclinical diagnosis implies a
range of possible microbiological causes and requires laboratory confirmation from
samples collected, preferably before antibiotic therapy is begun. Laboratory isolation
and susceptibility testing of the causative agent establish the diagnosis with certainty
and make drug selection more rational. However, in many circumstances, especialy
in genera practice, microbiological documentation of an infection is not possible.
Hence knowledge of the usud microbiologica cause of a particular infection and its
susceptibility to antimicrobid agents is essentid for effective drug prescribing. The
following section explores a selection of the problems associated with antimicrobial
drag prescribing for arange of clinica problems.

Respiratory tract infections

Infections of the respiratory tract are among the commonest of infections, and account
for much consultation in generd practice and a high percentage of acute hospital
admissions. They are divided into infections of the upper respiratory tract, involving
the ears, throat, nasal sinuses and the trachea, and the lower respiratory tract (LRT),
where they afect the airways, lungs and pleura.

Upper respiratorytract infections

Acute pharyngitis presents a diaghogtic and therapeutic dilemma. The mgority of sore
throats are caused by a variety of viruses, fewer than 20% are bacteria and hence
potentially responsive to antibiotic therapy. However, antibiotics are widdly prescribed
and this reflects the difficulty in discriminating streptococcal from non-streptococcal
infections clinicaly in the absence of microbiologica documentation. Nonetheless,
Srep, pyogenes is the most important bacteria pathogen and this responds to ord
penicillin. However, up to 10 days' treatment is required for its eradication from
the throat. This requirement causes problems with compliance since symptomatic
improvement generally occurs within 2-3 days.

Although vird infections are important causes of both otitis media and sinusitis,
they are generdly sdf-limiting. Bacteria infections may complicate vird illnesses,
and areaso primary causes of ear and sinusinfections. Streptococcus pneumoniae and
Haemophilusinfluenzae are the commonest bacteria pathogens. Amoxycilliniswidey
prescribed for these infections since it is microbiologicaly active, penetrates the middle
ear, and sinuses, is wdl tolerated and has proved effective.
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Lower respiratory tract infections

Infections of the LRT include pneumonia, lung abscess, bronchitis, bronchiectasis
and infective complications of cystic fibrosis. Each presents a specific diagnostic and
therapeutic challenge which reflects the variety of pathogens involved and the frequent
difficulties in establishing an accurate microbial diagnosis. The laboratory diagnosis
of LRT infections is largely dependent upon culturing sputum. Unfortunately this may
be contaminated with the normal bacterial flora of the upper respiratory tract during
expectoration. In hospitalized patients, the empirical use of antibiotics before admission
substantially diminishes the value of sputum culture and may result in overgrowth by
non-pathogenic microbes, thus causing difficulty with the interpretation of sputum
culture results. Alternative diagnostic samples include needle aspiration of sputum
directly from the tracheaor of fluid within the pleural cavity. Blood may a so be cultured
and serum examined for antibody responses or microbial antigens. In the community,
few patients will have their LRT infection diagnosed microbiologically and the choice
of antibiotic is based on clinical diagnosis.

Pneumonia. The range of pathogens causing acute pneumoniaincludes viruses, bacteria
and, in theimmunocompromised host, parasites and fungi. Table 6.2 summarizes these
pathogens and indicates drugs appropriate for their treatment. Clinical assessment
includes details of the evolution of the infection, any evidence of arecent viral infection,
the age of the patient and risk factors such as corticosteroid therapy or pre-existing
lung disease. The extent of the pneumonia, as assessed clinically or by X-ray, is also
important.

Streptococcus pneumoniae remains the commonest cause of pneumonia and responds
well to penicillin. In addition, a number of atypical infections may cause pneumonia
and include Mycoplasma pneumoniae, Legionella pneumophila, psittacosis and oc-
casionally Q fever. With psittacosis there may be a history of contact with parrots or
budgerigars; while Legionnaires' disease has often been acquired during hotel holidays

Table 6.2 Microorganisms responsible for pneumonia and the therapeutic agent of choice

Pathogen Drug(s) of choice

Streptococcus pneumoniae Penicillin

Staphylococcus aureus Flucloxacillin * fusidic acid

Haemophilus influenzae Amoxycillin or cefuroxime

Klebsiella pneumoniae Cefotaxime + gentamicin

Pseudomonas aeruginosa Gentamicin + azlocillin

Mycoplasma pneumoniae Erythromycin or tetracycline

Legionella pneumophila Erythromycin + rifampicin

Chlamydia psittaci Tetracycline

Mycobacterium  tuberculosis Rifampicin + isoniazid + ethambutol +
pyrazinamide*

Herpes simplex, varicella/zoster Acyclovir

Candida or Aspergillus spp. Amphotericin B

Anaerobic bacteria Penicillin or metronidazole

* Reduce to two drugs after 6-8 weeks.
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in the Mediterranean area. The atypical pneumonias, unlike pneumococcal pneumonia,
do not respond to penicillin. Legionnaires' disease is treated with erythromycin and, in
the presence of severe pneumonia, rifampicin is added to the regimen. Mycoplasma
infections are best treated with either erythromycin or tetracycline, while the latter
drug is indicated for both psittacosis and Q fever.

Lung abscess. Destruction of lung tissue may lead to abscess formation and is a
feature of aerobic Gram-negative bacillary and Staph, aureus infections. In addition,
aspiration of oropharyngeal secretion can lead to chronic low-grade sepsis with abscess
formation and the expectoration of foul-smelling sputum which characterizes anaerobic
sepsis. The latter condition responds to high-dose penicillin, which is active against
most of the normal oropharyngeal flora, while metronidazole may be appropriate for
strictly anaerobic infections. In the case of aerobic Gram-negative bacillary sepsis,
aminoglycosides, with or without a broad-spectrum cephalosporin, are the agents of
choice. Acute staphylococcal pneumoniais an extremely serious infection and requires
treatment with high-dose flucloxacillin alone or in combination with fusidic acid.

Cysdtic fibrosis. Cystic fibrosis is a multi-system, congenital abnormality which often
affects the lungs and results in recurrent infections, initially with Staph, aureus,
subsequently with H. influenzae and eventually leads on to recurrent Ps. aeruginosa
infection. The latter organism is associated with copious quantities of purulent sputum
which is extremely difficult to expectorate. Pseudomonas aeruginosa is a cofactor in
the progressive lung damage which is eventually fata in these patients. Repeated courses
of antibiotics are prescribed and although they have improved the quality and longevity
of life, infections caused by Ps. aeruginosa are difficult to treat and require repeated
hospitalization and administration of parenteral antibiotics such as an aminoglycoside,
either alone or in combination with an antipseudomonal penicillin. The dose of
aminoglycosides tolerated by these patients is often higher than in normal individuals
and is associated with larger volumes of distribution for these and other agents. Some
benefit may also be obtained from inhaled aerosolized antibiotics. Unfortunately drug
resistance may emerge and makes drug selection more dependent upon laboratory
guidance.

Urinary tract infections

Urinary tract infection is acommon problem in both community and hospital practice.
Although occurring throughout life, infections are more common in pre-school girls
and women during their childbearing years, athough in the elderly the sex distribution
is similar. Infection is predisposed by factors which impair urine flow. These include
congenital abnormalities, reflux of urine from the bladder into the ureters, kidney stones
and tumours and, in males, enlargement of the prostate gland. Bladder catheterization
is an important cause of urinary tract infection in hospitalized patients.

Pathogenesis
In those with structural or drainage problems the risk exists of ascending infection
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to involve the kidney and occasionally the bloodstream. Although structural abnor-
malities may be absent in women of childbearing years, infection can become recurrent,
symptomatic and extremely distressing. Of greater concern is the occurrence of
infection in the pre-school child since normal maturation of the kidney may be
impaired and result in progressive damage which presents as renal failure in later
life.

From atherapeutic point of view, it isessential to confirm the presence of bacteriuria
(acondition in which there are bacteriain the urine) since symptoms alone are not a
reliable method of documenting infection. This applies particularly to bladder infection
where the symptoms of burning micturition (dysuria) and frequency can be associated
with a variety of non-bacteriuric conditions. Patients with symptomatic bacteriuria
should always be treated. However, the necessity to treat asymptomatic bacteriuric
patients varies with age and the presence or absence of underlying urinary tract
abnormalities. In the pre-school child it is essential to treat all urinary tract infections
and maintain the urine in a sterile state so that normal kidney maturation can proceed.
Likewisein pregnancy thereisarisk of infection ascending from the bladder to involve
the kidney. This is a serious complication and may result in premature labour. Other
indications for treating asymptomatic bacteriuria include the presence of underlying
renal abnormalities such as stones which may be associated with repeated infections
caused by Proteus spp.

Drug therapy

The antimicrobial treatment of urinary tract infection presents a number of interesting
challenges. Drugs must be selected for their ability to achieve high urinary concentrations
and, if the kidney is involved, adequate tissue concentrations. Safety in childhood or
pregnancy is important since repeated or prolonged medication may be necessary. The
choice of agent will be dictated by the microbial aetiology and susceptibility findings,
since the latter can vary widely among Gram-negative enteric bacilli, especialy in
patientswho are hospitalized. Table 6.3 shows the distribution of bacteria causing urinary
tract infection in the community and in hospitalized patients. The greater tendency
towards infections caused by Klebsiella spp. and Ps. aeruginosa should be noted since
antibiotic sensitivity ismore variable for these pathogens. Drug resistance has increased
substantially in recent years and has reduced the value of formerly widely prescribed
agents such as the sulphonamides and ampicillin.

Table 6.3 Urinary tract infection—distribution of pathogenic bacteria in the community and
hospitalized patients

Community Hospital

Organism 0 0
Escherichia coli 75 55
Proteus mirabilis 10 13
Kelbsiella or Enterobacter spp. 4 18
Enterococci 6 5
Staphylococcus  epidermidis 5

Pseudomonas aeruginosa - 5
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Uncomplicated community-acquired urinary tract infection presents few problems
with management. Drugs such as trimethoprim, co-trimoxazole, ciprofloxacin and
ampicillin are widdy used. Cure rates are high for ciprofloxacin and the trimethoprim-
containing regimens, athough drug resistance to ampicillin has increased. Treatment
for 3 days is generaly satisfactory and is usualy accompanied by prompt control of
symptoms, Single-dose therapy with amoxycillin 3g or co-trimoxazole 1920mg (4
tablets) has aso been shown to be effective in sdlected individuals. Alternative agents
include nitrofurantoin and ndidixic acid, athough these are not as well tolerated.

It is important to demongtrate the cure of bacteriuria with a repeat urine sample
collected 4-6 weeks dfter treatment, or sooner should symptoms fail to subside.
Recurrent urinary tract infection is an indication for further investigation of the urinary
tract to detect underlying pathology which may be surgicaly correctable. Under these
circumstances it aso is important to maintain the urine in a sterile state. This can be
achieved with repeated courses of antibiotics, guided by laboratory senstivity data.
Alternatively, long-term chemoprophylaxis for periods of 6-12 months to control
infection by either prevention or suppressionsiswiddy used. Trimethoprim isthe most
commonly prescribed chemoprophylactic agent and is given as a single nightly dose.
This achieves high urinary concentrations throughout the night and generally ensures a
sterile urine. Nitrofurantoin is an aternative agent.

Infection of the kidney demands the use of agents which achieve adequate tissue
as well as urinary concentrations. Since bacteraemia (a condition in which there are
bacteriacirculating in the blood) may complicate infection of the kidney, it is generdly
recommended that antibiotics be administered parenterally. Although ampicillin was
formerly widely used, drug resistance is now common and agents such as cefotaxime
or ciprofloxacin are often preferred, since the aminoglycosides, dthough highly effective
and preferentialy concentrated within the rend cortex, carry therisk of nephrotoxicity.

Infections of the prostate tend to be persistent, recurrent and difficult to trest. This
is in part due to the more acid environment of the prostate gland which inhibits drug
penetration by many of the antibioticsused to treat urinary tract infection. Agentswhich
are basic in nature, such as erythromycin, achieve therapeutic concentrations within
thegland but unfortunately are not active againgt the pathogens responsiblefor bacteria
progtatitis. Trimethoprim, however, isaussful agent sinceit ispreferentialy concentrated
within the prostate and active against many of the causative pathogens. It is important
that trestment be prolonged for several weeks, since relapse is common.

Gadrointestinal infections

The gut is vulnerable to infection by viruses, bacteria, parasites and occasionaly fungi.
Virus infections are the mogt prevadent but are not susceptible to chemotherapeutic
intervention. Bacterid infections are more readily recognized and raise quetions
concerning the role of antibiotic management. Parasitic infections of the gut are beyond
the scope of this chapter.

Bacteria cause disease of the gut as a result of either mucosa invasion or toxin
production or a combination of the two mechanisms as summarized in Table 6.4.
Treatment is largely directed at replacing and maintaining an adequate intake of fluid
and dectrolytes. Antibiotics are generally not recommended for infective gastroenteritis,
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Table 6.4 Bacterial gut infections—pathogenic mechanisms

Origin

Campylobacter jejuni
Salmonella spp.

Site of infection

Small and large bowel
Small and large bowel

Mechanism

Invasion
Invasion

Shigella spp. Large bowel Invasion + toxin
Escherichia coli
enteroinvasive Large bowel Invasion
enterotoxigenic Small bowel Toxin
Clostridium  difficile Large bowel Toxin
Staphylococcus aureus Small bowel Toxin
Vibrio cholerae Small bowel Toxin
Clostridium  perfringens Small bowel Toxin
Yersinia spp. Small and large bowel Invasion
Bacillus cereus Small bowel Invasion! toxin
Vibrio parahaemolyticus Small bowel Invasion * toxin

but deserve consideration where they have been demonstrated to abbreviate the acute
disease or to prevent complications including prolonged gastrointestinal excretion of
the pathogen where this poses a public health hazard.

It should be emphasized that most gut infections are self-limiting. However, attacks
can be severe and may result in hospitalization. Antibiotics are used to treat severe
Campylobacter and Shigella infections; erythromycin and co-trimoxazole, respectively,
are the preferred agents. Such treatment abbreviates the disease and eliminates gut
excretion in Shigella infection. However, in severe Campylobacter infection the data
are currently equivocal, although the clinical impression favours the use of erythromycin
for severe infections. The role of antibiotics for Campylobacter and Shigella infections
should be contrasted with gastrointestinal salmonellosis, for which antibiotics are
contraindicated since they do not abbreviate symptoms and are associated with more
prolonged gut excretion and introduce the risk of adverse drug reactions. However, in
severe salmonellosis, especially at extremes of age, systemic toxaemiaand bloodstream
infection can occur and under these circumstances treatment with either chloramphenicol
or co-trimoxazole is appropriate.

Typhoid and paratyphoid fevers (known as enteric fevers), although acquired by
ingestion of salmonellae, Sal. typhi and Sal. paratyphi, respectively, arelargely systemic
infections and antibiotic therapy is mandatory; ciprofloxacin is now the drug of choice
although co-trimoxazole or chloramphenicol are satisfactory alternatives. Prolonged
gut excretion of Sal. typhi is awell-known complication of typhoid fever and is amajor
public health hazard in developing countries. Treatment with ciprofloxacin or high-
dose ampicillin can eliminate the gall-bladder excretion which is the magjor site of
persistent infection in carriers. However, the presence of gallstones reduces the chance
of cure.

Choleraisaseriousinfection causing epidemicsthroughout Asia. Although atoxin-
mediated disease, largely controlled with replacement of fluid and electrolyte losses,
tetracycline has proved effective in eliminating the causative vibrio from the bowel,
thereby abbreviating the course of theillness and reducing the total fluid and electrolyte
losses.
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Traveller's diarrhoea may be caused by one of many gastrointestinal pathogens
(Table6.4). However, enterotoxigenic Escherichia coli isthe most common pathogen.
Whilgt it is generaly short-lived, traveller's diarrhoea can serioudy mar a brief period
abroad, be it for holiday or business purposes. Although not universaly accepted, the
use of short-course co-trimoxazole or quinolone such as norfloxacin can abbreviate an
attack in patients with severe disease.

Skin and soft tissue infections

Infections of the skin and Soft tissue commonly follow traumatic injury to the epithelium
but occasionaly may be blood-borne. Interruption of the integrity of the skin alows
ingress of microorganismsto produce superficid, localized infectionswhich on occasion
may become more deep-seated and spread rapidly through tissues. Skin trauma
complicates surgica incisons and accidents, including burns. Similarly, prolonged
immobilization can result in pressure damage to skin from impaired blood flow. It is
most commonly seen in patients who are unconscious.

Microbes responsible for skin infection often arise from the norma skin florawhich
includes Staph, aureus. In addition Srep, pyogenes, Ps. aeruginosa and anaerobic
bacteria are other recognized pathogens. Viruses adso dffect the skin and mucosa
surfaces, either asaresult of generalized infection or localized disease asin the case of
herpes smplex. Thelatter isamenable to antivira thergpy in sdected patients, dthough
for the mgority of patients, virus infections of the skin are self-limiting.

Sreptococcus pyogenesis responsible for arange of skin infections. impetigoisa
superficid infection of the epidermis which is common in childhood and is highly
contagious; cdllulitis is a more deep-seated infection which spreads rapidly through
the tissues to involve the lymphatics and occasiondly the bloodstream; erysipdasis a
rapidly spreading cellulitis commonly involving the face, which characterigticaly has
a raised leading edge due to lymphatic involvement. Necrotizing fasciitis is a more
serious, rapidly progressive infection of the skin and subcutaneous structures including
the fasciaand musculature. Despite early diagnosis and high-doseintravenous antibiotics,
this condition is often life-threatening and may require extensive surgical debridement
of devitalized tissue and even limb amputation to ensure surviva. A fad outcome is
usualy the result of profound toxaemia and bloodstream spread. Penicillin is the drug
of choicefor dl these infections athough in severe instances parenteral administration
isappropriate. The use of topical agents, such astetracycline, to treat impetigo may fail
since drug resistance is now recognized.

Saphylococcusaureusisresponsiblefor avariety of skininfectionswhich require
thergpeutic gpproaches different from those of streptococcd infections. Staphylococca
cdlulitis is indigtinguishable clinically from sreptococcal cellulitis and responds
to cloxacillin or flucloxacillin, but generdly fails to respond to penicillin owing
to penicillinase (/3-lactamase) production. Staphylococcus aureus is an important
cause of superficid, localized skin sgpsis which varies from smal pustules to boils
and occasiondly to a more deeply invasive, suppurdive skin abscess known as a
carbuncle. Antibictics are generaly not indicated for these conditions. Pustules and
boils settle with antiseptic soaps or creams and often discharge spontaneoudy, whereas
carbunclesfrequently require surgica drainage. Saphyl ococcusaureusmay aso cause
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postoperative wound infections, sometimes associated with retained suture material,
and settles once the stitch is removed. Antibiotics are only appropriate in this situation
if there is extensive accompanying soft tissue invasion.

Anaerobic bacteria are characteristically associated with foul-smelling wounds.
They are found in association with surgical incisions following intra-abdominal
procedures and pressure sores which are usually located over the buttocks and hips
where they become infected with faecal flora. These infections are frequently mixed
and include Gram-negative enteric bacilli which may mask the presence of underlying
anaerobic bacteria. The principles of treating anaerobic soft tissue infection again
emphasize the need for removal of all foreign and devitalized material. Antibiotics
such as metronidazole or clindamycin should be considered where tissue invasion has
occurred.

The treatment of infected burn wounds presents a number of peculiar facets. Burns
areinitially sterile, especially when they involve al layers of the skin. However, they
rapidly become colonized with bacteria whose growth is supported by the protein-rich
exudate. Staphylococci, Srep, pyogenes and, particularly, Ps. aeruginosa frequently
colonize burns and may jeopardize survival of skin grafts and occasionally, and more
serioudly, result in bloodstream invasion. Treatment of invasive Ps. aeruginosa infections
requires combined therapy with an aminoglycoside, such as gentamicin or tobramycin,
and an antipseudomonal agent, such as azlocillin, ticarcillin or ceftazidime. This
produces high therapeutic concentrations which generally act in a synergistic manner.
The use of aminoglycosides in patients with serious burns requires careful monitoring
of serum concentrations to ensure that they are therapeutic yet non-toxic, since renal
function is often impaired in the days immediately following a serious burn. Excessive
sodium loading may complicate the use of large doses of antipseudomonal penicillins
such as carbenicillin and to a lesser extent ticarcillin.

Central nervous system infections

The brain, its surrounding covering of meninges and the spinal cord are subject to
infection, which is generally blood-borne but may also complicate neurosurgery, pen-
etrating injuries or direct spread from infection in the middle ear or nasal sinuses. Viral
meningitis is the most common infection but is generally self-limiting. Occasionally
destructive forms of encephalitis occur; an example is herpes simplex encephalitis.
Bacterial infections include meningitis and brain abscess and carry a high risk of
mortality, while, in those who recover, residual neurological damage or impairment
of intellectual function may follow. This occurs despite the availability of antibiotics
active against the responsible bacterial pathogens. Fungal infections of the brain,
although rare, are increasing in frequency, particularly among immunocompromised
patients who either have underlying malignant conditions or are on potent cytotoxic
drugs.

The treatment of bacterial infections of the central nervous system highlights a
number of important therapeutic considerations. Bacterial meningitis is caused by a
variety of bacteria although their incidence varies with age. In the neonate, E. coli
and group B streptococci account for the majority of infections, while in the pre-
school child H. influenzae is the commonest pathogen. Neisseria meningitidis has a



pesk incidence between 5 and 15 years of age, while pneumococcd meningitis is
predominantly a disease of adults.

Penicillinisthe drug of choicefor thetrestment of group B streptococcd, meningo-
coccal and pneumococca infections but, as discussed earlier, CSF concentrations of
penicillin are significantly influenced by the intensity of the inflammatory response.
To achieve thergpeutic concentrations within the CSF, high dosages are required, and
in the case of pneumococca meningitis should be continued for 10-14 days.

Resistance of H. influenzae to ampicillin hasincreased in the past decade and varies
geographically. Thus, it can no longer be prescribed with confidence asinitia therapy,
and cetotaxime or ceftriaxone are the preferred aternatives. However, once laboratory
evidence for /3-lactamase activity is excluded, ampicillin can be safdly subgtituted.

Escherichia coli meningitis carries a mortality of greater than 40% and reflects
both the virulence of this organism and the pharmacokinetic problems of achieving
adequate CSF antibiotic levels.The broad-spectrum cephal osporins such as cefotaxime,
ceftriaxone or ceftazidime have been shown to achieve satisfactory therapeutic levels
and are the agents of choice to treat Gram-negative bacillary meningitis. Treatment
again must be prolonged for periods ranging from 2 to 4 weeks.

Brain abscess presents a different therapeutic challenge. An abscess is localy
destructive to the brain and causes further damage by increasing intracrania pressure.
The infecting organisms are varied but those arising from middle ear or nasd snus
infection are often polymicrobia and include anaerobic bacteria, microaerophilic species
and Gram-negative enteric bacilli. Less commonly, apure Saph, aureus abscess may
complicate blood-borne spread. Brain abscessisaneurosurgical emergency and requires
drainage. However, antibiotics are an important adjunct to trestment. The polymicrobial
nature of many infections demands prompt and careful laboratory examination to
determine optimum thergpy. Drugs are sdected not only on their ability to penetrate
the blood-brain barrier and enter the CSF but also on their ability to penetrate the brain
substance. Metronidazole has proved a vauable aternative agent in such infections,
dthough it is not active againgt microaerophilic streptococci which must be tregted with
high-dose benzylpenicillin. The two are often used in combination. Chloramphenicol
is an dternative agent.

Antibiotic policies

Rationale

The plethora of available antimicrobia agents presents both an increasing problem of
sdection to the prescriber and difficultiesto the diagnostic laboratory asto which agents
should be tested for susceptibility. Differences in antimicrobid activity among related
compounds are often of minor importance but can occasiondly be of greater Sgnificance
and may be a source of confuson to the non-speciaist. This applies particularly to
large classes of drugs, such asthe penicillins and cephal osporins, where there has been
an explosion in the availability of new agentsin recent years. Guidance, in the form of
an antibiotic policy, has amgor roleto play in providing the prescriber with arange of
agents appropriate to hig’her needs and should be supported by |aboratory evidence of
susceptibility to these agents.
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In recent years, increased awareness of the cost of medical care has led to a major
review of various aspects of health costs. The pharmacy budget has often attracted
attention since, unlike many other hospital expenses, it is readily identifiable in terms
of cost and prescriber. Thus, an antibiotic policy is also seen as a means whereby the
economic burden of drug prescribing can be reduced or contained. There can be little
argument with the recommendation that the cheaper of two compounds should be
selected where agents are similar in terms of efficacy and adverse reactions. Likewise,
generic substitution is also desirable provided there is bioequivalence. It has become
increasingly impractical for pharmacists to stock al the formulations of every antibiotic
currently available, and here again an antibiotic policy can produce significant savings
by limiting the amount of stock held. A policy based on arestricted number of agents
also enables price reduction on purchasing costs through competitive tendering. The
above activities have had a major influence on containing or reducing drug costs,
although these savings have often been lost as new and often expensive preparations
become available, particularly in the field of biological and anticancer therapy.

Another argument in favour of an antibiotic policy is the occurrence of drug-resistant
bacteria within an institution. The presence of sick patients and the opportunities for
the spread of microorganisms can produce outbreaks of hospital infection. The excessive
use of selected agents has been associated with the emergence of drug-resistant bacteria
which have often caused serious problems within high-dependency areas, such as
intensive care units or burns units where antibiotic use is often high. One oft-quoted
example is the occurrence of a multiple-antibiotic resistant K. aerogenes within a
neurosurgical intensive care unit in which the organism becameresistant to al currently
available antibiotics and was associated with the widespread use of ampicillin. By
prohibiting the use of al antibiotics, and in particular ampicillin, the resistant organism
rapidly disappeared and the problem was resolved.

In formulating an antibiotic policy, it is important that the susceptibility of
microorganisms be monitored and reviewed at regular intervals. This applies not
only to the hospital as a whole, but to specific high-dependency units in particular.
Likewise general practitioner samples should also be monitored. This will provide
accurate information on drag susceptibility to guide the prescriber as to the most effective
agent.

Types of antibiotic policies

There are a number of different approaches to the organization of an antibiotic policy.
These range from a deliberate absence of any restriction on prescribing to a strict policy
whereby all anti-infective agents must have expert approval before they are administered.
Restrictive policies vary according to whether they are mainly laboratory controlled,
by employing restrictive reporting, or whether they are mainly pharmacy controlled,
by restrictive dispensing. In many institutions it is common practice to combine the
two approaches.

Free prescribing policy

The advocates of a free prescribing policy argue that strict antibiotic policies are both
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impractical and limit clinical freedom to prescribe. It is also argued that the greater the
number of agents in use the less likely it is that drug resistance will emerge to any one
agent or class of agents. However, few would support such an approach, which is
generally an argument for mayhem.

Restricted reporting

Another approach that is widely practised in the UK is that of restricted reporting. The
laboratory, largely for practical reasons, tests only a limited range of agents against
bacterial isolates. The agents may be selected primarily by microbiological staff or
following consultation with their clinical colleagues. The antibiotics tested will vary
according to the site of infection, since drugs used to treat urinary tract infections often
differ from those used to treat systemic disease.

There are specific problems regarding the testing of certain agents such as the
cephalosporins where the many different preparations have varying activity against
bacteria. The practice of testing a single agent to represent first generation, second
generation or third generation compounds is questionable, and with the new compounds
susceptibility should be tested specifically to that agent. By selecting alimited range of
compounds for use, sensitivity testing becomes a practical consideration and allows
the clinician to use such agents with greater confidence.

Restricted dispensing

As mentioned above, the most Draconian of al antibiotic policies is the absolute
restriction of drug dispensing pending expert approval. The expert opinion may be
provided by either a microbiologist or infectious disease specialist. Such a system can
only be effective in large institutions where staff are available 24 hours a day. This
approach is often cumbersome, generates hostility and does not necessarily create the
best educational forum for learning effective antibiotic prescribing.

A more widely used approach is to divide agents into those approved for unrestricted
use and those for restricted use. Agents on the unrestricted list are appropriate for
the majority of common clinical situations. The restricted list may include agents
where microbiological sensitivity information is essential, such as for vancomycin
and certain aminoglycosides. In addition, agents which are used infrequently but for
specific indications, such as parenteral amphotericin B, are also restricted in use. Other
compounds which may be expensive and used for specific indications, such as broad-
spectrum /Mactams in the treatment of Ps. aeruginosa infections, may also be justifiably
included on the restricted list. 1tems omitted from the restricted or unrestricted list are
generally not stocked, although they can be obtained at short notice as necessary.

Such a policy should have a mechanism whereby desirable new agents are added
as they become available and is most appropriately decided at a therapeutics com-
mittee. Policing such a policy is best effected as ajoint arrangement between senior
pharmacists and microbiologists. This combined approach of both restricted reporting
and restricted prescribing is extremely effective and provides a powerful educational
tool for medical staff and students faced with learning the complexities of modern
antibiotic prescribing.
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Introduction

Industrial scde manufacture of the mgority of antibiotics is fermentation-based.
Strictly speaking, fermentations are biological processes occurring in the absence of
ar (oxygen). However, thetermis now commonly applied to any large-scale cultivation
of microorganisms, whether agrobic (with oxygen) or anaerobic (without oxygen).

Despite the ever-increasing use of complex instrumentation, the application of
feedback control techniques and the use of computers, the science of antibiotic
fermentation is till imperfectly developed. This technology is involved with aliving
cell population which is changing both quantitatively and qualitively throughout the
production cycle: optimization is difficult, because no two ostensibly ‘identical’ batche