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PREFACE TO THE FOURTH EDITION

We live in interesting times. The discipline of infectious diseases has
rarely faced so much promise, and yet such peril. The possibility of an
AIDS-free world within the next generation is now seriously contem-
plated, based on the intelligent use of combinations of antiretroviral
agents and selected use of pre-exposure prophylaxis, and even without
the benefit of a vaccine that induces sterilizing immunity against
human immunodeficiency virus (HIV). This would not have seemed
possible even 25 years ago. Similarly, the remarkable success story of
possibly curing hepatitis C virus (HCV) with safe, oral, directly acting,
antiviral agents is now well within our grasp. Only 30 years ago the
cause of non-A non-B post-transfusion hepatitis was unknown and no
serologic test was available to detect carriers and prevent transmission.
Real progress in developing a multistage malaria vaccine has recently
been made, and a vaccine for dengue is on the horizon. Promising and
innovative vaccine strategies using reverse genetic approaches are now
in development, targeting recalcitrant bacterial, fungal and parasitic
pathogens. Rapid molecular diagnostics are finally making huge
inroads in the clinical microbiology laboratory. Such advances are
essential if we are to be able to make accurate diagnoses within hours
and provide optimal care for our patients in this era of precision
medicine.

Yet despite these advances, we are constantly reminded of just how
fragile our dominion over the microbial world really is. The human
population has swelled to over 7 billion inhabitants; most now reside
in crowded cities, often without the benefits of adequate sanitation or
reliable nutrition. As Paul Farmer has written, physicians ‘need to
think hard about poverty and inequality, which influence any popula-
tion’s morbidity and mortality’, and this is no more so than in the case
of infectious diseases. The global spread of antimicrobial resistance
now poses the very real threat of infection for which there are no effec-
tive treatments. Novel resistance mechanisms in gram-negative bacte-
ria have emerged and spread rapidly across the world, challenging the
foundations of the modern era of medicine. Drug-resistant tuberculo-
sis, including infection with organisms that are extensively resistant
(XDR-TB), continues to challenge global efforts at control. Despite the
extensive efforts to provide global access to antiretroviral therapy, new
cases of HIV continue in epidemic numbers, and many continue to
die from AIDS. The spread of vector-borne pathogens, especially
dengue, chikungunya and Zika, continues and corona virus-related
Middle Eastern respiratory syndrome has emerged as yet another
unexpected challenge. Zika-induced microcephaly is hugely important
and clearly demonstrates our continued vulnerability to new microbial

threats. However, nothing has demonstrated our collective vulnerabil-
ity to pathogenic infection more than the West African outbreak of
Ebola which showed the world the devastating effects of a lethal infec-
tion. Although ultimately controlled by effective infection prevention,
this outbreak reminded us of the continued importance of under-
standing, preventing and treating infectious diseases.

It is against this background that we have prepared this fourth
edition of Infectious Diseases. In doing this we have been conscious not
only of the extraordinary developments in the science and practice of
infection, but also in the evolving needs of our readers. Scientists and
practitioners turn to books like this both for specific information on
unfamiliar subjects but also as a source for further education and
training. Mindful of this, we have introduced a variety of exciting new
elements to the book. Alongside our widely acclaimed Practice Points
offering pithy, practical advice on common management problems we
have now added several new features designed to assist our readers.
These include online mannequins providing a ready reference to phar-
macokinetic data on antimicrobial agents, which are traditionally dif-
ficult to access in an easily useful form, and also a portfolio of online
multiple choice questions, fully supported by reference material, as a
resource for postgraduate education. We are grateful to our two new
Associate Editors in Medical Education, Bethany Davies and Courtney
Chrisler, for their help with this important new addition to the book.
As ever, we are indebted to the extraordinary commitment and exper-
tise of our Section Editor colleagues and to the very many expert
contributors who have so graciously agreed to undertake comprehen-
sive revision of their chapters from the previous edition, and, in many
cases, write completely new chapters. We also wish to express our
profound thanks to the team at Elsevier who have cajoled, supported
and encouraged us to get this done, in particular Sharon Nash, Jo
Souch and Belinda Kuhn, and last but by no means least, we thank the
Section Editors from the previous edition, Jack Sobel, Roger Finch,
Scott Hammer, Tim Kiehn and Keith McAdam, without whom we
would never have been in a position to prepare this new edition of the
book. We hope that you, the reader, will find what you are looking for
and we welcome feedback on how we can continue to improve Infec-
tious Diseases.

Jon Cohen
William Powderly
Steven Opal
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SECTION 1: Introduction to Infectious Diseases

JONATHAN COHEN

Robert Koch developed his famous postulates as a way of
trying to bring some order and scientific rigor into the debate
surrounding the microbial cause of disease.

Although his ideas were helpful, even Koch himself recognized
the limitations of his approach. These limitations became even
more apparent with the emergence of clinical virology as a
discipline. Viruses proved to be particularly challenging to fit
in to Koch'’s structures.

The emergence in the 1980s of the field of the molecular
pathogenesis of microbial disease created new challenges, and
led to the idea of ‘molecular’ Koch's postulates.

Finally, it was recognized that Koch’s postulates were not
helpful when thinking about immunocompromised patients, or
in those cases where infection played an ‘indirect’ role, such as
in the pathogenesis of cancer.

Today, Koch’s postulates are primarily of historical interest
although they continue to provide a useful framework in which
to consider the pathogenesis of disease.

Introduction

At one time diseases were thought to be caused by the wrath of the
gods, configuration of the stars or miasmas.' It was not until the latter
part of the 19th century that micro-organisms began to be accepted
— at least by some scientists — as the cause of infectious diseases, and
it was then that Robert Koch developed his famous principles (postu-
lates) as a way of trying to bring some order and scientific rigor into
what had become a sometimes difficult debate. Since that time Koch’s
postulates have achieved almost totemic significance in biology and
medicine, yet it became clear very quickly that they had serious limita-
tions. This chapter discusses what role they play, if any, in understand-
ing the modern world of infection.

A Historical Perspective

In 1840 the German anatomist Friedrich Henle wrote a paper consid-
ering what would be required to confidently attribute causation to
micro-organisms that had been associated with various infectious dis-
eases (for a detailed account of the historical background see reference
2). Robert Koch entered medical school at the University of Gottingen
in 1862 and came to know Henle well, but it was not until 1882 that
Koch formulated what have come to be known as Koch’s postulates, or
sometimes as Henle—Koch’s postulates. Koch was working at a time
that has been called the ‘bacteriological revolution’ of 19th century
medicine, although some historians have challenged this.” What is
certainly true is that during the latter part of the 19th century there
was an explosion of knowledge about micro-organisms and, of course,
Koch himself was pivotal in demonstrating the microbial etiology of
tuberculosis and anthrax. But it was not always easy to persuade
detractors, and he hoped that these principles, presented to a scientific
meeting in Berlin in 1890, would bring some order into the debate
(Box 1-1).

Koch’s ideas undoubtedly helped, but as we shall see, even Koch
himself recognized the limitations of his approach. These limitations
became even more apparent as the new century dawned and with it

The Evolution of Koch’s Postulates

the emergence of clinical virology as a discipline. Viruses proved to be
particularly challenging to fit into Koch’s structures and a number of
writers, notably Thomas Rivers' and Robert Huebner," developed alter-
native paradigms to try to get round the problem. By the 1970s the
problems had multiplied, not least because of the discovery of ‘slow
viruses’ and the recognition of the possible role of micro-organisms
in some chronic diseases. The British writer Alfred Evans revised the
original Koch’s postulates, and Evans’ ideas remain useful’ (Box 1-2).

The advent of molecular microbiology allowed not only the
identification of micro-organisms without the requirement for their
cultivation on solid media, but also the notion that ‘virulence’ and
‘pathogenicity’ could be attributed to certain microbial genes or gene

BOX 1-1 KOCH'S POSTULATES

Based on Koch’s presentation to the Tenth International Congress of Medi-
cine in Berlin, 1890.

1. The parasite occurs in every case of the disease in question and under
circumstances which can account for the pathological changes and
clinical course of the disease.

2. The parasite occurs in no other disease as a fortuitous and nonpatho-
genic parasite.

3. After being fully isolated from the body and repeatedly grown in pure
culture, the parasite can induce the disease anew.

4. The parasite can be re-isolated from an experimentally inoculated
host.*

*The fourth postulate was in fact added by later writers.

BOX 1-2 EVANS’ PRINCIPLES OF THE CAUSATION

OF DISEASE, 1976

Based on the original Koch’s postulates, Evans’ principles were important

because they incorporated both the epidemiological principles first devel-

oped by Sir Austin Bradford Hill, and also the immunological notion of a

specific host response as providing evidence that an organism was contribut-

ing to the cause of a disease.

e Prevalence of the disease should be significantly higher in those

exposed to the putative cause than in control cases not so exposed.

e Exposure to the putative cause should be present more commonly in

those with the disease than in controls without the disease when all
risk factors are held constant.

e Incidence of the disease should be significantly higher in those
exposed to the putative cause than in those not exposed, as shown in
prospective studies.

Temporally, the disease should follow exposure to the putative agent

with a distribution of incubation periods on a bell-shaped curve.

e A spectrum of host responses should follow exposure to the putative
agent along a logical biologic gradient from mild to severe.

* A measurable host response following exposure to the putative cause
should regularly appear in those lacking this before exposure or should
increase in magnitude if present before exposure.

e Experimental reproduction of the disease should occur in higher inci-
dence in animals or humans appropriately exposed to the putative
cause than in those not so exposed; this exposure may be deliberate
in volunteers, experimentally induced in the laboratory, or demon-
strated in a controlled regulation of natural exposure.

e Elimination or modification of the putative cause or of the vector car-
rying it should decrease the incidence of the disease.

e Prevention or modification of the host's response on exposure to the
putative cause should decrease or eliminate the disease (e.g., immu-
nization or drug).

¢ The whole thing should make biologic and epidemiologic sense.
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TABLE
1-1
Colonization vs carrier state vs infection
Inability to isolate the organism in pure culture
Inability to isolate the organism in cell-free culture
Organisms for which humans are the only host
Subclinical infection
Organisms that cause ‘distant’ infection
Disease caused by toxins

Diseases that require coinfection

The Growing List of Situations in Which It Has Become Difficult or Impossible to Apply Koch’s Postulates as

Originally Conceived, Despite Very Clear Evidence for Causation

Candida albicans; Neisseria meningitidis

Mycobacterium leprae

Plasmodium falciparum

Herpes simplex virus

Mycobacterium tuberculosis

Streptococcus pyogenes/rheumatic fever; measles virus/SSPE
Staphylococcus aureus/toxic shock syndrome

Hepatitis D virus/hepatitis B virus

Wucheria and Wolbachia endosymbionts (filariasis)

Organisms associated with tumors
Bacteria that require phage DNA to acquire virulence

Organisms identified only by molecular probes

EBV (Burkitt lymphoma); HHV-8 (Kaposi’s sarcoma); Helicobacter pylori (gastric cancer)
Corynebacterium diphtheriae

Tropheryma whipplei (Whipple's disease) (subsequently successfully cultivated)

EBV, Epstein-Barr virus; HHV-8, human herpesvirus 8; SSPE, subacute sclerosing panencephalitis.

families. Falkow’s paper in 1988 on ‘molecular Koch’s postulates’ was
an attempt to reconcile 20th century science with 19th century deter-
ministic principles,” and this debate has continued.”’

Limitations of Koch’s Postulates

It became apparent almost immediately that there were instances
where causation was very likely but the postulates could not be made
to ‘fit’ the evidence. Koch himself believed Vibrio cholerae to be the
cause of cholera, but because the organism had also been isolated from
otherwise healthy carriers his second principle was breached. As time
passed, more and more examples emerged that stretched the utility of
Koch’s postulates right up to — and indeed beyond — the limit of plau-
sibility (Table 1-1).

As others have observed, the problem with Koch’s postulates is not
that they are wrong, but rather, that they apply only to a very limited
number of circumstances. The rapid growth in microbiology led to the
recognition not only of many more bacterial species, but crucially, to
the discovery of the role that viruses play in human disease. As Huebner
trenchantly commented in 1957:

it is quite obvious that the clinician seldom if ever knows that the
illness he describes actually is caused by a virus or, if so, what virus
is implicated. Similarly, the virologist reporting new and prevalent
agents very often has only slightly more information and, usually, no
greater certainty about the clinical behavior and importance of his
viruses than does the clinician.'

The problems remain, and are well illustrated by the difficulties in
understanding what role, if any, a newly identified virus such as boca-
virus might have in causing disease.®

Pari passu with the growth of diagnostic microbiology came an
explosive growth in the understanding of pathogenesis of microbial
disease, the concepts of the carrier state and of colonization, of coinfec-
tion and the notion that micro-organisms could cause ‘distant’ disease.
Nowadays we accept that Streptococcus pyogenes is the primary cause
of rheumatic fever, that Reiter’s syndrome can follow an episode
of shigellosis, that hepatitis virus can be the antigen of cryoglobuline-
mia, or that Brill-Zinsser disease is a late complication of rickettsial
infection, but these examples completely overturn the classical concept
of an ‘infectious disease’. Tumor viruses pose similar challenges.
Unequivocal evidence now exists implicating Epstein—Barr virus
(EBV) in the pathogenesis of Burkitt lymphoma, of hepatitis B in
hepatoma, and of KSHV (Kaposi’s sarcoma-associated herpesvirus, or
human herpesvirus 8 [HHV-8]) in Kaposi’s sarcoma and multicentric
Castleman’s disease (MCD). Yet Koch’s postulates are completely
unsuited to proving causality in these situations,’ and indeed if we had

BOX 1-3 'MOLECULAR' KOCH'S POSTULATES

An attempt to update the original concepts to create a framework that would
allow the identification of genes associated with bacterial virulence.®
e The phenotype or property under investigation should be associated
with pathogenic members of a genus or pathogenic strains of a
species.
¢ Specific inactivation of the gene(s) associated with the suspected viru-
lence trait should lead to a measurable loss in pathogenicity or viru-
lence, or the gene(s) associated with the supposed virulence trait
should be isolated by molecular methods. Specific inactivation or dele-
tion of the gene(s) should lead to loss of function in the clone.
® Reversion or allelic replacement of the mutated gene should lead to
restoration of pathogenicity, or the replacement of the modified
gene(s) for its allelic counterpart in the strain of origin should lead to
loss of function and loss of pathogenicity or virulence. Restoration of
pathogenicity should accompany the reintroduction of the wild-type
gene(s).

relied on them we would not have been in the position of being certain
that human papillomaviruses were implicated in the cause of cervical
cancer and we would not today have an effective vaccine against this
disease.

Finally, Koch’s postulates are not helpful when it comes to ascribing
causality in immunocompromised patients. We know that recognized
organisms of very low virulence'” or even entirely unknown bacteria"'
can cause clinically significant disease in heavily immunocompromised
individuals even though they would certainly not fulfil Koch’s
criteria.

Virulence, Pathogenicity
and Causation

The emergence in the 1980s of the field of the molecular pathogenesis
of microbial disease created new challenges, and led to Falkow develop-
ing the idea of ‘molecular’ Koch’s postulates’ (Box 1-3). At that early
stage it seemed reasonable to suppose that it would be possible to
identify single genes that conferred virulence to an organism, and the
updated postulates were designed to help identify where this could be
safely imputed from the data. The subsequent explosion of our knowl-
edge has led to a much more complex picture: we now have complete
genome sequences for a large number of important human pathogens,
we understand that there are groups, or islands of genes associated with
pathogenicity, and we have new experimental models such as the zebra
fish or the fruit fly in which to study molecular virulence factors.” A
detailed discussion of the concepts of virulence, pathogenesis and



causation is beyond the scope of this chapter and suffice it to say they
are not identical. But as an example, consider a strain of Staphylococcus
aureus containing TSST-1, the gene for toxic shock syndrome toxin.
This same strain might be found as a harmless commensal in the nose,
or causing a simple superficial skin abscess, as a destructive lesion of
the aortic valve in a patient with endocarditis or associated with a
fulminating toxic shock syndrome. TSST-1 is certainly a ‘virulence
gene’ but it is probably only contributing to the disease in the last of
these scenarios.

Beyond Infection: Micro-organisms
and Chronic Disease

We have already noted conditions such as rheumatic fever or Reiter’s
disease in which micro-organisms are clearly implicated, and also
several malignancies that are either directly or indirectly caused by
tumor viruses. But beyond these relatively clear-cut cases lies a huge
range of conditions in which micro-organisms have been implicated,
usually on the basis of either epidemiological evidence (be that sero-
logical or based on prevalence data) or histopathological findings
(Table 1-2). The subject was reviewed exhaustively in a 2004 Institute
of Medicine report'” and again more recently in a paper that used
published data and aligned these with Koch’s and Hill’s criteria to
gauge the level of evidence supporting a role for micro-organisms in
chronic diseases.”” They concluded that there was reasonably strong
evidence to implicate five organisms (HIV, hepatitis B, hepatitis C,
Helicobacter pylori and Chlamydia pneumoniae) in as many as 37 dif-
ferent chronic conditions.

Most recently, scientists have begun to consider the huge biomass
of bacteria in the human gut and have developed the idea of the gut
microbiota and the influence that these organisms can have on condi-
tions as diverse as allergies, irritable bowel disease, Crohn’s disease and
even obesity." With a pleasing circularity, Zhao has recently used
Koch’s postulates to discuss how we might try to identify causality in
this very difficult area."”

Conclusions - and a Note of Caution

Koch’s postulates were invaluable at the time they were developed
and remain largely valid for a relatively small number of defined
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Examples of Chronic Diseases in Which

Micro-organisms Have Been Implicated
in the Cause

Disease Suggested Causative Organisms

Kawasaki disease Unknown (multiple candidates: EBV;

Mycoplasma pneumoniae; VZV; adenoviruses)

Kikuchi’s disease Unknown (multiple viral candidates)

Crohn’s disease Mycobacterium paratuberculosis

Acne Proprionobacterium acnes

Sarcoidosis Mycobacteria; P. acnes; herpesviruses

Type | diabetes mellitus  Enteroviruses

Schizophrenia Endogenous retroviruses

Multiple sclerosis Measles (and many other viruses)

Atherosclerosis Chlamydia pneumoniae; CMV

Borrellia burgdorferi ('chronic neuroborrelliosis’);
Candida albicans (‘Candida syndrome’); EBV;
XMRV

Chronic fatigue
syndrome

*Note that in none of these cases has causation been proved, and in most the
association is tenuous at best. The list is intended simply to demonstrate the
wide range of diseases and potential causes, and is not exhaustive.

CMV, cytomegalovirus; EBV, Epstein-Barr virus; VZV, varicella-zoster virus;
XMRYV, xenotropic murine leukemia virus-related-virus.

circumstances in which bacteria can be precisely tied to the cause of a
particular clinical syndrome. But in a world in which viruses cause
cancer and noncultivable bacteria can be demonstrated by molecular
probes, Koch’s postulates are no longer fit for purpose. What is more,
used uncritically they have the potential to mislead.'® Their main
purpose now is to provide a framework to ensure that scientific rigor
is applied when proposing an organism as the cause of a disease —
exactly as Koch intended when he first conceived them.
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SECTION 1 Introduction to Infectious Diseases

Micro-organisms

JOSHUA FIERER | DAVID LOONEY |

Micro-organisms and higher organisms have evolved together
and interact in complex ways. Only a small percentage of
microbes are inherently pathogenic.

Pathogenicity, the ability of infectious agents to cause disease,
must be interpreted in the context of the properties of both
transmissible agent and host.

Understanding this interplay is important to developing
methods to prevent infection and reduce the severity of
disease.

The initial step in infection is usually adherence, mediated by
the interaction of surface structures on the pathogen with host
cell membrane proteins or carbohydrates. This often presents
excellent targets for immunity.

Intracellular pathogens have evolved methods to neutralize the
cellular defenses that can destroy invaders.

Introduction

The micro-organisms that surround us play roles critical to human
existence, through processes as diverse as photosynthesis, nitrogen
fixation, production of vitamins in the intestine, and decomposition
of organic matter. They are a major driving force behind evolution,
providing organelles for photosynthesis and respiration in present-day
eukaryotes, and facilitating genome rearrangement in infected host
cells. The lifestyle of a micro-organism is intimately related to its envi-
ronment, be it the human body or a polluted riverbed. Some highly
specialized micro-organisms can survive in harsh environmental con-
ditions, while others, such as root-colonizing bacteria and our own
intestinal flora, take advantage of the abundant resources provided by
higher organisms.

THE NORMAL MICROBIAL FLORA OF THE

HUMAN HOST

The fetus normally starts acquiring its indigenous microflora from its
mother during vaginal delivery and nursing. The human body can be
thought of as an ecosystem for microbes. Each part of the body exposed
to the outside environment has its own characteristic mixture of
microbes. The microbial population is especially dense in the large
intestine, where each gram of stool contains ~~10" bacteria. The
normal flora is well adapted to its niche and forms a complex, meta-
bolically interacting community. Although age, diet and exogenous
factors such as antibiotic treatment may induce important variations,
the microbial population of the gastrointestinal tract seems to be stable
in each individual. The fecal flora is much more diverse in vegetarians
than in omnivores or carnivores, probably reflecting the difficulty of
digesting complex carbohydrates found in plants. Facultative anaer-
obes such as Escherichia coli, which are frequently used as markers for
environmental pollution with human feces, represent less than 1% of
the normal flora.
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Our intimate symbiosis with microbes is often peaceful and mutu-
ally beneficial (mutualism), as when bacteria shelter in the intestine
and in turn supply vitamins, aid in digesting endogenous or exogenous
carbohydrates, assist in maintaining oral tolerance and the develop-
ment of the innate immune system.' Alternatively, if the micro-
organism benefits while the host is indifferent, the relationship (and
organism) is termed commensal. Parasitism occurs when the invad-
ing organisms produce harm to the host.

This chapter focuses on the lifestyle of pathogenic micro-organisms
and how they infect us, reproduce and cause disease. We shall use
the word ‘pathogenicity’ to indicate the capacity to cause disease (or
damage) in nonimmune individuals. Although the word ‘virulence’ is
often used in the same sense, we mean it to refer to the severity of the
illness that is caused. Communicability refers to the transmissibility or
infectiousness of micro-organisms.

Definition and Comparison of
Infectious Agents

The definition of an ‘infectious agent’ was proposed by Jacob Henle in
1840 and refined by Robert Koch. In 1876, Koch reported experiments
on mice with Bacillus anthracis showing that:

* B. anthracis could be isolated from all animals suffering from
naturally occurring anthrax;

¢ disease could be reproduced in an experimental host by infection
with a pure culture of this B. anthracis;

* B. anthracis could subsequently be re-isolated from the experi-
mental host.

As discussed in more detail in Chapter 1, this definition of a patho-
gen is correct but inadequate because many pathogenic microbes have
never been cultured (e.g. Mycobacterium leprae and Treponema palli-
dum), others lack a suitable animal host in which the infection can be
reproduced (e.g. Salmonella enterica serovar Typhi), and some microbes
cause disease only under specific conditions that may not be reproduc-
ible in experimental animals (e.g. varicella-zoster virus).

Infectious agents can be divided into four groups:

® Prions, which consist of only a single protein (PrP). The
infectious form (PrPTSE)* is transmissible as spongiform
encephalopathy (see Chapter 23).

® Viruses, which contain proteins, lipids and nucleic acids. Viri-
oids consist of only nucleic acid. These organisms characteristi-
cally disassemble after cell entry and then assemble their progeny
during replication’ (see Chapters 162 to 175).

* Bacteria, including archaea and eubacteria. Unlike eukaryotes,
the DNA genomes of prokaryotes are not separated from the cell
by a membrane. Unlike viruses, they remain enclosed within
their own cell envelope throughout their life cycle (see Chapters
176 to 188).

¢ Eukaryotes, including fungi (see Chapters 189 and 190), proto-
zoa (see Chapters 191 to 194) and multicellular parasites (see
Chapter 195). These organisms have subcellular compartments,
including the nucleus.

Table 2-1 compares the properties that define prokaryotes with

eukaryotes and Table 2-2 emphasizes the differences between bacteria
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TABLE
Comparison of Prokaryotes and Eukaryotes

Feature Prokaryotes

Chromosome Single, circular or linear

Gene organization Operon-polycistronic mRNA

Nucleosomes No
Nuclear membrane No
Mitosis No
Introns in genes No

Transcription Coupled with translation

Eukaryotes

Yes

Single genes and block of genes
Yes

Yes

Yes

Yes

Separate from translation

mRNA

First amino acid

No terminal polyadenylation (except archaebacteria); polygenic

Unstable formylmethionine (except archaebacteria)

Terminal polyadenylation; usually monogenic
Methionine
80S (40S + 60S)

No muramic acid, D-amino acids or peptidoglycan

Sterols and phosphatidyl-choline

Ribosome 70S (30S + 50S)

Cell wall Presence of muramic acid, D-amino acids, peptidoglycan
(except archaebacteria and mycoplasma)

Membrane No sterols or phosphatidyl-choline (except mycoplasma)

Endoplasmic reticulum No

Mitochondria No

Lysosomes and peroxisomes No

Movement

TABLE
Comparison of Bacteria and Fungi

Characteristics

Cell volume (/uL)

Nucleus
Mitochondria

Endoplasmic
reticulum

Sterol in cytoplasmic

By flagella, composed of a single fiber

Bacteria

0.6-5.0

No membrane
No
No

No (except for

Fungi

Yeast: 20-50; molds:
greater than yeast

Membrane
Yes
Yes

Yes

membrane mycoplasma)
Cell wall Muramic acids and Chitin, glucans and
components teichoic acids; no mannans; no
chitin, glucans or muramic acids or
mannans teichoic acids
Metabolism Autotropic or Heterotropic
heterotropic
Sensitivity to No Yes
polyenes

Adapted from Kobayashi G.S.: Fungi. In: Davis B.D., Dulbecco R., Elsen H.N.,
Ginsberg H.S., ed. Microbiology, 4th ed. Philadelphia: JB Lippincott;
1990:737-765.

and fungi, many of which determine the specificity of antimicrobial
agents.

General Properties and Classification
of Viruses
TAXONOMY OF VIRUSES

Viruses are classified into families (-viridae), genera (-virus or -viruses)
and species (-virus), based on the type (DNA or RNA) and nature
(single-stranded or double-stranded, segmented or nonsegmented) of
genetic material, and structural features* (size, symmetry and presence
or absence of a lipid envelope; Table 2-3). For example, Picornaviridae

Yes

Yes (Entamoeba histolytica, Giardia and microsporidia
have vestigial remnants of mitochondria)

Yes
Ameboid, by cilia or cilia-like flagella

is a family of small, non-enveloped RNA viruses containing the Entero-
virus genus, which in turn includes poliovirus species of serotypes
1, 2 and 3. Other schemes emphasize the relationship of the
genetic material of the virus and the viral replication scheme.® For
example, Baltimore group IV contains viruses with single-stranded
(ss) RNA genomes where the mRNA shares the same sense as the
viral RNA (+ssRNA), including the Picornaviridae, enteroviruses and
poliovirus.

COMMON STEPS IN VIRAL REPLICATION

Virus replication involves the following steps:

1. Attachment: Virus particles (virions) attach to specific receptor(s)
on the surface of a host cell.

2. Entry: Virions fuse to the outer cell membrane or are endocy-
tosed and fuse to endosomal membranes at reduced pH.

3. Uncoating and transport: The virion disassembles, freeing its
nucleic acid and proteins, which are transported into the cyto-
plasm and/or nucleus.

4. Transcription and translation: Viral RNA and proteins are
expressed. Intermediates such as viral complementary RNA or
integrated proviral DNA may be involved.

5. Assembly and release: New virions are formed and released
from the cell via lysis, or budding from surface or internal
membranes.

STRUCTURE OF VIRUSES

Virions serve to protect the viral genome and facilitate infection of new
host cells. The smallest viruses are only 25-30 nm in diameter, while
the largest (e.g. mimivirus, an infectious agent of amebae) are 400 nm
or more in size/ The viral genome is tightly associated with
nucleoprotein(s) in a highly organized core structure, the nucleocap-
sid. In some virus families, such as negative-strand RNA viruses and
retroviruses, the virion contains enzymes required for early steps in
virus replication. The viral capsid or tegument comprises the outer
proteinaceous covering. Some viruses have a surrounding outer lipid
layer (the envelope) derived from host cell membranes during budding.
Clefts, vertices, or spikes in the capsid or proteins inserted into the
envelope layer serve to attach to host receptor molecule(s).®
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TABLE v .
Classification of Viruses

Family Name

DNA VIRUSES
Single-stranded (Class II)

Parvoviridae

Mixed-stranded (Class VII)

Hepadnaviridae

Double-stranded (Class I)

Papovaviridae
Polyomaviridae
Adenoviridae
Herpesviridae

Poxviridae

RNA VIRUSES
Positive-sense (Class 1V)
Picornaviridae

Togaviridae

Flaviviridae

Coronaviridae
Negative-sense (Class V)
Rhabdoviridae
Paramyxoviridae
Orthomyxoviridae
Bunyaviridae

Arenaviridae

Filoviridae

Reverse (Class VI)

Example

Human parvovirus B19

Hepatitis B

Wart virus

JC virus
Adenovirus
Herpes simplex

Vaccinia

Poliovirus
Rubella
Yellow fever

Infectious bronchitis

Rabies

Measles

Influenza

California encephalitis
Lassa fever

Marburg, Ebola

Retroviridae HIV-1
Double-stranded (Class Il1)
Reoviridae Rotavirus

The Viral Genome

Viral genomes usually consist of either DNA or RNA, though some
contain both: Cytomegalovirus (CMV) virions include viral RNAs that
promote infectivity and human immunodeficiency virus (HIV) virions
include partially reverse transcribed DNA.” Genomes range from
1.7 kb to 1.2Mb in size, and may encode only a single gene, or hun-
dreds. For example, Parvoviridae have only two open reading frames,
whereas the vaccinia poxvirus has 263 known genes. Genomes may be
linear or circular, segmented or nonsegmented. Genome segmentation
facilitates genetic exchange between coinfecting virions in a process
known as reassortment. Many viral nucleic acids contain modified
nucleotides, which inhibit host cell nucleases and/or mediate recogni-
tion by viral polymerase. Linear genomes often contain conserved
terminal sequences. When complementary, these allow partial circu-
larization of the genome via formation of panhandle or tube-like struc-
tures. Terminal sequences may also allow incomplete replication
products to recombine or mediate recognition by proteins that prime
transcription or replication. Retroviral proviral DNA is flanked by
repeat sequences similar to those of transposable genetic elements.
The viral RNA (VRNA) of positive-strand RNA viruses acts directly
as mRNA for protein synthesis; they resemble eukaroytic RNAs with a
cap at the 5" end and are polyadenylated (poly-A) at the 3" end. In

Genome Size (kb), Polarity

(+ or -) and Segments Morphology Envelope
5 () single |cosahedral No
3 (&) single Icosahedral Yes
8 (#) single Icosahedral No
5 (4) single Icosahedral No
36-38 (1) single Icosahedral No
120-220 (4) single |cosahedral Yes
120-280 (1) single Complex Yes
7.2-8.4 (+) single Icosahedral No
12 (4) single Icosahedral Yes
10 (4) single |cosahedral Yes
16-21 (+) single Helical Yes
13-16 (-) single Helical Yes
16-20 (-) single Helical Yes
14 (-) 8 Helical Yes
13-21 (=) 3 Helical Yes
10-14 (-) 2 Helical Yes
19 () single Helical Yes
3-9 (+) diploid |cosahedral Yes
16-27 (+) 10-12 Icosahedral No

contrast, the RNA-dependent RNA polymerase of (—)ssRNA viruses
uses VRNA as a template for mRNA transcription. Negative-strand
RNA genomes may lack cap structures and poly-A tails, often parasit-
izing cap structures from cellular pre-mRNA or mRNA. Retroviruses
synthesize a dsDNA copy of the positive-strand RNA genome, which
then integrates into cellular DNA.

The Capsid

The viral genome is protected by one or more protein coats, the
nucleocapsid and/or capsid. The capsid is made of viral protein
structures known as capsomeres, accounting for a large portion of
the viral mass. Papillomavirus produces only two capsid proteins
and poliovirus four, but more complex viruses may encode a larger
variety.

Picornaviruses, adenoviruses and papovaviruses have a nucleocap-
sid structure with icosahedral symmetry (each capsid consists of 20
triangular facets and 12 apices). Influenza, measles and rabies virus
form capsids with helical or cylindrical symmetry. The central core is
formed by the nucleic acid genome, around which the nucleocapsid
proteins are arranged like the steps of a spiral staircase (Figure 2-1).

More complex virion morphologies also exist. Bacteriophages,
viruses that infect bacteria, have complex attachment structures fixed
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Examples of virions

Adenovirus HIV-1

Rabies virus

Influenza virus
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Figure 2-1 Examples of virions. Adenovirus is an icosahedral DNA virus without an envelope; fibers extend from the 12 points of the icosahedral coat; DNA forms a
ribbon-like molecule. Approximate size 8 nm. HIV-1; glycoprotein (GP) molecules protrude through the lipid membrane; the icosahedral capsid encloses a truncated
conical nucleocapsid in which the diploid RNA is enclosed. Approximate size 100 nm. Influenza virus is an enveloped RNA virus containing nucleocapsid of helical sym-
metry; spikes of hemagglutinin and neuraminidase protrude from the lipid bilayer. Approximate size 100-200 nm (variable). Rabies virus is a helical RNA nucleocapsid

with a bullet-shaped lipoprotein envelope in which approximately 200 GPs are embedded. Approximate size 150 nm. (The diagram is not to relative scale.) (Adapted
from Collier L., Oxford J.: Human virology. Oxford: Oxford University Press; 1990:8 by permission of Oxford University Press.)
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