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QUuOTES FROM REVIEWS OF PREVIOUS EDITIONS

‘Teaching an undergraduate class in virology has been complicated in recent years by the lack of an ade-
quate general text. ... Alan J Cann’s new book, Principles of Molecular Virology is built around the par-
adigms which unite virology as a mature science. For this and other reasons his book is more suitable
for an undergraduate class than any other text I have recently seen. ... What we have in this book is an
avowed effort to concentrate on principles and avoid detail, to provide selective coverage of modern
topics without great expense. In these aims, author and editor meet with success . .. there have been
some valuable side effects to this compression. There are for example, numerous instances in which the
author extracts a “take-home message” from large bodies of material. These messages are particularly
helpful to undergraduates dealing intellectually with viruses from the first time, and they provide some
useful models for synthesis.

All things being equal, I plan to use Principles of Molecular Virology when 1 teach virology next year.
It is generally well-done, readable and undergraduate-friendly, and it fills a definite niche.’
Carl Luciano, ASM News

‘... In Principles of Molecular Virology, Alan Cann has attempted to tackle some of (these) problems
by providing what is essentially a molecular virology lecture course in a short, straightforward, inex-
pensive paperback that concentrates on the basic principles of molecular virology. . .. The chapters are
well written and a summary of the important messages is provided at the end of each. The fundamen-
tals are clearly and concisely documented. . . . The author has made a considerable effort to ensure that
the book is as up to date as possible. ... An important question is whether this book will have wider
appeal than just to the aforementioned undergraduates or young PhD students. I think the answer is yes
.. . this volume may provide a good starting point for non-virologists to rapidly acquire a working knowl-
edge of the area.’

Ian Brierley, Trends in Biochemical Sciences

‘The discipline of virology has just celebrated its centenary, marking the discovery of the first virus by
Ivanovsky in 1892; since then, thousands of viruses infecting plants, animals and bacteria have been iden-
tified and catalogued. Despite this hundred years of study, however, viruses continue to pose serious
threats to human health, both directly, and indirectly, through their effects on domestic animals and food
plants.

Alan Cann has attempted to provide an undergraduate text that has a different organization from the
traditional organisation from the traditional family-by family approach to teaching virology, by describ-
ing the “principles” of virology at the molecular level.. .. The volume is compact...and realistically
priced.

... In summary Alan Cann has made a valiant effort to present molecular virology to an undergrad-
uate audience in an easily digestible form, and this book can be recommended as being suitable for most
first-degree courses.’

Richard M Elliott, Trends in Microbiology

‘... An excellent framework for an introductory course and an integrated rather than a “virus by virus”
account used in many of the larger texts. The methods —based introduction provides a good theoretical
background and subsequent chapters are well illustrated. The writing flows easily with good practical
examples that help hold the interest. Each chapter has a summary and a well-focused reading list. . . .
This is an attractive, up-to-date book and is an excellent buy that I can strongly recommend.’

Sam Martin, SGM Quarterly

‘This book provides an essential introduction to modern virology. Focusing on the new molecular
approach this textbook presents the principles of virology in a clear and concise manner.’
Documentation (Technique/Scientifique)

‘Principles of Molecular Virology is an excellent virological text for students. I am pleased to see that it
has now gone into a second edition, reflecting its popularity and the rate of progress within the field. It
is recommended in many university undergraduate courses for good reason. It bridges a gap between



the generally superficial virological subsections of undergraduate microbiology books and the enor-
mously comprehensive tomes such as Fields Virology. It is written in an accessible style and the sections
on different aspects of virus structure and virus replication provide a useful counterpoint to the more
classical systematic description of viruses found elsewhere. In addition, the practical examples are well
illustrated. I suspect the self-assessment questions will be usefully plundered by those setting examina-
tions. In general, the text is very much up to date, and the illustrations are excellent.’

Andrew Lever, Trends in Genetics

‘To say it in advance of all the details: Alan J. Cann and Academic Press introduce a book which is well
worth its price addressing all individuals and institutions dealing with virology. . . . It, furthermore, pro-
vides an introduction especially to those who were not yet confronted with modern aspects of virology.
... The text is easy to follow and represents a fantastic blend of basic principles, corresponding tech-
niques and applied views such as responses to and treatment of virus infection including AIDS. ... Two
appendices concerning 1) classification of subcellular infectious agents and 2) glossary and abbreviations,
together with the nine pages of index undoubtedly increase the value of this booklet both for the student
and the user in applied fields . . . the clear and concise manner of presentation allows an uncomplicated
study and understanding of basic principles of molecular virology.’

EF Elstner (Weihenstephan), Zeit fur Pflanzenkronkheiten und Pflanzenschutz

‘There is a remarkable amount of detail included for so small a book. This well-written text provides a
very useable introduction to virology. The information provided is current. It would be a worthwhile
addition to the library of teachers and undergraduate virology.’

Jerry L Taylor, DOODY REVIEW

‘In this update of the edition with a preface dated 1996, Cann (U. of Leicester, UK) adds new sections
on viruses and apoptosis and bacteriophages and human disease, online resources, a chronology of virol-
ogy’s history, and a companion CD-ROM with interactive tutorials. Includes prefaces to the previous
editions, self-assessment questions with an answer key, a glossary, and a classification table of subcellu-
lar infectious agents.’

From Book News, Inc.
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PREFACE TO THE
FOURTH EDITION

In addition to complete updating, this edition of Principles of Molecular Virology con-
tains a number of additions to the text and illustrations; for example, new infor-
mation on topics such as SARS and bioterrorism. However, most changes have
been made to the enclosed CD. In addition to complete reformatting, the content
has been completely revised and we have been able to include for the first time a
series of animations covering important topics such as capsid symmetry, virus repli-
cation and immune recognition and killing of virus-infected cells. There is also a
new interactive self-assessment quiz for each chapter so you can judge for yourself
your knowledge of virology.

I would like to extend my thanks to the staff of Elsevier for their assistance
during the preparation of the book. I am confident that readers will find this
edition as useful as the previous ones.

Alan J. Cann
University of Leicester, UK

alan.cann(@leicester.ac.uk
April 2005



PREFACE TO THE
THIRD EDITION

This edition of Principles of Molecular Virology seeks to build on the success of the
first and second editions. In addition to complete updating, numerous additions
(and hopefully, enhancements) have been made to the text. These include new sec-
tions on ‘Viruses and Apoptosis’ (Chapter 6) and ‘Bacteriophages and Human
Disease’ (Chapter 7), the addition of learning objectives for each chapter and a new
appendix describing key events in the history of virology (Appendix 3). However,
probably the first change most readers will notice is a new format with the addi-
tion of colour illustrations to enhance understanding of key points.

An exciting new development has been the inclusion of an electronic com-
panion to the book in the form of the enclosed CD. In addition to interactive
learning resources on the CD which complement each chapter, the ‘Virology
Online’ section has been written to encourage readers with access to the internet
to go beyond reading the text of the book to find more information online.

I would like to extend my thanks to all of my academic colleagues who have
helped with the preparation of this edition, but in particular I value the contribu-
tion of the many people who have contacted me with suggestions and comments
regarding the previous editions. I hope that readers of this edition will continue to
do so. I would also like to thank the editorial staff of Academic Press for their
support and assistance during the preparation of the book. Finally, I would like to
thank my family for respecting the sign which has spent many hours on the door
of my study, ‘I am working. Please don’t come in’. Its OK now kids, I've taken
the sign down.

Alan J. Cann
Department of Microbiology & Immunology

University of Leicester
June 2000



PREFACE TO THE
SEcoND EDITION

Much has changed since the first edition of Principles of Molecular Virology was pub-
lished in 1993, but the need for this book is now stronger than ever. This edition
is completely revised and updated and contains many new figures and tables. As a
result, it is somewhat longer, but not, I hope, so long that it loses sight of the orig-
inal objective—to present the concerns of contemporary virology to students in a
concise and digestible manner.

Many people should be thanked for helping inspire this edition, but I will
single out a few for particular mention. I am very grateful to all those who pro-
vided feedback on the first edition and I have tried to include as many of their
comments/requests as possible; in particular, coverage of the rapidly developing area
of plant virology has been greatly expanded. I am also grateful to my teaching col-
leagues in Leicester and elsewhere for their suggestions. Finally, the person who
should perhaps receive most thanks is my long-suffering editor at Academic Press,
Tessa Picknett.

Alan J. Cann
Department of Microbiology & Immunology

University of Leicester
July 1996



PREFACE TO THE
FIRST EDITION

This book came about through my own need for a text to augment my under-
graduate lectures on virology. Not that there is a particular shortage of books on
virology, but even during my own relatively short career, the subject has expanded
so rapidly that most professionals feel pressurized by the the task of keeping up
with current trends, let alone the responsibility of initiating a new generation in
such a rapidly changing discipline. Many excellent and recent texts exist that deal
with the subject in a detailed and somewhat traditional manner; the second edition
of Fields’ Virology (Raven Press, 1990), the third edition of Matthews’ Plant Virology
(Academic Press, 1991) and, in a more general sense, the second edition of Molec-
ular Biology of the Cell (Garland Press, 1989) immediately spring to mind. Unfor-
tunately, these books have two major disadvantages for their use in teaching. First,
the volume of material they contain is overwhelming for a student discovering the
subject for the first time and who may be unable to sort out the information they
require from the mountain of detail they encounter. Second, in these times, few
students can afford to purchase one of these tomes. Even persuading university
libraries, whose budgets are under constant pressure, to purchase more than one or
two copies is difficult and an inadequate solution in a time of expanding student
numbers. Better then to reserve these texts for the reference purpose for which
they are best suited and to introduce students to the subject in a gentler way.

In discussion with many of my colleagues at this and other universities, it was
clear that most felt there was a place for a text which would cover the current
emphasis and concerns of virology. In these conversations, there was no doubt as
to what was required. My contemporaries have no difficulty with the label ‘molec-
ular virology, but most when pressed would have difficulty in expressing a com-
prehensive definition. Perhaps the best way to describe how I have approached the
subject here is consider it as ‘virology at a molecular level’ or even better, ‘mole-
cules and viruses. Having already damned the 2000-page reference source as unsuit-
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able for my purpose and yet such an all-embracing definition of ‘molecular virol-
ogy, the problem was therefore how to resolve these two apparently conflicting
issues. My chosen solution is to outline the principles of the subject with reference
to specific examples chosen to illustrate the matter under discussion. The onus is
therefore firmly on the reader to pursue particular matters on which he or she
requires more information in more detailed ‘reference texts’ or in the immense
volume of research publications appearing annually.

I would like to have spent much more time discussing the history of virology
in Chapter 1, a subject I find to be a fascinating as well as a valuable insight as to
how we got to where we are today. In the event, it was only possible to provide
a brief overview and to refer the reader to one of the many other texts which
have been published on this subject—perhaps the one area of virology where an
author’s work does not become outdated in a short period. It is only my inten-
tion to arm readers with the framework that makes it possible for them to achieve
this task succesfully. Anyone who complains that this book does not spend suffi-
cient time dealing with (or even mention) their pet area of interest has therefore
missed the point.

To disarm the jargon (which I have avoided wherever possible) and unavoid-
able technical terms, I have included a glossary as an appendix to the book. Terms
shown in the text in bold print are defined in this glossary.

Cliché it may be, but there are genuinely too many people to acknowledge for
the creation of this book to make it possible to do this individually. It will have
to suffice for me to thank all my colleagues in Leicester and elsewhere for helpful
discussions; all the people who have helped and influenced my career over the
years, and the undergraduates on whom I have field-tested the material, and for
whom this book is intended.

Alan J. Cann
Microbiology Department
University of Leicester
October 1992



THE PRINCIPLES OF

MOLECULAR
ViIRoLOGY CD

Wherever the ¢ icon appears in the text, an accompanying learning resource can
be found on the compact disk (CD) included with this book. Before starting, ensure
that you have Macromedia FLASH Player installed on your machine. FLASH plays
small, fast multimedia buttons, as well as interactive animations, flying logos, and
graphics. This player is very small, takes only a short time to download, and is a
great starting point for experiencing multimedia on the Web. To download the
player for free, go to: http:/ /www.macromedia.com/downloads/ and select ‘Macromedia
Flash Player’.

To use the CD on a PC, put the disk into the CD-ROM drive, double-click
on the My Computer icon, double-click on the CD-ROM icon and double-click
on the Start.htm file. To use the CD on a Macintosh, put the disk into the CD-
ROM drive, double-click on the CD-ROM icon on the desktop and double-click
on the Start.htm file. If you need further help, click on the file ‘ README.txt’.

The CD contains interactive learning resources which complement each
chapter of the book. However, to gain the maximum benefit from the disk, you
will need internet access. The resources in the “Virology Online’ section have been
selected to encourage you to move beyond the text of the book and find infor-
mation about any topic you may wish to investigate. Not sure what any word or
name in the text means? Type it into the search forms listed in “Virology Online’
and you will be surprised how much information is available.

However, readers should be aware that the quality and accuracy of information
they may find on the internet varies greatly. All of the resources suggested on the
CD are of the highest quality, although neither the author nor Academic Press can
guarantee that they will remain freely available indefinitely. Information accessed
through search engines is another matter—it is up to users to judge the quality of
resources found in this way:
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= Who wrote the information? A knowledgeable academic in a respected univer-
sity or a teenager in their bedroom?

= When did they write it? This year or six years ago—is there even a date on the
page?

= What is their motivation for making the information available? Commercial or
non-commercial?

By considering these quality issues, readers can expand the capacity of this book
indefinitely.



CHAPTER

INTRODUCTION

Learning Objectives

On completing this chapter, you should be able to:

» Understand what a virus is and explain how viruses differ from all other
organisms.

= Summarize the history of virology and explain how the current state of
our knowledge of viruses was achieved.

= Describe the techniques most frequently used to study viruses.

There is more biological diversity within viruses than in all the rest of the bacte-
rial, plant, and animal kingdoms put together. This is the result of the success of
viruses in parasitizing all known groups of living organisms, and understanding this
diversity is the key to comprehending the interactions of viruses with their hosts.
This book deals with ‘molecular virology’ in a rather broad sense—that is, ‘virol-
ogy at a molecular level’ or perhaps even ‘molecules and viruses.” Protein—protein,
protein—nucleic acid, and protein—lipid interactions determine the structure of virus
particles, the synthesis and expression of virus genomes, and the effects of viruses
on the host cell. This is virology at a molecular level.

However, before exploring the subject further, it is necessary to understand the
nature of viruses. It would also be useful to know something of the history of
virology or, more accurately, how virology as a discipline in its own right arose in
order to understand its current concerns and future directions. These are the pur-
poses of this introductory chapter. The principles behind certain techniques
mentioned in this chapter may not be familiar to some readers. It may be helpful
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to use the further reading at the end of this chapter to become conversant with
these methods. In this and the subsequent chapters, terms in the text in bold
coloured print are defined in the glossary (Appendix 1) «* (the CD icon in
the text indicates that you can find an interactive learning resource on the
accompanying CD).

VIRUSES ARE DISTINCT FROM LIVING ORGANISMS

Viruses are submicroscopic, obligate intracellular parasites. This simple but useful
definition goes a long way toward describing and difterentiating viruses from all
other groups of living organisms; however, this short definition is in itself in-
adequate. Clearly, it is not a problem to differentiate viruses from higher macro-
scopic organisms. Even within a broad definition of microbiology encompassing
prokaryotic organisms and microscopic eukaryotes such as algae, protozoa, and
fungi, in most cases it will suffice. A few groups of prokaryotic organisms, however,
have specialized intracellular parasitic life cycles and confound the above defini-
tion. These are the Rickettsiae and Chlamydiae—obligate intracellular parasitic bac-
teria which have evolved to be so cell-associated that they can exist outside the
cells of their hosts for only a short period of time before losing viability. There-
fore, it is necessary to add further clauses to the definition of what constitutes a
virus:

= Virus particles are produced from the assembly of preformed components,
whereas other agents grow from an increase in the integrated sum of their com-
ponents and reproduce by division.

= Virus particles (virions) themselves do not grow or undergo division.

= Viruses lack the genetic information that encodes apparatus necessary for the
generation of metabolic energy or for protein synthesis (ribosomes).

No known virus has the biochemical or genetic potential to generate the energy
necessary to drive all biological processes (e.g., macromolecular synthesis). They are
therefore absolutely dependent on the host cell for this function. It is often asked
whether viruses are alive or not. One view is that inside the host cell viruses are
alive, whereas outside it they are merely complex assemblages of metabolically inert
chemicals. That is not to say that chemical changes do not occur in extracellular
virus particles, as will be explained elsewhere, but these are in no sense the ‘growth’
of a living organism.

A common mistake is that viruses are smaller than bacteria. While this is true
in most cases, size alone does not serve to distinguish between them. The largest
virus known (Mimivirus, for ‘mimicking microbe’) is 400 nm in diameter, while
the smallest bacteria (e.g., Mycoplasma, Ralstonia pickettii) are only 200 to 300 nm
long. Although there will always be some exceptions and uncertainties in the case
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of organisms that are too small to see and in many cases difficult to study, for the
most part the above guidelines will suffice to define a virus.

A number of novel, pathogenic entities possess properties that confound the
above definition yet are clearly more similar to viruses than other organisms.
These are the entities known as viroids, virusoids, and prions. Viroids are very
small (200—-400 nucleotides), circular RNA molecules with a rod-like secondary
structure. They have no capsid or envelope and are associated with certain plant
diseases. Their replication strategy is like that of viruses—they are obligate intra-
cellular parasites. Virusoids are satellite, viroid-like molecules, somewhat larger than
viroids (e.g., approximately 1000 nucleotides), which are dependent on the pres-
ence of virus replication for multiplication (hence ‘satellite’); they are packaged
into virus capsids as passengers. Prions are infectious agents generally believed
to consist of a single type of protein molecule with no nucleic acid component.
Confusion arises from the fact that the prion protein and the gene that encodes
it are also found in normal ‘uninfected’ cells. These agents are associated with
‘slow’ virus diseases such as Creutzfeldt—Jakob disease in humans, scrapie in sheep,
and bovine spongiform encephalopathy (BSE) in cattle. Chapter 8 deals with these
subviral infectious agents in more detail. Moreover, genomic analysis has shown
that more than 10% of the eukaryotic cell genome is composed of mobile retro-
virus-like elements (retrotransposons), which may have had a considerable role
in shaping these complex genomes (Chapter 3). Furthermore, certain bacterio-
phage genomes closely resemble bacterial plasmids in their structure and in the
way they are replicated. Research, then, has revealed that the relationship between
viruses and other living organisms is perhaps more complex than was previously
thought.

B
THE HiISTORY OF VIROLOGY ¢

It is easy to regard events that occurred prior to our own personal experience as
prehistoric. Much has been written about virology as a ‘new’ discipline in biology,
and this is true as far as the formal recognition of viruses as distinct from other
living organisms is concerned. However, we now realize that not only were ancient
peoples aware of the effects of virus infection, but in some instances they also
carried out active research into the causes and prevention of virus diseases. Perhaps
the first written record of a virus infection consists of a hieroglyph from Memphis,
the capital of ancient Egypt, drawn in approximately 3700 Bc, which depicts a
temple priest showing typical clinical signs of paralytic poliomyelitis. Pharaoh
Ramses V, who died in 1196 Bc and whose extraordinarily well-preserved mum-
mified body is now in a Cairo museum, is believed to have succumbed to small-
pox—a comparison between the pustular lesions on the face of the mummy and
those of more recent patients is startling.
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Smallpox was endemic in China by 1000 sc. In response, the practice of
variolation was developed. Recognizing that survivors of smallpox outbreaks were
protected from subsequent infection, the Chinese inhaled the dried crusts from
smallpox lesions like snuft or, in later modifications, inoculated the pus from a lesion
into a scratch on the forearm.Variolation was practised for centuries and was shown
to be an effective method of disease prevention, although risky because the
outcome of the inoculation was never certain. Edward Jenner was nearly killed by
variolation at the age of seven! Not surprisingly, this experience spurred him on
to find a safer alternative treatment. On 14 May 1796, he used cowpox-infected
material obtained from the hand of Sarah Nemes, a milkmaid from his home village
of Berkeley in Gloucestershire, England, to successfully vaccinate 8-year-old James
Phipps. Although initially controversial, vaccination against smallpox was almost
universally adopted worldwide during the nineteenth century.

This early success, although a triumph of scientific observation and reasoning,
was not based on any real understanding of the nature of infectious agents which
arose separately from another line of reasoning. Antony van Leeuwenhoek
(1632—-1723), a Dutch merchant, constructed the first simple microscopes and with
these identified bacteria as the ‘animalcules’ he saw in his specimens. However, it
was not until Robert Koch and Louis Pasteur in the 1880s jointly proposed the
‘germ theory’ of disease that the significance of these organisms became apparent.
Koch defined the four famous criteria now known as Koch’s postulates which are
still generally regarded as the proof that an infectious agent is responsible for a spe-
cific disease:

= The agent must be present in every case of the disease.

= The agent must be isolated from the host and grown in vitro.

= The disease must be reproduced when a pure culture of the agent is inoculated
into a healthy susceptible host.

= The same agent must be recovered once again from the experimentally infected
host.

Subsequently, Pasteur worked extensively on rabies, which he identified as being
caused by a ‘virus’ (from the Latin for ‘poison’) but despite this he did not dis-
criminate between bacteria and other agents of disease. In 1892, Dimitri Iwanowski,
a Russian botanist, showed that extracts from diseased tobacco plants could trans-
mit disease to other plants after passage through ceramic filters fine enough to
retain the smallest known bacteria. Unfortunately, he did not realize the full sig-
nificance of these results. A few years later (1898), Martinus Beijerinick confirmed
and extended Iwanowski’s results on tobacco mosaic virus (TMV) and was the first
to develop the modern idea of the virus, which he referred to as contagium
vivum fluidum (‘soluble living germ’). Freidrich Loeffler and Paul Frosch (1898)
showed that a similar agent was responsible for foot-and-mouth disease in cattle,
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but, despite the realization that these new-found agents caused disease in animals
as well as plants, people would not accept the idea that they might have anything
to do with human diseases. This resistance was finally dispelled in 1909 by Karl
Landsteiner and Erwin Popper, who showed that poliomyelitis was caused by a
‘filterable agent’—the first human disease to be recognized as being caused by a
virus.

Frederick Twort (1915) and Felix d’Herelle (1917) were the first to recognize
viruses that infect bacteria, which d’Herelle called bacteriophages (‘eaters of bac-
teria’). In the 1930s and subsequent decades, pioneering virologists such as Salvador
Luria, Max Delbruck, and many others used these viruses as model systems to
investigate many aspects of virology, including virus structure (Chapter 2), genet-
ics (Chapter 3), and replication (Chapter 4). These relatively simple agents have
since proven to be very important to our understanding of all types of viruses,
including those of humans which are much more difficult to propagate and study.
The further history of virology is the story of the development of experimental
tools and systems with which viruses could be examined and which opened up
whole new areas of biology, including not only the biology of the viruses them-
selves but inevitably also the biology of the host cells on which these agents are
entirely dependent.

LiviNG HOST SYSTEMS

In 1881, Louis Pasteur began to study rabies in animals. Over several years, he
developed methods of producing attenuated virus preparations by progressively
drying the spinal cords of rabbits experimentally infected with rabies which,
when inoculated into other animals, would protect from challenge with virulent
rabies virus. In 1885, he inoculated a child, Joseph Meister, with this, the first arti-
ficially produced virus vaccine (as the ancient practice of variolation and Jenner’s
use of cowpox virus for vaccination relied on naturally occurring viruses). Whole
plants have been used to study the effects of plant viruses after infection ever since
tobacco mosaic virus was first discovered by Iwanowski. Usually such studies
involve rubbing preparations containing virus particles into the leaves or stem of
the plant.

During the Spanish—American War of the late nineteenth century and the sub-
sequent building of the Panama Canal, the number of American deaths due to
yellow fever was colossal. The disease also appeared to be spreading slowly north-
ward into the continental United States. In 1990, through experimental transmis-
sion to mice, Walter Reed demonstrated that yellow fever was caused by a virus
spread by mosquitoes. This discovery eventually enabled Max Theiler in 1937 to
propagate the virus in chick embryos and to produce an attenuated vaccine—the
17D strain—which is still in use today. The success of this approach led many other
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investigators from the 1930s to the 1950s to develop animal systems to identify
and propagate pathogenic viruses.

Eukaryotic cells can be grown in vitro (tissue culture) and viruses can be prop-
agated in these cultures, but these techniques are expensive and technically quite
demanding. Some viruses will replicate in the living tissues of developing embry-
onated hens eggs, such as influenza virus. Egg-adapted strains of influenza virus
replicate well in eggs and very high virus titres can be obtained. Embryonated
hens eggs were first used to propagate viruses in the early decades of the twenti-
eth century. This method has proved to be highly effective for the isolation and
culture of many viruses, particularly strains of influenza virus and various poxviruses
(e.g., vaccinia virus). Counting the ‘pocks’ on the chorioallantoic membrane of eggs
produced by the replication of vaccinia virus was the first quantitative assay for any
virus. Animal host systems still have their uses in virology:

= To produce viruses that cannot be effectively studied in vitro (e.g., hepatitis B
virus)

= To study the pathogenesis of virus infections (e.g., coxsackieviruses)

= To test vaccine safety (e.g., oral poliovirus vaccine)

Nevertheless, they are increasingly being discarded for the following reasons:

» Breeding and maintenance of animals infected with pathogenic viruses is
expensive.

= Whole animals are complex systems in which it is sometimes difficult to discern
events.

= Results obtained are not always reproducible due to host variation.

= Unnecessary or wasteful use of experimental animals is morally repugnant.

= They are rapidly being overtaken by ‘modern science’—cell culture and molecu-
lar biology.

The use of whole plants as host organisms does not give rise to the same moral
objections as the use of living animals and continues to play an important part in
the study of plant viruses, although such systems are sometimes slow to deliver
results and expensive to maintain.

In recent years, an entirely new technology has been employed to study the
effects of viruses on host organisms. This involves the creation of transgenic
animals and plants by inserting all or part of the virus genome into the DNA of
the experimental organism, resulting in expression of virus mRNA and proteins
in somatic cells (and sometimes in the cells of the germ line). Thus, the pathogenic
effects of virus proteins, individually and in various combinations, can be studied
in living hosts. ‘SCID-hu’ mice have been constructed from immunodeficient lines
of animals transplanted with human tissue. These mice form an intriguing model
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to study the pathogenesis of human immunodeficiency virus (HIV) as there is no
real alternative to study the properties of this important virus in vivo. While these
techniques often raise the same moral objections as ‘old-fashioned’ experimental
infection of animals by viruses, they are immensely powerful new tools for the
study of virus pathogenicity. A growing number of plant and animal viruses genes
have been analysed in this way, but the results have not always been as expected,
and in many cases it has proved difficult to equate the observations obtained with
those gathered from experimental infections. Nevertheless, this method will
undoubtedly become much more widely used as more of the technical difficulties
associated with the construction of transgenic organisms are solved.

CreLL CULTURE METHODS

Cell culture began early in the twentieth century with whole-organ cultures, then
progressed to methods involving individual cells, either primary cell cultures
(somatic cells from an experimental animal or taken from a human patient which
can be maintained for a short period in culture) or immortalized cell lines, which,
given appropriate conditions, continue to grow in culture indefinitely.

In 1949, John Enders and his colleagues were able to propagate poliovirus in
primary human cell cultures. This achievement ushered in what many regard as the
‘Golden Age of Virology’ and led to the identification and isolation during the
1950s and 1960s of many viruses and their association with human diseases—for
example, many enteroviruses and respiratory viruses, such as adenoviruses. Wide-
spread virus isolation led to the realization that subclinical virus infections were
very common; for example, even in epidemics of the most virulent strains of
poliovirus there are approximately 100 subclinical infections for each paralytic case
of poliomyelitis.

Renato Dulbecco in 1952 was the first to quantify accurately animal viruses
using a plaque assay. In this technique, dilutions of the virus are used to infect a
cultured cell monolayer, which is then covered with soft agar to restrict diffusion
of the virus, resulting in localized cell killing and the appearance of plaques after
the monolayer is stained (Figure 1.1). Counting the number of plaques directly
determines the number of infectious virus particles applied to the plate. The same
technique can also be used biologically to clone a virus (i.e., isolate a pure form
from a mixture of types). This technique had been in use for some time to quan-
tify the number of infectious virus particles in bacteriophage suspensions applied
to confluent ‘lawns’ of bacterial cells on agar plates, but its application to viruses
of eukaryotes enabled rapid advances in the study of virus replication to be made.
Plaque assays largely replaced earlier endpoint dilution techniques, such as the tissue
culture infectious dose (TCIDs) assay, which are statistical means of measuring
virus populations in culture; however, endpoint techniques may still be used in
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Make serial
dilutions of
virus

Plate dilutions onto susceptible cells.
After virus attachment, overlay cells
with semi-solid medium which
restricts diffusion of virus particles.

Restricted cell-to-cell spread of virus
results in localized destruction of cell
monolayer visible as “plaques”

Figure 1.1 Plaque assays are performed by applying a suitable dilution of a virus
preparation to a confluent or semiconfluent adherent monolayer of susceptible cells.
After allowing time for virus attachment to and infection of the cells, liquid
medium is replaced by a semisolid culture medium containing a polymer such as
agarose or carboxymethyl cellulose, which restricts diffusion of virus particles from
infected cells. Only direct cell-to-cell spread can occur, resulting in localized
destruction of the monolayer. After a suitable period, the medium is usually
removed and the cells stained to make the holes in the monolayer (plaques) more
easily wvisible. Each plaque therefore results from infection by a single
plaque-forming unit (p.f.u.).
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certain circumstances—for example, for viruses that do not replicate in culture or
are not cytopathic and do not produce plaques, (e.g., human immunodeficiency
virus).

SEROLOGICAL/ IMMUNOLOGICAL METHODS

As the discipline of virology was emerging, the techniques of immunology were
also developing, and, as with molecular biology more recently, the two disciplines
have always been very closely linked. Understanding mechanisms of immunity to
virus infections has, of course, been very important. Recently, the role that the
immune system itself plays in pathogenesis has become known (see Chapter 7).
Immunology as a discipline in its own right has contributed many of the classical
techniques to virology (Figure 1.2).

George Hirst, in 1941, observed haemagglutination of red blood cells by
influenza virus (see Chapter 4). This proved to be an important tool in the study
of not only influenza but also several other groups of viruses—for example, rubella
virus. In addition to measuring the titre (i.e., relative amount) of virus present in
any preparation, this technique can also be used to determine the antigenic type
of the virus. Haemagglutination will not occur in the presence of antibodies that
bind to and block the virus haemagglutinin. If an antiserum is titrated against a
given number of haemagglutinating units, the haemagglutination inhibition titre
and specificity of the antiserum can be determined. Also, if antisera of known speci-
ficity are used to inhibit haemagglutination, the antigenic type of an unknown virus
can be determined. In the 1960s and subsequent years, many improved detection
methods for viruses were developed, such as:

= Complement fixation tests

= Radioimmunoassays

= Immunofluorescence (direct detection of virus antigens in infected cells or tissue)
= Enzyme-linked immunosorbent assays (ELISAs)

= Radioimmune precipitation

= Western blot assays

These techniques are sensitive, quick, and quantitative.

In 1975, George Kohler and Cesar Milstein isolated the first monoclonal anti-
bodies from clones of cells selected in vitro to produce an antibody of a single speci-
ficity directed against a particular antigenic target. This enabled virologists to look
not only at the whole virus, but at specific regions—epitopes—of individual virus
antigens (Figure 1.3). This ability has greatly increased our understanding of the
function of individual virus proteins. Monoclonal antibodies are also finding
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increasingly widespread application in other types of serological assays (e.g., ELISAs)
to increase their reproducibility, sensitivity, and specificity.

It would be inappropriate here to devote too much discussion to the techni-
cal details of what is also a very rapidly expanding field of knowledge; however,
I strongly recommend that readers who are not familiar with the techniques
mentioned above should familiarize themselves thoroughly with this subject by
reading one or more of the texts given in the Further Reading for this chapter.

Time spent in this way will repay readers throughout their reading of the rest of
this book.

(a) Complement fixation test (b) Immunofluorescence
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Figure 1.2 It is difficult to overestimate the importance of serological techniques
in virology. The four assays illustrated by the diagrams in this figure have been used
for many years and are of widespread value. (a) The complement fixation test works
on the basis that complement is sequestered by antigen—antibody complexes. ‘Sen-
sitized’ antibody-coated red blood cells, known amounts of complement, a virus
antigen, and the serum to be tested are added to the wells of a multiwell plate. In
the absence of antibodies to the virus antigen, free complement is present which
causes lysis of the sensitized red blood cells (haemolysis). If, however, the test serum
contains a sufficiently high titre of antivirus antibodies, then no free complement
remains and haemolysis does not occur. Titrating the test serum by means of serial
dilutions allows a quantitative measurement of the amount of antivirus antibody
present to be made. (b) Immunofluorescence is performed using derivatized antibod-
ies containing a covalently linked fluorescent molecule that emits a characteristi-
cally coloured light when illuminated by light of a different wavelength, such as
rhodamine (red) or fluorescein (green). In direct immunofluorescence, the antivirus
antibody itself is conjugated to the fluorescent marker, whereas in indirect immuno-
fluorescence a second antibody reactive to the antivirus antibody carries the marker.
Immunofluorescence can be used not only to identify virus-infected cells in popu-
lations of cells or in tissue sections but also to determine the subcellular localiza-
tion of particular virus proteins (e.g., in the nucleus or in the cytoplasm). (c)
Enzyme-linked immunosorbent assays (ELISAs) are a rapid and sensitive means of iden-
tifying or quantifying small amounts of virus antigens or antivirus antibodies. Either
an antigen (in the case of an ELISA to detect antibodies) or antibody (in the case
of an antigen ELISA) is bound to the surface of a multiwell plate. An antibody
specific for the test antigen, which has been conjugated with an enzyme molecule
(such as alkaline phosphatase or horseradish peroxidase), is then added. As with
immunofluorescence, ELISA assays may rely on direct or indirect detection of the
test antigen. During a short incubation, a colourless substrate for the enzyme is
converted to a coloured product, thus amplifying the signal produced by a very
small amount of antigen. The intensity of the product can easily be measured in
a specialized spectrophotometer (‘plate reader’). ELISA assays can be mechanized
and are therefore suitable for routine tests on large numbers of clinical samples.
(d) Western blotting is used to analyse a specific virus protein from a complex mixture
of antigens. Virus antigen-containing preparations (particles, infected cells, or clini-
cal materials) are subjected to electrophoresis on a polyacrylamide gel. Proteins from
the gel are then transferred to a nitrocellulose or nylon membrane and immobi-
lized in their relative positions from the gel. Specific antigens are detected by allow-
ing the membrane to react with antibodies directed against the antigen of interest.
By using samples containing proteins of known sizes in known amounts, the appar-
ent molecular weight and relative amounts of antigen in the test samples
can be determined.

-
-
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Figure 1.3 Monoclonal antibodies are produced by immunization of an animal

with an antigen that usually contains a complex mixture of epitopes. Immature
B-cells are later prepared from the spleen of the animal, and these are fused with
a myeloma cell line, resulting in the formation of transformed cells continuously
secreting antibodies. A small proportion of these will make a single type of
antibody (a2 monoclonal antibody) against the desired epitope. Recently, in
vitro molecular techniques have been developed to speed up the selection of mon-
oclonal antibodies, although these have not yet replaced the original approach
shown here.

ULTRASTRUCTURAL STUDIES

Ultrastructural studies can be considered under three areas: physical methods,
chemical methods, and electron microscopy. Physical measurements of virus parti-
cles began in the 1930s with the earliest determinations of their proportions by
filtration through colloidal membranes of various pore sizes. Experiments of this
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sort led to the first (rather inaccurate) estimates of the size of virus particles. The
accuracy of these estimates was improved greatly by studies of the sedimentation
properties of viruses in ultracentrifuges in the 1960s (Figure 1.4). Differential cen-
trifugation proved to be of great use in obtaining purified and highly concentrated
preparations of many different viruses, free of contamination from host cell com-
ponents, that can be subjected to chemical analysis. The relative density of virus

Centrifugal force

Density of -
sucrose .-

Optical density (260 nm)
Sucrose %

Ultraviolet absorption

Figure 1.4 A number of different sedimentation techniques can be used to study
viruses. In rate-zonal centrifugation (shown here), virus particles are applied to the
top of a preformed density gradient, i.e., a sucrose or salt solution of increasing
density from the top to the bottom of the tube (top of figure). After a period of
time in an ultracentrifuge, the gradient is separated into a number of fractions,
which are analysed for the presence of virus particles. In the figure, the nucleic
acid of the virus genome is detected by its absorption of ultraviolet light (below).
This method can be used both to purify virus particles or nucleic acids or to deter-
mine their sedimentation characteristics. In equilibrium or isopycnic centrifugation,
the sample is present in a homologous mixture containing a dense salt such as
caesium chloride. A density gradient forms in the tube during centrifugation, and
the sample forms a band at a position in the tube equivalent to its own density.
This method can thus be used to determine the density of virus particles and is
commonly used to purify plasmid DNA.
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particles, measured in solutions of sucrose or CsCl, is also a characteristic feature,
revealing information about the proportions of nucleic acid and protein in the
particles.

The physical properties of viruses can be determined by spectroscopy, using
either ultraviolet light to examine the nucleic acid content of the particle or visible
light to determine its light-scattering properties. Electrophoresis of intact virus par-
ticles has yielded some limited information, but electrophoretic analysis of indi-
vidual virion proteins by gel electrophoresis, and particularly also of nucleic acid
genomes (Chapter 3), has been far more valuable. However, by far the most impor-
tant method for the elucidation of virus structures has been the use of x-ray dif-
fraction by crystalline forms of purified virus. This technique permits determination
of the structure of virions at an atomic level.

The complete structures of many viruses, representative of many of the major
groups, have now been determined at a resolution of a few angstroms (A) (see
Chapter 2 «”). This advancement has improved our understanding of the functions
of the virus particle considerably; however, a number of viruses have proven to be
resistant to this type of investigation, a fact that highlights some of the problems
inherent in this otherwise powerful technique. One problem is that the virus must
first be purified to a high degree; otherwise, specific information on the virus
cannot be gathered. This presupposes that adequate quantities of the virus can be
propagated in culture or obtained from infected tissues or patients and that a
method is available to purify virus particles without loss of structural integrity. In
a number of important cases, this requirement rules out further study (e.g., hepa-
titis C vir