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xvii

The enduring goal of scientific endeavor, as of all  human enterprise, I imagine, is to 
achieve an intelligible view of the universe. One of the  great discoveries of modern science 
is that its goal cannot be achieved piecemeal, certainly not by the accumulation of facts. 
To understand a phenomenon is to understand a category of phenomena or it is nothing. 

Understanding is reached through creative acts.
A. D. HERSHEY  
Car ne gie Institution Yearbook 65

All five editions of this textbook have been written according to the authors’ philosophy 
that the best approach to teaching introductory virology is by emphasizing shared princi ples. 
Studying the common steps of the viral reproductive cycle, illustrated with a set of represen-
tative viruses, and considering mechanisms by which  these viruses can cause disease pro-
vides an integrated overview of the biology of  these infectious agents. Such knowledge cannot 
be acquired by learning a collection of facts about individual viruses. Consequently, the major 
goal of this book is to define and illustrate the basic princi ples of virus biology.

In this information- rich age, the quantity of data describing any given virus can be over-
whelming, if not indigestible, for student and expert alike. The urge to write more and more 
about less and less is the curse of reductionist science and the bane of  those who write text-
books meant to be used by students. In the fifth edition, we continue to distill information 
with the intent of extracting essential princi ples, while providing descriptions of how the in-
formation was acquired and tools to encourage our readers’ exploration of the primary lit er a-
ture. Boxes are used to emphasize major princi ples and to provide supplementary material of 
relevance, from explanations of terminology to descriptions of trailblazing experiments. Our 
goal is to illuminate pro cess and strategy as opposed to listing facts and figures. In an effort to 
make the book readable, we have been selective in our choice of viruses that are used as ex-
amples. The encyclopedic Fields’ Virology [Knipe DM, Howley PM (ed). 2020. Fields Virology, 
7th ed. Lippincott Williams & Wilkins, Philadelphia, PA] is recommended as a resource for 
detailed reviews of specific virus families.

What’s New
This edition is marked by a welcome addition to the author team. Our new member, Theo-
dora Hatziioannou, brings expertise in retrovirology, entry, and intrinsic immunity, as well 
as authority regarding ancient Greek my thol ogy and philosophy that the attentive reader 
 will see is generously sprinkled throughout the text.

Preface



xviii Preface

We have added an impor tant new chapter in Volume II, “Therapeutic Viruses.” While the 
majority of the chapters define how viruses reproduce and cause mayhem to both cell and 
host, this new chapter turns the  tables to discuss how viruses can be beneficial to eliminate 
tumor cells, deliver therapeutic genes to specific cells, and expand our arsenal of vaccines for 
prevention of virus- mediated diseases.

The authors continually strive to make this text accessible and relevant to our readers, 
many of whom are undergraduates, gradu ate students, and postdoctoral fellows. Conse-
quently, for this edition, we enlisted the aid of more than twenty of  these trainees to provide 
guidance and commentary on our chapters and ensure that concepts are clearly explained 
and that the text is compelling to read. This unique group of editors has been invaluable in 
the design of all of our fully reworked and up- to- date chapters and appendices, and we ex-
tend a par tic u lar thank- you to them for sharing their perspectives.

A new feature is the inclusion of a set of study questions and/or, in some cases, puzzles, as 
aids to ensure that the key princi ples are evident within each chapter. This section comple-
ments the Princi ples that begin each chapter, focusing on unifying core concepts.

Fi nally, although the SARS- CoV-2 pandemic began as we  were preparing to go to press, 
we have included additions to relevant chapters on the epidemiology, emergence, and repli-
cation of this global scourge, as well as some hopeful information concerning vaccine devel-
opment. What is apparent is that, now more than ever, an appreciation of how viruses impact 
their hosts is not just an academic pursuit, but rather literally a  matter of life and death. We 
extend our gratitude to all  those who serve in patient care settings.

Princi ples Taught in Two Distinct, but Integrated Volumes
Volume I covers the molecular biology of viral reproduction, and Volume II focuses on viral 
pathogenesis, control of virus infections, and virus evolution. The organ ization into two vol-
umes follows a natu ral break in pedagogy and provides considerable flexibility and utility for 
students and teachers alike. The two volumes differ in content but are integrated in style and 
pre sen ta tion. In addition to updating the chapters and appendices for both volumes, we have 
or ga nized the material more efficiently, and as noted above, added a new chapter that we be-
lieve reflects an exciting direction for the field. Links to Internet resources such as websites, 
podcasts, blog posts, and movies are provided within each chapter; the digital edition pro-
vides one- click access to  these materials.

As in our previous editions, we have tested ideas for inclusion in the text in our own 
classes. We have also received constructive comments and suggestions from other virology 
instructors and their students. Feedback from our readers was particularly useful in finding 
typographical errors, clarifying confusing or complicated illustrations, and pointing out in-
consistencies in content.

For purposes of readability, references are not included within the text; each chapter ends 
with an updated list of relevant books, review articles, and selected research papers for read-
ers who wish to pursue specific topics. New to this edition are short descriptions of the key 
messages from each of the cited papers of special interest. Fi nally, each volume has a general 
glossary of essential terms.

 These two volumes outline and illustrate the strategies by which all viruses reproduce, 
how infections spread within a host, and how they are maintained in populations. We have 
focused primarily on animal viruses, but have drawn insights from studies of viruses that 
reproduce in plants, bacteria, and archaea.

Volume I: The Science of Virology and the Molecular Biology of Viruses
This volume examines the molecular pro cesses that take place in an infected host cell. Chap-
ter 1 provides a general introduction and historical perspective, and includes descriptions of 
the unique properties of viruses. The unifying princi ples that are the foundations of virology, 



 Preface xix

including the concept of a common strategy for viral propagation, are then described. The 
princi ples of the infectious cycle, descriptions of the basic techniques for cultivating and as-
saying viruses, and the concept of the single- step growth cycle are presented in Chapter 2.

The fundamentals of viral genomes and ge ne tics, and an overview of the surprisingly 
 limited repertoire of viral strategies for genome replication and mRNA synthesis, are topics 
of Chapter 3. The architecture of extracellular virus particles in the context of providing both 
protection and delivery of the viral genome in a single vehicle  considered in Chapter 4. 
Chapters 5 to 13 address the broad spectrum of molecular pro cesses that characterize the 
common steps of the reproductive cycle of viruses in a single cell, from decoding ge ne tic in-
formation to genome replication and production of progeny virions. We describe how  these 
common steps are accomplished in cells infected by diverse but representative viruses, while 
emphasizing common princi ples. Volume I concludes with a chapter that pre sents an inte-
grated description of cellular responses to illustrate the marked, and generally irreversible, 
impact of virus infection on the host cell.

The appendix in Volume I provides concise illustrations of viral reproductive cycles for 
members of the main virus families discussed in the text. It is intended to be a reference re-
source when reading individual chapters and a con ve nient visual means by which specific 
topics may be related to the overall infectious cycles of the selected viruses.

Volume II: Pathogenesis, Control, and Evolution
This volume addresses the interplay between viruses and their host organisms. In Chapter 1, 
we introduce the discipline of epidemiology, and consider basic aspects that govern how the 
susceptibility of a population is controlled and mea sured. Physiological barriers to virus in-
fections, and how viruses spread in a host, and to other hosts, are the topics of Chapter 2. The 
early host response to infection, comprising cell- autonomous (intrinsic) and innate immune 
responses, are the topics of Chapter 3, while the next chapter considers adaptive immune 
defenses, which are tailored to the pathogen, and immune memory. Chapter 5 focuses on the 
classical patterns of virus infection within cells and hosts, and the myriad ways that viruses 
cause illness. In Chapter 6, we discuss virus infections that transform cells in culture and 
promote oncogenesis (the formation of tumors) in animals. Next, we consider the princi ples 
under lying treatment and control of infection. Chapter 7 focuses on vaccines, and Chapter 8 
discusses the approaches and challenges of antiviral drug discovery. In Chapter 9, the new 
chapter in this edition, we describe the rapidly expanding applications of viruses as thera-
peutic agents. The origin of viruses, the  drivers of viral evolution, and host- virus conflicts are 
the subjects of Chapter 10. The princi ples of emerging virus infections, and humankind’s 
experiences with epidemic and pandemic viral infections, are considered in Chapter  11. 
Chapter 12 is devoted entirely to the “AIDS virus,”  human immunodeficiency virus type 1, 
not only  because it is the causative agent of the most serious current worldwide epidemic but 
also  because of its unique and informative interactions with the  human immune defenses. 
Volume II ends with a chapter on unusual infectious agents, viroids, satellites, and prions.

The Appendix of Volume II affords snapshots of the pathogenesis of common  human vi-
ruses. This appendix has been completely re- envisioned in this edition, and now includes 
panels that define pathogenesis, vaccine and antiviral options, and the course of the infec-
tion through the  human body. This consistent format should allow students to find informa-
tion more easily, and compare properties of the selected viruses.

For some behind- the- scenes information about how the authors created the previous edi-
tion of Princi ples of Virology, see: http:// bit . ly / Virology _ MakingOf.

is
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 These two volumes of Princi ples could not have been composed and revised without help and 
contributions from many individuals. We are most grateful for the continuing encourage-
ment from our colleagues in virology and the students who use the text. Our sincere thanks 
also go to colleagues who have taken considerable time and effort to review the text in its 
evolving manifestations. Their expert knowledge and advice on issues ranging from teaching 
virology to organ ization of individual chapters and style  were invaluable and are inextricably 
woven into the final form of the book.

We also are grateful to  those who gave so generously of their time to serve as expert re-
viewers of individual chapters or specific topics in  these two volumes: Siddharth Balachan-
dran (Fox Chase Cancer Center), Paul Bieniasz (Rocke fel ler University), Christoph Seeger 
(Fox Chase Cancer Center), and Laura Steel (Drexel University College of Medicine). Their 
rapid responses to our requests for details and checks on accuracy, as well as their assistance 
in simplifying complex concepts,  were invaluable.

As noted in “What’s New,” we benefited from the efforts of the students and postdoctoral 
fellows who provided critiques on our chapters and helped to guide our revisions: Pradeep 
Morris Ambrose, Ruchita Balasubramanian, Mariana Nogueira Batista, Pierre Michel Jean 
Beltran, Marni S. Crow, Qiang Ding, Florian Douam, Jenna M. Gaska, Laura J. Halsey, Eliana 
Jacobson, Orkide O. Koyuncu, Robert LeDesma, Rebecca Markham, Alexa McIntyre, Kate-
lynn A. Milora, Laura A. M. Nerger, Morgan Pantuck, Chen Peng, Katrien Poelaert, Daniel 
Poston, Anagha Prasanna, Pavithran T. Ravindran, Inna Ricardo- Lax, Fabian Schmidt, An-
dreas Solomos, Nikhila Shree Tanneti, Sharon M. Washio, Riley M. Williams, and Kai Wu.

Since the inception of this work, our belief has been that the illustrations must comple-
ment and enrich the text. The illustrations are an integral part of the text, and credit for 
their execution goes to the knowledge, insight, and artistic talent of Patrick Lane of ScEY-
Ence Studios. A key to common figure ele ments is provided following the “About the Authors” 
section. As noted in the figure legends, many could not have been completed without the help 
and generosity of numerous colleagues who provided original images. Special thanks go to 
 those who crafted figures or videos tailored specifically to our needs, or provided multiple 
pieces in this latest edition: Jônatas Abrahão (Universidade Federal de Minas Gerais), Mark 
Andrake (Fox Chase Cancer Center), Irina Arkhipova (Marine Biological Laboratory, Woods 
Hole), Brian Baker (University of Notre Dame), Ben Beaden (Australia Zoo, Queensland), 
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     Luria’s Credo 
 “Th ere is an in trin sic sim plic ity of na ture and the ul ti mate 
con tri bu tion of sci ence re sides in the dis cov ery of uni fy ing 
and sim pli fy ing gen er al iza tions, rather than in the de scrip-
tion of iso lated sit u a tions—in the vi su al i za tion of sim ple, 
over all pat terns rather than in the anal y sis of patch works.” 
More than half a cen tury has passed since Sal va dor Luria 
wrote this credo in the in tro duc tion to the clas sic text book 
Ge ne ral Virology . 

 Despite an ex plo sion of in for ma tion in bi  ol ogy since Lu-
ria wrote these words, his vi sion of unity in di ver sity is as 
rel e vant now as it was then. Th at such uni fy ing prin ci ples 
ex ist may not be ob vi ous con sid er ing the be wil der ing ar ray 
of vi ruses, genes, and pro teins rec og nized in mod ern vi rol-
ogy. Indeed, new vi ruses are be ing de scribed reg u larly, and 
vi ral dis eases such as ac quired im mu no de fi  ciency syn drome 
(AIDS), hep a ti tis, and in fl u enza con tinue to chal lenge our 
ef  orts to con trol them. Yet Luria’s credo still stands: even as 
our knowl edge of vi ruses con tin ues to in crease, it is clear 
that their re pro duc tion and sur vival de pend on sim i lar 
path ways. Th is in sight has been hard-won over many years 
of ob ser va tion, re search, and de bate; the his tory of vi rol ogy 
is rich and in struc tive. 

 Viruses Defi ned 
 Viruses are mi cro scopic in fec tious agents that can re pro duce 
only in side a cell that they in fect: they are  ob li gate par a sites
of their host cells. Viruses spread from cell to cell via in fec-

tious par ti cles called  vi ri ons , which con tain ge nomes com-
pris ing RNA or DNA sur rounded by a pro tec tive pro tein 
coat. Upon par ti cle en try and dis as so ci a tion in a host cell, the 
vi ral ge nome di rects syn the sis of vi ral com po nents by cel lu-
lar sys tems. Progeny vi rus par ti cles are formed in the in fected 
cell by  de no vo  self-as sem bly from the newly syn the sized com-
po nents. 

 As will be dis cussed in the fol low ing chap ters, ad vances in 
knowl edge of the struc ture of vi rus par ti cles and the mech a-
nisms by which they are pro duced in their host cells have been 
ac com pa nied by in creas ingly ac cu rate defi   ni tions of these 
unique agents. Th e ear li est path o genic vi ruses, dis tin guished 
by their small size and de pen dence on a host or gan ism for re-
pro duc tion, em pha sized the im por tance of vi ruses as agents 
of dis ease. But there are many other im por tant rea sons to 
study vi rus es. 

 Why We Study Viruses 
 Viruses Are Everywhere 
 Viruses are all  around us, com pris ing an enor mous pro por-
tion of our en vi ron ment, in both num ber and to tal mass ( Box 
1.1 ). All liv ing things en coun ter bil li ons of vi rus par ti cles ev-
ery day. For ex am ple, they en ter our lungs in the 6 li ters of air 
each of us in hales ev ery min ute; they en ter our di ges tive sys-
tems with the food we eat; and they are trans ferred to our 
eyes, mouths, and other points of en try from the sur faces we 
touch and the peo ple with whom we in ter act. Viral nu cleic ac-
ids (the  virome ) can be found in the re spi ra tory, gas tro in tes-
ti nal, and uro gen i tal tracts even of nor mal, healthy in di vid u als 
( Fig. 1.1 ). Our blood streams har bor up to 100,000 vi rus par ti-
cles per mil li li ter. In ad di tion to vi ruses that can in fect us, our 
in tes ti nal tracts are loaded with myr iad plant and in sect vi-
ruses, as well as many hun dreds of bac te rial spe cies that har-
bor their own con stel la tions of vi rus es. 

 P R I N C I P L E S  Foundations 
Viruses are ob li gate in tra cel lu lar par a sites and de pend on 
their host cell for all  as pects of their re pro duc tion. 

Th e fi eld of vi rol ogy en com passes vi ral dis cov ery; the study 
of vi rus struc ture and re pro duc tion; and the im por tance of 
vi ruses in bi  ol ogy, ecol ogy, and dis ease. 

Th is text fo cuses pri mar ily on vi ruses that in fect ver te brates, 
es pe cially hu mans, but it is im por tant to keep in mind that 
vi ruses in fect  all   liv ing things in clud ing in sects, plants, and 
bac te ria. 

 Viruses are not solely path o genic nui sances; they can be ben-
e fi  cial. Viruses con trib ute to eco log i cal ho meo sta sis, keep 
our im mune re sponses ac ti vated and alert, and can be used 
as mo lec u lar fl ash lights to il lu mi nate cel lu lar pro cess es. 

 Viruses have been part of all  of hu man his to ry: they were 
pres ent long be fore  Homo sa pi ens  evolved, and the ma jor ity 
of hu man in fec tions were likely ac quired from other an i-
mals (zoo no ses). 

 While Koch’s pos tu lates were es sen tial for de fi n ing many 
agents of dis ease, not all  path o genic vi ruses can be shown to 
ful fi ll these cri te ria. 

 Viruses can be de scribed based on their ap pear ance, the 
hosts they in fect, or the na ture of their nu cleic acid ge nome. 

 All vi ruses must pro duce mRNA that can be trans lated by 
cel lu lar ri bo somes. Th e Bal ti more clas si fi  ca tion al lows re la-
tion ships among vi ruses with RNA or DNA ge nomes to be 
de ter mined based on the path way re quired for mRNA pro-
duc tion. 

 A com mon pro gram un der lies the prop a ga tion of all  vi-
ruses. Th is text book de scribes that strat egy and the sim i lar-
i ties and dif  er ences in the man ner in which dif  er ent vi ruses 
are re pro duced, spread, and cause dis ease. 
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Viruses Infect All Living Things
While most of this text book fo cuses on vi ral in fec tions of 
hu mans, it is im por tant to bear in mind that vi ruses also in-
fect pets, do mes tic and wild an i mals, plants, and in sects 
through out  the world. They in fect mi crobes such as al gae, 

BOX 1.1
B A C K G R O U N D
Some as tound ing num bers

•  Viruses are the most abun dant en ti ties in the bio sphere. The 
bio mass on our planet of bac te rial vi ruses alone ex ceeds that 
of all  of Earth’s el e phants by more than 1,000-fold. There are 
more than 1030 particles of bacterial viruses in the world’s 
oceans, enough to extend out into space for 200 million light- 
years if arranged head to tail (http:// www. virology. ws/ 2009/ 
03/ 20/ the- abundant- and- diverse- viruses- of- the- seas/ ; http:// 
www. phagehunter. org/ 2008/ 09/ how- far- do- those- phages- 
stretch. html).

•  Whales are com monly in fected with a mem ber of the vi rus 
fam ily Caliciviridae that causes rashes, blis ters, in tes ti nal 
prob lems, and di ar rhea, and that can also in fect hu mans. In-
fected whales ex crete more than 1013 calicivirus par ti cles dai ly.

•  The av er age hu man body con tains ap prox i ma tely 1013 cells, 
but al most an equal num ber of bac te ria, and as many as 100-
fold more vi rus par ti cles.

•  With about 1016 hu man im mu no de fi ciency vi rus type 1 (HIV-1) 
ge nomes on the planet to day, it is highly prob a ble that some-
where there ex ist HIV-1 ge nomes that are re sis tant to ev ery one 
of the an ti vi ral drugs that we have now or are likely to have in 
the fu ture.

Viruses re side in Earth’s vast oceans and 
ev ery where else on our plan et. Courtesy of NASA’s 
Earth Observatory, Suomi NPP sat el lite im age 
cour tesy of NASA/GSFC.

fungi, and bac te ria, and some even in ter fere with the re pro-
duc tion of other vi ruses. Viral in fec tion of ag ri cul tural 
plants and an i mals can have enor mous eco nomic and so ci e-
tal im pact. Outbreaks of in fec tion by foot-and-mouth dis-
ease and avian in flu enza vi ruses have led to the de struc tion 
(cull ing) of mil li ons of cat tle, sheep, and poul try, in clud ing 
healthy an i mals, to pre vent fur ther spread. Losses in the 
United Kingdom dur ing the 2001 out  break of foot-and-
mouth dis ease ran into bil li ons of dol lars, and caused havoc 
for both farm ers and the gov ern ment (Box 1.2). More re cent 
out  breaks of the avian in flu enza vi rus H5N1 and other 
strains in Asia have re sulted in sim i lar dis rup tion and eco-
nomic loss. Viruses that in fect crops such as po ta toes and 
fruit trees are com mon, and can lead to se ri ous food short-
ages as well as fi nan cial dev as ta tion.

DNA viruses

Blood
(>19)

Nervous system
(>3)

Skin, hair, nails
(>13)

Respiratory tract
(>17)

Digestive tract
(>19) Urogenital tract

(>6)

RNA viruses

Figure 1.1 The hu man virome. Our knowl edge of the di ver sity of 
vi ruses that can be pres ent in or on a nor mal hu man (in clud ing some 
po ten tial path o gens) has in creased greatly with the de vel op ment of 
high-throughput se quenc ing tech niques and new bioinformatic tools. 
Current es ti ma tes of the num bers of dis tinct vi ral fam i lies with DNA 
or RNA ge nomes in var i ous sites are in pa ren the ses; the > sym bol sig ni-
fies the pres ence of ad di tional vi ruses not yet as signed to known fam i-
lies. The num bers may in crease as di ag nos tic tools im prove and new 
vi ral fam i lies are iden ti fied. Data from Popgeorgiev N et al. 2013. Inter-
virology 56:395-412; see also http:// www. virology. ws/ 2017/ 03/ 23/ the 
- viruses- in- your- blood/ .

www.phagehunter.org/2008/09/how-far-do-those-phages-stretch.html
http://www.virology.ws/2017/03/23/the-viruses-in-your-blood
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D I S C U S S I O N
The first an i mal vi rus dis cov ered re mains a scourge to day

Foot-and-mouth dis ease vi rus in fects do mes-
tic cat tle, pigs, and sheep, as well as many spe-
cies of wild an i mals. Although mor tal ity is 
low, mor bid ity (ill ness) is high and in fected 
farm an i mals lose their com mer cial value. 
The vi rus is highly con ta gious, and the most 
com mon and ef ec tive method of con trol is by 
the slaugh ter of en tire herds in af ected ar eas.

Outbreaks of foot-and-mouth dis ease 
were widely re ported in Eu rope, Asia, Af rica, 
and South and North Amer ica in the 1800s. 
The larg est ep i demic ever re corded in the 
United States oc curred in 1914. After en try 
into the Chi cago stock yards, the vi rus spread 
to more than 3,500 herds in 22 states. This ca-
lam ity ac cel er ated ep i de mi o log i cal and dis-
ease con trol pro grams, even tu ally lead ing to 
the field- and lab o ra to ry-based sys tems main-
tained by the U.S. Department of Agriculture 
to pro tect do mes tic live stock from for eign an-
i mal and plant dis eases. Similar con trol sys-
tems have been es tab lished in other Western 
coun tries, but this vi rus still pres ents a for mi-
da ble chal lenge through out  the world. A 1997 
out  break of foot-and-mouth dis ease among 
pigs in Tai wan re sulted in eco nomic losses of 
greater than $10 bil li on.

In 2001, an ep i demic out  break in the 
United Kingdom spread to other coun tries in 
Eu rope and led to the slaugh ter of more than 
6 mil lion in fected and un in fected farm an i-

mals. The as so ci ated eco nomic, so ci e tal, and 
po lit i cal costs jolted the Brit ish gov ern ment. 
Images of mass gra ves and hor rific pyres con-
sum ing the corpses of dead an i mals (see fig-
ure) sen si tized the pub lic as never be fore. 
Minor out  breaks that oc curred later in the 
United Kingdom and parts of Asia were also 
con trolled by cull ing. But in 2011, South Ko-
rea was re ported to have de stroyed 1.5 mil lion 

pigs, roughly 12% of its pop u la tion, to curb a 
more se ri ous out  break spread of the vi rus.

Hunt J.3 Jan u ary 2013. Foot-and-mouth is knock ing 
on Eu rope’s door. Farmers Weekly. http:// www. fwi. 
co. uk/ articles/ 03/ 01/ 2013/ 136943/ foot- and- mouth- 
is- knocking- on- europe39s- door. htm.

Mur phy FA, Gibbs EPJ, Horzinek MC, Studdert MJ. 
1999. Veterinary Virology, 3rd ed. Academic Press, 
Inc, San Di ego, CA.

BOX 1.2

Mass burn ing of cat tle car casses dur ing the 2001 foot-and-
mouth dis ease out  break in the United Kingdom. Courtesy of Dr. 
Pamela Hullinger, Cal i for nia Department of Food and Agriculture.

Viruses Can Cause Human Disease
With such con stant ex po sure, it is noth ing short of amaz-
ing that the vast ma jor ity of vi ruses that in fect us have lit tle 
or no im pact on our health or well-be ing. As de scribed in 
Volume II, we owe such rel a tive safety to our elab o rate im-
mune de fense sys tems, which have evolved un der the se lec-
tive pres sure im posed by mi cro bial in fec tion. When these 
de fenses are com pro mised, even the most com mon in fec tion 
can be le thal. Despite such de fenses, some of the most dev as-
tat ing hu man dis eases have been or still are caused by vi rus es; 
these dis eases in clude small pox, yel low fe ver, po lio my eli tis, 
in flu enza, mea sles, and AIDS. Viral in fec tions can lead to 
life-threatening dis eases that im pact vir tu ally all  or gans, 
in clud ing the lungs, liver, cen tral ner vous sys tem, and in tes-
tines. Viruses are re spon si ble for ap prox i ma tely 15% of the 
hu man can cer bur den, and vi ral in fec tions of the re spi ra tory 

and gas tro in tes ti nal tracts kill mil li ons of chil dren in the de-
vel op ing world each year. As sum ma rized in Volume II, Ap-
pendix, there is no ques tion about the bio med i cal im por tance 
of these agents.

Viruses Can Be Beneficial
Despite the ap pall ing sta tis tics from hu man and ag ri cul tural 
ep i dem ics, it is im por tant to re al ize that vi ruses can also be 
ben e fi cial. Such ben e fit can be seen most clearly in the ma-
rine eco sys tem, where vi rus par ti cles are the most abun dant 
bi o log i cal en ti ties (Box 1.1). Indeed, they com prise 94% of 
all  nu cleic ac id-containing par ti cles in the oceans and are 
15 times more abun dant than Bacteria and Archaea. Viral 
in fec tions in the ocean kill 20 to 40% of ma rine mi crobes daily, 
con vert ing these liv ing or gan isms into par tic u late mat ter. In so 
do ing they re lease es sen tial nu tri ents that sup ply phy to plank ton 

http://www.fwi.co.uk/articles/03/ 01/2013/136943/foot-and-mouth-is-knocking-on-europe39s-door.htm
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at the bot tom of the ocean’s food chain, as well as car bon 
di ox ide and other gases that af ect the cli mate of the earth. 
Pathogens can also in flu ence one an oth er: in fec tion by one 
vi rus can have an ame lio rat ing ef ect on the path o gen e sis of a 
sec ond vi rus or even bac te ria. For ex am ple, mice la tently in-
fected with some mu rine her pes vi ruses are re sis tant to in-
fec tion with the bac te rial path o gens Listeria monocytogenes 
and Yersinia pestis. The idea that vi ruses are solely agents of 
dis ease is giv ing way to an ap pre ci a tion of their pos i tive, even 
nec es sary, ef ects, and a re al i za tion that their unique prop er-
ties can ac tu ally be har nessed for hu man ben e fit (Volume II, 
Chapter 9).

Viruses “R” Us
Every cell in our body con tains vi ral DNA. Human en dog e-
nous ret ro vi ruses, and el e ments thereof, make up about 8% of 
our ge nome. Most are in ac tive, fos sil rem nants from in fec-
tions of germ cells that oc curred over mil li ons of years dur-
ing our evo lu tion. Some of them are sus pected to be as so ci ated 
with spe cific dis eases, but the reg u la tory se quences and pro-
tein prod ucts of other en dog e nous ret ro vi ruses have been 
coopted dur ing our evo lu tion for their unique func tions. For 
ex am ple, ret ro vi ral gene prod ucts may play a role in the reg-
u la tion of pluripotency in germ cells, in trans mis sion of sig-
nals at neu ro nal syn apses, and clearly in the way that we give 
birth. The de vel op ment of the hu man pla centa de pends on 
cell fu sion pro moted by a ret ro vi ral pro tein. If not for these 
en dog e nous ret ro vi ruses, we might be pro duc ing our young 
in eggs, like birds and rep tiles.

Recent ge no mic stud ies have re vealed that our vi ral “her i-
tage” is not lim ited to ret ro vi ruses. Human and other ver te-
brate ge nomes har bor se quences de rived from sev eral other 
RNA and DNA vi ruses. As many of these in ser tions are es ti-
mated to have oc curred some 40 mil lion to 90 mil lion years 
ago, this knowl edge has pro vided unique in sight into the ages 
and evo lu tion of their cur rently cir cu lat ing rel a tives. The con-
ser va tion of some of these vi ral se quences in ver te brate ge-
nomes sug gests that they may have been se lected for ben e fi cial 
prop er ties over evo lu tion ary time.

Viruses Can Cross Species Boundaries
Although vi ruses gen er ally have a lim ited host range, they 
can and do spread across spe cies bar ri ers. As the world’s hu-
man pop u la tion con tin ues to ex pand and im pinge on the 
wil der ness, cross-species (zoo not ic) in fec tions of hu mans 
are oc cur ring with in creas ing fre quency. In ad di tion to the 
AIDS pan demic, the highly fa tal Ebola hem or rhagic fe ver, 
se vere acute re spi ra tory syn drome (SARS), and Middle East 
re spi ra tory syn drome (MERS) are re cent ex am ples of vi ral 
dis eases to emerge from zoo notic in fec tions. The in flu enza 
vi rus H5N1 con tin ues to spread among poul try and wild 

birds in ar eas of the Middle East and Asia. The vi rus is 
deadly to hu mans who catch it from in fected birds. The 
fright en ing pos si bil ity that it could gain the abil ity to spread 
among hu mans is a ma jor in cen tive for mon i tor ing for per-
son-to-person trans mis sion in case of in fec tion by this and 
other path o genic avian in flu enza vi ruses. Given the eons 
over which vi ruses have had the op por tu nity to in ter act with 
var i ous spe cies, to day’s “nat u ral” host may sim ply be a way 
sta tion in vi ral evo lu tion.

Viruses Are Unique Tools To Study  
Biology
Because vi ruses are de pen dent on their hosts for prop a ga-
tion, stud ies that fo cus on vi ral re pro gram ming of cel lu lar 
mech a nisms have pro vided unique in sights into ge net ics, 
cel lu lar bi  ol ogy, and func tion ing of host de fenses. Ground-
breaking stud ies of vi ruses that in fect bac te ria (called bac te
rio phag es) in the mid-20th cen tury es tab lished the mo lec u lar 
ba sis of ge netic in her i tance. Through de vel op ment and use 
of strin gent, quan ti ta tive meth ods with these rel a tively sim-
ple bi o log i cal en ti ties, this re search con firmed that DNA en-
codes genes and genes en code pro teins. Ge ne ral mech a nisms 
of ge netic re com bi na tion, re pair, and con trol of gene ex pres-
sion were also elu ci dated, lay ing the foun da tions of mod ern 
mo lec u lar bi  ol ogy and re com bi nant DNA tech nol ogy. Sub-
sequent stud ies of an i mal vi ruses es tab lished many fun da-
men tal prin ci ples of cel lu lar func tion, in clud ing the pres ence 
of in ter ven ing se quences in eu kary otic genes. The study of 
can cer (trans form ing) vi ruses es tab lished the ge netic ba sis 
of this dis ease.

With the de vel op ment of re com bi nant DNA tech nol ogy 
and our in creased un der stand ing of vi ral sys tems, it has be-
come pos si ble to use vi ral ge nomes as ve hi cles for the de liv-
ery of genes to cells and or gan isms for both sci en tific and 
ther a peu tic pur poses. The use of vi ral vec tors to in tro duce 
genes into var i ous cells and or gan isms to study their func-
tion has be come a stan dard method in bi  ol ogy. Viral vec tors 
are also be ing used to treat hu man dis ease, for ex am ple, via 
“gene ther a py,” in which func tional genes de liv ered by vi ral 
vec tors com pen sate for faulty genes in the host cells (Volume II, 
Chapter 9).

The study of vi ruses has con trib uted in a unique way to the 
field of an thro pol ogy. As an cient hu mans moved from one 
geo graphic area to an other, the vi ral strains unique to their 
orig i nal lo ca tions came along with them. The pres ence of such 
strains can be de tected by anal y sis of vi ral nu cleic ac ids, pro-
teins, and an ti bod ies from an cient hu man spec i mens and in 
mod ern pop u la tions. Together with archeological in for ma-
tion, iden ti fi ca tion of these vi ro log i cal mark ers has been used 
to trace the path ways by which hu mans came to in habit var i-
ous re gions of our planet (Fig. 1.2).
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Virus Prehistory
Although vi ruses have been known as dis tinct bi o log i cal en-
ti ties for only about 120 years, ev i dence of vi ral in fec tion can 
be found among the ear li est re cord ings of hu man ac tiv ity, and 
meth ods for com bat ing vi ral dis ease were prac ticed long be-
fore the first vi rus was rec og nized. Consequently, ef orts to 
un der stand and con trol these im por tant agents of dis ease be-
gan only in the last cen tu ry.

Viral Infections in Antiquity
Reconstruction of the pre his toric past to pro vide a plau si ble 
ac count of when or how vi ruses es tab lished them selves in hu-
man pop u la tions is chal leng ing. However, ex trap o lat ing from 
cur rent knowl edge, we can de duce that some mod ern vi ruses 
were un doubt edly as so ci ated with the ear li est pre cur sors of 
mam mals and co evolved with hu mans. Other vi ruses en tered 
hu man pop u la tions only re cently. The last 10,000 years of his-
tory was a time of rad i cal change for hu mans and our vi rus es: 
an i mals were do mes ti cated, the hu man pop u la tion in creased 
dra mat i cally, large pop u la tion cen ters ap peared, and com-
merce and tech nol ogy drove world wide travel and in ter ac tions 
among un prec e dented num bers of peo ple.

Viruses that es tab lished them selves in hu man pop u la tions 
were un doubt edly trans mit ted from an i mals, much as still 
hap pens to day. Early hu man groups that do mes ti cated and 
lived with their an i mals were al most cer tainly ex posed to dif-

fer ent vi ruses than were no madic hunt er/gatherer so ci e ties. 
Similarly, as many dif er ent vi ruses are en dem ic in the trop-
ics, hu man so ci e ties in that en vi ron ment must have been ex-
posed to a greater va ri ety of vi ruses than so ci e ties es tab lished 
in tem per ate cli ma tes. When no madic groups met oth ers with 
do mes ti cated an i mals, hu man-to-human con tact could have 
pro vided new av e nues for vi rus spread. Even so, it seems un-
likely that vi ruses such as those that cause mea sles or small-
pox could have en tered a per ma nent re la tion ship with small 
groups of early hu mans. Such highly vir u lent vi ruses, as we 
now know them to be, ei ther kill their hosts or in duce life long 
im mu nity. Consequently, they can sur vive only when large, 
in ter act ing host pop u la tions of er a suf  cient num ber of na-
ive and per mis sive hosts for their con tin ued prop a ga tion. 
Such vi ruses could not have been es tab lished in hu man pop-
u la tions un til large, set tled com mu ni ties ap peared. Less vir-
u lent vi ruses that en ter into a long-term re la tion ship with 
their hosts were there fore more likely to be the first to be come 
adapted to re pro duc tion in the ear li est hu man pop u la tions. 
These vi ruses in clude the mod ern ret ro vi ruses, her pes vi ruses, 
and pap il lo ma vi rus es.

Evidence for knowl edge of sev eral dis eases that we now 
know to be caused by vi ruses can be found in an cient re cords. 
The Greek poet Homer char ac ter izes Hector as “ra bid” in The 
Il i ad (Fig. 1.3A), and Mes o po ta mian laws that out  line the re-
spon si bil i ties of the own ers of ra bid dogs date from be fore 
1000 b.c.e. Their ex is tence in di cates that the com mu ni ca ble 
na ture of this vi ral dis ease was al ready well-known by that 
time. Egyp tian hi ero glyphs il lus trate what ap pear to be the 
con se quences of po lio vi rus in fec tion (a with ered leg typ i cal of 
po lio my eli tis [Fig. 1.3B]). Pustular le sions char ac ter is tic of 
small pox have also been found on Egyp tian mum mies. The 
small pox vi rus was prob a bly en demic in the Gan ges River ba-
sin by the fifth cen tury b.c.e. and sub se quently spread to 
other parts of Asia and Eu rope. This vi ral path o gen has played 
an im por tant part in hu man his tory. Its in tro duc tion into the 
pre vi ously un ex posed na tive pop u la tions of Central and 
South Amer ica by col o nists in the 16th cen tury led to le thal 
ep i dem ics, which are con sid ered an im por tant fac tor in the 
con quests achieved by a small num ber of Eu ro pean sol diers. 
Other vi ral dis eases known in an cient times in clude mumps 
and, per haps, in flu enza. Eu ro pe ans have de scribed yel low fe-
ver since they dis cov ered Af rica, and it has been sug gested 
that this scourge of the trop i cal trade was the ba sis for leg ends 
about ghost ships, such as the Flying Dutchman, in which an 
en tire ship’s crew per ished mys te ri ous ly.

Humans have not only been sub ject to vi ral dis ease 
through out  much of their his tory but have also ma nip u lated 
these agents, al beit un know ingly, for much lon ger than might 
be imag ined. One clas sic ex am ple is the cul ti va tion of mar-
vel ously pat terned tu lips, which were of enor mous value in 

Figure 1.2 Tracking an cient hu man mi gra tions by the vi ruses 
they car ried. The poly oma vi rus known as JC vi rus is trans mit ted 
among fam i lies and pop u la tions and has co evolved with hu mans since 
the time of their or i gin in Af rica. This vi rus pro duces no dis ease in nor-
mal, healthy peo ple. Most in di vid u als are in fected in child hood, aft er 
which the vi rus es tab lishes a per sis tent in fec tion in the gas tro in tes ti nal 
tract and is shed in urine. Analysis of the ge nomes of JC vi rus in hu man 
pop u la tions from dif er ent geo graphic lo ca tions has sug gested an ex-
pan sion of an cient hu mans from Af rica via two dis tinct mi gra tions, 
each car ry ing a dif er ent lin e age of the vi rus. Results from these stud ies 
are con sis tent with an a ly ses of hu man DNAs (shown by the solid line). 
They also sug gest an ad di tional route that was un de tect able in the hu-
man DNA an a ly ses (in di cated by the dashed line). Data from Pavesi A. 
2005. J Gen Virol 86:1315–1326.
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Figure 1.4 Three Broken Tulips. A paint ing by Ni co las Rob ert 
(1624–1685), now in the col lec tion of the Fitzwilliam Museum, Cam-
bridge, United Kingdom. Striping pat terns (color break ing) in tu lips 
were de scribed in 1576 in west ern Eu rope and were caused by a vi ral 
in fec tion. This beau ti ful im age de picts the re mark able con se quences 
of in fec tion with the tu lip mo saic vi rus. © Fitzwilliam Museum, 
Cam bridge.

Figure 1.5 Characteristic small pox le sions in a young vic tim. 
Illustrations like these were used as ex am ples to track down in di vid u als 
in fected with the small pox vi rus (va ri ola vi rus) dur ing the World Health 
Organization cam paign to erad i cate the dis ease. Courtesy of CDC/Dr. 
Rob in son (CDC PHIL ID#10398). See also the in ter view with Dr. Don-
ald Hen der son: http:// bit. ly/ Virology_ Henderson.

Here this �rebrand, rabid Hector,
leads the charge.
 Homer, �e Iliad,
 translated by Robert Fagels
 (Viking Penguin)

Figure 1.3 References to vi ral dis eases from the an cient lit er-
a ture. (A) An im age of Hector from an an cient Greek vase. Courtesy 
of the Penn Museum, ob ject 30-44-4. (B) An Egyp tian stele, or stone 
tab let, from the 18th dy nasty (1580–1350 b.c.e.) de pict ing a man with a 
with ered leg and the “drop foot” syn drome char ac ter is tic of po lio my-
eli tis. Image cour tesy of SPL/Science Source.

17th-century Holland. Such ef orts in cluded de lib er ate spread 
of a vi rus (tu lip break ing vi rus or tu lip mo saic vi rus) that we 
now know causes the strip ing of tu lip pet als so highly prized 
at that time (Fig. 1.4). Attempts to con trol vi ral dis ease have 
an even more ven er a ble his to ry.

The First Vaccines
Measures to con trol one vi ral dis ease have been used for the 
last mil len nium. The dis ease is small pox (Fig. 1.5), and the 
prac tice is called variolation. The pro cess en tails tak ing ma-
te rial di rectly from the small pox le sions of an in fected in di-
vid ual and scratch ing it onto the skin of healthy in di vid u als 
with a lan cet. Widespread in China and In dia by the 11th 
cen tury, variolation was based on the rec og ni tion that small-
pox sur vi vors were pro tected against sub se quent bouts of 
the dis ease. Variolation later spread to Asia Minor, where its 
value was rec og nized by Lady Mary Wortley Mon tagu, wife 
of the Brit ish am bas sa dor to the Ot to man Em pire. She in tro-
duced this prac tice into En gland in 1721, where it be came 
quite wide spread fol low ing the suc cess ful in oc u la tion of 
chil dren of the royal fam ily. George Wash ing ton is said to 
have in tro duced the prac tice among Continental Army sol-
diers in 1776. However, the con se quences of variolation were 
un pre dict able and never pleas ant: se ri ous skin le sions in-
vari ably de vel oped at the site of in oc u la tion and were oft en 
ac com pa nied by more gen er al ized rash and dis ease, with a 
fa tal ity rate of 1 to 2%. From the com fort able view point of 
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an af u ent coun try in the 21st cen tury, such a death rate 
seems un ac cept ably high. However, in the 18th cen tury, var-
iolation was per ceived as a much bet ter al ter na tive than nat-
u rally con tract ing nat u ral small pox, a dis ease with a fa tal ity 
rate of 25% in the whole pop u la tion and 40% in ba bies and 
young chil dren.

In the 1790s, Ed ward Jen ner, an En glish coun try phy si-
cian, es tab lished the prin ci ple on which mod ern meth ods of 
vi ral im mu ni za tion are based, even though vi ruses them-
selves were not to be iden ti fied for an other 100 years. Jen ner 
him self was variolated with small pox as a young boy and was 
un doubt edly fa mil iar with its ef ects and risks. Perhaps this 
ex pe ri ence spurred his abid ing in ter est in this method. Al-
though it is com monly as serted that Jen ner’s de vel op ment of 
the small pox vac cine was in spired by his ob ser va tions of 
milk maids, the re al ity is more pro saic. As a phy si cian’s ap-
pren tice at age 13, Jen ner learned about a cu ri ous ob ser va tion 
of lo cal prac ti tion ers who had been variolating farm ers with 
small pox. No ex pected skin rash or dis ease ap peared in farm-
ers who had pre vi ously suf ered a bout with cow pox. This 
lack of re sponse was typ i cal of in di vid u als who had sur vived 
ear lier in fec tion with small pox and were known to be im-
mune to the dis ease. It was sup posed there fore that, like 
small pox sur vi vors, these nonresponding farm ers must 
some how be im mune to small pox. Although the phe nom e-
non was first ob served and later re ported by oth ers, Jen ner 
was the first to ap pre ci ate its sig nifi  cance fully and to fol low 
up with di rect ex per i ments. From 1794 to 1796, he dem on-
strated that in oc u la tion with ma te rial from cow pox le sions 
in duced only mild symp toms in the re cip i ent but pro tected 
against the far more dan ger ous dis ease. It is from these ex-
per i ments that we de rive the term vac ci na tion (vacca = “cow” 
in Lat in); Louis Pas teur coined this term in 1881 to honor 
Jen ner’s ac com plish ments.

Initially, the only way to prop a gate and main tain the cow-
pox-derived vac cine was by se rial in fec tion of hu man sub-
jects. This method was even tu ally banned, as it was oft en 
as so ci ated with trans mis sion of other dis eases such as syph i-
lis and hep a ti tis. By 1860, the vac cine had been pas saged in 
cows; later, horses, sheep, and wa ter buf a loes were also used. 
The or i gin of the cur rent vac cine vi rus, vac cinia vi rus, is now 
thought to be horsepox vi rus (Box 1.3).

The first ra bies vac cine was made by Louis Pas teur, al-
though he had no idea at the time that the rel e vant agent 
was a vi rus. In 1885, he in oc u lated rab bits with ma te rial 
from the brain of a cow suf er ing from ra bies and then used 
aque ous sus pen sions of dried spi nal cords from these an i-
mals to in fect other rab bits. After sev eral such pas sages, the 
re sult ing prep a ra tions were ad min is tered to hu man sub-
jects, where they pro duced mild dis ease but ef ec tive im mu-
nity against ra bies.

Today, vi ral vac cine strains se lected for re duced vir u lence 
are called at ten u at ed, a term de rived from the Latin pre fix ad, 
mean ing “to,” and ten u is, mean ing “weak.” Safer and more ef-
fi cient meth ods for the pro duc tion of larger quan ti ties of these 
first vac cines awaited the rec og ni tion of vi ruses as dis tinc tive 
bi o log i cal en ti ties and par a sites of cells in their hosts. Indeed, 
it took al most 50 years to dis cover the next an ti vi ral vac cines: 
a vac cine for yel low fe ver vi rus was de vel oped in 1935, and an 
in flu enza vac cine was avail  able in 1936. These ad vances be-
came pos si ble only with rad i cal changes in our knowl edge of 
liv ing or gan isms and of the causes of dis ease.

Microorganisms as Pathogenic Agents
The 19th cen tury was a pe riod of rev o lu tion in sci en tific 
thought, par tic u larly in ideas about the or i gins of liv ing 
things. The pub li ca tion of Charles Dar win’s The Origin of Spe-
cies in 1859 crys tal lized star tling (and, to many peo ple, 
shock ing) new ideas about the or i gin of di ver sity in plants and 
an i mals, un til then gen er ally at trib uted di rectly to the hand 
of God. These in sights per ma nently un der mined the per cep-
tion that hu mans were some how set apart from all  other 
mem bers of the an i mal king dom. From the point of view of 
the sci ence of vi rol ogy, the most im por tant changes were in 
ideas about the causes of dis ease.

The di ver sity of mac ro scopic or gan isms has been ap pre-
ci ated and cata loged since the dawn of re corded hu man his-
tory. However, a vast new world of or gan isms too small to 
be vis i ble to the na ked eye was re vealed through the mi cro-
scopes of An tony van Leeu wen hoek (1632–1723). Van Leeu-
wen hoek’s vivid and ex cit ing de scrip tions of liv ing 
mi cro or gan isms, the “wee an i mal cules” pres ent in such or-
di nary ma te ri als as rain or sea wa ter, in cluded ex am ples of 
pro to zoa, al gae, and bac te ria. By the early 19th cen tury, the 
sci en tific com mu nity had ac cepted the ex is tence of mi cro-
or gan isms and turned to the ques tion of their or i gin, a topic 
of fierce de bate. Some be lieved that mi cro or gan isms arose 
spon ta ne ously, for ex am ple, in de com pos ing mat ter, where 
they were es pe cially abun dant. Others held the view that all  
were gen er ated by their re pro duc tion, as are mac ro scopic 
or gan isms. The death knell of the spon ta ne ous-generation 
hy poth e sis was sounded with the fa mous ex per i ments of 
Pas teur. He dem on strated that boiled (i.e., ster il ized) me-
dium re mained free of mi cro or gan isms as long as it was 
main tained in spe cial flasks with curved, nar row necks de-
signed to pre vent en try of air borne mi crobes (Fig. 1.6). Pas-
teur also es tab lished that dis tinct mi cro or gan isms were 
as so ci ated with spe cific pro cesses, such as fer men ta tion, an 
idea that was cru cial in the de vel op ment of mod ern ex pla-
na tions for the causes of dis ease.

From the ear li est times, poi son ous air (mi asma) was 
gen er ally in voked to ac count for ep i dem ics of con ta gious 
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dis eases, and there was lit tle rec og ni tion of the dif er ences 
among caus a tive agents. The as so ci a tion of par tic u lar mi-
cro or gan isms, ini tially bac te ria, with spe cific dis eases can 
be at trib uted to the ideas of the Ger man phy si cian Rob ert 
Koch. He de vel oped and ap plied a set of cri te ria for iden ti-
fi ca tion of the agent re spon si ble for a spe cific dis ease (a 
path o gen), ar tic u lated in an 1890 pre sen ta tion in Ber lin. 
These cri te ria, Koch’s pos tu lates, can be sum ma rized as 
fol lows.

•  The or gan ism must be reg u larly as so ci ated with the dis-
ease and its char ac ter is tic le sions.

•  The or gan ism must be iso lated from the dis eased host 
and grown in cul ture.

•  The dis ease must be re pro duced when a pure cul ture of 
the or gan ism is in tro duced into a healthy, sus cep ti ble 
host.

•  The same or gan ism must be reisolated from the ex per i-
men tally in fected host.

Modern tech nol ogy has al lowed some of Koch’s prin ci ples 
to be amended by the ap pli ca tion of other types of ev i dence 
(Box 1.4). However, by ap ply ing his cri te ria, Koch dem on-
strated that an thrax, a com mon dis ease of cat tle, was caused 

D I S C U S S I O N
Origin of vac cinia vi rus

Over the years, many hy poth e ses have been 
ad vanced to ex plain the cu ri ous or i gin of vac-
cinia vi rus. However, re cent in ves ti ga tions 
into this mys tery by col lab o ra tors in the 
United States, Ger many, and Bra zil in di cate 
that horsepox, not cow pox, was the likely 
pre cur sor of vac cine strains of vac cinia vi rus.

The pro ver bial smok ing gun was an orig i-
nal wooden and glass con tainer that held capil-
lar ies with the small pox vac cine pro duced in 
1902 by H.K. Mulford in Phil a del phia (a com-
pany that merged with Sharpe and Dohme in 
1929). Sequence anal y sis of the DNA showed 
that the core ge nome of the vi rus in that vial 
had the high est de gree of sim i lar ity (99.7%) to 
horsepox vi rus. A re view of the his tor i cal re-
cord shows that dur ing the 19th cen tury, pus-
tu lar ma te rial de rived from both cow pox and 
horsepox le sions was used to im mu nize against 
small pox. The lat ter tech nique was called equi
nation. Although the dis ease is now rare in 
horses and was never re ported in the Amer i cas, 
it was prev a lent in Eu rope, where most vac cine 
sam ples were ob tained at the time.

Most small pox vac cines used in the United 
States, Bra zil, and many Eu ro pean coun tries 
were pro duced in the United States from calves 
in oc u lated with ma te rial col lected in 1866 
from spon ta ne ous cases of cow pox in France. 
Genetic anal y sis of ex ist ing sam ples of these 
early vac cines in di cates that they con tained a 
vi rus more sim i lar to horsepox and vac cinia 
vi ruses than to cow pox vi rus. While nat u rally 
oc cur ring vac cinia vi ruses are found to day 
only in In dia (in buf a los) and Bra zil (in cows), 
they can in fect horses and peo ple, pro duc ing 
pus tu lar le sions sim i lar to those caused by 
horsepox and cow pox vi ruses. One hy poth e-

sis is that the an ces tor of the cur rent vac cine 
strain was a nat u rally oc cur ring vac cinia vi-
rus pres ent in the widely dis trib uted French 
prep a ra tion. Alternatively, the vac cine strain 
may have evolved from horsepox vi rus dur-
ing an i mal pas sage.

It is im por tant to con sider that de vel op-
ment of the small pox vac cine took place more 
than a cen tury be fore mod ern con cepts of vi-
rol ogy were es tab lished. One can think of other 
sce nar ios to ex plain why the vac cine strain of 
vac cinia vi rus is closely re lated to horsepox and 
not cow pox, as orig i nally sup posed.

•  The milk maid with le sions that were the 
source of Jen ner’s orig i nal in oc u lum in 
1796 was in fected with horsepox, not 
cow pox. Horsepox can be trans mit ted 
to cows, and both an i mals are com mon 
on farms.

•  Cows from which pus tu lar ma te rial was 
ob tained for vac ci na tion were most of-
ten in fected with horsepox, trans mit ted 
by their han dlers or by ro dents.

The stu dent is in vited to con jure up other 
plau si ble ex pla na tions.
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role of the Beaugency lymph in the evo lu tion ary 
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18:e55–e63.

Esparza J, Schrick L, Damaso CR, Nitsche A. 2017. 
Equination (in oc u la tion of horsepox): an early al ter-
na tive to vac ci na tion (in oc u la tion of cow pox) and 
the po ten tial role of horsepox vi rus in the or i gin of 
the small pox vac cine. Vaccine 35:7222–7230.

Schrick L, Tausch SH, Dabrowski PW, Damaso CR, 
Esparza J, Nitsche A. 2017. An early Amer i can 
small pox vac cine based on horsepox. N Engl J Med 
377:1491–1492.

TWIV 478: A pox on your horse. http:// www. microbe. tv 
/ twiv/ twiv- 478/ .

BOX 1.3

The orig i nal wooden (top) and glass (bot tom) con tain ers that held 
capil lar ies con tain ing the Mulford 1902 small pox vac cine. Photo kindly 
pro vided by Dr. Jose Esparza, Institute of Human Virology, University of 
Mary land School of Medicine, Bal ti more. ©Merck Sharp & Dohme Corp., 
Merck & Co., Inc.

http://www.microbe.tv /twiv/twiv-478/
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by a spe cific bac te rium (des ig nated Bacillus anthracis) and 
that a sec ond, dis tinct bac te rial spe cies caused tu ber cu lo sis in 
hu mans. Guided by these pos tu lates and the meth ods for the 
ster ile cul ture and iso la tion of pure prep a ra tions of bac te ria 
de vel oped by Pas teur, Jo seph Lis ter, and Koch, many path o-
genic bac te ria (as well as yeasts and fungi) were iden ti fied and 
clas si fied dur ing the last part of the 19th cen tury (Fig. 1.7). 
From these be gin nings, in ves ti ga tion into the causes of in fec-
tious dis ease was placed on a se cure sci en tific foun da tion, the 
first step to ward ra tio nal treat ment and ul ti mately con trol. 
Furthermore, dur ing the last de cade of the 19th cen tury, fail-
ures of the par a digm that bac te rial or fun gal agents are re-
spon si ble for all  dis eases led to the iden ti fi ca tion of a new 

class of in fec tious agents—sub mi cro scopic path o gens that 
came to be called vi rus es.

Discovery of Viruses
The first re port of a path o genic agent smaller than any 
known bac te rium ap peared in 1892. The Rus sian sci en tist 
Dimitrii Ivanovsky ob served that the caus a tive agent of to-
bacco mo saic dis ease was not re tained by the un glazed fil-
ters used at that time to re move bac te ria from ex tracts and 
cul ture me dium (Fig. 1.8A). Six years later in Holland, Mar-
tinus Beijerinck in de pen dently made the same ob ser va tion. 
More im por tantly, Beijerinck made the con cep tual leap that 
this must be a dis tinc tive agent, be cause it was so small that 
it could pass through fil ters that trapped all  known bac te ria. 
However, Beijerinck thought that the agent was an in fec-
tious liq uid. It was two for mer stu dents and as sis tants of 
Koch, Frie drich Loefer and Paul Frosch, who in the same 
year (1898) de duced that such in fec tious fil ter able agents 
com prised small par ti cles: they ob served that while the 
caus a tive agent of foot-and-mouth dis ease (Box 1.2) passed 
through fil ters that held back bac te ria, it could be re tained 
by a finer fil ter.

Not only were the to bacco mo saic and foot-and-mouth 
dis ease path o gens much smaller than any pre vi ously rec og-
nized mi cro or gan ism, but also they could only re pro duce in 
their host or gan isms. For ex am ple, ex tracts of an in fected 
to bacco plant di luted into ster ile so lu tion pro duced no ad di-
tional in fec tious agents un til in tro duced into leaves of 
healthy plants, which sub se quently de vel oped to bacco mo-
saic dis ease. The se rial trans mis sion of in fec tion by di luted 
ex tracts es tab lished that these dis eases were not caused by a 

Broth

Figure 1.6 Pas teur’s fa mous swan-neck flasks pro vided pas-
sive ex clu sion of mi crobes from the ster il ized broth. Although 
the flask was freely open to the air at the end of the long, curved stem, 
the broth re mained ster ile, pro vided that mi crobe-bearing dust that col-
lected in the neck of the stem did not reach the liq uid.

D I S C U S S I O N
New meth ods amend Koch’s prin ci ples

While it is clear that a mi crobe that ful fills 
Koch’s pos tu lates is al most cer tainly the 
cause of the dis ease in ques tion, we now 
know that mi crobes that do not ful fill such 
cri te ria may still rep re sent the eti o log i cal 
agents of dis ease. In the lat ter part of the 
20th cen tury, new meth ods were de vel oped to 
as so ci ate par tic u lar vi ruses with dis ease based 
on im mu no log i cal ev i dence of in fec tion, for 
ex am ple, the pres ence of an ti bod ies in blood. 
The avail abil ity of these meth ods led to the 
pro posal of mod i fied “mo lec u lar Koch’s pos-
tu lates” based on the ap pli ca tion of mo lec u lar 
tech niques to mon i tor the role played by vir u-
lence genes in bac te ria.

The most rev o lu tion ary ad vances in our 
abil ity to link par tic u lar vi ruses with dis ease 
(or ben e fit) come from the more re cent de vel-
op ment of high-throughput nu cleic acid se-
quenc ing meth ods and bioinformatics tools 
that al low de tec tion of vi ral ge netic ma te rial 
di rectly in en vi ron men tal or bi o log i cal sam-
ples, an ap proach called vi ral metagenomics. 
Based on these de vel op ments, al ter na tive 
“metagenomic Koch’s pos tu lates” have been 
pro posed in which (i) the de fin i tive traits are 
mo lec u lar mark ers such as genes or full ge-
nomes that can uniquely dis tin guish sam ples 
ob tained from dis eased sub jects from those 
ob tained from matched, healthy con trol sub-

jects and (ii) in oc u lat ing a healthy in di vid ual 
with a sam ple from a dis eased sub ject re sults 
in trans mis sion of the dis ease as well as the 
mo lec u lar mark ers.

Falkow S. 1988. Molecular Koch’s pos tu lates ap plied to 
mi cro bial path o ge nic i ty. Rev Infect Dis 10(Suppl 
2):S274–S276.

Fredricks DN, Relman DA. 1996. Sequence-based 
iden ti fi ca tion of mi cro bial path o gens: a re con sid er a-
tion of Koch’s pos tu lates. Clin Microbiol Rev 9:18–33.

Mokili JL, Rohwer F, Dutilh BE. 2012. Metagenomics 
and fu ture per spec tives in vi rus dis cov ery. Curr 
Opin Virol 2:63–77.

Racaniello V. 22 Jan u ary 2010. Koch’s pos tu lates in the 
21st cen tury. Virology Blog. http:// www. virology. ws 
/ 2010/ 01/ 22/ kochs- postulates- in- the- 21st- century/ . 

BOX 1.4

http://www.virology.ws/2010/01/22/kochs-postulates-in-the-21st-century/
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Figure 1.7 The pace of dis cov ery of new in fec tious agents in the dawn of vi rol o gy. Koch’s in tro duc tion of ef  cient bac te ri-
o log i cal tech niques spawned an ex plo sion of new dis cov er ies of bac te rial agents in the early 1880s. Similarly, the dis cov ery of fil ter able agents 
launched the field of vi rol ogy in the early 1900s. Despite an early surge of vi rus dis cov ery, only 19 dis tinct hu man vi ruses had been re ported 
by 1935. TMV, to bacco mo saic vi rus. Data from Burdon KL. 1939. Medical Microbiology (Mac mil lan Co, New York, NY).

Virus

A B

Bacteria 
+ virus

Figure 1.8 Filter sys tems used to char ac ter ize/purify vi rus 
par ti cles. (A) The Berkefeld filter, invented in Germany in 1891, was a 
“candle”-style filter comprising diatomaceous earth (called Kieselguhr), 
pressed into a hollow candle shape. The white candle in the upper cham-
ber is open at the top to receive the liquid to be filtered. The smallest pore 
size retained bacteria and let virus particles pass through. Such filters were 
probably used by Ivanovsky, Loefer, and Frosch to isolate the first viruses. 
(B) Modern-day filter systems are made of disposable plastic with the 
upper and lower chambers separated by a biologically inert membrane, 
available in a variety of pore sizes. Such filtration approaches may have 
limited our detection of giant viruses. Image courtesy of EMD Millipore 
Corporation.

bac te rial toxin pres ent in the orig i nal prep a ra tions de rived 
from in fected to bacco plants or cat tle. The fail ure of both 
path o gens to mul ti ply in so lu tions that read ily sup ported the 
growth of bac te ria, as well as their de pen dence on host or-
gan isms for re pro duc tion, fur ther dis tin guished these new 
agents from path o genic bac te ria. Beijerinck termed the sub-
mi cro scopic agent re spon si ble for to bacco mo saic dis ease 
con ta gium vi vum fluidum to em pha size its in fec tious na ture 
and dis tinc tive re pro duc tive and phys i cal prop er ties. Agents 
pass ing through fil ters that re tain bac te ria came to be called 
ultrafilterable vi ruses, ap pro pri at ing the term vi rus from the 
Latin for “poi son.” This term was sim pli fied even tu ally to 
“vi rus.”

The dis cov ery of the first vi rus, to bacco mo saic vi rus, is 
oft en at trib uted to the work of Ivanovsky in 1892. However, 
he did not iden tify the to bacco mo saic dis ease path o gen as a 
dis tinc tive agent, nor was he con vinced that its pas sage through 
bac te rial fil ters was not the re sult of some tech ni cal fail ure. It 
may be more ap pro pri ate to at tri bute the found ing of the field 
of vi rol ogy to the as tute in sights of Beijerinck, Loefer, and 
Frosch, who rec og nized the dis tinc tive na ture of the plant and 
an i mal path o gens they were study ing more than 120 years ago.

The pi o neer ing work on to bacco mo saic and foot-and-
mouth dis ease vi ruses was fol lowed by the iden ti fi ca tion of 
vi ruses as so ci ated with spe cific dis eases in many other or gan-
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isms. Important land marks from this early pe riod in clude 
the iden ti fi ca tion of vi ruses that cause leu ke mias or solid tu-
mors in chick ens by Vilhelm Ellerman and Olaf Bang in 1908 
and Peyton Rous in 1911, re spec tively. The study of vi ruses as-
so ci ated with can cers in chick ens, par tic u larly Rous sar coma 
vi rus, even tu ally led to an un der stand ing of the mo lec u lar ba-
sis of can cer (Volume II, Chapter 6).

The fact that bac te ria could also be hosts to vi ruses was 
first rec og nized by Fred er ick Twort in 1915 and Félix d’Hérelle 
in 1917. d’Hérelle named such vi ruses bac te rio phag es be-
cause of their abil ity to cause their bac te rial host cells to 
rup ture (a phe nom e non called ly sis; “phage” is de rived from 
the Greek for “eat ing”). In an in ter est ing twist of ser en dip-
ity, Twort made his dis cov ery of bac te rial vi ruses while test-
ing the small pox vac cine vi rus to see if it would grow on 
sim ple me dia. He found bac te rial con tam i nants, some of 
which proved to be in fected by a bac te rio phage. As dis cussed 
be low, in ves ti ga tion of bac te rio phages es tab lished not only 
the foun da tions for the field of mo lec u lar bi  ol ogy but also 
fun da men tal in sights into how vi ruses in ter act with their 
host cells.

The Defining Properties of Viruses
Throughout the early pe riod of vi rol ogy when many vi ruses of 
plants, an i mals, and bac te ria were cata loged, ideas about the 
or i gin and na ture of these dis tinc tive in fec tious agents were 
quite con tro ver sial. Arguments cen tered on whether vi ruses 
orig i nated from parts of a cell or were built from unique com-
po nents. Little prog ress was made to ward re solv ing these is sues 
and es tab lish ing the de fin i tive prop er ties of vi ruses un til the 
de vel op ment of new tech niques that al lowed their vi su al i za-
tion or prop a ga tion in cul tured cells.

The Structural Simplicity of Virus Particles
Dramatic con fir ma tion of the struc tural sim plic ity of vi rus 
par ti cles came in 1935, when Wendell Stan ley ob tained crys-
tals of to bacco mo saic vi rus. At that time, noth ing was known 
of the struc tural or ga ni za tion of any bi o log i cally im por tant 
mac ro mol e cules, such as pro teins and DNA. Indeed, the cru-
cial role of nu cleic ac ids as ge netic ma te rial had not even 
been rec og nized. The abil ity to ob tain an in fec tious agent in 
crys tal line form, a state that was more gen er ally as so ci ated 
with in or ganic ma te rial, cre ated much won der and spec u la-
tion about whether a vi rus is truly a life form. In ret ro spect, 
it is ob vi ous that the rel a tive ease with which this par tic u lar 
vi rus could be crys tal lized was a di rect re sult of its struc tural 
sim plic i ty.

The 1930s saw the in tro duc tion of the in stru ment that rap-
idly rev o lu tion ized vi rol o gy: the elec tron mi cro scope. The 
great mag ni fy ing power of this in stru ment (even tu ally more 
than 100,000-fold) al lowed di rect vi su al i za tion of vi rus par ti-
cles for the first time. It has al ways been an ex cit ing ex pe ri ence 

for in ves ti ga tors to ob tain im ages of vi ruses, es pe cially as they 
ap pear to be re mark ably el e gant (Fig. 1.9). Images of many dif-
fer ent vi rus par ti cles con firmed that these agents are very 
small (Fig. 1.10) and that most are far sim pler in struc ture than 
any cel lu lar or gan ism. Many ap peared as reg u lar he li cal or 
spher i cal par ti cles. The de scrip tion of the mor phol ogy of vi rus 
par ti cles made pos si ble by elec tron mi cros copy also opened 
the way for the first ra tio nal clas si fi ca tion of vi rus es.

The Intracellular Parasitism of Viruses

Organisms as Hosts
A de fin ing char ac ter is tic of vi ruses is their ab so lute de-

pen dence on a liv ing host for re pro duc tion: they are ob li gate 
par a sites. Transmission of plant vi ruses such as to bacco 
mo saic vi rus can be achieved read ily, for ex am ple, by ap ply-
ing ex tracts of an in fected plant to a scratch made on the 
leaf of a healthy plant. Furthermore, as a sin gle in fec tious 
par ti cle of many plant vi ruses is suf  cient to in duce a char-
ac ter is tic le sion (Fig. 1.11), the con cen tra tion of the in fec-
tious agent could be mea sured. Plant vi ruses were there fore 
the first to be stud ied in de tail. Some vi ruses of hu mans and 
other spe cies could also be prop a gated in lab o ra tory an i-
mals, and meth ods were de vel oped to quan tify them by de-
ter min ing the le thal dose. The trans mis sion of yel low fe ver 
vi rus to mice by Max Theiler in 1930 was an achieve ment 
that led to the iso la tion of an at ten u ated strain, still con sid-
ered one of the saf est and most ef ec tive ever pro duced for 
the vac ci na tion of hu mans.

After spe cific vi ruses and ap pro pri ate host or gan isms were 
iden ti fied, it be came pos si ble to pro duce suf  cient quan ti ties 
of vi rus par ti cles for study of their phys i cal and chem i cal 
prop er ties and the con se quences of in fec tion for the host. 
Features such as the in cu ba tion pe riod, symp toms of in fec-
tion, and ef ects on spe cific tis sues and or gans were in ves ti-
gated. Laboratory an i mals re main an es sen tial tool in 
in ves ti ga tions of the path o gen e sis of vi ruses that cause dis-
ease. However, real prog ress to ward un der stand ing the 
mech a nisms of vi rus re pro duc tion was made only with the 
de vel op ment of cell cul ture sys tems. The first and the sim-
plest, but cru cial to both vi rol ogy and mo lec u lar bi  ol ogy, 
were cul tures of bac te rial cells.

Lessons from Bacteriophages
In the late 1930s and early 1940s, the bac te rio phages, or 

“phag es,” re ceived in creased at ten tion as a re sult of con tro-
versy cen ter ing on how they might have arisen. John 
Northrup, a bio chem ist at the Rocke fel ler Institute in Prince-
ton, NJ, cham pi oned the the ory that a phage was a met a bolic 
prod uct of a bac te rium. On the other hand, Max Delbrück, in 
his work with Emory El lis and later with Sal va dor Luria, re-
garded phages as au ton o mous, sta ble, self-rep li cat ing en ti ties 
char ac ter ized by her i ta ble traits. According to this par a digm, 
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Figure 1.9 Electron mi cro graphs of vi rus par ti cles fol low ing neg a tive stain ing. (A) The com plex, nonenveloped vi rus bac-
te rio phage T4. Note the in tri cate tail and tail fi bers. Reproduced with per mis sion from Dr. Rob ert L. Duda, University of Pitts burgh, 
Pitts burgh, PA. (B) The he li cal, nonenveloped par ti cle of to bacco mo saic vi rus. Courtesy of Plant Resistance Gene Wiki (http:// prgdb. 
crg. eu/ wiki/ Species:Tobacco_ mosaic_ virus), li censed un der CC BY-SA 3.0. (C) Enveloped par ti cles of the rhab do vi rus ve sic u lar sto ma ti tis 
vi rus. Courtesy of CDC/Dr. Fred. A. Mur phy (CDC PHIL ID#5611). (D) Nonenveloped, ico sa he dral hu man ro ta vi rus par ti cles. Courtesy 
of F. P. Wil liams, U.S. Environmental Protection Agency, Wash ing ton, DC.
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Figure 1.10 Size mat ters. (A) Sizes of an i mal and plant cells, bac te ria, vi ruses, pro teins, mol e cules, and at oms are in di cated. The re-
solv ing pow ers of var i ous tech niques used in vi rol ogy, in clud ing light mi cros copy, elec tron mi cros copy, cryo-electron mi cros copy (Cryo-
EM), X-ray crys tal log ra phy, and nu clear mag netic res o nance (NMR) spec tros copy, are in di cated. Viruses span a broad range from that 
equal to some small bac te ria to just above ri bo some size. The units com monly used in de scrip tions of vi rus par ti cles or their com po nents 
are the nano me ter (nm [10−9 m]) and the ang strom (Å [10−10 m]). (B) Illustration of the size dif er ences among two an i mal vi ruses and a 
typ i cal eu kary otic host cell.
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phages were seen as ideal tools with which to in ves ti gate the 
na ture of genes and he red ity. Probably the most crit i cal early 
con tri bu tion of Delbrück and El lis was the per fec tion of the 
“one-step growth” method for syn chro ni za tion of the re pro-
duc tion of phages, an achieve ment that al lowed anal y sis of a 
sin gle cy cle of phage re pro duc tion in a pop u la tion of bac te-
ria. This ap proach in tro duced highly quan ti ta tive meth ods to 
vi rol ogy, as well as an un prec e dented rigor of anal y sis. The 
first ex per i ments showed that phages in deed mul ti plied in the 
bac te rial host and were lib er ated in a “burst” fol low ing dis-
rup tion of the cell.

Delbrück was a zealot for phage re search and re cruited tal-
ented sci en tists to pur sue the fun da men tal is sues of what is 
now known as the field of mo lec u lar bi  ol ogy. This cadre of 
sci en tists fo cused their at ten tion on spe cific phages of the 
bac te rium Escherichia coli. Progress was rapid, pri mar ily be-
cause of the sim plic ity of the phage in fec tious cy cle. By the 
mid-1950s it was ev i dent that vi ruses from bac te ria, an i mals, 
and plants share many fun da men tal prop er ties. However, 
the phages pro vided a far more trac ta ble ex per i men tal sys-
tem. Consequently, their study had a pro found im pact on the 
field of vi rol o gy.

One crit i cal les son came from a de fin i tive ex per i ment that 
es tab lished that vi ral nu cleic acid car ries ge netic in for ma-
tion. It was known from stud ies of the “trans form ing prin ci-
ple” of pneu mo coc cus by Oswald Avery, Colin MacLeod, and 
Maclyn McCarty (1944) that nu cleic acid was both nec es sary 

Figure 1.11 Lesions in duced by to bacco mo saic vi rus on an in-
fected to bacco leaf. In 1886, Adolph Mayer first de scribed the char-
ac ter is tic pat terns of light and dark green ar eas on the leaves of to bacco 
plants in fected with to bacco mo saic vi rus. He dem on strated that the 
mo saic le sions could be trans mit ted from an in fected plant to a healthy 
plant by aque ous ex tracts de rived from in fected plants. Following ap-
pli ca tion of the prep a ra tion to healthy plant leaves, the num ber of char-
ac ter is tic le sions con tain ing dead cells is di rectly pro por tional to the 
num ber of in fec tious par ti cles in the test sam ple. Courtesy of USDA 
Forest Service, under license CC BY 3.0.

and suf  cient for the trans fer of ge netic traits of bac te ria. 
However, in the early 1950s, pro tein was still sus pected to be 
an im por tant com po nent of vi ral he red ity. In a bril liantly 
sim ple ex per i ment that in cluded the use of a com mon kitchen 
food blender, Al fred Hershey and Mar tha Chase showed that 
this hy poth e sis was in cor rect; DNA, not pro tein, car ries the 
in for ma tion for vi rus re pro duc tion (Box 1.5).

Bacteriophages were orig i nally thought to be le thal agents, 
in vari ably kill ing their host cells aft er in fec tion. In the early 
1920s, a pre vi ously un known in ter ac tion was dis cov ered, in 
which the host cell not only sur vived the in fec tion but also 
sta bly in her ited the ge netic in for ma tion of the vi rus. It was 
also ob served that cer tain bac te rial strains could lyse spon-
ta ne ously and pro duce bac te rio phages aft er a pe riod of 
growth in cul ture. Such strains were called ly so gen ic, and 
the phe nom e non, ly sog e ny. Studies of ly sog eny re vealed 
many pre vi ously un rec og nized fea tures of vi rus-host cell in-
ter ac tions (Box 1.6). Recognition of this phe nom e non came 
from the work of many sci en tists, but it be gan with the el e-
gant ex per i ments of André Lwof and col leagues at the In-
stitut Pas teur in Paris. Lwof showed that a vi ral ge nome 
ex ists in ly so genic cells in the form of a si lent ge netic el e ment 
called the pro phage. This el e ment de ter mined the abil ity 
of ly so genic bac te ria to pro duce in fec tious bac te rio phages. 
Subsequent stud ies of the E. coli bac te rio phage lambda es-
tab lished a par a digm for one mech a nism of ly sog eny, the in te-
gra tion of a phage ge nome into a spe cific site on the bac te rial 
chro mo some.

Bacteriophages be came in ex tri ca bly as so ci ated with the 
new field of mo lec u lar bi  ol ogy. Their study es tab lished 
many fun da men tal prin ci ples: for ex am ple, con trol of the 
de ci sion to en ter a ly so genic or a lytic path way is en coded in 
the ge nome of the vi rus. The first mech a nisms dis cov ered 
for the con trol of gene ex pres sion, ex em pli fied by the el e-
gant op eron the ory of No bel lau re ates François Ja cob and 
Jacques Monod, were de duced in part from stud ies of ly sog-
eny by phage lambda. The bi  ol ogy of phage lambda pro-
vided a fer tile ground for work on gene reg u la tion, but 
study of vir u lent T phages (T1 to T7, where T stands for 
“type”) of E. coli pa ved the way for many other im por tant 
ad vances. As we shall see, these sys tems also pro vided an 
ex ten sive pre view of mech a nisms of an i mal vi rus re pro duc-
tion (Box 1.7).

Animal Cells as Hosts
The cul ture of an i mal cells in the lab o ra tory was ini tially 

more of an art than a sci ence, re stricted to cells that grew out  
of or gans or tis sues main tained in nu tri ent so lu tions un der 
ster ile con di tions. Cells so ob tained from liv ing tis sues, called 
pri mary cells, have a fi nite life span. Their de pen dence for 
growth on nat u ral com po nents in their me dia such as lymph, 
plasma, or chicken em bryo ex tracts, and the tech ni cal de mands 
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of ster ile cul ture prior to the dis cov ery of an ti bi ot ics, made 
re pro duc ible ex per i men ta tion very dif  cult. However, by 
1955, the work of many in ves ti ga tors had led to a se ries of im-
por tant meth od o log i cal ad vances. These in cluded the de vel-
op ment of de fined me dia op ti mal for growth of mam ma lian 
cells, in cor po ra tion of an ti bi ot ics into cell cul ture me dia, and 
de vel op ment of im mor tal cell lines such as the mouse L and 
hu man HeLa cells that are still in wide spread use. These ad-
vances al lowed growth of an i mal cells in cul ture to be come a 
rou tine, re pro duc ible ex er cise.

The avail abil ity of a va ri ety of well-characterized an i mal 
cell cul tures had sev eral im por tant con se quences for vi rol ogy. 
It al lowed the dis cov ery and prop a ga tion of new hu man vi-
ruses, such as ad e no vi rus, mea sles vi rus, and ru bella vi rus, 
for which an i mal hosts were not avail  able. In 1949, John 
Enders and col leagues used cell cul tures to prop a gate po lio-
vi rus, a feat that led to the de vel op ment of po lio vac cines a few 
years later. Cell cul ture tech nol ogy rev o lu tion ized the abil ity 

to in ves ti gate the re pro duc tion of vi ruses. Viral in fec tious 
cy cles could be stud ied un der pre cisely con trolled con di tions 
by em ploy ing the an a log of the one-step growth cy cle of bac-
te rio phages and sim ple meth ods for quan ti fi ca tion of in fec-
tious par ti cles de scribed in Chapter 2.

Our cur rent un der stand ing of the mo lec u lar ba sis of vi-
ral par a sit ism, the fo cus of this vol ume, is based al most en-
tirely on an a ly ses of one-step growth cy cles in cul tured 
cells. Such stud ies es tab lished that vi ruses de pend ab so-
lutely on the bio syn thetic ma chin ery of their host cells for 
syn the sis of the com po nents from which prog eny vi ral par-
ti cles are built. In con trast to cells, vi ruses are not re pro-
duced by growth and di vi sion. Rather, the in fect ing ge nome 
con tains the in for ma tion nec es sary to re di rect cel lu lar sys-
tems to the pro duc tion of many cop ies of all  the com po-
nents needed for the de no vo as sem bly of new vi rus par ti cles. 
It is re mark able, how ever, that while vi ruses lack the com-
plex en er gy-generating and bio syn thetic sys tems nec es sary 

E X P E R I M E N T S
The Hershey-Chase ex per i ment

By dif er en tially la bel ing the nu cleic acid and 
pro tein com po nents of vi rus par ti cles with 
ra dio ac tive phos pho rus (32P) and ra dio ac tive 
sul fur (35S), re spec tively, Al fred Hershey and 
Mar tha Chase showed that the pro tein coat 

of the in fect ing vi rus could be re moved soon 
aft er in fec tion by ag i tat ing the bac te ria for a 
few min utes in a blender. In con trast, 32P-la-
beled phage DNA en tered and re mained as-
so ci ated with the bac te rial cells un der these 

con di tions. Because such blended cells pro-
duced a nor mal burst of new vi rus par ti cles, 
it was clear that the DNA con tained all  of the 
in for ma tion nec es sary to pro duce prog eny 
phag es.

BOX 1.5

Infection Blending/separation Centrifugation/detection

Viral protein
labeled with
radioactive sulfur

No radioactivity detected
in next generation of phage

Radioactive DNA is
detected in progeny phage

Radioactivity predominantly
in the supernatant fraction

Radioactivity predominantly
in the cell pellet

Viral DNA labeled with
radioactive phosphorus

Blen

Viral protein
labeled with
radioactive sulfur

n Centri
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B A C K G R O U N D
Properties of ly sog eny shared with an i mal vi rus es

Lytic ver sus Lysogenic Response 
to Infection
Some bac te rial vi ruses can en ter into ei ther 
de struc tive (lytic) or rel a tively be nign (ly so-
genic) re la tion ships with their host cells. Such 
bac te rio phages were called tem per ate. In a 
ly so genic bac te rial cell, vi ral ge netic in for-
ma tion per sists but vi ral gene ex pres sion is 
re pressed. Such cells are called ly so gens, and 
the qui es cent vi ral ge nome, a pro phage. By 
anal ogy with the pro phage, an in te grated 
DNA copy of a ret ro vi ral ge nome in an an i-
mal ge nome is termed a pro vi rus.

Propagation as a Prophage
For some bac te rio phages like lambda and 
Mu (Mu stands for “mutator”), pro phage 
DNA is in te grated into the host ge nome of 
ly so gens and pas sively rep li cated by the host. 
Virally en coded en zymes, known as inte-
grase (lambda) and transposase (Mu), me di-
ate the co va lent in ser tion of vi ral DNA into 
the chro mo some of the host bac te rium, es-
tab lish ing it as a pro phage. The pro phage 
DNA of other bac te rio phages, such as P1, ex-
ists as a plas mid, a self-rep li cat ing, au ton o-
mous chro mo some in a ly so gen. Both forms 
of prop a ga tion have been iden ti fied in cer-
tain an i mal vi ruses, for ex am ple, ret ro vi-
ruses and a le thal her pes vi rus.

Insertional Mutagenesis
Bacteriophage Mu in serts its ge nome into 
many ran dom lo ca tions on the host chro mo-
some, caus ing nu mer ous mu ta tions by dis-

rupt ing host DNA se quences. This pro cess is 
called in ser tional mu ta gen e sis and is a phe-
nom e non ob served with ret ro vi rus es.

Gene Repression and Induction
Prophage gene ex pres sion in ly so gens is 
turned of by the ac tion of vi ral pro teins called 
re pres sors. Expression can be turned on when 
re pres sors are in ac ti vated (a pro cess called in-
duc tion). The dis cov ery that genes can be reg-
u lated by such trans-act ing pro teins, and 
elu ci da tion of their mech a nism, set the stage 
for later in ves ti ga tion of the con trol of gene 
ex pres sion with other vi ruses and their host 
cells.

Transduction of Host Genes
Bacteriophage ge nomes can pick up cel lu lar 
genes and de liver them to new cells (a pro cess 
known as trans duc tion). For ex am ple, oc ca-
sional mis takes in ex ci sion of the lambda pro-
phage from its host chro mo some aft er in duc tion 
re sult in pro duc tion of un usual prog eny phages 
that have lost some of their own DNA but have 
ac quired the bac te rial DNA ad ja cent to the pro-
phage. The acute trans form ing ret ro vi ruses 
also arise via cap ture of genes in the vi cin ity of 
their in te gra tion as pro vi ruses (Volume II, 
Chapter 6). These can cer-inducing cel lu lar 
genes are then trans duced along with vi ral 
genes dur ing sub se quent in fec tion.

BOX 1.6

Pioneers in the study of ly sog e ny: No bel lau re ates François 
Ja cob, Jacques Monod, and André Lwoff, 1965. Courtesy of the 
U.S. National Library of  Medicine.

T E R M I N O L O G Y
The epi some

In 1958, François Ja cob and Elie Wollman re-
al ized that lambda pro phage and the E. coli F 
sex fac tor had many com mon prop er ties. This 
re mark able in sight led to the defi  ni tion of the 
epi some.

An epi some is an ex og e nous ge netic el e-
ment that is not nec es sary for cell sur vival. Its 
de fin ing char ac ter is tic is the abil ity to re pro-

duce in two al ter na tive states: while in te grated 
in the host chro mo some or au ton o mously. 
However, this term is now most com monly 
ap plied to ge nomes that can be main tained in 
cells by au ton o mous rep li ca tion and never in-
te grate, for ex am ple, the DNA ge nomes of 
cer tain an i mal vi rus es.

BOX 1.7

F
Integrated
F
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for in de pen dent ex is tence (Box 1.8), they are not the sim-
plest bi o log i cally ac tive agents: vi roids, which are in fec-
tious agents of a va ri ety of eco nom i cally im por tant plants, 
com prise a sin gle small mol e cule of non cod ing RNA, 
whereas agents called pri ons, which cause neu ro log i cal dis-
ease in hu mans and an i mals, are thought to be ag gre gates of 
sin gle pro tein mol e cules (Volume II, Chapter 13).

Cataloging Animal Viruses
As new vi ruses were be ing dis cov ered and stud ied by elec tron 
mi cros copy, the vi rus world was seen to be a ver i ta ble zoo of 
par ti cles with dif er ent sizes, shapes, and com po si tions. With 
no stan dard rules for nam ing iso lates, the vi ral lex i con was, 
and still is, id i o syn cratic (Box 1.9). Constructing a ra tio nal 
scheme by which these agents could be clas si fied be came a 
sub ject of col or ful and quite heated con tro versy. A tra di tion-
al ist camp ar gued that it was im pos si ble to in fer, from the 
known prop er ties of vi ruses, any thing about their evo lu tion-
ary or i gin or their re la tion ships to one an oth er—the ma jor 
goal of clas si cal tax on omy. Others main tained that de spite 

such lim i ta tions, there were sig nifi  cant prac ti cal ad van tages 
in group ing vi ruses with sim i lar prop er ties. A ma jor stick ing 
point, how ever, was find ing agree ment on which prop er ties 
should be con sid ered most im por tant in con struct ing a 
scheme for vi rus clas si fi ca tion.

The Classical System
Lwof, Rob ert Horne, and Paul Tournier, in 1962, ad vanced a 
com pre hen sive scheme for the clas si fi ca tion of all  vi ruses un-
der the clas si cal Lin naean hi er ar chi cal sys tem con sist ing of 
phy lum, class, or der, fam ily, ge nus, and spe cies. Although a 
sub se quently formed in ter na tional com mit tee on the no men-
cla ture of vi ruses did not adopt this sys tem in to to, its des ig-
na tion of or ders, fam i lies, gen era, and spe cies is used for the 
clas si fi ca tion of an i mal vi rus es.

One of the most im por tant prin ci ples em bod ied in 
the  sys tem ad vanced by Lwof and his col leagues was that 
vi ruses should be grouped ac cord ing to their shared prop er-
ties rather than those of the cells or or gan isms they in fect. A 
sec ond prin ci ple was a fo cus on the na ture of the nu cleic acid 

D I S C U S S I O N
Are vi ruses liv ing en ti ties? What can/can’t they do?

Viruses can be viewed as mi crobes that ex ist in 
two phas es: an in an i mate phase, the vi ri on; and 
a mul ti ply ing phase in an in fected cell. Some 
re search ers have pro moted the idea that vi ruses 
are bona fide liv ing en ti ties. According to this 
no tion, in an i mate vi ri ons may be viewed as 
“spores” that trans form the in fected cell into a 
novel type of or gan ism (termed a virocell), ded-
i cated to the pro duc tion of new vi ri ons. The na-
ture of vi ruses has long been a topic of in tense 
dis cus sion, stim u lated most re cently by the dis-
cov ery of gi ant vi ruses such as the mimiviruses 
and Pandoraviruses, which en code more func-
tions that pre vi ously as cribed to vi ral ge nomes.

Apart from at trib ut ing “life” to vi ruses, 
many sci en tists have suc cumbed to the temp-
ta tion of as crib ing var i ous ac tions and 
 mo tives when dis cuss ing them. While re-
mark ably ef ec tive in en liv en ing a lec ture or 
an ar ti cle, an thro po mor phic char ac ter iza-
tions are in ac cu rate and also quite mis lead-
ing. Infected cells and hosts re spond in many 
ways aft er vi rus in fec tion, but vi ruses, which 
are to tally at the mercy of their en vi ron ment, 
lack the ca pac ity for in ten tional, goal-directed 
ac tiv ity. Therefore, vi ruses can not em ploy, 
en sure, syn the size, in duce, dis play, de stroy, 

de ploy, de pend, avoid, re tain, evade, ex ploit, 
gen er ate, etc.

As vi rol o gists can be very pas sion ate about 
their sub ject, it is ex ceed ingly dif  cult to 
purge such an thro po mor phic terms from vi-
rol ogy com mu ni ca tions. Indeed, hours were 
spent do ing so in the prep a ra tion of this text-
book, though un doubt edly there re main ex-
am ples in which ac tions are at trib uted to 
vi ruses. Should you find them, let us know!

Check out  what the con tem po rary gen-
eral pub lic feels about this topic at http:// 
www. virology. ws/ are- viruses- alive/ .
Forterre P. 2016. To be or not to be alive: how re cent 

dis cov er ies chal lenge the tra di tional defi  ni tions of 
vi ruses and life. Stud Hist Philos Biol Biomed Sci 
59:100–108.

van Regenmortel MHV. 2016. The met a phor that vi-
ruses are liv ing is alive and well, but it is no more 
than a met a phor. Stud Hist Philos Biol Biomed Sci 
59:117–124.

BOX 1.8

or

www.virology.ws/are-viruses-alive/
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ge nome as the pri mary cri te rion for clas si fi ca tion. The im-
por tance of the ge nome had be come clear when it was 
 in ferred from the Hershey-Chase ex per i ment that vi ral 
 nu cleic acid alone can be in fec tious (Box 1.5). Four char ac-
ter is tics are used in the tax o nomic clas si fi ca tion of all  
 vi rus es:

 1.  Nature of the nu cleic acid in the vi rus par ti cle (DNA or 
RNA)

 2.  Symmetry of the pro tein shell (cap sid)
 3.  Presence or ab sence of a lipid mem brane (en ve lope)
 4.  Dimensions of the vi rion and cap sid

The elu ci da tion of evo lu tion ary re la tion ships by an a ly ses of 
nu cleic acid and pro tein se quence sim i lar i ties is now the stan-
dard method for as sign ing vi ruses to a par tic u lar fam ily and 
or der ing mem bers within a fam ily. For ex am ple, hep a ti tis C 
vi rus was clas si fied as a mem ber of the fam ily Flaviviridae 
and MERS was as signed to the Coronaviridae based on their 
ge nome se quences. However, as our knowl edge of mo lec u lar 
prop er ties of vi ruses and their re pro duc tion has in creased, 
other re la tion ships have be come ap par ent. Hepadnaviridae, 
Retroviridae, and some plant vi ruses are clas si fied as dif er ent 
fam i lies on the ba sis of the na ture of their ge nomes. Never-
theless, they are all  re lated by the fact that re verse tran scrip-
tion is an es sen tial step in their re pro duc tive cy cles, and the 
vi ral po ly mer ases that per form this task ex hibit im por tant 
sim i lar i ties in amino acid se quence. Another ex am ple is the 
clas si fi ca tion of the gi ant pro to zoan Mimiviridae as mem bers 
of a re lated group called nucleocytoplasmic large DNA vi-
ruses (NCLDVs), which in cludes the Poxviridae that in fect 
ver te brates (Box 1.10).

The International Committee on Taxonomy of Viruses 
(ICTV), founded by André Lwof, au tho rizes and or ga nizes 

the clas si fi ca tion and es tab lishes no men cla ture for all  vi-
ruses. Freely avail  able as a pe ri od i cally up dated, on line re-
source (https://ictv.global/taxonomy ), the 2018 re port lists 
or ders, fam i lies, gen era, and spe cies for all  known vi ruses. 
In ad di tion, it de scribes nu mer ous vi ruses that are not yet 
clas si fied and prob a bly rep re sen ta tives of new gen era and/
or fam i lies. The ICTV cat a log also in cludes de scrip tions of 
sub vi ral agents (sat el lites, vi roids, and pri ons) and a list of 
vi ruses for which in for ma tion is still in suf  cient to make 
as sign ments. The pace of dis cov ery of new vi ruses has been 
ac cel er ated greatly with the ap pli ca tion of metagenomic 
an a ly ses, di rect se quenc ing of ge nomes from en vi ron men-
tal sam ples, sug gest ing that we have barely be gun to chart 
the vi ral  uni verse.

The ICTV no men cla ture has been ap plied widely in both 
the sci en tific and med i cal lit er a ture, and there fore we adopt it 
in this text. In this no men cla ture, the Latinized vi rus fam ily 
names are rec og nized as start ing with cap i tal let ters and end-
ing with -viridae, as, for ex am ple, in the fam ily name Parvo-
viridae. These names are used in ter chan ge ably with their 
com mon de riv a tives, as, for ex am ple, par vo vi ruses (see ad di-
tional ex am ples in the Appendix).

Classification by Genome Type: the Bal ti more 
System
Fran cis Crick con cep tu al ized the cen tral dogma for flow of 
in for ma tion from the DNA ge nome in all  liv ing cells:

DNA → mRNA → pro tein

As in tra cel lu lar par a sites that de pend on the host cell’s 
trans la tional ma chin ery for pro tein pro duc tion, all  vi ruses 
must di rect the syn the sis of mRNAs. But vi ral ge nomes com-
prise both DNA and RNA in a va ri ety of con for ma tions. Ap-
preciation of the es sen tial role of the trans la tional ma chin ery 

T E R M I N O L O G Y
Complexities of vi ral no men cla ture

No con sis tent sys tem for nam ing vi ral iso-
lates has been es tab lished by their dis cov er-
ers. For ex am ple, among the ver te brate 
vi ruses, some are named for the as so ci ated 
dis eases (e.g., po lio vi rus, ra bies vi rus), for the 
spe cific type of dis ease they cause (e.g., mu-
rine leu ke mia vi rus), or for the sites in the 
body that are af ected or from which they 
were first iso lated (e.g., rhi no vi rus and ad e no-
vi rus). Others are named for the geo graphic 

lo ca tions from which they were first iso lated 
(e.g., Sen dai vi rus [Sen dai, Japan] and Cox-
sackievirus [Cox sackie, NY]) or for the sci en-
tists who first dis cov ered them (e.g., 
Ep stein-Barr vi rus). In these cases, the vi rus 
names are cap i tal ized. Some vi ruses are even 
named for the way in which peo ple imag ined 
they were con tracted (e.g., in flu enza, for the 
“in flu ence” of bad air), how they were first 
per ceived (e.g., the gi ant mimiviruses [Box 

1.10], for the fact that they “mim ic” bac te ria), 
or to tally by whimsy (e.g., Pandoravirus, af-
ter Pandora’s jar [later box] of Greek my thol-
ogy). Finally, com bi na tions of the above 
des ig na tions are also used (e.g., Rous sar coma 
vi rus).

BOX 1.9
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D I S C U S S I O N
Giant vi ruses dis cov ered in amoe bae

The mimivirus vi rion, the pro to type mem ber 
of the Mimiviridae, was the first gi ant vi rus of 
amoe bae to be dis cov ered. Isolated from wa ter 
in a cool ing tower in En gland in 1992, it is large 
enough to be vis i ble in a light mi cro scope and 
was ini tially thought to be an in tra cel lu lar bac-
te rium within its host. Not un til pub li ca tion of 
a brief note in 2003 did it be come ap par ent that 
this gi ant was re ally a vi rus. The mimivirus ge-
nome of 1.2 Mbp was much larger than that of 
any known vi rus at the time, ex ceed ing that of 
some bac te ria. This gi ant en codes more than 
900 pro teins, many of which are com po nents of 
the pro tein trans la tional ap pa ra tus, a func tion 
for which other vi ruses rely en tirely on the 
host.

Since re ports of the first gi ant vi ruses, the 
use of dif er ent strains of amoe bae to screen 
soil and wa ter sam ples from di verse en vi ron-
ments and geo graphic lo ca tions has yielded 
more than 50 iso lates, as signed to nine dis-
tinct fam i lies. Among the most spec tac u lar is 
a Pandoravirus iso late, dis cov ered in salt wa ter 
of the coast of Chile in 2013. The ge nome of 
this gi ant is twice the size of the mimivirus ge-
nome, and con tains ∼2,500 pu ta tive pro tein-
coding se quences, most of them never seen 
be fore. Furthermore, while mimivirus has a 
more or less fa mil iar ico sa he dral cap sid, the 
Pandoravirus has no reg u lar cap sid. Instead, 
the ge nomes of these vi ruses are sur rounded 
by an ovoid en ve lope, with a pore at the apex 
that al lows de liv ery of the in ter nal com po-
nents into the cy to plasm of its host. The fol-
low ing year two ad di tional gi ant amoeba 
vi ruses, a cir cu lar mollivirus and ovoid pitho-
virus, were dis cov ered in a sam ple of Si be rian 
per ma frost more than 30,000 years old.

The un usual prop er ties of the gi ant vi ruses 
of amoe bae have prompted the some what con-
tro ver sial spec u la tion that they might rep re-
sent a sep a rate branch in the tree of life, or that 
they arose by re duc tive evo lu tion from the nu-
cleus of a prim i tive cel lu lar life form. However, 
the dis cov ery in 2017 of an other group of these 
vi ruses, by metagenomic anal y sis of sam ples 
from a sewer in Klosterneuburg, Aus tria, has 
sug gested a more pe des trian or i gin. While the 
new group, called Klosneuviruses, en code nu-
mer ous com po nents of trans la tional ma chin-
ery, com pre hen sive phy lo ge netic an a ly ses 
in di cate that these genes were cap tured from a 
cel lu lar host by a smaller, pre cur sor vi rus dur-
ing evo lu tion of Klosneuviruses. If this is a 

gen eral phe nom e non, the 2018 de scrip tion of 
tailed mimivirus rel a tives, iso lated from the 
ex treme en vi ron ments of an al ka line soda lake 
in Bra zil and from deep in the At lan tic Ocean, 
must be con sid ered an ex traor di nary ex am ple 
of such cap ture. The ge nomes of these odd-
looking iso lates, called Tupanviruses, con tain 
nearly all  of the nec es sary trans la tion-
associated genes, lack ing only ri bo somes for 
pro tein syn the sis. It would seem that there is 
still much to pon der con cern ing the evo lu tion 
of these gi ant vi rus es.

For il lus tra tions of gi ant amoeba vi rus 
struc tures, see http:// viralzone. expasy. org/ 
all_ by_ species/ 670. html. See also TWiV 261: 
Giants among vi ruses. Interview with Drs. 
Chantal Abergel and Jean-Michel Claverie at 
http:// www. microbe. tv/ twiv/ twiv- 261- giants 
- among- viruses/. 
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Properties of some of the larg est cur rently known gi ants, all  of which in fect amoe-
bae, with rep re sen ta tive ver te brate-infecting DNA vi ruses, of which pox vi ruses are 
the larg est. The broad range of nu cleic acid com po si tion among the amoeba vi ral ge nomes 
is il lus trated by the sub stan tial dif er ences in their G+C con tent. The num ber of known or 
 pu ta tive cod ing genes in each vi ral ge nome is listed. Examples of small, me dium, and large 
mam ma lian vi ruses (po lio vi rus, her pes vi rus, and vac cinia vi rus, re spec tively) are in cluded 
for com par i son.

http://www.microbe.tv/twiv/twiv-261-giants-among-viruses.
http://www.virology.ws/2018/03/08/only-the-ribosome-is-lacking/
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in vi rus re pro duc tion in spired Da vid Bal ti more, in 1971, to 
de vise a clas si fi ca tion scheme for vi ruses, based on the steps 
that would be re quired to pro duce mRNA from their di verse 
ge nomes (Fig. 1.12).

By con ven tion, mRNA is de fined as a pos i tive [(+)] strand 
be cause it con tains im me di ately trans lat able in for ma tion. In 
the Bal ti more clas si fi ca tion, a strand of DNA that is of equiv-
a lent se quence is also des ig nated a (+) strand. The RNA and 
DNA com ple ments of (+) strands are des ig nated neg a tive 
[(−)] strands.

As orig i nally con ceived, the Bal ti more scheme in cluded six 
clas ses of vi ral ge nomes (des ig nated I to VI). When the gapped 
DNA ge nome of hepadnaviruses (e.g., hep a ti tis B vi rus) was 
dis cov ered, these vi ruses were as signed to a sev enth class 
(VII).  The DNA and RNA de scrip tors for the vi ral clas ses 
[sin gle-stranded DNA (ssDNA), dou ble-stranded DNA (ds-
DNA), (+) RNA, or (–) RNA, etc.], but not the Ro man nu-
meral des ig na tions, have been adopted uni ver sally and are a 
valu able com ple ment to clas si cal tax on omy. The in for ma tion 
em bod ied in clas si fi ca tion by ge nome type pro vi des vi rol o-
gists with im me di ate in sight into the steps that must take 
place to ini ti ate the rep li ca tion and ex pres sion of any vi ral 
ge nome.

Because the vi ral ge nome car ries the en tire blue print for 
vi rus prop a ga tion, mo lec u lar vi rol o gists have long con sid ered 
it the most im por tant char ac ter is tic for clas si fi ca tion pur-
poses. Although in di vid ual vi rus fam i lies are known by their 

clas si cal des ig na tions, they are com monly grouped ac cord ing 
to their ge nome type. In the ICTV com pi la tion, all  vi ral fam-
i lies are as signed to one of the seven clas ses de scribed in the 
Bal ti more sys tem (Fig. 1.13).

A Common Strategy for Viral 
Propagation
The ba sic the sis of this text book is that all  vi ral prop a ga tion 
can be de scribed in the con text of three fun da men tal prop-
er ties.

•  Viral ge nomes are pack aged in side par ti cles that me di-
ate their trans mis sion from host to host.

•  The vi ral ge nome con tains the in for ma tion for ini ti at-
ing and com plet ing an in fec tious cy cle within a sus cep-
ti ble, per mis sive cell.

•  An in fec tious cy cle in cludes at tach ment and en try, de-
cod ing of ge nome in for ma tion, ge nome rep li ca tion, and 
as sem bly and re lease of par ti cles con tain ing the ge nome.

•  Viral prop a ga tion is en sured by es tab lish ment in a host 
pop u la tion.

Perspectives
The study of vi ruses has in creased our un der stand ing of the 
im por tance and ubiq ui tous ex is tence of these di verse agents 
and, in many cases, yielded new and un ex pected in sight 
into the mo lec u lar bi  ol ogy of host cells and or gan isms. In-
deed, be cause vi ruses are ob li gate mo lec u lar par a sites, ev-
ery tac ti cal so lu tion en coun tered in their re pro duc tion and 
prop a ga tion must of ne ces sity tell us some thing about the 
host as well as the vi rus. Some of the im por tant land marks 
and achieve ments in the field of vi rol ogy are sum ma rized in 
Fig. 1.14. It is ap par ent that much has been dis cov ered about 
the bi  ol ogy of vi ruses and about host de fenses against them. 
Yet the more we learn, the more we re al ize that much is still 
un known.

In the first edi tion of this text book (pub lished in 2000), 
we noted that the most re cent (1995) re port of the ICTV 
listed 71 dif er ent vi rus fam i lies, which cov ered most new 
iso lates. We spec u lated there fore that: “As few new vi rus 
fam i lies had been iden ti fied in re cent years, it seems likely 
that a sig nifi  cant frac tion of all  ex ist ing vi rus fam i lies are 
now known.” In the in ter ven ing years, this pre dic tion has 
been shat tered, not only by the dis cov ery of new fam i lies of 
vi ruses, in clud ing gi ant vi ruses with ge nome sizes that sur-
pass those of some bac te ria, but also by re sults from metage-
nomic an a ly ses. For ex am ple, the fact that a high per cent age 
(93%) of pro tein-coding se quences in the ge nomes of the gi-
ant Pandoraviruses have no ho mo logs in the cur rent da ta-
bases was to tally un ex pected. The un usual mor pho log i cal 
fea tures and atyp i cal re pro duc tion pro cess of these vi ruses 

– DNA+ RNA

+ mRNA

 DNA

+ DNA

– RNA

 RNA– RNA+ RNA

 ± DNA

Figure 1.12 The Bal ti more clas si fi ca tion. The Bal ti more clas si fi ca-
tion as signs vi ruses to seven (I to VII) dis tinct clas ses on the ba sis of the 
na ture and po lar ity of their ge nomes. Because all  vi ruses must pro duce 
mRNA that can be trans lated by cel lu lar ri bo somes, knowl edge of the 
com po si tion of a vi ral ge nome pro vi des in sight into the path ways re-
quired to pro duce mRNA, in di cated by ar rows. See also Bal ti more D. 
1971. Bacteriol Rev 35:235–241.
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Figure 1.13 Viral fam i lies sorted ac cord ing to the na ture of the vi ral ge nomes. A wide va ri ety of sizes and shapes are il lus-
trated for the fam i lies of vi ruses that in fect ver te brates. Families are iden ti fied by Latinized names and or ga nized in seven dis tinct clas ses, 
based on the na ture of their ge nomes. Genome rep li ca tion cy cles are il lus trated in the col umn at the left. Similar di ver sity ex ists for the 
fam i lies of vi ruses that in fect other life forms, but the chart lists only the ap prox i mate num ber found to date in each class. As noted in the 
9th and 10th ICTV Reports, in some cases there are as yet no ex am ples. Data from King AMQ et al. 2012. Virus Taxonomy: The Classifica-
tion and Nomenclature of Viruses (https:// talk. ictvonline. org/ ictv- reports/ ), with as sis tance from Dr. Elliot J. Lefkowitz, Department of 
Microbiology, Director of Informatics, UAB Center for Clinical and Translational Science, Bir ming ham, AL (http:// www. uab. edu/ bioin-
formatics/ ).

were also sur pris ing. In ad di tion, it is mind-bog gling to 
con tem plate that of al most 900,000 vi ral se quences iden ti-
fied in sam ples of only one type of eco sys tem (raw sew age), 
more than 66% bore no re la tion ship to any vi ral fam ily in 
the cur rent da ta base. From these an a ly ses, and sim i lar stud-
ies of other eco sys tems (i.e., oceans and soil), it has been es-

ti mated that only a mi nor per cent age of ex tant vi ral di ver sity 
has been ex plored to date. Clearly, the vi ral uni verse is far 
more vast and di verse than sus pected only a de cade ago, and 
there is much fer tile ground for gain ing a deeper un der-
stand ing of the bi  ol ogy of vi ruses and their host cells and 
or gan isms.
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Discoveries or 
advances recognized 
by a Nobel Prize

Medical breakthrough

Other important
landmarks

1750 1800 1850 1900 1950 2000

1796: Cowpox virus used to  
 vaccinate against  
 smallpox (Jenner)

1885: Rabies vaccine (Pasteur)

1892: Description of �lterable  
 infectious agent (TMV)  
 (Ivanovsky)

1898: Concept of the virus as 
 a contagious element 
 Plant virus (TMV)  
 (Beijerinck)
 Animal virus (FMDV)  
 (Loef�er, Frosch)

1901: Human virus (yellow  
 fever virus) (Reed et al.)

1903: Rabies virus (Remlinger,  
 Riffat-Bay)

1908: Leukemia-causing virus  
 (Ellerman, Bang)

1909: Poliovirus (Landsteiner,  
 Popper)

1911: Solid tumor virus (RSV)  
 (Rous)

1915–1917: Bacterial viruses  
   (bacteriophages)
   (Twort, d’Hérelle) 

1931: Virus propagation in   
 embryonated chicken eggs 
 (Woodruff, Goodpasture)

1933: Human in�uenza virus   
 (Smith et al.)
 Rabbit papillomavirus   
 (Shope)

1935: TMV crystallized (Stanley)

1938: Yellow fever vaccine   
 (Theiler)

1939: One-step growth cycle for
 phages (Ellis, Delbrück)

1941: Virus-associated enzymes
 (in�uenza virus) (Hirst)

1948 Poliovirus replication in   
 nonneuronal cell cultures   
 (Enders, Weller, Robbins)

1955: Human single cell culture   
 (HeLa) (Gey et al.)
 Optimization of cell growth  
 medium (Eagle)
   
1952: Poliovirus plaque assay   
 (Dulbecco)
 Viral genome is nucleic   
 acid (Hershey, Chase)

1954: Polio vaccine (Salk)

1796–1930 1930–1954 1957–1980 1980–2008

1957: In vitro assembly of virus   
 (TMV) (Fraenkel-Conrat,   
 Williams)
 Interferon (Isaacs,   
 Lindemann)

1963: Hepatitis B virus (Blumberg)

1967: Phage λ repressor (Ptashne)
 Viroids discovery (Diener)

1970: Retroviral reverse   
 transcriptase (Temin,   
 Baltimore)
  
1972: Recombinant DNA   
 (phage λ , SV40) (Berg)

1973: MHC presents viral antigens  
 to lymphocytes   
 (Doherty, Zinkernagel)

1976: Retroviral oncogenes are   
 derived from cells   
 (Bishop, Varmus)

1977: RNA splicing discovered
 (adenovirus) (Roberts, Sharp)
 Tumor suppressor, p53   
 (SV40) (Levine, Crawford)

1978: Viral genomes sequenced   
 (Sanger)
 Virus crystal structure   
 (TBSV) (Harrison)
 Recovery of virus from   
 cloned DNA (Weissmann)

1979: WHO declares smallpox   
 eradicated

1983: HPV causes cervical cancer  
 (zur Hausen)

1983: Discovery of the AIDS virus  
 (HIV) (Barré-Sinoussi, Montagnier)

1983–1985: Development of screen for  
 HIV infection (Montagnier, Gallo)

1986: Vaccine against hepatitis B virus  
 (Merck), the �rst anti-cancer and  
 the virus-like particle vaccine

1989: Hepatitis C virus (Houghton et al.)

1994: Kaposi’s sarcoma virus (HHV-8)  
 (Chang, Moore)

1997: HAART treatment for AIDS

2003: Severe acute respiratory   
 syndrome (SARS) worldwide  
 outbreak and containment

2003: Discovery of Mimivirus   
 (LoScola/Raoult)

2005: Hepatitis C virus propagation in  
 cultured cells (Chisari, Rice,  
 Wakita)
  Reconstruction and sequencing  
 of the 1918 in�uenza virus genome  
 (Palese, Tumpey, Taubenberger)
  
2006: Vaccine against human   
 papillomavirus (Merck), the  
 second anti-cancer vaccine

2006: Gene silencing by double-stranded  
 RNA, an antiviral response  
 (Fire, Mello)

2008–2017

2010: Vertebrate genomes carry ancient non-retroviral genomes (Horie, Belyi, Katzourakis)

2011: Rinderpest virus eradicated: �rst animal disease to be eradicated by mankind and the second after smallpox

2012: CRISPR technology derived from bacterial antiviral immunity systems (Doudna, Charpentier, Zheng)

2013: Discovery of Pandoravirus salinus with 2.5Mbp genome

 FDA approves Gilead drug (Sofosbuvir) to cure HCV

2015: First approval for use on an oncolytic virus for cancer therapy (FDA)

2016: Retrovirus mediated gene therapy approved for treatment of one form of severe combined    
 immunode�ciency (EMA)

2017: Nobel prize in chemistry for development of cryo-electron microscopy (Dubochet, Frank, Henderson)

2017: Creation of CAR-T cells by retroviral gene transfer approved for cancer treatment by FDA

2017: Adenovirus-associated virus based gene therapy approved for a rare form of congenital blindness

Figure 1.14 Landmarks in the study of vi rus es. Key dis cov er ies and tech ni cal ad vances are listed for each time in ter val. The pace 
of dis cov ery has in creased ex po nen tially over time. Abbreviations: AAV, ad e no vi rus-associated vi rus; EU, Eu ro pean Union; EMA, Eu ro-
pean Medical Association; FDA, U.S. Food and Drug Administration; FMDV, foot-and-mouth dis ease vi rus; HAART, highly ac tive an ti-
re tro vi ral ther a py; HCV, hep a ti tis C vi rus; HHV-8, hu man her pes vi rus 8; HIV-1, hu man im mu no de fi ciency vi rus type 1; HPV, hu man 
pap il lo ma vi rus; MHC, ma jor his to com pat i bil ity com plex; RSV, Rous sar coma vi rus; SV40, sim ian vi rus 40; TBSV, to mato bushy stunt 
vi rus; TMV, to bacco mo saic vi rus; WHO, World Health Organization.
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  1.  What is the defi  ni tion of a vi rus?
  2.  Which is a key prop erty first dis cov ered about vi ruses 

that dis tin guished them from other mi cro or gan isms?
 a.  They were too large to pass through a 0.2-micron 

fil ter
 b.  They could reproduce only in broth
 c.  They made to bacco plants sick
 d.  They were small enough to pass through a 0.2-mi-

cron fil ter
 e.  None of the above

  3.  All of us carry many dif er ent vi ruses through out  our 
daily lives. Why don’t they make us sick?

  4.  Why do we care that vi ruses com prise the most bio di-
ver sity on the plan et?

  5.  The first vi ruses were dis cov ered near the end of the 
1800s. How was this done?
 a.  By trans mit ting a dis ease to to bacco plants us ing a 

cell-free fil trate of dis eased leaves

 b.  Pas teur showed that vi ruses could reproduce in a 
ster ile me di um

 c.  Leeu wen hoek saw vi ruses in his mi cro scope
 d.  Rob ert Koch showed that vi ruses grown in broth 

could cause dis ease
 e.  All of the above

  6.  Why were the bac te rio phage sys tems so use ful for elu ci-
dat ing prin ci ples of vi ral reproduction? What im por tant 
fea tures of vi rus-host in ter ac tions were dis cov ered from 
these stud ies?

  7.  How are vi ruses clas si fied?
  8.  How does the dis cov ery of new vi ruses to day dif er 

from 100 years ago?
  9.  Which host cell func tion is es sen tial for the re pro duc-

tion of all  vi rus es?
  10.  What is the ba sis of the Bal ti more clas si fi ca tion sys-

tem? How many ge nome types are suf  cient to de-
scribe all  vi ral fam i lies in this sys tem?
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        Introduction 
 Viruses are unique: of  en made up of noth ing more than a nu
cleic acid mol e cule wrapped in pro tein, they par a sit ize the 
cel lu lar ma chin ery to pro duce thou sands of prog eny. Th is 
sim plic ity is mis lead ing: vi ruses can in fect all  known life 
forms, and they com prise a va ri ety of struc tures and ge nomes. 
Despite such va ri ety, vi ruses are ame na ble to study be cause all  
vi ral prop a ga tion can be de scribed in the con text of three fun
da men tal prop er ties, as noted in Chapter 1: vi ral ge nomes are 
pack aged in side par ti cles that me di ate their trans mis sion 
from cell to cell; the vi ral ge nome con tains the in for ma tion 
for ini ti at ing and com plet ing an in fec tious cy cle; vi ruses 
es tab lish them selves in a host pop u la tion to en sure vi rus 
sur viv al. 

 How vi ruses en ter in di vid ual cells, their ge nomes are rep
li cated, and new in fec tious par ti cles are as sem bled are some 
of the top ics of re search in vi rol ogy. Th ese stud ies are usu ally 
car ried out  with cell cul tures be cause they are a much sim pler 
and more ho mo ge neous ex per i men tal sys tem than an i mals. 
Cells can be in fected in such a way as to en sure that a sin gle 
re pro duc tion cy cle oc curs syn chro nously in ev ery in fected 
cell, called  onestep growth . A full un der stand ing of vi ral in
fec tious cy cles also re quires knowl edge of cell bi  ol ogy. Con
sequently, to re pro duce the di ver sity of cells and ar chi tec tures 
that are typ i cal of tis sues and or gans, threedimensional cul
ture sys tems have been de vel oped. In this chap ter we be gin 
with a brief over view of the in fec tious cy cle, fol lowed by a dis
cus sion of meth ods for cul ti vat ing and as say ing vi ruses and 
de tect ing vi ral pro teins and ge nomes and a con sid er ation of 
vi ral re pro duc tion and onestep growth anal y sis. 

 P R I N C I P L E S   Th e in fec tious cy cle   
Many dis tinct func tions of the host cell are re quired to com
plete a vi ral in fec tious cy cle. 

Th e syn the sis of new vi rus par ti cles (i.e., a pro duc tive 
 in fec tion) re quires tar get cells that are both sus cep ti ble 
(i.e., al low vi rus en try) and per mis sive (i.e., sup port vi rus 
re pro duc tion). 

Viral nu cleic ac ids must be shielded from harsh en vi ron men
tal con di tions in ex tra cel lu lar par ti cles but be read ily ac ces
si ble for rep li ca tion once in side the cell. 

Viruses may be stud ied by prop a ga tion in cells within a lab
o ra tory an i mal or in cells in cul ture. 

Th e plaque as say is the ma jor way to de ter mine the con cen
tra tion of in fec tious vi rus par ti cles in a sam ple. 

Methods for quan ti fy ing and char ac ter iz ing vi rus par ti cles 
evolve rap idly, based on de vel op ments in de tec tion, ease, 

cost, safety, util ity in the fi eld, and ame na bil ity to largescale 
im ple men ta tion. 

 Relationships among vi ruses can be de duced from phy lo ge
netic trees gen er ated from pro tein or nu cleic acid se quences. 

 Viral re pro duc tion is dis tinct from cel lu lar or bac te rial rep
li ca tion: rather than dou bling with each cy cle, each sin gle 
cell cy cle of vi ral re pro duc tion is typ i cally char ac ter ized by 
the re lease of many (of  en thou sands) of prog eny vi ri ons. 

 Th e mul ti plic ity of in fec tion (MOI) is the num ber of in fec
tious units added per cell; the prob a bil ity that any one tar get 
cell will be come in fected based on the MOI can be cal cu
lated from the Pois son dis tri bu tion. 

 Global anal y sis of vi ral, cell, and host re sponses to vi rus in
fec tion can im pli cate par tic u lar cel lu lar path ways in vi ral re
pro duc tion and can re veal sig na tures of vi rusinduced 
le thal ity or im mune pro tec tion. 

 The Infectious Cycle 
 Th e pro duc tion of new in fec tious par ti cles can take place only 
within a cell ( Fig. 2.1 ). Virologists di vide vi ral in fec tious cy
cles into dis crete steps to fa cil i tate their study, al though in vi
rusinfected cells no such ar ti fi  cial bound aries oc cur. Th e 
in fec tious cy cle com prises at tach ment and en try of the par ti
cle, pro duc tion of vi ral mRNA and its trans la tion by host ri
bo somes, ge nome rep li ca tion, and as sem bly and re lease of 
prog eny par ti cles con tain ing the ge nome. New vi rus par ti cles 
pro duced dur ing the in fec tious cy cle may then in fect other 
cells. Th e term  vi rus re pro duc tion  is an other name for the 
sum to tal of all  events that oc cur dur ing the in fec tious cy cle. 

  Some events are com mon to vi rus rep li ca tion in an i mals 
and in cells in cul ture, but there are also many im por tant dif
fer ences. While vi rus par ti cles read ily at tach to cells in cul
ture, in na ture they must en coun ter a host, no mean feat for 
nano par ti cles with out  any means of lo co mo tion. Af er en
coun ter ing a host, the vi rus par ti cle must pass through phys
i cal host de fenses, such as dead skin, mu cous lay ers, and the 
ex tra cel lu lar ma trix. Such bar ri ers and other host de fenses, 
such as an ti bod ies and im mune cells, which ex ist to com bat 
vi rus in fec tions, are not found in cell cul tures. Virus in fec
tion of cells in cul ture has been a valu able tool for un der
stand ing vi ral in fec tious cy cles, but the dis sim i lar i ties with 
in fec tion of a liv ing an i mal must al ways be con sid ered. 

 The Cell 
 Viral re pro duc tion re quires many dif  er ent func tions of the 
host cell. Examples in clude the ma chin ery for trans la tion of vi
ral mRNAs, sources of en ergy, and en zymes for ge nome rep
li ca tion. Th e cel lu lar trans port ap pa ra tus brings vi ral ge nomes 
to the cor rect cel lu lar com part ment and en sures that vi ral 
sub units reach lo ca tions where they may be as sem bled into 
vi rus par ti cles. Subsequent chap ters in clude a dis cus sion of 
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cel lu lar func tions that are im por tant for in di vid ual steps in 
the vi ral in fec tious cy cle.

Entering Cells
Viral in fec tion is ini ti ated by a col li sion be tween the vi rus par
ti cle and the cell, a pro cess that is gov erned by chance. A vi rion 
may not in fect ev ery cell it en coun ters: it must first come in 

con tact with the tis sues that con tain cells to which it can bind. 
Such cells are nor mally rec og nized by means of the spe cific in
ter ac tion of a vi rus par ti cle with a cell sur face re cep tor. These 
cel lu lar mol e cules do not ex ist for the ben e fit of vi rus es: they 
all  per form func tions for the cell. Virusreceptor in ter ac tions 
can be ei ther pro mis cu ous or highly se lec tive, de pend ing on 
the vi rus and the dis tri bu tion of the cell re cep tor. The pres ence 
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Figure 2.1 The vi ral in fec tious cy cle. The in fec tious 
cy cle of po lio vi rus is shown as an ex am ple, il lus trat ing the 
steps com mon to most  vi rus es: at tach ment and en try, trans
la tion, ge nome rep li ca tion, par ti cle as sem bly, and re lease. 
See Appendix, Fig. 22, for ex pla na tion of ab bre vi a tions. Inset: 
Lipid com po nents of the plasma mem brane. The mem brane 
con sists of two lay ers (leaf ets) of phos pho lipid and gly co lipid 
mol e cules. Their fatty acid tails con verge to form the hy dro
pho bic in te rior of the bi la yer; the po lar hy dro philic head groups 
(shown as balls) line both sur fac es.



 The Infectious Cycle 29

of such re cep tors de ter mines whether the cell will be sus cep ti
ble to the vi rus. However, whether a cell is per mis sive for the 
re pro duc tion of a par tic u lar vi rus de pends on other, in tra cel
lu lar com po nents found only in cer tain cell types. Cells must 
be both sus cep ti ble and per mis sive if an in fec tion is to be suc
cess ful. Virus en try into cells is the topic of Chapter 5.

Viral RNA Synthesis
Although the ge nomes of vi ruses come in a num ber of con
fig u ra tions, they share a com mon re quire ment: they must be 
ef  ciently cop ied into mRNAs for the syn the sis of vi ral pro
teins and prog eny ge nomes for as sem bly. The syn the sis of 
RNA mol e cules in cells in fected with RNA vi ruses is a unique 
pro cess that has no coun ter part in the cell (see Chapter 6). 
With the ex cep tion of ret ro vi ruses, all  RNA vi ruses en code an 
RNAdependent RNA po ly mer ase to cat a lyze the syn the sis of 
both mRNAs and ge nomes. For the ma jor ity of DNA vi ruses 
and ret ro vi ruses, syn the sis of vi ral mRNA is ac com plished by 
RNA po ly mer ase II, the en zyme that pro duces cel lu lar mRNA 
(see Chapter 7). Much of our cur rent un der stand ing of the 
mech a nisms of cel lu lar tran scrip tion comes from study of the 
tran scrip tion of vi ral tem plates.

Viral Protein Synthesis
All vi ruses are par a sites of trans la tion: their mRNAs must be 
trans lated by the host’s cy to plas mic pro teinsynthesizing ma
chin ery (see Chapter 11). However, vi ral in fec tion of en re
sults in mod i fi ca tion of the host’s trans la tional ap pa ra tus so 
that vi ral mRNAs are trans lated se lec tively. The study of such 
mod i fi ca tions has re vealed a great deal about mech a nisms of 
pro tein syn the sis. Analysis of vi ral trans la tion has also led to 
the dis cov ery of new mech a nisms, such as in ter nal ri bo some 
bind ing and leaky scan ning, that have been sub se quently 
found to oc cur in un in fected cells.

Viral Genome Replication
Replication of vi ral ge nomes re quires the cell’s syn thetic ma
chin ery in ad di tion to vi ral pro teins (see Chapters 6, 7, and 9). 
The cell pro vi des nu cle o tide sub strates, en ergy, en zymes, and 
other pro teins. Transport sys tems are re quired be cause the 
cell is com part men tal ized: es sen tial com po nents might be 
found only in the nu cleus, the cy to plasm, or within sub cel lu
lar or gan elles. Study of the mech a nisms of vi ral ge nome rep
li ca tion has es tab lished fun da men tal prin ci ples of cell bi  ol ogy 
and nu cleic acid syn the sis.

Assembly of Progeny Virus Particles
The var i ous com po nents of a vi rus par ti cle, the nu cleic acid ge
nome, cap sid pro tein(s), and in some cases en ve lope pro teins, 
are of en syn the sized in dif er ent cel lu lar com part ments. Their 
traf ck ing through and among the cell’s com part ments and 
or gan elles re quires that they be equipped with the proper hom
ing sig nals (see Chapter 12). Components of vi rus par ti cles 
must be as sem bled at some cen tral lo ca tion, and the in for ma
tion for as sem bly must be preprogrammed in these mol e cules 
(see Chapter 13). The pri mary se quences of vi ral struc tural pro
teins con tain suf  cient in for ma tion to spec ify as sem bly; this 
prop erty is ex em pli fied by the re mark able in vi tro as sem bly of 
to bacco mo saic vi rus from coat pro tein and RNA (Box 2.1). 
Successful vi rus re pro duc tion de pends on re di rec tion of the 
host cell’s met a bolic and bio syn thetic ca pa bil i ties, sig nal trans
duc tion path ways, and traf ck ing sys tems (see Chapter 14).

Viral Pathogenesis
Viruses com mand our at ten tion be cause of their as so ci a tion 
with an i mal and plant dis eases. Viral path o gen e sis is the 
pro cess by which vi ruses cause dis ease. The study of vi ral 
path o gen e sis re quires in ves ti gat ing not only the re la tion ships 
of vi ruses with the spe cific cells that they in fect but also the 

E X P E R I M E N T S
In vi tro as sem bly of to bacco mo saic vi rus

The abil ity of the pri mary se quence of vi ral 
struc tural pro teins to spec ify as sem bly is ex
em pli fied by the coat pro tein of to bacco mo
saic vi rus. Heinz FraenkelConrat and Robley 
Wil liams showed in 1955 that pu ri fied to
bacco mo saic vi rus RNA and cap sid pro tein 
as sem ble into in fec tious par ti cles when 
mixed and in cu bated for 24 h. When ex am
ined by elec tron mi cros copy, the par ti cles 
pro duced in vi tro were found to be iden ti cal 
to the rodshaped par ti cles pro duced from 

in fected to bacco plants (Fig. 1.9B). Neither 
the pu ri fied vi ral RNA nor the cap sid pro tein 
alone was in fec tious. The spon ta ne ous for ma
tion of to bacco mo saic par ti cles in vi tro from 
pro tein and RNA com po nents is the par a
digm for selfas sem bly in bi  ol o gy.

FraenkelConrat H, Wil liams RC. 1955. Reconstitu
tion of ac tive to bacco mo saic vi rus from its in ac tive 
pro tein and nu cleic acid com po nents. Proc Natl 
Acad Sci U S A 41:690–698. 

BOX 2.1
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Figure 2.2 Different types of cell cul ture used in vi rol o gy. Confuent cell mono lay ers pho to graphed by lowpower light mi cros
copy. (A) Primary hu man fore skin fi bro blasts; (B) es tab lished line of mouse fi bro blasts (3T3); (C) con tin u ous line of hu man ep i the lial 
cells (HeLa [Box 2.3]). The abil ity of trans formed HeLa cells to over grow one an other is the re sult of a loss of con tact in hi bi tion. Courtesy 
of R. Gon za lez, Princeton University.

con se quences of in fec tion for the host or gan ism. The na ture 
of vi ral dis ease de pends on the ef ects of vi ral re pro duc tion on 
host cells, the re sponses of the host’s de fense sys tems, and the 
abil ity of the vi rus to spread in and among hosts (Volume II, 
Chapters 1 to 5).

Overcoming Host Defenses
Organisms have many phys i cal bar ri ers to pro tect them selves 
from dan gers in their en vi ron ment, such as in vad ing par a
sites. Vertebrates also pos sess an im mune sys tem to de fend 
against any thing rec og nized as for eign. Studies of the in ter
ac tions be tween vi ruses and the im mune sys tem are par tic u
larly in struc tive, be cause of the many vi ral coun ter mea sures 
that can frus trate this sys tem. Elucidation of these mea sures 
con tin ues to teach us about the ba sis of im mu nity (Volume II, 
Chapters 2 to 4).

Cultivation of Viruses
Cell Culture

Types of Cell Culture
Although hu man and other an i mal cells were first cul tured 

in the early 1900s, con tam i na tion with bac te ria, my co plas
mas, and fungi ini tially made rou tine work with such cul
tures ex tremely dif  cult. For this rea son, most vi ruses were 
pro duced in lab o ra tory an i mals. The use of an ti bi ot ics in the 
1940s to con trol mi cro bial in fec tion was cru cial to the es tab
lish ment of the first cell lines, such as mouse L929 cells (1948) 
and HeLa cells (1951). John Enders, Thomas Weller, and Fred
er ick Rob bins dis cov ered in 1949 that po lio vi rus could mul ti
ply in cul tured cells. As noted in Chapter 1, this rev o lu tion ary 
find ing, for which these three in ves ti ga tors were awarded a 
No bel Prize in 1954, led the way to the prop a ga tion of many 
other vi ruses in cells in cul ture, the dis cov ery of new vi ruses, 
and the de vel op ment of vac cines such as those against the vi
ruses that cause po lio my eli tis, mea sles, and ru bella. The abil
ity to in fect cul tured cells syn chro nously per mit ted stud ies of 

the bio chem is try and mo lec u lar bi  ol ogy of vi ral re pro duc tion. 
Largescale prop a ga tion and pu ri fi ca tion of vi rus par ti cles al
lowed stud ies of the com po si tion of vi rus par ti cles, lead ing to 
the so lu tion of highresolution, threedimensional struc tures 
(see Chapter 4).

Cells in cul ture are still the most com monly uti lized hosts 
for the prop a ga tion of an i mal vi ruses. To pre pare a cell cul
ture, tis sues are dis so ci ated into a sin glecell sus pen sion by 
me chan i cal dis rup tion fol lowed by treat ment with pro teo lytic 
en zymes. The cells are then sus pended in cul ture me dium and 
placed in spe cial ized plas tic fasks or cov ered plates. As the 
cells di vide, they cover the plas tic sur face. Epithelial and fi
bro blas tic cells at tach to the plas tic and form a mono lay er, 
whereas blood cells such as lym pho cytes set tle but do not ad
here. The cells are grown in a chem i cally de fined and buf ered 
me dium op ti mal for their growth. Commonly used cell lines 
dou ble in num ber in 24 to 48 h in such me dia. Most cells re
tain vi a bil ity af er be ing fro zen at low tem per a tures (−70 to 
−196°C).

There are three main kinds of mono layer cell cul tures 
(Fig. 2.2), each with ad van tages and dis ad van tages for vi rus 
re search. Primary cell cul tures are pre pared from an i mal 
tis sues as de scribed above. They have a lim ited life span, usu
ally no more than 5 to 20 cell di vi sions. Commonly used pri
mary cell cul tures are de rived from chicken or mouse 
em bryos, mon key kid neys, or hu man tis sues that are oth er
wise typ i cally dis posed of, such as em bry onic am nion, kid
ney, fore skin, and re spi ra tory ep i the lium. Such cells are used 
for ex per i men tal vi rol ogy when the state of cell dif er en ti a
tion is im por tant or when ap pro pri ate cell lines are not avail
 able. They are also used in vac cine pro duc tion: for ex am ple, 
in fec tious at ten u ated po lio vi rus vac cine strains may be prop
a gated in pri mary mon key kid ney cells. Primary cell cul
tures are used for the prop a ga tion of vi ruses to be used as 
hu man vac cines to avoid con tam i na tion of the prod uct with 
po ten tially on co genic DNA from con tin u ous cell lines (see 
be low). Some vi ral vac cines are now pre pared in dip loid cell 
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strains, which con sist of a ho mo ge neous pop u la tion of a sin
gle cell type and can di vide up to 100 times be fore dy ing. De
spite the nu mer ous di vi sions, these cells re tain the dip loid 
chro mo some num ber. The most widely used dip loid cells are 
those es tab lished from hu man em bryos, such as the WI38 
strain de rived from hu man em bry onic lung.

Continuous cell lines con sist of a sin gle cell type that can 
be prop a gated in defi  nitely in cul ture. These im mor tal lines 
are usu ally de rived from tu mor tis sue or by treat ing a pri
mary cell cul ture or a dip loid strain with a mu ta genic chem i
cal or an on co gene. Such cell lines of en do not re sem ble the 
cell of or i gin; they are less dif er en ti ated (hav ing lost the 
mor phol ogy and bio chem i cal fea tures that they pos sessed in 
the or gan), are of en ab nor mal in chro mo some mor phol ogy 
and num ber (an eu ploid), and can be tu mor i genic (i.e., they 
pro duce tu mors when in oc u lated into im mu no de fi cient 
mice). Examples of com monly used con tin u ous cell lines in
clude those de rived from hu man car ci no mas (e.g., HeLa 
[Henrietta Lacks] cells [Box 2.2]) and from mice (e.g., L and 
3T3 cells). Continuous cell lines pro vide a uni form pop u la
tion of cells that can be in fected syn chro nously for growth 

curve anal y sis (see “The OneStep Growth Cycle” be low) or 
bio chem i cal stud ies of vi rus rep li ca tion.

In con trast to cells that grow in mono lay ers on plas tic 
dishes, oth ers can be main tained in sus pen sion cul tures, in 
which a spin ning mag net con tin u ously stirs the cells. The ad
van tage of sus pen sion cul ture is that a large num ber of cells 
can be grown in a rel a tively small vol ume. This cul ture 
method is well suited for ap pli ca tions that re quire large quan
ti ties of vi rus par ti cles, such as Xray crys tal log ra phy or pro
duc tion of vec tors.

Despite the wide util ity of mono layer and sus pen sion cell 
cul tures in vi rol ogy, they are not with out  lim i ta tions, in clud
ing the fi nite life span of pri mary cell cul tures and the ab nor
mal phe no type of con tin u ous cell lines, such as im mor tal ity. 
These prob lems can be over come by the use of in duced plu
rip o tent stem cells (iPSCs), which are adult cells that have 
been re pro grammed ge net i cally to an em bry onic stemcell 
like state by the in tro duc tion of four genes (Oct4, Sox2, Kif4, 
and cMyc). They are most com monly made from hu man fi bro
blasts, al though other cell types have been used. Such iPSCs 
can be dif er en ti ated into many dif er ent cell types, such as 

B A C K G R O U N D
The cells of Henrietta Lacks

The most widely used con tin u ous cell line in 
vi rol ogy, the HeLa cell line, was de rived from 
Henrietta Lacks. In 1951, the 31yearold 
mother of five vis ited a phy si cian at Johns 
Hop kins Hospital in Bal ti more and was 
found to have a ma lig nant tu mor of the cer
vix. A sam ple of the tu mor was taken and 
given to George Gey, head of tis sue cul ture re
search at Hop kins. Gey had been at tempt ing 
for years, with out  suc cess, to pro duce a line of 
hu man cells that would live in defi  nitely. 
When placed in cul ture, Henrietta Lacks’ 
cells prop a gated as no other cells had be fore.

On the day in Oc to ber that Henrietta 
Lacks died, Gey ap peared on na tional tele vi
sion with a vial of her cells, which he called 
HeLa cells. He said, “It is pos si ble that, from a 
fun da men tal study such as this, we will be 
 able to learn a way by which can cer can be 
com pletely wiped out .” Soon af er, HeLa cells 
were used to prop a gate po lio vi rus, which was 
caus ing po lio my eli tis through out  the world, 
and they played an im por tant role in the de
vel op ment of po lio vi rus vac cines. Henrietta 
Lacks’ HeLa cells started a med i cal rev o lu
tion: not only was it pos si ble to prop a gate 
many dif er ent vi ruses in these cells, but the 

work set a pre ce dent for pro duc ing con tin u
ous cell lines from many hu man tis sues. How
ever, the fam ily of Henrietta Lacks did not 
learn about HeLa cells, or the rev o lu tion they 
started, un til 24 years af er her death. Her 
fam ily mem bers were shocked that cells from 
Henrietta lived in so many lab o ra to ries and 
that they had not been told that any cells had 
been taken from her.

The story of HeLa cells is an in dict ment of 
the lack of in formed con sent that per vaded 
med i cal re search in the 1950s. Since then, 
bio med i cal eth ics have changed, and there are 
now strict reg u la tions in clin i cal re search: 
phy si cians may not take sam ples for re search 
from pa tients with out  per mis sion. Neverthe
less, in early 2013, HeLa cells gen er ated more 
con tro versy when a re search group pub lished 
the cells’ ge nome se quence. The Lacks fam ily 
ob jected to the pub li ca tion, claim ing that the 
in for ma tion could re veal pri vate med i cal in
for ma tion about sur viv ing fam ily mem bers. 
As a re sult, the se quence was with drawn from 
pub lic da ta bases. Months later, a sec ond HeLa 
cell ge nome se quence was pub lished, but this 
time the au thors were bound by an agree ment 
bro kered by the National Institutes of Health, 

which re quired an ap pli ca tion pro cess for any 
in di vid ual wish ing to view the se quence.

Adey A, Bur ton JN, Kitzman JO, Hiatt JB, Le wis AP, 
Martin BK, Qiu R, Lee C, Shendure J. 2013. The hap
lo typeresolved ge nome and epigenome of the an eu
ploid HeLa can cer cell line. Nature 500:207–211. 

Callaway E. 2013. Deal done over HeLa cell line. Na-
ture 500:132–133. 

Callaway E. 23 March 2013. HeLa pub li ca tion brews bio
eth i cal storm. Nature. https://www.nature.com/news 
/ helapublicationbrewsbioethicalstorm1.12689.

Skloot R. April 2000. Henrietta’s dance. Johns Hop kins 
Magazine. http:// pages. jh. edu/ ∼jhumag/ 0400web /  01 
.html.

Skloot R. 2011. The Immortal Life of Henrietta Lacks. 
Broad way Books, New York, NY.
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cardiomyocytes, neu rons, and he pa to cytes, by treat ment with 
spe cific growth fac tors. Viral re pro duc tion can be stud ied in 
spe cific hu man cell types us ing cells de rived from iPSCs.

Monolayer and sus pen sion cell cul tures do not re pro duce 
the cell type di ver sity and ar chi tec ture typ i cal of tis sues and 
or gans. One way to over come this lim i ta tion is by the use of 
organotypic slice cul tures, which can be pro duced from a va
ri ety of or gans, in clud ing brain, liver, and kid ney. These cul
tures are pre pared by slic ing em bry onic or post na tal ro dent 
or gans into 100 to 400micrometer slices. They are placed on 
sub strates, such as po rous or semiporous mem branes, and 
bathed in cell cul ture me dium. Such cul tures re main vi a ble 
for 1 to 2 weeks. The ef ect of Zika vi rus in fec tion on neu ro
nal mi gra tion has been ex am ined in organotypic brain slice 
cul tures de rived from em bry onic mice (Box 2.3).

Another type of threedimensional cell sys tem is the mul
ti cel lu lar, selforganizing organoid that ap prox i ma tes the or
ga ni za tion, func tion, and ge net ics of spe cific or gans. Organoids 

are de rived from ei ther plu rip o tent stem cells (iPSCs or em
bry onic stem cells) or adult stem cells from dif er ent or gans. 
Organoids that model many or gans such as in tes tine, stom ach, 
esoph a gus, and brain have been es tab lished, and many have 
been val i dated for the study of a va ri ety of vi ral in fec tions 
(Fig. 2.3). For ex am ple, for years prop a ga tion of hu man nor o
vi ruses eluded vi rol o gists un til the de vel op ment of in tes ti nal 
organoids.

The dif er en ti a tion of stem cells into organoids de pends 
on growth con di tions and nu tri ents. For ex am ple, one type of 
brain organoid can be es tab lished from hu man plu rip o tent 
stem cells by em bed ding the cells in a ge lat i nous pro tein mix
ture that re sem bles the ex tra cel lu lar en vi ron ment of many 
tis sues. In the ab sence of fur ther cues, the stem cells dif er en
ti ate into struc tures typ i cal of many di verse brain re gions, in
clud ing the cor tex. In con trast, the pro duc tion of in tes ti nal 
organoids re quires ag o nists of a par tic u lar sig nal trans duc
tion path way. Current at tempts to im prove organoid cul tures 

E X P E R I M E N T S
Zika vi rus blocks the neu ro nal road

Zika vi rus in fec tion dur ing preg nancy is a 
cause of the hu man birth de fect called mi cro
ceph aly. Babies born with this de fect have 
smaller heads than ex pected for their age and 
smaller brains that do not de velop nor mally. 
Organotypic brain slice cul tures from em bry
onic mice have been used to study the ef ect of 
Zika vi rus on brain de vel op ment.

To pro duce organotypic em bry onic brain 
slice cul tures, fe tal mouse brains were re
moved, em bed ded in lowmeltingpoint aga
rose, and thinly sliced with a vibratome. The 
slices were placed in cor ti cal cul ture me dium 
and then in fected with Zika vi rus.

When first and sec ondtrimester brain 
slice cul tures were in fected with dif er ent iso
lates of Zika vi rus from 1947 to 2016, re pro
duc tion was ob served as de ter mined by plaque 
as say. These find ings dem on strate that neu
rotropism of Zika vi rus is not a re cently ac
quired phe no type.

The small heads ob served in mi cro ce
phalic chil dren re fect a phys i cally smaller 
brain—spe cifi  cally, the neo cor tex is thin ner 
than in a nor mal brain. The neo cor tex, the 
larg est part of the ce re bral cor tex of the brain, 
is com posed of six dis tinct lay ers of neu rons, 
which are es tab lished dur ing em bry onic de
vel op ment. First, glial cells orig i nat ing from 
pro gen i tor cells in the ven tric u lar zone ex

tend their pro cesses through out  the cor tex 
and an chor at the pia, the outer sur face of the 
brain. These long fi bers pro vide a scaf old on 
which neu rons, pro duced from the same pro
gen i tor cells, mi grate out  wards to es tab lish 
the six lay ers of the cor tex.

Glial fi bers are vis i ble as par al lel tracks 
in the mouse em bry onic brain slice cul tures 
stained with an an ti body to vimentin, a pro
tein com po nent of the fi bers (im age, lef 
panel). When em bry onic brain slice cul tures 
were in fected with Zika vi rus, the struc ture 
of the glial tracks was al tered. Instead of par
al lel tracks, the fi bers as sumed a twisted 
mor phol ogy that would not al low neu rons to 

travel from the ven tric u lar zone to the de vel
op ing neo cor tex (im age, right panel). Dis
ruption of glial fi bers was ob served af er 
in fec tion with Zika vi ruses iso lated from 1947 
to 2016.

These re sults sug gest that Zika vi rus
mediated dis rup tion of glial fi bers dur ing 
em bry onic de vel op ment con trib utes to mi
cro ceph a ly: if neu rons can not mi grate to the 
pial sur face, the neo cor tex will be thin ner.

Rosenfeld AB, Doobin DJ,  Warren AL, Racaniello 
VR, Vallee RB. 2017. Replication of early and re
cent Zika vi rus iso lates through out  mouse brain 
de vel op ment. Proc Natl Acad Sci U S A 114:12273–
12278.

Neuronal mi gra tion is im paired dur ing Zika vi rus in fec tion. Brain slice cultures from embry
onic day 15 mice were in fected with 105 PFU of Zika vi rus and at 4 dpi, were fixed and stained with 
an ti body against vimentin to mark the ra dial glia pro gen i tor (RGP) basal pro cesses, which are the 
fi bers upon which bi po lar neu rons mi grate. ZIKV in fec tion per turbed the RGP scaf old com pared 
with con trol slic es.

BOX 2.3
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sual in spec tion of in fected cells. Some vi ruses kill the cells in 
which they re pro duce, and they may even tu ally de tach from 
the cell cul ture plate. As more cells are in fected, the changes 
be come vis i ble and are called cy to pathic ef ects.

Many types of cy to pathic ef ect can be seen with a sim ple 
light or phasecontrast mi cro scope at low power, with out  
fix ing or stain ing the cells. These changes in clude the round
ing up and de tach ment of cells from the cul ture dish, cell 
ly sis, swell ing of nu clei, and some times the for ma tion of a 

in clude the ad di tion of im mune cells, vas cu la ture, and com
men sal mi cro or gan isms, to more ac cu rately re fect the de
tails of tis sue and or gan ar chi tec tures.

Airliquid in ter face cul tures are used to model the re
spi ra tory tract, a ma jor site of vi rus en try and in fec tion. 
This or gan pres ents a chal lenge be cause its struc ture dif ers 
from the phar ynx to the al ve oli. In the tra chea and bron chi, 
the ep i the lium com prises a sin gle layer of co lum nar cells 
which con tact the base ment mem brane. In the al ve oli the 
ep i the lium is made of a thin, sin gle cell layer to fa cil i tate air 
ex change. Airliquid in ter face cul tures may be pro duced 
from pri mary hu man bron chial cells or re spi ra tory cell lines 
(Fig. 2.4).

Because vi ruses are oblig a tory in tra cel lu lar par a sites, they 
can not re pro duce out  side a liv ing cell. An ex cep tion comes 
from the dem on stra tion in 1991 that in fec tious po lio vi rus 
could be pro duced in an ex tract of hu man cells in cu bated 
with vi ral RNA, a feat that has not been achieved for any 
other vi rus. Consequently, most an a ly ses of vi ral rep li ca tion 
have used cul tured cells, em bry o nated eggs, or lab o ra tory 
an i mals. For a dis cus sion of whether to call these dif er ent 
sys tems in vi vo or in vi tro, see Box 2.4.

Evidence of Viral Reproduction in Cultured Cells
Before quan ti ta tive meth ods for mea sur ing vi ruses were 

de vel oped, ev i dence of vi ral prop a ga tion was ob tained by vi
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Figure 2.3 Production of organoids from stem cells. The dif er ent germ lay ers shown (en do derm and ec to derm) may be de rived 
from em bry onic stem cells (ESCs) or in duced plu rip o tent stem cells (iPSCs) in vi tro with spe cific dif er en ti a tion pro to cols. Afer trans fer 
into 3dimensional sys tems these cells pro duce organoids that re ca pit u late the de vel op men tal steps char ac ter is tic of var i ous or gans.
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Figure 2.4 Production of air way-liquid in ter face cul tures of 
bron chial ep i the li um. (A) Epithelial cells are seeded onto a per me able 
mem brane and cell cul ture me dium is sup plied on both api cal (top) and 
basal (bot tom) sides. (B) When the cells are con fu ent, me dium on the 
api cal side is re moved. Contact of the cells with air drives dif er en ti a
tion of cells to wards types found in the air ways, such as gob let cells, cil
i ated and nonciliated cells, and basal cells. Cultures may be pro duced 
that mimic tra cheo bron chial cells, with dif er ent cell types, or hu man 
al ve o lar cells with only two cell types (not shown).
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group of fused cells called a syn cy tium (Fig. 2.5). Highpower 
mi cros copy is re quired for the ob ser va tion of other cy to pathic 
ef ects, such as the de vel op ment of in tra cel lu lar mas ses of vi
rus par ti cles or un as sem bled vi ral com po nents in the nu cleus 
and/or cy to plasm (in clu sion bod ies), for ma tion of crys tal line 
ar rays of vi ral pro teins, mem brane blebbing, du pli ca tion of 
mem branes, and frag men ta tion of or gan elles.

The time re quired for the de vel op ment of cy to pa thol ogy 
var ies con sid er ably among an i mal vi ruses. For ex am ple, de
pend ing on the size of the in oc u lum, en tero vi ruses and her
pes sim plex vi rus can cause cy to pathic ef ects in 1 to 2 days 
and de stroy the cell mono layer in 3. In con trast, cy to meg a lo
vi rus, ru bella vi rus, and some ad e no vi ruses may not pro duce 
such ef ects for sev eral weeks.

T E R M I N O L O G Y
In vi tro and in vi vo

The terms “in vi tro” and “in vi vo” are com mon 
in the vi rol ogy lit er a ture. In vi tro means “in 
glass” and re fers to ex per i ments car ried out  in 
an ar ti fi cial en vi ron ment, such as a glass or 
plas tic test tube. Unfortunately, the phrase 
“ex per i ments per formed in vi tro” is used to 
des ig nate not only work done in the cellfree 
en vi ron ment of a test tube but also work done 
within cul tured cells. The use of the phrase in 
vi tro to de scribe liv ing cul tured cells leads to 

con fu sion and is in ap pro pri ate. In vi vo means 
“in a liv ing or gan ism” but may be used to re fer 
to ei ther cells or an i mals. Those who work on 
plants avoid this con fu sion by us ing the term 
“in planta.”

In this text book, we use in vi tro to des ig
nate ex per i ments car ried out  in the ab sence of 
cells, e.g., in vi tro trans la tion. Work done in 
cells in cul ture is done ex vi vo, while re search 
done in an i mals is car ried out  in vi vo.

A C

B

Fusion

Figure 2.5 Development of cy to pathic ef fect. (A) Cell round ing and ly sis dur ing po lio vi rus in fec tion. Shown are un in fected cells 
(up per lef) and cells 5.5 h af er in fec tion (up per right), 8 h af er in fec tion (lower lef), and 24 h af er in fec tion (lower right). (B) Syncytium 
for ma tion in duced by mu rine leu ke mia vi rus. The field shows a mix ture of in di vid ual re frac tile small cells and fat tened syn cy tia (ar
row), which are large, mul ti nu cle ated cells. Courtesy of R. Compans, Emory University School of Medicine. (C) Schematic il lus tra tion of 
syn cy tium for ma tion. Viral gly co pro teins on the sur face of an in fected cell bind re cep tors on a neigh bor ing cell, caus ing fu sion.

BOX 2.4
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The de vel op ment of char ac ter is tic cy to pathic ef ects in in
fected cell cul tures is fre quently mon i tored in di ag nos tic vi
rol ogy af er iso la tion of vi ruses from spec i mens ob tained 
from in fected pa tients or an i mals. In the re search lab o ra tory, 
ob ser va tion of cy to pathic ef ect can be used to mon i tor the 
prog ress of an in fec tion, and is of en one of the phe no typic 
traits that char ac ter ize mu tant vi rus es.

Some vi ruses mul ti ply in cells with out  caus ing ob vi ous cy
to pathic ef ects. For ex am ple, many mem bers of the fam i lies 
Arenaviridae, Paramyxoviridae, and Retroviridae do not 
cause ob vi ous dam age to cul tured cells. Infection by such vi
ruses must there fore be as sessed us ing al ter na tive meth ods, as 
de scribed in “Assay of Viruses” be low.

Embryonated Eggs
Before the advent of cell cul ture, many vi ruses were prop a
gated in em bry o nated chicken eggs (Fig. 2.6). At 5 to 14 days 
af er fer til iza tion, a hole is drilled in the shell and vi rus is in
jected into the site ap pro pri ate for its rep li ca tion. This method 
of vi rus prop a ga tion is now rou tine only for in fu enza vi rus. 
The ro bust yield of this vi rus from chicken eggs has led to 
their wide spread use in re search lab o ra to ries and for vac cine 
pro duc tion.

Laboratory Animals
In the early 1900s, when vi ruses were first iso lated, freez ers and 
cell cul tures were not avail  able, and it was nec es sary to main
tain vi rus stocks by con tin u ous pas sage from an i mal to an i mal. 
This prac tice not only was in con ve nient but also, as we shall see, 
led to the se lec tion of vi ral mu tants (Volume II, Chapter 7). For 
ex am ple, mon keytomonkey in tra ce re bral pas sage of po lio vi
rus se lected a mu tant that could no lon ger in fect chim pan zees 
by the oral route, the nat u ral means of in fec tion.

Although cell cul ture has sup planted an i mals for prop a
gat ing most vi ruses, ex per i men tal in fec tion of lab o ra tory an i

mals has al ways been, and will con tinue to be, oblig a tory for 
study ing the pro cesses by which vi ruses cause dis ease. The 
study in mon keys of po lio my eli tis, the par a lytic dis ease 
caused by po lio vi rus, led to an un der stand ing of the ba sis of 
this dis ease and was in stru men tal in the de vel op ment of a 
suc cess ful vac cine. Similarly, the de vel op ment of vac cines 
against hep a ti tis B vi rus would not have been pos si ble with out  
ex per i men tal stud ies with chim pan zees. Understanding how 
the im mune sys tem or any com plex or gan re acts to a  vi rus 
can not be achieved with out  re search on liv ing an i mals. The 
de vel op ment of vi ral vac cines, an ti vi ral drugs, and di ag nos tic 
tests for vet er i nary med i cine has also benefited from re search 
on dis eases in lab o ra tory an i mals. Despite their util ity, it must 
be ap pre ci ated that all  an i mal mod els are sur ro gates for the 
events that oc cur dur ing vi ral in fec tions of hu mans.

Assay of Viruses
There are two main types of as say for de tect ing vi rus es: bi o
log i cal and phys i cal. Because vi ruses were first rec og nized 
by their in fec tiv ity, the ear li est as says fo cused on this most 
sen si tive and in for ma tive prop erty. However, bi o log i cal as
says such as the plaque as say and endpoint ti tra tion meth ods 
do not de tect non in fec tious par ti cles. In con trast, all  par ti cles 
are ac counted for with phys i cal as says such as elec tron mi
cros copy or by im mu no log i cal meth ods. Knowledge of the 
num ber of non in fec tious par ti cles is use ful for as sess ing the 
qual ity of a vi rus prep a ra tion.

Measurement of Infectious Units
One of the most im por tant pro ce dures in vi rol ogy is mea
sur ing the vi rus ti ter, the con cen tra tion of in fec tious vi rus 
par ti cles in a sam ple. This pa ram e ter is de ter mined by in oc
u lat ing se rial di lu tions of vi rus into host cell cul tures, chicken 
em bryos, or lab o ra tory an i mals and mon i tor ing for ev i dence 
of vi rus mul ti pli ca tion. The re sponse may be quan ti ta tive 
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Figure 2.6 Growth of vi ruses in em bry o nated eggs. The cut away view of an em bry o nated chicken egg shows the dif er ent routes 
by which vi ruses are in oc u lated into eggs and the dis tinct com part ments in which par tic u lar vi ruses may prop a ga te.
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(as in as says for plaques, fuo res cent foci, in fec tious cen ters, 
or ab nor mal growth and mor phol ogy) or all ornone, in 
which the pres ence or ab sence of in fec tion is mea sured (as 
in an endpoint di lu tion as say). Please note that “ti ter” is not 
a verb.

Plaque Assay
The mea sure ment of vi rus ti ters by plaque as say was first 

de vel oped for bac te rio phages by d’Herelle in 1917 and then 
mod i fied for an i mal vi ruses by Renato Dulbecco in 1952. In 
this pro ce dure, mono lay ers of cul tured cells are in cu bated 
with a prep a ra tion of vi rus to al low ad sorp tion to cells. Afer 
re moval of the in oc u lum, the cells are cov ered with nu tri ent 
me dium con tain ing a sup ple ment, most com monly agar, 
which forms a gel. When the orig i nal in fected cells re lease 
new prog eny par ti cles, the gel re stricts their spread to neigh
bor ing un in fected cells. As a re sult, each in fec tious par ti cle 
pro duces a cir cu lar zone of in fected cells, a plaque. If the in
fected cells are dam aged, the plaque can be dis tin guished 
from the sur round ing mono layer. In time, the plaque be
comes large enough to be seen with the na ked eye (Fig. 2.7). 
Only vi ruses that cause vis i ble dam age of cul tured cells can 
be as sayed in this way. A movie that de picts the mi cro scopic 
de vel op ment of a plaque can be found at this link: http:// bit 
.ly/ Virology_ VZVGFP.

For the ma jor ity of an i mal vi ruses, there is a lin ear re la
tion ship be tween the num ber of in fec tious par ti cles and the 
plaque count (Fig. 2.8). One in fec tious par ti cle is there fore 
suf  cient to ini ti ate in fec tion, and the vi rus is said to in fect 
cells with onehit ki net ics. Some ex am ples of twohit ki net

A

C

B

Figure 2.7 Plaques formed by dif fer ent an i mal vi rus es. (A) Photomicrograph of a sin gle plaque formed by pseudorabies vi rus in 
bo vine kid ney cells. Shown are un stained cells (lef) and cells stained with the chro mo genic sub strate XGal (5bromo4chloro3
indolylβdgalactopyranoside), which is con verted to a blue com pound by the prod uct of the lacZ gene car ried by the vi rus (right). Cour
tesy of B. Banfield, Princeton University. (B) Plaques formed by po lio vi rus on hu man HeLa cells stained with crys tal vi o let. (C) Illustration 
of the se quen tial spread of a cy to pathic vi rus from an ini tial in fected cell to neigh bor ing cells, re sult ing in a plaque.
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For one-hit kinetics, the 
number of plaques is 
directly proportional to 
the �rst power of the 
concentration of the 
virus inoculated. If the 
concentration of virus is 
doubled, the number of 
plaques also doubles. 

For two-hit kinetics, 
the number of plaques 
is directly proportional 
to the square of the 
concentration of the 
virus inoculated.  

Figure 2.8 The dose-response curve of the plaque as say. The 
num ber of plaques pro duced by a vi rus with onehit ki net ics (red) or 
twohit ki net ics (blue) is plot ted against the rel a tive con cen tra tion of the 
vi rus. In twohit ki net ics, there are two clas ses of un in fected cells, those 
re ceiv ing one par ti cle and those re ceiv ing none. The Pois son dis tri bu
tion can be used to de ter mine the pro por tion of cells in each class: they 
are e−m and me−m (Box 2.12). Because one par ti cle is not suf  cient for 
in fec tion, P(0) = e−m(1 + m). At a very low mul ti plic ity of in fec tion, this 
equa tion be comes P(i) = (1/2)m2 (where i = in fec tion), which gives a par
a bolic curve.
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ics, in which two dif er ent types of vi rus par ti cle must in fect 
a cell to en sure rep li ca tion, have been rec og nized. An ex am
ple is the ge nomes of some (+) strand RNA vi ruses of plants 
that con sist of two RNA mol e cules which are encapsidated 
sep a rately. Both RNAs are re quired for in fec tiv ity. The dose
response curve in plaque as says for these vi ruses is there fore 
par a bolic rather than lin ear (Fig. 2.8).

The ti ter of a vi rus stock can be cal cu lated in plaque
forming units (PFU) per mil li li ter (Box 2.5). The plaque 
as say may also be used to pre pare clonal vi rus stocks. When 
one in fec tious vi rus par ti cle ini ti ates a plaque, the vi ral prog
eny within the plaque are bi o log i cal clones, and vi rus stocks 
pre pared from a sin gle plaque are known as plaque pu ri fied. 
The tip of a small pi pette is plunged into the over lay above the 

plaque, and the plug of agar con tain ing the vi rus is re cov ered. 
The vi rus within the agar plug is eluted into bufer and used 
to pre pare vi rus stocks. To en sure pu rity, this pro cess is usu
ally re peated at least one more time.

Fluorescent-Focus Assay
The fuo res centfocus as say, a mod i fi ca tion of the plaque as

say, can be done more rap idly and is use ful in de ter min ing the 
ti ters of vi ruses that do not form plaques. The ini tial pro ce dure is 
the same as in the plaque as say. However, af er a pe riod suf  cient 
for ad sorp tion and gene ex pres sion, cells are made per me able 
and in cu bated with an an ti body raised against a vi ral pro tein. A 
sec ond an ti body, which rec og nizes the first, is then added. This 
sec ond an ti body is usu ally con ju gated to a fuo res cent mol e cule. 

M E T H O D S
Calculating vi rus ti ter from the plaque as say

To cal cu late the ti ter of a vi rus in plaque
forming units (PFU) per mil li li ter, 10fold se
rial di lu tions of a vi rus stock are pre pared in a 
bufer, and suit able al i quots are in oc u lated 
onto sus cep ti ble cell mono lay ers which are 
cov ered with an agar over lay (see fig ure). Af
ter a suit able in cu ba tion pe riod, the mono lay
ers are stained and the plaques are counted. 

To min i mize er ror in cal cu lat ing the vi rus 
ti ter, only plates con tain ing be tween 10 and 
100 plaques are counted, de pend ing on the 
area of the cell cul ture ves sel. Plates with >100 
plaques are gen er ally not counted be cause the 
plaques may over lap, caus ing in ac cu ra cies. 
According to sta tis ti cal prin ci ples, when 100 
plaques are counted, the sam ple ti ter var ies by 

±10%. For ac cu racy, each di lu tion is plated in 
du pli cate or trip li cate (not shown in the fig
ure). In the ex am ple shown, 10 plaques are 
ob served on the plate pro duced from the 10–6 
di lu tion. Therefore, the 10–6 di lu tion tube 
con tains 10 PFU per 0.1 ml, or 100 PFU per 
ml, and the ti ter of the vi rus stock is 100 × 106 
or 1 × 108 PFU/ml.

210100Number of plaques:

1 � 108 PFU/ml

0.1 ml0.1 ml

0.1 ml 0.1 ml

0.9 ml
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BOX 2.5
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The cells are then ex am ined un der a mi cro scope at an ap pro pri
ate wave length. The ti ter of the vi rus stock is ex pressed in fuo res
centfocusforming units per mil li li ter. When the gene en cod ing 
a fuo res cent pro tein is in cor po rated into the vi ral ge nome, foci 
may be de tected with out  the use of an ti vi ral an ti bod ies.

Infectious-Centers Assay
Another mod i fi ca tion of the plaque as say, the in fec tious

centers as say, is used to de ter mine the frac tion of cells in a 
cul ture that are in fected with a vi rus. Monolayers of in fected 
cells are sus pended be fore prog eny vi ruses are pro duced. Di
lutions of a known num ber of in fected cells are then plated on 
mono lay ers of sus cep ti ble cells, which are cov ered with an 
agar over lay. The num ber of plaques that form on the in di ca
tor cells is a mea sure of the num ber of cells in fected in the 
orig i nal pop u la tion. The frac tion of in fected cells can there
fore be de ter mined. A typ i cal use of the in fec tiouscenters as
say is to mea sure the pro por tion of vi rusproducing cells in 
per sis tently in fected cul tures.

Transformation Assay
The trans for ma tion as say pro vi des a method for de ter min

ing the ti ters of some ret ro vi ruses that do not form plaques. 
For ex am ple, when Rous sar coma vi rus trans forms chicken 
em bryo cells, the cells lose their con tact in hi bi tion (the prop
erty that gov erns whether cells in cul ture grow as a sin gle 
mono layer [see Volume II, Chapter 6]) and be come heaped up 
on one an other. The trans formed cells form small piles, or fo ci, 
that can be dis tin guished eas ily from the rest of the mono
layer (Fig. 2.9). Infectivity is ex pressed in fo cusforming units 
per mil li li ter.

End-Point Dilution Assay
The endpoint di lu tion as say pro vided a means to de ter

mine vi rus ti ter be fore the de vel op ment of the plaque as say. It 
is still used for mea sur ing the ti ters of cer tain vi ruses that do 
not form plaques or for de ter min ing the vir u lence of a vi rus 
in an i mals. Serial di lu tions of a vi rus stock are in oc u lated into 
rep li cate test units (typ i cally 8 to 10), which can be cell cul
tures, eggs, or an i mals. The num ber of test units that have be
come in fected is then de ter mined for each vi rus di lu tion. In 
cell cul ture, in fec tion may be de ter mined by the de vel op ment 
of cy to pathic ef ect; in eggs or an i mals, in fec tion may be 
gauged by vi rus ti ter, death, or dis ease. An ex am ple of an end
point di lu tion as say us ing cell cul tures is shown in Box 2.6, 
with re sults ex pressed as 50% in fec tious dose (ID50) per mil
li li ter. This type of as say is also suit able for highthroughput 
ap pli ca tions.

When the endpoint di lu tion as say is used to as sess the 
vir u lence of a vi rus or its ca pac ity to cause dis ease (Volume 
II, Chapter 1), the re sult can be ex pressed in terms of 50% 
le thal dose (LD50) per mil li li ter or 50% par a lytic dose (PD50) 
per mil li li ter, end points of death and pa ral y sis, re spec
tively. The 50% end point de ter mined in an an i mal host can 
be re lated to vi rus ti ter, de ter mined sep a rately by plaque as
say or other means. In this way, the ef ects of the route of 
in oc u la tion or spe cific mu ta tions on vi ral vir u lence can be 
quan ti fied.

Efficiency of Plating
Efficiency of plat ing is de fined as the in fec tious vi rus ti
ter (in PFU/ml) di vided by the to tal num ber of vi rus par ti
cles in the sam ple. The par ti cle–to–plaqueformingunit 

A B

Figure 2.9 Transformation as say. Chicken cells trans formed by two dif er ent strains of Rous sar coma vi rus are shown. Loss of con
tact in hi bi tion causes cells to pile up rather than grow as a mono layer. One fo cus is seen in panel A and three foci are seen in panel B at the 
same mag ni fi ca tion. Courtesy of H. Hanafusa, Osaka Bioscience Institute.
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(PFU) ra tio, a term more com monly used to day, is the in
verse value (Table 2.1). For many bac te rio phages, the par ti cle
toPFU ra tio ap proaches 1, the low est value that can be 
ob tained. However, for an i mal vi ruses, this value can be much 
higher, rang ing from 1 to 10,000. These high val ues have com
pli cated the study of an i mal vi ruses. For ex am ple, when the 
par ti cletoPFU ra tio is high, it may not be clear that prop er
ties mea sured biochemically are in fact those of the in fec tious 
par ti cle or those of the non in fec tious com po nent.

Although the lin ear na ture of the doseresponse curve 
in di cates that a sin gle par ti cle is ca pa ble of ini ti at ing an in

fec tion (onehit ki net ics) (Fig. 2.8), the high par ti cletoPFU 
ra tio of many vi ruses dem on strates that not all  vi rus par ti
cles are suc cess ful. High val ues are some times caused by the 
pres ence of non in fec tious par ti cles with ge nomes that har
bor le thal mu ta tions or that have been dam aged dur ing 
growth or pu ri fi ca tion (de fec tive par ti cles). An al ter na tive 
ex pla na tion is that al though all  vi ruses in a prep a ra tion are 
in fact ca pa ble of ini ti at ing in fec tion, not all  of them suc ceed 
be cause of the com plex ity of the in fec tious cy cle. Failure at 
any one step in the cy cle pre vents com ple tion. In this case, a 
high par ti cletoPFU ra tio in di cates not that most par ti cles 

M E T H O D S
End-point di lu tion as says

Endpoint di lu tion as says are usu ally car ried 
out  in multiwell plas tic plates (see the fig ure 
above). In the ex am ple shown in the ad ja cent 
ta ble above, 10 mono layer cell cul tures were in
fected with each vi rus di lu tion. Afer the in cu
ba tion pe riod, plates that dis played cy to pathic 
ef ect were scored +. At high di lu tions, none of 
the cell cul tures are in fected be cause no in fec
tious par ti cles are de liv ered to the cells; at low 
di lu tions, ev ery cul ture is in fected. The end 
point is the di lu tion of vi rus that af ects 50% of 
the test units. This num ber can be cal cu lated 
from the data and ex pressed as 50% in fec tious 
dose (ID50) per mil li li ter. Fify per cent of the 
cell cul tures dis played cy to pathic ef ect at the 
10–5 di lu tion, and there fore, the vi rus stock 
con tains 105 TCID50 (tis sue cul ture in fec tious 
dose) units.

In most cases, the 50% end point does not 
fall on a di lu tion tested as shown in the ex am
ple; for this rea son, var i ous sta tis ti cal pro ce
dures have been de vel oped to cal cu late the 
end point of the ti tra tion. In one pop u lar 
method, the di lu tion con tain ing the ID50 is 
iden ti fied by in ter po la tion be tween the di lu
tions on ei ther side of this value. The as sump
tion is made that the lo ca tion of the 50% end 
point var ies lin e arly with the log of the di lu
tion. Because the num ber of test units used at 
each di lu tion is usu ally small, the ac cu racy of 
this method is rel a tively low. For ex am ple, if 
six test units are used at each 10fold di lu tion, 
dif er ences in vi rus ti ter of only 50fold or 
more can be de tected re li ably. The method is 
il lus trated in the sec ond example below, in 
which the le thal ity of po lio vi rus in mice is the 

end point. Eight mice were in oc u lated per di
lu tion. In the method of Reed and Muench, 
the re sults are pooled, as shown in the ta ble 
below, which equal izes chance var i a tions (an
other way to achieve the same re sult would be 
to uti lize greater num bers of an i mals at each 
di lu tion). The in ter po lated value of the 50% 
end point, which in this case falls be tween the 
5th and 6th di lu tions, is cal cu lated to be 10–6.5. 
The vi rus sam ple there fore con tains 106.5 LD50 
(50% le thal dose). The LD50 may also be cal cu
lated as the con cen tra tion of the stock vi rus 
in PFU per mil li li ter (1 × 109) times the 50% 
endpoint ti ter. In the ex am ple shown, the LD50 
is 3 × 102 PFU.

Reed LJ, Muench H. 1938. A sim ple method of es ti
mat ing fify per cent end points. Am J Hyg 27: 493–497.

BOX 2.6

Endpoint dilution assay 10–2

10–2 � � � � � � � � � �

10–3 � � � � � � � � � �

10–4 � � � � � � � � � �

10–5 � � � � � � � � � �

10–6 � � � � � � � � � �

10–7 � � � � � � � � � �

10–3

10–4

Virus
dilution Cytopathic effect

Dilution Alive Dead Total alive Total dead Mortality ra tio Mortality (%)

10−2 0 8 0 40 0/40 100
10−3 0 8 0 32 0/32 100
10−4 1 7 1 24 1/25 96
10−5 0 8 1 17 1/18 94
10−6 2 6 3 9 3/12 75
10−7 5 3 8 3 8/11 27
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are de fec tive but, rather, that they failed to com plete the 
in fec tion.

Measurement of Virus Particles
Although the num bers of vi rus par ti cles and in fec tious units 
are of en not equal, as says for par ti cle num ber are fre quently 
used to ap prox i mate the num ber of in fec tious par ti cles pres ent 
in a sam ple. For ex am ple, as sum ing that the ra tio of in fec tious 
units to phys i cal par ti cles is con stant, the con cen tra tion of vi ral 
DNA or pro tein can be used to es ti mate the num ber of in fec
tious par ti cles. Biochemical or phys i cal as says are usu ally more 
rapid and eas ier to carry out  than those for in fec tiv ity, which 
may be slow, cum ber some, or im pos si ble. Assays for sub vi ral 
com po nents also pro vide in for ma tion on par ti cle num ber if the 
amount of these com po nents in each vi rus par ti cle is known.

Electron Microscopy
With few ex cep tions, vi rus par ti cles are too small to be 

ob served di rectly by light mi cros copy. However, they can 
be seen read ily in the elec tron mi cro scope. If a sam ple con
tains only one type of vi rus, the par ti cle count can be de
ter mined. A vi rus prep a ra tion is mixed with a known 
con cen tra tion of la tex beads, and the num bers of vi rus par
ti cles and beads are then counted, al low ing the con cen tra
tion of the vi rus par ti cles in the sam ple to be de ter mined by 
com par i son.

Hemagglutination
Members of the Adenoviridae, Orthomyxoviridae, and 

Paramyxoviridae, among oth ers, con tain pro teins that bind to 
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Figure 2.10 Hemagglutination as say. (Top) Samples of dif er ent 
in fu enza vi ruses were di luted, and a por tion of each di lu tion was mixed 
with a sus pen sion of chicken red blood cells and added to the wells. Af
ter 30 min at 4°C, the wells were pho to graphed. Sample A does not con
tain vi rus. Sample B causes hem ag glu ti na tion un til a di lu tion of 1:512 
and there fore has a hem ag glu ti na tion ti ter of 512. Elution of the vi rus 
from red blood cells at the 1:4 di lu tion is caused by neur amin i dase in 
the vi rus par ti cle. This en zyme cleaves Nacetylneuraminic acid from 
gly co pro tein re cep tors and elutes bound vi ruses from red blood cells. 
(Bottom) Schematic il lus tra tion of hem ag glu ti na tion of red blood cells 
by in fu enza vi rus. Top, Courtesy of C. Basler and P. Palese, Mount Si
nai School of Medicine of the City University of New York.

Table 2.1 ParticletoPFU ra tios of some an i mal vi rus es

Virus Particle/PFU ra tio
Papillomaviridae
  Papillomavirus 10,000
Picornaviridae
  Poliovirus 30–1,000
Herpesviridae
  Herpes sim plex vi rus 50–200
Polyomaviridae
  Polyomavirus 38–50
  Simian vi rus 40 100–200
Adenoviridae 20–100
Poxviridae 1–100
Orthomyxoviridae
  Infuenza vi rus 20–50
Reoviridae
  Reovirus 10
Alphaviridae
  Semliki Forest vi rus 1–2

eryth ro cytes (red blood cells); these vi ruses can link mul ti ple 
cells, re sult ing in for ma tion of a lat tice. This prop erty is called 
hem ag glu ti na tion. For ex am ple, in fu enza vi ruses con tain an 
en ve lope gly co pro tein called hem ag glu ti nin (HA), which 
binds to Nacetylneuraminic ac idcontaining gly co pro teins 
on eryth ro cytes. In prac tice, 2fold se rial di lu tions of the vi
rus stock are pre pared, mixed with a known quan tity of red 
blood cells, and added to small wells in a plas tic tray (Fig. 2.10). 
Unlinked red blood cells tum ble to the bot tom of the well 
and form a sharp dot or but ton. In con trast, ag glu ti nated red 
blood cells form a dif use lat tice that coats the well. Because 
the as say is rapid (30 min), it is of en used as a quick in di ca tor 
of the rel a tive quan ti ties of vi rus par ti cles. However, it is not 
suf  ciently sen si tive to de tect small num bers of par ti cles.

Centrifugation
The use of cen trif u gal force to sep a rate par ti cles from so

lu tion ac cord ing to size, shape, or den sity has been a sta ple of 
vi rol ogy. The in stru ment used for such sep a ra tions is called a 
cen tri fuge, which can range from small ta ble top de vices that 
ac com mo date small tubes to large foor mod els with greater 
ca pac ity and to ul tra cen tri fuges that can achieve rev o lu tions 
per min ute in ex cess of 70,000. The ul tra cen tri fuge was in
vented by Theodor Svedberg in 1925, and it is the first ini tial 
of his last name that is used to de scribe the sed i men ta tion co
ef  cient of a par ti cle as mea sured by cen tri fu ga tion, e.g., the 
16S ri bo somal sub unit.
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It would not be wrong to state that ev ery vi rol ogy lab o ra
tory is in pos ses sion of at least one cen tri fuge and prob a bly 
has ac cess to more. The uses of the cen tri fuge in vi rol ogy are 
man i fold: from lowspeed sep a ra tion of vi rus par ti cles from 
in fected cell de bris in cell cul ture me dium to frac tion ation of 
in fected cells to iso late nu clei, cy to plasm, or ri bo somes, and 
to pu ri fi ca tion of vi rus par ti cles.

Diferential cen tri fu ga tion is used to sep a rate vi ruses, or
gan elles, or sub cel lu lar struc tures from cells. Preformed gra di
ents of su crose are of en used be cause par ti cles that move with 
var i ous ve loc i ties can be sep a rated dif er en tially in the in creas
ing vis cos ity of the so lu tion. One ap pli ca tion of su crose gra di
ents is the pu ri fi ca tion of vi rus par ti cles. Another is po ly some 
pro fil ing, an anal y sis of the mRNAs as so ci ated with ri bo
somes (Fig. 2.11). Because mRNAs un der go ing trans la tion can 
be as so ci ated with dif er ent num bers of ri bo somes, they can be 
sep a rated on a su crose gra di ent. A more mod ern use of the po
ly some pro file is to ex tract the RNA from each frac tion and 
de ter mine which mRNAs are be ing ac tively trans lat ed.

Another method for pu ri fy ing vi ruses is by iso pyc nic cen
tri fu ga tion, which sep a rates par ti cles solely on the ba sis of 
their den sity. A vi rus prep a ra tion is mixed with a com pound 
(e.g., ce sium chlo ride) that forms a den sity gra di ent dur ing 
cen tri fu ga tion. Virus par ti cles move down the tube un til 
they reach the point at which their den sity is the same as the 
gra di ent me dium. Structural stud ies of vi rus par ti cles of en 
re quire highly pu ri fied prep a ra tions which can be made by 
dif er en tial or iso pyc nic cen tri fu ga tion.
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Figure 2.11 Polysome anal y sis. To study the as so ci a tion of mRNAs 
with ri bo somes, cell ly sates are pre pared and sep a rated by cen tri fu ga
tion through su crose gra di ents. Fractions are col lected and their op ti
cal den sity mea sured to lo cate mRNAs bound to one or more ri bo somes. 
The graph shows the op ti cal den sity of frac tions from the top (lef) to 
the bot tom (right) of the gra di ent. The slowermoving ma te ri als at the 
top of the gra di ent are ri bo somal sub units, while mRNAs as so ci ated 
with one or more ri bo somes move faster in the su crose gra di ent.

Measurement of Viral Enzyme Activity
Some an i mal vi rus par ti cles con tain nu cleic acid po ly

mer ases, which can be de tected by mix ing permeabilized 
par ti cles with pre cur sors and mea sur ing their in cor po ra tion 
into nu cleic acid. This type of as say is used most fre quently 
for ret ro vi ruses, many of which nei ther trans form cells nor 
form plaques. The re verse tran scrip tase in cor po rated into 
the vi rus par ti cle is as sayed by mix ing cell cul ture su per na
tants with a mild de ter gent (to permeabilize the vi ral en ve
lope), an RNA tem plate and primer, and a ra dio ac tive 
nu cle o side tri phos phate. If re verse tran scrip tase is pres ent, a 
ra dio ac tive prod uct will be pro duced by prim ing on the tem
plate. This prod uct can be de tected by pre cip i ta tion or bound 
to a fil ter and quan ti fied. Because en zy matic ac tiv ity is pro
por tional to par ti cle num ber, this as say al lows rapid track
ing of vi rus pro duc tion in the course of an in fec tion. Many 
of these as says have been mod i fied to per mit the use of safer, 
non ra dio ac tive sub strates. For ex am ple, when nu cle o side 
tri phos phates con ju gated to bi o tin are used, the prod uct can 
be de tected with streptavidin (which binds bi o tin) con ju
gated to a fuo ro chrome. Alternatively, the re ac tion prod ucts 
may be quan ti fied by quan ti ta tive re altime PCR (see “De
tection of Viral Nucleic Acids” be low).

Serological Methods
The spec i fic ity of the an ti bodyantigen re ac tion has been 

used to de sign a va ri ety of as says for vi ral pro teins and an ti
vi ral an ti bod ies. These tech niques, such as immunostaining, 
im mu no pre cip i ta tion, im mu no blot ting, and the en zyme
linked im mu no sor bent as say, are by no means lim ited to vi
rol o gy: all  these ap proaches have been used ex ten sively to 
study the struc tures and func tions of cel lu lar pro teins.

Virus neu tral i za tion. When a vi rus prep a ra tion is in oc
u lated into an an i mal, an ar ray of an ti bod ies is pro duced. 
These an ti bod ies can bind to vi rus par ti cles, but not all  of 
them can block in fec tiv ity (neu tral ize), as dis cussed in Vol
ume II, Chapter 4. Virus neu tral i za tion as says are usu ally 
con ducted by mix ing di lu tions of an ti bod ies with vi rus, in
cu bat ing them, and as say ing for re main ing in fec tiv ity in 
cul tured cells, eggs, or an i mals. The end point is de fined as 
the high est di lu tion of an ti body that in hib its the de vel op
ment of cy to pathic ef ect in cells or vi rus re pro duc tion in 
eggs or an i mals.

Some neu tral iz ing an ti bod ies de fine typespecific an ti
gens on the vi rus par ti cle. For ex am ple, the three se ro types 
of po lio vi rus are dis tin guished on the ba sis of neu tral i za tion 
tests: type 1 po lio vi rus is neu tral ized by an ti bod ies to type 1 
vi rus but not by an ti bod ies to type 2 or type 3 po lio vi rus. The 
re sults of neu tral i za tion tests were once used for vi rus clas si
fi ca tion, a pro cess now ac com plished largely by com par ing vi
ral ge nome se quences. Nevertheless, the de tec tion of an ti vi ral 
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an ti bod ies in an i mal sera is still ex tremely im por tant for 
iden ti fy ing in fected hosts. These an ti bod ies may also be used 
to map the threedimensional struc ture of neu tral i za tion an
ti genic sites on the vi rus par ti cle (Box 2.7).

Hemagglutination in hi bi tion. Antibodies against vi ral 
pro teins with hem ag glu ti na tion ac tiv ity can block the abil ity 
of vi rus to bind red blood cells. In this as say, di lu tions of an
ti bod ies are in cu bated with vi rus, and eryth ro cytes are added 
as out lined above. Afer in cu ba tion, the ti ter is read as the 
high est di lu tion of an ti body that in hib its hem ag glu ti na tion. 
This test is sen si tive, sim ple, in ex pen sive, and rapid, and can 
be used to de tect an ti bod ies to vi ral hem ag glu ti nin in an i mal 

and hu man sera. For ex am ple, hem ag glu ti na tion in hi bi tion 
as says were used to iden tify in di vid u als who had been in
fected with the newly dis cov ered avian in fu enza A (H7N9) 
vi rus in China dur ing the 2013 out  break.

Visualization of pro teins. Antibodies can be used to vi
su al ize vi ral or cel lu lar pro teins in in fected cells or tis sues. In 
di rect immunostaining, an an ti body that rec og nizes a vi ral 
pro tein is cou pled di rectly to an in di ca tor such as a fuo res
cent dye or an en zyme (Fig. 2.12). A more sen si tive ap proach 
is in di rect immunostaining, in which a sec ond an ti body is 
cou pled to the in di ca tor. The sec ond an ti body rec og nizes a 
com mon re gion on the vi russpecific an ti body.

D I S C U S S I O N
Neutralization an ti genic sites

Knowledge of the an ti genic struc ture of a vi
rus is use ful in un der stand ing the im mune 
re sponse to these agents and in de sign ing new 
vac ci na tion strat e gies. The use of mono clo nal 
an ti bod ies (an ti bod ies of a sin gle spec i fic ity 
made by a clone of an ti bodyproducing cells) 
in neu tral i za tion as says per mits map ping of 
an ti genic sites on a vi rus par ti cle or of the 
amino acid se quences that are rec og nized by 
neu tral iz ing an ti bod ies.

Each mono clo nal an ti body binds spe cifi 
cally to 8 to 12 res i dues that fit into the an ti
bodycombining site. These amino ac ids are 
ei ther next to one an other ei ther in pri mary 
se quence (lin ear epi tope) or in the folded 

struc ture of the na tive pro tein (non lin e ar or 
con for ma tional epi tope). In con trast, po ly
clonal an ti bod ies com prise the rep er toire 
pro duced in an an i mal against the many 
epi topes of an an ti gen. Antigenic sites may 
be iden ti fied by crosslinking a mono clo nal 
an ti body to the vi rus and de ter min ing 
which pro tein is the tar get of that an ti body. 
Epitope map ping may also be per formed by 
as sess ing the abil i ties of mono clo nal an ti
bod ies to bind syn thetic pep tides rep re sent
ing vi ral pro tein se quences. When the 
mono clo nal an ti body rec og nizes a lin ear 
epi tope, it may re act with the pro tein in im
mu no blot anal y sis, fa cil i tat ing di rect iden ti

fi ca tion of the vi ral pro tein har bor ing the 
an ti genic site.

An el e gant un der stand ing of an ti genic 
struc tures has come from the iso la tion and 
study of var i ant vi ruses that are re sis tant to 
neu tral i za tion with spe cific mono clo nal an ti
bod ies (called mono clo nal an ti bodyresistant 
var i ants). By iden ti fy ing the amino acid 
chan ge(s) re spon si ble for this phe no type, the 
an ti bodybinding site can be lo cated and, to
gether with threedimensional struc tural 
data, can pro vide de tailed in for ma tion on 
the na ture of an ti genic sites that are rec og
nized by neu tral iz ing an ti bod ies (see the 
fig ure).

BOX 2.7

Linear epitope

Conformational
epitope

Antigen

Antibody

A B

Antigenic sites de fined by an ti bod ies. (A) Locations of neu tral i za tion an ti genic sites on the cap sid of po lio vi rus type 1. Amino ac ids that 
change in vi ral mu tants se lected for re sis tance to neu tral i za tion by mono clo nal an ti bod ies are shown in white on a model of the vi ral cap sid. These 
amino ac ids are in VP1 (blue), VP2 (green), and VP3 (red) on the sur face of the vi rus par ti cle. Figure cour tesy of Ja son Rob erts, Vic to rian Infec
tious Diseases Reference Laboratory, Do herty Institute, Mel bourne, Aus tra lia. (B) Conformational and lin ear epi topes bound to an ti body mol e
cules. Linear epi topes are made of con sec u tive amino ac ids, while con for ma tional epi topes are made of amino ac ids from dif er ent parts of the 
pro tein.
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Multiple sec ondantibody mol e cules bind to the first an ti
body, re sult ing in an in creased sig nal from the in di ca tor 
com pared with that ob tained with di rect immunostaining. 
Furthermore, a sin gle in di ca torcoupled sec ond an ti body can 
be used in many as says, avoid ing the need to pu rify and cou
ple an in di ca tor to mul ti ple first an ti bod ies.

In prac tice, vi rusinfected cells (un fixed or fixed with ac e
tone, meth a nol, or para for mal de hyde) are in cu bated with po ly
clonal or mono clo nal an ti bod ies (Box 2.7) di rected against vi ral 
an ti gen. Excess an ti body is washed away, and in di rect immu
nostaining, cells are ex am ined by mi cros copy. For in di rect im
munostaining, the sec ond an ti body is added be fore ex am i na tion 
of the cells by mi cros copy. Commonly used in di ca tors fuo resce 
on ex po sure to UV light. Filters are placed be tween the spec i
men and the eye piece to re move blue and UV light so that the 
field is dark, ex cept for cells to which the an ti body has bound, 
which emit light of dis tinct col ors (Fig. 2.12). Today’s op tics are 
much bet ter at keep ing the wave lengths sep a rated, per mit ting 
the use of dif er ent col ors to de tect var i ous com po nents in the 
same spec i men. Antibodies can also be cou pled to mol e cules 
other than fuo res cent in di ca tors, in clud ing en zymes such 
as al ka line phos pha tase, horse rad ish per ox i dase, and β
galactosidase, a bac te rial en zyme that in a test sys tem con verts 
the chro mo genic sub strate XGal (5bromo4chloro3indolyl
βdgalactopyranoside) to a blue prod uct. In these in stances, 
ex cess an ti body is washed away, a suit able chro mo genic sub
strate is added, and the pres ence of the in di ca tor an ti body is 
re vealed by the de vel op ment of a color that can be vi su al ized.

Immunostaining has been ap plied widely in the re search 
lab o ra tory for de ter min ing the sub cel lu lar lo cal i za tion of cel

lu lar and vi ral pro teins (Fig. 2.12), mon i tor ing the syn the sis 
of vi ral pro teins, de ter min ing the ef ects of mu ta tion on pro
tein pro duc tion, lo cal izing the sites of vi ral ge nome rep li ca
tion in an i mal hosts, and de ter min ing the ef ect of in fec tion 
on struc ture of the tis sue. It is the ba sis of the fuo res cent
focus as say.

Immunostaining of vi ral an ti gens in smears of clin i cal 
spec i mens may be used to di ag nose vi ral in fec tions. For ex
am ple, di rect and in di rect im mu no fu o res cence as says with 
na sal swabs or washes can de tect a va ri ety of vi ruses, in clud
ing in fu enza vi rus and mea sles vi rus. Viral pro teins or nu
cleic ac ids may also be de tected in in fected an i mals by 
im mu no his to chem is try. In this pro ce dure, tis sues are em bed
ded in a solid me dium such as par af n, and thin slices are 
pro duced us ing a mi cro tome. Viral an ti gens can be de tected 
within the cells in the sec tions by di rect and in di rect im mu
no fu o res cence as says.

Enzyme im mu no as say. Detection of vi ral an ti gens or an
ti vi ral an ti bod ies can be ac com plished by sol idphase meth
ods, in which an an ti vi ral an ti body or pro tein is ad sorbed to 
a plas tic sur face (Fig. 2.13A). To de tect an ti bod ies to vi ruses, 
vi ral pro tein is first linked to the plas tic sup port, and then the 
spec i men is added (Fig. 2.13B). Like other de tec tion meth ods, 
en zyme im mu no as says are used in both ex per i men tal and di
ag nos tic vi rol ogy. In the clin i cal lab o ra tory, en zyme im mu
no as says are used to de tect a va ri ety of vi ruses, in clud ing 
ro ta vi rus, her pes sim plex vi rus, and hu man im mu no de fi
ciency vi ruses. A mod i fi ca tion of the en zyme im mu no as say 
is the lat eral fow immunochromatographic as say, which has 
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Figure 2.12 Direct and in di rect meth ods for an ti gen de tec tion. (A) The sam ple (tis sue sec tion, smear, or bound to a solid phase) 
is in cu bated with a vi russpecific an ti body (Ab). In di rect immunostaining, the an ti body is linked to an in di ca tor such as fuo res cein. In 
in di rect immunostaining, a po ly clonal an ti body, which rec og nizes sev eral epi topes on the vi russpecific an ti body, is cou pled to the in di
ca tor. Mab, mono clo nal an ti body. (B) Use of im mu no fu o res cence to vi su al ize pseudorabies vi rus rep li ca tion in neu rons. Superior cer vi
cal gan glion neu rons were grown in cul ture and in fected with a re com bi nant vi rus that pro duces green fuo res cent pro tein (GFP) fused to 
the VP26 cap sid pro tein. Neurons were stained with AF568phalloidin, which stains ac tin red, and an tiGM130 to stain the Golgi blue. 
GFPVP26 is vi su al ized by di rect fuo res cence. Courtesy of L. Enquist, Princeton University.
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been used in rapid an ti gen de tec tion test kits (Fig. 2.14). The 
lat eral fow immunochromatographic as say does not re quire 
in stru men ta tion and can be read in 5 to 20 min in a phy si
cian’s of ce or in the field. Commercial rapid an ti gen de tec
tion as says are cur rently avail  able for in fu enza vi rus, 
re spi ra tory syn cy tial vi rus, and ro ta vi rus.

Fluorescent Proteins
The dis cov ery of green fuo res cent pro tein rev o lu tion ized 

the study of the cell bi  ol ogy of vi rus in fec tion. This pro tein, 
iso lated from the jel ly fish Aequorea vic to ria, is a con ve nient 
re porter for mon i tor ing gene ex pres sion, be cause it is di rectly 
vis i ble in liv ing cells with out  the need for fix a tion, sub strates, 
or co en zymes. Mutagenesis of the gene en cod ing this pro tein 
has led to the de vel op ment of new fuo res cent probes rang ing 
in color from blue to yel low (Fig. 2.15A). Additional fuo res
cent pro teins emit ting in the red, deep red, cyan, green, yel
low, and or ange spec tral re gions have been iso lated from other 
ma rine spe cies. Codon op ti mi za tion for max i mum trans la
tion in spe cific cell types and im proved sta bil ity and bright
ness are other mod i fi ca tions that have broad ened the util ity 
of these pro teins.

Fluorescence Microscopy
Fluorescence mi cros copy al lows vi rol o gists to study all  

steps of vi rus re pro duc tion, in clud ing cell sur face at tach ment, 

cell en try, traf ck ing, rep li ca tion, as sem bly, and egress. Sin
gle vi rus par ti cle track ing can be achieved by in sert ing the 
cod ing se quence for a fuo res cent pro tein into the vi ral ge
nome, of en fused to the cod ing re gion of a vi ral pro tein. The 
fu sion pro tein is in cor po rated into the vi ral par ti cle, which is 
vis i ble in cells by fuo res cence mi cros copy (Fig. 2.15B). An al
ter na tive ap proach is to at tach smallmol e cule fuorophores to 
vi ral cap sid pro teins. Light mi cros copy has a res o lu tion in the 
range of 200 to 500 nm, whereas most vi ruses are be tween 20 
and 400 nm in size and are there fore be low the dif rac tion 
limit. However, when the vi rus par ti cle emits a high fuo res
cent sig nal in a low back ground, it is pos si ble to use a com pu
ta tional point track ing al go rithm to lo cate the par ti cle with 
greater pre ci sion than the dif rac tion limit of the light mi cro
scope. This tech nique al lows sin gle par ti cle track ing with ac
cu racy in the range of low tens of nano me ters.

Recent im prove ments in mi cros copy tech nol ogy and 
com pu ta tional im age ma nip u la tion have led to un prec e
dented lev els of res o lu tion and con trast and an abil ity to 
re con struct threedimensional struc tures from cap tured 
im ages. The first ad vance was con fo cal mi cros co py, which 
uti lizes a scan ning point of light in stead of fullsample il lu
mi na tion. In a con ven tional light mi cro scope, light can pen
e trate the spec i men only to a fixed depth. In a con fo cal 
mi cro scope, a small beam of light is fo cused to mul ti ple nar
row depths. By cap tur ing mul ti ple twodimensional im ages 
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Figure 2.13 Detection of vi ral an ti gen or an ti bod ies against vi ruses by en zyme-linked im mu no sor bent as say (ELISA). 
(A) To de tect vi ral pro teins in se rum or clin i cal sam ples, an ti bod ies spe cific for the vi rus are im mo bi lized on a solid sup port such as a 
plas tic well. The sam ple is placed in the well, and vi ral pro teins are “cap tured” by the im mo bi lized an ti body. Afer wash ing to re move un
bound pro teins, a sec ond an ti body against the vi rus is added, which is linked to an in di ca tor. The sec ond an ti body will bind if vi ral an ti
gen has been cap tured by the first an ti body. Unbound sec ond an ti body is re moved by an other wash ing, and when the in di ca tor is an 
en zyme, a chro mo genic mol e cule that is con verted by the en zyme to an eas ily de tect able prod uct is then added. The en zyme am pli fies the 
sig nal be cause a sin gle cat a lytic en zyme mol e cule can gen er ate many prod uct mol e cules. Another wash is done to re move un bound sec
ond an ti body. If vi ral an ti gen has been cap tured by the first an ti body, the sec ond an ti body will bind and the com plex will be de tected by 
the in di ca tor. (B) To de tect an ti bod ies to a vi rus in a sam ple, vi ral an ti gen is im mo bi lized on a solid sup port such as a plas tic well. The test 
sam ple is placed in the well, and an tiviral IgG an ti bod ies pres ent in the sam ple will bind the im mo bi lized an ti gen. Afer wash ing to re
move un bound com po nents in the sam ple, a sec ond an ti body, di rected against a gen eral epi tope on the first an ti body, is added. Unbound 
sec ond an ti body is re moved by an other wash. If an ti bod ies against the vi rus are pres ent in the spec i men, the sec ond an ti body will bind to 
them and the com plex will be de tected via the in di ca tor at tached to the sec ond an ti body, as de scribed in (A).
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at dif er ent depths, it is pos si ble to re con struct highresolu
tion threedimensional struc tures, a pro cess known as op ti
cal sec tion ing.

Superresolution mi cros co py com bines the ad van tages of 
fuo res cent im ag ing (mul ti color la bel ing and livecell im ag
ing) while break ing the res o lu tion limit of light mi cros copy. 
Diferent for mats in clude sin gle mol e cule lo cal i za tion mi
cros co py, in which only a sub set of fuorophores are turned 
on dur ing each im ag ing cy cle, thus al low ing po si tion de ter
mi na tion with nano me ter ac cu racy. Fluorophore po si tions 
from a se ries of im ages are then used to re con struct the fi nal 
im age. Structured il lu mi na tion mi cros co py uti lizes stand
ing waves formed by in ter fer ence in la ser il lu mi na tion to cre
ate an ex ci ta tion field that al lows op ti cal sec tion ing at very 
high res o lu tion. These ap proaches can achieve res o lu tion be
low 1 nm, well be low the limit of light mi cros copy. This res o
lu tion is achieved by com bin ing se quen tial ac qui si tion of 
im ages with ran dom switch ing of fuorophores on and of. 

From sev eral hun dred to thou sands of im ages are col lected 
and pro cessed to gen er ate a superresolution data set that can 
re solve cel lu lar ul tra struc ture.

These superresolution mi cros copy meth ods are well suited 
for pro vid ing highresolution im ages of static sec tions. Be
cause these meth ods ac quire im ages slowly, are pho to toxic, 
and re quire com pu ta tion ally in ten sive im age pro cess ing, their 
use for timelapse im ag ing of live cells is im prac ti cal.

Fluorescence res o nance en ergy trans fer (FRET) mi cros
copy can be used to ex am ine pro teinprotein and pro tein
DNA or RNA in ter ac tions and con for ma tional changes in 
these mol e cules. FRET solves the prob lem en coun tered in 
con ven tional fuo res cence mi cros copy, which is of in suf  cient 
res o lu tion to de ter mine if mol e cules in ter act. The method is 
based on the prin ci ple that fuo res cent emis sions of one wave
length can ex cite a sec ond dis tinct fuorophore at a dis tance 
of ap prox i ma tely 10 nm. For ex am ple, if two pro teins are 
thought to in ter act un der cer tain con di tions, one can be la
beled with a do nor fuorophore that will emit light of a cer
tain wave length. If the two pro teins are far ther apart than 
10 nm, only the do nor color will be ob served. However, if the 
two pro teins are in close con tact, then fuo res cence of the sec
ond pro tein, which is linked to an ac cep tor fuorophore, will 
take place.

Another com monly used fuo res cent mi cros copy tech
nique in vi rol ogy is fluo res cence re cov ery af er photo
bleaching (FRAP), a method for de ter min ing the ki net ics of 
dif u sion in cells. A vi ral or cel lu lar pro tein is la beled with a 
fuo res cent mol e cule, a por tion of the cell is photobleached to 
elim i nate fuo res cence, and then re cov ery of fuo res cence is 
ob served over time. Fluorescence in the bleached area re cov
ers as bleached fuorophorelinked pro teins are re placed with 
un bleached mol e cules from a dif er ent part of the cell.

Detection of Viral Nucleic Acids
The de tec tion of vi ruses in cell cul tures is be ing in creas ingly 

sup planted by mo lec u lar meth ods such as the po ly mer ase 
chain re ac tion and highthroughput se quenc ing, es pe cially 
for dis cov ery of new vi ruses as so ci ated with hu man dis eases. 
These meth ods can be used to iden tify vi ruses that can not be 
prop a gated in cell cul ture, of er ing new ways to ful fill Koch’s 
pos tu lates (Box 1.4).

Polymerase chain re ac tion. In this tech nique, spe cific ol
i go nu cle o tides are used to am plify vi ral DNA se quences from 
in fected cells or clin i cal spec i mens. Amplification is done in 
cy cles, us ing a ther mo sta ble DNA po ly mer ase (Fig. 2.16). Each 
cy cle con sists of ther mal de na tur ation, primer an neal ing, and 
ex ten sion, car ried out  by au to mated cy cler ma chines. The re
sult is ex po nen tial am pli fi ca tion (a 2nfold in crease af er n cy
cles of am pli fi ca tion) of the tar get se quence that is lo cated 
be tween the two DNA prim ers.
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Figure 2.14 Lateral flow immunochromatographic as say. A 
slide or “dip stick” cov ered with a mem brane is used to as say for the 
pres ence of vi ral an ti gens. The clin i cal spec i men is placed on an ab sor
bent pad at one end and is drawn across the slide by cap il lary ac tion. 
Antigens in the sam ple re act with a vi russpecific an ti body, which is 
linked to an in di ca tor, in this ex am ple, col loi dal gold. The an ti gen
antibody com plexes move across the mem brane un til they are cap tured 
by a sec ond vi russpecific an ti body in a test line. If vi ral an ti gen is pres
ent in the sam ple, an in di ca tor line be comes vis i ble in the test line. Ac
cumulation of the in di ca torcontaining an ti body at the con trol line 
pro vi des val i da tion that the as say is func tion ing.
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Clinical lab o ra to ries em ploy PCR as says to de tect ev i dence 
for in fec tion by a sin gle type of vi rus (singleplex PCR), while 
screen ing for the pres ence of hun dreds of dif er ent vi ruses can 
be ac com plished with mul ti plex PCR. In con trast to con ven
tional PCR, re altime PCR can be used to quan ti tate the 
amount of DNA or RNA in a sam ple. In this pro ce dure, also 
called quan ti ta tive PCR, the am pli fied DNA is de tected as the 
re ac tion pro gresses, not af er it is com pleted as in con ven tional 
PCR. The prod uct is de tected ei ther by in cor po ra tion of a ds
DNA spe cific dye or by re lease of a fuo res cence res o nance en

ergy trans fer probe via the 5′to3′ exo nu cle ase ac tiv ity of DNA 
po ly mer ase. The num ber of cy cles needed to de tect fuo res
cence above back ground can then be com pared be tween stan
dard and ex per i men tal sam ples. Quantitative PCR is widely 
used in re search and clin i cal ap pli ca tions for genotyping, gene 
ex pres sion anal y sis, copy num ber var i a tion as says, and path o
gen de tec tion. While PCR is of en used to de tect vi ral ge nomes 
in clin i cal spec i mens or dur ing ex per i men tal re search, it is im
por tant to rec og nize that the nu cleic acid de tected does not 
nec es sar ily cor re spond to in fec tious vi rus (Box 2.8).

A B

Figure 2.15 Using fluo res cent pro teins to study vi rus par ti cles and vi rus-infected cells. (A) Submandibular gan glia af er in
fec tion of the sal i vary gland with three re com bi nant pseudorabies vi ruses, each ex press ing a dif er ent color fuo res cent pro tein. Courtesy 
of Lynn Enquist, Princeton University. (B) Singlevirusparticle im ag ing with green fuo res cent pro tein il lus trates mi cro tu bule
dependent move ment of hu man im mu no de fi ciency vi rus type 1 par ti cles in cells. The cells were in fected with vi rus par ti cles that con tain 
a fu sion of green fuo res cent pro tein with a vi ral pro tein. Rhodaminetubulin was in jected into cells to la bel mi cro tu bules (red). Virus 
par ti cles can be seen as green dots (white ar row). Bar, 5 μm. Courtesy of Da vid McDonald, University of Il li nois.
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Figure 2.16 Polymerase chain re ac tion. The DNA to be am pli fied is mixed with nu cle o tides, ther mo sta ble DNA po ly mer ase, and a 
large ex cess of DNA prim ers. DNA po ly mer ase ini ti ates syn the sis at the prim ers bound to both strands of de na tured DNA, which are then 
cop ied. The prod uct DNA strands are then sep a rated by heat ing. Primer an neal ing, DNA syn the sis steps, and DNA du plex de na tur ation 
steps are re peated mul ti ple times, lead ing to geo met ric am pli fi ca tion of a spe cific DNA.
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Highthroughput se quenc ing. The de vel op ment of DNA 
se quenc ing meth ods in the 1970s rev o lu tion ized bi  ol ogy by 
al low ing the de cod ing of vi ral genes and en tire vi ral ge
nomes. While pow er ful, these meth ods were la bo ri ous: in 
1980 it took one year for a sin gle per son to de ter mine the nu
cle o tide se quence of the 7,440nucleotide ge nome of po lio vi
rus. Today the same re sult could be achieved in less than one 
hour.

The dif er ence is a con se quence of the de vel op ment of sec
ond and thirdgeneration se quenc ing meth ods, spurred by 
the de sire to se quence larger and larger vi rus and cell ge
nomes. These meth ods were orig i nally called nextgeneration 
se quenc ing, be cause they fol lowed the very first se quenc ing 
meth ods. The first of these new meth ods to be de vel oped, 454 
se quenc ing, was re leased in 2005 and could pro duce 200,000 
reads of 110 base pairs. Other tech nol o gies that gen er ated 
larger num bers of se quence reads soon fol lowed (Solexa/ 
Illumina, SOLiD, and Ion Torrent) which gen er ated larger 
num bers of reads, but the num ber of ba ses in each read was 
much shorter. These tech nol o gies re lied on am pli fi ca tion of the 
tar get DNA and op ti cal de tec tion of in cor po rated fuo res cent 
nu cle o tides. Thirdgeneration se quenc ing meth ods can not 
only de tect sin gle mol e cules (e.g., am pli fi ca tion is not re quired) 
but also carry out  se quenc ing in real time. PacBio in stru ments 

can achieve max i mum read lengths of 20 kb, and those from 
Illumina can gen er ate 1.8 tera bytes of se quence per run. The 
lat ter re duces the cost of se quenc ing a hu man ge nome to be low 
$1,000, a 10,000fold re duc tion in price since 2004, when the 
first hu man ge nome was de ci phered.

These tech nol o gies have not only made se quenc ing of 
DNA cheaper and faster but also helped cre ate in no va tive 
ex per i men tal ap proaches to study ge nome or ga ni za tion, 
func tion, and evo lu tion. Their use has led to the dis cov ery of 
new vi ruses and has given birth to the field of metagenom
ics, the anal y sis of se quences di rectly from clin i cal or en vi
ron men tal sam ples. These se quenc ing tech nol o gies can be 
used to study the virome, the ge nomes of all  vi ruses in a spe
cific en vi ron ment, such as sew age, the hu man body, or the 
in tes ti nal tract. While these vi rus de tec tion tech nol o gies are 
ex tremely pow er ful, the re sults ob tained must be in ter
preted with cau tion. It is very easy to de tect traces of a vi ral 
con tam i nant when search ing for new agents of hu man dis
ease (Box 2.9).

It should be noted that metagenomics is not lim ited to DNA 
vi ruses. Nucleic ac ids ex tracted from clin i cal or en vi ron men
tal sam ples may be treated with DN ase, and the re main ing 
RNAs con verted to DNA with re verse tran scrip tase for se
quenc ing and iden ti fi ca tion.

E X P E R I M E N T S
Viral RNA is not in fec tious vi rus

A study of sex ual trans mis sion of Zika vi rus 
among mice dem on strates beau ti fully that vi
ral nu cleic acid de tected by po ly mer ase chain 
re ac tion (PCR) is not the same as in fec tious 
vi rus par ti cles.

Male mice were in fected with Zika vi rus 
and then mated with fe male mice. Efcient 
sex ual trans mis sion of the vi rus from males 
to fe males was ob served. To un der stand the 
dy nam ics of sex ual trans mis sion, the au thors 
mea sured Zika vi rus shed ding in sem i nal 
fuid, by PCR to de tect vi ral RNA and by 
plaque as say to de tect in fec tious vi rus par ti
cles. The re sults (see fig ure) show that Zika vi
rus RNA per sisted in se men for up to 60 days, 
far lon ger than did in fec tious vi rus, which 
could not be de tected af er about three weeks.

There is a lower limit of de tec tion of vi rus 
via the plaque as say of ap prox i ma tely 10 
plaque form ing units/ml. Whether this low 
con cen tra tion of in fec tious par ti cles would 
be suf  cient to trans mit the vi rus is not 
known. However, it seems un likely that 
these mice are  able to trans mit vi rus af er a 

few weeks, de spite the pres ence of Zika vi rus 
RNA in sem i nal fuid for at least 60 days af
ter in fec tion.

Recently many pa pers have been pub
lished dem on strat ing that Zika vi rus and 
Ebolavirus can per sist in a va ri ety of hu man 
fu ids for ex tended pe ri ods of time. These 
re sults have been in ter preted with alarm by 
both by sci en tists and sci ence writ ers. How
ever, in most cases de tec tion was by PCR, 
not by plaque as say, and there fore, we do not 
know if in fec tious vi rus par ti cles were pres
ent. Viral RNA would not con sti tute a threat 
to trans mis sion, while in fec tious vi rus 
would.

Many lab o ra to ries choose to as say the 
pres ence of vi ral ge nomes by PCR. This is an 
ac cept able tech nique as long as the lim i ta
tions are un der stood—it de tects nu cleic ac ids, 
not in fec tious vi rus.

The les son from this study is very clear: in 
novel ex per i men tal or ep i de mi o log i cal  stud ies 
it is im por tant to prove that any vi ral nu cleic 
acid de tected by PCR rep re sents in fec tious 

vi rus. Failing to do so clouds the con clu sions 
of the study.

Duggal NK, Ritter JM, Pestorius SE, Zaki SR, Da vis 
BS, Chang GJ, Bow en RA, Brault AC. 2017. Fre
quent Zika vi rus sex ual trans mis sion and pro longed 
vi ral RNA shed ding in an im mu no de fi cient mouse 
mod el. Cell Rep 18:1751–1760. 
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Detection of Zika vi rus RNA and in fec tious 
 vi rus in sem i nal flu id. Male mice were in fected 
with Zika vi rus. At dif er ent times af er in fec
tion, vi ral RNA and in fec tious vi rus par ti cles 
were mea sured in sem i nal fuid by PCR (blue 
line) and by plaque as say (red line).

BOX 2.8
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Computational bi  ol o gy. The gen er a tion of nu cle o tide se
quences at an un prec e dented rate has spawned a new branch 
of bioinformatics to de velop al go rithms for as sem bling se
quence reads into con tin u ous strings and to de ter mine 
whether they are from a new or pre vi ously dis cov ered vi rus. 
Storing, an a lyz ing, and shar ing mas sive quan ti ties of data 
con sti tute an im mense chal lenge: the num ber of ba ses in 
GenBank, an openaccess, an no tated col lec tion of all  pub licly 
avail  able nu cle o tide se quences pro duced and main tained by 
the National Center for Biotechnology Information, has dou
bled ev ery 18 months since 1982. As of June 2019 GenBank 
held 329,835,282,370 ba ses.

Computational prob lems must be solved at mul ti ple steps 
dur ing the pro cess of ge nome se quenc ing. The ini tial prob lem 
is that se quence reads are typ i cally short, and there are many 
of them (e.g., high through put). These short se quences must 
be over lapped and, if pos si ble, mapped to a ge nome. Many 
com puter pro grams have been de vel oped to ad dress this prob
lem. Some carry out  align ment of se quence reads to a ref er
ence ge nome, while oth ers per form this pro cess de no vo, i.e., 
in the ab sence of a ref er ence ge nome.

When clin i cal or en vi ron men tal sam ples are sub jected to 
highthroughput se quenc ing for path o gen dis cov ery, it is es sen
tial to iden tify vi ral se quences in what is typ i cally a mix of host, 

E X P E R I M E N T S
Pathogen de-discovery

Highthroughput se quenc ing of nu cleic ac ids 
has ac cel er ated the pace of vi rus dis cov ery, 
but at a cost: con tam i nants are much eas ier to 
de tect.

During a search for the caus a tive agent of 
se ro neg a tive hep a ti tis (dis ease not caused by 
hep a ti tis A, B, C, D, or E vi rus) in Chi nese pa
tients, a new vi rus with a sin glestranded 
DNA ge nome was dis cov ered in sera by high
throughput se quenc ing. Seventy per cent of 
90 pa tient se rum sam ples were pos i tive for vi
ral DNA by PCR, and sera from 45 healthy 
con trols were neg a tive. Furthermore, 84% of 
pa tients were pos i tive for an ti bod ies against 
the vi rus. Among healthy con trols, 78% were 
an ti body pos i tive. The au thors con cluded that 
this vi rus was highly prev a lent in some pa
tients with se ro neg a tive hep a ti tis. A sec ond 
in de pen dent lab o ra tory iden ti fied the same 
vi rus in sera from pa tients in the United 
States with nonAtoE hep a ti tis, while a 
third group iden ti fied the vi rus in di ar rheal 
stool sam ples from Ni ge ria.

The first clue that some thing was amiss 
was the ob ser va tion that the new vi rus iden ti
fied in all  three lab o ra to ries shared 99% nu
cle o tide and amino acid iden ti ty: this 
sim i lar ity would not be ex pected in vi rus 
sam ples from such geo graph i cally, tem po
rally, and clin i cally di verse sam ples. Another 
prob lem was that in the U.S. nonAtoE hep
a ti tis study, all  pools of pa tient sera were pos
i tive for vi ral se quences. These ob ser va tions 
sug gested the pos si bil ity of vi ral con tam i na
tion.

When nu cleic ac ids were re pu ri fied from 
the U.S. nonAtoE hep a ti tis sam ples us ing a 
dif er ent method, none were pos i tive for the 

new vi rus. The pres ence of the vi rus was 
traced to the use of col umnbased pu ri fi ca
tion kits man u fac tured by Qiagen, Inc. (pic
tured). Nearly the en tire vi ral ge nome could 
be de tected by deep se quenc ing of ster ile wa
ter that was passed through these col umns. 
The nu cleic acid pu ri fi ca tion col umns con
tam i nated with the new vi rus were used to 
pu rify nu cleic acid from pa tient sam ples. 
These col umns, pro duced by a num ber of 
man u fac tur ers, are typ i cally an inch in length 
and con tain a sil ica gel mem brane that binds 
nu cleic ac ids. The clin i cal sam ples are added 
to the col umn, which is then centri fuged 
briefy to re move liq uids (hence the name 
“spin” col umns). The nu cleic acid ad heres to 
the sil ica gel mem brane. Contaminants are 
washed away, and the nu cleic ac ids are then 
re leased from the sil ica by the ad di tion of a 
buf er.

Why were the Qiagen spin col umns con
tam i nated with vi ral DNA? A search of the 
pub licly avail  able en vi ron men tal metage
nomic data sets re vealed the pres ence of se
quences highly re lated to this vi rus (87 to 99% 
nu cle o tide iden tity). The data sets con tain ing 
these se quences were ob tained from sea wa ter 
col lected of the Pacific coast of North Amer
ica and coastal re gions of Or e gon and Chile. 
The source of con tam i na tion could be ex
plained if the sil ica in the Qiagen spin col
umns was pro duced from oceandwelling 
di a toms that were in fected with the vi rus.

In ret ro spect, it was easy to be fooled into 
be liev ing that the novel vi rus might be a hu
man path o gen be cause it was de tected only in 
sick and not healthy pa tients. Why an ti bod ies 
to the vi rus were de tected in sam ples from both 

sick and healthy pa tients re mains to be ex
plained. However, the vi rus is not likely to be 
as so ci ated with any hu man ill ness: when non
Qiagen spin col umns were used, the vi ral se
quences were not found in any pa tient sam ple.

The les son to be learned from this story is 
clear: highthroughput se quenc ing is a very 
pow er ful and sen si tive method but must be 
ap plied with great care. Every step of the vi
rus dis cov ery pro cess must be care fully con
trolled, from the wa ter used to the plas tic 
re agents. Most im por tantly, lab o ra to ries car
ry ing out  path o gen dis cov ery must share their 
se quence data, some thing that took place 
dur ing this study.

Naccache SN, Greninger AL, Lee D, Cofey LL, Phan 
T, ReinWeston A, Aronsohn A, Hackett J, Jr, Del
wart EL, Chiu CY. 2013. The per ils of path o gen dis
cov ery: or i gin of a novel par vo vi ruslike hy brid 
ge nome traced to nu cleic acid ex trac tion spin col
umns. J Virol 87:11966–11977. 

Xu B, Zhi N, Hu G, Wan Z, Zheng X, Liu X, Wong S, 
Kajigaya S, Zhao K, Mao Q, Young NS. 2013. Hy
brid DNA vi rus in Chi nese pa tients with se ro neg a
tive hep a ti tis dis cov ered by deep se quenc ing. Proc 
Natl Acad Sci U S A 110:10264–10269. 
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bac te rial, and fun gal se quences. This task re lies on align ment of 
se quences to ref er ence vi ral da ta bases. However, such da ta bases 
are lim ited be cause most of the se quences re trieved in metage
nomic stud ies are un known (socalled “dark mat ter”) and 
there fore can not be an no tated. Consequently, com pu ta tional 
pipe lines have been de signed to an a lyze highthroughput se
quenc ing data to search for those likely to be of vi ral or i gin.

Some com pu ta tional pipe lines are de signed to de fine the 
abun dance and types of vi ruses in a sam ple, such as Viral In
formatics Resource for Metagenome Exploration (VIROME), 
the Viral MetaGenome Annotation Project (VMGAP), and Ba
sic Local Alignment Search Tool (BLAST). Other vi rus dis cov
ery pro grams (MePIC, READSCAN, CaPSID, VirusFinder, 
and SRSA) rely on nu cle o tide se quence align ment and will work 
only for the de tec tion of vi ruses with high se quence sim i lar ity 
to known vi ruses. PathSeq, SURPI, VirFind, and VirusHunter 
iden tify vi ruses by amino acid searches, a com pu ta tion ally de
mand ing ex er cise that is crit i cal for new vi rus iden ti fi ca tion. 
VirusSeekerVirome (VSVirome) is a com pu ta tional pipe line 
de signed for de fin ing both the type and abun dance of known 
and novel vi ral se quences in metagenomic data sets (Fig. 2.17).

Genome se quences can pro vide con sid er able in sight into the 
evo lu tion ary re la tion ships among vi ruses. Such in for ma tion 
can be used to un der stand the or i gin of vi ruses and how se lec
tion pres sures change vi ral ge nomes and to as sist in ep i de mi o
log i cal in ves ti ga tions of vi ral out  breaks. When few vi ral ge nome 
se quences were avail  able, pairwise ho mol o gies were of en dis
played in sim ple ta bles. As se quence da ta bases in creased in size, 
ta bles of mul ti ple align ments were cre ated, but these were still 
based only on pairwise com par i sons. Today, phy lo ge netic trees 
are used to il lus trate the re la tion ships among nu mer ous vi ruses 
or vi ral pro teins (Box 2.10). Not only are such trees im por tant 
tools for un der stand ing evo lu tion ary re la tion ships, but they 
may al low con clu sions to be drawn about bi o log i cal func tions: 
ex am i na tion of a phy lo ge netic tree may al low de ter mi na tion of 
how closely or dis tantly a se quence re lates to one of known 
func tion. Sofware pro grams such as AdaPatch, AntiPatch, and 
AntigenicTree have been de vel oped to pro duce phy lo ge netic 
trees. However, these ap proaches do not ac count for hor i zon tal 
gene trans fer, re com bi na tion, or the evo lu tion ary re la tion ships 
be tween vi ruses and their hosts, which will re quire un con ven
tional com pu ta tional meth ods to re solve.

Algorithms have also been writ ten to ap ply highthrough
put se quenc ing meth ods to a va ri ety of ge nomewide an a ly
ses, in clud ing de tec tion of sin glenucleotide po ly mor phisms 
(SNP), RNAseq, ChiPseq, CLIP, and more (see be low).

Viral Reproduction: the Burst Concept
A fun da men tal and im por tant prin ci ple is that vi ruses are re
pro duced via the as sem bly of pre formed com po nents into par ti
cles: the parts are first made in cells and then as sem bled into the 
fi nal prod uct. This sim ple buildandassemble strat egy is unique 

to all  vi ruses, but the de tails of how this pro cess tran spires are 
as ton ish ingly di verse among mem bers of dif er ent vi rus fam i
lies. There are many ways to build a vi rus par ti cle, and each one 
tells us some thing new about vi rus struc ture and as sem bly.

Modern in ves ti ga tions of vi ral re pro duc tion strat e gies have 
their or i gins in the work of Max Delbrück and col leagues, who 
stud ied the Teven bac te rio phages start ing in 1937. Delbrück 
be lieved that these bac te rio phages were per fect mod els for un
der stand ing the ba sis of he red ity. He fo cused his at ten tion on 
the fact that one bac te rial cell usu ally makes hun dreds of prog
eny vi rus par ti cles. The yield from one cell is one vi ral gen er a
tion; it was called the burst be cause the vi ruses that he stud ied 
lit er ally burst from the in fected cell. Under care fully con trolled 
lab o ra tory con di tions, most cells make, on av er age, about the 
same num ber of bac te rio phages per cell. For ex am ple, in one of 
Delbrück’s ex per i ments, the av er age num ber of bac te rio phage 
T4 par ti cles pro duced from in di vid ual sin glecell bursts from 
Escherichia coli cells was 150 par ti cles per cell.

Another im por tant im pli ca tion of the burst is that a cell 
has a fi nite ca pac ity to pro duce vi rus. Multiple pa ram e ters 
limit the num ber of par ti cles pro duced per cell. These in clude 
met a bolic re sources, the num ber of sites for ge nome rep li ca
tion in the cell, the reg u la tion of re lease of vi rus par ti cles, and 
host de fenses. In gen eral, larger cells (e.g., eu kary otic cells) 
pro duce more vi rus par ti cles per cell: yields of 1,000 to 10,000 
vi ri ons per eu kary otic cell are not un com mon.

A burst oc curs for vi ruses that kill the cell af er in fec tion, 
namely, cy to pathic vi ruses. However, some vi ruses do not kill 
their host cells, and vi rus par ti cles are pro duced as long as the 
cell is alive. Examples in clude fil a men tous bac te rio phages, 
most ret ro vi ruses, and hep a ti tis vi rus es.

The One-Step Growth Cycle
The idea that onestep growth anal y sis can be used to study the 
sin glecell re pro duc tive cy cle of vi ruses orig i nated from the 
work on bac te rio phages by Emory El lis and Delbrück. In their 
clas sic ex per i ment, they added vi rus par ti cles to a cul ture of 
rap idly grow ing E. coli. These par ti cles ad sorbed quickly to the 
cells. The in fected cul ture was then di luted, pre vent ing fur ther 
ad sorp tion of un bound par ti cles. This sim ple di lu tion step is 
the key to the ex per i ment: it re duces fur ther bind ing of vi rus to 
cells and ef ec tively syn chro nizes the in fec tion. Samples of the 
di luted cul ture were then taken ev ery few min utes and an a
lyzed for the num ber of in fec tious bac te rio phag es.

When the re sults of this ex per i ment were plot ted, sev eral 
key ob ser va tions emerged. The graphs were sur pris ing in that 
they did not re sem ble the growth curves of bac te ria or cul
tured cells. Afer a short lag, bac te rial cell growth be comes 
ex po nen tial (i.e., each prog eny cell is ca pa ble of di vid ing into 
two cells) and fol lows a straight line (Fig. 2.18A). Exponential 
growth con tin ues un til the nu tri ents in the me dium are ex
hausted. In con trast, num bers of new vi ruses do not in crease 
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in a lin ear fash ion from the start of the in fec tion (Fig. 2.18B, 
lef). There is an ini tial lag pe riod in which no in fec tious vi
ruses can be de tected. This lag pe riod is fol lowed by a rapid 
in crease in the num ber of in fec tious par ti cles, which then pla
teaus. The sin gle cy cle of vi rus re pro duc tion pro duces this 
“burst” of vi rus prog eny. If the ex per i ment is re peated, such 
that only a few cells are ini tially in fected, the graph looks dif

fer ent (Fig. 2.18B, right). Instead of a sin gle cy cle, there is a 
step wise in crease in num bers of new vi ruses with time. Each 
step rep re sents one cy cle of vi rus in fec tion.

Once the na ture of the vi ral prop a ga tion cy cle was ex
plored us ing the onestep growth curve, ques tions emerged 
about what was hap pen ing in the cell be fore the burst. What 
was the fate of the in com ing vi rus? Did it dis ap pear? How 
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were more vi rus par ti cles pro duced? These ques tions were an
swered by look ing in side the in fected cell. Instead of sam pling 
the di luted cul ture for vi rus af er var i ous pe ri ods of in fec tion, 
re search ers pre ma turely lysed the in fected cells as the in fec tion 
pro ceeded and then as sayed for in fec tious vi rus. The re sults 

were ex tremely in for ma tive. Immediately af er di lu tion, there 
was a com plete loss, or eclipse, of in fec tious vi rus for 10 to 15 min 
(Fig. 2.18B). In other words, in put vi ri ons dis ap peared, and no 
new phage par ti cles were pro duced dur ing this pe riod. It was 
shown later that the loss of in fec tiv ity is a con se quence of the 

M E T H O D S
How to read a phy lo ge netic tree

Phylogenetic den dro grams, or trees, pro vide 
in for ma tion about the in ferred evo lu tion ary 
re la tion ships be tween vi ruses. The ex am ple 
shown in the fig ure is a phy lo ge netic tree for 
se quenced vi ral iso lates from 10 dif er ent in di
vid u als. The hor i zon tal di men sion of the tree 
rep re sents the de gree of ge netic change, and 
the scale (0.07) is the num ber of changes di
vided by the length of the se quence (in some 
trees this may be ex pressed as % change). The 
blue cir cles, called nodes, rep re sent pu ta tive 
an ces tors of the sam pled vi ruses. Therefore, 
the branches rep re sent chains of in fec tions 
that have led to sam pled vi ruses. The ver ti cal 
dis tances have no sig nifi  cance.

The tree in the fig ure is root ed, which means 
that the root of the tree rep re sents the com mon 
an ces tor of all  the sam pled vi ruses. As we move 
from the root to the tips, we are mov ing for
ward in time, al though the unit of time might 
not be known. The num bers next to each node 

rep re sent the mea sure of sup port; these are 
com puted by a va ri ety of sta tis ti cal ap proaches 
in clud ing “boot strap ping” and “Bayes ian pos
te rior prob a bil i ties.” A value close to 1 in di cates 
strong ev i dence that se quences to the right of 
the node clus ter to gether bet ter than any other 
se quences. Ofen there is no known iso late cor
re spond ing to the root of the tree; in this case, 
an ar bi trary root may be es ti mated, or the tree 
will be unrooted. In these cases, it can no lon
ger be as sumed that the or der of an ces tors pro
ceeds from lef to right.

Phylogenetic trees can also be con structed 
by group ing sam pled vi ruses by host of iso la
tion. Such an ar range ment some times makes 
it pos si ble to iden tify the an i mal source of a 
hu man vi rus. Circular forms, such as a ra dial 
for mat tree, are of en dis played when the 
root is un known.

Trees re lat ing nu cleic acid se quences de
pict the re la tion ships as if sam pled and in ter

me di ary se quences were on a tra jec tory to the 
pres ent. This de duc tion is an over sim pli fi ca
tion, be cause any in ter me di ate that was lost 
dur ing evo lu tion will not be rep re sented in 
the tree. In ad di tion, any re com bi na tion or 
gene ex change by co in fec tion with sim i lar vi
ral ge nomes will scram ble or dered lin e ag es.

A fair ques tion is whether we can pre dict 
the fu ture tra jec tory or branches of the tree. 
We can never an swer this ques tion for two 
rea sons: any given sam ple may not rep re sent 
the di ver sity of any given vi rus pop u la tion in 
an eco sys tem, and we can not pre dict the se
lec tive pres sures that will be im posed.

Hall BG. 2011. Phylogenetic Trees Made Easy: A How-
to Manual, 4th ed. Sinauer Associates, Sun der land, 
MA.

ViralZone. Phylogenetics of an i mal path o gens: ba sic 
prin ci ples and ap pli ca tions (a tu to rial). http:// viral
zone. expasy. org/ e_ learning/ phylogenetics/ content. 
html
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re lease of the ge nome from the vi rion, to al low for sub se quent 
tran scrip tion of vi ral genes. Particle in fec tiv ity is lost dur ing 
this phase be cause the re leased ge nome is not in fec tious un der 
the con di tions of the plaque as say. Later, newly as sem bled in
fec tious par ti cles could be de tected in side the cell that had not 
yet been re leased by cell ly sis.

The re sults of these ex per i ments de fined two new terms in 
vi rol o gy: the eclipse pe ri od, the phase in which in fec tiv ity is 
lost when vi ri ons are dis as sem bled af er pen e trat ing cells, and 
the la tent pe ri od, the time it takes to rep li cate and as sem ble 
new vi rus par ti cles be fore ly sis, ∼20 to 25 min for some E. coli 
bac te rio phag es.

Synchronous in fec tion, the key to the onestep growth cy
cle, is usu ally ac com plished by in fect ing cells with a suf  cient 
num ber of vi rus par ti cles to en sure that most of the cells are 
in fected rap idly. Exactly how many vi rus par ti cles must be 
added is de scribed by the mul ti plic ity of in fec tion (Box 2.11).

One-Step Growth Analysis: a Valuable Tool for 
Studying Animal Viruses
Onestep growth anal y sis soon be came adapted for study ing 
the re pro duc tion of an i mal vi ruses. The ex per i ment be gins 

with re moval of the me dium from the cell mono layer and ad
di tion of vi rus in a small vol ume to pro mote rapid ad sorp tion. 
Afer ∼1 h, unadsorbed in oc u lum con tain ing vi rus par ti cles 
is re moved, the cells are washed, and fresh me dium is added. 
At dif er ent times af er in fec tion, sam ples of the cell cul ture 
su per na tant are col lected and the vi rus ti ter is de ter mined. 
The ki net ics of in tra cel lu lar vi rus pro duc tion can be mon i
tored by re mov ing the me dium con tain ing ex tra cel lu lar par
ti cles, scrap ing the cells into fresh me dium, and lys ing them. 
A cell ex tract is pre pared af er re moval of cel lu lar de bris by 
cen tri fu ga tion, and the vi rus ti ter in the ex tract is mea sured.

The re sults of a onestep growth ex per i ment es tab lish a 
num ber of im por tant fea tures about vi ral re pro duc tion. In the 
ex am ple shown in Fig. 2.19A, the first 11 h af er in fec tion con
sti tute the eclipse pe riod, dur ing which the vi ral nu cleic acid is 
un coated from its pro tec tive shell and no in fec tious vi rus can 
be de tected in side cells. The small num ber of in fec tious par ti
cles de tected dur ing this pe riod prob a bly rep re sents ad sorbed 
vi rus that was not un coated. Beginning at 12 h af er ad sorp tion, 
the quan tity of in tra cel lu lar in fec tious vi rus par ti cles be gins to 
in crease, mark ing the on set of the syn thetic phase, dur ing which 
as sem bly be gins. During the la tent pe riod, no ex tra cel lu lar vi rus 
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can be de tected. At 18 h af er ad sorp tion, vi ri ons are re leased 
from cells into the ex tra cel lu lar me dium. Ultimately, vi rus 
num bers pla teau as the cells be come met a bol i cally and struc
tur ally in ca pa ble of sup port ing ad di tional re pro duc tion.

The yield of in fec tious vi rus per cell can be cal cu lated from 
the data col lected dur ing a onestep growth ex per i ment. This 
value var ies widely among dif er ent vi ruses and with dif er ent 
vi rushost cell com bi na tions. For many vi ruses, in creas ing the 
mul ti plic ity of in fec tion above a cer tain point does not in crease 
the yield: cells have a fi nite ca pac ity to pro duce new vi rus par
ti cles. In fact, in fect ing at a very high mul ti plic ity of in fec tion 
can cause pre ma ture cell ly sis and de crease vi rus yields.

The ki net ics of the onestep in fec tious cy cle can vary 
dra mat i cally among vi ruses. For ex am ple, en vel oped vi ruses 
that ma ture by bud ding from the plasma mem brane, as dis
cussed in Chapter 13, gen er ally be come in fec tious only as they 
leave the cell, and there fore, lit tle in tra cel lu lar in fec tious vi rus 
can be de tected (Fig. 2.19B). The curve shown in Fig. 2.19A 
il lus trates the pat tern ob served for a DNA vi rus with the long 
la tent and syn thetic phases typ i cal of many DNA vi ruses, 
some ret ro vi ruses, and reo vi rus. For small RNA vi ruses, the 
en tire growth curve is com plete within 6 to 8 h, and the la tent 
and syn thetic phases are cor re spond ingly short er.

Onestep growth curve anal y sis can pro vide quan ti ta tive 
in for ma tion about dif er ent vi rushost sys tems. It is fre
quently em ployed to study mu tant vi ruses to de ter mine what 
parts of the in fec tious cy cle are af ected by a par tic u lar ge

netic le sion. It is also valu able for study ing the mul ti pli ca tion 
of a new vi rus or vi ral re pro duc tion in a new vi rushost cell 
com bi na tion.

When cells are in fected at a low mul ti plic ity of in fec tion, 
sev eral cy cles of vi ral re pro duc tion may oc cur (Fig. 2.18B). 
Growth curves es tab lished un der these con di tions can also 
pro vide use ful in for ma tion. When in fec tion is car ried out  at 
a high mul ti plic ity, a mu ta tion may fail to have an ob vi ous 
ef ect on vi ral re pro duc tion. The de fect may only be come ev
i dent fol low ing a lowmultiplicity in fec tion. Because the ef
fect of a mu ta tion in each cy cle is mul ti plied, a small ef ect 
can be am pli fied af er sev eral cy cles. Defects in the abil ity of 
vi ruses to spread from cell to cell may also be re vealed when 
mul ti ple cy cles of re pro duc tion oc cur.

Global Analysis
The study of rep li ca tion cy cles of many vi ruses with onestep 
growth anal y sis has al lowed a re duc tion ist ap proach to un
der stand ing and de fin ing the steps of vi rus at tach ment, en
try, rep li ca tion, and as sem bly. In con trast, new ex per i men tal 
and com pu ta tional tools per mit global anal y sis of vi ral, cel
lu lar, and host re sponses to in fec tion. Global an a ly ses ap ply a 
diz zy ing ar ray of dif er ent highthroughput tech nol o gies to 
mea sure sys temwide changes in DNA, RNA, pro teins, and 
me tab o lites dur ing vi rus in fec tion of cells, tis sues, or en tire 
or gan isms. Data ob tained from highthroughput mea sure ments 
are in te grated and an a lyzed us ing math e mat i cal al go rithms 

D I S C U S S I O N
Multiplicity of in fec tion (MOI)

Infection de pends on the ran dom col li sion of 
cells and vi rus par ti cles. When sus cep ti ble 
cells are mixed with a sus pen sion of vi rus 
par ti cles, some cells are un in fected and other 
cells re ceive one, two, three, etc., par ti cles. 
The dis tri bu tion of vi rus par ti cles per cell is 
best de scribed by the Pois son dis tri bu tion:

P(k) = e−mmk/k!

In this equa tion, P(k) is the frac tion of cells 
in fected by k vi rus par ti cles. The mul ti plic ity 
of in fec tion, m, is cal cu lated from the pro por
tion of un in fected cells, P(0), which can be 
de ter mined ex per i men tally. If k is made 0 in 
the above equa tion, then

P(0) = e−m and m = −1n P(0)

The frac tion of cells re ceiv ing 0, 1, and >1 vi rus 
par ti cle in a cul ture of 106 cells in fected with 
an MOI of 10 can be de ter mined as fol lows.

The frac tion of cells that re ceive 0 par ti
cles is

P(0) = e−10 = 4.5 × 10−5

and in a cul ture of 106 cells, this equals 45 un
in fected cells.

The frac tion of cells that re ceive 1 par ti cle is

P(1) = 10 × 4.5 × 10−5 = 4.5 × 10−4

and in a cul ture of 106 cells, 450 cells re ceive 1 
par ti cle.

The frac tion of cells that re ceive >1 par ti
cle is

P(>1) = 1 − e−m(m + 1) = 0.9995

and in a cul ture of 106 cells, 999,500 cells re
ceive >1 par ti cle. [The value in this equa tion is 
ob tained by sub tract ing from 1 (the sum of all  
prob a bil i ties for any value of k) the prob a bil i
ties P(0) and P(1).]

The frac tion of cells re ceiv ing 0, 1, and >1 
vi rus par ti cle in a cul ture of 106 cells in fected 
with an MOI of 0.001 is

P(0) = 99.99%
P(1) = 0.0999% (for 106 cells, 104 are in

fect ed)
P(>1) = 10−6

The MOI re quired to in fect 99% of the 
cells in a cell cul ture dish is

P(0) = 1% = 0.01
m = −1n (0.01) = 4.6 PFU per cell.

BOX 2.11
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to gen er ate mod els that are pre dic tive of the sys tem. For ex am
ple, vi rus in fec tions of dif er ent an i mals are char ac ter ized by 
the in duc tion of dis tinct sets of cy to kine genes, a prop erty that 
can be cor re lated with dif er ent path o genic out  comes. When 
a model has been de vel oped, it can be fur ther re fined by the 
use of vi ral mu tants or tar geted in hi bi tion of host genes or 
path ways. Global anal y sis is there fore a ho lis tic, hostdirected 
ap proach that com ple ments tra di tional meth ods for study ing 
vi rus es.

Examples of global an a ly ses in clude ge nomewide tran scrip
tional pro fil ing to study the host re sponse to in fec tion. Intro
duction of the 1918 strain of in fu enza vi rus into mice leads to a 
rap idly fa tal dis ease char ac ter ized by sus tained in duc tion of 

proinfammatory cy to kine and che mo kine genes. Understand
ing the gene ex pres sion sig na ture that cor re lates with le thal ity 
is one goal of these stud ies. Global anal y sis can also pre dict sig
na tures of vac cine ef  cacy. In one study, tran scrip tional pro fil
ing of pe riph eral blood mono nu clear cells from vac ci nated 
sub jects re vealed that the yel low fe ver vi rus vac cine in duces the 
ex pres sion of genes en cod ing mem bers of the com ple ment sys
tem and stress re sponse pro teins. This pat tern ac cu rately pre
dicts CD8+ T cell and an ti body re sponses that are thought to 
me di ate pro tec tion from in fec tion with yel low fe ver vi rus. A 
sep a rate sig na ture that ac cu rately pre dicts neu tral iz ing an ti
body syn the sis dur ing in fec tion was also iden ti fied.

Some of the meth ods used in global anal y sis are de scribed 
be low.

DNA Microarrays
An early sta ple of global an a ly ses, this method en ables the study 
of the gene ex pres sion pro file of a cell in re sponse to vi rus in fec
tion (Chapter 14) and can also be used to dis cover new vi ruses. 
In this method, mil li ons of unique vi ral DNA se quences fixed 
to glass or sil i con wa fers are in cu bated with se quences com ple
men tary to DNAs or RNAs, which have been am pli fied from 
clin i cal and en vi ron men tal sam ples by PCR. Binding is usu ally 
de tected by us ing fuo res cent mol e cules in cor po rated into am
pli fied nu cleic ac ids. Microarrays have been largely sup planted 
by highthroughput se quenc ing, which al lows iden ti fi ca tion of 
tran scripts and their quan ti fi ca tion in an un bi ased man ner, 
e.g., with out  prior as sump tion of what genes are in volved.

In RNAseq, RNAs ex tracted from cells or tis sues are con
verted by re verse tran scrip tion to com ple men tary DNAs, which 
are then sub jected to highthroughput DNA se quenc ing. The 
re sults pro vide in sight into se quences and quan tity of RNAs in 
a cell at a given time un der spe cific con di tions. It al lows de tec
tion and quan ti fi ca tion of tran scripts that are not rep re sented 
on mi cro ar rays. Information on tran scrip tional ac tiv ity is pro
vided by na tive elon gat ing tran script se quenc ing (NETseq), 
in which im mu no pre cip i ta tion of RNA po ly mer ase is fol lowed 
by highthroughput se quenc ing of the 3′ ends of the as so ci ated 
RNAs. A method to study the as so ci a tion of RNAs with ri bo
somes is riboseq, in which po ly somes are treated with RN ases 
and the 20 to 30nucleotide ri bo someprotected frag ments are 
se quenced. The in for ma tion pro vi des in sight into trans la tional 
con trol of gene ex pres sion and the mech a nism of pro tein syn
the sis and al lows an no ta tion of trans lated se quences.

A num ber of meth ods yield global views of pro teinnucleic 
acid in ter ac tions at un prec e dented lev els of res o lu tion. 
Chromatinimmunoprecipitation se quenc ing (ChiPseq) 
can lo cal ize pro teinDNA in ter ac tions with sin glenucleotide 
pre ci sion (Fig. 2.20). In this method, pro teinDNA com plexes 
are im mu no pre cip i tated with an ti bod ies to DNA bind ing 
pro teins, such as tran scrip tion pro teins, his tones, or even 
spe cific methyl groups on his tones. The DNAs are then sub
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Figure 2.19 One-step growth curves of an i mal vi rus es. (A) 
Growth of a nonenveloped vi rus, ad e no vi rus type 5. The in set il lus
trates the con cept that vi ruses mul ti ply by as sem bly of pre formed com
po nents into par ti cles. (B) Growth of an en vel oped vi rus, Western 
equine en ceph a li tis vi rus, a mem ber of the Togaviridae. This vi rus ac
quires in fec tiv ity af er mat u ra tion at the plasma mem brane, and there
fore, lit tle in tra cel lu lar vi rus can be de tected. The small quan ti ties 
ob served at each time point prob a bly rep re sent re leased vi rus con tam i
nat ing the cell ex tract.
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Figure 2.20 Chromatin im mu no pre cip i ta tion and DNA se quenc-
ing, ChiP-seq. This tech nique is used to iden tify the pre cise bind ing sites of 
pro teins on DNA. DNA is crosslinked to pro teins by treat ing cells with 
form al de hyde, fol lowed by son i ca tion to shear DNA to 200 to 1,000 bp. 
Beads coated with an ti body to the DNA bind ing pro tein of in ter est are added 
and pre cip i tated. The pro tein is re moved and DNA pu ri fied and sub jected to 
highthroughput se quenc ing to iden tify pro tein bind ing sites on the DNA.
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jected to highthroughput se quenc ing to iden tify the sites on 
DNA to which these pro teins bind. An early var i ant called 
ChiP on chip em ployed mi cro ar rays to iden tify pro tein 
bind ing sites on DNA.

Many pro to cols have been de vi sed for ge nomewide anal y
sis of RNAprotein in ter ac tions that are based on crosslink
ing im mu no pre cip i ta tion (CLIP). In CLIPseq, RNAprotein 
com plexes are crosslinked in cells in cul ture with UV light. 
Cells are lysed and pro teins of in ter est are im mu no pre cip i tated. 
Proteins are re moved by di ges tion with pro te ase, DNA is syn
the sized from the pre vi ously bound RNA with re verse tran
scrip tase, and the prod uct is sub jected to highthroughput 
se quence anal y sis. Interaction sites are iden ti fied by map ping 
the nu cleic acid se quence reads to the transcriptome. A mod i
fi ca tion of this tech nique is called photoactivatable ri bo nu
cle o sideenhanced crosslinking and im mu no pre cip i ta tion, 
PARCLIP. In this method, photoreactive ri bo nu cle o side an a
logs such as 4thiouridine are in cor po rated into RNA tran
scripts in liv ing cells. Irradiation with UV light in duces 
ef  cient crosslinking of RNAs con tain ing these an a logs to 
in ter act ing pro teins. Immunoprecipitation and se quenc ing 
are then car ried out  as in other CLIP meth ods.

Other ge nomewide map ping an a ly ses that can be per
formed in clude iden ti fy ing the bind ing sites for long non cod
ing RNAs (lncRNA) on chro ma tin us ing cap ture hy brid iza tion 
anal y sis of RNA tar gets (CHART). In this method, bi o tin
linked ol i go nu cle o tides that are com ple men tary to the tar get 
RNA are de signed. These are added to re vers ibly crosslinked 
chro ma tin ex tracts, and the tar get RNA is pu ri fied with strep
tavidin beads, which bind with high af n ity to bi o tin. The se
quences of the RNA tar gets iden tify the ge no mic bind ing sites 
of en dog e nous RNAs. A re lated method is chro ma tin iso la tion 
by RNA pu ri fi ca tion (ChIRP), in which tiled ol i go nu cle o tides 
la beled with bi o tin are used to re trieve spe cific lncRNA bound 
to pro tein and DNAs.

How DNA is or ga nized in vi rus par ti cles and in the cell 
nu cleus is be ing stud ied us ing chromosome con for ma tion 
cap ture tech nol ogy, ab bre vi ated as 3C, 4C, 5C, and HiC, 
which dif er in scope. For ex am ple, 3C iden ti fies in ter ac tions 
be tween a sin gle pair of ge no mic loci. Chromosome con for
ma tion cap ture on chip (4C) stud ies the in ter ac tion of one ge
no mic lo cus and all  other ge no mic loci, while chro mo some 
con for ma tion cap ture car bon copy (5C) de tects in ter ac tions 
be tween all  re stric tion frag ments in a given re gion. In HiC, 
highthroughput se quenc ing is used to iden tify the re stric tion 
frag ments stud ied. These meth ods be gin with crosslinking of 
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cell ge nomes with form al de hyde and di ges tion with re stric tion 
en do nu cle ases, fol lowed by ran dom li ga tion un der con di tions 
where join ing of crosslinked frag ments is fa vored over those 
that are not. PCR is then used to am plify li gated junc tions and 
iden tify in ter act ing loci. The open or closed state of chro ma tin 
can be mea sured by DNaseIseq (DNaseI hy per sen si tive sites 
se quenc ing) and FAIREseq (form al de hydeassisted iso la tion 
of reg u la tory el e ments). These pro to cols are based on the use of 
form al de hyde to crosslink DNA: this re ac tion is more ef  cient 
in nu cle o somerich re gions than in nu cle o somepoor ar eas. 
The noncrosslinked DNA, typ i cally from open chro ma tin, is 
then pu ri fied and its se quence is de ter mined. The two pro to
cols dif er in that FAIREseq does not re quire permeabiliza
tion of cells or the iso la tion of nu clei. The meth yl a tion state of 
DNA can be as sessed us ing bi sul fite se quenc ing. Treatment 
of DNA with bi sul fite con verts C to U but does not af ect 
5methylated cy to sines. A va ri ety of se quenc ing meth ods that 
can use this change to pro vide sin glenucleotide res o lu tion in
for ma tion about DNA meth yl a tion have been de vel oped. As 
might be ex pected, in ter pret ing the grow ing sets of data on 
chro ma tin struc ture has re quired the de vel op ment of new 
sta tis ti cal and com pu ta tional ap proaches.

Mass Spectrometry
Mass spec trom e try (MS) is a tech nique that can iden tify the 
chem i cal con stit u ents of com plex and sim ple mix tures. It has 
emerged as a pow er ful tool for de tect ing and quan ti fy ing 
thou sands of pro teins in bi o log i cal sam ples, in clud ing vi
ruses and vi rusinfected cells.

A mass spec trom e ter ion izes the chem i cal con stit u ents of 
a mix ture and then sorts the ions based on their massto
charge ra tio. Identification of the com po nents is done by 
com par i son with the pat terns gen er ated by known ma te ri als.

The to tal pro tein con tent of a cell or a vi rus par ti cle is 
called the pro te ome. Human cells have been es ti mated to 
con tain from 500,000 to 3,000,000 pro teins per cu bic mi
crom e ter, en coded by ∼20,000 open read ing frames, and their 
prod ucts are fur ther di ver si fied by tran scrip tional, post tran
scrip tional, trans la tional, and post trans la tional reg u la tion. 
The cell pro te ome may be fur ther al tered dur ing vi rus in fec
tion. The pro te ome of vi rus par ti cles is far less com plex, but 
the very larg est vi ruses can still con tain hun dreds of pro teins. 
Mass spec trom e try can be used to iden tify pro teins and their 
con cen tra tions in cells and in vi rus par ti cles and also to re veal 
pro tein lo cal i za tion, pro teinprotein in ter ac tions, and post
trans la tional mod i fi ca tions in in fected and un in fected cells.

Mass spec trom e try may be com bined with bio chem i cal 
and ge no mic tech niques to pro vide global views of vi ral re
pro duc tion cy cles. For ex am ple, changes in pro teins se creted 
by host cells upon vi rus in fec tion can be read ily char ac ter
ized by per form ing mass spec trom e try on su per na tants from 
in fected cells. Another ap pli ca tion is to iden tify pro tein

protein in ter ac tions in vi rusinfected cells: a pro mis cu ous 
biotinylating en zyme can be di rected to a sub cel lu lar com
part ment, where it biotinylates ad ja cent mol e cules. These can 
be pu ri fied by at tach ment to streptavidincontaining beads 
and iden ti fied by mass spec trom e try. Integration of mass 
spec trom e try with some of the meth ods de scribed above for 
ge nome anal y sis can be used to iden tify pro teins that par tic i
pate in the reg u la tion of gene ex pres sion.

At one time the mass spec trom e ter was a very ex pen sive in
stru ment re stricted to chem is try lab o ra to ries. Recent ad vances 
in the in stru men ta tion, in clud ing cost re duc tion, as well as 
sam ple prep a ra tion and com pu ta tional bi  ol ogy have pro pelled 
this tech nol ogy into the vi rol ogy re search lab o ra to ry.

Protein-Protein Interactions
A ma jor goal of vi rol ogy re search is to un der stand how pro tein
protein in ter ac tions mod u late re pro duc tion cy cles and path o
gen e sis. Consequently, mul ti ple ex per i men tal ap proaches have 
been de vi sed to iden tify the en tire set of in ter ac tions among vi
ral pro teins and be tween vi ral and cell pro teins. The yeast two
hybrid screen, a com ple men ta tion as say which was de signed 
to dis cover pro teinprotein in ter ac tions, has been adapted to 
highthroughput ap pli ca tions. In this as say, a tran scrip tional 
reg u la tory pro tein is split into two frag ments, the DNAbind
ing do main and the ac ti vat ing do main. The cod ing se quences 
of two dif er ent pro teins are fused with the two do mains. If the 
two pro teins in ter act, when the fu sion pro teins are pro duced in 
cells, tran scrip tional ac ti va tion (lead ing to the tran scrip tion 
of a re porter gene) will take place. For highthroughput ap
pli ca tions, li brar ies of pro teincoding DNAs are screened 
against a sin gle vi ral pro tein or all  vi ral pro teins. This method 
was used to de scribe the vi rushost interactome of two her
pes vi rus es.

Other ap proaches to de fin ing interactomes in clude coimmu
noprecipitation, af n ity pu ri fi ca tion of tagged pro teins (Fig. 2.21), 
and la bel ing of cell pro teins with chem i cal crosslinkers (used to 
iden tify plant pro teins that in ter act with plant vi rus pro teins), 
fol lowed by mass spec trom e try.

While these meth ods al low defi  ni tion of vi ruscell inter
actomes, they are not un am big u ous. For at least one vi rus, 
interactomes de ter mined in dif er ent lab o ra to ries are very di
verse. Most im por tantly, the ob ser va tion of a pro teinprotein 
in ter ac tion does not con firm bi o log i cal rel e vance: the roles of 
such in ter ac tions in vi ral re pro duc tion must be de ter mined 
by other means (Box 2.12).

Single-Cell Virology
Much of vi rol ogy re search is car ried out  by us ing pop u la tions 
of cells in cul ture or in an i mals. However, as dis cov ered by 
vi rol o gists in the 1950s, in di vid ual cells of the same type can 
be have very dif er ently with re spect to sus cep ti bil ity and per
mis sive ness to in fec tion and the ki net ics of vi rus pro duc tion. 
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As early ef orts to study vi rus in fec tions in sin gle cells were 
ham pered by tech ni cal dif  cul ties, the field failed to prog
ress. This sit u a tion has changed with the de vel op ment of fow 
cy tom e try and microfuidics and the ad ap ta tion of high
throughput meth ods, such as ge nome se quenc ing and mass 
spec trom e try, to sin gle cells.

Initially, mi cro pi pettes were used to as pi rate a sin gle cell 
at a time from a pop u la tion, us ing a mi cro scope. This la bor
intensive method was sup planted by fuo res cenceactivated 
cell sort ing to al low iso la tion of up to mil li ons of cells in a few 
hours, ac cord ing to size, mor phol ogy, or syn the sis of spe cific 
pro teins. More re cently, au to mated microfuidic de vices have 

been de vel oped to al low au to mated cap ture of sin gle cells us
ing in te grated fu idic cir cuits. Infection, cell ly sis, re verse 
tran scrip tion, and am pli fi ca tion are all  per formed in these 
sys tems be fore highthroughput se quenc ing.

The study of vi rus in fec tions in sin gle cells is ex pected to 
pro vide in for ma tion that ex plains why some cells are not in
fected, why the ki net ics of vi ral re pro duc tion may be so dif er
ent, and how ge nomes change in a sin gle cell. An ex am ple is the 
study of po lio vi rus in fec tion of sin gle cells, us ing a microfuid
ics plat form in stalled on a fuo res cent mi cro scope (Fig. 2.22). 
This ap proach re vealed ob ser va tions oth er wise masked in pop
u la tionbased stud ies, in clud ing the unique and in de pen dent 
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con tri bu tion of vi ral and cell pa ram e ters to re pro duc tion ki net
ics, the wide var i a tion in re pro duc tion start times, and the find
ing that re pro duc tion be gins later and with greater speed in 
sin gle cells than in pop u la tions. A study of in fu enza vi rus in
fec tion of sin gle cells re vealed a wide var i a tion in the yield, from 
1 to 970 PFU per cell. Furthermore, the amounts of vi ral RNAs 
within in di vid ual cells var ied by three or ders of mag ni tude.

Infection of sin gle cells with ve sic u lar sto ma ti tis vi rus 
iden ti fied 496 mu ta tions that arose in 24 hours dur ing ge
nome rep li ca tion within 90 cells. The rates of mu ta tion var ied 
among in di vid ual cells, and this high value rep re sents an av
er age for all  of the cells. In ad di tion, preexisting vi ral ge netic 
di ver sity was used to track in fec tion in sin gle cells. These in
ves ti ga tions re vealed that even though vi ruses were added at 
a low mul ti plic ity of in fec tion, most cells had ac quired more 
than one vi rus par ti cle. The re sults sug gested that vi rus par
ti cles have a ten dency to stick to one an other, rais ing fur ther 
chal lenges to de ter min ing mul ti plic i ties of in fec tion.

Singlecell stud ies have dem on strated that mea sure ments 
of vi rus re pro duc tion in pop u la tions of cells do not rep re sent 
the di ver sity that ex ists among in di vid ual cells. Conse

quently, they will likely be come a com ple men tary tool to the 
onestep growth ex per i ment for study ing vi rus in fec tion.

Perspectives
Onestep growth anal y sis, while sim ple, re mains a pow er ful 
tool for study ing vi rus re pro duc tion. When cells are in
fected at a high mul ti plic ity of in fec tion, suf  cient vi ral nu
cleic acid or pro tein can be iso lated to al low a study of their 
pro duc tion dur ing the in fec tious cy cle. The abil ity to syn
chro nize in fec tion is the key to this ap proach. Many of the 
ex per i men tal re sults dis cussed in sub se quent chap ters of 
this book were ob tained us ing such onestep growth anal y
sis. The power of this ap proach is such that it re ports on all  
stages of the re pro duc tion cy cle in a sim ple and quan ti ta tive 
fash ion. With mod est ex pen di ture of time and re agents, vi
rol o gists can de duce a great deal about vi ral trans la tion, ge
nome rep li ca tion, and as sem bly. It has long been as sumed 
from such onestep growth an a ly ses that the same steps of 
the vi ral re pro duc tion cy cle oc cur at the same time in ev ery 
in fected cell. However, re sults from an a ly ses of sin gle in
fected cells dem on strate that the same steps can take place 

W A R N I N G
Determining a role for cel lu lar pro teins in vi ral re pro duc tion  
can be quite dif  cult

Understanding the roles of both vi ral and cel
lu lar pro teins at var i ous stages of vi ral re pro
duc tion is es sen tial for elu ci dat ing mo lec u lar 
mech a nisms and for de vel op ing strat e gies for 
block ing path o genic in fec tions. As vi ral ge
nomes have a lim ited set of genes, the vi ral 
pro teins or ge netic el e ments that are es sen tial 
at each step can be de duced by in tro duc ing 
mu ta tions and ob serv ing phe no types. Identi
fying crit i cal cel lu lar genes be gins with the 
iden ti fi ca tion of cel lu lar pro teins that are in
cluded in vi rus par ti cles and/or bind to vi ral 
pro teins (in vi tro or in cells).

Once can di dates are iden ti fied, the con tri
bu tion of the cel lu lar pro tein to vi ral re pro
duc tion may be eval u ated by ob serv ing the 
ef ects of

•  spe cific smallmolecule in hib i tors of 
the pro tein’s func tion (in hib i tory drugs)

•  syn the sis of an al tered pro tein, known 
to have a dom i nant neg a tive ef ect on its 
nor mal func tion

•  treat ment with small RNAs that in duce 
mRNA deg ra da tion (see Chapter 10) 
and re duce the con cen tra tion of the cel
lu lar pro tein

•  re pro duc tion in cells in which the can
di date gene has been mu tated or de let ed

Even af er ap ply ing the mul ti ple ap
proaches and meth ods de scribed above, iden
ti fy ing rel e vant cel lu lar pro teins and 
eval u at ing their roles in vi ral re pro duc tion is 
sel dom easy. The prob lems en coun tered in
clude the fol low ing.

•  More than one pro tein may pro vide the 
re quired func tion (re dun dan cy).

•  The func tion of the pro tein might be es
sen tial to the cell, and mu ta tion of the 
gene that en codes it (or in hi bi tion of 
pro tein pro duc tion) could be le thal.

•  Only small quan ti ties of the pro tein 
might be re quired, and re duc ing its ac
tiv ity with an in hib i tor, or its con cen
tra tion may be in suf  cient to in duce a 
de fect in vi ral re pro duc tion.

•  The cel lu lar pro tein might pro vide a 
slight en hance ment to vi ral re pro duc
tion that could be dif  cult to de tect but 
may be phys i o log i cally sig nifi  cant.

•  Synthesis of an al tered cel lu lar gene or 
overexpression of a nor mal cel lu lar 

gene may pro duce changes that af ect 
vi rus re pro duc tion for rea sons that are 
ir rel e vant to the nat u ral in fec tion (ar ti
facts).

Given these dif  cul ties, it is not sur pris ing 
that the lit er a ture in this area is some times 
con tra dic tory and the re sults can be con tro
ver sial.

BOX 2.12

GOOD LUCK
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ing of vi ruses and in fected cells to greater depths and at un
prec e dented speed. An as tound ing ar ray of tech nol o gies, 
in clud ing highthroughput se quenc ing, pro te o mics, and 
sin glecell ap proaches, have been de vel oped. These meth ods 
have al ready led to sig nifi  cant dis cov er ies about vi ral evo lu
tion, re pro duc tion, and path o gen e sis. We are truly in a re
mark able era, when few ex per i men tal ques tions are be yond 
the reach of the tech niques that are cur rently avail  able.

at vastly dif er ent times in in di vid ual cells in the pop u la
tion. We now un der stand that re sults from pop u la tion
based stud ies of vi ral re pro duc tion com prise an av er age of 
events oc cur ring in in di vid ual cells. Onestep growth an a
ly ses with sin gle cells have the po ten tial of un rav el ing the 
vi ral and cel lu lar ba sis for such in di vid ual het ero ge ne ity.

From the hum ble be gin nings of the onestep growth 
curve, many new meth ods have pro pelled our un der stand
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Figure 2.22. Single-cell vi rol o gy. (A) A microfuidic de vice with 6,400 wells is fit ted with four sep a rate sam ple in lets (green) and 
pneu matic con trol lines (red) that per mit each well to be sealed and iso lated. A small part of the de vice is mag ni fied at the top, show ing an 
ar ray of 24 wells, and four wells are fur ther mag ni fied to the lef. (B) The de vice can be used to mea sure re altime fuo res cence in cells in
fected with a vi rus en cod ing a fuo res cent re porter. The pro duc tion of fuo res cence is shown in the graph and il lus trated in the views of 
sin gle cells in in di vid ual cells above. There is a lag in the de tec tion of fuo res cence in an in fected cell (ti), fol lowed by vi rus re pro duc tion 
(tj) and a de cline in fuo res cence caused by cell ly sis (tk). Reprinted from Guo F et al. 2017. Cell Rep 21:1692–1704, with per mis sion.
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STUDY QUESTIONS

  1.  Which of the fol low ing state ments is not cor rect?
 a.  The in fec tious cy cle and vi rus re pro duc tion are 

syn on y mous
 b.  A sus cep ti ble cell has a func tional re cep tor for a 

given vi rus
 c.  A cell that is re sis tant to in fec tion has the vi ral re

cep tor but the vi rus can not be re pro duced in it
 d.  Virus can be re pro duced in a per mis sive cell
 e.  A sus cep ti ble and per mis sive cell is the only cell in 

which a vi rus can en ter and be re pro duced
  2.  Which of the fol low ing state ments about cy to pathic 

ef ects (CPE) is cor rect?
 a.  Some vi ruses may not pro duce cy to pathic ef ects 

in cer tain cells
 b.  Syncytium for ma tion is a type of CPE
 c.  Rounding up and de tach ment of cul tured cells is a 

type of CPE
 d.  Formation of a vi ral plaque de pends upon CPE
 e.  All of the above

  3.  Which of the fol low ing as says de ter mines the num ber 
of in fec tious vi ral par ti cles?
 a.  ELISA
 b.  Hemagglutination as say
 c.  Plaque as say
 d.  Highthroughput se quenc ing
 e.  Polymerase chain re ac tion

  4.  If one mil lion in fec tious vi rus par ti cles are added to a 
cul ture dish of one mil lion cells, which of the fol low
ing will hap pen:
 a.  Each cell will re ceive one vi rus par ti cle be cause the 

MOI is 1
 b.  None of the cells will re ceive any vi rus par ti cles
 c.  37% of the cells are un in fect ed
 d.  Only one in fec tious cy cle will take place
 e.  None of the above

  5.  When do ing a plaque as say, what is the pur pose of 
add ing a semi solid agar over lay on the mono layer of 
in fected cells?
 a.  To sta bi lize prog eny vi ri ons
 b.  To en sure that cells re main sus cep ti ble and per mis

sive
 c.  To act as a pH in di ca tor
 d.  To keep cells ad her ent to the plate dur ing in cu ba tion
 e.  To re strict vi ral dif u sion af er ly sis of in fected 

cells
  6.  In the par ti cletoPFU ra tio, “par ti cle” can best be de

scribed as:
 a.  One of the pro teins which makes up the vi ri on
 b.  A vi rus which may or may not be in fec tious
 c.  A vi rus which is in fec tious
 d.  A vi rus which is not in fec tious
 e.  Elementary or com pos ite

  7.  The plaque as say plate be low was made from a di lu tion 
of 10–6 and 0.1 ml of the di lu tion was plated on the cell 
mono layer. What is the ti ter in PFU/ml?

  8.  Explain why no in fec tious vi ruses are ob served in the 
cell cul ture me dium dur ing the la tent phase of a one
step growth curve.

  9.  You in fect a plate of one mil lion cells at an MOI of 100. 
The par ti cletoPFU ra tio for this vi rus is 1,000. How 
many to tal vi rus par ti cles did you add to the cells?
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     Introduction 
 Earth abounds with un count able num bers of vi ruses of great 
di ver sity. However, be cause tax on o mists have de vi sed meth
ods of clas si fy ing vi ruses, the num ber of iden ti fi  able groups 
is man age able (Chapter 1). One of the con tri bu tions of mo lec
u lar bi  ol ogy has been a de tailed anal y sis of the ge netic ma te
rial of rep re sen ta tives of ma jor vi rus fam i lies. From these 
stud ies emerged the prin ci ple that the  vi ral ge nome  is the nu
cleic ac idbased re pos i tory of the in for ma tion needed to 
build, re pro duce, and trans mit a vi rus ( Box 3.1 ). Th ese an a ly
ses also re vealed that the thou sands of dis tinct vi ruses de fi ned 
by clas si cal tax o nomic meth ods can be or ga nized into seven 
groups, based on the struc tures of their ge nomes. 

  Genome Principles and the 
Bal ti more System 
 A uni ver sal func tion of vi ral ge nomes is to spec ify pro teins. 
However, none of these ge nomes en code the com plete ma
chin ery needed to carry out  pro tein syn the sis. Consequently, 
one im por tant prin ci ple is that all  vi ral ge nomes must be cop
ied to pro duce mes sen ger RNAs (mRNAs) that can be read by 
host ri bo somes. Literally, all  vi ruses are par a sites of their host 
cells’ trans la tion sys tem. 

 A sec ond prin ci ple is that there is unity in di ver si ty: evo lu
tion has led to the for ma tion of only seven ma jor types of vi
ral ge nome. Th e Bal ti more clas si fi  ca tion sys tem in te grates 
these two prin ci ples to con struct an el e gant mo lec u lar al go
rithm for vi rol o gists ( Fig. 3.1 ). When the be wil der ing ar ray of 
vi ruses is clas si fi ed by this sys tem, we fi nd seven path ways to 
mRNA. Th e value of the Bal ti more sys tem is that by know ing 
only the na ture of the vi ral ge nome, one can de duce the ba sic 
steps that must take place to pro duce mRNA. Perhaps more 

prag mat i cally, the sys tem sim pli fi es com pre hen sion of the ex
traor di nary re pro duc tion cy cles of vi rus es. 

  Th e Bal ti more sys tem omits the sec ond uni ver sal func tion 
of vi ral ge nomes, to serve as a tem plate for syn the sis of prog
eny ge nomes. Nevertheless, there is also a fi  nite num ber of 
nu cleic ac idcopying strat e gies, each with unique primer, 
tem plate, and ter mi na tion re quire ments. We shall com bine 
this prin ci ple with that em bod ied in the Bal ti more sys tem to 
de fi ne seven strat e gies based on mRNA syn the sis  and  ge
nome rep li ca tion. Th e Bal ti more sys tem has stood the test of 
time: de spite the dis cov ery of mul ti tudes of vi ral ge nome se
quences, they all  fall into one of the seven clas ses. 

 Replication and mRNA syn the sis pres ent no ob vi ous chal
lenges for most vi ruses with DNA ge nomes, as all  cells use 
DNAbased mech a nisms. In con trast, an i mal cells pos sess no 
known sys tems to copy vi ral RNA tem plates and to pro duce 
mRNA from them. For RNA vi ruses to prop a gate, their RNA 
ge nomes must, by defi   ni tion, en code a nu cleic acid po ly mer ase. 

 Structure and Complexity 
of Viral Genomes 
 Despite the sim plic ity of ex pres sion strat e gies, the com po si tion 
and struc tures of vi ral ge nomes are far more var ied than those 
seen in the en tire ar chaeal, bac te rial, or eu kary otic do mains. 
Nearly ev ery pos si ble method for en cod ing in for ma tion in nu
cleic acid can be found in vi ruses. Viral ge nomes can be 

   •     DNA or RNA 
  •     DNA with short seg ments of RNA 
  •     DNA or RNA with co va lently at tached pro tein 
  •     sin glestranded (+) strand, ( − ) strand, or ambisense 

( Box 3.2 ) 
  •     dou ble strand ed 
  •     lin e ar 
  •     cir cu lar 
  •     seg ment ed 
  •     gapped  

 P R I N C I P L E S    Genomes and Ge net ics   
Th e ge nomes of vi ruses range from the ex traor di narily small 
( < 2 kb) to the ex traor di narily large ( > 2,500 kbp); the di ver
sity in size likely pro vi des ad van tages in the niches in which 
par tic u lar vi ruses ex ist. 

Viral ge nomes spec ify some, but never all , of the pro teins 
needed to com plete the vi ral re pro duc tive cy cle. 

Th at only seven vi ral ge nome rep li ca tion strat e gies ex ist for 
all  known vi ruses im plies unity in vi ral di ver si ty. 

Some ge nomes can en ter the re pro duc tion cy cle upon en
try into a tar get cell, whereas oth ers re quire prior re pair 
or syn the sis of vi ral gene prod ucts be fore rep li ca tion can 
pro ceed. 

 Although the de tails of rep li ca tion dif  er, all  vi ruses with 
RNA ge nomes must en code ei ther an RNAdependent 
RNA po ly mer ase to syn the size RNA from an RNA tem plate 
or a re verse tran scrip tase to con vert vi ral RNA to DNA. 

 Th e in for ma tion en coded in vi ral ge nomes is op ti mized by a 
va ri ety of mech a nisms; the smaller the ge nome, the greater 
the com pres sion of ge netic in for ma tion. 

 Th e ge nome se quence of a vi rus is at best a bi o log i cal “parts list” 
and tells us lit tle about how the vi rus in ter acts with its host. 

 Technical ad vances al low ing the in tro duc tion of mu ta tions 
into any vi ral gene or ge nome se quence are re spon si ble for 
much of what we know about vi rus es. 
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BOX 3.1

B A C K G R O U N D
What in for ma tion is en coded in a vi ral 
ge nome?

Gene prod ucts and reg u la tory sig nals re quired for

•  rep li ca tion of the ge nome
•  ef  cient ex pres sion of the ge nome
•  as sem bly and pack ag ing of the ge nome
•  reg u la tion and tim ing of the re pro duc tion cy cle
•  mod u la tion of host de fenses
•  spread to other cells and hosts

Information not con tained in vi ral ge nomes:

•  genes en cod ing a com plete pro tein syn the sis ma chine (e.g., no ri
bo somal RNA and no ri bo somal or trans la tion pro teins)

•  genes en cod ing pro teins of mem brane bio syn the sis
•  telo meres (to main tain ge nomes) or cen tro meres (to en sure 

seg re ga tion of ge nomes)
•  this list be comes shorter with each new edi tion of this text

book!

– DNA+ RNA

+ mRNA

± DNA

+ DNA

– RNA

± RNA– RNA+ RNA

± DNA

III

V

I

II

IV

VI

VII

Figure 3.1 The Bal ti more clas si fi ca tion. All vi ruses must pro duce 
mRNA that can be trans lated by cel lu lar ri bo somes. This clas si fi ca tion 
sys tem traces the path ways from vi ral ge nomes to mRNA for the seven 
clas ses of vi ral ge nomes.

T E R M I N O L O G Y
Important con ven tions: plus (+) and mi nus (−) 
strands

mRNA is de fined as the pos i tive (+) strand, be cause it can be trans
lated. A strand of DNA of the equiv a lent po lar ity is also des ig nated 
as a (+) strand; i.e., if it were mRNA, it would be trans lated into 
pro tein.

The RNA or DNA com ple ment of the (+) strand is called the (−) 
strand. The (−) strand can not be trans lat ed; it must first be cop ied 
to make the (+) strand. Ambisense RNA con tains both (+) and (−) 
se quences.

A color key for nu cleic ac ids, pro teins, mem branes, cells, and 
more is lo cated in the front of this book.

BOX 3.2

DNA Genomes
The strat egy of hav ing DNA as a vi ral ge nome ap pears at first 
glance to be the ul ti mate in ge netic ef  cien cy: the host ge netic 
sys tem is based on DNA, so vi ral ge nome rep li ca tion and ex
pres sion could sim ply em u late the host sys tem. While the rep
li ca tion of vi ral and cel lu lar DNA ge nomes is fun da men tally 
sim i lar, the mech a nis tic de tails are var ied be cause vi ral ge
nomes are struc tur ally di verse.

Double-Stranded DNA (dsDNA) (Fig. 3.2)
There are 38 fam i lies of vi ruses with dsDNA ge nomes. 

Those that in clude ver te brate vi ruses are the Adenoviridae, 
Alloherpesviridae, Asfarviridae, Herpesviridae, Papillomaviri-
dae, Polyomaviridae, Iridoviridae, and Poxviridae. These ge
nomes may be lin ear or cir cu lar. Genome rep li ca tion and 
mRNA syn the sis are ac com plished by host or vi ral DNA
dependent DNA and RNA po ly mer ases.

Gapped DNA (Fig. 3.3)
Members of two vi rus fam i lies, Caulimoviridae and He-

padnaviridae, have a gapped DNA ge nome. The Hepadnaviri-
dae in clude vi ruses that in fect ver te brates. As the gapped 
DNA ge nome is par tially dou ble stranded, the gaps must be 
filled to pro duce per fect du plexes. This re pair pro cess must 
pre cede mRNA syn the sis be cause the host RNA po ly mer ase 
can tran scribe only fully dsDNA. The un usual gapped DNA 
ge nome is pro duced from an RNA tem plate by a vi rusencoded 
en zyme, re verse tran scrip tase.

Single-Stranded DNA (ssDNA) (Fig. 3.4)
Thirteen fam i lies of vi ruses con tain ing ssDNA ge nomes 

have been rec og nized; the fam i lies Anelloviridae, Circoviri-

The seven strat e gies for ex pres sion and rep li ca tion of vi
ral ge nomes are il lus trated in Fig. 3.2 to 3.8. In some cases, 
ge nomes can en ter the rep li ca tion cy cle di rectly, but in oth
ers, ge nomes must first be re paired, and vi ral gene prod
ucts that par tic i pate in the rep li ca tion cy cle must first be 
syn the sized. Examples of spe cific vi ruses in each class are 
pro vid ed.
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A dsDNA genome

B    Polyomaviridae (5 kbp) C    Adenoviridae (30–50 kbp)

± DNA ± DNA
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IRL IRS TRSUS

L S
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D    Herpesviridae (120–240 kbp) E    Poxviridae (130–375 kbp)

ITR

Terminal loop
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Figure 3.2 Structure and ex pres sion of vi ral dou ble-stranded DNA ge nomes. (A) Synthesis of ge nomes, mRNA (shown as green 
line in yel low box), and pro tein (shown as brown line). The icon rep re sents a poly oma vi rus par ti cle. (B to E) Genome con fig u ra tions. Ori, 
or i gin of rep li ca tion; ITR, in verted ter mi nal re peat; TP, ter mi nal pro tein; L, long re gion; S, short re gion; UL and US, long and short unique 
re gions; IRL, in ter nal re peat se quence, long re gion; IRS, in ter nal re peat se quence, short re gion; TRL, ter mi nal re peat se quence, long re gion; 
TRS, ter mi nal re peat se quence, short re gion; OriL, or i gin of rep li ca tion of the long re gion; OriS, or i gin of rep li ca tion of the short re gion.

– DNA

A    Gapped, circular, dsDNA genome

+ RNA ± DNA

B    Hepadnaviridae (3–3.3 kbp)

5'
5'

3'

3'

(–)

(+)

± DNA ± DNA

Figure 3.3 Structure and ex pres sion of vi ral gapped, cir cu lar, dou ble-stranded DNA ge nomes. (A) Synthesis of ge nome, 
mRNA, and pro tein. (B) Configuration of the hepadnavirus ge nome.

dae, Genomoviridae, and Parvoviridae in clude vi ruses that 
in fect ver te brates. ssDNA must be cop ied into mRNA be fore 
pro teins can be pro duced. However, RNA can be made only 
from a dsDNA tem plate, what ever the sense of the ssDNA. 
Consequently, DNA syn the sis must pre cede mRNA pro duc
tion in the rep li ca tion cy cles of these vi ruses. All syn the sis of 
vi ral DNA is cat a lyzed by cel lu lar DNA po ly mer ases.

RNA Genomes
Cells have no RNAdependent RNA po ly mer ases that can rep
li cate the ge nomes of RNA vi ruses or make mRNA from RNA 

tem plates (Box 3.3). One so lu tion to this prob lem is that RNA 
vi rus ge nomes en code RNAdependent RNA po ly mer ases that 
pro duce RNA from RNA tem plates. The other so lu tion, ex em
pli fied by ret ro vi rus ge nomes, is re verse tran scrip tion of the 
ge nome to dsDNA, which can be tran scribed by host RNA 
po ly mer ase.

dsRNA (Fig. 3.5)
There are twelve fam i lies of vi ruses with lin ear dsRNA 

ge nomes. The num ber of dsRNA seg ments in the vi rus par
ti cle may be 1 (Totiviridae, Hypoviridae, and Endornaviridae, 
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A   ssDNA genome

B    Circoviridae (1.8–2.3 kb) C    Parvoviridae (4–6 kb)

+ DNA
+ DNA

– DNA

– DNA
or

± DNA

A A'

A' AD D'

B B'

C C'

Figure 3.4 Structure and ex pres sion of vi ral sin gle-stranded DNA ge nomes. (A) Synthesis of ge nomes, mRNA, and pro tein. 
(B and C) Genome con fig u ra tions.

A    dsRNA genome B    Reoviridae (18.2–30.5 kbp in 1–12 dsRNA segments)
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Figure 3.5 Structure and ex pres sion of vi ral dou ble-stranded RNA ge nomes. (A) Synthesis of ge nomes, mRNA, and pro tein. 
(B) Genome con fig u ra tion.

B A C K G R O U N D
RNA syn the sis in cells

There are no known host cell en zymes that 
can copy the ge nomes of RNA vi ruses. How
ever, at least one en zyme, RNA po ly mer ase 
II, can copy an RNA tem plate. The 1.7kb cir
cu lar, ssRNA ge nome of hep a ti tis delta sat el
lite vi rus is cop ied by RNA po ly mer ase II to 
form multimeric RNAs (see the fig ure). How 
RNA po ly mer ase II, an en zyme that pro
duces premRNAs from DNA tem plates, is 
re pro grammed to copy a cir cu lar RNA tem
plate is not known.

BOX 3.3

(–) strand
genome RNA

Hepatitis delta sat el lite (−) strand ge nome RNA is cop ied by RNA po ly mer ase II at 
the in di cated po si tion. The po ly mer ase passes the po ly(A) sig nal (pur ple box) and the 
selfcleavage do main (red cir cle). For more in for ma tion, see Fig. 6.25. Redrawn from Tay
lor JM. 1999. Curr Top Microbiol Immunol 239:107–122, with per mis sion.
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A ss (+) RNA

B    Coronaviridae (27.6–41.1 kb)

UTR

– RNA

Genome

AnAOH3’
UTR

5’ c

UTR

Flaviviridae (9.6–12.3 kb)
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Picornaviridae (6.7–9.07 kb)

UTR

Togaviridae (9.7–11.8 kb)
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Figure 3.6 Structure and ex pres sion of vi ral sin gle-stranded 
(+) RNA ge nomes. (A) Synthesis of ge nomes, mRNA, and pro tein. (B) 
Genome con fig u ra tions. UTR, un trans lated re gion; VPg, vi rion pro tein, 
ge nome linked.

A    ss (+) RNA with DNA intermediate

B    Retroviridae (7–11 kb)

+ RNA

AnAOH3’

 DNA

5’ c
U5 U3

– DNA

+ RNA

Figure 3.7 Structure and ex pres sion of vi ral sin gle-stranded (+) RNA ge nomes with a DNA in ter me di ate. (A) Synthesis 
of ge nomes, mRNA, and pro tein. (B) Genome con fig u ra tion.

brates, plants, and ver te brates). While dsRNA con tains a (+) 
strand, it can not be trans lated to syn the size vi ral pro teins as 
part of a du plex. The (−) strand of the ge no mic dsRNA is first 
cop ied into mRNAs by a vi ral RNAdependent RNA po ly
mer ase. Newly syn the sized mRNAs are encapsidated and 
then cop ied to pro duce dsRNAs.

(+) Strand RNA (Fig. 3.6)
There are more dif er ent types of (+) strand RNA vi ruses 

than any other, and 38 fam i lies have been rec og nized [not 
count ing (+) strand RNA vi ruses with DNA in ter me di ates]. 
These ge nomes are lin ear and may be sin gle mol e cules (non
segmented) or seg mented, de pend ing on the fam ily. The fam
i lies Arteriviridae, Astroviridae, Caliciviridae, Coronaviridae, 
Flaviviridae, Hepeviridae, Nodaviridae, Picornaviridae, and 
Togaviridae in clude vi ruses that in fect ver te brates. (+) strand 
RNA ge nomes usu ally can be trans lated di rectly into pro tein 
by host ri bo somes. The ge nome is rep li cated in two steps. The 
(+) strand ge nome is first cop ied into a fulllength (−) strand, 
and the (−) strand is then cop ied into fulllength (+) strand 
ge nomes. In some cases, a subgenomic mRNA is pro duced.

(+) Strand RNA with a DNA Intermediate (Fig. 3.7)
Members of four vi rus fam i lies are (+) strand RNA vi ruses 

with a DNA in ter me di ate; those vi ruses within Retroviridae 
in fect ver te brates. In con trast to other (+) strand RNA vi ruses, 
the (+) strand RNA ge nome of ret ro vi ruses is con verted to a 
dsDNA in ter me di ate by vi ral RNAdependent DNA po ly mer
ase (re verse tran scrip tase). Following in te gra tion into host 
DNA, the vi ral DNA then serves as the tem plate for vi ral 
mRNA and ge nome RNA syn the sis by cel lu lar en zymes.

(−) Strand RNA (Fig. 3.8)
Viruses with (−) strand RNA ge nomes are found in 19 

fam i lies. These ge nomes are lin ear and may be sin gle mol e cules 

vi ruses of fungi, pro to zoa, and plants); 2 (Partitiviridae, 
Birnaviridae, and Megabirnaviridae, vi ruses of fungi, 
plants, in sects, fish, and chick ens); 3 (Cystoviridae, vi ruses of 
Pseudomonas bac te ria); 4 (Chrysoviridae, vi ruses of fun gi); 
or 10 to 12 (Reoviridae, vi ruses of pro to zoa, fungi, in ver te
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Figure 3.8 Structure and ex pres sion of vi ral sin gle-stranded (−) RNA ge nomes. (A) Synthesis of ge nomes, mRNA, and pro
tein. The icon rep re sents an or tho myxo vi rus par ti cle. (B and C) Genome con fig u ra tions.

(nonsegmented; some vi ruses with this con fig u ra tion have 
been clas si fied in the or der Mononegavirales) or seg mented. 
Viruses of this type that can in fect ver te brates in clude mem
bers of the Arenaviridae, Bornaviridae, Filoviridae, Hanta-
viridae, Orthomyxoviridae, Paramyxoviridae, Pneumoviridae, 
and Rhabdoviridae fam i lies. Unlike (+) strand RNA, (−) 
strand RNA ge nomes can not be trans lated di rectly into pro
tein but must be first cop ied to make (+) strand mRNA. 
There are no en zymes in the cell that can make mRNAs from 
the RNA ge nomes of (−) strand RNA vi ruses. These vi rus par
ti cles there fore con tain vi rusencoded RNAdependent RNA 
po ly mer ases. The ge nome is also the tem plate for the syn the
sis of fulllength (+) strands, which, in turn, are cop ied to pro
duce (−) strand ge nomes.

The ge nomes of cer tain (−) strand RNA vi ruses (e.g., mem
bers of the Arenaviridae and Bunyaviridae) are ambisense: 
they con tain both (+) and (−) strand in for ma tion on a sin gle 
strand of RNA (Fig. 3.8C). The (+) sense in for ma tion in the 
ge nome is trans lated upon en try of the vi ral RNA into cells. 
Replication of the RNA ge nome yields ad di tional (+) sense se
quences, which are then trans lat ed.

What Do Viral Genomes Look Like?
Some small RNA and DNA ge nomes en ter cells from vi rus 
par ti cles as na ked mol e cules of nu cleic acid, whereas oth ers 
are al ways as so ci ated with spe cial ized nu cleic ac idbinding 

pro teins or en zymes. A fun da men tal dif er ence be tween the 
ge nomes of vi ruses and those of their hosts is that al though 
vi ral ge nomes are of en cov ered with pro teins, they are usu
ally not bound by his tones in the vi rus par ti cle (polyomaviral 
and papillomaviral ge nomes are ex cep tions). However, it is 
likely that all  vi ral DNAs be come coated with his tones shortly 
af er they en ter the nu cle us.

While vi ral ge nomes are all  nu cleic ac ids, they should not 
be thought of as onedimensional struc tures. Virology text
books (this one in cluded) of en draw ge nomes as straight, 
onedimensional lines, but this no ta tion is for il lus tra tive pur
poses on ly; phys i cal re al ity is cer tain to be dra mat i cally dif
fer ent. Genomes have the po ten tial to adopt amaz ing 
sec ond ary and ter tiary struc tures in which nu cle o tides may 
en gage in longdistance in ter ac tions (Fig. 3.9).

The se quences and struc tures near the ends of vi ral ge
nomes are of en in dis pens able for rep li ca tion. For ex am ple, the 
DNA se quences at the ends of par vo vi rus ge nomes form T
shaped struc tures that are re quired for prim ing dur ing DNA 
syn the sis. Proteins co va lently at tached to 5′ ends, in verted and 
tan dem re peats, and bound tRNAs may also par tic i pate in the 
rep li ca tion of RNA and DNA ge nomes. Secondary RNA 
struc tures may fa cil i tate trans la tion (the in ter nal ri bo some 
en try site [IRES] of pi cor na vi rus ge nomes) and ge nome pack
ag ing (the struc tured pack ag ing sig nal of ret ro vi ral ge nomes, 
[Fig. 3.9]).
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Figure 3.9 Genome struc tures in car toons and in real life. (A) Linear rep re sen ta tion of a pi cor na vi rus RNA ge nome. UTR, un
trans lated re gion. (B) Longdistance RNARNA in ter ac tions in a tombusvirus RNA ge nome. The 4,252nucleotide vi ral ge nome is shown 
with sec ond ary RNA struc tures at the 5′ and 3′ ends. Sequences that basepair are shown in blue (re quired for RNA frameshifing) and 
red (re quired to bring ri bo somes from the 3′ end to the 5′ end). Courtesy of Anne Si mon, University of Mary land. (C) Schematic rep re sen
ta tion of RNA sec ond arystructure el e ments in the hu man im mu no de fi ciency vi rus type 1 5′ leader, in clud ing the core pack ag ing sig nal. 
(D) NMR struc ture of the RNA shown in C, with out  el e ments col ored black. Courtesy of Paul Bieniasz, Rocke fel ler University.

Coding Strategies
The com pact ge nome of most vi ruses ren ders the “one gene, 
one mRNA” dogma in ac cu rate. Extraordinary tac tics for in
for ma tion re trieval, such as the pro duc tion of mul ti ple subge
nomic mRNAs, al ter na tive mRNA splic ing, RNA ed it ing, and 
nested tran scrip tion units (Fig. 3.10), al low the pro duc tion of 
mul ti ple pro teins from a sin gle vi ral ge nome. Further ex
pan sion of the cod ing ca pac ity of the vi ral ge nome is achieved 
by post tran scrip tional mech a nisms, such as polyprotein 

syn the sis, leaky scan ning, sup pres sion of ter mi na tion, and 
ri bo somal frameshifing. In gen eral, the smaller the ge nome, 
the greater the com pres sion of ge netic in for ma tion.

What Can Viral Sequences Tell Us?
Knowledge about the phys i cal na ture of ge nomes and cod ing 
strat e gies was first ob tained by the study of the nu cleic ac ids 
of vi ruses. Indeed, DNA se quenc ing tech nol ogy was per
fected on vi ral ge nomes. The first ge nome of any kind to be 
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se quenced was that of the Escherichia coli bac te rio phage 
MS2, a lin ear ssRNA of 3,569 nu cle o tides. dsDNA ge nomes 
of larger vi ruses, such as her pes vi ruses and pox vi ruses (vac
cinia vi rus), were se quenced com pletely by the 1990s. Since 
then, highthroughput se quenc ing has rev o lu tion ized the bi
o log i cal sci ences, al low ing rapid de ter mi na tion of ge nome 
se quences from clin i cal and en vi ron men tal sam ples. Organ 
and tis suespecific viromes of many or gan isms have been 
de ter mined. In one study, over 186 host spe cies rep re sent ing 
the phy lo ge netic di ver sity of ver te brates, in clud ing lance lets 
(chor dates, but con sid ered in ver te brates), jaw less fish, car ti
lag i nous fish, rayfinned fish, am phib i ans, and rep tiles, all  
an ces tral to birds and mam mals, were sam pled. RNA was ex
tracted from mul ti ple or gans and sub jected to highthrough
put se quenc ing. Among 806 bil lion ba ses that were read, 214 
new vi ral ge nomes were iden ti fied. The re sults show that in 
ver te brates other than birds and mam mals, RNA vi ruses are 
more nu mer ous and di verse than sus pected. Every vi ral fam
ily or ge nus of bird and mam mal vi ruses is also rep re sented 
in vi ruses of am phib i ans, rep tiles, or fish. Arenaviruses, fi lo
vi ruses, and han ta vi ruses were found for the first time in 
aquatic ver te brates. The ge nomes of some fish vi ruses have now 
ex panded so that their phy lo ge netic di ver sity is larger than in 
mam ma lian vi ruses. New rel a tives of in flu enza vi ruses were 
found in hag fish, am phib i ans, and rayfinned fish. As of this 
writ ing, the com plete se quences of >8,000 dif er ent vi ral ge
nomes have been de ter mined. Published vi ral ge nome se
quences can be found at http:// www. ncbi. nlm. nih. gov/ genome 
/ viruses/ .

The util ity of vi ral ge nome se quences ex tends well be yond 
build ing a cat a log of vi ruses. These se quences are the pri
mary ba sis for clas si fi ca tion and also pro vide in for ma tion on 
the or i gin and evo lu tion of vi ruses. In out  breaks or ep i dem
ics of vi ral dis ease, even par tial ge nome se quences can pro
vide in for ma tion about the iden tity of the in fect ing vi rus and 
its spread in dif er ent pop u la tions. New vi ral nu cleic acid se
quences can be as so ci ated with dis ease and char ac ter ized 
even in the ab sence of stan dard vi ro log i cal tech niques (Vol
ume II, Chapter 10). For ex am ple, hu man her pes vi rus 8 was 
iden ti fied by com par ing se quences pres ent in dis eased and 
nondiseased tis sues, and a novel mem ber of the par vo vi rus 
fam ily was iden ti fied as the cause of un ex pected deaths of 
lab o ra tory mice in Aus tra lia and the United States.

Despite their util ity, ge nome se quences can not pro vide a 
com plete un der stand ing of how vi ruses re pro duce. The ge
nome se quence of a vi rus is at best a bi o log i cal “parts list”: it 
pro vi des some in for ma tion about the in trin sic prop er ties of a 
vi rus (for ex am ple, pre dicted se quences of vi ral pro teins and 
par ti cle com po si tion), but says lit tle or noth ing about how the 
vi rus in ter acts with cells, hosts, and pop u la tions. This lim i ta
tion is best il lus trated by the re sults of en vi ron men tal metage
nomic an a ly ses, which re veal that the num ber of vi ruses 

around us (es pe cially in the sea) is as tro nom i cal. Most are un
characterized and, be cause their hosts are also un known, 
can not be in ves ti gated. A re duc tion ist study of in di vid ual 
com po nents in iso la tion pro vi des few an swers. Although the 
re duc tion ist ap proach is of en the sim plest ex per i men tally, it 
is also im por tant to un der stand how the ge nome be haves 
among oth ers (pop u la tion bi  ol ogy) and how the ge nome 
changes with time (evo lu tion). Nevertheless, re duc tion ism has 
pro vided muchneeded de tailed in for ma tion for trac ta ble 
vi rushost sys tems. These sys tems al low ge netic and bio chem
i cal an a ly ses and pro vide mod els of in fec tion in vi vo and in 
cells in cul ture. Unfortunately, vi ruses and hosts that are dif 
cult or im pos si ble to ma nip u late in the lab o ra tory re main un
der stud ied or ig nored.

The “Big and Small” of Viral  
Genomes: Does Size Matter?
The ques tion “does ge nome size mat ter” is dif  cult to an swer 
con sid er ing the three or ders of mag ni tude in ge nome length 
that sep a rate the larg est and the small est vi ral ge nomes. The 
two larg est vi ral ge nomes known are those of Pandoravirus 
salinus (2.4 mil lion ba ses of dsDNA) and Pandoravirus dulcis 
(1.9 mil lion ba ses of dsDNA), en cod ing 2,541 and 1,487 open 
read ing frames, re spec tively. The larg est RNA vi rus ge nomes 
are far be hind (Box 3.4). At the other end are anelloviruses, 
with a 1,759base ssDNA ge nome en cod ing two pro teins (Fig. 
3.3B), and vi roids, cir cu lar, sin glestranded RNA mol e cules of 
246 to 401 nu cle o tides that en code no pro tein (Volume II, 
Chapter 13). Anelloviruses in clude ag ri cul tur ally im por tant 
path o gens of chick ens and pigs and torque teno (TT) vi rus, 
which in fects >90% of hu mans with no known con se quence. 
Viroids cause eco nom i cally im por tant dis eases of crop plants.

All vi ruses with ge nome sizes span ning the range from the 
big gest to the small est are suc cess ful as they con tinue to re pro
duce and spread within their hosts. Despite de tailed an a ly ses, 
there is no ev i dence that one size is more ad van ta geous than 
an other. All vi ral ge nomes have evolved un der re lent less se lec
tion, so ex tremes of size must pro vide par tic u lar ad van tages. 
One fea ture dis tin guish ing large ge nomes from smaller ones is 
the pres ence of many genes that en code pro teins for vi ral ge
nome rep li ca tion, nu cleic acid me tab o lism, and coun ter ing 
host de fense sys tems. When mimiviruses were first dis cov
ered, the sur prise was that their ge nomes en coded com po nents 
of the pro tein syn the sis sys tem, such as tRNAs and aminoacyl
tRNA syn the tases. Tupanviruses, iso lated from soda lakes in 
Bra zil and deep ocean sed i ments, en code all  20 aminoacyl
tRNA syn the tases, 70 tRNAs, mul ti ple trans la tion pro teins, 
and more. Only the ri bo some is lack ing. Why would large vi
ral ge nomes carry these genes when they are avail  able in their 
cel lu lar hosts? Perhaps by pro duc ing a large part of the trans
la tional ma chin ery, vi ral mRNAs can be more ef  ciently 
trans lated. This ex pla na tion is con sis tent with the find ing that 

http://www.ncbi.nlm.nih.gov/genome/viruses/
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the co don and amino acid us age of tupanvirus is dif er ent 
from that of the amoeba that it in fects.

Another in trigu ing set of genes be longs to tetraselmis 
 vi rus 1, which in fects green al gae. These hosts, found in nu tri
entrich ma rine and fresh wa ters, are pho to syn thetic. The 
vi ral ge nome en codes py ru vate for ma telyase and py ru vate 
for ma telyaseactivating en zyme, which are key mem bers of 
cel lu lar an aer o bic res pi ra tion path ways and al low en ergy pro
duc tion when no ox y gen is avail  able. Green al gae may use this 
sys tem in wa ters de pleted of ox y gen by ex u ber ant al gal 
growth. If this pro cess oc curs in cells, why does the vi ral ge
nome carry some of the genes in volved? The an swer is not 
known, but it is pos si ble that the ex tra met a bolic de mands 
placed on cells dur ing vi rus rep li ca tion—es pe cially at night—
re quire ad di tional fer men ta tion en zymes for en ergy pro duc
tion. The pres ence of these genes sug gests that tetraselmis 
vi rus 1 can change host me tab o lism, per haps fa cil i tat ing its 
re pro duc tion.

These large vi ruses there fore have suf  cient cod ing ca pac
ity to es cape some re stric tions im posed by host cell bio chem
is try. The small est ge nome of a freeliv ing cell is pre dicted to 
com prise <300 genes (based on bac te rial ge nome se quences). 
Remarkably, this num ber is smaller than the ge netic con tent 
of large vi ral DNA ge nomes. Nevertheless, the big vi ruses are 
not cells: their re pro duc tion ab so lutely re quires the cel lu lar 

trans la tion ma chin ery, as well as host cell sys tems to make 
mem branes and gen er ate en er gy.

The pa ram e ters that limit the size of vi ral ge nomes are 
largely un known. There are cel lu lar DNA and RNA mol e cules 
that are much lon ger than those found in vi rus par ti cles. Con
sequently, the rate of nu cleic acid syn the sis is not likely to be 
lim it ing. Nor does the cap sid vol ume ap pear to limit ge nome size: 
the ico sa he dral shell of Mimivirus, which houses a 1.2 mil lion
basepair DNA ge nome, is con structed mainly of a sin gle ma jor 
cap sid pro tein. For larger ge nomes, the so lu tion is he li cal sym
me try, which can in prin ci ple ac com mo date very large ge
nomes. The Pandoraviruses, with the larg est known DNA vi ral 
ge nomes (2,500 kbp), are housed in de cid edly nonisometric 
ovoid par ti cles 1 μm in length and 0.5 μm in di am e ter.

There is no rea son to be lieve that the up per limit in vi ral 
par ti cle and ge nome size has been dis cov ered. The core com
part ment of a mimivirus par ti cle is larger than needed to ac
com mo date the 1,200kbp DNA ge nome. A par ti cle of this size 
could, in prin ci ple, house a ge nome of 6 mil lion bp if the DNA 
were packed at the same den sity as in poly oma vi ruses. Indeed, 
if the ge nome were packed into the par ti cle at the den sity 
reached in some bac te rio phages, it could be >12 mil lion bp, the 
size of that of the small est freeliv ing uni cel lu lar eu kary ote.

In cells, DNAs are much lon ger than RNA mol e cules. RNA 
is less sta ble than DNA, but in the cell, much of the RNA is used 

BOX 3.4
E X P E R I M E N T S
Planaria and mol lusks yield the big gest RNA ge nomes

In the past 20 years the de vel op ment of high
throughput nu cleic acid se quenc ing meth ods 
has rap idly in creased the pace of vi rus dis cov
ery. Yet in that time, while the larg est DNA 
ge nomes have in creased nearly ten times, the 
larg est known RNA vi ral ge nome has only in
creased in size by ten per cent. This sit u a tion 
has now changed with the dis cov ery of new 
RNA vi ruses of pla nar i ans and mol lusks.

Until very re cently, the big gest RNA vi rus 
ge nome known was 33.5 kb (ball py thon ni
dovirus), which is much larger than the av er
age sized RNA vi rus ge nome of 10 kb. The 
rea son for the dif er ence is that RNA po ly
mer ases make er rors, and most do not have 
proof read ing ca pa bil i ties. Nidovirus ge nomes 
en code a proof read ing exoribonuclease which 
im proves rep li ca tion fi del ity and pre sum ably 
al lows for larger ge nomes. Even with a proof
read ing en zyme, the big gest RNA vi rus ge
nome is much smaller than the min i mal 
cel lu lar DNA ge nome, which is 200 kb. The 
re sults of two new stud ies show that we can 

find larger vi rus RNAs, sug gest ing that we 
have not yet reached the size limit of RNA ge
nomes.

A close study of the  transcriptome of a 
pla nar ian re vealed a new nidovirus, pla nar
ian se cre tory cell nidovirus, with an RNA ge
nome of 41,103 nu cle o tides. This vi ral ge nome 
is un usual be cause it en codes a sin gle, long 
open read ing frame of 13,556 amino ac ids—
the lon gest vi ral open read ing frame (ORF) 
dis cov ered so far. All the other known nido
viruses en code mul ti ple open read ing frames. 
Phylogenetic anal y sis of known nidoviruses 
sug gests that the pla nar ian vi rus arose from 
vi ruses with mul ti ple ORFs, af er which their 
sin gle ORF ex panded in size.

The other nidovirus with a large RNA ge
nome was dis cov ered by search ing all  the 
avail  able RNA se quences of the mol lusk Aply-
sia californica. With a sim ple ner vous sys tem 
of 20,000 neu rons, this mol lusk has been 
stud ied as a model sys tem in many lab o ra to
ries. Aplysia californica nidolike vi rus has 

an RNA ge nome of 35,906 nu cle o tides with 
ORFs that en code two polyproteins.

From the per spec tive of ge nome size, the 
dis cov ery of these nidovirus ge nomes sug gests 
that vi ruses with even larger RNAs re main to 
be dis cov ered. In both cases the vi ruses were 
iden ti fied from se quences that had been de
pos ited in pub lic da ta bases, al though in both 
cases, in fec tious vi ruses were not re ported. 
Nevertheless, many or gan isms have not yet 
had their ge nomes se quenced and it is likely 
that many RNA vi ruses re main to be dis cov
ered. Declaring an up per limit on RNA ge
nome size does not seem rea son able if we have 
not sam pled ev ery spe cies.

Saberi A, Gulyaeva AA, Brubacher JL, Newmark PA, 
Gorbalenya AE. 2018. A pla nar ian nidovirus ex
pands the lim its of RNA ge nome size. PLoS Pathog 
14:e1007314.

Debat HJ. 2018. Expanding the size limit of RNA vi
rus es: ev i dence of a novel di ver gent nidovirus in Cal i
for nia sea hare, with a ∼39.5 kb vi rus ge nome. bioRxiv 
307678.
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for the syn the sis of pro teins and there fore need not ex ceed the 
size needed to spec ify the larg est po ly pep tide. However, this 
con straint does not ap ply to vi ral ge nomes. Yet the larg est vi ral 
sin glemolecule RNA ge nomes, the 41kb (+) strand RNAs of 
the nidoviruses (Box 3.4), are dwarfed by the larg est (2,500
kbp) DNA vi rus ge nomes. Susceptibility of RNA to chem i cal 
and nu cle ase at tack might limit the size of vi ral RNA ge nomes. 
However, the most likely ex pla na tion is that there are few 
known en zymes that can cor rect er rors in tro duced dur ing 
RNA syn the sis. An exo nu cle ase en coded in the co ro na vi rus ge
nome is one ex cep tion: its pres ence could ex plain the large size 
of these RNAs. DNA po ly mer ases can elim i nate er rors dur ing 
po ly mer i za tion, a pro cess known as proof read ing, and re main
ing er rors can also be cor rected af er DNA syn the sis is com
plete. The av er age er ror fre quen cies for RNA ge nomes are about 
1 misincorporation in 104 or 105 nu cle o tides po ly mer ized. In an 
RNA vi ral ge nome of 10 kb, a mu ta tion fre quency of 1 in 104 
would pro duce about 1 mu ta tion in ev ery rep li cated ge nome. 
Hence, very long vi ral RNA ge nomes, per haps lon ger than 40 
kb, would sus tain too many mu ta tions that would be le thal. 
Even the 7.5kb ge nome of po lio vi rus ex ists at the edge of in fec
tiv i ty: treat ment of the vi rus with the RNA mu ta gen ri ba vi rin 
causes a >99% loss in a sin gle round of rep li ca tion.

When new vi ral ge nomes are dis cov ered, of en many of the 
pu ta tive genes are pre vi ously un known. For ex am ple, >93% of 
the >2,500 genes of Pandoravirus salinus re sem ble noth ing 
known, and 453 of the 663 pre dicted open read ing frames of 
tetraselmis vi rus 1 show no se quence sim i lar ity to known 
pro teins. The im pli ca tion of these find ings is clear: our ex plo
ra tion of global ge nome se quences is far from com plete, and 
vi ruses with larger ge nomes might yet be dis cov ered.

The Origin of Viral Genomes
The ab sence of bona fi de vi ral fos sils, i.e., an cient ma te rial 
from which vi ral nu cleic ac ids can be re cov ered, might ap
pear to make the or i gin of vi ral ge nomes an im pen e tra ble 
mys tery. The oldest vi ruses re cov ered from en vi ron men tal 
sam ples, the 30,000yearold Pithovirus sibericum and Mol
livirus sibericum, iso lated from Late Pleis to cene Si be rian 
per ma frost, are sim ply too rare and too young to pro vide 
much in for ma tion on vi ral evo lu tion. However, the dis cov ery 
of frag ments of vi ral nu cleic ac ids in te grated into host ge
nomes, cou pled with the ad vances in de ter min ing ge nome 
se quences of vi ruses and their hosts, has pro vided an im
proved un der stand ing of the evo lu tion ary his tory of vi ruses, 
a topic dis cussed in depth in Volume II, Chapter 10.

How vi ruses with DNA or RNA ge nomes arose is a com pel
ling ques tion. A pre dom i nant hy poth e sis is that RNA vi ruses 
are rel ics of the “RNA world,” a pe riod pop u lated only by RNA 
mol e cules that cat a lyzed their own rep li ca tion in the ab sence 
of pro teins. During this time, bil li ons of years ago, cel lu lar life 
could have evolved from RNA, and the ear li est cel lu lar or gan

isms might have had RNA ge nomes. Viruses with RNA ge
nomes might have evolved dur ing this time. Later, DNA 
re placed RNA as cel lu lar ge nomes, per haps through the ac tion 
of re verse tran scrip tases. With the emer gence of DNA ge
nomes prob a bly came the evo lu tion of DNA vi ruses. However, 
those with RNA ge nomes were and re main evo lu tion arily 
com pet i tive, and hence they con tinue to sur vive to this day.

Analysis of se quences of more than 4,000 RNAdependent 
RNA po ly mer ases is con sis tent with the hy poth e sis that the 
first RNA vi ruses to emerge af er the evo lu tion of trans la tion 
were those with (+) strand RNA ge nomes. The last com mon 
an ces tor of these vi ruses en coded only an RNAdependent 
RNA po ly mer ase and a sin gle cap sid pro tein. Doublestranded 
RNA vi ruses evolved from (+) strand RNA vi ruses on at least 
two dif er ent oc ca sions, and (−) strand RNA vi ruses evolved 
from dsRNA vi ruses. The emer gence of vi ruses with the lat ter 
ge nome types was likely fa cil i tated by the cap ture of genes such 
as those en cod ing RNA helicases, to al low for the pro duc tion 
of larger ge nomes.

Singlestranded DNA vi ruses of eu kary otes ap pear to have 
evolved from genes con trib uted from both bac te rial plas mids 
and (+) strand RNA vi ruses. Diferent dsDNA vi ruses orig i
nated from bac te rio phages at least twice. The larger eu kary otic 
DNA vi ruses form a mono phy letic group based on anal y sis of 
40 genes that de rive from a last com mon an ces tor. These vi
ruses ap pear to have emerged from smaller DNA vi ruses by 
the cap ture of mul ti ple eu kary otic and bac te rial genes, such as 
those en cod ing trans la tion sys tem com po nents.

There is no ev i dence that vi ruses are mono phy letic, i.e., de
scended from a com mon an ces tor: there is no sin gle gene 
shared by all  vi ruses. Nevertheless, vi ruses with dif er ent ge
nomes and rep li ca tion strat e gies do share a small set of vi ral 
hall mark genes that en code ico sa he dral cap sid pro teins, nu
cleic acid po ly mer ases, helicases, integrases, and other en
zymes. For ex am ple, as dis cussed above, the RNAdependent 
RNA po ly mer ase is the only vi ral hall mark pro tein con served 
in RNA vi ruses. Examination of the se quences of vi ral cap sid 
pro teins re veals at least 20 dis tinct va ri e ties that were de rived 
from un re lated genes in an ces tral cells on mul ti ple oc ca sions. 
The emerg ing ev i dence there fore sug gests that vi ral rep li ca
tion en zymes arose from precellular selfrep li cat ing ge netic 
el e ments, while cap sid pro tein genes were cap tured from un
re lated genes in cel lu lar hosts.

The com po si tions of the eu kary otic and bac te rial viromes 
dif er sub stan tially (Chapter 1, Fig. 1.13). In bac te ria, most 
known vi ruses pos sess dsDNA ge nomes; fewer vi ruses have 
ssDNA ge nomes, and there is a very lim ited num ber of vi
ruses with RNA ge nomes. In eu kary otes, most of the vi
rome di ver sity is ac counted for by RNA vi ruses, but ssDNA 
and dsDNA vi ruses are com mon (Chapter 1, Fig. 1.13). The 
rea sons for this dif er ence are un clear, but one pos si bil ity 
is  that the for ma tion of the eu kary otic nu cleus erected a 
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E X P E R I M E N T S
Origin of seg mented RNA vi rus ge nomes

Segmented ge nomes are plen ti ful in the RNA 
vi rus world. They are found in vi rus par ti cles 
from dif er ent fam i lies and can be dou ble 
stranded (Reoviridae) or sin gle stranded, with 
(+) (Closteroviridae) or (−) (Orthomyxoviridae) 
po lar ity. Some ex per i men tal find ings sug gest 
that monopartite vi ral ge nomes emerged first 
and then later frag mented to form seg mented 
ge nomes.

Insight into how such seg mented ge nomes 
may have been formed comes from stud ies 
with the pi cor na vi rus footandmouth dis
ease vi rus. The ge nome of this vi rus is a sin gle 
mol e cule of (+) strand RNA. Serial pas sage of 
the vi rus in baby ham ster kid ney cells led to 
the emer gence of ge nomes with two dif er ent 
large de le tions (417 and 999 nu cle o tides) in 
the cod ing re gion. Neither mu tant ge nome is 
in fec tious, but when they are in tro duced to
gether into cells, an in fec tious vi rus pop u la
tion is pro duced. This pop u la tion com prises a 
mix ture of each of the two mu tant ge nomes 
pack aged sep a rately into vi rus par ti cles. In
fection is suc cess ful be cause of com ple men ta
tion: when a host cell is in fected with both 
par ti cles, each ge nome pro vi des the pro teins 
miss ing in the oth er.

Further study of the de leted vi ral ge nomes 
re vealed the pres ence of point mu ta tions in 
other re gions of the ge nome. These mu ta tions 
had ac cu mu lated be fore the de le tions ap
peared and in creased the fit ness of the de leted 
ge nome com pared with the wildtype ge
nome.

These re sults show how monopartite vi ral 
RNAs may be di vided, pos si bly a path way to a 
seg mented ge nome. It is in ter est ing that the 

point mu ta tions that gave the RNAs a fit ness 
ad van tage over the stan dard RNA arose be
fore frag men ta tion oc curred, im ply ing that 
the changes needed to oc cur in a spe cific se
quence. The au thors of the study con clude: 
“Thus, ex plo ra tion of se quence space by a vi
ral ge nome (in this case an un seg mented 
RNA) can reach a point of the space in which 
a to tally dif er ent ge nome struc ture (in this 
case, a seg mented RNA) is fa vored over the 
form that per formed the ex plo ra tion.” While 
the frag men ta tion of the footandmouth dis
ease vi rus ge nome may rep re sent a step on the 
path to seg men ta tion, its rel e vance to what 
oc curs in na ture is un clear, be cause the re
sults were ob tained in cells in cul ture.

A com pel ling pic ture of the gen e sis of a 
seg mented RNA ge nome comes from the dis
cov ery of a new tickborne vi rus in China, 
Jingmen tick vi rus. The ge nome of this vi rus 
com prises four seg ments of (+) strand RNA. 
Two of the RNA seg ments have no known se
quence ho mo logs, while the other two are re
lated to se quences of fla vi vi ruses. The RNA 
ge nome of fla vi vi ruses is not seg ment ed: it is a 
sin gle strand of (+) sense RNA. The pro teins 
en coded by RNA seg ments 1 and 3 are non
struc tural pro teins that are clearly re lated to 
the fla vi vi rus NS5 and NS3 pro teins.

The ge nome struc ture of this vi rus sug
gests that at some point in the past a fla vi vi
rus ge nome frag mented to pro duce the RNA 
seg ments en cod ing the NS3 and NS5like 
pro teins. This frag men ta tion might have ini
tially taken place as shown for footandmouth 
dis ease vi rus in cells in cul ture, by fix ing of 
de le tion mu ta tions that com ple mented one 

an other. Next, co in fec tion of this seg mented 
fla vi vi rus with an other un iden ti fied vi rus could 
have pro duced the pre cur sor of Jingmen tick 
vi rus.

The re sults pro vide new clues about the or
i gins of seg mented RNA vi rus es.

Mo re no E, Ojosnegros S, García-Arriaza J, Escarmís 
C, Do min go E, Perales C. 2014. Exploration of se
quence space as the ba sis of vi ral RNA ge nome seg
men ta tion. Proc Natl Acad Sci U S A 111:6678–6683.

Qin XC, Shi M, Tian JH, Lin XD, Gao DY, He JR, 
Wang JB, Li CX, Kang YJ, Yu B, Zhou DJ, Xu J, Ply-
usnin A, Holmes EC, Zhang YZ. 2014. A tickborne 
seg mented RNA vi rus con tains ge nome seg ments de
rived from un seg mented vi ral an ces tors. Proc Natl 
Acad Sci U S A 111:6744–6749.
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RNA ge nome of JMTV vi rus. The vi ral ge nome 
com prises four seg ments of sin glestranded, (+) 
sense RNA. Proteins en coded by each RNA are in
di cated. RNA seg ments 1 and 3 en code fla vi vi rus
like pro teins.

bar rier for DNA vi rus re pro duc tion. On the other hand, the 
eu kary otic cy to plasm with its ex ten sive mem bra nous sys
tem might have been a hos pi ta ble lo ca tion for RNA vi rus 
rep li ca tion.

Viral ge nomes dis play a greater di ver sity of ge nome com
po si tion, struc ture, and re pro duc tion than any or gan ism. Un
derstanding the func tion of such di ver sity is an in trigu ing 
goal. As vi ral ge nomes are sur vi vors of con stant se lec tive 
pres sure, all  con fig u ra tions must pro vide ben e fits. One pos si
bil ity is that dif er ent ge nome con fig u ra tions al low unique 
mech a nisms for con trol of gene ex pres sion. These mech a
nisms in clude syn the sis of a polyprotein from (+) strand RNA 
ge nomes or pro duc tion of subgenomic mRNAs from (−) 

strand RNA ge nomes (see Chapter 6). There is some ev i dence 
that seg mented RNA ge nomes might have arisen from 
monopartite ge nomes, per haps to al low reg u la tion of the pro
duc tion of in di vid ual pro teins (Box 3.5). Segmentation prob a
bly did not emerge to in crease ge nome size, as the larg est RNA 
ge nomes are monopartite.

Genetic Analysis of Viruses
The ap pli ca tion of ge netic meth ods to study the struc ture and 
func tion of an i mal vi ral genes and pro teins be gan with de vel
op ment of the plaque as say by Renato Dulbecco in 1952. This 
as say per mit ted the prep a ra tion of clonal stocks of vi rus, the 
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mea sure ment of vi rus ti ters, and a con ve nient sys tem for 
study ing vi ruses with con di tional le thal mu ta tions. Although 
a lim ited rep er toire of clas si cal ge netic meth ods was avail  able, 
the mu tants that were iso lated (Box 3.6) were in valu able in 
elu ci dat ing many as pects of in fec tious cy cles and cell trans
for ma tion. Contemporary meth ods of ge netic anal y sis based 
on re com bi nant DNA tech nol ogy con fer an es sen tially un
lim ited scope for ge netic ma nip u la tion; in prin ci ple, any vi ral 
gene of in ter est can be mu tated, and the pre cise na ture of the 
mu ta tion can be pre de ter mined by the in ves ti ga tor. Much of 
the large body of in for ma tion about vi ruses and their re pro
duc tion that we now pos sess can be at trib uted to the power of 
these meth ods.

Classical Genetic Methods

Mapping Mutations
Before the advent of re com bi nant DNA tech nol ogy, it was 

ex tremely dif  cult for in ves ti ga tors to de ter mine the lo ca
tions of mu ta tions in vi ral ge nomes. The marker res cue tech
nique (de scribed in “Introducing Mutations into the Viral 
Genome” be low) was a so lu tion to this prob lem, but be fore 
it was de vel oped, other, less sat is fac tory ap proaches were 
ex ploit ed.

Recombination map ping can be ap plied to both DNA and 
RNA vi ruses. Recombination re sults in ge netic ex change 
be tween ge nomes within the in fected cell. The fre quency of 
re com bi na tion be tween two mu ta tions in a lin ear ge nome 
in creases with the phys i cal dis tance sep a rat ing them. In 

prac tice, cells are co in fected with two mu tants, and the fre
quency of re com bi na tion is cal cu lated by di vid ing the ti ter 
of phe no typ i cally wildtype vi rus (Box 3.7) ob tained un der 
re stric tive con di tions (e.g., high tem per a ture) by the ti ter 
mea sured un der per mis sive con di tions (e.g., low tem per a
ture). The re com bi na tion fre quency be tween pairs of mu
tants is de ter mined, al low ing the mu ta tions to be placed on 
a con tig u ous map. Although a lo ca tion can be as signed for 
each mu ta tion rel a tive to oth ers, this ap proach does not re
sult in a phys i cal map of the ac tual lo ca tion of the base change 
in the ge nome.

In the case of RNA vi ruses with seg mented ge nomes, the 
tech nique of reassortment al lows the as sign ment of mu ta
tions to spe cific ge nome seg ments. When cells are co in fected 
with both mu tant and wildtype vi ruses, the prog eny in cludes 
reassortants that in herit RNA seg ments from ei ther par ent. 
The or i gins of the RNA seg ments can be de duced from their 
mi gra tion pat terns dur ing gel elec tro pho re sis (Fig. 3.11) or 
by nu cleic acid hy brid iza tion. By an a lyz ing a panel of such 
reassortants, the seg ment re spon si ble for the phe no type can 
be iden ti fied.

Functional Analysis
Complementation de scribes the abil ity of gene prod

ucts from two dif er ent mu tant vi ruses to in ter act func
tion ally in the same cell, per mit ting vi ral re pro duc tion. It 
can be dis tin guished from re com bi na tion or reassortment 
by ex am in ing the prog eny pro duced by co in fected cells. True 
com ple men ta tion yields only the two pa ren tal mu tants, 

M E T H O D S
Spontaneous and in duced mu ta tions

In the early days of ex per i men tal vi rol ogy, mu
tant vi ruses could be iso lated only by screen ing 
stocks for in ter est ing phe no types, for none of 
the tools that we now take for granted, such as 
re stric tion en do nu cle ases, ef  cient DNA se
quenc ing meth ods, and mo lec u lar clon ing 
pro ce dures, were de vel oped un til the mid to 
late 1970s. RNA vi rus stocks usu ally con tain a 
high pro por tion of mu tants, and it is only a 
mat ter of de vis ing the ap pro pri ate se lec tion 
con di tions (e.g., high or low tem per a ture or 
ex po sure to drugs that in hibit vi ral re pro duc
tion) to se lect mu tants with the de sired phe no
type from the to tal pop u la tion. For ex am ple, 
the live at ten u ated po lio vi rus vac cine strains 
de vel oped by Al bert Sabin are mu tants that 
were se lected from a vir u lent vi rus stock (Vol
ume II, Fig. 7.11).

The low spon ta ne ous mu ta tion rate of DNA 
vi ruses ne ces si tated ran dom mu ta gen e sis by 
ex po sure to a chem i cal mu ta gen. Mutagens 
such as ni trous acid, hy drox yl amine, and al kyl
at ing agents chem i cally mod ify the nu cleic acid 
in prep a ra tions of vi rus par ti cles, re sult ing in 
changes in basepair ing dur ing sub se quent ge
nome rep li ca tion. Base an a logs, in ter ca lat ing 
agents, or UV light are ap plied to the in fected 
cell to cause changes in the vi ral ge nome dur
ing rep li ca tion. Such agents in tro duce mu ta
tions more or less at ran dom. Some mu ta tions 
are le thal un der all  con di tions, while oth ers 
have no ef ect and are said to be si lent.

To fa cil i tate iden ti fi ca tion of mu tants, the 
pop u la tion must be screened for a phe no type 
that can be iden ti fied eas ily in a plaque as say. 
One such phe no type is tem per a turesensitive 

vi a bil ity of the vi rus. Virus mu tants with this 
phe no type re pro duce well at low tem per a tures, 
but poorly or not at all  at high tem per a tures. 
The per mis sive and non per mis sive tem per a
tures are typ i cally 33 and 39°C, re spec tively, 
for vi ruses that rep li cate in mam ma lian cells. 
Other com monly sought phe no types are 
changes in plaque size or mor phol ogy, drug re
sis tance, an ti body re sis tance, and host range 
(that is, loss of the abil ity to re pro duce in cer
tain hosts or host cells).

BOX 3.6
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Figure 3.11 Reassortment of in flu enza vi rus RNA seg ments. (A) Progeny vi ruses of cells that are co in fected with two in flu enza 
vi rus strains, L and M, in clude both par ents and vi ruses that de rive RNA seg ments from them. Recombinant R3 has in her ited seg ment 2 
from the L strain and the re main ing seven seg ments from the M strain. (B) 32Plabeled in flu enza vi rus RNAs were frac tion ated in a po ly
acryl amide gel and de tected by au to ra di og ra phy. Migration dif er ences of pa ren tal vi ral RNAs (M and L) per mit ted iden ti fi ca tion of the 
or i gin of RNA seg ments in the prog eny vi rus R3. Panel B re printed from Racaniello VR, Palese P. 1979. J Virol 29:361–373.

T E R M I N O L O G Y
What is wild type?

Terminology can be con fus ing. Virologists 
of en use terms such as “strains,” “var i ants,” 
and “mu tants” to des ig nate a vi rus that dif
fers in some her i ta ble way from a pa ren tal or 
wildtype vi rus. In con ven tional us age, the 
wild type is de fined as the orig i nal (of en 
lab o ra to ryadapted) vi rus from which mu
tants are se lected and which is used as the 
ba sis for com par i son. A wildtype vi rus may 
not be iden ti cal to a vi rus iso lated from na
ture. In fact, the ge nome of a wildtype vi rus 
may in clude nu mer ous mu ta tions ac cu mu
lated dur ing prop a ga tion in the lab o ra tory. 
For ex am ple, the ge nome of the first iso late 

of po lio vi rus ob tained in 1909 un doubt edly is 
very dif er ent from that of the vi rus we call 
wild type to day. We dis tin guish care fully be
tween lab o ra tory wild types and new vi rus 
iso lates from the nat u ral host. The lat ter are 
called field iso lates or clin i cal iso lates.

The field of vi ral tax on omy has its own 
nam ing con ven tions which can cause some 
con fu sion. Viruses are clas si fied into or ders, 
fam i lies, sub fam i lies, gen era, and spe cies. 
These names are al ways ital i cized and start 
with a cap i tal let ter (e.g., Picornaviridae). To 
en sure clar ity, the names of vi ruses (like po lio
vi rus) should be writ ten dif er ently from the 

names of spe cies (which are con structs that as
sist in the cata log ing of vi ruses). A spe cies 
name is writ ten in ital ics with the first word 
be gin ning with a cap i tal let ter (other words 
should be cap i tal ized if they are proper nouns). 
For ex am ple, the caus a tive agents of po lio my
eli tis, po lio vi rus types 1, 2, and 3, are mem bers 
of the spe cies Enterovirus C. A vi rus name 
should never be ital i cized, even when it in
cludes the name of a host spe cies or ge nus, and 
should be writ ten in low er case: for ex am ple, 
Sida ciliaris golden mo saic vi rus. A good ex er
cise would be to see how of en we have ac ci
den tally vi o lated these rules in this text book.

BOX 3.7

while wildtype ge nomes re sult from re com bi na tion or re
assortment. If the mu ta tions be ing tested are in sep a rate 
genes, each vi rus is  able to sup ply a func tional gene prod
uct, al low ing both vi ruses to be re pro duced. If the two vi
ruses carry mu ta tions in the same gene, no re pro duc tion 

will oc cur. In this way, the mem bers of col lec tions of mu
tants ob tained by chem i cal mu ta gen e sis were ini tially or
ga nized into com ple men ta tion groups de fin ing sep a rate 
vi ral func tions. In prin ci ple, there can be as many com ple
men ta tion groups as genes.
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Engineering Mutations into Viral Genomes

Infectious DNA Clones
Recombinant DNA tech niques have made it pos si ble to in

tro duce any kind of mu ta tion any where in the ge nome of 
most an i mal vi ruses, whether that ge nome com prises DNA 
or RNA. The quin tes sen tial tool in vi rol ogy to day is the in-
fec tious DNA clone, a dsDNA copy of the vi ral ge nome that 
is car ried on a bac te rial vec tor such as a plas mid. Infectious 
DNA clones, or in vi tro tran scripts de rived from them, can be 
in tro duced into cul tured cells by trans fec tion (Box 3.8) to re
cover in fec tious vi rus. This ap proach is a mod ern val i da tion 
of the HersheyChase ex per i ment de scribed in Chapter 1. 
The avail abil ity of sitespecific bac te rial re stric tion en do nu
cle ases, DNA li gases, and an ar ray of meth ods for mu ta gen e
sis has made it pos si ble to ma nip u late these in fec tious clones 
at will. Infectious DNA clones also pro vide a sta ble re pos i
tory of the vi ral ge nome, a par tic u larly im por tant ad van tage 
for vac cine strains. As ol i go nu cle o tide syn the sis has be come 
more ef  cient and less costly, the as sem bly of vi ral DNA ge
nomes up to 212 kbp has be come pos si ble (Box 3.9).

DNA vi rus es. Current ge netic meth ods for the study of 
most vi ruses with DNA ge nomes are based on the in fec tiv ity 
of vi ral DNA. When deproteinized vi ral DNA mol e cules are 
in tro duced into per mis sive cells by trans fec tion, they gen er
ally ini ti ate a com plete in fec tious cy cle, al though the in fec
tiv ity (num ber of plaques per mi cro gram of DNA) may be 
low. For ex am ple, the in fec tiv ity of deproteinized hu man ad
e no vi ral DNA is be tween 10 and 100 PFU per μg. When the 
ge nome is iso lated by pro ce dures that do not de grade the co
va lently at tached ter mi nal pro tein, in fec tiv ity is in creased 
by 2 or ders of mag ni tude, prob a bly be cause this pro tein fa
cil i tates the as sem bly of ini ti a tion com plexes on the vi ral or
i gins of rep li ca tion.

The com plete ge nomes of poly oma vi ruses, pap il lo ma vi
ruses, and ad e no vi ruses can be cloned in plas mid vec tors, and 
such DNA is in fec tious un der ap pro pri ate con di tions. The DNA 
ge nomes of her pes vi ruses and pox vi ruses are too large to in sert 
into con ven tional bac te rial plas mid vec tors, but they can be 
cloned into vec tors that ac cept larger in ser tions (e.g., cosmids 
and bac te rial ar ti fi cial chro mo somes). The plas mids con tain ing 
such cloned her pes vi rus ge nomes are in fec tious. In con trast, 
pox vi rus DNA is not in fec tious, be cause the vi ral pro mot ers 
can not be rec og nized by cel lu lar DNAdependent RNA po ly
mer ase. Poxvirus DNA is in fec tious when early func tions (vi ral 
DNAdependent RNA po ly mer ase and tran scrip tion pro teins) 
are pro vided by com ple men ta tion with a helper vi rus.

RNA vi rus es. (i) (+) strand RNA vi rus es. The ge no mic 
RNA of ret ro vi ruses is cop ied into dsDNA by re verse tran scrip
tase early dur ing in fec tion, a pro cess de scribed in Chapter 10. 
Such DNA is in fec tious when in tro duced into cells, as are 
mo lec u larly cloned forms in serted into bac te rial plas mids.

Infectious DNA clones have been con structed for many 
(+) strand RNA vi ruses. An ex am ple is the in tro duc tion of a 
plas mid con tain ing cloned po lio vi rus DNA into cul tured 
mam ma lian cells, which leads to the pro duc tion of prog eny 
vi rus (Fig. 3.12A). The mech a nism by which cloned po lio vi
rus DNA ini ti ates in fec tion is not known, but it has been sug
gested that the DNA en ters the nu cleus, where it is tran scribed 
by cel lu lar DNAdependent RNA po ly mer ase from cryp tic, 
pro mot erlike se quences on the plas mid. The re sult ing (+) 
strand RNA tran scripts ini ti ate an in fec tious cy cle. During 
ge nome rep li ca tion, the ex tra ter mi nal nu cle o tide se quences 
tran scribed from the vec tor must be re moved or ig nored, be
cause the vi rus par ti cles that are pro duced con tain RNA with 
the au then tic 5′ and 3′ ter mi ni.

By in cor po rat ing pro mot ers for bac te rio phage T7 DNA
dependent RNA po ly mer ase in plas mids con tain ing po lio vi rus 

T E R M I N O L O G Y
DNA-mediated trans for ma tion and trans fec tion

The in tro duc tion of for eign DNA into cells is 
called DNAmediated trans for ma tion to dis
tin guish it from the on co genic trans for ma
tion of cells caused by tu mor vi ruses and other 
in sults. The term “trans fec tion” (transfor ma tion
infection) was coined to de scribe the pro duc
tion of in fec tious vi rus af er trans for ma tion of 
cells by vi ral DNA, first dem on strated with 
bac te rio phage lambda. Unfortunately, the term 
“trans fec tion” is now rou tinely used to de scribe 
the in tro duc tion of any DNA or RNA into cells. 

In this text book, we use the cor rect no men cla
ture: the term “trans fec tion” is re stricted to the 

in tro duc tion of vi ral DNA or RNA into cells 
with the goal of ob tain ing vi rus re pro duc tion.

BOX 3.8

Transfection
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DNA, fulllength (+) strand RNA tran scripts can be syn the
sized in vi tro. The spe cific in fec tiv ity of such RNA tran scripts 
re sem bles that of ge no mic RNA (106 PFU per μg), which is 
higher than that of cloned DNA (103 PFU per μg).

(ii) (−) strand RNA vi rus es. Genomic RNA of (−) strand 
RNA vi ruses is not in fec tious, be cause it can be nei ther trans
lated nor cop ied into (+) strand RNA by host cell RNA po ly
mer ases (Chapter 6). Two dif er ent ex per i men tal ap proaches 
have been used to de velop in fec tious DNA clones of these vi
ral ge nomes (Fig. 3.12B and C).

The re cov ery of in flu enza vi rus from cloned DNA is 
achieved us ing an ex pres sion sys tem in which cloned DNA 
cop ies of the eight RNA seg ments of the vi ral ge nome are in
serted be tween two cel lu lar pro mot ers, so that com ple men
tary RNA strands can be syn the sized (Fig. 3.12B). When all  
eight plas mids car ry ing DNA for each vi ral RNA seg ment are 
in tro duced into cells, in fec tious in flu enza vi rus is pro duced.

When the fulllength (−) strand RNA of vi ruses with a 
nonsegmented ge nome, such as ve sic u lar sto ma ti tis vi rus (a 
rhab do vi rus), is in tro duced into cells con tain ing plas mids 
that pro duce vi ral pro teins re quired for pro duc tion of 
mRNA, no in fec tious vi rus is re cov ered. Lack of in fec tiv ity 
is thought to be a con se quence of the hy brid iza tion of full
length (−) strand RNA with (+) strand mRNAs pro duced 
from plas mids en cod ing vi ral pro teins. Such hy brid iza tion 
might in ter fere with as so ci a tion of the (−) strand RNA with 
the N pro tein, which is re quired for copy ing by the vi ral 
RNAdependent RNA po ly mer ase. In con trast, when a full
length (+) strand RNA is trans fected into cells that have been 
en gi neered to syn the size the ve sic u lar sto ma ti tis vi rus nu
cle o cap sid pro tein, phos pho pro tein, and po ly mer ase, the (+) 
strand RNA is cop ied into (−) strand RNAs. These RNAs ini

ti ate an in fec tious cy cle, lead ing to the pro duc tion of new 
vi rus par ti cles.

dsRNA vi rus es. Genomic RNA of dsRNA vi ruses is not 
in fec tious be cause ri bo somes can not ac cess the (+) strand in 
the du plex. The re cov ery of reo vi rus from cloned DNA is 
achieved by an ex pres sion sys tem in which cloned DNA cop
ies of the 10 RNA seg ments of the vi ral ge nome are in serted 
un der the con trol of a pro moter for bac te rio phage T7 RNA 
po ly mer ase (Fig. 3.12D). When all  10 plas mids car ry ing DNA 
for each vi ral dsRNA seg ment are in tro duced into cells, in
fec tious reo vi rus is pro duced.

Types of Mutation
Recombinant DNA tech niques al low the in tro duc tion of 

many kinds of mu ta tion at any de sired site in cloned DNA 
(Box 3.10). Deletion mu ta tions can be used to re move an 
en tire gene to as sess its role in re pro duc tion, to pro duce 
trun cated gene prod ucts, or to as sess the func tions of spe
cific seg ments of a cod ing se quence. Noncoding re gions can 
be de leted to iden tify and char ac ter ize reg u la tory se quences 
such as pro mot ers. Insertion mu ta tions can be made by the 
ad di tion of any de sired se quences and may be used to pro
duce fu sion pro teins. Substitution mu ta tions, which can 
cor re spond to one or more nu cle o tides, are of en made in 
cod ing or non cod ing re gions. Included in the for mer class 
are non sense mu ta tions, in which a ter mi na tion co don is 
in tro duced, and mis sense mu ta tions, in which a sin gle nu
cle o tide or a co don is changed, re sult ing in the syn the sis of 
a pro tein with a sin gle amino acid sub sti tu tion. The in tro
duc tion of a ter mi na tion co don is fre quently ex ploited to 
trun cate a mem brane pro tein so that it is se creted or to 
elim i nate the syn the sis of a pro tein with out  chang ing the 

M E T H O D S
Synthesis of in fec tious horsepox vi rus from  
chem i cally syn the sized DNA

Although small pox has been erad i cated, vac ci
na tion against the dis ease is still car ried out  in 
cer tain pop u la tions, e.g., the mil i tary. The 
mod ern small pox vac cine, which has some un
de sir able side ef ects, shares com mon an ces try 
with horsepox vi rus. However, horsepox vi rus 
is ex tinct, so the nec es sary ex per i ments to de
ter mine if it has a bet ter safety pro file could not 
be done. Might the 212,000bp horsepox ds
DNA ge nome se quence, avail  able in pub lic da
ta bases since 1993, be of use?

To res cue horsepox vi rus from DNA, ten 
large DNA frag ments from 10 to 30 kb were 

syn the sized by a com mer cial fa cil ity (at a cost 
of $150,000). The DNAs were trans fected into 
cells that were also in fected with a re lated pox
vi rus, Shope fi broma vi rus. The lat ter is needed 
to pro vide pro teins nec es sary for tran scrip tion 
of the vi ral DNA, which con tains pro mot ers 
that are not rec og nized by the cel lu lar ma chin
ery. The me dium from the trans fected cells was 
sub jected to plaque as say, and sin gle plaques 
were shown to con tain horsepox vi rus, as de
ter mined by vi ral ge nome se quenc ing. The res
cued horsepox vi rus pro tected im mu nized mice 
against a le thal chal lenge with vac cinia vi rus.

This work is the first com plete syn the sis of 
a pox vi rus us ing syn thetic bi  ol ogy meth od ol
ogy. Some ar gued that the work en abled the 
res cue of small pox vi rus. However, these con
cerns are spu ri ous, as no new meth ods were 
de vel oped by this work. The in fec tiv ity of 
DNA cop ies of vi ral ge nomes had been known 
for many years when this work was un der
tak en.

Noyce RS, Led er man S, Ev ans DH. 2018. Construc
tion of an in fec tious horsepox vi rus vac cine from 
chem i cally syn the sized DNA frag ments. PLoS One 
13:e0188453.

BOX 3.9
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is in serted un der the con trol of a bac te rio phage T7 RNA po ly mer ase pro moter (brown). Because bac te rio phage T7 RNA tran scripts are un
capped, an in ter nal ri bo some en try site (I) is in cluded so the mRNAs will be trans lated. Cells are in fected with a vac cinia vi rus re com bi nant 
that syn the sizes T7 RNA po ly mer ase and trans formed with all  10 plas mids. For clar ity, only one cloned vi ral RNA seg ment is shown.
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size of the vi ral ge nome or mRNA. Substitutions are used 
to as sess the roles of spe cific nu cle o tides in reg u la tory 
 se quences or of amino ac ids in pro tein func tion, such as 
po ly mer ase ac tiv ity or bind ing of a vi ral pro tein to a cell 
re cep tor.

Introducing Mutations into the Viral Genome
Mutations can be in tro duced into a vi ral ge nome when it 

is cloned in its en tirety. Mutagenesis is usu ally car ried out  on 
cloned sub frag ments, which are then substituted into full
length cloned DNA. This step can now be by passed by us ing 
CRISPR/Cas9 to in tro duce mu ta tions into com plete DNA 
cop ies of vi ral ge nomes. Viruses are then re cov ered by in tro
duc tion of the mutagenized DNA into cul tured cells by trans
fec tion. This ap proach has been ap plied to cloned DNA cop ies 
of RNA and DNA vi ral ge nomes.

Introduction of mutagenized vi ral nu cleic acid into cul
tured cells by trans fec tion may have a va ri ety of out  comes, 
rang ing from no ef ect to a com plete block of vi ral re pro duc
tion. Whether the in tro duced mu ta tion is re spon si ble for an 
ob served phe no type de serves care ful scru tiny (Box 3.10).

Reversion Analysis
The phe no types caused by mu ta tion can re vert in one of 

two ways: by change of the mu ta tion to the wildtype se
quence or by ac qui si tion of a mu ta tion at a sec ond site, ei ther 
in the same gene or a dif er ent gene. Phenotypic re ver sion 
caused by sec ondsite mu ta tion is known as sup pres sion, or 
pseudoreversion, to dis tin guish it from re ver sion at the orig
i nal site of mu ta tion. Reversion has been stud ied since the be
gin nings of clas si cal ge netic anal y sis. In the mod ern era of 
ge net ics, clon ing and se quenc ing tech niques can be used to 
dem on strate sup pres sion and to iden tify the na ture of the 
sup pres sor mu ta tion (see be low). The iden ti fi ca tion of sup
pres sor mu ta tions is a pow er ful tool for study ing pro tein
protein and pro teinnucleic acid in ter ac tions. Some mu ta tions 
com ple ment changes made at sev eral sites, whereas al lele-
specific sup pres sor mu ta tions com ple ment only a spe cific 
change. The al lele spec i fic ity of sec ondsite mu ta tions pro
vi des ev i dence for phys i cal in ter ac tions among pro teins and 
nu cleic ac ids.

Phenotypic re ver tants can be iso lated ei ther by prop a gat
ing the mu tant vi rus un der re stric tive con di tions or, in the 

T E R M I N O L O G Y
Operations on nu cleic ac ids and pro teins

A mu ta tion is a change in DNA or RNA com
pris ing base changes and nu cle o tide ad di
tions, de le tions, and re ar range ments. When 
mu ta tions oc cur in open read ing frames, they 
can be man i fested as changes in the syn the

sized pro teins. For ex am ple, one or more base 
changes in a spe cific co don may pro duce a 
sin gle amino acid sub sti tu tion, a trun cated 
pro tein, or no pro tein. The terms “mu ta tion” 
and “de le tion” are of en used in cor rectly or 

am big u ously to de scribe al ter ations in pro
teins. In this text book, these terms are used to 
de scribe ge netic changes and the terms 
“amino acid sub sti tu tion” and “trun ca tion” to 
de scribe pro tein al ter ations.

BOX 3.10

D I S C U S S I O N
Is the ob served phe no type due to the mu ta tion?

In ge netic anal y sis of vi ruses, mu ta tions are 
made in vi tro by a va ri ety of tech niques, all  of 
which can in tro duce un in tended changes. Er
rors can be in tro duced dur ing clon ing, PCR, 
or se quenc ing and when the vi ral DNA or 
plas mid DNA is in tro duced into the cell.

With these po ten tial prob lems in mind, 
how can it be con cluded that a phe no type arises 
from the planned mu ta tion? Here are some 
pos si ble so lu tions.

•  Test sev eral in de pen dent DNA clones 
for the phe no type.

•  Repeat the plas mid con struc tion. It is 
un likely that an un linked mu ta tion 
with the same phe no type would oc cur 
twice.

•  Look for marker res cue. Replace the 
mu ta tion and all  ad ja cent DNA with 
pa ren tal DNA. If the mu ta tion in deed 
causes the phe no type, the wildtype 
phe no type should be re stored in the 
res cued vi rus.

•  Allow syn the sis of the wildtype pro
tein in the mu tant back ground. If the 

wildtype phe no type is re stored (com
ple mented), then the prob a bil ity is 
high that the phe no type arises from 
the mu ta tion. The merit of this method 
over marker res cue is that the lat ter 
shows only that un linked mu ta tions 
are prob a bly not the cause of the phe
no type.

Each of these ap proaches has lim i ta tions, 
and it is there fore pru dent to use more than 
one.

BOX 3.11
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“guide,” iden ti fy ing the tar get mRNA by basepairing to spe
cific se quences within it prior to cleav age of the mRNA or 
in hi bi tion of its trans la tion.

To de ter mine the role of a vi ral gene in the re pro duc tion cy
cle, siRNA tar get ing the mRNA is in tro duced into cells. Re
duced pro tein lev els are ver i fied (e.g., by im mu no blot anal y sis) 
and the ef ect on vi rus re pro duc tion is de ter mined. The same 
ap proach is used to eval u ate the role of cell pro teins such as re
cep tors or an ti vi ral pro teins.

In an other ap pli ca tion of this tech nol ogy, li brar ies of 
thou sands of siRNAs di rected at all  cel lu lar mRNAs or a spe
cific sub set can be in tro duced into cells to iden tify genes that 
stim u late or block vi ral re pro duc tion. The siRNAs are pro
duced from lentiviral vec tors as short hair pin RNAs (shRNAs) 
that are pro cessed into dsRNAs that are then tar geted to 
mRNAs by RISC. In one ap proach, cells are in fected with 
pools of shRNAcontaining len ti vi rus vec tors (Fig. 3.13). The 
cells are placed un der se lec tion and in fected with vi rus to 
iden tify changes in re pro duc tion caused by the in te grated 
vec tor. If nec es sary, pools of vec tors that have an ef ect on 
vi rus re pro duc tion can be fur ther sub di vided and re screened. 
Enriched shRNAs are de tected by highthroughput se quenc
ing and bioinformatic pro grams that quan ti tate the num ber 
of reads per shRNA com pared with the start ing pop u la tion. 
The like li hood that knock down of a spe cific mRNA is a valid 
re sult in creases as the num ber of en riched orthologous shRNAs 
for the tar geted gene in creases. In other words, a gene tar geted 
by three dif er ent shRNAs es tab lished by se quenc ing data is 
more likely to be a true pos i tive than a gene tar geted by only 
one. Another ap proach, ar rayed RNAi screen ing, uses trans fec
tion of siRNAs into cells grown in a multiwell for mat (Fig. 3.13). 
As a re cord is kept of which siRNAs are added to each well, 
tar geted genes can be read ily iden ti fied af er their ef ect on 
vi rus in fec tion has been as cer tained.

No mat ter which method is used to iden tify genes that af
fect vi ral re pro duc tion, the most con vinc ing con fir ma tion of 
the re sult is res to ra tion of the phe no type by ex pres sion of a 
gene con tain ing a mu ta tion that makes the mRNA re sis tant 
to si lenc ing.

Targeted Gene Editing with CRISPR-Cas9
Bacteria and ar chaea pos sess an en dog e nous sys tem of de

fense in which short sin glestranded guide RNAs (sgRNAs) 
are used to tar get and de stroy in vad ing DNA (Volume II, 
Chapter 3, Box 3.9). One em bodi ment of this de fense, the 
CRISPRCas9 (clus tered reg u larly in ter spersed short pal in
dromic re peat [CRISPR]associated nu cle ase 9) sys tem, has 
been adapted for ef ec tive and ef  cient tar get ing gene dis rup
tions and mu ta tions in any ge nome. The spec i fic ity de pends 
on the abil ity of the sgRNAs to hy brid ize to the cor rect DNA 
se quence within the chro mo some. Once an nealed, the en do
nu cle ase Cas9 cat a lyzes for ma tion of a dou blestrand break, 

case of mu tants ex hib it ing phe no types (e.g., small plaques), 
by search ing for wildtype prop er ties. Chemical mu ta gen e sis 
may be re quired to pro duce re ver tants of DNA vi ruses but is 
not nec es sary for RNA vi ruses, which spawn mu tants at a 
higher fre quency. Nucleotide se quence anal y sis is then used 
to de ter mine if the orig i nal mu ta tion is still pres ent in the ge
nome of the re ver tant. The pres ence of the orig i nal mu ta tion 
in di cates that re ver sion has oc curred by sec ondsite mu ta
tion. The sup pres sor mu ta tion is iden ti fied by nu cle o tide se
quence anal y sis. The fi nal step is in tro duc tion of the sus pected 
sup pres sor mu ta tion into the ge nome of the orig i nal mu tant 
vi rus to con firm its ef ect. Several spe cific ex am ples of sup
pres sor anal y sis are pro vided be low.

Some mu ta tions within the or i gin of rep li ca tion (Ori) of 
sim ian vi rus 40 re duce vi ral DNA rep li ca tion and in duce the 
for ma tion of small plaques (see Chapter 9 for more in for ma
tion on the Ori). Pseudorevertants of Ori mu tants were iso lated 
by ran dom mu ta gen e sis of mu tant vi ral DNA fol lowed by in
tro duc tion into cul tured cells and screen ing for vi ruses that 
form large plaques. The sec ondsite mu ta tions that sup pressed 
the rep li ca tion de fects were lo cal ized to a spe cific re gion 
within the gene for large T an ti gen. These re sults in di cated 
that a spe cific do main of large T an ti gen in ter acts with the 
Ori se quence dur ing vi ral ge nome rep li ca tion.

The 5′ un trans lated re gion of the po lio vi rus ge nome con
tains elab o rate RNA sec ond arystructural fea tures, which 
are im por tant for RNA rep li ca tion and trans la tion, as dis
cussed in Chapters 6 and 11, re spec tively. Disruption of such 
fea tures by sub sti tu tion of a short nu cle o tide se quence pro
duces a vi rus that rep li cates poorly and read ily gives rise to 
pseudorevertants that re pro duce more ef  ciently. Nucleotide 
se quence anal y sis of the ge nomes of two pseudorevertants re
vealed base changes that re store the dis rupted sec ond ary 
struc ture. These re sults con firm that the RNA sec ond ary 
struc ture is im por tant for the bi o log i cal ac tiv ity of this un
trans lated re gion.

RNA Interference (RNAi)
RNA in ter fer ence (Chapter 8) has be come a pow er ful and 

widely used tool be cause it en ables tar geted loss of gene func
tion. In such an a ly ses, du plexes of 21nucleotide RNA mol e
cules, called small in ter fer ing RNAs (siRNAs), which are 
com ple men tary to small re gions of the mRNA, are syn the
sized chem i cally or by tran scrip tion re ac tions. siRNAs or 
plas mids or vi ral vec tors that en code them are then in tro
duced into cul tured cells by trans for ma tion or in fec tion. The 
small mol e cules then block the pro duc tion of spe cific pro teins 
by in duc ing se quencespecific mRNA deg ra da tion or in hi bi
tion of trans la tion. Duplex siRNAs are un wound from one 5′ 
end, and one strand be comes tightly as so ci ated with a mem
ber of the argonaute (Ago) fam ily of pro teins in the RNAin
duced si lenc ing com plex, RISC. The small RNA acts as a 
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which is then re paired, cre at ing frameshifing in ser tion/dele
tion mu ta tions within the gene. One ad van tage of us ing 
CRISPRCas9 meth od ol ogy to mod ify cell ge nomes is that 
the method can be ap plied to any cell type. Like siRNAs, 
CRISPRCas9 can be used to af ect in di vid ual mRNAs or to 
carry out  ge nomewide screens to iden tify cell genes that 
stim u late or block vi ral re pro duc tion (Fig. 3.13). As with 
RNAi screens, the most con vinc ing con fir ma tion of the re
sult is res to ra tion of the phe no type by ex pres sion of a gene 
con tain ing a mu ta tion that makes it re sis tant to Cas9, via 
changes in the sgRNA tar get se quence.

While the ex per i men tal use of RNAi can lead to re duced 
pro tein pro duc tion, ge no mic ma nip u la tion by CRISPRCas9 
has ad van tages of com plete de ple tion of the pro tein through 
the pro duc tion of a ho mo zy gous null ge no type and fewer of
target ef ects. With CRISPRCas9, the ex pres sion of a gene 
can be per ma nently ex tin guished. In con trast, the shRNA
expressing pro vi rus must con tin u ally si lence the prod uct of 
on go ing tran scrip tion.

Haploid Cell Screening
Haploid cell lines have been used to iden tify genes re

quired for vi ral re pro duc tion. These cells, which have only 
one copy of each chro mo some, are in fected with ret ro vi ruses 
un der con di tions where one in te gra tion event oc curs per cell. 
The dis rup tion of in di vid ual genes that are es sen tial for vi ral 
rep li ca tion can be iden ti fied by the iso la tion of cells re sis tant 
to in fec tion (Fig. 3.13). Surviving cells are ex panded and the 
site of pro vi ral in te gra tion is de ter mined by PCR and high
throughput se quenc ing. This ap proach has been used to iden
tify re cep tors for vi ruses, in clud ing ebolavirus, Lassa vi rus, 
and han ta vi rus, and genes re quired for re cep tor mod i fi ca tion 
and endosomal traf ck ing.

While pow er ful, a draw back of this ap proach is that only a 
few hap loid cell lines are avail  able, and not all  vi ruses can in
fect these cells.

Engineering Viral Genomes: Viral Vectors
Naked DNA can be in tro duced into cul tured an i mal cells as 
com plexes with cal cium phos phate or lip idbased re agents or 
di rectly by elec tro po ra tion. Such DNA can di rect syn the sis of 
its gene prod ucts tran siently or sta bly from in te grated or epi
somal cop ies. Introduction of DNA into cells is a rou tine 
method in vi ro log i cal re search and is also em ployed for cer tain 
clin i cal ap pli ca tions, such as the pro duc tion of a ther a peu tic 
pro tein or a vac cine or the en gi neer ing of pri mary cells, pro
gen i tor cells, and stem cells for sub se quent in tro duc tion into 
pa tients. However, this ap proach is not suit able for all  ap pli ca
tions. In some cases, gene de liv ery by vi ral vec tor is pre ferred. 
Viral vec tors have also found wide spread use in the re search 
lab o ra tory, in clud ing ap pli ca tions in which the de liv ery of a 
gene to spe cific cells, or at high ef  ciency, is de sired. The use of 

vi ral vec tors for gene ther apy, the de liv ery of a gene to pa tients 
who ei ther lack the gene or carry de fec tive ver sions of it, or to 
de stroy tu mors typ i cally em ploys vi ral vec tors, not na ked 
DNA (see Volume II, Chapter 9). In one ap pli ca tion, DNA in
clud ing the gene is in tro duced and ex pressed in cells ob tained 
from the pa tient. Afer in fu sion into pa tients, the cells can be
come per ma nently es tab lished. If the pri mary cells to be used 
are lim it ing in a cul ture (e.g., stem cells), it is not prac ti cal to 
se lect and am plify the rare cells that re ceive na ked DNA. Re
combinant vi ruses car ry ing for eign genes can in fect a greater 
per cent age of cells and thus fa cil i tate gen er a tion of the de sired 
pop u la tion. A com plete un der stand ing of the struc ture and 
func tion of vi ral vec tors re quires knowl edge of vi ral ge nome 
rep li ca tion, a topic dis cussed in sub se quent chap ters for se
lected vi ruses and sum ma rized in the Appendix.

Design re quire ments for vi ral vec tors in clude the use of an 
ap pro pri ate pro moter, main te nance of ge nome size within 
the pack ag ing limit of the par ti cle, and elim i na tion of vi ral 
vir u lence, the ca pac ity of the vi rus to cause dis ease. Expres
sion of for eign genes from vi ral vec tors may be con trolled by 
ho mol o gous or het er  ol o gous pro mot ers and en hanc ers cho
sen to sup port ef  cient or celltypespecific tran scrip tion, de
pend ing on the goals of the ex per i ment. Such genes can be 
built di rectly into the vi ral ge nome or in tro duced by re com
bi na tion in cells, as de scribed above (see “Engineering Muta
tions into Viral Genomes”). The vi ral vec tor ge nome gen er ally 
car ries de le tions and some times ad di tional mu ta tions. Dele
tion of some vi ral se quences is of en re quired to over come 
the lim i ta tions on the size of vi ral ge nomes that can be pack
aged in vi rus par ti cles.

When vi ral vec tors are de signed for ther a peu tic pur poses, 
it is es sen tial to pre vent their re pro duc tion as well as de struc
tion of tar get host cells. The de le tions nec es sary to ac com mo
date a for eign gene may con trib ute to such dis abling of the 
vec tor. For ex am ple, the E1A pro teincoding se quences that 
are al ways de leted from ad e no vi rus vec tors are nec es sary for 
ef  cient tran scrip tion of vi ral early genes; in their ab sence, 
vi ral yields from cells in cul ture are re duced by about 3 to 6 
or ders of mag ni tude (de pend ing on the cell type). Removal of 
E1Acoding se quences from ad e no vi rus vec tors is there fore 
dou bly ben e fi cial, al though it is not suf  cient to en sure that 
the vec tor can not re pro duce or in duce dam age in a host an i
mal. Adenovirusassociated vi rus vec tors are not lytic, ob vi
at ing the need for such ma nip u la tions. As dis cussed in de tail 
in Volume II, Chapter 9, pro duc tion of vi rus vec tors that do 
not cause dis ease can be more dif  cult to achieve.

A sum mary of vi ral vec tors is pre sented in Table 3.1, and 
ex am ples are dis cussed be low.

DNA Virus Vectors
One goal of gene ther apy is to in tro duce genes into ter mi

nally dif er en ti ated cells. Such cells nor mally do not di vide, 



Table 3.1 Some vi ral vec tors

Virus Insert size Integration
Duration of 
ex pres sion Advantages Potential dis ad van tages

Adenoassociated 
vi rus

∼5 kb No Long Nonpathogenic, epi somal, 
in fects non di vid ing and di vid ing 
cells, broad tro pism, low 
im mu no ge nic i ty

Small trans gene ca pac ity, helper 
vi rus needed for vec tor 
pro duc tion

Adenovirus ∼8–38 kb No Short Broad tro pism, ef  cient gene 
de liv ery, in fects non di vid ing and 
di vid ing cells, large cargo 
ca pac i ty

Transient, im mu no genic, high 
lev els of pre ex ist ing im mu ni ty

Baculovirus No known 
up per lim it

No Short High lev els of pro tein syn the sis, 
re com bi nant vi ruses eas ily made, 
more than one pro tein can be 
made in same cells

Insect cells typ i cally used, no 
rep li ca tion in mam ma lian cells, 
hu man type pro tein gly co syl a tion 
not 100% ef  cient, paucimannose 
struc tures pres ent

Gammaretrovirus 
(mu rine leu ke mia 
vi rus)

8 kb Yes Short Stable in te gra tion, broad tro pism 
pos si ble via pseudotyping, low 
im mu no ge nic ity, low pre ex ist ing 
im mu ni ty

Risk of in ser tional mu ta gen e sis, 
poor in fec tion of non di vid ing 
cells, faulty re verse tran scrip tion

Herpes sim plex vi rus ∼50 kb No Long in cen tral 
ner vous 
sys tem, short 
else where

Infects non di vid ing cells, large 
ca pac ity, broad tro pism, la ten cy

Virulence, per sis tence in neu rons, 
high lev els of pre ex ist ing 
im mu nity, may re com bine with 
ge nomes in la tently in fected cells

Lentivirus 9 kb Yes Long Stable in te gra tion, trans duces 
non di vid ing and di vid ing cells

Potential in ser tional mu ta gen e sis; 
none de tected in clin i cal tri als

Rhabdovirus ∼4.5 kb No Short Highlevel ex pres sion, rapid cell 
kill ing, broad tro pism, lack of 
pre ex ist ing im mu ni ty

Virulence, highly cy to pathic, 
neurotropism, im mu no gen ic

Vaccinia vi rus ∼30 kb No Short Wide host range, ease of 
iso la tion, large ca pac ity, 
highlevel ex pres sion, low 
pre ex ist ing im mu ni ty

Transient, im mu no gen ic
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Figure 3.14 Adenovirus vec tors. Highcapacity ad e no vi rus “gut less” vec tors con tain only the or i ginofreplicationcontaining in
verted ter mi nal re peats (ITR), the pack ag ing sig nal (blue ar rows), the vi ral E4 tran scrip tion unit (red ar row), and the trans gene with its 
pro moter. Additional DNA flank ing the for eign gene must be in serted to al low pack ag ing of the vi ral ge nome (not shown). A helper vi rus 
(bot tom) is re quired to pack age the re com bi nant vec tor ge nome. Two loxP sites for cleav age by the Cre recombinase have been in tro duced 
into the ad e no vi ral helper ge nome (red ar row heads). Infection of cells that pro duce Cre leads to ex ci sion of se quences flanked by the loxP 
sites so that the helper ge nome is not pack aged.
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and they can not be prop a gated in cul ture. Moreover, the or
gans they com prise can not be pop u lated with cells in fected 
by vi ruses ex vi vo. DNA vi rus vec tors have been de vel oped to 
over come some of these prob lems.

Adenovirus vec tors were orig i nally de vel oped for the treat
ment of cys tic fi bro sis be cause of the tro pism of the vi rus for 
the re spi ra tory ep i the lium. Adenovirus can in fect ter mi nally 
dif er en ti ated cells, but only tran sient gene ex pres sion is 
achieved, as in fected cells are lysed. Yields of par ti cles are 
high and these vi ruses can in fect many rep li cat ing and non
replicating cell types. In the ear li est vec tors that were de
signed, for eign genes were in serted into the E1 and/or E3 
re gions. As these vec tors had lim ited ca pac ity, ge nomes with 
min i mal ad e no vi rus se quences have been de signed (Fig. 3.14). 
This strat egy al lows up to 38 kb of for eign se quence to be in
tro duced into the vec tor. In ad di tion, elim i na tion of most vi
ral genes re duces cy to tox ic ity and the host im mune re sponse 
to vi ral pro teins, sim pli fy ing mul ti ple im mu ni za tions. Con
siderable ef orts have been made to mod ify the ad e no vi rus 
cap sid to tar get the vec tors to dif er ent cell types. For ex am ple, 
the fi ber pro tein, which me di ates ad e no vi rus bind ing to cells, 
has been al tered by in ser tion of li gands that bind par tic u lar 
cell sur face re cep tors. Such al ter ations could in crease the cell 
spec i fic ity of ad e no vi rus at tach ment and the ef  ciency of 
gene trans fer, thereby de creas ing the dose of vi rus that need 
be ad min is tered.

Adenovirusassociated vi rus has at tracted much at ten tion 
as a vec tor for gene ther apy. This vi rus re quires a helper vi rus 
for rep li ca tion; in its ab sence the ge nome re mains epi somal 
and per sists, in some cases with high lev els of ex pres sion, in 
many dif er ent tis sues. There has been in creas ing in ter est in 
these vec tors to tar get ther a peu tic genes to smooth mus cle 
and other dif er en ti ated tis sues, which are highly sus cep ti ble 
and sup port sus tained highlevel ex pres sion of for eign genes. 
Although the firstgeneration ad e no vi rusassociated vi rus 
vec tors were lim ited in the size of in serts that could be trans
ferred, other sys tems have been de vel oped to over come the 
lim ited ge netic ca pac ity (Fig. 3.15). The cell spec i fic ity of 
ad e no vi rusassociated vi rus vec tors has been al tered by in
sert ing re cep torspecific li gands into the cap sid. In ad di tion, 
many new vi ral se ro types that vary in their tro pism and 
abil ity to trig ger im mune re sponses have been iden ti fied or 
gen er at ed.

Vaccinia vi rus and other an i mal pox vi rus vec tors of er the 
ad van tages of a wide host range, a ge nome that ac cepts very 
large frag ments, high ex pres sion of for eign genes, and rel a
tive ease of prep a ra tion. Foreign DNA is usu ally in serted into 
the vi ral ge nome by ho mol o gous re com bi na tion, us ing an ap
proach sim i lar to that de scribed for marker trans fer. Because 
of the rel a tively low path o ge nic ity of the vi rus, pox vi rus re
com bi nants have been con sid ered can di dates for hu man and 
an i mal vac cines.
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Figure 3.15 Adeno-associated vi rus vec tors. (A) Map of the ge
nome of wildtype adenoassociated vi rus. The vi ral DNA is sin gle 
stranded and flanked by two in verted ter mi nal re peats (ITR); it en codes 
cap sid (blue) and non struc tural (or ange) pro teins. (B) In one type of vec
tor, the vi ral genes are re placed with the trans gene (pink) and its pro
moter (yel low) and a po ly(A) ad di tion sig nal (green). These DNAs are 
in tro duced into cells that have been en gi neered to pro duce cap sid pro
teins, and the vec tor ge nome is encapsidated into vi rus par ti cles. A lim i
ta tion of this vec tor struc ture is that only 4.1 to 4.9 kb of for eign DNA can 
be pack aged ef  ciently. Ad, ad e no vi rus; rAAV, re com bi nant ad e no vi rus
associated vi rus.

Baculoviruses, which in fect ar thro pods, have large cir cu
lar dsDNA ge nomes. These vi ruses have been mod i fied to be
come ver sa tile and pow er ful vec tors for the pro duc tion of 
pro teins for re search and clin i cal use. The gen eral ap proach is 
to re place the vi ral po ly he dron gene with the gene of in ter est. 
Recombinant vi ruses are pro duced in E. coli us ing a bacmid 
vec tor that har bors the baculovirus ge nome. The gene to be 
in tro duced is in serted into the baculovirus ge nome by re
com bi na tion. Strong vi ral pro mot ers are used to ob tain high 
lev els of pro tein pro duc tion. Recombinant baculoviruses are 
ob tained af er trans fec tion of bacmids into in sect cells and 
have been used for pro tein pro duc tion for re search pur poses 
and for largescale syn the sis for com mer cial uses. Examples 
in clude the in flu enza vi rus vac cine FluBlok, which con sists of 
the vi ral HA pro teins pro duced in in sect cells via a baculovi
rus vec tor, and por cine circovirus 2 vac cine for the pre ven
tion of fa tal dis ease in swine.


