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Vi ro logy conti nues to be an exc iti ng subject and to develop at a rapid pace . The 

introduction of new la borato ry tec h n iq ues a nd th e cont i n ued a p p l i cat i on of 
establ ished techni ques are producing a wea lth of new information . There has been 

an explosion in the pub l ication of vi ro logy papers report ing the d i scovery of new 
viruses and prov id i ng deeper i ns ights i nto many facets of the subject. We have 

tried to reflect these developments i n  the second ed ition, wh ich contai ns much new 
materi a l ,  i ncl ud i ng an  add itiona l  chapter (on i nfl uenza vi rus) .  In a n  attem pt to 

improve cl arity, sections of the text have been rewritten . 

In the d iagrams, many of which have been redrawn for incl usion i n  this ed ition, 

there i s  a standard color code to d ifferentiate va rious types of nuclei c acid and 

prote i n  molecu les .  Please note that, in the interests of cla rity, there have been 
some mod ifications to the color code used in the fi rst ed ition.  There is a key to the 
c o l o r  c o d e o n  p a g e x x i x . I n  a d d i t i o n ,  t h e b o o k  h a s  a w e b s i te  

( w w w . w i l ey . co m/co l l eg e/ca rte r)  w ith a cco m pa ny i ng  tea ch i n g  and  l earn i n g  
resources, includ i ng an i mations of vi rus rep l ication cycles. 

We are gratefu l to the many people who provided feedback on the fi rst edition and 
to those who made suggestions for the second ed ition . We have i ncorporated many 

of the suggestions for new materia l ,  though space constra i nts prevented us from 
i ncorporating them a l l .  Aga in ,  we would be grateful to receive feedback. 

We thank the team at John Wi ley & Sons Ltd for a l l  thei r help with th is new ed ition 
and to our fami l ies for their conti nu ing support. 

John B. Carters€-

John .Carter147@ntlworld .com 
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s€-Authors are now reti red; both were previously at School of Pharmacy & 
Biomolecular Sciences, Liverpool John Moores University, Byrom Street, Liverpool, 
L3 3AF, UK. 

Preface to First Edition 

Virology is a fascinating and rapidly developing subject, and is worthy of study 

purely because viruses are interesting! Furthermore, virology is a branch of science 
that is of immense relevance to mankind for a host of reasons, not least of which 

are the threats to human health caused by viruses, such as HIV, hepatitis B virus, 

papillomaviruses, measles, and influenza vi ruses, to mention just a few. There is a 

continuing need for trained v irologists and it is hoped that this book wil l play a 

small role in helping to fulfill that need. To a large extent the material in the book is 

based on virology taught at Uverpool John Moores University. 

This is not a textbook of fundamental virology, medical virology, veterinary virology, 

plant virology or of bacteriophages, but a bit of each of these! The general pattern 

of the book is that principles of virology are covered earlier and applications are 

covered later. There is no strict demarcation between the two, however, so the 
reader may be made aware of important applications while principles are being 
introduced. 

The first 10 chapters cover basic aspects of virology. A chapter on methods used in 

virology comes early in the book, but could be skimmed to gain an overview of its 
contents and thereafter used for reference. There is one chapter on each of the 
seven Baltimore classes, concentrating mainly on animal viruses. There is a chapter 

devoted entirely to HIV and an extended chapter on phages, reflecting the renewed 

interest i n  their biology and appl ications. After a chapter on origins and evolution of 

viruses, there follow five chapters covering various aspects of applied virology, 
including vaccines and antiviral drugs. The final chapter is on prions, which are not 
viruses but are often considered along with the viruses. 

Each chapter starts with s"Dt-bAt a glance,s"DK a brief summary with the dual aim of 

giving a flavor of what is coming up and providing a revision aid. Each chapter ends 

with a list of learning outcomes and a guide to further reading in books and 
journals. The references are mainly from the twenty-first century, but there is a 

selection of important papers from the last century. 

The book has a web site (www.wiley.com/go/carter) where you can find: 

• many references additional to those in the book; 

• links to the journal references (to the full text where this is freely available, 

otherwise to the abstract); 

• links to virology web sites; 

• self-assessment questions and answers for each chapter, to reinforce and 

extend concepts developed in the book. 

A key feature of our book is a standard color code to differentiate various types of 

nucleic acid and protein molecules in the diagrams. The color code is explained in 



the following pages. It is appreciated that color coding may be of limited value to 
individuals who have difficulty i n  d ifferentiating colors, so we have also labeled 

many of the molecules. 

A number of virus replication cycles are described and the reader should be aware 
that these are models based on evidence to date; the models may have to be 

modified in the light of future evidence. We present the virus replication cycles as 

fitting within a general framework of seven steps: 

1 .  Attachment of a virion to a cell 

2. Entry into the cell 

3. Transcription of virus genes into mRNAs 

4. Translation of virus mRNAs into virus proteins 

5. Genome replication 

6. Assembly of the virus proteins and genomes into virions 

7. Exit of the virions from the cell. 

We hope that this helps in appreciating how virus replication fits into a general 

pattern, and in  comparing the replication cycles of different types of virus. For 

some groups of viruses the framework has to be modified, and we make clear 
when that is the case. 

If you come across an unfam i l iar term please consult the Virolog istss"f> ™ 

Vocabulary at the back of the book. This glossary i111cludes not only virology-specific 

terms, but also a selection of terms from cel l  biology, molecular biology, 
immunology, and medicine. 

A list of abbreviations that are used throughout this book appears on the following 
pages. 

We wish to thank the many people who have made the production of this book 
possible. We thanl< all those who supplied images and those who gave permission 

for the use of their images; we are especially g rateful to David Bhella, Tom 
Goddard, Kathryn Newton, and Jean-Yves Sgro. Thanks also to Robert Carter for 
assistance with images. We acknowledge the contributions of the many students 
who have acted as guinea pigs for our teaching materials and who have provided 

us with feedback. Grateful thanks also to those who reviewed material for the book 

and provided valuable feedback. We are sorry that we were unable to include all 

the topics suggested, but if we had done so the book would have run to several 

volumes! Many thanks to Rachael Ballard and al l  at John Wiley & Sons Ltd who 
helped the book come to fruition. Finally, thanks to our fami l ies for their support 

and for their patience during those many hours we spent ensconced in the study. 

We hope you find the book useful and we would be interested to hear what you 

think of it. We have tried to ensure that there are no errors, but it is probable that 
some h.ave slipped through; if you come across any errors please inform us. 

John B. Carter 

John.Carter! 47@ntlworld.com 
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Abbreviations Used in This Book 

(+) DNA plus strand (positive strand) DNA 

(- ) DNA minus strand (negative strand) DNA 

(+) RNA plus strand (positive strand) RNA 

(- ) RNA minus strand (negative strand) RNA 

A adenine 

ADP adenosine diphosphate 

AIDS acquired immune deficiency syndrome 

AP-1 activator proteiin  1 

ATP adenosine triphosphate 

b base(s) 

BL Burkitt's lymphoma 

bp base pair(s) 

BSE bovine spongiform encephalitis 

c cytosine 

C term inus carboxy terminus 

cccDNA cova lently closed circular DNA 

CD cluster of differentiation 

cDNA copy DNA 

OD Creutzfeldt-Jakob disease 

cos cohesive end 

CP coat protein 

CPE cytopathic effect 

DIP defective interfering particle 

DNA deoxyribose nucleic acid 

ds double-stranded 

DTR direct terminal repeat 



E early 

EBV Epstein-Barr virus 

EF  elongation factor 

ELISA enzyme-linked immunosorbent assay 

ERV endogenous retrovirus 

E. coli Escherichia coli 

Ff F-specific filamentous 

G guanine 

GFP green fluorescent protein 

gp (1) g lycoprotein (as in HIV-1 gp120) 

(2) gene product (as in phage T4 gpS) 

HA hemagglutinin 

HAART highly active anti-retroviral therapy 

HAV hepatitis A virus 

HBsAg hepatitis B surface antigen 

HBV hepatitis B virus 

HCV hepatitis C virus 

HIV human immunodeficiency virus 

HPV human papillomavirus 

HSV herpes simplex virus 

HTLV- 1  human T-lymphotropic virus 1 

ICSO 50°/o inhibitory concentration 

ICTV International Committee on Taxonomy of Viruses 

ICTVdB International Committee on Taxonomy of Viruses database 

IE immediate early 

IG intergenic 

IRES internal ribosome entry site 

ITR inverted terminal repeat 



kb kilobase(s) 

kbp kilobase pair(s) 

kD kiloDalton(s) 

KSHV Kaposi's sarcoma-associated herpesvirus 

LDI long-distance interaction 

LE left end 

LIN lysis inhibition 

LPS l ipopolysaccharide 

LTR long terminal repeat 

Mbp megabase pair(s) 

MHC major histocompatibility complex 

MJ Min Jou 

m.o. i .  multiplicity of infection 

MP movement protein 

mRNA messenger RNA 

N terminus amino terminus 

NA neuraminidase 

NF-KB nuclear factor kappa B 

NK cell natural killer cell 

nm nanometer(s) ( 10-9 meter) 

NPC nasopharyngeal carcinoma 

NSP non-structural protein 

0 operator 

ORF open reading frame 

ori origin (replication) 

p promoter 

PBS primer binding site 

PCR polymerase chain reaction 



pfu plaque-form ing un i t  

phage bacteriophage 

ppm pa rts per m i l l ion 

PPT polypuri ne tract 

pRb reti noblastoma protei n 

PS packaging signa l  

RBS ri bosome b ind ing site 

RE ri ght end 

RF rep l i cative form 

RI rep l icative i ntermed iate 

RNA ri bose nucle ic  acid 

RN Ai RNA interference 

RNase H ri bonuclease H 

RNP ri bonucleoprotei n 

rRNA ri bosomal RNA 

RT-PCR reverse transcri ptase-polymerase cha i n  reaction 

s Svedberg un i t 

SARS severe acute respi ratory synd rome 

SD Sh ine-Da lgarno 

SI selectivi ty i ndex 

SIV si m ian  imm unodeficiency vi rus 

Spl  sti mu latory protein 1 
SS si ng le-stranded 

ssb si ng le-stranded b i nd ing 

SV40 si m ian  vi rus 40 

T thymi ne 

T antigen tumor antigen 

TCIDSO vi rus dose that i nfects 50°/o of t issue cultures 



TK thymid ine ki nase 

tRNA transfer RNA 

TSE transmissi b le spongiform encephal iti s 

u uraci l 

UV ul traviolet 

vCJD vari ant Creutzfeldt-Jakob d isease 

VP vi rus protei n 

VPg vi rus prote in,  genome l i nked 

vsv vesicular stomatitis vi rus 



Greek letters used i n  th is book 

a al pha 

� beta 

y gamma 

£ epsi lon 

8 theta 

K kappa 

'A lambda 

a s igma 

cp ph i  

4J psi 



Color Coding for Molecu les 

With the ai m of maxi m i zi ng c la rity of the d iagrams the fo l lowing standard co lor 
code i s  used to dep ict molecu les. 
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CHAPTER 1 

Vi ruses a nd Thei r Im porta nce 
CHAPTER 1 AT A GLANCE 
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1 . 1 VI RU SES ARE U BIQUITOUS ON EARTH 
Vi ruses i nfect al l cel l u lar l ife forms :  eukaryotes (vertebrate anima ls, i nvertebrate 
an imals, plants, fung i )  and prokaryotes ( bacteria and archaea) .  The vi ruses that 
i nfect bacteri1a are often referred to as bacteriophages, or phages for short. 

The presence of v iruses i s  obvious in host organ isms show ing  signs  of d isease. 
Many healthy organ isms, however, are hosts of non-pathogen ic vi rus i nfections, 

some of which are active, wh i le  some are quiescent. Furthermore, the genomes of 
many organ isms conta in remnants of ancient v irus genomes that integ rated i nto 

thei r host genomes long ago. As wel l  bei ng present with i n  the i r  hosts, vi ruses are 
al so found i n  soi l ,  ai r and water .  Many aqueous envi ronments contai n very h igh 

concentrations of viruses that i nfect the organ isms that l ive i n  those environments .  

There i s  a strong corre lation between how i ntensively a species i s  stud ied and the 

number of vi ruses found in that species . Our own species is the subject of most 

attention as we have a vested i nterest i n  learn i ng  about agents that affect our 
health . It i s  not surprisi ng that there are more vi ruses known that i nfect manki nd 
than any other  speci es, and new hu man vi ruses conti n ue to be found . The 

i ntest inal bacteri um Escherichia col i has a lso been the subject of much study and 
many viruses have been found in th is  spec ies .  If other spec ies received the same 



amount of attention it i s  l i kely that many would be found to be hosts to si mi lar 
numbers of vi ruses. 

It is  undou bted ly the case that the vi ruses that have been d i scovered represent 

only a ti ny fracti on of the vi ruses on the Ea rth . Most of the known plants, an i malls, 
fung i ,  bacteria and a rchaea have yet to be i nvestigated for the presence of vi ruses, 

and new potentia l  hosts for vi ruses continue to be d iscovered . Furthermore, the 
a na lysis of D N A  from natu ra l  environ ments po i nts to the existence of m any 

bacteria l  species that have not yet been isolated in  the laboratory; i t  i s  l i ke ly that 
these Bbf-bnon-cultivab le bacterias"bK: are a lso hosts to vi ruses. 

1 . 2 IREASONIS FOR STU DYIN G  VI RUSES 
1.2 . 1 Some viruses cause d isease 

Viruses a re i mportant agents of many human d iseases, rang ing from the triv ia l 

(e .g .  common co lds) to the letha l (e . g .  ra bies), and vi ruses a lso play ro les i n  the 

development of several types of cancer. As wel l  as causing i nd iv idua ls  to suffer, 

vi rus d i seases can a lso affect the wel l-bei ng of societi es . Sma l lpox had a great 
impact in the past and AIDS is having a g reat i m pact today. 

There is therefore a requ i rement to understand the nature of vi ruses, how they 

repl icate and how they cause disease . Th is knowledge perm its the development of 
effective means for prevention, d iagnosis, and treatment of v irus d iseases th rough 

the production of vaccines, d iagnostic reagents and anti -vi ra l  d rugs. Vacci nes, such 
as rotavi rus and measles vacc i nes, have saved mi l l ions of l ives and i m proved the 
qua l i ty of l i fe for m i l l ions more .  Sma l lpox has been  erad icated as a resu l t of 
vaccination . Anti -v i ra l  d rugs, such as those used aga i nst H IV and herpes simplex 
vi rus, play major roles i n  the treatment of i nfectious d isease . Med ica l  appl ications 
therefore constitute major aspects of the sc ience of vi ro logy. 

Ma ny vi ruses cause d isease i n  domestic  an ima ls  (such as cattle, sheep, dogs,  
pou ltry, fish ,  a nd bees) and in wi ld an i ma l s  (such as red squ i rrels  and  sea l s ) .  

Vacci nes are used to control some of these d iseases, for example foot and mouth 
d isease and b luetongue. Crop p lants are a lso hosts to l a rge numbers of vi ruses, 

such as ri ce yel low mottle  vi rus and cucumber mosaic vi rus, a v i rus with a very 

wide host range. These, and other p lant viruses, can cause devastati ng outbreaks 
of d i sease i n  crop p lants, with s ign ifi cant impact on the q uantity and q ua l ity of food 
produced . 

Another a rea where vi ruses can cause econom i c  da mage is i n  those i ndustries 
where the products resu lt from bacteria l  fermentation .  In the da i ry i ndustry phages 
can destroy the lactic acid  bacteria used to produce cheese, yogurt, and other m i l k  
prod ucts, wh i le  other phages can destroy Corynebacteri um  species used i n  the 

i ndustri a l  producti on of am i no acids. 



1 . 2 . 2  Some vi ruses are usefu ll 
So m e  v i ru ses  are stu d ied  b ecau se th ey have u sefu l c u rren t  o r  pote n t ia l  
app l i cations. 

• Phage typ i n g  of bacter ia .  So m e  g ro u ps of bacte ria, such  as so m e  

Salmonel la species, are c lassified into strains on the basi s of the spectrum of 
phages to wh ich they are suscepti b le .  Identificati on of the phage types of 
bacterial iso lates can provide usefu l  ep id e m i o log ical  i nformat ion d u ri ng 
outbreaks of d isease caused by these bacteria. 

• Sources of enzymes. A number of enzymes used in mol ecular bio logy are 

vi rus enzymes. Examples i nclude reverse transcriptases from retrovi ruses and 
RNA polymerases from phages. 

• Pestic ides .  Som e  i n sect pests are control led w ith bacu lov i ruses, and 

myxoma v i rus has been used to control rabbits .  

• Anti-bacterial agents .  In the mid-twentieth century phages were used to 
treat some bacterial i nfections i n  humans . Interest waned with the d i scovery 
o f  a n t i b i o t i c s ,  b u t  h a s  b e e n  re n e w e d w i t h  t h e e m e rg e n ce o f  

anti biotic-resistant strai ns of bacteria. 

• Anti -cancer agents. Genetical ly modified strai ns of vi ruses, such as herpes 

s i m p lex vi rus and vacci n ia v i rus, are be ing i nvest igated for treatment of 
cancers. These strai ns have been mod ified so that they are able to infect and 

destroy specific tumor cel ls, but are unab le to i nfect normal cel ls .  

• Gene vectors for prote in  production .  Vi ruses, such as certai n baculovi ruses 

and adenovi ruses, are used as vectors to take genes i nto an i mal  ce l l s  
g rowi ng i n  cu ltu re .  Thi s  technology is  used to make cel l s  produce usefu l 

prote i ns, such as vacci ne components .  Some genetical ly modified cel ls  are 
used for mass production of prote ins .  

• Gene vectors for treatment of genetic d iseases . Ch i l d ren with the genetic 
d isease Severe Combi ned Immunodefic iency ( baby in the bubble syndrome) 

have been successfu l l y treated us ing  retrovi ruses as gene vectors. The 

vi ruses i ntroduced i nto the ch i ldrensT.>™s stem cel ls  a non-mutated copy of 

the mutated gene (Section 17 . 5) .  

1 . 2 . 3  Virus stud ies have contributed to knowledge 
M uch basic knowledge of  molecu lar b io logy, cel l b io logy, and  cancer has been 
derived from stud ies with vi ruses . Here are a few examples .  

• A famous experi ment carried by Alfred Hershey and Martha Chase, and 
publ i shed in 1952, used phage T2 and E. col i to provi1de strong1 evidence that 

genetic material is com posed of DNA. 

• The fi rst enhancers to be characteri zed were in genes of si mian vi rus 40 

(SV40) . 



• The fi rst transcri pti on factor to be characterized was the transplantation 
(T) antigen of SV40. 

• The fi rst nuclear local izati on sig nal of a prote in  was identified in the T 
antigen of SV40. 

• Introns were discovered during stud ies of adenovirus transcri ption . 

• The role of the cap structure at the SsnI end of eukaryotic messenger RNA 
(m RNA) was d iscovered duri ng stud ies with vaccin ia vi rus and a reovi rus.  

• The fi rst i nternal ri bosome entry site to be d iscovered was found in  the 
RNA of pol iovi rus. 

• The fi rst RNA pseudoknot to be d iscovered was in the genome of tu rn ip 
yel low mosaic virus. 

l. 3 TH E NATU RE OF VI RUS ES 
1 . 3 . 1  Vi ruses a re sma l l  partic les 

Evidence for the existence of very smal l i nfectious agents was fi rst provided i n  the 
late n i n eteenth ce ntury by two sc ie n t ists worki n g  i n d e p e n dently : M arti n us 

Beijeri nck in  Hol land and D im itri Ivanovski i n  Russia. They made extracts fro m 
d iseased plants, wh ich we now know were i nfected with tobacco mosaic vi rus, and 
passed the extracts through fi ne fi lters . The fi ltrates contai ned an agent that was 

able  to i nfect new plants, but no bacteria cou ld be cu ltured from the fi ltrates. The 
agent remai ned i nfective through several transfers to new plants, el im i nati ng the 

poss ib i l ity of a toxin .  Beijer i nck cal led the agent a snl-bvi russni< and the term has 

been i n  use ever si nee . 

At around the same time, Friedrich Lr�effler and Pau l Frosch transmitted foot and 
mouth d isease from an imal to an imal i n  i nocu lum that had been h igh ly d i l uted . A 

few years later Walter Reed and James Carrol l  demonstrated that the causative 

agent of yel low fever is a fi lterable agent. 

F igure 1 . 1 g ives some i nd ication of the size of these agents, which are known as 

vi rus particl es or vi rions. The vi r ion of a herpesvi rus, which i s  a fai rly large virus, is  

about ten m i l l ion ti mes smaller than a large bal loon, whi le  the bal loon is smal ler 

than the Earth by the same factor. The vi rions of most vi ruses are too small to be 
seen with a l i ght m icroscope and can be seen only with an e lectron microscope 
( Figure 1 .2 ) .  

F igure 1 . 1  Comparative sizes o f  a herpesvi rus part ic le, a bal loon,  and the Earth . A 

large bal loon is about ten m i l l i on times larger than a herpesvi rus partic le, wh i l e  the 

Earth is larger than the bal loon by the same factor. 
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F ig ure 1 . 2  Transm iss ion el ectron microscope. Th is  is  a microscope i n  wh ich the 

image is formed by electrons transmitted through the specimen . 

Sou rce : Photograph courtesy of JEOL. 

The un its i n  which vi rions are normal ly measu red are nanometers ( 1  nm = 10s€'9 

m) .  Although vi r ions are very smal l ,  the ir  d i mensions cover a large range. Amongst 
the smal lest are parvovi ruses ( Figure 1 . 3) ,  with d iameters about 20 nm,  wh i le the 
megav i rus and m im ivirus ( m icrobe-m i m icki ng  virus), isolated from amebae, are 
amongst the largest . 

F ig ure 1 . 3  Vi r ions of m im ivi rus, one of the largest vi ruses, and a parvovi rus, one of 
the smal lest vi ruses . 

Sou rce : Electron m icrograph of m im ivi rus from Claverie et al . ( 2009) Journal of 
Invertebrate Pathology, 101 ,  172 .  Reproduced by perm ission of E lsevi er and the 

authors. Electron microg raph of parvov1i rus by permission of Professor M .  Stewart 

McN ulty and The Agri- Food and Biosciences Institute .  
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Vi rology is therefore concerned with very smal l parti cles, though often with very 
large n u m bers of those partic les ! A concentrated suspens ion of vi rions m i ght 

contai n 1012  vi rions/ml . A s ing le vi rus- infected cel l m ight produce 1 05 vi ri ons. A 

person infected with HIV m ight produce 101 1 v i rions i n  a day. 

Vi rions are not ce l l s .  They do not contai n organe l les, except for the vi rions of 

arenaviruses, which contain cel l ri bosomes that were packaged when the vi rions 
were assembled .  

1 . 3.2 Vi ruses have genes 
The vi r ion conta ins the genome of the vi rus . Whereas the genomes of cel ls are 
composed of double-stranded DNA, there are four possib i l ities for a vi rus genome:  

• double-stranded DNA ( dsDNA); 

• s ing le-stranded DNA (ssDNA); 

• double-stranded RNA ( dsRNA); 

• s ing le-stranded RNA (ssRNA) .  

The genome is  enclosed i n  a prote in coat known as a capsid .  The genome plus the 

caps id , p l u s  other  com ponents i n  many cases, constitute the v i rion . A major 
function of the capsid is to protect the genome unti l it can be del ivered into a cel l  in 
which it can repl icate . 

General ly, v i rus genomes are much smal ler than cel l genomes and the q uestion 

arises as to how vi ruses encode al l their requ i rements in a smal l genome. Vi ruses 
ach ieve th is  in a number of ways . 

• Vi ruses use host cel l p roteins . The g enomes of large v i ruses dupl i cate 

some functi ons of the host cel l ,  but the smal l vi ruses rely very heavi ly on 

host ce l l  functions. There is, however, one functi on that an RNA vi rus must 
e n code ,  no m atte r how s m a l l  its g e no m e .  That fu n ct ion i s  an R N A  
polymerase, because cel ls  d o  not encode enzymes that can rep l icate vi rus 

RNA. A s ign ificant proportion of an RNA vi rus genome is taken up  with the 
gene for an RNA polymerase . 



• Vi ruses code effi c iently . There may be overlapp i ng  genes and  genes 

encoded with i n  genes .  The sma l l  genome of hepatiti s B vi rus i s  a good 

exa mple (see Secti on 19 .6 ) .  In vi ruses most, or al l, of the genome encodes 

protei ns, i n  contrast to mam ma ls where on ly about 1 . 5°/o of the genome 
encodes protei ns . 

• Many vi rus prote ins are multifunctiona l .  Some vi rus proteins have mu ltiple 

enzyme activit ies, for example the rhabdovirus L protei n repl icates RNA, caps 

and polyadenylates mRNA, and phosphorylates another v irus protei n .  Some 
vi rus prote ins can bind to cel l proteins with roles in i m mune responses, and 

hence i nterfere with immun ity of the host. 

1 . 3 . 3  Viruses are pa rasites 
Vi ruses d iffer from cel ls  in the way in which they mu lti p ly .  A new ce l l  is a lways 

formed d i rectly from a pre-existi ng cel l ,  but a new v irion is never formed d i rectly 

from a pre-existi ng v i rion . New vir ions are formed by a process of rep l i cation, which 
takes place i ns ide a host cel l  and i nvolves the synthesis of components fol lowed by 

thei r assembly i nto vi rions.  

Vi ruses a re therefore parasites of cel ls, and are dependent on the i r  hosts for most 

of their requ i rements, i ncl ud ing : 

• bu i ld i ng-blocks such as amino acids and nucleos ides; 

• protei n-synthes iz ing machi nery ( ri bosomes) ;  

• energy, in  the form of adenosine triphosphate . 

A vi rus mod ifies the intrace l lu lar envi ronment of its host in  order to enhance the 
effic iency of the repl icati on process . It does this by producing prote i ns, and in some 

cases smal l RNAs, that i nteract with cel l components .  It has been demonstrated 
that the p roteins of a vi rus ca n i nteract with hundreds of host prote ins  i n  a n  

i nfected ce l l .  The expression of thousands of host genes can be affected, with some 

genes up-regu lated and some genes down-regul ated . 

V i rus- i nduced mod ificat ions to a host cel l m ight  i nc l ude the formation of new 

membranous structures or a red uced imm une response . Some larg e  phages of 
photosynthet ic bacter ia l  hosts encode prote i ns that enha nce photosynthesis,  

thereby probably boosti ng the yields of vi rus from the ce l l s .  

A poi nt has now been reached where the nature of vi ruses can be sum marized in  a 

concise defi n it ion (see the box) .  

VIRUS DEFINITION 

A vi rus i s  a very smal l ,  non-ce l l u lar  parasite of cel ls. Its genome, wh ich i s  com posed 

of either DNA or RNA, is enclosed i n  a prote in  coat. 

1 . 3 .4 Some vi ruses a re dependent on other viruses 
Some v iruses, known as satel l ite vi ruses, are unable to rep l icate un less the host cel l 

is i nfected with a second vi rus, referred to as a helper vi rus .  The he l per virus 



provides one or more functions missing from the satellite virus, thereby enabling 
the latter to complete its replication cycle. Examples are given in Table 1 . 1  

Table 1 . 1  Examples of satellite/helper viruses 

Type of host Satellite virus Genome Helper virus Genome 

Animal Hepatitis delta virus ssRNA Hepatitis B virus d.sDNA 

Adeno-associatcd viru es ssDNA Adenovirus dsDNA 

Plant Satellite tobacco necrosis virus ssRNA Tobacco necrosis virus ssRNA 

Ameba Sputnik d.sDNA Mimi virus dsDNA 

Bacterium Enterobactcria phage P..t dsDNA Enterobacteria phage P2 dsDNA 

Bnt-bViruses belong to biology because they possess genes, repl icate, evolve, and 

are adapted to particular hosts, biotic habitats, and ecological niches. However, . . .  
they are nonliving i nfectious entities that can be said, at best, to lead a kind of 

borrowed life. s'Di< 

Marc van Regenmortel and Brian Mahy (2004) 

s'Dt-bltB'D™s life, Jim, but not as we know it!s'DK 

Dr McCoy speaking to Captain Kirk of the Starship Enterprise, Star Trek 

1 .3 . 5  Are viruses living or nonliving? 
There is an ongoing debate as to whether viruses are living or nonliving; the view 

taken depends on how life is defined. Viruses have genes and when they infect 
cells these genes are replicated, so i n  this sense viruses are l iving. They are, 

however, very different to cellular life forms, so Dr McCoys'D™s stock phrase (see 

the box) on finding new life forms in  the galaxy could be applied to viruses. When 
viruses are outside their host cells they exist as virions, which are i nert, and could 

be described as nonl iv ing, but  viable bacterial spores are inert and are not 
considered to be nonliving. You might form your own view as to whether viruses 

are living or nonliving as you progress through this book. 

When Beijerinck selected the word Bot-bviruss'DK he chose the Latin word for 
poison. This term has now been in use for over a century and virology has 
developed into a huge subject. More recently, the term virus has acquired further 

meanings. Computers are threatened by infection with viruses that can be found in 

the wild once they have been released by their authors. These viruses are specific 

for certain  file types. Infected files may be put on several web sites and a virus 
epidemic may ensue. Another use of the term virus is exem plified in John 
Humphryss'D T M  book Lost For Words, in which he talks about the deadly virus of 
management-speak infecting language. All the italicized terms in this paragraph are 

also used in the context of the viruses that are the subject of this book. 

1 .4 THE REMAINDER OF THE BOOK 
Having outlined the nature of viruses and why they are important, the remainder of 

the book wil l examine many aspects of fundamental and applied virology. The early 



chapters cover pri nci ples, such as the structure of v irions, v i rus repl ication, and the 
c lass i fi cat i on of vi ru ses . There a re then ten cha pters devoted to rev iews of 
pa rticu lar groups of vi ruses, where both pri nci p les and appl ications of vi ro logy are 

covered . Towards the end of the book we consider spec ific appl ications of vi rology, 
i nclud ing viral vacci nes and anti -vi ra l  drugs. The fi nal  chapter is devoted to prions, 

which are not vi ruses ! 

It is i mportant to poi nt out that much of vi ro logy is concerned with characteristics 

of the proteins and nucle ic acids of vi ruses, and with i nteractions between these 
molecules and the proteins and nucleic acids of cel l s  ( F igure 1.4 ). Most of these 

in teractions re ly on specific b ind i ng  between the mo lecu les .  We sha l l  a l so be 
d iscussi ng cel l u lar structures, and processes such as transcription, translation, and 

DNA rep l ication .  A good backg round  i n  mo l ecu lar  b io logy a nd ce l l  b io logy is  
therefore essentia l ;  some useful sources of i nformation for pl ugg ing any gaps can 

be found under Sources of further information . 

F igure 1 .4 Interacti ons between vi rus molecu les and cel l molecu les. 
Vim p r  t in 
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LEARN I N G  OUTCOM ES 
After review of th is  cha pter you should be able to : 

• d iscuss reasons for studyi ng vi ruses; 

• exp la in  how vi ruses differ from cel l u lar  organ isms; 

• defi ne the term sibt-bvi rus . sibi< 
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2 . 1 I NTRODUCTION TO M ETH ODS USED I N  

VI ROLOGY 
Methods used in  vi ro logy are introduced early i n  this book in order to provide an 

apprec iation of the nature of the techn iques that have been used to achieve our 
current level of knowledge and understand ing of vi ruses . V i rology is a huge subject 
and uses a wide range of methods. Many of the techn iques of molecu lar biology 
and cel l  biology are used, and constra i nts on space permit us to mention only some 

of the m .  M uch of the focus of th i s  chapter i s  on methods that a re un i que to 



virology. Many of these methods are used not only in virus research but also in  the 
diagnosis of virus diseases of humans, animals, and plants. 

Initially this chapter could be skimmed to gain an  overview of its contents and 

thereafter used for reference. Details of the methods outlined here, and of other 
methods important in virology, fill many volumes, some of which are listed at the 
end of the chapter. 

2 . 2  CU LTIVATION OF VIRUSES 
Virologists need to be able to produce the objects of their study, so a wide range of 

procedures has been developed for cultivating viruses. Virus cu ltivation is also 
referred to as propagation or growth, all terms borrowed from horticulture! A few 

techniques have been developed for the cultivation of viruses in cel l-free systems, 

but in the vast majority of cases it is necessary to supply the virus with appropriate 
cells in which it can replicate. 

Phages are supplied with bacterial cultures and plant viruses may be propagated 

using specially cultivated plants, tissue cultures or protoplasts (plant cells from 
which the cell wall has been removed). Animal viruses may be propagated in whole 

organisms, such as mice, which may be genetically modified. Transgenic mice are 
used in studies of hepatitis B and hepatitis C viruses. Some vertebrate viruses are 

propagated in eggs contain i ng chick embryos ( Figure 2 . 1 ) ,  while some insect 

viruses are propagated in insect larvae. For the most part, however, animal viruses 

are grown in cultured animal cells. 

Figure 2.1 Cultivation of viruses in eggs containing chick embryos. 

Source: Photograph courtesy of Taronna Maines and Greg Knobloch, Centers for 
Disease Control and Prevention. 
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2.2 . 1 Animal cel l  culture 
Animal cell culture techniques are well developed and most of the cells used are 

from continuous cell l ines derived from humans and other an imal  species. 
Continuous cell l ines consist of cells that have been immortalized, either in the 

laboratory or in the body (Figure 2.2); they can be subcultured indefinitely. The 



Hela ce l l  l ine i s  a wi dely used conti nuous cel l l i ne that was i n i ti ated in  the m idd le of 
the twentieth century from cel ls taken from a cervical carci noma .  

Figure 2 . 2  Derivation of continuous cel l l i nes of human and  an imal  cel l s .  Most types 
of cel l taken from the body do not grow wel l in cu lture .  If ce l l s  from a pri mary 
culture can be subcultured they are growing as a cel l l ine .  They can be subcu ltured 

only a fi n ite number of times un less they are i m morta l i zed, i n  which case they can 
be su bcu ltu red i ndefi n i te ly as a conti n uous ce l l  l i ne .  Cancer cel ls  a re a l ready 

im morta l i zed, and conti nuous ce l l  l i nes may be esta bl i shed from these without 
further treatment. 
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Someti mes i t  is d i fficult to fi nd a cel l  l i ne in  which a vi rus can repl icate . For many 

years no suitable system cou ld be found to support the rep l ication of hepatitis C 
vi rus, but eventu a l ly  the obstacles were overcome and th i s  v i rus ca n now be 

cultured in a human hepatoma cel l l i ne and i n  primary human hepatocytes . 

Cel ls a re cu ltured i n  med ia  that provide nutrients . Most med ia  are supp lemented 
with an ima l  serum, wh ich contains substances that promote the g rowth of many 

cel l  l i nes . Other important ro les for the med ium are the maintenance of opti mum 
osmotic pressu re and pH for the cel ls .  Vi ruses can be cultivated i n  ce l l s  g row ing on 
the surface of a variety of plastic vessels ( Figure 2 .3 )  with the cel ls bathed i n  the 

growth med ium .  Most cel ls g row on a plastic or g lass surface as a si ng le layer of 
cel l s, known as a mono l ayer .  Alternat ively the ce l ls can be suspended i n  the 

med ium,  which i s  sti rred to keep them i n  suspension .  

Figure 2 .3 Cel l cu lture flasks, d ishes, and p l ates . 

Source : Photographs of TPP cel l  cu l ture products courtesy of MIDSCI . 



Contami nation with bacteri a and fung i  can cause major prob lems i n  cel l  cu lture 

work; i n  order to m i n i mize these problems work is normal ly done in  a steri le cabi net 
( Figure 2 .4) and most med ia  conta i n antibiotics. Many cel l types requ i re a relatively 

h igh concentration of carbon d ioxide, which can be suppl ied in  a specia l  i ncubator. 

Figure 2 .4 Cel l  cu ltu re work. Precautions to avoid contam i nation i nc lude working in  

a steri le cabi net and weari ng g loves and mask. 

Sou rce : Cou rtesy of Sanofi Pasteursn"Copyrig ht. 

2 . 3  ISOLATION OF VI RU SES 
Many vi ruses can be isolated as a result of the i r  ab i l ity to form d iscrete visi b le zones 
( p laques) in layers of host cel ls .  If a confl uent layer of celll s is i noculated with an 
amount of vi rus to infect a smal l  proporti on of the cel l s, then p laques may form 



where a reas of ce l ls are ki l led or a ltered by the vi rus i nfection . Each p laque is 
formed when i nfection spreads rad ia l ly from an i nfected cel l to surround i ng cel ls .  

P laques can be  formed by many an imal  vi ruses i f  the cel l monolayers are overla id  
with agarose gel to ma i nta in tlhe progeny virus in  a d iscrete zone ( F igure 2 . 5 ). .  
Plaques can also be  formed by phages i n  lawns of bacteria l  g rowth ( F igure 2 .6) .  

Figure 2 .5  Method for production of p laques by an i ma l  vi ruses. 

Sou rce : Photog raph of i nfl uenza vi rus p laques from Ma et a l . ( 201 1 )  Virology, 410, 

1. Reproduced by perm iss ion of Elsevier. 
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Figure 2 .6  Pl aques formed by a phage i n  a bacteria l  lawn . The control p late on the 
left was i nocu lated w ith on l y  the bacter i a l  host .  The p l ate on the r ig ht  was 
i nocu lated with phage and bacteria l  host. 

It i s  genera l ly assumed that a plaque is the result of the i nfection of a cel l by a 

s ingle virion .. If th is i s  the case then a l l  vi rus produced from virus i n  the p laque 
shou ld be a cl one, in other words it shou ld be genetical ly identica l .  Th is clone can 

be referred to as an isolate, and if  it i s  d isti nct from a l l  other isolates it can be 
referred to as a stra i n .  Th i s  is ana logous to the derivation of a bacteria l  stra i n  from 

a colony on an agar p late . 

There i s  a possib i l ity that a plaque mi ght be derived from two or more vi r ions so, to 
i ncrease the probabi l i ty that a genetica l ly  pure stra in  of virus has been obta i ned, 

material from a p laque can be i nocu lated onto further monolayers and virus can be 
derived from an  i nd iv idual p laque .  The virus is sa id to have been p laque purified . 

When a vi rus i s  fi rst isolated it may rep l i cate poorly i n  cel l s  in  the laboratory, but 
after it has gone th rough a n u m ber of rep l ication cycles i t  may repl icate more 

effi c ient ly .  Each ti me the vi rus  is snt-bsubcu ltu redsn i<  (to borrow a te rm fro m 



bacterio logy) it is sa id to have been passaged . After a number of passages the vi rus 
may be genetica l l y  d ifferent to the orig i na l  w i ld  stra in ,  in  wh ich case it i s  now a 
laboratory stra in .  

2 . 4 CENTRI FUGATIO N  
After a vi rus has been propagated it 1is usual ly necessary to remove host cel l debris 
and other  contam inants before the virus pa rt ic les can be used for l abo ratory 

stud ies, for incorporation i nto a vaccine, or for some other purpose . Many vi rus 
purification procedures i nvolve centrifugation ; partial purification can be achieved 
by d ifferent ia l  centrifugation and  a h igher degree of purity can be ach ieved by 
some form of density gradient centrifugation . 

2 .4 . 1 Differentia l centrifugation 
Differentia l  centrifugation involves a lternati ng low-speed centrifugation, after which 

most of the vi rus is sti l l  in the supernatant, with h igh-speed centrifugation, after 
which the v irus i s  i n  the pel let ( F igure 2 .  7 ) .  

F ig u re 2 .  7 Partia l  pu r ification  of  v irions by d ifferentia l centrifugation . A crude 

preparati on of v i rus conta i n i ng host debris  i s  subjected to low-speedl/short-ti me 
centr ifugat io n ( e . g . 10 000 g/20 m i nu tes)  fo l l owed by h ig h -speed/ long-tim e  

centrifugation ( e . g .  100 000 g/2 hou rs) .  Th is  cycle can b e  repeated to obta in  a 
h i g h e r  d eg ree of p u rity .  The fi n a l  pe l let  conta i n i ng p a rtly p u rif i ed  v i rus  is 

resuspended in a smal l vol ume of fl u id . 
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2 .4 .2  Density g rad ient centrifugation 
Density gradient centrifugation i nvolves centrifug ing particles (such as  vi r ions) or  

molecu les (such as  nuc le ic  acids)  i n  a sol ution of  increasi ng concentration, and 
therefore dens ity .  The sol utes used have h igh solub i l ity; sucrose i s  commonly used . 

There are two major categories of density g rad ient centrifugati on : rate zonal a nd 
equ i l i bri um ( isopycnic) centrifugation ( Figure 2 .8 ) .  



Figure 2.8 Purification of virions by density gradient centrifugation. A partly purified 
prepa ration of virus is further purified in  a density g rad ient .  Rate zonal  

centrifugation involves layering the preparation on top of a pre-formed gradient. 

Equi l ibr ium centrifugation can often be done starting with a suspension of the 
impure virus in a solution of the gradient material ;  the gradient is formed during 

centrifugation. 
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In rate zonal centrifugation a particle moves through the gradient at a rate 

determined by its sedimentation coefficient, a value that depends principally on its 
size. Homogeneous particles, such as identical virions, should move as a sharp 

band that can be harvested after the band has moved part-way through the 

gradient. 

In equilibrium centrifugation a concentration of solute is selected to ensure that the 

density at the bottom of the gradient is greater than that of the particles/molecules 
to be purified. A particle/molecule suspended in the gradient moves to a point 

where the gradient density is the same as its own density. This technique enables 
the determination of the buoyant densities of nucleic acids and of virions. Buoyant 

densities of virions determined in gradients of cesium chloride are used as criteria 
in the characterization of viruses. 

2.5  STRUCTURAL I NVESTIGATIONS OF CELLS 

AND VIRIONS 
2 . 5 . 1  Light microscopy 

The sizes of most virions are beyond the limits of resolution of light microscopes, 

but light microscopy has useful applications in detecting and studying virus-induced 

changes in  cells, for exam ple observing cytopathic effects (Section 2 .7 .  2) .  
Fluorescence microscopy is  used to detect virus products labeled with fluorophores 

( molecules that absorb l ight at certain wavelengths then emit l ight at longer 
wavelengths; Section 2. 7. 3). 

Confocal microscopy is proving to be valuable in virology. The principle of this 
technique is the use of a pinhole to exclude light from out-of-focus regions of the 

specimen. Most confocal microscopes scan the specimen with a laser, producing 
exceptionally clear i mages of thick specimens and of fluorescing specimens. 

Furthermore, Bnt-boptical slicessni< of a specimen can be col lected and used to 



create a th ree-d i mensional representation . The techn iques can be used with l ive 

cel ls and can be appl ied to i nvestigations of prote in  trafficking,  with the vi rus or cel l 
protei n under investigation carryi ng a suitab le label ,  e .g . g reen fl uorescent protein 

(a  je l lyfish protein ) . 

2 . 5 . 2  E lectron m icroscopy 
Many i nvesti gati ons of the structure of vi ri ons or of vi ru s- i nfected cel ls  i nvolve 

observations at large magnifications using transmission e lectron mi croscopes . The 
speci men may be a preparation of vi rions, a v i rion component, vi rus-i nfected cel ls  

or an  u l tra-th i n  section of a vi rus- i nfected cel l .  In  order to observe deta i l  in  the 
specimen it is e ither negatively sta ined ,  or cooled to a very l ow temperature, or 

both . 

Negative sta i n ing techn iques generate contrast by using heavy meta l -conta in ing 
compounds, such as potassium phosphotungstate and am moni um molybdate .  In 
electron m icrog raphs of vi rions the sta i ns appear  as dark areas around the virions, 

a l lowi ng the overa l l  v i rion shape and s ize to be determ i ned . Further structural deta i l  
may be apparent if  the sta ins penetrate a ny crevices on the vi rion su rface or  any 

hol lows within the vi rion . Negative sta i n i ng techn iques have generated many h igh 
q ua l i ty e lectro n m ic rog raphs,  but  the trad itiona l  tec h n i q ues have l i m itations ,  

i nclud ing structural d i stortions resu lti ng from d ryi ng . 

Cryo-el ectron microscopy techn iques a re more recent. For these techn iques wet 
specimens are rap id ly  cooled to a temperature below sT:>" 1 60 B°C, freezi ng the 
water as a g l ass-l i ke materia l .  The images a re recorded wh i le  the speci men i s  

frozen . They require computer process ing i n  order to extract maximum deta i l ,  a nd 
data from mu lti p le images are processed to reconstruct three-d i mens ional images 

of vi rus pa rtic les .  Th is may i nvolve averaging many identical copies or combi n i ng 

images i nto three-d imensional density maps (tomograms) .  

2 . 5 . 3  X-ray crysta l log raphy 
X-ray crysta l l og raphy i s  another technique that is revea l i ng  deta i led i nformati on 

about  the th ree-d i m e ns iona l  structu res of v i r ions  ( a n d  D N A, p rote i n s, a n d  
DNAsT:>"protei n complexes ) .  Th is techn ique requ i res the production of a crysta l of 

the vi r ions or molecules under study. The crysta l i s  pl aced i n  a beam of X-rays, 
which are diffracted by repeati ng arrangements of molecules/atoms i n  the crysta l .  
A n a lys i s  of th e d iffra ct i o n  p a tte rn a l l ows  t h e  re l a t ive  po s i t io n s  of these 
molecules/atoms to be  determined . 

Other techn i ques that a re provid i ng  usefu l i nformation  about the stru ctu re of 
vi ruses are nuclear magnetic resonance and atom ic force m icroscopy. 

2 . 6  ELECTROPHORETIC TECH NIQU ES 
Mixtures of prote ins or nucleic acids can be separated by e lectrophoresi s i n  a gel 
composed of agarose or polyacrylamide.  In most e lectrophoretic techn iques, each 



protei n or nucleic aci d forms a band in  the gel .  Electrophoresis can be performed 
u nder  cond i t ions  where the rate of movem ent th ro u g h  the ge l  depends  on 

mol ecular weight. The molecu lar weights of the protein  or nucleic ac id  molecules 
can be estimated by compari ng the positions of the bands with positions of bands 
formed by molecu les of known molecu lar we ight electrophoresed in the sa me gel . 

The techn ique for esti mati ng molecular  weights of proteins is polyacrylam ide gel 
e l ectro p h ores i s  i n  the p rese nce of the  d ete rg e n t  sod i u m  do d ecy l  s u lfa te 

(SOS-PAGE; F igure 2 .9) .  

F ig ure 2 .9  D iag ram i l l ustrati ng separation of prote i ns  and  esti mation of the i r 

molecu lar  wei ghts us ing SOS-PAGE .  Lanes l and 3 conta in  standard proteins of 

known molecu lar  weight. Lane 2 conta ins the four capsid proteins of a p icornavirus. 
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Co m p lex m ixtu res of v i ru s  p rote i ns can  be separated by two-d i m ens i ona l  
electrophoresis, where the proteins are fi rst separated by the i r  iso-e lectri c poi nts 
( i so-electric focus ing ) and then in  a second di mension by their molecular weights 
(SOS-PAGE)  ( Figure 2 . 10) .  

Fi gure 2 . 10  Separation of m im ivi rus prote ins by two-d imensional electrophoresi s .  
The protei ns were fi rst separated by iso-electric focus ing, and then by SDS-PAGE.  

Sou rce : Raoult  et a l .  ( 2007) Cll in ical Infectious Diseases, 45, 95, with the permission 

of Oxford Un iversity Press and the authors. 
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The patterns of nucle ic acids and proteins after e lectrophoretic separation may be 

i m mobi l i zed by transfer (blotti ng) onto a membrane. If the molecu les are DNA the 
techn i que is known as Southern blotti ng ,  named after Edwin Southern ;  i f  the 

mo lecu les a re R N A  the tech n iq u e  i s  known as  n orthern b lotti ng ,  a nd if  the 
molecules are prote in  the techn ique i s  known as western b lotting ! 

2 .  7 DETECTION O F  VI RUSES AN D VI RU S 

CO M PO N ENTS 
A wide range of techn iques has been developed for the detection of vi ruses and 
v i rus  com ponents a nd m any of the m  a re u sed i n  l aboratories i nvo lved w ith 

d iagnos i s  of v irus d i seases . The techn iques can be arranged i n  four categories : 
detecti on of ( 1 )  virions, ( 2) virus i nfectivity, (3 ) virus antigens, and ( 4) vi rus nucleic 

acids . 

2 .  7 . 1  Detection of vi rions 
Specimens can be negatively stai ned (Section 2. 5 . 2) and  exami ned i n  an electron 

microscope for the presence of vi r ions. Lim itations to th is approach are the h igh 
costs of the eq u i p m e n t  a n d  l i m i ted sen s i t iv i ty ;  the m i n i m u m  d etecta b l e  
concentrat ion o f  vir ions is about 106/m l .  An  exa m p le  o f  an app l ication o f  th i s  

techn ique i s  the examination of feces from a patient with gastroenterit is for the 
presence of rotavi rus partic les. 

2 .7 . 2  Detection of i nfectivity usi ng ce l l  cu ltu res 
Not a l l v i rions have the ab i l ity to repl i cate in host cel ls. Those vi rions that do have 
th is  ab i l ity are said  to be slJl-binfective,sni< and the term slJl-binfectivityslJi< is used 

to denote the capac ity of a vi rus to rep l icate . Vir ions may be non- i nfective because 

they lack part of the genome or because they have been da maged . 



To determ i ne whether a sample or a speci men contai ns i nfective virus it can be 
i nocu lated i nto a c u ltu re of cel l s, or a host organ i sm ,  known to su pport the 

rep l ication of the vi rus suspected of bei ng present. After incubation of an i nocu lated 

cel l  cu lture at an appropriate temperature it can be examined by l i ght m icroscopy 
fo r c h a racte r i s t ic  cha n g es i n  th e a p pea ra n ce of the  ce l l s res u lt i n g  fro m 

vi rus- induced da mage.  A change of th is  type is known as a cytopath ic effect (CPE) ; 
an example of CPE i nduced by bl uetongue vi rus can be seen i n  Fi gure 2. 1 1  

F ig ure 2 . 1 1  Cytopath ic  effect caused by rep l i cation  of bl uetongue vi rus i n  Vero 
(monkey kidney) cel ls .  (A) b l uetongue vi rus-infected cel ls .  (B) non- i nfected Vero 
cel ls .  Sca le bar :  90 Ojm .  

Sou rce : A l i  Al Ah m ad et  a l .  (20 1 1 )  Ther i ogenology, 76 ,  1 2 6 .  Rep rod uced by 

permission of Elsevier and the authors .  

The quantity of  i nfective v i rus i n  a specimen or  a preparation can be determ ined 

(Section 2 .8 ) .  

2 .7 . 3  Detection of vi rus antigens 
Vi rus  a nti gens  ca n be d etected us i n g  v i ru s-spec ifi c  a nt isera or  m o n oc lon a l  
anti bod ies .  In  most techn iques posit ive resu lts a re i nd i cated by  detecti ng the 
presence of a label , wh ich may be attached either to the anti-vi rus antibody (d i rect 

tests) or to a second anti body (i nd i rect tests) (Figu re 2 . 1 2) .  The anti-vi rus anti body 

is produced by i njecti ng v irus a nt igen into one an ima l species and  the second 
anti body is produced by i njecting i mmunoglobu l i n  from the fi rst an i mal species i nto 
a second an imal  spec ies. 

F igure 2 . 12  Pri ncip les of tests to detect v i rus antigens. The speci men is treated with 
anti -vi rus antibody. In d i rect tests the anti -vi rus anti body is l abeled . In i nd i rect tests 



a la beled second anti body detects any anti -v i rus ant ibody that has  bound to 
antigen . 
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Antibod ies can have many types of labe l  attached and the labels can be detected 

usi ng a range of methods. Some types of label and some methods for detecti ng 
them are l i sted i n  Table 2 . 1 .  

Table 2 . 1 Molecules used to l abel anti bod ies (and nucleic acids) and tech n iques 
used to detect them 

Label Detection techn iq ue 

Enzyme Enzyme-l inked immunosorbent assay 

Fl uorescent Fl uorescence microscopy 

F luorimetry 

Gold Electron microscopy 

Radioactive Autoradiography 

2 .  7 .4 Detection of v i rus nucleic acids 
Techn iques for the detection of vi rus genomes and other vi rus-specific nucle ic acids 

are widely used i n  vi rus resea rch and i n  d iagnostic vi rology. Some viruses were 
d iscovered, not by detecti ng virions or i nfective vi rus, but by detecting vi rus nucle ic 
ac i ds  in i nfected hosts . Exa m p les of v i ru ses  d i scovered i n  th is way i n c l ude  

Ka pos i slJ™ s sa rco m a -assoc i a ted h e rpesv i rus ( Sect i o n  1 1 . 2 . 7 ) , M e rke l  ce l l  

polyomavi rus (Section 23 . 3) ,  and torque teno vi rus. 

2. 7 .4 .a  Hybrid ization 
Virus g e n o m es o r  v i ru s  m essenger  RNAs ( m R N As )  m a y  be  detected u s i n g  
sequence-specific DNA probes carry ing appropriate labels ( Figure 2 . 13 ) .  Some of 

the labels that are used for anti body detection can be used to label the probes 
(Tab le 2 . 1 ) .  

F igure 2. 13  Detection of a specific target nucle ic acid ( DNA o r  RNA) using a labeled 
DNA probe. 
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Hybridization may take place on the surface of a membrane after Southern blotting 
(DNA) or northern blotting (RNA) (Section 2.6). Thin sections of tissue may be 

probed for the presence of specific nucleic acids, in which case the technique is 
known as in situ hybridization. 

The principles of nucleic acid hybridization are also applied in DNA microarrays. A 
DNA m icroarray consists of a substrate, such as a glass slide, with hundreds, 

thousands, or even mill ions of small spots of DNA attached. Each spot contains a 
specific DNA probe and specific DNA or RNA molecules in a sample are detected by 

hybridization to specific spots. 

2 .7 .4 .b  Polymerase chain reaction (PCR) 
When a sample is l ikely to contain a low number of copies of a virus nucleic acid, 

the probability of detection can be increased by amplification. DNA can be ampl ified 
using a PCR, while RNA can be copied to DNA using a reverse transcriptase (RT) 

and then amplified (RT-PCR). The procedures require olig onucleotide primers 

specific to viral sequences. An amplified product can be detected by electrophoresis 
i n  an agarose gel, followed by transfer to a n itrocellulose membrane, which is 

incubated with a labeled probe. 

There are also PCR techniques available for determining the number of copies of a 

specific nucleic acid in a sample. Real-time PCR is commonly used for this purpose. 

In this technique the increase in DNA concentration during the PCR is monitored 



using fluorescent labels; the larger the initial copy number of DNA, the sooner a 
significant increase in  fluorescence is observed. The PCR cycle at which the 

fluorescent signal passes a defined threshold is determined and this gives an 

estimate of the starting copy number. An example is given in Figure 2.14. 

Figure 2 . 14 Quantification of hepatitis B virus (HBV) DNA by real-time PCR. When 

there are 108 copies of HBV DNA in the sample, fluorescence starts to increase at 

an early cycle number. The increase starts at progressively later cycles with 

decreasing numbers of HBV DNA copies. 

Source: Data from Ho et al . (2003) Journal of Medical Microbiology, 52, 397; by 

permission of the Society for General Microbiology and the authors. 
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2.8 I N FECTIVITY ASSAYS 
An infectivity assay measures the titer (the concentration) of infective virus in a 

specimen or a preparation. Samples are inoculated into suitable hosts, in which a 

response can be observed if infective virus is present. Suitable hosts might be 

animals, plants or cultures of bacterial, plant or animal cells. Infectivity assays fall 

into two classes: quantitative and quantal. 

2.8 . 1  Quantitative assays 
Quantitative assays are those in which each host response can be any one of a 

series of values, such as number of plaques (Section 2.3). A plaque assay can be 
carried out with any virus that can form plaques, g iving an estimate of the 

concentration of infective virus in plaque-forming units (pfu) .  

The assay is done using cells grown in  Petri dishes, or other appropriate containers, 

under conditions that will allow the formation of plaques. Cells are inoculated with 
standard volumes of virus dilutions. After incubation, dishes that received high 

dilutions of virus may have no plaques or very few plaques, while dishes that 

received low dilutions of virus may have very large numbers of plaques or all the 



ce l l s  may have lysed . Di shes a re selected that have p laque num bers w i th i n  a 

certa i n  range, e .g .  30sl)"300. The p laques are counted and the concentration of 

vi rus i n  the sample (pfu/ml )  is calcul ated . 

2 .8 . 2  Qua nta l assays 
In a quanta l assay each  inocu lated subject either  responds or it does not; for 
exa m p le,  a n  i nocu lated ce l l  cu ltu re e ither deve lops a CPE o r  it does not; a n  

i nocu lated an ima l  either d ies or i t  remai ns healthy. The a i m  of the assay i s  to fi nd 
the vi rus dose that produces a response i n  50°/o of i nocul ated subjects .  In cel l 
culture assays this dose i s  known as the TCIDSO (the dose that i nfects 50°/o of 
i nocu lated t issue cu ltures) .  In an i mal assays the dose is known as the 1050 (the 

dose that i nfects 50'°/o of i nocu lated an i mal s), or where the vi rus i nfection ki l ls the 

an i mal the dose is known as the LOSO (the dose that is lethal for 50°/o of i nocu lated 
an i mals) .  

The outcome of a TCIDSO determi nation can be used to estimate a v i rus titer in 
pfu, or v ice versa, usi ng the formula 

1 TCIDSO = 0 .  7 pfu 

Th is formula appl ies only if the method used to visua l i ze p laques does not alter the 
yield of vi rus. 

An exa mple of a TCIDSO determination i s  depicted in  Figure 2 . 15 .  

Fi gu re 2 . 15  Examp le of  a TCIDSO assay . ( a )  Tenfold d i l ut ions of the vi rus were 
i nocu lated i nto cel l cu ltures grown i n  the wel ls of a p late . Each wel l  received 1 m l  
vi rus suspension, except for the control we l ls, which each received 1 m l  d i l uent. (b )  

After i ncubation the ce l l  cu lture i n  each wel l was scored slJl-b+ BnK or  BlJl-bslJ"slJi< 

for CPE. ( c) The results of the assay . 
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It is clear that the d i l ution of vi rus that conta ins  one TCIDSO l i es between 10s€'3 

and 10s€'4. Severa l methods have been developed for esti mati ng this end poi nt; 
one of these, the Reeds"'F.>"Muench method, is shown in  the box .  

TH E REEDsT:>"MU ENCH M ETHOD IFOR ESTIMATING TCIDSO 



Infections per number Observed values Cumulative vawesl 

Virus dilution inoculated Positive Negative Positive Negative Infection ratio2 
10-1 8/8 8 0 24 0 24/24 
10� 718 7 16 16/17 
to-3 5/8 s 3 9 4 9/13 
10""' 3/8 3 s 4 9 4/13 
10-6 1/8 7 16  1117 
10-6 0/8 0 8 0 24 0/24 

'The cumuletive values are derived by adding up the ob$erved values In the dir�tion of the arrows. 

2The infection ratio is the number of positives for the cumulative value out of the total for the cumula ive value. 

5The % infec-tion is the infection ratio converted to a percentage. 

% infettionl 

100 
94 
69 
31 
6 
0 

It had already been determined that the dilution of virus that contains one TOD50 Lies between 10-5 and 10-•, so the end point can be 
expre$$ed as 1043 .. l, where x is  the value to be estimated. 

x= log dilution factor ( % infection at next dilution above 50%-SO ) 10 % infection at next dilution above 50%-% infection at next. dilution below S0% 
_ 1 (69-SO} 

69-31 

= O.S 
End po nt = 10-Cl e.s1=10-u. 

i.e. 1 ml of a 10-u dilution contains one TCIO� of virus. 

i.e. 1 ml of a 113200 dilution contains one TCID50 of virus. 
(3.2 is the antilogarithm of 0.5.) 

The concentration of virus in the und iluted suspen9'on is 3.2 X 1()} TCI Dsofml 

A s im i l a r  approach can be used to assay the i nfectivity of any vi rus that causes the 
formation of d iscrete lesions.  A number of an ima l  vi ruses, i nc lud i ng sma l l pox vi rus 
and other poxvi ruses, can cause the formation of pocks after i noculation onto the 

chorioal lanto ic membrane of a ch ick embryo ( Figures 2 . 1  and 2 . 1 6) .  Sim i larly, many 

p lant vi ruses cause the formation of lesions after they have been rubbed on the 

su rface of leaves, though the titration is not d i rectly equ ivalent to a pllaque assay as 
the number of sites on a leaf through which a vi rus can enter is l im ited . 

F ig ure 2 . 1 6  Vi rus- i nduced pocks on the chorioa l l an toic mem brane  of a ch ick 

embryo . 

Source : Buxton and  Fraser ( 1977 )  An i m a l  M icrob io logy, Vo l u m e  2, B lackwe l l  
Scientific Pub l ications. Reproduced by  permission of the pub l' isher. 



2.8 .3 One-step growth curve 
A com mon type of experim ent that involves assaying virus infectivity is a 

single-burst experiment, which provides data for a one-step growth curve (Figure 
2.17). The first one-step growth curves produced were for phages, but they have 

since been produced for other viruses. 

Figure 2 . 17 One-step growth curve. The eclipse period is the period during which 

no intracellular infectious virus can be recovered; infectious nucleic acid might be 

recoverable in some cases. The burst size is the average yield of infectious virus per 
cell. 
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For a period (the eclipse period), the titer of infective virus remains constant. 

During the eclipse period the virus is replicating, but no virus has been released 

from infected cells, so each infected cell gives rise to one plaque. As infected cells 
begin to die and release virus the titer begins to rise, and when al l the infected cells 
have lysed the titer levels off. 

The procedure for deriving a one-step growth curve is now outlined. 

• A suspension of virions is mixed with a suspension of host cells. It is 
necessary to ensure that, as far as possible, all the cells are infected 

simu ltaneously, so the number of virions must greatly exceed the number of 

cells. The ratio of virions to cells is known as the multiplicity of infection 

(m .o. i . ) .  In a one-step growth experiment an m.o. i .  between 5 and 10 is 

commonly used. 

• Adsorption of virions to cells is allowed to proceed for a suitable period 

(e.g. 2 minutes), and then adsorption is stopped by, for example, greatly 
diluting the mixture and/or by adding anti-virus antiserum .  

• A sample i s  taken from the suspension at intervals until lysis i s  complete. 
For phages the experiment is usually complete in less than one hour. For 

an ima l  viruses, however, the t imescale is  measured in  hours or days, 

reflecting the much slower growth rates of eukaryotic cells and the longer 
tiimes taken for replication of animal viruses. 

• A plaque assay is carried out on each sample. 

• The one-step growth curve is obtained by plotting the logarithm of the 

virus titer against time (Figure 2.17) .  



Th is type of experi ment provides va luab le i nformat ion about the rep l ication cyc le of 
a vi rus i n  a particu lar  host cel l system .  The average yield of i nfectious vi rus per cel l 
(the burst si ze) can be calculated from the formula 

It should be noted that the burst size is an average of what may be a sign ificant 
variab le as there is usual ly m uch vari ation in bu rst size between cel ls .  One factor 

that may affect the burst size is the physio log ical state of the cel l s .  In one study 

with a phage, a burst size of 170 was obta ined when growi ng bacteria were used, 
whi le a va l ue of 20 was obta ined with resti ng bacteria .  

2 . 9 VI RU1S G EN ETICS 
2 .9 . l Genome seq uenci ng 

A pioneering techn ique for determ i n i ng the sequence of  bases in  a DNA molecule 

was the d i deoxy cha i n  term ination meth od developed by Fred Sanger and h i s  
co l leagues at  Ca mbridge.  The sequence of the genome of phage ntX l  74 DNA was 

determi ned by th is  group six yea rs after the fi rst determ ination of a DNA sequence, 
which itself was from a vi rus :  12 base pa i rs (bp) of phage l ambda DNA (F igure 

2 . 1 8 ) .  N ewer sequenc i ng techno log ies enab le  DNA seq uences to be read i n  a 
fraction of the time taken by the Sanger method . 

F ig u re 2 . 18 Ti me l i ne dep ict ing some  land marks i n  v i ral genome sequenc i ng .  
La m bd a ,  M S 2 ,  a nd n t X 1 74 a re p h ages .  The  host of E sV- 1 i s  the  m a r i ne  

fi lamentous b rown a lga Ectocarpus s i l icu losus . The host of megav irus i s  an ameba . 
The fi rst DNA ever sequenced was 12 bp of the genome of phage l ambda.  Eleven 

yea rs later the com plete geno me sequence of th is vi rus was pub l i shed. Not to 
scale .  



\' • r 

· •rnbdu 
4 '\0- hpl 

Hua. n 
� I C)IDl' • IO\ iru' 
1 22• _i:.a bp 

l�I 

\J� \ iru 
J .2!9.1 I p  

·' '- l 
1 ..u: .593 1 pl 

K � :  cl.5DN \ 

.0 1 1  

Com puter p rogra ms, such as Arte m is and BLAST, are essentia l  to ana lyze the 

sequences; much useful i nformation can be yielded . 

• Open reading frames (ORFs) can be found . The ORFs can be translated 

i nto the a m ino acid sequences of the vi rus protei ns, and these may al low 
characteri st ics and functions of the protei ns to be deduced . Hydrophobic 

s e q u e n ce s  m a y i n d i c a te m e m b ra n e  a ss o c i a t i o n ;  th e s e q u e n c e  

G lysn"Aspsn"Asp may i nd i cate RNA-dependent RNA polymerase activity .  

• Sequences that regulate gene expression, e .g .  promoters and enhancers, 
can be identified . 

• Duri ng an outbreak of vi rus d isease, such as foot and mouth disease or 
i nfl uenza, sequences of v i rus i solates can be compared . Th is  can provide 
usefu l epi dem io log ical i nformati on such as the sou rce of the vi rus responsible 
and whether more than one stra in is responsi b le for the outbreak. 

• Phylogenetic trees can be constructed (Section 10 .2 . 1 ) . 

2 .  9 . 2  Genome man i pu lation 
The wide range of techniques ava i l ab le  for the mani pu lation of nucleic acids can be 

app l ied to v i rus genomes .  These techn i ques inc l ude  the iso lati on of specif ic 
frag ments of genomes using restriction endonucleases, the clon i ng of fragments in 
bacter i a l  p l asm ids ,  and the i n trod uction of s i te -specific  m utations  i nto v i rus 
genomes. The natural  processes of recombination and reassortment (see Chapter 

2 1 )  that produce new combinations of vi rus genes can be harnessed to produce 

new vi ra l  genotypes in the laboratory .. 



2 . 9 . 3  Investigation of gene fu nction and expression 
The function of a gene may be  deduced if  its expression i s  b locked, and  many 
stud ies of gene funct ion i nvolve the creation of a vi rus with a mutated gene. Many 

of the m utants are unab le to rep l i cate under cond iti ons in which the wi ld-type vi rus 

rep l icates, and are known as cond itiona l lethal mutants . Most stud ies have used 
temperatu re-sensit ive mutants, which are unab le to rep l icate at temperatu res at 

which the w i l d-type vi rus rep l icates ( non-perm issive temperatures), but are able to 

rep l icate at other temperatures (perm issive temperatu res) .  

Techn iques for introduci ng mutations i nto DNA are wel l esta b l i shed and  have been 
appl ied to the study of DNA vi ruses for some time .  More recently, techn iques for 

man i pulati ng the genomes of RNA vi ruses have been developed . These techn iques 

are referred to as reverse geneti cs, and they invo lve the reverse transcri ption of the 
RNA genome to D NA, m utation of the D NA, then transcri ption back to RNA.  
Reverse genetics are d iscussed further i n  Chapters 14 and 15 .  

Another way i n  wh ich the express ion of a gene can be b locked is by  RNA si lencing, 

or RNA i nterfe rence ( RNAi ) .  Th is approach exp lo its a cel l defense mechan i sm 
(descri bed i n  Section 9 . 2 . 3 )  that can  destroy vi rus m RNAs after i nduction by  specific 
dsRNA molecules. Short sequences of dsRNA can be used to i nh i bit the expression 

of vi rus genes, and hence to i nvestigate the functions of those genes. 

Yet another approach to the investigat ion of gene function i nvo lves the i ntroduction 

of the gene i nto ce l ls  in which it is transiently expressed, and then mon itori ng any 
changes i n  the ce l ls . 

As wel l as the producti on of vi rus mutants there a re other ways i n  which vi ruses 

can be genet ica l ly mod ified i n  order to a id thei r study. A sequence encod i ng a tag, 
such as green fl uorescent prote in,  can be appended to the gene for a vi rus protei n .  
When the gene is expressed the vi rus prote in  p lus the tag is synthes ized, enabl i ng 
the d istri bution of the prote in i n  i nfected ce l l s  to be monitored ( Figure 2. 19) .  

F i g u re 2 . 1 9  Cel l s  exp ress i n g  a hepatiti s C v i rus  prote i n  tagged w i th g reen 

fl uorescent protei n .  The distri bution of the fluorescence ind icates the d i stribution of 
the labeled v irus prote i n .  

Source : Rea ldon e t  a l .  ( 2004) Jou rna l  o f  Hepatology, 40, 77 .  Reproduced by 

permissi on of Elsevier .  



The expression of vi rus genes i n  infected cel ls  can be mon itored with the a id  of 
DNA m icroarrays (Sect ion 2 .7 .4 .a ) . M icroarray technology a l lows invest igators to 

monitor the expression of hundreds or thousands of genes, and i s  thus idea l for 
stud ies of vi ruses with large genomes such as the herpesvi ruses and the la rge DNA 

phages . Vi rus mRNAs are detected by copyi ng RNA from i nfected cel l s  to DNA using 
a reverse tra nscr i ptase,  a m p l i fy i ng  th e D N A  w ith a PCR,  l abe l i n g  i t  w ith a 
fl uorophore, and add i ng it to a m icroarray . The probes that b ind DNA from the 
sample a re detected by scann ing w i th a laser at a wave length that excites the 

fl uorophore . 

DNA mi croa rrays can a lso be used to i nvestigate the expression of host cel l genes 

that a re re levant to vi ruses . Cel l  surface molecules used by vi ruses as receptors 
have been identified usi ng microarrays. 

2 . 1 0  I NVESTIGATION OF 

PROTEI N sD" PROTEI N I NTERACTIONS 
Duri ng the rep l i cation of a vi rus there are mu lti ple interactions between d ifferent 

vi rus protei ns and between vi rus proteins and ce l l  protei ns .  Several techn iques are 
ava i lab le  to hel p unravel these i nteractions by determ i n i ng whether two protei ns 
bi nd .  One techn ique commonly used in v irology is the yeast two-hybri d system,  

where the two prote ins of  interest are fused to separate domains of  a transcri ption 
factor. If the two protei ns bi nd, tra nscri pti on factor activity is restored, i n itiati ng 



tra nscri ption of a reporter gene.  Pu l l -down assays are a lso used to i nvestigate 
whether two proteins interact. 

LEARN I N G  OUTCOM ES 
After review of th is  chapter you should be ab le to : 

• outl ine methods for: 

• cu ltivat ion of vi ruses; 

• pu rification of vi ruses; 

• detection of vi ruses and their components; 

• assay of vi rus i nfectivity; 

• i nvestigation of vi rus gene function; 

• assess the value of vi rus genome sequencing .  
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3 . 1  INTRODUCTION TO VIRUS STRUCTURE 
Outside their host cells, viruses survive as virus particles, also known as virions. 

The virion is a gene delivery system; it contains the virus genome, and its functions 
are to protect the genome and to aid its entry into a host cell, where it can be 

replicated and packaged into new virions. The genome is packaged in a protein 
structure known as a capsid. 

Many viruses also have a l ipid component, generally present at the surface of the 
virion, forming an envelope which also contains proteins that play a role in aiding 

entry into host cells. A few viruses form protective protein occlusion bodies around 

their  v i r ions .  Before look ing at these virus structures we shal l  cons ider 

characteristics of the nucleic acid and protein molecules that are the main 
components of virions. 



3 . 2  VI RUS G E NOM ES 
A vi rion conta ins the genome of a vi rus i n  the form of one or more molecu les of 

nucle ic acid . For any one v i rus the genome is composed of either RNA or DNA. If a 
new vi rus is isolated, one way to determ i ne whether it i s  an RNA vi rus or a DNA 
virus is to test its susceptib i l ity to a ri bonuclease and a deoxyri bonuclease. The 
vi rus nucle ic acid w i l l  be suscepti b le to degradation by only one of these enzymes. 

Each nucl eic acid molecu le is either s ing le-stranded (ss) or dou ble-stranded (ds), 
g ivi ng four categories of vi rus genome:  dsDNA, ssDNA, dsRNA, and ssRNA. The 

dsDNA v iruses encode their genes i n  the same ki nd of molecu le as an i mals, p lants, 
bacteria ,  and other cel lu lar organ isms, wh i le  the other three types of genome are 

un ique to vi1 ruses . It i nteresti ng to note that most funga l  vi ruses have dsRNA 
genomes, most p lant vi ruses have ssRNA genomes, and most prokaryotic vi ruses 

have dsDNA genomes .  The reasons for these d istri butions presumab ly concern 
d iverse orig ins of the vi ruses in these very d ifferent host types. 

A further categorization of a vi rus nucleic acid can be made on the basi s of whether 
the molecu le is l i near, with free Ss"'F.>I and 3sol ends, or ci rcu lar, as a resu lt of the 

stra nd (s) bei ng covalently cl osed . Examples of each category are g iven in Figure 
3 . 1 .  In  this fig ure, and i ndeed throughout the book, molecu les of DNA and RNA are 
color coded . 

Figure 3 . 1  Li near and ci rcu lar vi ra l  genomes .  

ss : s ing le-stranded 

ds : double-stranded 

Dark b l ue and l ight blue depict ( +) RNA and ( s€') RNA respective ly; these terms 
are expla i ned i n  Section 6 .2 .  

There are no  vi ruses known with c i rcu lar dsRNA genomes. 
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I t  should be  noted that some l i near molecu les may be  i n  a c i rcu lar  conformation as  

a resu lt  of  base pa i ri ng  between com plementa ry sequences at  the i r  ends  (see 
Figure 3 .  7) .  Th is  app l ies, for example, to the DNA in hepadnavi rus v irions and to 
the RNA i n  i nfl uenza v irions. 

Figure 3 . 7  Terminal repeats in virus genomes. 

1 DTR : di rect term inal  repeat. 

ITR : i nverted term i nal repeat. 

X and x represent complementary sequences . 

Y and y represent complementary sequences . 

ssRNA ( + )  has the same sequence as the vi rus mRNA. 

ssRNA ( slJ") has the sequence complementary to the virus m RNA. 

The RNAs of ssRNA vi ruses with ITRs ca n ci rcu la ri ze ;  a slJt-bpan hand lesni< is 
formed by base pa i ri ng between the complementary sequences at the term in i . 
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3 . 2 . l Genome s ize 

Vi rus genomes span  a large range of si zes . The smal lest vi rus known is  tobacco 
necrosis satel l i te vi rus, with a ssRNA genome of 1 239 bases, whi le  at the other end 
of the scale there are vi ruses with dsDNA genomes of over 1 000 ki lobase pa i rs 
( kbp ) .  The largest v i rus genomes, such as that of the m i miv irus, are larger than the 

smal lest genomes of cel l u lar  organisms, such as some mycopl asmas ( Figure 3 . 2) .  

F ig ure 3 . 2  Genome s izes of some DNA v iruses and cel ls .  Not to scale .  
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The maxi mum s ize of a vi rus genome is subject to constra ints, which vary with the 

genome category. As the constrai nts are less severe for dsDNA a l l  of the large vi rus 

genomes are composed of dsDNA. The genomes of some dsDNA vi ruses have been 
found to encode smal l RNAs (transfer RNAs and micro-RNAs), as we l l  as proteins.  

The largest RNA genomes known are those of some coronavi ruses, which are 33  kb 

of ssRNA. 

Vi ruses with sma l l  genomes have evolved econom ical ways of using thei r  l i m ited 
cod i ng capac i ties. Some vi ruses, such as hepati t is B vi rus (Sect ion 19 . 6), use every 

nucleotide for prote i n  cod i ng and encode proteins i n  overlapping read ing frames. 

Another way that sma l l  vi ruses have c ircumvented the l im itation of a sma l l  genome 

is by evolvi ng prote ins that can perform two or more functions (Section 3 . 3 ) .  

3 . 2 . 2  Seconda ry and tertia ry structu re 
As wel l  as encod i ng the vi rus protei ns, and i n  some cases RNAs, to be synthesized 
i n  the i nfected cel l ,  the v i rus genome carries add itiona l i nformation, such as s igna ls  
for the contro l of  gene express ion . Some of th is i nformation is  contai ned withi n the 
n u c leoti de  seq uences, w h i l e fo r the s i n g l e-stra nded g e n o m es so m e  of it is 

conta i ned with i n  structures formed by i ntramolecu lar base pai ring . 



I n  ssDNA, complementary sequences may base pa i r  th rougih Gsl/'C and Asl/T 

hydrogen bonding;  in  ssRNA weaker Gsl/'U bonds may form i n  addit ion to Gso"C 

and Asn"U base pa i ri ng . Intramolecu lar  base pa i r ing results i n  reg ions of secondary 

stru ctu re w ith ste m - l o o p s  a n d  bu l g e s  ( F i g u re 3 . 3 ( a ) ) .  I n  som e ss- R N As ,  
i ntra m o lecu l a r  base p a i ri ng resu lts i n  structu res known as pseu doknots, the 
sim p lest form of wh ich is dep i cted i n  F ig u re 3 . 3 ( b ) .  Som e  pseudoknots have 
enzyme activity, whi le others play a ro le i n  ri bosomal fra mesh ifti ng (Section 6 .4 .2) . 

F ig ure 3 . 3  Secondary structu res resu lt i ng from i ntra molecu la r  base-pa i ri ng i n  
s ingle-stranded nucleic acids .  (a )  Stem- loops and bulges i n  ssRNA and ssDNA. (b)  

Formation of  a pseudoknot in  ssRNA. A pseudoknot is formed when a sequence i n  a 
loop (Ll ) at the end of a stem (51 )  base-pa i rs with a comp lementary sequence 

outs ide the loop .  Th is forms a second l oop ( L2)  and a second stem (S2) .  
� ( �  
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Reg ions of secondary structu re i n  s ing l e-stranded n uc le ic  ac ids a re fo lded i nto 
tertiary structures with specific shapes, many of which are important i n  molecu lar 
i nteractions during virus rep l i cation . For an  example see F igure 14 . 5, wh ich depicts 

the Ssnl end of pol iovi rus RNA, where there is an i nterna l  ri bosome entry site to 
wh ich ce l l  p rote i ns bi nd to i n it iate trans lation . Another exa m ple can be seen i n  
Figure 18 .3,  wh ich depicts the 5slJI end of HIV- 1 RNA, where there are a number 

of reg ions with specific functions. 

3 . 2 . 3  Mod ifications at the ends of virus genomes 
It is  i nteresti ng to note that the genomes of some DNA vi ruses and many RNA 

viruses a re mod ified at one or both ends ( F igures 3 .4 and 3 . 5 ) .  Some genomes 
have a covalently l i nked protei n at the Ssol end . In  at least some vi ruses this i s  a 

vestige of a primer that was used for i n itiation of genome synthesis (Section 7 . 3 . 1 ) .  

F ig ure 3 .4 DNA vi rus genomes with one or both ends modified . The Ssnl end of 

some DNAs is  coval ently l i nked to a prote in .  One of the hepatiti s  B v i rus DNA 

strands (the ( + )  strand) is l i nked to a short sequence of RNA with a methylated 
nucleotide cap .  
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Some genome RNAs have one or both of the mod ifications that occur in  eukaryotic 

messenger RNAs (mRNAs) : a methylated nucleotide cap at the SslJI end (Section 
6 . 3 .4) and a sequence of adenosine residues (a po lyadenyl ate tai l ;  poly(A) ta i l )  at 

the 3s1>1 end (Section 6 . 3 . 5 ) .  

The genomes of m any ssRNA vi ruses, i nc lud i ng most of those i n  F i gure 3 . 5 , 
function as mRNAs after they have i nfected host cel ls .  It is worth noting that very 
few of these RNAs have both a cap and a poly(A) ta i l ,  and some have neither. 

The genomes of some ssRNA p lant vi ruses a re base pa i red and folded near  the i r  

3snl ends to form structu res si m i l ar  to transfer RNA . These structu res conta i n  

sequences that promote the in it iation of RNA synthesi s. 

3 . 2 . 4  Protei ns non-cova lently associated with v i rus 

genomes 
M a n y  n u c l e i c  a c i d s  p a cka g ed i n  v i r i o n s  h a ve  p ro te i n s  b o u n d  to th e m  
non-cova lently . These prote ins have reg ions that are r ich i n  the bas ic am ino acids 
lys i ne, a rg i n i ne, and h isti d ine, wh ich a re negatively charged and ab le to b i nd 

strongly to the posit ively charged nucleic ac ids.  

Pap i l l omavi ruses and polyomaviruses, which are DNA v i ruses, have ce l l  h i stones 
bound to the vi rus genome. Most protei ns associated with vi rus genomes, however, 
are virus coded, such as the HIV- 1 nucleocapsid p rote in  that coats the vi rus RNA; 
29°/o of its a m ino acid res idues are basic. As wel l  as the ir  basic nature, nuc le ic  

acid-b i nding protei ns may have other characteristics, such as z i nc fingers ( Figure 
3 . 6); the HIV- 1 nucl eoca ps id  protei n  has two z i nc fi ngers .  

Figure 3 .6  A z inc fi nger in  a protei n molecule .  A z inc  fi nger has recurri ng cystei ne 
a nd/or h istid i n e  res idues at reg u la r  i nterva ls .  In th is  exam p le there a re two 

cystei nes and two h istid ines .  



In some vi ruses, such as tobacco mosa ic  vi rus (Section 3 .4 . 1 ) , the protei n coati ng 
the genome constitutes the capsid of the vi rion. 

3 . 2 . 5  Segmented genomes 
Most vi rus genomes consist of a si ng le molecu le of nucleic acid, but the genes of 

some vi ruses are encoded i n  two or more nuc le ic acid molecules. These segmented 
genomes a re m uch m ore com mo n a m ongst R N A  v i ruses than  D NA v i ruses .  

Examp les of ssRNA vi ruses with segmented genomes are the i nfl uenza vi ruses 
(Chapter 16), wh ich package the segments in one virion, and brome mosaic virus, 

wh ich packages the segments i n  separate vi rions .  Most dsRNA vi ruses, such as 
members of the fami ly Reovi r idae (Chapter 1 3 ), have segmented genomes .  

The possession of a segmented genome provides a vi rus with the possib i l i ty of new 
gene  com b i na tions, and  hence a potentia l  fo r m ore rap id  evo l ut ion (Secti on  

20. 3 . 3 . c ) .  There are, however, prices to be  pa id for th is advantage. Vi ruses with 
the genome seg ments packaged i n  one vi r ion need an effic ient mechan ism to 

ensure th at each vi rion  packages a fu l l  set of seg ments . For vi ruses with the 
segments packaged i n  separate vi rions at least one of each vi r ion category must 

enter a cel l i n  order to i n iti ate an i nfection .  

3 . 2 . 6  Repeat seq uences 
The geno m es of m a ny v i ruses conta i n  seq uences that  a re re peated . These 
sequences i nc l ude promoters, enhancers, orig ins of rep l ication, and other elements 

that are invo lved i n  the contro l of events i n  virus rep l i cation .  Many l i near  v i rus 
genomes have repeat sequences at the ends (term in i ), in which case the sequences 

a re know n as te rm i na l  repeats ( F i g u re 3 . 7 ) .  If the repeats a re i n  the sam e  
orientation they are known a s  d i rect term i na l  repeats ( DTRs), whereas i f  they are in 

the opposite orientation they are known as i nverted term i na l  repeats (ITRs) .  Stri ctly 
speak ing ,  the sequences referred to as Bnt-bITRssnK: i n  s i ng lle-stra nded nucleic 

ac ids  a re not repeats u n l ess the m o lecu le  beco mes double  stra nded d u ri ng 

rep l i cat ion . These Bn t-b lTRss"f>K: a re,  i n  fact, repeats of  the co m p lem e nta ry 

sequences ( see ssDNA and ssRNA ( slJ") i n  F igure 3 . 7) .  

3 . 3  VI RUS P ROTEI N S  
The vi rion of tobacco mosa ic vi rus conta i ns on ly one prote in  spec ies and the vi r ions 
of parvoviruses conta i n  two to four protei n species. These a re vi ruses with sma l l  
genomes. As the size of  the genome i ncreases, so  the number of protei n species 
tends to i ncrease; 50 protein species have been reported in the vi r ion of herpes 
s implex vi rus 1,  and over 140 i n  the vi rion of the a lgal vi rus Paramec ium bursa ria 

Ch lorel la vi rus 1 .  

Protei ns that are components of vir ions are known as structural protei ns . They have 

to carry out a wide range of functions, i ncl ud ing : 

• protection of the vi rus genome; 



• attachment of the virion to a host cell (for many viruses); 

• fusion of the virion envelope to a cell membrane (for enveloped viruses). 

Virus proteins may have additional roles, some of which may be carried out by 

structural proteins, and some by non-structural proteins (proteins which are 

synthesized by the virus in an infected cell but which are not virion components). 

These additional roles include: 

• enzymes, e.g. protease, reverse transcriptase; 

• transcription factors; 

• primers for nucleic acid replication; 

• formation of ion channels in viral and cell membranes; 

• interference with the immune response of the host. 

NOMENCLATURE OF VIRUS PROTEINS 

There is no standard system of nomenclature for virus proteins, with different 

systems having evolved for different g roups of viruses. For quite a number of 

viruses the following system has been adopted, the proteins being numbered in 

decreasing order of size: 

• structural proteins: VP1, VP2, VP3 . . .  (VP = virus protein) 

• non-structural proteins: NSP1, NSP2, NSP3 . . .  

Many viirus proteins are known by an abbreviation of one or two letters, which may 

indicate: 

• a structural characteristic: G (glycoprotein) 

P (phosphoprotein) 

• or a function: F (fusion) 

P (polymerase) 

RT (reverse transcriptase). 

In a virion the genome is enclosed in a protein coat, known as a capsid. For some 
viruses the genome and the capsid constitute the virion, while for other viruses 

there are additional components. There may be an envelope at the surface of the 

virion, in which case there may be protein between the envelope and the capsid; 

alternatively there may be an internal lipid membrane. A few viruses produce 
protein occlusion bodies in which virions become embedded. We shall consider 
each of these components in turn. 

3 .4 CAPSIDS 
Virus genomes removed from their capsids are more susceptible to inactivation, so 

a major function of the capsid is undoubtedly the protection of the genome. A 

second function of many capsids is to recognize and attach to a host cell in which 
the virus can be replicated. A third function may be to ensure that the virus 

genome is transported to the location within the cell where the genome can be 

transcribed and replicated. Although the capsid must be stable enough to survive in 



the extracellular environment, it must also be able to alter its conformation so that, 
at the appropriate location in the host cell, it can release its genome. 

For many viruses the capsid and the genome that it encloses constitute the virion. 

For other viruses a lipid envelope (Section 3 .5 .1 ), and sometimes another layer of 
protein, surrounds this structure, which is referred to as a nucleocapsid. 

Capsids are constructed from many molecules of one or a few species of protein. 
The individual protein molecules are asymmetrical, but they are organized to form 

symmetrical structures. Some examples of symmetrical structures are shown in 

Figure 3.8. A symmetrical object, including a capsid, has the same appearance 

when it is rotated through one or more angles, or when it is seen as a mirror 

image. For the vast majority of viruses the capsid symmetry is either helical or 

icosahedral. 

Figure 3.8 Symmetrical structures. All these types of symmetry are seen amongst 
viruses. The most common are helical and icosahedral symmetries. 
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3.4. 1 Capsids with helical symmetry 
The capsids of many ssRNA viruses have helical symmetry; the RNA is coiled in the 

form of a helix and many copies of the same protein species are arranged around 

the coil (Figure 3.9(a), (b)). While the RNA is within the coil for many viruses, there 

is evidence that the RNA of some viruses is on the surface of the coil. The coiled 

ribonucleoprotein forms an elongated structure, which may be a rigid rod if strong 

bonds are present between the protein molecules in successive turns of the helix, 
or a flexible rod (Figure 3.9(c)) if these bonds are weak. The length of the capsid is 

determined by the length of the nucleic acid. 

Figure 3 .9 Helical symmetry. (a) Structure of a capsid with helical symmetry. The 

ssRNA coil is coated with repeated copies of a protein. (b) Part of measles virus 
nucleocapsid. The complete nucleocapsid is folded and enclosed with in  an 

envelope. (c) Beet yellows virus particle. The virion is a long flexible rod, at one end 
of which there is a Bof-btail soi< (arrow) composed of a m inor capsid protein,  

detected here by specific antibodies labeled with gold. 



Sources : (b )  Reconstructed image from cryo-electron m icroscopy, cou rtesy of Dr 
David Shel la ( M RC Viro logy Unit, G l asgow) .  Reinterpretat ion of data in  Shel la et a l .  
( 2004) Journa l of Mo lecu lar Biology, 340, 3 19 (by perm iss ion of E lsevier L imited } .  

( c) Courtesy of  Professor Va ler ian Dolja, orig i nal ly pub l i shed i n  Alzhanova et  a l .  
( 200 1 )  The E M BO Jou rn a l , 20 ,  699 7 .  Reprod uced by perm i ss ion of N a tu re 

Publ i sh i ng Group .  
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For many ssRNA viruses, such as measles and i nfl uenza viruses, the hel ica l  nucleic 
acid coated with prote in forms a nuc leocapsid, which is i ns ide an  envelope (see 

F i g u re 1 6 . 1 ) .  The n uc leocaps id may be co i led or fo ld ed to fo rm a co m pact 
structure .  

The vi r ions of some p lant vi ruses that have hel ica l  symmetry (e .g .  tobacco mosa ic 

vi rus )  are hol low tubes; th is  al lows the entry of negative sta in ,  maki ng the center of 
the v ir ion appear dark i n  electron micrographs. The rod-shaped tobacco rattle vi rus 
has a segmented genome with two RNAs of d i fferent si zes packag.ed in separate 

virions, resulti ng i n  two lengths of v i rion . Hel ica l  symmetry is observed i n  some 
bacteriophages;  these vi ruses have fi l a mentous vi rions w ith genomes of either 

dsDNA or ssDNA (Section 20 .4 . 2) .  

3 .4 .2  Capsids with icosahedra l  symmetry 
Before proceed ing further, a defi n it ion of the term Bnl-bicosahedronsni< is requ i red . 

An icosahed ron is an object with : 

• 20 faces, each an equ i l atera l triang le ;  

• 12 vertices, each formed where the vertices of five triang les meet; 
• 30 edges, at each of wh ich the s ides of two triangles meet . 

An icosahedron has five-, th ree-, and two-fold axes of rotational symmetry ( Figure 
3 . 10) . 

F igure 3 . 10 The th ree axes of symmetry of an icosahedron . 
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Capsids with icosahedral  symmetry consist of a she l l  bu i lt from protein molecules 
that appear to have been arranged on scaffo ld i ng i n  the form of an  icosahedron . 

They have less contact with the vi rus genome than the capsid prote ins of vi ruses 

with hel ical symmetry . 

To construct an icosahed ron from identica l prote i n molecu les the m i nimum number 

of mo lecu les req u i red is th ree per tri angu la r  face, g i vi ng a tota l of 60 fo r the 
icosahed ron ( F i g u re 3 . l l ( a ) ) .  The ca ps id of sate l l i te tobacco mosa i c  v i rus is 
constructed in this way ( Figure 3 . 1 1 (b ) ) .  

F igure 3 . 1 1  Capsid constructed from sixty protein molecu les .  (a)  Arrangement of 

prote in molecules, with three per triangu la r  face . ( b) V i rions of sate l l ite tobacco 
mosa ic vi rus. The bar represents 5 n m .  Image created with the molecu lar g raphics 

program UCSF Ch imera from the Resource for Biocomputi ng,  Vi sua l i zation,  and 

Informatics, at the Un ivers ity of Ca l i fornia, San Francisco . 

Source : Courtesy of Tom Goddard. . 
( a )  

In capsids composed of more than 60  protei n molecules i t  i s  i mpossi b le for a l l  the 

molecu les to be arranged complete ly sym metrica l ly with equiva lent bonds to al l 

the i r  nei ghbors .  I n  1 962 Donald Caspar and  Aaron K lug proposed a theory of 
q uasi -eq uivalence, where the molecu les do not i nteract equ iva lently  w ith one 
another, but nea rly eq u iva lent ly .  H ence, the ca psid of a v i rus bu i l t  from 180 

identical p rotei n mo lecu les, such as turn i p  cri nkle  v i rus, conta i ns th ree types of 
bond ing between the molecu les ( F igure 3 . 12 ) .  



Figure 3 . 12  Tu rn ip  crinkle vi rus capsid .  The capsid is bu i lt from 180 copies of the 
coat prote i n  i n  th ree quas i -eq u iva lent confo rm ations;  some prote i n  mo lecu les 

(green )  are around the fivefold symmetry axes, whi le the remainder (p i nk  and blue) 

are around the threefold symmetry axes . An icosahed ron is superimposed . 

So u rce : Bakker  et a l .  ( 2 0 1 2 )  Jou rna l  of M o lec u l a r  B io logy ,  4 1 7 ,  6 5 sl.>"78 . 

Reproduced by perm iss ion of the authors and Elsevier Li mited . 

The cowpea mosa ic vi rus capsid i s  com posed of two prote in  species ( Figure 3 . 13 ) :  
one i s  present as snHJpentamerssni< a t  the vertices of the icosahed ron ( 1 2  r - 5 = 

60 copies) a nd the other  i s  p resent as  sT:>HJhexa m erssT:>i<  on  the faces . Each 

snHJhexamersnK is composed of three copies of a protei n with two domai ns. The 

arrangement is si mi lar to that of the panels on the surface of the footba l l  i n  Fig ure 
3 . 13 .  

F igure 3 . 1 3 Caps id constructed from two protein species. The cowpea mosaic vi rus 
ca p s i d  i s  co n st ru cted  fro m o n e  p ro te i n  s p e c i e s  ( b l u e )  th a t  fo rm s 1 2  

sT:>l-bpentamers, sT:>i< and from a second protein species with two domai ns (g reen 
and red) that forms 20 Bnl-bhexamers. sni< The footba l l  is s im i l a rly constructed from 

1 2  Bnt-bpentamerss"f>K and 20 Bn!--bhexamers. sni< The cowpea mosaic vi rus i mage 
i s  from the VIPER database (Shepherd et a l . ,  2006) .  

Source : The image was reconstructed usi ng the data of  Li n et a l .  ( 1999) Viro logy, 
265, 20 . Reproduced by perm iss ion of E lsevi er Li m ited . 



The huge range in the sizes of vi rus genomes (Section 3 . 2 . 1 )  is  m i rrored by a huge 
range i n  the si zes of icosahedra l  caps ids .  The sate l l ite tobacco mosa ic vi rus capsid 

is about 17 nm in d i ameter, and the d ia meter of the Para meci um bursaria Chlorel la 
v i rus 1 ca ps id  is a bout ten ti m es g reate r  tha n  th is ( F i g u re 3 . 14 ) ,  wh i l e  the 

m im ivi rus capsid is about 500 nm in  d ia meter. Increas ing  s ize of the capsid i s  
usua l ly  acco m pan ied by an  i ncrease i n  the n u m ber of the co mponent prote i n  
species .  

F ig ure 3 . 14 Capsids with icosahedra l  symmetry . Some of the wide ranges of capsid 
architectures and sizes are i l l ustrated . The i mages were created with the molecu lar 

g raph ics prog ra m UCSF Chi mera us ing data from cryo-electron m i croscopy and  

X-ray d iffraction . 

Source : Goddard et al . ( 2005) Structure, 1 3, 473 . Reproduced by perm ission of 
E lsevier  Li m ited . 
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3 .4 . 2 . a  Capsid shapes 
It is c lear  from the i m ages in F i g u re 3 . 14 that caps id  surfaces va ry in thei r 

topog raphy; there may be canyons, hol l ows, ri dges, and/or spi kes present. It is 
a lso clear that some capsids actua l ly have the shape of an  icosahedron,  such as 

that of Pa ra m ec i u m  bursa ria Ch l ore l la v i rus 1, wh ich i s  1 65 nm across when  
measured a long the two- and  threefold axes and  190  nm across when measu red 

a long the fivefo ld axes . Capsids that have an icosahedra l  shape have an angu lar  
outl i ne in  electron micrographs ( Figure 3 . 15 ) .  

F ig u re 3 . 1 5 Transm issi on  electron m i crograph of  negatively sta i ned v irions of 
i nvertebrate i ridescent vi rus 1 .  



An icosahedra l  shape is not an inevitab le outcome of icosahedral symmetry; the 
footbal l  i n  Figu re 3 . 13 is constructed i n  the form of icosahed ra l  symmetry, but the 

structu re is spherica l .  M a ny sma l l  v i ruses that have caps ids  w ith  icosahed ra l  
symmetry appear to be  spherica l ,  o r  a l most spherical, and thei r vi rions are often 
described as isometric, such as those of densovi ruses and foot and mouth d isease 

vi rus ( Fig ure 3 . 14 ) .  

So m e  ca ps i d s w ith i cosa h ,e d ra l  sy m m etry a re e l ong ated . The  c a p s i d s  o f  

gemin ivi ruses (p lant vi ruses) are formed from two i ncomplete icosahed ra .  Another 
p lant v i rus, a lfa lfa mosa ic v irus, has four  s izes of v i ri on ; a l l  are 19 nm diameter, but 

th ree a re e longated as a resu l t of i n sertions  of a prote i n  latti ce between a 
half- i cosahedra l structu re at each end of the capsid . 

3 .4 . 2 . b  Ca psomeres 
The capsids of some vi ruses, such as pap i l lomavi ruses ( Figure 3 . 16) ,  are c learly 
constructed from d iscrete structu res. These structu res are ca l led capsomeres and 
each is bu i l t  from severa l identica l prote in  molecu les. 

F igure 3 . 16 Papi l lomavi rus capsi d reconstruction . 

Source : Trus et a l .  ( 1997) Nature Structura l  Bio logy, 4, 4 13, with the perm ission of 
the authors and Nature Publ ish ing Group .  



The capsids of papil lomaviruses are constructed from 72 capsomeres, which are all 

identical, but the capsids of some viruses are constructed from two types of 

capsomere: pentons, found at the vertices of the icosahedron, and hexons, which 
make up the remainder of the capsid. In these viruses there are always 12 pentons 

(one at each vertex), but the number of hexons varies; for example, the capsids of 
herpesviruses and adenoviruses contain 150 and 240 hexons, respectively" 

3.4.2 .c Structures at capsid vertices 
Some icosahedral viruses have a structure such as a knob, projection, or  fiber at 

each of the 12 vertices of the capsid. For example, the virions of some phages (e.g. 
G4; Figure 3. 14) have projections, while the adenovirus virion has a fiber, with a 

knob attached, at each of the 12 pentons (Figure 3.17) .  These structures at the 
capsid vertices are composed of distinct proteins that are involved in attachment of 

the virion to its host cell and in  del ivery of the virus genome into the cell. 

Figure 3.17 Adenovirus virion. At each of the 12 vertices of the virion there is a 

penton, and attached to each penton there is a protein fiber with a knob at the 
end. The rest of the capsid is constructed from hexons. See Figure 12.1  for an 

electron micrograph of an adenovirus. 



3 .4 . 2 . d  Ta i led bacteriophages 
The majority of the known phages are constructed in  the form of a tai l  attached to 

a head ,  wh i ch  conta i n s  the v i rus  genome .  A l l  of these p ha ges have dsDNA 

genomes . The head has icosahedra l symmetry and may be  isometric, a s  in  phage 
lambda (O>> ) ,  or e longated , as in phage T4 . The ta i l  is  attached to one of the 
vertices of the head and may be long, as in phage O», or short, as in  phage T7. . 

Attached to the ta i l  there may be spec ia l ized structures such as fi bers and/or a 

basep late . 

The ta i l  i s  attached to the head via a structure composed of one or more d isti nct 

prote i ns; th is structure i s  known as a Bnl-bporta lsnK: or a Bnl-bconnector .sl>K: It 

conta i ns a powerfu l motor that moves the vi rus DNA into the im matu re head du ring 

vi rus assembly. The connector, head , and tai l  are each sym metrica l!, but i n  d ifferent 
ways : 

• the connector has 12-fo ld rotational symmetry; 

• the icosahedron vertex attached to one end of the connector has fivefold 

rotationa l  symmetry (Section 3 .4 .2 ) ;  

• the ta i l  attached to the other end  of  the connector has sixfold rotati ona l  

symmetry . 

The capsid of herpesvi ruses also has a porta l with ro les si m i l ar to those of the ta i led 

phage porta ls/connectors. 

Some of the ta i led phages have been objects of i ntensive study and a lot of the 
deta i l  of thei r structures has been uncovered . One such phage is T7 ( Figure 3 . 18 ) .  

F igure 3 . 18 Structure of phage T7 .  Each of  the components i s  composed of one or  
more d i st inct proteins .  

Inside the head of phage T7 is a cyl indrica l  structure (the i nternal core) arou nd 
which the DNA is  wound . The core i s  attached to a connector at one of the vertices 
of the head and the tai l  is attached to the other end of the connector. The ta i l  is  

very short and tapers from the connector to the ti p; attached to the ta i l  a re s ix tai l  

fi bers .  Further deta i l s  about the structure o f  ta i led phages a re g iven in  Secti on 
20 . 5 . 



3 .4 . 3 Con ica l and rod-sha ped capsids 
HIV- 1 and bacu loviruses have capsids that a re con ical and rod shaped, respectively 
( Figure 3 . 19 ) .  Ins ide each capsid is a copy of the vi rus genome coated in a h igh ly 

basic prote in .  Both of these vi ruses have enveloped virions (Sect ion 3 . 5 . 1 ) . 

Fi gure 3 . 19 Vi rions conta i n i ng conical and rod-shaped capsids .  

Sou rces : HIV- 1 vi r ions from Wei and Y in (20 10) Jou rnal  of Structura l B io logy, 172, 
2 1 1 .  Reproduced by perm iss ion of El sevier and the authors .  Bacu lovi rus vi ri ons are 
those of Ag la is urticae nucleopolyhed rovi rus. From Harrap ( 1972) Vi rology, 50, 124. 

Reproduced by perm iss ion of El sevier Li m i ted . 
Ba ul viru 

3 . 5  VI RION M EM B RAN ES 
Many vi ruses have a l i p id  membrane com ponent. In most of these vi ruses the 

membrane is at the vi rion su rface and is associated with one or more species of 
vi rus protein .  Th is  l ip idsl:>"prote in  structure is known as an enve lope and it encloses 

the nuc leocapsid ( nucleic acid p lus capsi d ) .  The vi rions of most enveloped vi ruses, 
such as herpesvi ruses, are spherical or roughly spherica l ,  but other sha pes exist 

( Figure 3 . 20) .  Some vi ruses have a membrane located , not at the vi r ion su rface, 
but with in  the caps id .  

Fi gure 3 . 20 Li p id-contai n i ng vi ruses. 
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3 .  5 . 1  Enveloped vi r ions 
Many an imal  vi ruses are envel oped, i ncl ud ing a l l  those with hel ica l  symmetry, e .g .  
i nfl uenza vi ruses, and a s ignificant number of those with i cosahedra l sym metry, 

e.g . herpesviruses. Enveloped vi rions are much less common amongst the viruses 

that i nfect plants (e . g .  potato yel low dwarf vi rus) and they a re extremely ra re 
amongst the viruses that i nfect prokaryotes (e .g .  Pseudomonas phage n t6) .  
Associated with the membranes of an enveloped virus are one or more species of 
prote i n .  Most of these prote ins are i ntegra l  membrane prote i ns and most are 0-
a n d/or N -g lycosy lated (Section  6 .4 . 3 . a ) .  M a ny of the g lycoprote i ns  in v i r ion  
envelopes a re present as  mu lti mers .. The envelope of  i nfl uenza A vi rus (Chapter 

16), for exa mple, contai ns two g lycoprotein species : a hemagg l uti ni n  present as 
trimers and a neuram in i dase present as tetramers . There is a l so a th i rd prote in 
species ( M2) that is not g lycosylated . 

Some envelope protei ns span the membrane only once, but some, such as those of 

hepati t i s  B v i ru s  (Secti o n  1 9 . 3 .4 ) ,  spa n the m e m b ra n e  severa l  t i m es .  The 
polypept ide chai n i s  h igh ly hyd rophobic at each membrane anchor. 

Some su rface g lycoproteins of envel oped vi ruses perform the function of fusing the 

vi ri on membrane to a cel l membrane during the i nfection process (Section 5 .2 .4 .b ) .  



These fusion prote ins  have an addit ional hydrophobic reg ion that plays a major role 
in the fusion process. 

Many envel oped vi ruses, i ncl udi ng i nfl uenza viruses and retrovi ruses, have a layer 
of protei n between the envelope and the nucleocapsid .  This protei n i s  often ca l led a 
matri x protei n .  In some vi ruses, however, such as ye l low fever vi rus, there is no 

such layer and the nucleocapsid i nteracts d i rectly with the i nterna l  ta i l s  of the 
i ntegra l membrane protei n molecu les ( F igure 8 .3 ) .  

3 . 5 . 2  Vi r ions with interna l membranes 
There are several vi ruses that have a l i p id membrane with i n  the vi rion rather than 
at the surface ( F igure 3 .20) .  These membranes have prote ins associ ated with them 

and a re present i n  the virions of Pa rameciu m  bursaria Chlorel la  v i rus 1 ( F ig ure 
3 . 14) and the i ridovi ruses ( Figure 3 . 1 5 ) .  

3 . 5 . 3  Membrane l i p ids 
Most v i r ion  m e m branes a re derived from host ce l l  mem branes that u n dergo 
mod ification before i ncorporation i nto vi rions.  For example, the H IV- 1 envelope is 
derived from the p lasma membrane of the host cel l ,  but the envelope conta i ns 

m o re c h o l e s te ro l  a n d s p h i n g o m ye l i n ,  a n d l ess  p h o s p h a t i d y l c h o l i n e  a n d  
phosphatidyl i nosito l ,  than the plasma membrane.  

Some viruses are ab le to rep l icate in  more than one kind of host cel l ;  for example, 
a l phavi ruses rep l i cate i n  both mam ma l ian  ce l l s  and i nsect cell ls .  When progeny 

vi rions a re released from cells the l i pid composition  of the envelope may reflect that 
of the cel l .  Virions of the a lphavi rus Seml iki Forest vi rus produced in ha mster k idney 

cel ls conta i n  about five times more cholestero l than v irions p roduced i n  mosqu ito 
cel ls .  

3 . 6  OCCLUSION BODI ES 
Some vi ruses provide added protection to the virions wh i l st outside thei r hosts by 

occl ud i ng them in  protein crystals .  These occl usion bod ies, as they a re known, are 

produced by many i nvertebrate vi ruses, i ncl ud ing most bacu lovi ruses . There are 
two major types of occl usion body i n  which bacu lovi ruses embed thei r rod-shaped 

vi rions ( F i gu re 3 . 1 9 ) :  the g ranu lovi ruses form sma l l  g ran u la r  occl us ion bod ies,  
g e n e ra l l y w i t h  a s i n g l e  v i r i o n i n  e a c h  ( F i g u re 3 . 2 1 ( a ) ) ,  w h i l e  th e 

nuc leopo lyhed rovi ruses form large  occ l us ion bod ies w ith many vi rions i n  each 
( Figure 3 . 2 l ( b  ) ,  ( c) ) .  

F i g ure 3 . 2 1  Bacu lov i rus  occ l us ion bod ies . ( a )  Transverse sect ion th roug h a n  
occl usion body of a granu lovi rus of the Ind ian mea l moth ( Plod ia  i nterpuncte l l a ) .  

The n uc leoca ps id su rro u nded by i ts m em bra n e  can be seen at the cen te r, 
surrounded by the crysta l l i ne protei n that forms the occl us ion  body .  The bar 

represents 0 . 1  Ojm . ( b ) ,  (c) N uc leopolyhed rovi rus of the leatherjacket (Ti pu la 
pa l udosa) .  ( b) Light micrograph of occ l usion bodies. (c)  E lectron microg raph of a 



th in  sect ion of an  occl usion body. The vi rions are random ly em bedded i n  the 

crysta l l i ne protei n .  

Sou rces : ( a )  Arnott and Sm ith ( 1967) Journal of U l trastructu re Research, 21 ,  251 .  
Reproduced by perm iss ion of El sevier Li m i ted . ( b), (c)  Cou rtesy of Dr Liz Boslem . 

(b) r!!llF#�-�' . 
(c) l'r.l!lllJO...,'!lll.!.=:. ��..w 

3 .  7 OTH E R  VI RION COM PON ENTS 
3 . 7 . 1 Vi rus RNA i n  DNA vi ruses 

Vi rus RNA is present in  the vir ions of a number of DNA vi ruses. The hepadnaviruses 

and the cau l i movi ruses have short RNA sequences cova lently attached to their  
DNAs. These RNAs were primers for DNA synthesis and remain attached to the 
genome in the mature vi rion . 

There i s  evidence that vi rus mRNAs are packaged i n  the vi r ions of herpesvi ruses, 

but the roles of these molecu les are not c lear. 

3 .  7 . 2.  Cel l  m1olecu les in  vi r ions 
The i ncorporation of cel l l i p ids i nto vi rions has  a lready been d i scussed .. Other cel l  
molecules that become incorporated i nto vi r ions i nc l ude the fo l l owi ng :  

• Transfer RNA molecules. These a re present i n  the vi rions of retrovi ruses . 

• P rote i n s .  W he n  a v i r i on  i s  a sse m b l ed , som e ce l l  p rote i n  m a y be 

i ncorporated . There are reports of H IV- 1 i ncorporating severa l cel l  proteins, 

i ncl ud ing  cyclophi l i n  A in  association with the capsid,  and hu man leukocyte 

antigens in  the envelope. 

• Polyamines. Sperm id i ne and other polya mines have been reported in a 

variety of vi ruses . 

• Cations. Na+ ,  K+, Zn2+,  and Mg2+ have been reported as components of 
vi rions.  

One l i kely role for polyam i nes and cations is the neutra l i zation of negative charges 

on the v i rus genome. 

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you should be ab le to : 

• describe the components of v ir ions; 

• i l l ustrate the variety of vi rus genomes; 

• outl i ne the functions of vi rus structura l and non-structu ra l prote ins ;  



Books 

• d efi n e  the  te rm s s"& t-b h e l i ca l sym m etry slJ K:  a n d  so t-b icosa h ed ra l  
symmetrysoi<; 

• describe the virions of a selection of naked and envel oped vi ruses. 
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CHAPTER 4 

Vi rus Tra nsm ission 
CHAPTER 4 AT A GLANCE 

P l  o t  viru · 

• in t. 
• mit � 

• n mat 

• fungi 

u man and a n i mal viru c 

4 . 1 I NTROD1UCTION TO VI RUS 

TRAN SMISSIO N 
A m i n i m u m  p ro po rti on  of the v i ri ons  p rod uced i n  i n fected h osts m ust be  
transmitted to new hosts i n  wh ich more vi rions can be manufactu red . If th is does 
not happen the vi rus wi l l  die out. The on ly other poss ib i l i ty for the surviva l of vi rus 

genes is for them to be ma inta ined in cel l s  as nucle ic acids, which are rep l icated 

and passed on to daughter ce l l s when the cel l s  d ivide. 

Vi ruses of bacteria and other microbia l  hosts are released from infected cel ls i nto 

the envi ronment of the host, where further suscepti ble ce l l s  are l i kely to be present. 

These vi ruses are dependent upon chance encounters with suscepti b le  cel ls, to 



which they may bi nd if receptors on the su rface of those cel ls  come i nto contact 

with vi rus attachment sites. 

Vi ruses of mu l ticel l u lar  an i mals and p lants m ust a lso fi nd new cel l s  to i nfect . An 

i nfection may spread to adjacent cel ls, or to cel l s  i n  a d istant pa rt of the host after 
transport i n  the b lood of an an ima l  or i n  the ph loem of a plant, but u lti mately a 

vi rus m ust fi nd new hosts to i nfect if  i t  i s  to survive.  

Some vi rus i nfections modify the behavior of the i r  hosts i n  order to i ncrease the 

probab i l ity of transm ission .  Mam mals  i nfected with rab ies v i rus often become 
agg ressive ;  th is change i n  behavior  i ncreases the l i ke l i hood of  the host b i ti ng  
another ind ividual and transm itti ng vi rus in  the sa l iva .  Some p lant-feed i ng insect 

l a rvae i nfected w ith bacu lovi ruses become more mob i l e i n  the late stages of 

i nfection,  thus a id ing vi rus d i spersa l .  If the vi rus- i nfected i nsect m igrates toward 
the top of a pl ant, then l ower leaves, where other larvae wi l l  feed , wi l  I become 

contaminated when the host d ies and putrefies. 

On the i r  jou rneys between hosts, vi ruses may have to survive adverse conditions in 

an envi ronment such as a i r, water, or soi l ;  the survival of v i rus i nfectivity outside 

the host is d iscussed in  Chapter 24 .. There are some vi ruses, however, that can be 
transmitted to new hosts without sT:>t-bseeing the l i ght of day,sT:>K i n  other words 

wi thout exposu re to the outs ide  envi ro n m ent .  These are vi ru ses that ca n be 

tra nsm itted d i rectly fro m host to host, for exa m p le d u r i ng  k i ss i n g  or sexua l  
i n tercou rse, and vi ruses that a re transm itted v ia vectors . A lso i nc l uded in  th is  
category are vi ruses that can be transmitted d i rectly from a parent to members of 

the next generation . Transm iss ion i n  these cases is said to be vertica l ;  otherwise it 
is described as horizontal . 

Vi ruses may be moved over long d i stances i n  a variety of ways . Rivers and winds 
can move vi ruses to new areas .. The foot and mouth d isease outbreak on the Is le of 
Wight, U K, i n  198 1 was i n i t iated by vi rus that had spread via the a i r  from Brittany, 
more than  250 km away. Vi ruses of b irds, fishes, humans, and other hosts are 
transported with in  thei r hosts to other parts of the p lanet as a result of m igration, 

trave l ,  and ani mal export, for example : 

• b i rd m i gration (avian i nfl uenza vi ruses) ;  

• human travel (SARS coronavirus) ;  

• ani mal export ( monkeypox vi rus) . 

Furthermore, vi ruses can be transported on i nan imate materia ls ;  for example, foot 
and mouth d isease vi rus on straw and farm vehic les . 

Once v i rions have entered a mu l ticel l u l a r  organism they may have further to trave l 
before su itab le host ce l l s are encountered . During th is fi na l  stage of thei r journey 
the vi rions wi l l  encounter hazards i n  the form of host defense mechan isms, which 
m ust be surv ived if the vi rions  a re to rema in  i nfective when they rea ch the i r 

desti nation .  



In theory, a single virion can initiate an infection, but in practice it is often found 

that a host must be inoculated with a minimum number of virions in order for that 

host to become infected. The reasons for this are probably many and varied, and 

may include some virions being defective and some being inactivated by the 
host slJ ™s immune systems. This minimum amount of virus required for infection of 

a host is known as the minimum infective dose. 

In this chapter we shall look at the ways that viruses of plants and animals are 

transmitted from host to host, but first we must look at some general aspects of 
virus transmission by vectors. 

4. 1 . 1  Transmission via vectors : general principles 
Many viruses of plants and animals are transmitted between hosts by organisms 
that feed on them; these organisms act as vectors. There are several concepts 

concerning vector transmission that are common to viruses of both plants and 

animals so, before discussing these host categories separately, it is useful to 

consider these concepts. 

M os t  v e cto rs o f  v i ruses  a re a rt h r o p o d s  ( in sects,  m i tes, tic ks ) ;  the 

arthropod-transm itted viruses of  vertebrates are sometimes referred to as 

arboviruses (arthropod-borne viruses). 

The principle of vector transmission is that the vector acquires a virus when it feeds 

on an infected host and subsequently transmits the virus to one or more new hosts. 
Some viruses are transmitted after virions have become attached to the mouthparts 

of their vectors during feeding. Transmission in this way may occur within seconds 

or m inutes of the vector acquiring the virus. Many vector-transmitted viruses, 

however, cross the gut wall of the vector and enter its circulatory system. The virus 

ultimately reaches the salivary glands and is secreted into the saliva, which may 
transport virus into new hosts when the vector feeds. This mode of transmission is 

said to be circulative, and transmission does not occur until hours or days after the 
vector has acquired the virus. 

Some circulative viruses replicate in one or more tissues and organs of their vectors 

(Figure 4 .1); thus there are many viruses that can replicate in both invertebrates 

and vertebrates, and a few viruses that can replicate in both invertebrates and 
plants. It is fascinating to contemplate the existence of viruses with such broad 

host ranges. Many (but not al l) of the invertebrates appear to suffer l ittle or no 

harm when they are infected, so it has been hypothesized that some modern 

Bnl-bvertebrate viruses slJK and Bnl-bplant viruses slJK are descended from viruses of 
invertebrates that later extended their host ranges to vertebrates or plants. 

Figure 4.1 Cross-section of a mosquito. Some of the organs and tissues that may 

become infected by a virus acquired in a blood meal are indicated. 

Source: Higgs (2004) Chapter 7, 63rd Symposium of the Society for General 
Microbiology, Cambridge Un iversity Press, by permission of the author and the 
Society for General Microbiology. 
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If the reproductive organs of the vector are i nfected there may be poss ibi l it ies for 

vector-to-vector transm iss ion . Some vi ruses are sexua l ly tra nsm itted (ma le  to 
female and vice versa) and some are transmitted to the next generation with i n  the 

egg ;  the latter is known as transovari a l  transmission . 

There is a h igh  deg ree of specificity between most vectors and the vi ruses that they 

transm it. Genera l ly, specific ity is greater between plant vi ruses and thei r vectors 
than between vertebrate vi ruses and their vectors . 

4. 2 TRANSM ISSION O F  PLANT VI RUSES 
Plant ce l l s  a re surrounded by th ick cel l wa l ls  that present sign ificant ba rriers to 
vi rus entry; most p lant viruses are carried across these barriers by vectors . A wide 

va ri ety of o rg a n i sms  u se p l a n ts as  so u rces of n u tr it i on  a n d  so m e  of these 
organ isms, especia l ly  i nvertebrates, act as vi rus vectors ( Fi gure 4 . 2 ) .  Many of the 

vectors ( e . g .  aph ids, nematodes) feed by p ierc ing cel l wa l l s and i ngest i ng the 
contents, whi le beetles feed by b iti ng .  

F i gu re 4 . 2  Exa mp les of i nvertebrate vectors of p lant  vi ruses, and examp les of 
vi ruses transmitted . 

Sources : 

s"f.>y aph ids 

B B B sn" left: Myzus persi cae, courtesy of Magnus Gammelgaard N ie lsen ; 

B B B s"f.>" right:  Aph is  fabae, cou rtesy of Robert Carter; 

s"'F.>y l eafhopper ( Nephotettix cinct iceps), cou rtesy of Keij i Morish ima;  

sny whitefly ( Bemisia tabaci), courtesy of Dr J .  K .  Brown, U nivers i ty of Arizona; 

sny beetle ( Diabrotica vi rg i fera vi rg ifera), cou rtesy of Anthony Zukoff; 

s"'F.>y mite (Abacarus hystri x), courtesy of Dr Anna Skoracka, A. M ickiewcz Un iversity 

of Poznan;  

sny nematode (Xi phi nema index feed i ng on a root), from Macfarlane and Robi nson 
( 2004) Cha pter 1 1 , 63rd Sym pos i u m  of the Soci ety for Genera l M icrob io logy, 

Cambridge U niversity Press, reprod uced by permission of the Society for Genera l  
M icrobio logy.  



l ru  

\ I� 

l.c 
\ 'lu! I 

R 

'I I m rod 

The most common vectors of p lant vi ruses are aphids, which, as we have al ready 

poi nted out, feed by ingesti ng the contents of cel l s .  The reader may q uestion how 
an i nvertebrate that feeds by removi ng the contents of p lant cel ls  can introduce 
v i rus i n to cel l s  that su bseq uently support repl i cati on of the v i rus.  The answer 
appea rs to be that these vectors probe a number of ce l l s  before select ing one on 

wh ich to feed, so v i rus may be tra nsmitted i nto cel ls that a re probed, but not 
sign ificantly damaged by the vector .  

The nematodes that transmit  vi ruses are so i l -dwel l ing an imals that p ierce root cel ls  
and then i ngest thei r contents . Vi rus transmission ceases after a nematode molts, 

i nd icati ng that vi rus does not move from i ts gut i nto its body .  An i nterest ing feature 
of v irus-vector specificity concerns transm iss ion of vi ruses with d ifferent shapes by 
d iffe rent  types of nem atod e .  Tob rav i ruses h ave rod -sha ped v i ri ons a n d  a re 

tra nsm i tted by nematodes i n  the fa m i ly Trichodor idae, wh i l e  nepovi ruses have 
isometr ic vi r ions and are transmitted by nematodes i n  the fam i ly  Long idoridae. 

The basis of some cases of plant vi rus-vector specificity l ies in specific  am ino acid 

seq uences in vi rus prote i ns .  Some vi ruses bind specifica l ly to structu res in the 

mouthparts of thei r vectors via sequences on the surfaces of capsids .  For some 
other viruses, such as potyvi ruses and cau l i movi ruses, important ro les are played 
by non-structu ra l prote ins  (hel per components )  that a re synthes ized i n  infected 



ce l l s .  H e l per co m po n e nts act as  b r i dges  between  v i r io ns a nd the i r  vecto r 
mouth parts .  

Some p lant-parasitic fung i  can a lso act as vi rus vectors : for example, Spongospora 

subterranea, wh ich i nfects potato caus ing powdery scab d isease, is  a vector of 
potato mop-top vi rus . If a p lant is infected with both a fungus and a vi rus, then 

virions may be taken i nto develop i ng funga l  spores. The virus may survive i n  a 

spore for months or yea rs unti l the spore germ i nates on a new host, which then 

beco m es i n fected n ot o n l y w ith the fu n g u s  b u t  a l so w i th the v i ru s .  Som e 
fungus-transmitted p lant vi ruses have been c lassified i n  a genus the name of which 

reflects thei r mode of transm iss ion and the vi rion shape : the genus Furovi rus 
(fungus-transm itted rod-shaped ) .  

About 20°/o of p lant vi ruses can be  transmitted vertica l ly; i n  other words, seed can 
be i nfected, lead i ng to i nfecti on of the next generation . Most seed-transm itted 
vi ruses are carried i n  the embryo, which may have acqu i red its i nfect ion from ei ther 

an i nfected ovu le or an i nfected pol len g ra i n .  Exa mp les of vi ruses that can be 

transmitted via seed i ncl ude the nepovi ruses and the tobravi ruses, two groups of 
nematode-transmitted vi ruses mentioned above. 

Vi ruses may enter p lants that become da maged ; for example, ra i n  may splash vi rus 

in soi l onto a reg ion of the p lant da maged by wind . Many plant vi ruses can a lso be 

transmitted by artificial means; for example, g rafti ng materia l  from a vi rus-infected 
p lant can i ntroduce vi rus i nto a new host. 

4 . 3  TRAN SM ISSION O F  VERTEBRATE 

VI RUSES 
4 . 3 . 1 Non-vector transmiss ion of vertebrate v iruses 

Many vi ruses of vertebrates ( includ i ng humans) i nfect thei r hosts via the mucous 

m e m b ra nes of the u pper  resp i ra tory tract. An i n fected i n d iv id ua l  m ay shed 
vi rus-contai n i ng droplets i nto the a i r  during sneezi ng, speaki ng, and coughi ng, and 
new hosts may become i nfected by i nha l i ng th is materia l .  Virus present i n  genita l  
secretions ca n be transm itted duri ng sexual  contact, wh i l e  vi ruses i nfecti ng the 

i n test i n a l t ra ct  a re s h e d  i n  fe ces  a n d m a y e n te r  n e w  h o sts i n g est i n g  
feces-contaminated food o r  water. 

Some vi ruses may be released from les ions; for example, foot and mouth d isease 
vi rus from lesions on the feet and i n  the mouth, pap i l lomavi ruses from warts, and 

herpes simplex v i rus from lesions on the l i ps .  These vi ruses cou ld  be transmitted 

d i rectly by contact between an i nfected host and a non- i nfected host, or they cou ld 
be transmitted i nd i rectly through contamination of the envi ronment. Transmission 

of rabies vi rus, for example from dog to human,  requires a bite from an i nfected 
mammal  to i ntroduce virus-conta in i ng sa l iva i nto the body. 



In most of the cases discussed so far the host becomes infected when a virus 

infects epithel ial cells and/or lymphoid cells at a body surface such as the 

respiratory tract, the intestinal tract, the urogenital tract, the skin, or the eye. Some 

infections (e.g. common cold, rotavirus) remain l im ited to these tissues, while 
others (e.g. measles, polio, HIV) commonly cross the epithelial surface and spread 

to other organs and tissues. 

Modes of vertebrate virus transmission not involving vectors are summarized in 

Table 4.1, along with some examples. 

Table 4.1 Non-vector transmission of vertebrate viruses 

Transmission route Examples of viruses transmitted 

Horizontal transmission 

B B Respiratory tract Influenza viruses (mammals) 

Common cold viruses 

Measles virus 

B B Intestinal tract Influenza viruses (birds) 

Rota vi ruses 

B B  Abrasions and wounds Papillomaviruses 

Rabies virus 

B B Genital tract HIV 

Papillomaviruses 

Vertical transmission 

B B Mother to fetus via the placenta Rubella virus 

B B Mother to baby via milk HIV 

4.3.2 Vector transmission of vertebrate viruses 
Vectors that transmit vertebrate viruses are mainly blood-feeding arthropods that 

acquire their viruses when they take blood meals from infected animals (Figure 

4.3). Obviously for this to occur virus must be present in the blood of infected 
animals, a situation known as viremia. 

Figure 4.3 Vectors of vertebrate viruses. 

Sources: Mosquito (Aedes aegypti) courtesy of James Gathany and the US Centers 
for Disease Control and Prevention; midge (Cul icoides sp.) from Defra website. 
Crown copyright material, reproduced with the permission of the Controller of 

HMSO and QueenBlJ™s Printer for Scotland; tick (Ixodes rici nus) courtesy of Per 

Arvid l . . .  sen. 
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Some a rth ropod pa ras ites that acqu i re vi rus i nfections from the vertebrates on 
which they feed rema i n  i nfected for l ife .. Th is is the case with ticks that become 
infected w i th t ick-borne encepha l it is v irus .  Transova rial tra nsm issi on has been 
demonstrated for a number of vi ruses, incl ud i ng yel low fever vi rus i n  mosqu itoes. 

Vi ruses in blood or b lood products can be transmitted duri ng med ical procedures by 

i nan imate Bnt-bvectorssni< such as b lood transfus ion equ ipment, syr inges, and 
need les .  Vi ru ses can a l so be transm itted when need les for d rug i njection are 
shared, when need lestick i nj uries occur, and when hemophi l iacs are i njected with 

blood factors conta i n ing vi ruses . 

4 .3 . 3  Vi rus su rviva l i n  a new vertebrate host 
A virus has not been successfu l ly  transmitted unti l it has i n iti ated an i nfection i n  a 

new host. In a vertebrate host a vi rus m ust evade several defense systems before 

th is  is ach ieved . A virus i n  the lower respi ratory tract must avoid remova l by the 

m ucoc i l i a ry esca lator, w h i l e a v i rus  i n  the gastro- i n testi na l  tract m ust avo id  
i nactivation by  extremes of pH . The mucosa l surfaces of  the respi ratory, i ntesti nal ,  
and urogen ita l  tracts present sig n ificant barri ers to i nfection . The surfaces are 

bathed i n  fl u ids that conta i n  anti -vi ral substances, such as complement protei ns, 
and the fl u ids are viscous, l im iti ng vi rus  access to the cel ls .  

Vi ruses may be phagocytosed by a range of cel l  types, i nc lud ing  macrophages, 

which are large cel l s . Vi ruses that are i ntroduced into the blood by a vector may be 
phagocytosed by neutroph i l s, wh ich constitute the majority of the white b lood cel ls .  



These aspects of host imm unity are not vi rus-specific ;  they are components of the 
i nnate i mmune system . The vi rus may a lso have to contend with anti bod ies and 

other components of the adaptive im mune system if the host has previously been 

i nfected with, or vaccinated against, the virus. The roles of the i nnate and adaptive 
i m mune syste ms i n  immunity to vi ruses are covered more thorough ly i n  Chapter 9 .  

4 . 4  TRANS IM ISSION OF I NVERTEBRATE 

VI RUSES 
We have d i scussed the repl icat ion of slJt-bplantslJK: and slJt-bvertebrates"'DK. vi ruses 
i n  i nvertebrate vectors, and it cou ld  be argued that these vi ruses are as m uch 

s"'Dt-binvertebrates"f>K. v i ruses as they a re vi ruses of these other host types. In  
add it ion to these v i ruses, i nvertebrates a re hosts to m a ny oth er v i ru ses that 

rep l icate only i n  i nvertebrates; most of the known invertebrate vi ruses have i nsect 
hosts . 

Many of these vi ruses have evo lved occl usion bod ies, wh ich are large prote i n  
structu res in  wh ich vi r ions become embedded i n  the i nfected cel l (Section 3 . 6) .  
V i ruses that prod uce occl us ion bod ies i nc lude cypovi ruses (Sect ion 1 3 . 1 )  and  

bacu lovi ruses. Occl usion bod ies may be  expel led i n  the feces of a vi rus- i nfected 

i nsect or they may rema in  i n  the host unti l it is ingested by a predator or it d ies as 

a resu lt of the v i rus  i nfecti o n  .. They a re ro b u st structu res, a b l e  to s u rvive 
putrefact io n of the host a n d  p rov i d i n g  protect ion fo r v i ri ons  i n  the o u ts i de  
envi ronment. New i nsects become infected when occl us ion bodies become ingested 

a long with food, which is often plant materia l .  Enzymes and h igh pH i n  the gut 

b rea k dow n  occ l u s i on  bod ies ,  re leas i ng  the v i r ions .  The tra nsm iss i on  of a 
bacu lovi rus via occ lusion bod ies is depicted i n  Figure 4 .4 .  

Figure 4 .4  Occlus ion bod ies as veh ic les for bacu lovi rus transm ission . Putrefaction of 

i nsects that have been ki l l ed by vi rus i nfection resu l ts i n  the deposit of occl usion 
bod ies on leaves. Occlusion bod ies i ngested by insects are d issolved i n  the m idgut, 

releas ing vi ri ons .  

Sou rce : Photogra ph from Castro et a l .  (2009) Journal of Invertebrate Pathology, 

102, 149. Reproduced by perm iss ion of E lsevi er and the authors. 
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Vertical transmission and vector transmission of a number of invertebrate viruses 

have been reported . Vertical transm ission m a y occur either within eggs 

(transovarially) or on the surface of eggs. Vectors involved in virus transmission 
between insect hosts include parasitic wasps. 

4.5 PERM ISSIVE CELLS 
As already stated, virus transmission has not been achieved until a virus has been 
transferred to a new host and infected a cell that wil l permit the replication of the 
virus (a permissive cell). For viruses that bind to the host cell surface as the first 

step in infection, the cell must have appropriate receptors that the virus can bind 
to. Furthermore, a l l  the requirements of the virus must either be present in the cell 

or they must b e  induc ib le ;  these requ irements inc lude proteins, such as 

transcription factors and enzymes. 

Some viruses are restricted to a narrow range of permissive cell types; for example, 
hepatitis B viruses are restricted almost exclusively to hepatocytes. Many other 

viruses are much less specific and, as we have seen in this chapter, a few can 

replicate in both animal and plant hosts. 

Some viruses of eukaryotes need the host cell to be in a particular phase of the cell 

cycle (Figure 4.5). For example, retroviruses require access to the cell nucleus and 

most can enter the nucleus only when the nuclear envelope has broken down in the 
M (mitosis) phase. Papillomaviruses and parvoviruses are small DNA viruses that 

are heavily dependent upon their host cells. In order to repli cate their DNA, both 

groups of viruses require the host DNA replicating enzymes present in the S 
(synthesis of DNA) phase of the cell cycle. Papillomaviruses produce proteins that 

enable them to manipulate the cell cycle. 

Figure 4.5 The eukaryotic cell cycle. The cell synthesizes DNA and histones during 

the S (synthesis) phase and divides during the M (mitosis) phase. These phases are 



separated by two igap phases (Gl and G2). Non-dividing cells suspend the cycle in 
the Gl phase and are said to be in the GO state. 
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Cells have evolved many mechanisms to defend themselves against infection with 

viruses and cellular microbes. Prokaryotic cells produce restriction endonucleases to 

degrade foreign DNA, including that of phages. The cells mod ify their own DNA so 

that it is unaffected by the restriction enzymes. The cells of vertebrate animals 
respond to the presence of dsRNA, and other virus-specific molecu les, by 
synthesizing cytokines, including interferons, interleukins, and tumor necrosis 

factor. These proteins can trigger a range of anti-viral defenses. A cell can be 

permissive for a virus only if the virus has the ability to overcome the defenses of 

the cel l .  

In  order to successfully infect a cell, a virus must deliver its genome into the cell, 

the genome must survive intact, and all attempts by the host to terminate virus 

replication must be thwarted. In the next four chapters we shall consider the 

various stages that must be completed before a virus has successfully repl icated 

itself. 

LEARNING OUTCOMES 
After review of this chapter you should be able to: 

Books 

• describe the modes of transmission of plant viruses and animal viruses; 

• evaluate the roles of vectors in virus transmission; 

• outline the immune mechanisms that an animal virus must evade before it 
can initiate infection. 
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5 . 1 OVERVI EW OF VIRUS REPLICATIO N  
The a im of a vi rus i s  to repl i cate itself, and i n  order to ach ieve th is  ai m it needs to 

enter a host cel l ,  make copies of itse lf, and get the new copies out of the cel l .  In 
genera l  the process of vi rus rep l ication can be broken down into seven steps: 

1 .  Attachment of a vi r ion to a cel l ;  

2 .  Entry i nto the cel l ;  

3 .  Transcri ption o f  v i rus genes i nto messenger RNA molecul es ( mRNAs) ;  

4 .  Translation of vi rus mRNAs i nto vi rus proteins; 

5. Genome rep l icati on;  

6 .  Assembly of prote ins and genomes i nto vi rions; 

7 .  Exit of the vi rions from the cel l  .. 

The fi rst letter from each step g ives the abbreviation AETTGAE, which may provide 

a memory aid . 

When try ing to understand the modes of rep l ication of d ifferent types of vi rus these 
steps provide a usefu l template .  It i s, however, a general  template, because not a l l  
of the seven steps are relevant to a l l  vi ruses, the steps do not a lways occur i n  the 
sam e  order, and  some vi ruses have an add itiona l  step ! In the l ater stages of 
rep l i cat ion severa l steps occu r concu rrent ly .  For m a ny v iru ses, transcri ption ,  

translation, genome rep l i cation, vi ri on assembly, and exit can a l l  be  i n  progress at 
the same ti me. 



In the d ia logue between the cel l and the intruder, the ce l l  provides criti cal cues that 
a l l ow the v i rus  to undergo mo lecu lar  transformations that lead to successfu l 
i nternal ization, i ntracel lu lar  transport, and uncoati ng . 

Sm ith and Helenius ( 2004) 

In th is chapter we d iscuss the fi rst two steps of th is  genera l ized rep l ication cyc le :  

attachment and entry i nto the host cel l . We concentrate main ly on the mechan isms 
used by animal viruses to ga in entry into host cel ls, but bacteriophages are a lso 

considered . The fo l lowing three chapters dea l with the rema in ing five steps of the 
general i zed repl ication cycl e .  

The fi rst step, attachment of a vi rion to a cel l ,  app l ies to vi ruses that infect an ima l  
and bacteria l  hosts . Before these vi ruses can cross the outer membrane or  wall of 

the host cel l they must fi rst b i nd to speci fic molecules on the cel l  surface. Most 
p lant v i ruses, on  the other hand,  are de l ivered d i rectly i nto a ce l l  by a vecto r 
(Section 4 .2 ) .  

5 . 2  AN IMAL VI RUSES 
5 . 2 . 1 Cel l receptors and co-receptors 

A vi r ion attaches via one or more of its surface proteins to spec ific molecu les on the 

surface of a host cel l .  These cel l u l a r  molecu les are known as receptors and the 
recognition of a receptor by a vi rion is h ighly spec ific, l i ke a key fitti ng in i ts lock. It 
has been found that some vi ruses need to b ind to a second type of cel l  surface 
molecule (a co-receptor) i n  order to infect a cel l .  In  at least some cases, bind i ng to 

a receptor causes a conformationa l  change i n  the vi rus protei n that enab les it to 

b ind to the co-receptor. 

Receptors a n d  co-receptors a re cel l su rface mo lecu les with a w id e  ra nge  of 
functions that incl ude :  

• acti ng as receptors for chemoki nes and growth factors; 

• med iating cel l -to-cel l  contact and adhesion . 

Some ce l l  surface molecu les used by vi ruses as receptors are sugars, but most are 

g lycoprotei ns; some examples are g iven in Table 5 . 1 .  

Table 5 . 1 Examples of ce l l  receptors, vi rus prote ins i nvolved in attachment, and (for 
enveloped vi ruses) fusion proteins 
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A number of receptors are g lycoprote ins that are fo lded into domains si m i lar  to 

those found in  immunog lobu l i n  molecules. Three exam ples are shown i n  F igure 5 . 1 ;  

i n  each molecu le the b ind ing s ite for the vi rus i s  located i n  the outermost domai n .  

F i g u re 5 . 1  Ce l l  recepto rs w ith i m m u nog lo b u l i n - l i ke d o m a i ns .  Each of these 
molecu l es i s  a g lycoprote i n ;  the sugar  s ide-cha i ns  a re not show n .  Each loop 

i nd icates an immunog lobu l i n- l i ke domain . Most of  the domai ns are stab i l ized by one 
or two d isu lfide ( s"D"Ssn"Ssn") bonds.  In each receptor the site that the v i rus 

binds to is located in the outer doma in .  
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Many of the cel l  surface molecu les used by vi ruses as receptors are i n  reg ions of 

the plasma membrane that are coated on the inner surface with one of the prote ins 
clathri n or caveol i n .  

5 . 2 . 1 .a Evidence that a cel l  su rface molecule is a vi rus receptor 
A search for the receptor for a particu lar  v irus m ight beg i n  with the production of a 

pane l  of m ono-c lon a l  a nti bod ies aga i nst ce l l  su rface p rote i n s .  If one  of the 



anti bod ies blocks virus b ind i ng and infectivi ty then th is  is strong evidence that the 
correspond ing antigen is the receptor .  

Further evidence that a molecu le is a vi rus receptor might come from experi ments 
that show one or more of the fo l lowing : 

• sol ub le  derivatives of the molecu le b lock vi rus b ind i ng/infectivity; 

• the normal l igand for the molecu le bl ocks vi rus b ind ing/i nfectivity; 

• i ntroduction of the gene encod i ng the molecule into vi rus-resistant cel ls, 

and expression of that gene, makes those cel ls  suscepti b le to i nfection . 

5 . 2 . 2  Vi rus attachment sites 
Each vi r ion has multi p le si tes that can bind to receptors, and each si te is made up 
of regions of one or more protei n  molecules . Some examp les of these prote ins are 

g iven i n  Table 5 . 1 .  The attachment si tes of naked vi ruses are on the capsid su rface, 
someti mes within depressions (e .g .  pol iovi rus), and sometimes on ri dges (e .g . foot 
a n d  mouth d i sease v i rus ) . Po l iov i rus  and  foot a n d  m outh d i sease v i rus  a re 

p icornavi ruses, and it has been demonstrated for pi cornavi ruses i n  genera l  that 
b ind i ng to receptors i nduces major structura l changes in the vi rion (Secti on 14.4 . 1 ) .  

The attachment sites of some naked vi ruses are o n  specia l i zed structu res, such as 
the fi bers and knobs of adenovi ruses (Section 3 .4 .2 .c )  and the spi kes of rotavi ruses 

(Chapter 13 ) ,  whi le the attachment si tes of enve loped vi ruses a re on g lycoprotei ns 

in the envelope. 

Som e v i r ion su rface p rote ins  that bea r the attachment  sites a re ab le  to b i nd  
stro n g ly to red b lood ce l l s of va ri ous  spec ies and  ca use the m  to  c l u m p, a 
p he n o m e n o n  k n o w n a s  h e m a g g l u t i n a ti o n . T h e  p rote i n s  res p o n s i b l e fo r 

hem agg l u t i nat i o n  a re ca l led h e m a g g lut i n i n s .  Exa m p les of v i ru ses tha t  ca n 
hemaggluti nate are i nfl uenza vi ruses ( Figure 16 . 1 )  and measles vi rus. 

5 . 2 . 3  Attachment of vi rions to receptors 
The forces that b ind v i rions to receptors include hyd rogen bonds, ion ic attractions, 

and van der Waals forces .  Sugar moieties on the receptor and/or on the vi rion are 
common ly i nvolved i n  these forces. No cova lent bonds are formed between vi r ions 

and receptors .  

In itia l ly, a vi r ion is weakly bound to a cel l at only one or a few receptors . At th is 
stage the attach ment is reversi b le and the v i rion may detach, but if  it rema ins 

attached there are opportun ities for more receptors to b ind,  and if  suffic ient b i nd 
then the attachment to the cel l  becomes i rreversib le .  

5 . 2 .4 Entry of an ima l  vi ruses i nto ce l ls 
After bi nd ing to receptors an i mal vi ruses must cross the p lasma membrane to gain 
entry to the host eel I .  They may do this  either at the cel l surface or they may cross 
the membrane of an endosome, wh ich is a ves icle formed by part of the pl asma 
membrane pi nchi ng off i nto the cytoplasm . Th is process (endocytosis) is used by 



cells for a variety of functions, including nutrient uptake and defense against 
path o g e n s .  There a re a n u m be r  of e n docytic m ec h a n i s m s, i n clud i n g  

clathrin-med iated endocytosis and caveolin-mediated endocytosis; clathrin and 

caveolin are cell proteins. Most animal  viruses hijack one or more of these 
mechanisms in order to gain access to their host cells. 

Many viruses, such as adenoviruses and vesicular stomatitis virus, are taken into 

the host cell by clathrin-mediated endocytosis. Molecules of clathrin accumulate on 

the inner side of the plasma membrane at the site where the virion has attached. 
The clathrin forces the membrane to bend around the virion, forming a pit, which is 

pinched off to form a clathrin-coated vesicle (Figure 5.2). The clathrin is lost from 
the vesicle leaving the virion in an endosome. Some viruses, such as simian virus 

40, are endocytosed at caveolin-coated regions of the plasma membrane and the 

virions end u p  in caveol in-coated endosomes. Other viruses are taken up by 
mechanisms that are independent of clathrin and caveolin. 

Figure 5.2 Attachment and entry of a naked virion. As more receptors bind to the 

virion its attachment to the cell becomes irreversible. The process shown here is 

clathrin-mediated endocytosis. The membrane of the endosome is formed by 
pinching off from the plasma membrane. 
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An endosome may fuse with other vesicles such as lysosomes, which have a pH of 

4.8 s"D"S.0, thus lowering the pH within the vesicle. The pH may be further lowered 
by a process that pumps hydrogen ions across the membrane; the process involves 
the hydrolysis of ATP to ADP. This acidification is important for those enveloped 

viruses that need to carry out acid-triggered fusion of the envelope with the vesicle 

membrane (Section 5.2.4.b). 

5 .2 .4.a Entry of naked viruses 
It is possible that some naked viruses deliver their genomes into their host cells 

through a pore formed in the plasma membrane, but for most naked viruses 
irreversible attachment of the virion to the cell surface leads to endocytosis. The 

plasma membrane Bnt-bflowssni< around the virion, more receptors bind, and 



eventua l ly the vi r ion is completely enclosed i n  membrane, wh ich pi nches off as an 
endosome ( F igure 5 . 2 ) .  The endosome contents, however, are part of the externa l  
envi ronment and the vi rus is not yet i n  the cytop lasm . The mecha ni sms by which 

vi rions, or the ir  genomes, a re released from endosomes are not fu l ly understood . 

5 . 2 .4 . b Entry of enveloped vi ruses 
Reversi b le attachment of an enveloped vi rion may lead to i rreversi b le attachment, 

as for naked vi ruses . There are then two processes whereby infection of the cel l  
may occur :  either fus ion of the vi r ion envelope with the plasma membrane, or  

end ocytos is  fo l l owed by fus ion  of the v i ri on  enve lope  w i th th e e n d oso m e  
membrane ( F igure 5 .3 ) .  

F igure 5 . 3  Attachment and entry of an enveloped virion . Some enveloped vi ruses 

ca n ente r  a host ce l l  both by m e m bra n e  fus ion  at the ce l l  su rfa ce a n d  by 

endocytosis (c lathri n-mediated endocytosis shown here) .  Other enveloped vi ruses 
can enter only by endocytosis .  
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Both p rocesses i nvo lve the fusion of the vi r ion envelope with a cel l  membrane, 

either the p lasma membrane or a vesic le membrane .  Li p id  b i l1ayers do not fuse 
spontaneously and each enveloped vi rus has a spec ia l ized g lycoprotei n responsible 

for membrane fus ion ( F igure 5 .4 ) .  Some exam ples of these fus ion proteins are 
g iven i n  Tab le  5 . 1 .  

F ig ure 5 .4 Characteristics of fusion protei ns of enveloped vi ruses. Fusi on protei ns 
are envelope g lycoprotei ns that have a fus ion sequence that is norma l ly  h idden . A 

trigger  i nduces a conform at iona l  change i n  the p rote in  that a l l ows the fus ion  
sequence to i nsert i nto a membrane. 
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Many fusion proteins are synthesized as part of a larger protein which is cleaved 

after synthesis. The cleavage products remain l inked, either through non-covalent 
bonds (e.g. retroviruses) or through a disulfide bond (e.g. influenza viruses), and 

are found in the virion envelope as trimers. Each monomer has at least two 
hydrophobic sequences: a transmembrane sequence and a fusion sequence that 

initiates membrane fusion by inserting into a cell membrane. 

The fusion sequence normally lies hidden and must become exposed in order for 

fusion to take place. For some fusion proteins the conformational change that 
exposes the fusion sequence is triggered by the virus binding to a receptor. Other 

fusion proteins undergo their conformational change once the virus is within an 

endosome. The low pH of the endosome may directly alter the conformation of the 
fusion protein, or it may activate a cell protease which cleaves the fusion protein. 

If the fusion sequence becomes exposed while the virion is at the cell surface, then 
infection could occur either by fusion with the plasma membrane or by endocytosis. 

If, however, the trigger is a low pH, then endocytosis is the only option. There are 
therefore two categories of membrane fusion: 

• pH-independent fusion, e.g. herpesviruses, HIV; 

• acid-triggered fusion, e.g. influenza viruses, rhabdoviruses. 

Once tlhe fusion sequence is exposed it can insert into the target membrane 

(plasma membrane or endosome membrane). A further conformational change in 
the fusion protein pulls the two membranes together. The outer layers of the virus 

membrane and the cell membrane fuse, a stage known as hemifusion, and then the 

inner layers fuse, completing the fusion process. The fusion protein is now in a 

lower energy state. 



5 . 2 . 5 Intracel llu la r  transport 
Once i n  the cel l , the vi rus, or at least its genome, may be del ivered to a particu lar 
desti nation ,  such as the nuc leus .  The desti nation  m ay be reached us i ng ce l l  

transport systems, i nc lud i ng microtu bu les. 

Most RNA vi ruses of eukaryotes repl i cate in the cytoplasm and have l i ttle or no 
requ i rement for the nucleus . The i nfl uenza vi ruses, however, are exceptions as they 

requ i re the cel l  spl ic ing machi nery, so thei r genomes must be del ivered i nto the 
nucleus. 

Retrovi ruses too are RNA vi ruses that rep l i cate the i r  genomes in the nucleus.  They 
copy the i r  genomes to DNA  i n  the cytop lasm , but  fo r m ost retrov iruses the 

repl ication cycle i s  unable to proceed further unt i l  m itosis beg i ns. Duri ng mitosis the 
nuclear enve lope is temporari ly broken down and the vi rus DNA ( with assoc iated 

proteins) is ab le to enter the nuc lear compartment. These vi ruses therefore can 
rep l icate on ly in cel ls that are d ivid i ng . The DNA (with associated proteins) of the 
l ent i v i ruses  (a g ro u p  of retrov i ru ses tha t  i n c l udes  H IV ) ,  however, ca n be  

transported i n to a n  intact nu c leus .  The  lentivi ruses ca n the refore rep l i cate i n  
non-d ivid i ng ce l l s .  

Some DNA vi ruses, such as i ridovi ruses and poxviruses, repl icate i n  the cytoplasm 

of eukaryoti c cel ls, but most DNA vi ruses rep l icate in  the nucleus. For these vi ruses 

( and  the i n fl uenza v i ruses a nd the lent iv i ruses)  the v i rus g e n o m e  m u st be 
transported to the nuc lear  envelope and then across it .  The proteins of some of 
these vi ruses have sequences that a l low them to attach to m icrotubules . 

Microtubules are components of the cytoskeleton, provid ing support and acti ng as 

tracks for the transport of materia l s  to pa rti cu la r sites in the cell . M i crotubules 
consist of hol low cyl i nders, 25 nm in d ia meter, composed of the protei ns 0±- and 
01-tubul i n .  The ends of each m icrotubu le are designated as p lus and m i nus .  In 

most an i mal ce l l s, the p lus ends are located near the p lasma membrane, whi le the 
minus ends are attached to a structure cal led the centrosome (a lso referred to as 

the microtubule orga ni zi ng center) near the nucleus ( Figure 5 . 5 ) .  

Fi gure 5 . 5  Transport of a nuc leocapsid a long a m icrotubul e .  The nucleocapsi d i s  

transported from the p lus end of a mi crotubule, near the plasma membrane, to the 
centrosome, wh ich is located close to the nucleus. 
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Protei ns, known as motor proteins, move themse lves a nd any cargo a long the 
m i crotu b u les .  A n u m be r  of v i ruses ( i n c l u d ing  he rpesv i ruses ,  ade n ov i ru ses, 
pa rvoviruses,  a n d  retrov i ruses ) exp lo i t  th i s  tra nsport syste m to ta ke the i r  

nuc leocaps id,  o r  a structure derived from i t, from the peri phery of the cytoplasm to 

a location close to the nucleus. 

The nuclea r envelope is composed of two membranes ( Figure 5 . 6) ,  each of wh ich is 

a l i p id b i layer .  Embedded with in the nuclear envelope a re n uc lea r  pores, which 
number between 3000 and 5000 in  a typica l  g rowing cel l .  The nuclea r pores act as 

gatekeepers, control l i ng the transport of materia ls in and out of the nucleus. Traffic 
i nto the nucleus i ncl udes ri bosomal  proteins and histones, wh i le  traffi c out of the 

nucleus i ncl udes ri bosomes, mRNAs, and transfer RNAs . 

Figure 5 .6  Structu re of the nuclear envelope and a nuclear pore . 
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Each nuclear pore is constructed from a complex of about 30 protein species that 

control the movement of materials in and out of the nucleus. The protein molecules 
are assembled into structures, including a basket protruding into the nucleus and 

eight filaments that protrude into the cytoplasm (Figure 5.6).  At the center of the 
pore is a channel through which molecules can diffuse, though most molecules and 

particles pass through the pore complexed with carrier proteins ( importins and 

exportins). The channel can open to allow the passage of particles up to 25 nm 

across, and there have been reports of larger particles being moved through 
nuclear pores. Small nucleocapsids/virions, such as the parvovirus virion, can pass 

through, but larger viruses must either shed some of their load to form slimmer 

structures or uncoat at a nuclear pore. 

5.2 .6 Genome uncoating 
Uncoating can be defined as the complete or partial removal of the capsid to 

release the virus genome. For an animal virus this process takes place in the 

cytoplasm, at a nuclear pore or in the nucleus. 

It should be noted that successful entry of a virion into a cell is not always followed 

by virus replication. The hosts"b ™s intracel lular defenses, such as lysosomal 

enzymes, may inactivate infectivity before or after uncoating. In some cases the 

virus genome may initiate a latent infection (Section 9.3.1) rather than a complete 

replication cycle. 

In at least some cases, however, provided that the uncoated viirus genome survives 
intact, and is at the correct location in the cell, then its transcription (or in  some 

cases translation) can begin. These aspects are dealt with in the next chapter. 

5 . 3  BACTERIOPHAGES 
Like animal viruses, phages bind specifically to cell surface molecules that function 

as receptors and co-receptors. For many phages these molecules are on the surface 

of the host cell wall, but for some phages they are on the su rface of other 
structures (pi l i , flagella, or capsules). Many phages attach via specialized structures, 
such as the tail fibers of phage T4. As with animal viruses, the attachment of a 

phage to its host is  initially reversible, and becomes irreversible after attachment to 

further receptors and/or co-receptors. 

Infection of a cell with a phage involves entry into the cell of the virus genome and 

perhaps a few associated proteins, the capsid and any associated appendages 

remaining at the cell surface. This is in contrast to most animal and plant viruses, 
where the entire virion, or at least the nucleocapsid, enters the host cell. Unless the 

host is a mycoplasma (mycoplasmas do not have cell walls), del ivery of a phage 
genome into a cell requires penetration of a cell wall and perhaps also a slime layer 

or capsule; the virions of many phages carry enzymes, such as lysozymes, to aid 
this process. 

The attachment and entry of a number of phages are discussed in Chapter 20. 



LEARN I N G  O UTCOM ES 
After review of th is  cha pter you should be ab le to : 

Books 

• outl i ne a genera l ized scheme of vi rus repl ication involvi ng seven steps; 

• describe how an imal  vi ruses attach to and enter thei r host cel ls; 

• d iffe rentiate between the entry mechan i sms  of naked a nd envel oped 

an imal  vi ruses ; 

• descr ibe the roles of cel l components i n  the del ivery of some v i ra l  genomes 
to the nuc leus; 

• outl i ne the i nfection mechanisms of phages. 
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6 . 1 I NTRODUCTION TO TRANSCRI PTIO N ,  

TRAN SLATION, AN D TRANSPORT 
In this chapter we deal  with th ree terms derived from the Lati n trans, mean ing 

across . For ou r p u rposes, tra nscri ption refers to the writi ng across of geneti c 

i nformation fro m a seq uence of bases i n  a nucle ic  ac id to the comp lementary 
seq uence i n  m essenger  RNA ( m RNA), wh i l e  tra ns lat ion converts the genet ic  
i nformation from the language of  bases i n  nucleic acids to the language of am ino 
acids in  proteins. Transcription and trans lation a re steps 3 and 4 of ou r genera l i zed 

rep l i cation cycle ( Section 5 . 1 ) .  

We  a l so d i scuss i n  th is  chapter the transport of v i ru s  p rote ins  and  RNAs to 
pa rti c u l a r  l oca t i o n s  i n  i n fected ce l l s .  W e  sta rt w i th a n  ove rv iew of v i ru s  

transcription, and then we d i scuss these three "trans" processes i n  euka ryoti c cel ls .  
At the end of the chapter we poi nt out some aspects of the processes that are 

d ifferent i n  bacterial cel ls .  

6 . 2  TRAN SCRI PTION O F  VI RUS G EN O M ES 
We have seen how there are fou r  ma in categories of vi rus genome :  dsDNA, ssDNA, 

dsRNA and ssRNA (Sect ion 3 . 2) .  Because of d i sti nct modes of transcri ption with in 
the d s D NA and ssRNA categories a tota l of seven c lasses of vi ruses can be 

recognized ( Figure 6 . 1 ) .  

F igure 6 . 1 Transcri ption of vi rus genomes. ( + )  RNA and ( + )  DNA have the same 

seq u en ce a s  the  m R N A, a n d  ( - ) R N A  a n d  ( - ) D N A  h ave th e seq u e nce 

complementary to the m RNA (except that i n  DNA thym ine replaces uraci l ) .  ( + )  and 

(-) strands are not i nd icated for the dsDNA of the Class I vi ruses as the genomes of 
most of these viruses have open read ing frames (ORFs) i n  both d i recti ons. ( + )  and 
(-) strands a re ind icated for the ssDNA of the Class II vi ruses . Most of these vi ruses 

have e i ther a ( + )  or a (-) strand genome. A ( + )  RNA genome (dark b lue) has the 

same sequence as the correspond i ng mRNA (green) ;  the molecu les are shown in 
d ifferent co lors to ind icate thei r d ifferent functions. In Class VII v iruses the ( + )  RNA 

shown in b lue ( pregenome RNA) functions as a tem plate fo r synthes is of DNA, 
some of which is used as a template for further transcri ption .  Some ssDNA viruses 
and some ssRNA v i ruses have a m bisense genomes. Th is  mea ns that that the 
pola rity of the genome is part ( +)  and part (-) .  
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Th is d iv is i on of the vi ruses i nto c lasses based on  genome type and  m od e  of 

transcri pt ion was fi rst suggested by David Ba lti more and  th i s  scheme of v i rus  
classification i s  named after h i m .  He i n iti a l ly  proposed s ix classes. 

In the sum mary of the scheme depicted in  F igu re 6 . 1 most of the nuc le ic acid 
strands are labeled ( +)  or  (-) . Th is label ing is rel ative to the vi rus m RNA, which is 

always des ignated ( + ) . A nucleic aci d strand that has the same seq uence as m RNA 
is labe led ( +) and a nucleic acid strand that has the sequence complementary to 
the mRNA is labe led (-) . 

The vi ruses with ( + )  RNA genomes (Classes IV and VI) have the same sequence as 

the v i rus m R NA. W hen these v i ruses in fect cel ls , however, only the C lass IV 
genomes can fu nction as  m RNA .  These v i ruses a re com mon ly referred to as 

p l us-strand (or positive-strand ) RNA v i ruses. The Class V vi ruses a re commonly 
referred to as m inus-strand (or negative-strand ) RNA vi ruses. 

Class VI vi ruses must fi rst reverse-transcri be thei r ssRNA genomes to dsDNA before 
mRNA can be synthesi zed . Because they ca rry out transcri ption in reverse ( RNA to 

DNA) Class VI vi ruses are known as retrovi ruses . The abi l ity of some DNA vi ruses to 
carry out reverse transcri ption was discovered later; these vi ruses became known 
as pararetrovi ruses and Class VII was formed to accommodate them.  

There are a few si ng le-stranded nucl eic acids of vi ruses where there i s  a m ixture of 

( + ) a nd (-) po la rity w ith i n  the stra n d .  Genom es of th is type a re known as 
ambisense, a word derived from the Lati n ambi ,  mean i ng "on both sides" (as in 



ambidextrous) .  Examples of am bisense genomes i nc lude the ssDNA genomes of the 
g e m in i v i ru ses ,  w h i ch  a re p la n t v i ru ses ,  a n d  th e s s R N A  g e n o m es o f  th e 

arenaviruses, which are an ima l  vi ruses and include the causative agent of Lassa 

fever. 

6 . 2 . 1 Mod ifications to the centra l dog ma 
In  1958 a "central dog ma of molecu lar  biology" was proposed by  Francis Crick, 

a long with James Watson, one of his col la borators i n  ded uci ng the structu re of 
DNA. The dog ma stated that the flow of genetic i nformation is a lways from DNA to 

RNA and then to prote in ,  with genetic i nformation transmitted from one generation 
to the next th ro u g h  copy i ng  fro m D N A  to D N A ( Fi g u re 6 . 2 ( a ) ) .  I nc rea s i n g  

u n d ersta n d i ng  of how vi ru ses  rep l i cate the i r  g e n o m es n ecess itated so m e  
mod ifications to th is  dog m a  i n  1970 ( F i gure 6 . 2( b ) ) .  M a ny v i ruses have RNA 
genomes that are cop ied to RNA, some vi ruses copy from RNA to DNA, and it is  
now known that cel l s  can copy from RNA to DNA. 

Figure 6.2 (a)  Francis Crick's centra l dogma of molecu lar b io logy, which proposed 

that genetic i nformati on is transmitted from DNA to RNA to protei n, and from DNA 
to DNA. ( b) Mod ifications to the centra l  dog ma, requ i red mai n ly because of the 
various modes of v i rus transcri ption and genome repl ication . 
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6 . 3  TRAN SCRI PTION I N  EU KARYOTES 
We start th is  section with a brief sum ma ry of transcription from eukaryotic cel l 
genes, as many vi ruses transcri be thei r genes by s im i lar processes, some of them 

usi ng pa rts of the cel l transcri ption machi nery ( Figure 6 . 3 ) .  The expression of a 
gene i s  control led by sequences i n  the DNA, i nclud ing : 

• a promoter - b inds transcription factors and the RNA polymerase; 

• enha ncers - bind transcri pti on factors that s ign ifi cantly boost the rate of 

transcri ption .  



Figure 6 . 3  Transcri ption from dsDNA in eukaryotes. Transcri ption i s  i n it iated after 
transcription factors b ind to sequences with in  the promoter and enhancer(s) .  The 

primary transcri pt is capped at the 5' end and polyadenylated at the 3' end . The 
mRNAs are formed by removal of intrans from the primary transcri pt. 
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6 . 3 . 1 Promoters and enhancers 
The promoters of many eukaryoti c cel l a nd vi rus genes conta in  the consensus 
sequence : 

T A T  A A/T A A/T A/G 

A/T and A/G i nd i cate alternative nucleotides at those sites. 

The sequence is known as a TATA box and is usua l ly located 25-30 bp upstream 
from the transcription start s ite .  A TATA box is present i n  the s ing le promoter of 

H IV-1 ( F igu re 6 .4) ,  but i n  on ly one of the four  p romoters of hepatit is B vi rus 
(Section 19 .8 .3 ) .  

Fi gure 6 .4 Pa rt of the long term i na l  repeat i n  the H IV- 1 genome, i nd icating the 
locations of some of the sequences that control transcri ption, and the tra nscri ption 

factors that b ind to those sequences. The promoter (TATA box) b inds TFIID, and 
enhancers bind : 

• APl (activator protei n 1 )  

• NF- KB (nuclear factor KB) 
• Spl (sti mu latory protei n 1 ) .  
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Enhancers contain sequences that bind transcription factors that may then interact 
with transcription factors bound to the promoter. These interactions may increase 

the rate of transcription starts by RNA polymerase II. Many enhancers are found 
only in specific cell types, for example liver cells. 

6.3 .2 Transcription factors 
Transcription factors are proteins that bind to specific promoter and enhancer 
sequences to control the expression of genes. Many transcription factors activate 

genes, but some play other roles, including repression of gene expression. 

Transcription factor IID (TFIID) is an example of a cell transcri ption factor. TFIID is 

a complex of 13 proteins, one of which is the TATA box binding protein. After TFIID 
has bound to the TATA box other transcription factors (TFIIA, IIB, IIE, IIF, and IIH) 
and RNA polymerase II bind. 

Many viruses use cell transcription factors to activate or repress transcription of 

their genes. An example is shown in Figure 6.4, which depicts part of the HIV-1 

genome in its DNA form (Chapter 18). The promoter includes a TATA box and there 

is a large number of enhancers. 

Tissue-specific transcription factors are required by certain viruses that are specific 

to a particular tissue, such as liver. Some viruses produce their own transcription 

factors, such as herpes simplex virus VP16, which is a component of the virion 

(Section 1 1.5.2), and human T-lymphotropic virus 1 Tax protein (Section 23.10.5). 

All organisms regulate expression of their genes. A frog has d ifferent genes 

switched on depending on whether it is in the embryo, tadpole or adult stage. 

S imi larly, a virus may have d ifferent genes active at d ifferent stages of its 

replication cycle. For some viruses there are two phases of gene expression (early 

and late), while for others three phases (e.g. herpesviruses; see Section 1 1 .5.2) or 
four phases (e.g. baculoviruses) can be distinguished. 

6.3 .3 Transcriptases 
Transcriptase is a general term for an enzyme that carries out transcription. Most 
viruses encode their own transcriptase (Figure 6.5). 

Figure 6.5 Enzymes used by viruses of eukaryotes to transcribe their genomes to 
mRNA. A ( + )  RNA genome has the same sequence as the virus mRNA. A (-) RNA 

genome has the sequence complementary to that of the virus mRNA. Transcription 
from Di'JA in the nucleus appllies not only to those DNA viruses that replicate in the 



nuc leus, but  a lso to the reverse transcri b ing vi ruses. Some m i n us-strand RNA 
vi ruses transcri be in the cytop lasm and some i n  the nucleus.  

1i L M 

DdRp : D. :i -d pend nt R A pol in ra 
d RdRp: d ubl - t nd d R -d pend nt R p I 1m ra 

RdR : in I - t • nd d R ' -d nd nt R1 'A p I m ra 

A DNA vi rus needs a DNA-dependent RNA polymerase to transcri be its genes i nto 
mRNA. Vi ruses that carry out transcri ption in  the nucleus genera l ly use the cel l RNA 

polymerase II;  these i nc lude the retrovi ruses and many DNA vi ruses . DNA viruses 
that repl icate in the cytoplasm use a vi rus-encoded enzyme because there is no 
appropriate ce l l  enzyme in the cytoplasm . 

An R N A  v i rus  ( a pa rt fro m the retrov i ru ses)  needs a n  R N A-depe ndent  RNA 
polymerase to transcri be its genes into m RNA. Each v i rus i n  c lasses III, IV, and  V 
encodes its own enzyme, i n  spite of the fact that the cel l s  of many eukaryotes 
encode ssRNA-dependent RNA polymerases. 

Most vi ruses that encode their  own transcriptase have the enzyme in the vi r ion so 

that it i s  avai lable to transcri be the vi rus genome when a cel l  is  i nfected . Exceptions 
are the p lus-strand RNA vi ruses, which must fi rst synthes ize the enzyme before 
transcri ption  can beg in .  

The retroviruses and the pararetrovi ruses perform reverse transcription  (Section 

6 . 2 )  u s i ng  enzym es know n a s  reve rse tra n scr i ptases . These e n zy m es a re 
RN A-depend ent D NA po lym era ses, but  they a l so have D N A-dependent D N A  
polymerase activity, a s  the process of reverse transcription i nvolves synthesis of 

DNA using both RNA and DNA as the template . 



6.3.4 Capping transcripts 
Soon after RNA synthesis has begun, and while transcription is continuing, most 
transcripts are "capped" at the 5' end (Figure 6 .3) .  The cap is a guanosine 

triphosphate joined to the end nucleotide by a 5' -5' linkage, rather than the 

normal 5'-3' linkage. A methyl group is added to the guanosine, and in some cases 

to one or both of the ribose residues on the first and second nucleotides (Figure 
6.6). Throughout the book we shall use a cartoon cap to depict a cap on the 5' end 

of an RINA molecule. 

Figure 6.6 Cap on 5' end of RNA. The inset shows the structure of the cartoon cap, 

which depicts a methylated guanosine triphosphate li nked to the first nucleotide by 

a 5'-5' linkage. 

j \ )R1 -' '
o 

Base I 

5'end � , 
O C H3l 

\ 
0=1-o�NH:! Ba..e :! o-

J' 

0 01CH3> 
0=\-0 ...... . 

I o-

Most eukaryotic cell and viral mRNAs have a cap at their 5' end. The cap is involved 
in :  

• transport of mRNA from the nucleus to the cytoplasm; 

• protection of the mRNA from degradation by exonucleases; 

• initiation of translation. 

The enzymes that normally cap RNA are listed in Table 6 .1 .  The capping enzymes 

of the cell are located in the nucleus, and most of the viruses that carry out 
transcription in the nucleus (Figure 6.  5) use these enzymes. Influenza viruses 

transcribe their genomes in the nucleus, but they do not use the capping enzymes. 
Instead they "snatch" caps from cell mRNAs; the complex of virus proteins making 



up the RNA polymerase b inds to cel l u lar mRNA, and then an endonuclease i n  the 
complex cleaves the RNA, genera l ly 9-1 5  nucleotides from the 5' end .  The resu lti ng 
capped ol igonucleotide acts as a primer to i n it iate synthesis of vi ra l mRNA. 

Table 6 . 1 Enzymes involved in capp ing the 5'  ends of RNAs 

Enzyme Activity 

RNA tri phosphatase Removes one of the three phosphate groups from the 5' end 

of the RNA 

Guanylyl transferase Ad d s  g u a n os i n e  m o n o p h o s p h a te to t h e  d i p h os p h a te 

term inus 

Methyl transferases Add methyl group( s) 

Of the viruses that repl icate i n  the cytop lasm, many encode the i r  own ca pp ing 

enzymes (e . g . poxvi ruses, reovi ruses, coronavi ruses), wh i le  some "snatch" caps 

from cell m RNAs (e .g . bunyavi ruses) and others produce transcripts that are not 
capped (e .g . p icornavi ruses) .  Trans lation of m RNAs without caps i s  in i tiated by a 
mecha n ism that i s  not dependent upon a cap (Section 6 .4 . 1 ) .  

6 . 3 . 5  Polyadenylation of transcri pts 
A series of adenosi ne res idues (a polyadenyl ate tai l ;  poly(A) ta i l )  is added to the 3'  

end of most primary transcri pts of eukaryotes and thei r viruses. Polyadenylation 
probab ly i ncreases the stab i l i ty of m RNAs, and the poly(A) ta i l  p lays a rol e in the 
i n itiat ion of translation (Section 6 .4 . 1 ) . These functions can be provided in other 

ways, however, as some vi ruses, such as the reovi ruses (Section 13 .3 . 2) ,  do not 
polyadenylate the i r  mRNAs .  

In most cases there i s  a polyadenylat ion s ignal  ( Figure 6 . 3 )  about 10-30 bases 
upstream of the polyadenylation site .  The polyadenylation s igna l AATAAA was fi rst 

characterized i n  s im ian vi rus 40 i n  198 1 .  It has s ince been found that this sequence 
is used by many other an ima l  vi ruses, such as H IV- 1 (Section 18 ..4 . 3 )  and Rous 

sa rcoma vi rus, as wel l  as by an ima l  cel ls .  Some viruses use other sequences as 
polyadenylation s igna ls ;  for exam p le,  the mam ma l i an  hepadnavi ruses (Section 

19 .8 . 3 )  use TATAAA, a sequence that can function as a TATA box in  other contexts ! 

In  m ost cases the po ly( A)  ta i l  i s  added by the fo l l ow ing  m echan i sm . D u ri ng 

tra nscr i p t i on  the  R N A  p o ly m e rase p roceed s a l o n g  th e te m p late p ast the  
polyadenylation signal and the polyadenylation site .  The newly synthesized RNA i s  

then cleaved at  the polyadenylation site and the poly(A) ta i l  i s  added step by  step 
by a complex of protei ns, inc lud i ng a poly(A) polymerase .  Alternative mechanisms 
to po lyadenylate m R NAs have been evo lved by som e  v i ruses, i nc l ud i ng  the 
p icornavi ruses (Secti on 14.4 .4) and the rhabdoviruses (Secti1on 15 .4 . 2) .  



6 . 3 . 6  Sp l ic ing transcri pts 
Some eukaryotic ce l l  pri mary transcripts a re functional m RNAs, but most conta in  
sequences ( i ntrans) that a re removed i n  the n ucleus. The rema i n i ng sequences 

(exons) are spl iced at specific donor sites and acceptor s ites to produce the m RNAs 
( Figure 6 .3 ) .  A pri mary transcri pt may be cut and spl i ced i n  more than one way to 
produce two or more m RNA speci es . 

Some pri mary transcri pts of vi ruses that rep l i cate in  the nucleus a re processed in 
the same way to produce the vi rus mRNAs. The fi rst evidence of spl it genes, as 

they are known, was reported in 1977 after stud ies with adenovi ruses . Further 
exa m ples of v i ru ses that have sp l i t  genes are herpesv i ruses (Section 1 1 . 5 . 2 ) ,  

pa rvovi ruses (Section 12 .4 . 3)  and retrovi ruses (Section 17 . 3 .4) .  

The simplest type of spl it gene consi sts of two exons separated by one i ntron,  but 
so m e  a re m u ch m ore co m p l ex ;  g e ne K 1 5  of Ka pos i 's sa rco m a -assoc iated  
herpesvi rus has e ight exons and seven i ntrons . The HIV-1 genome has a number of 
spl ice donor sites and acceptor s ites; cutting and spl ic i ng the primary transcript 

results i n  more than 30 species of mRNA (Secti on 18 .4 .3 ) .  

6 . 4  TRANSLATIO N  IN EU KARYOTES 
Most vi ruses synthesize their  prote ins uti l iz ing the enti re translat ion mach inery of 

the host ce l l  ( ri bosomes, enzymes, other prote ins, and transfer RNAs (tRNAs) ) .  

Some large DNA vi ruses, however, encode the ir  own tRNAs, whi le the m im ivi rus 
(Sect ion  3 . 2 . 1 )  a lso e n codes a n u m ber  of the e nzym es a n d  oth e r  p rote i n  
components of the translation machinery. 

A typica l  eukaryotic mRNA is  monocistron ic; that is, it has one ORF from wh ich one 
protei n is  translated ( F igure 6 .7) . Sequences upstrea m and downstream of the ORF 
are not translated . Some virus m RNAs have large ORFs that encode polyproteins, 
large prote ins that a re cleaved to form two or more functional proteins.  

F ig ure 6 . 7  Transllati on from a monocistron ic m RNA.  There is one open read ing 
frame (ORF),  usua l ly  starti ng at  the fi rst AUG codon from the 5'  end of the m RNA 

and end ing at a stop codon (UGA, UAA, or UAG).  Translation occurs in the 5' to 3' 
d i rection, the N term i nus of the protein bei ng synthesized fi rst. 
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6.4. 1 Initiation of tra nslation 
As we have noted, most eukaryotic cell and virus mRNAs have a methylated cap at 

the 5' end and a poly(A) sequence at the 3' end. These structures play key roles in 
the initiation of translation. The cap is especially important; it is the binding site for 

eukaryotic initiation factors (eIFs), a 405 ribosomal subunit, and a methionine tRNA 
charged with methionine ( Figure 6 .8) .  A poly(A)-binding protein binds to the 

poly(A) tail and interacts with proteins bound at the 5' end; this circularizes the 
mRNA and leads to initiation of translation. 

Figure 6.8 Initiation of translation on a capped mRNA. 

(a) Eukaryotic initiation factors (eIFs) bind at the 5' end of the mRNA. 

(b) A complex of a 405 ribosomal subunit, further eIFs, and a methionine l inked to 

its tRNA bind. The ends of the mRNA become linked (not shown). 

(c) The complex scans from the 5' end of the mRNA. 

(d) When the first AUG codon is reached it is recognized by the anticodon UAC in 

the tRNA; a 605 ribosomal subunit is bound. 
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The 405 ribosomal subunit is moved along the RNA in the 5' to 3'  d i rection, 
scanning unti l an in itiation codon is encountered in an appropriate sequence 

context. The initiation codon is normally the first AUG from the 5' end . Some 
viruses, however, use other in itiation codons; Sendai virus uses ACG as the 

initiation codon for one of its genes. 



For mRNAs that are not capped, circularization and initiation of translation occur by 
different mechanisms. Initiation i nvolves a reduced set of eIFs binding, not at the 5' 

end, but at an internal ribosome entry site (IRES), which has a high degree of 
secondary structure (Figure 6.9) .  

Figure 6.9 Initiation of translation on an mRNA that is not capped. A complex of a 

40S ribosomal subunit, eIFs, and a methionine linked to its tRNA bind at an internal 

ribosome entry site (IRES) upstream of the ORF. 

5' 

1 

IRESs are present in a number of RNA viruses, including hepatitis C virus and the 
picornaviruses (Chapter 14). They have also been found in cell mRNAs and in one 

of the mRNAs of a DNA virus (Kaposi's sarcoma-associated herpesvirus). 

6.4.2 Translation from bicistronic mRNAs 
Most eukaryotic cell and virus mRNAs have one ORF, but there are a number of 

eukaryotic virus mRNAs that have two or more ORFs. Some of these bicistronic and 

polycistronic mRNAs are functionally monocistronic, i .e. only one of the ORFs, 

normally the 5' ORF, is translated. 

Some structurally bicistronic mRNAs, however, are functionally bicistronic. When 

both O RFs are translated a difference in their rates of translation provides a 

mechanism for expressing two genes at different levels. 

In many bicistronic mRNAs the ORFs overlap (Figure 6. lO(a)); in others there is an 

ORF within an ORF (Figure 6 .lO(b)) .  One mechanism to read the second ORF 

involves leaky scanning; a 40S ribosomal subunit may overlook the ORF 1 start 



codon and i n itiate translation at the start of ORF 2 .  The ORFs for the two protei ns 
are i n  d i fferent read ing frames, so the prote ins that they encode are unrelated . Of 
course it is essentia l  that the sequence "makes sense" i n  both read ing frames ! 

F ig ure 6 . 1 0  Translation from b ic istron ic  mRNAs .  ( a ), (b) A ri bosome may beg i n  
translation a t  the start of ORF 1 ,  or scann ing may be  " leaky" and translation may 

beg in  at the start of ORF 2 .  The two start codons are in different read i ng frames 
and  the two p rote ins  a re u n re lated . (c )  O R F  2 is translated by a r iboso m a l  

framesh ift, produci ng a n  extended version of protein 1 .  
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Another mechan ism for read ing  a second ORF i n  an  m RNA involves ri bosoma l  

framesh ifti ng ; a ri bosome shifts i nto a different read ing frame towards the end  of 
ORF 1 .  It therefore does not recogn ize the ORF 1 stop codon, but con ti nu  es a long 

the mRNA, reading ORF 2 to produce an e longated vers ion of the ORF 1 protein 
( Figure 6. 10( c) ) .  Fra mesh ifti ng occurs when the ri bosome encounters a frameshift 
s igna l  i n  the m RNA, fol lowed by a secondary structure ,  usua l ly a pseudoknot 
(Section 3 .2 . 2 ) .  

6 .4 . 3  Co- and post-tra ns lationa l mod ification of protei ns  
Duri ng and after the i r  tra nsl at ion, proteins may undergo one or more mod ifications, 

i nclud ing g lycosylation,  acylation, phosphorylation, and c leavage. 



6 .4 . 3 . a  G lycosylation 
Glycosylation i nvolves the add it ion of o l igosaccharide groups to the po lypept ide 
cha i n .  When an  o l igosaccharide i s  l i nked through the -OH g roup of a seri ne or 

threon i ne  resid ue the p rocess is known as 0-g lycosy latio n ;  when it is  l i n ked 
through the -NH2 group of an asparag ine residue it i s  known as N-g lycosylation .  

Prote ins  desti ned for g lycosyl ation a re synthes ized in  the rough  endop lasm ic  

reticu l um ,  where N -g lycosylation com mences . They are then transported to  the 

Golg i complex ( Section 6 . 5), where N-glycosylation is completed by enzymes such 

as a-mannosidases I and II and galactosyl transferase . 0-glycosylation takes place 
i n  the Go lg i  complex. 

Some g lycoprote ins have undergone only one type of g lycosy lation, such as the 

N-g lycosylated gp120 of HIV- 1,  wh i le  many g lycoprote ins have undergone both 0-
and N-g lycosylation, such as gC and gD  of herpes simplex virus. 

These g lycoprote ins of HIV and herpes sim plex vi rus, l i ke most vi rus g lycoproteins, 

are i nteg ra l membrane proteins that are components of the v i rion envelopes . Some 

g lycoprotei ns, however, are not associated with vi r ion envel opes; rotavi ruses have 
naked v irions but thei r surface protei n (VP7) is g lycosylated (Chapter 13 ) .  A few 
vi rus g lycoprotei ns are non-structura l protei ns, such as the rotavi rus protei n  NSP4 .  

6 .4 . 3 . b  Acylation 
Acylation i s  the addition of an acyl g roup ( R-CO-); one that i s  commonly added 
to protei ns i s  a myristyl g roup, where R is CH3-(CH2 ) 1 2  .. The myristyl g roup is  

l i nked to a g lyci ne resi d ue at  the N term inus of  the prote i n .  Most vi ruses that 

myri stylate p rotei ns use the host enzyme N -myri styltransferase. 

Many myristylated protei ns associate w ith membranes. Th is  i s  true for the Gag 

protei ns of most retroviruses (Chapter 17 ) ; if these proteins are not myristylated 
they do not associate with the p lasma membrane and vi ri on assembly does not 

take pl ace. Another exam ple of a myristy lated prote in is the p icornavi rus capsid 
protei n  VP4 (Chapter 14 ). 

6 .4  .. 3 . c Phosphorylation 
Phosphorylat ion involves the transfer of a phosphate g roup from a nuc leotide, 

usua l ly ATP, to the 0 of an -OH group of a seri ne, threon ine, or tyrosi ne res idue.  
The transfer is carried out by a protein  ki nase, which may be of cel l or vi ra l orig in .  
The enzyme recogn izes short sequences of amino ac ids that bracket the residue to 

be phosphorylated . 

Phosphoryl at ion can a l ter  the confo rm ati on ,  act iv ity, l oca l i zat ion ,  a n d/or the 
sta b i l i ty of a p rote i n ,  a n d m a ny  c e l l  a n d  v i ra l p rocesses i n v o lve  p rote i n  
phosphory la tio n .  M a ny structu ra l  a n d  n o n -structu ra l  v i rus  p rote i n s  beco m e  
phosphorylated ; for example, the phosphoproteins of rha bdovi ruses (Chapter 1 5) ;  

one-sixth of the am ino ac id residues i n  the phosphoprotei n of vesicu lar stomati t is 
vi rus are seri ne and threoni ne, and many of these are phosphorylated .. 



6.4.3.d Cleavage 
Many proteins are cleaved by proteases during or after their synthesis. Some 

viruses encode their own protease; for example, picornaviruses produce proteases 

that cleave both viral and cell proteins (Chapter 14 ) .  Cell proteases are involved in 

the formation of many viral fusion proteins (Section 5.2.4.b); a precursor protein is 
cleaved to two subunits, the fusion sequence residing at the N terminus of one of 

the subunits (e.g.  influenza viruses; Chapter 16) .  Retroviruses use their own 

protease to cleave their internal structural proteins, while they use a celll protease 

to cleave their envelope proteins (Chapter 17). 

6.5  TRANSPORT OF MO LECU LES I N  

EUKARYOTIC CELLS 
We have a lready discussed how nucleocapsids and other virus structures are 
transported via microtubules and nuclear pores after entry into a cell (Section 

5.2.5). Molecules synthesized by a virus in an infected cell must also be transported 
to particular sites. Virus mRNAs synthesized in the nucleus are transported to the 

cytoplasm, and virus proteins are transported to various locations, including the 
nucleus (Figure 6 .11 ) .  

Fig ure 6 .11  Synthesis and intracel lu lar transport of  molecules. Some proteins 
translated on free ribosomes are transported via nuclear pores to the nucleus. 

Some proteins translated in the rough endoplasmic reticulum are transported via 

the Golgi complex to the plasma membrane. 
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Many protei ns have a sequence of am i no acids (a  "post code") that specifies thei r 
desti nation .  Protei ns desti ned to be i ncorporated into mem bra nes have a s igna l  
sequence, which i s  a series of hydrophobic amino acid resid ues, either at  the N 
term i nus or i nternal ly. Protei n synthesis beg ins on a free ri bosome, but when the 
signal sequence has been synthesized it d i rects the polypeptide-ri bosome complex 

to the endoplasmic reti cu lum, where protein synthesi s conti n ues. Reg ions of the 
e n d op la s m i c  ret i c u l u m w i th r i b oso m es assoc iated  a re k n ow n a s  a ro ug h 

endoplasmic reticu l um (F igure 6 . 1 1 ) .  

Each i ntegra l membrane protei n has one  or more membrane anchor sequences, 

which a re rich in hydrophobic amino ac id residues .  For some of these protei ns the 
signal  sequence acts as a membrane anchor. Other i ntegra l membrane protei ns, 

l i ke the HIV- 1 envelope prote in ,  are moved th rough  the membrane unti l the anchor 
sequence i s  reached, and then the signa l  sequence i s  removed by a host enzyme. 

M any  of th e p rote i n s  synthes ized in the ro u g h  e n d o p l a s m ic  reticu l u m a re 
transported via vesi cles to the Go lg i  complex, and most i nteg ra l membrane protei ns 

becom e g lycosy l a ted in these m e m b ra n e  co m p a rtm en ts . F ro m  h e re t h e  

g lycoprote i n s m ay b e  tra nsported to oth er m e m b ra nes, such a s  the p l asm a 
m e m b ra n e  or  th e n uc l ea r  envelo pe . P rog eny  v i r i ons  m ay b u d  fro m these 

membranes ( Section 8 . 3 . 1 ) .  

Ep ithe l ia l  cel l s  have ap i ca l  (outer) a n d  ba solatera l ( i nner) surfaces, wh ich a re 
composed of d i fferent l i p ids and prote ins  and are separated by "tight junctions . "  
Budd ing of enveloped vi ruses from epi thel ia l  cel ls may be restri cted to either the 
ap ica l  surface or the basolatera l surface . 

Enrique Rodriguez-Bou lan and David Sabati n i  used electron microscopy to exami ne 

th i n  sect io n s  of v i ru s- i n fected e p i th e l i a l  c e l l  cu l tu res  th at  reta i n e d  th e i r  
d ifferentiated surfaces . They reported i n  1978 that vesicu lar stomatitis vi rus buds 
from the basolatera l surface, wh i le i nfl uenza vi rus buds from the apical surface. 

Th is probably exp la i ns why most infl uenza vi rus i nfections of ma mmals are loca l i zed 

to the respi ratory tract. It can be demonstrated that the g lycoprote ins of each vi rus 
a re ta rgeted to the a p p ro p riate su rface ( F i g u re 6 . 1 2 ) .  The ta rgeti ng  s i g n a l  

sequences and the ir  locations with in  the prote ins have been determ i ned . 

Fi gure 6 . 1 2  Targeti ng of vi rus envelope protei ns to apical and basolatera l surfaces 
of an  ep ithe l ia l ce l l .  The envel ope p rote ins  of i nfl uenza A v i rus and  vesicu l a r  
stomatitis vi rus are transported to the apical and  basolateral surfaces, respectively. 
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If the vi rus rep l i cates i n  the n uc leus then most of the vi rus p rote ins m ust be 

transported i nto the nuc leus .  Each of these prote i ns, l i ke cel l protei ns that are 
transported i nto the nuc leus, has a nuclear loca l i zation signa l ,  which is rich i n  one 
or both of the basic am ino acids lys ine ( K) and a rgi n i ne ( R) .  A common nuclear 
loca l ization s igna l  is 

PKKKRKV.  

Th is s ig na l  was fi rst ident ified in  a s i m ia n  v i rus  40 p rote i n  known as  l a rge  T 

anti gen .  A n uc lea r loca l izat ion sig na l  a l l ows a prote i n  to b ind to ce l l  p rote ins  
( i mporti ns) and subsequently to nuclear pore fi laments (Figure 5 .6), from where i t  

i s  transported into the nucleus. 

RNAs a re a lso transported with i n  the cel l ;  for example, mRNAs synthesized i n  the 

nucleus must be exported through nuclea r pores to the cytoplasm . The RNAs are 
taken to thei r desti nations by prote ins .  The Rev protei n of H IV- 1 has both a nuclear 

loca l i zation s igna l  and a nuclea r export s ignal  ( Figure 6 . 13 ) .  The nuclear loca l i zation 
signal ensures that Rev is transported into the nucleus, where it b inds specifi ca l ly to 

HIV-1 RNA. The nuclear export s ignal  b inds Rev and its RNA cargo to cel l  protei ns 
(exporti ns) that transport the complex from the nucleus to the cytoplasm v ia a 

nuclear pore . 

F igure 6 . 1 3  HIV- 1 Rev protein .  The nuclea r loca l i zation s igna l  is rich i n  arg i n i ne (R) 

residues . The nuclear export s igna l  is  rich i n  leucine (L) residues . 
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6 . 6  TRANSCRI PTION AN D TRANSLATION I N  

BACTE RIA 
This sect ion starts with a brief summary of transcription from prokaryotic genes. 
The re is o n e  type of D N A-dependent  R N A  po ly m erase fo r tra nscr i pti o n  i n  

prokaryotes, and  the E .  co l i  holoenzyme com p rises the cata lyti c co re enzyme 
conta i n i ng one � '  one W, and two a subun its,  and a regul atory prote in ,  the sigma 

(a) factor. The a factor determ i nes promoter specificity, enabl ing the polymerase to 
recog n i ze and  b ind to specif ic prom ote rs i n  the co rrect orientat ion  to i n it i ate 
transcri ption . Bacteria l  promoters conta in  characteristic sequences : the - 10 reg ion 
( Pri bnow box) and the - 35 reg ion ,  centered 1 0  a nd 35 bp upstrea m of th e 

transcription start site respectively, and recogni zed by the a factor. U pstream of the 
- 3 5  reg io n so m e  p rom oters add it io na l ly conta i n  the U P  e l em ent, wh ich  is 

recognized by the RNA po lymerase a subunit and en hances b ind i ng of the enzyme. 

Once transcription i n itiation is  completed, the a factor d issociates to be re-used in  

the process. Different a factors recogn ize d ifferent promoters . There are two main 
sigma fam i l ies: a70 and 054.  The a70 fam i ly has many d ifferent a factors, i ncl ud i ng 

the pri mary (vegetative) a factors, d i recti ng transcription of genes for bacter ia l 
growth and metabol ism, and alternative factors, e .g . a32 for transcri ption of heat 

shock genes .. 

Transcri ption term i nates after a term inator i s  transcri bed .. Term ination may be rho 

i ndependent ( i ntri nsic) or rho dependent. Rho-independent term i nation depends on 
the temp late DNA sequence, wh ich conta i ns an i nverted repeat and a stri ng of 

adeni ne residues, located downstrea m of the rho- independent genes. The i nverted 
repeat forms a stem-loop structu re i n  the RNA transcri pt and adenine-uraci l bonds 

form in the DNA-RNA hybrid, such that the RNA transcript can d issociate from the 
template . Rho-dependent termination involves a rho factor, which has hel icase and 

ATPase activity, to unwind DNA-RNA hybrids when the polymerase is sta l led at an 
i nverted repeat. This leads to release of the transcript. 

Bacteria l  cel l s  and the vi ruses that i nfect them operate transcri ption and translation 
mechan isms that d iffer in a number of respects from those in eukaryotes. Intrans 

are rarely present i n  the genes of bacteria and their vi ruses. Some phages use the 
host DNA-dependent RNA polymerase for their transcri pti on, whi le  others encode 
thei r own . 

Whereas typ ica l  m RNAs i n  euka ryotes a re m onoci stron ic ,  i n  bacteria they are 

polycistron ic;  that i s, each mRNA has severa l ORFs ( F igure 6 . 14) .  The mRNAs of 



bacteria and their viruses are never capped at the 5'  end, and a re rarely 
polyadenylated at the 3' end. 

Figure 6 .14 Characteristics of bacterial and phage mRNA. There are typica lly several 

ORFs, a l l  of which may be translated at the same time. The 5'  end is not capped 
and the 3' end is rarely polyadenylated. 

5' -i ORF 1 H ... o-R""""!F-2�H ORF -� r 3'  

Bacterial translation differs from eukaryotic translation i n  a number of features: 

• Translation may start before transcription is complete. The lack of a 

nucleus allows transcription and translation to be coupled. 

• The ribosomes are smaller (the ribosomal subunits have sedimentation 
coefficients of 30S and SOS). 

• The 30S ribosomal subunit binds directly to a translation initiation region 

on the mRNA. Initiation generally involves interaction of a mRNA sequence 

(consensus in E. coli: 5'-AGGAGGU-3'), known as the Shine-Dalgarno (SD) 

sequence, and the complementary sequence (the anti-SD sequence) at the 3' 
end of 16S ribosomal RNA in the 30S subunit. The SD sequence (ribosome 

binding site) is located just upstream of the AUG start codon. 

• The methionine of the in itiator methionyl tRNA is generally formylated. 

• A much smaller number of initiation factors is involved . 

• All ORFs within an mRNA are translated and several may be translated 

concurrently. 

A few phages have overlapping genes, which may be translated by reading through 

a stop codon or by ribosomal frameshifting (Section 6.4.2). 

LEARNING OUTCOMES 
After review of this chapter you should be able to: 

Books 

• explain how virus genes are transcribed and translated; 

• describe the post-translational modifications that some virus proteins 

undergo; 

• highlight differences in transcription and translation between prokaryotic 

and eukaryotic cells; 

• discuss the transport of virus proteins and RNA within cells. 
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Vi rus Genome Rep l ication 
CHAPTER 7 AT A GLANCE 
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7. 1 OVERVIEW O F  VIRUS GENOME 

REPLICATION 
In  this chapter we consider the fifth step of our  generalized replication cycle: 

genome replication. The genome of the infecting virus is replicated so that viral 

transcription can be amplified and to provide copies of the genome for progeny 
virions. 

Generally, DNA viruses copy their genomes directly to DNA, and RNA viruses copy 

their genomes di rectly to RNA. There are, however, som e  DNA viruses that 

replicate their genomes via an RNA intermediate and some RNA viruses that 
replicate their genomes via a DNA intermediate. The various replication modes of 

virus genomes are summarized in Figure 7 . 1 .  

Figure 7 . 1  Replication of virus genomes in the seven Baltimore Classes. ( + )  RNA 

and ( + )  DNA have the same sequence as the mRNA (except that in DNA thymine 

replaces uraci l ) .  (-) RNA and (-) DNA have the sequence complementary to the 

mRNA (except that in DNA thymine replaces uraci l ) .  ( + )  and (-) strands are not 

ind icated for the dsDNA of the class I viruses because the genomes of most of 

these viruses have ORFs in  both directions. ( + )  and (-) strands are indicated for 

the ssDNA of the class II viruses. Most of these viruses have either a ( + )  or a (-) 

strand genome. Some ssDNA viruses and some ssRNA viruses have ambisense 
genomes. 
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S ing le-stranded genomes a re des ignated as p lus or m inus  depend i ng on the i r  

relationsh i p  to the vi rus mRNA. Pl us-strand genomes have the sa me sequence as  
the  m RNA ( except that i n  D NA thym ine  rep laces u rac i l ) ,  w h i l e m i nus-stra nd 
genomes have the sequence complementary to the m RNA. Sing le-stranded DNA is  
converted to dsDNA prior to copyi ng . 

There are two c lasses of vi ruses with ( + )  RNA genomes ( Figure 7 .. 1 ) .  C lass IV 
viruses copy their ( + )  RNA genomes via a (-) RNA i ntermed iate, whi le c lass VI 
vi ruses rep l icate via a DNA i nterm ed i ate . The synthesi s of DNA from a n  RNA 
template ( reverse transcri ption) is a l so a characteristi c of class VII  vi ruses . 

In th is  chapter we sha l l  look at some general aspects of vi rus genome rep l ication, 

and then we sha l l  g ive i nd ividua l  attention to the DNA vi ruses, the RNA viruses and 

the reverse-transcri b ing vi ruses . 

7 . 2  LOCATIONS OF VI RUS G ENO M E 

REPLICATION IN EU KARYOTIC CELLS 
As we saw i n  Chapter 5, when vi ruses i nfect eukaryotic cel l s  the genomes of some 

a re de l ivered to the cytop lasm and  so me  a re conveyed to the n uc leus .  The 
destination of a v i rus genome, and hence the location in wh ich it is repl icated, 
varies with the type of genome (Tab le  7 . 1 ) .  

Table 7 . 1  Locations of vi rus genome repl ication i n  eukaryotic cel l s  



Vi rus genome Cytoplasm N ucleus 

dsDNA (except para retroviruses) Some Some 

ssDNA Al l 

dsRNA Al l  

( +) RNA (except retroviruses) Al l  

( - ) RNA Some Some 

( + )  RNA (retrovi ruses)} 

dsDNA (para retrovi ruses) } ssRNA dsDNA dsDNA ssRNA 

The genomes of most DNA vi ruses are repl i cated in  the nucleus, but those of some 
dsDNA vi ruses are rep l icated in the cytoplasm . The genomes of most RNA vi ruses 
are rep l icated in the cytoplasm, but there are exceptions a mongst the minus-stra nd 

RNA vi ruses (Table 7 . 1 ) .  The retrov i ruses and pa raretrovi ruses are specia l  cases : 
each rep l i cates RNA to DNA i n  the cytoplasm and DNA to RNA i n  the nucleus. 

For those vi ra l genomes that are rep l icated in the cytoplasm, nucle ic acid synthesis  
usua l ly takes p lace ins ide structures with i n  the cytop lasm .  For the dsRNA vi ruses, 

the retroviruses and the pararetroviruses these structures are composed of vi ra l  
p rote i n s ; fo r the  re m a i n i ng  p lus -stra nd R N A  v i ruses they a re com posed of 

ce l l -derived membranes.  These vi ra l  and cel l -derived structu res are descri bed in 
later chapters. One probab le reason why vi ruses avoid rep l i cati ng thei r nucleic acids 

free in the cytoplasm is  to protect them from defense mechan isms of the host cel ls .  

Obviously there must be an adequate supply of nucleotides into these structures in 
order for nucleic acid synthesis to proceed . 

7 . 3  I N ITIATIO N O F  G EN O M E REPLICATION 
The rep l i cation of a vi rus genome i s  i n i tiated a t  a specific nucl eotide sequence that 

is recogn ized by the protei ns that in i t iate rep l ication . For most l i near genomes th is 
sequence i s  at one of the ends of the nucleic acid . 

Rep l ication of DNA, and of some vira l  RNAs, requires prim i ng,  which is the reaction 
of a nucleotide with an -OH g roup on a molecule at the i n itiat ion s ite .  In it iation of 

genome rep l ication for many RNA vi ruses, i nc lud ing rotavi ruses and rhabdovi ruses, 
does not requ i re a pri mer; repl ication i n iti ates when the fi rst r ibonucleoti de of the 

new strand base pa i rs with a r i bonucleotid e  i n  the tem p late RNA .  Th is  fi rst 
ri bonucleotide effectively acts as a pri mer when its 3'  -OH group becomes l i nked 

to the second ribonucleotide .  

Some ssDNA vi ruses, such as parvoviruses, use self-pri m ing .  At the 3 '  end of  the 

DNA there are reg ions with comp lementary sequences that can base pai r  ( Figure 



7 . 2(a) ) .  The -OH g roup of the nucleoti de at the 3 '  end forms a l i nkage with the 
fi rst nucleotide, then DNA synthes is  proceeds to copy the whole genome. 

F igure 7 .2  DNA, RNA, and prote in pri mers for nucleic acid synthesis .  
( a ) b c 
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7 . 3 . 1 RNA and protei n primers 

l 

In order to in i ti ate the repl ication of many DNA genomes, and some RNA genomes, 

a molecule of RNA or prote in  is requ i red to act as a pri mer ( Figu re 7 .2(b)  and (c)) . 

Synthesis of ce l l  DNA com mences after a reg ion of the doub le  hel ix has been 

unwound by a hel i case and after a primase has synthesi zed short sequences of 
RNA comp lementary to reg ions of the DNA. These RNAs act as pri mers; one is 

requ i red for the lead i ng strand,  wh i le  mu lti p le primers must be synthesized for the 
Okazaki fragments of the lagg ing strand ( Figure 7 . 3 ) .  The fi rst nucleoti de of a new 
sequence of DNA is  l i n ked to the 3 '  -OH g roup of the primer RNA. 

F igure 7 .3  DNA repl icati on .  A hel icase-pri mase unwi nds the dsDNA and synthesizes 

RNA pri mers that are used by the DNA polymerase to i n iti ate DNA synthesis .  The 

lead ing strand is synthesized conti nuously, wh i le  the lagg ing strand is synthesi zed 
as Okazaki frag ments that are joined together by a DNA l igase . 
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Some DNA vi ruses a lso use RNA pri mers duri ng the rep l ication of thei r genomes. 

Some vi ruses, such as polyomavi ruses, use the cel l  pri mase to synthesize the i r  RNA 
primers, whi le others, such as herpesvi ruses and phage T7, encode thei r own 

pri mases. 

Dur ing the i r  rep l i cati on cyc le the retrov i ruses synthesize DNA fro m a ( + )  RNA 

template (Section 17 . 3 . 2) .  They use a cel l transfer RNA to prime (-) DNA synthesis, 
then they use the 3 '  -OH group i n  a po lypuri ne tract of the pa rtly degraded ( + )  
RNA templ ate to pri me ( + )  DNA synthesis .  The retrovi rus DNA becomes integrated 
i nto a cel l  chromosome. If the i nfection is latent and the cel l subsequently d ivides 

(Section 9 .3 . 1 ), then the vi rus DNA is cop ied a long with the ce l l  DNA, usi ng RNA 
primers synthesized by the cel l primase . 

For some vi ruses the pri mer for i n i tiat ion of nucle ic ac id repl icat ion is the -OH 
group on a serine or  tyrosi ne residue in a protein ( Figure 7 . 2(c)) . DNA vi ruses that 

use prote i n  pr imers i ncl ude some an ima l  vi ruses (e .g . adenoviruses) and some 
phages (e .g .  tectivi ruses) .  RNA v i ruses that use prote in  p ri mers i nc lude some 
an i mal vi ruses (e .g .  p icornavi ruses) and some pla nt vi ruses (e .g .  l uteovi ruses) .  

Hepad navi ru ses a re DNA v i ruses that use a prote in  pri mer to i n i tiate (-)  DNA 

synthesi s and an RNA primer to i n iti ate ( +) DNA synthesis (Section 19 .8 .6 ) .  

Protei n  pri mers (and  the RNA primers of  hepadnavi ruses) are not removed once 

thei r ro le  is performed and they are found l i n ked to the 5' ends of the genomes in  
vi rions ( Section 3 . 2 . 3 ) .  



7 . 4 PO LYM E RASES 
The key enzymes i nvolved i n  vi rus genome rep l ication are DNA polymerases and 

RNA polymerases. Many viruses encode thei r own polymerase, but some use a host 
cel l  enzyme ( F igure 7 .4 ) .  

F i gu re 7 .4 Enzymes used by v i ru ses to rep l i cate the i r  genomes .  Many vi ruses 
encode a polymerase to rep l icate thei r genome, but some use a cel l enzyme. 
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A DNA vi rus requ i res a DNA-dependent DNA po lymerase . Amongst the DNA viruses 
that rep l icate i n  the nucle i  of eukaryotic cel l s, vi ruses with sma l l  genomes (e .g .  
papi l lomavi ruses) use the ce l l  enzyme, wh i le  vi ruses w ith la rge genomes (e . g .  

herpesvi ruses) encode thei r own enzyme. Those DNA vi ruses that rep l icate i n  the 

cytoplasm must encode their own enzyme. 

The enzyme that repl icates the genome of an RNA vi rus is often referred to as a 
rep l i case ;  for m a ny  RNA  v i ruses th is  i s  the sa m e  enzy m e  as  that  used fo r 

tra nscri ption (Secti on 6 . 3 . 3 ) .  The retrov i ruses a nd the pa raretrov i ruses encode 

reverse transcri ptases to transcribe from RNA to DNA, and use the host cel l RNA 
polymerase II to transcri be from DNA to RNA. 

Many v i ral polymerases form comp lexes with other vi ra l  and/or cel l p rote ins  to 
prod uce the active enzyme .  Some of these add itiona l  p rote i ns  a re processiv ity 

facto rs; for exa m pl e, a n  Escherich ia  co l i  th ioredoxi n molecu l e  fu nct ions as a 

processivity factor for the DNA polymerase of phage T7 . 



7 . 5  DNA RE PLICATIO N  
The vi ruses of Class I ( dsDNA) and Cl ass II (ssDNA) rep l icate the i r  genomes via 

dsDNA .. The ssDNA viruses fi rst synthesize a complementary strand to convert the 
genome i nto dsDNA. 

Each vi ra l DNA has at least one specific sequence ( ori ;  rep l icati on orig in )  where 
rep l ication is i n it iated . The proteins that i n it iate DNA rep l i cation b ind to th is  s ite, 

and amongst these proteins are :  

• a he l icase (unwinds the double hel ix  at that s ite) ;  

• a ssDNA b ind ing protei n (keeps the two strands apart) ; 

• a DNA polymerase . 

Vi ral  dsDNA is genera l ly  rep l icated by a process si m i la r  to that used by cel ls  to copy 
thei r genomes. The basic process and the enzymes invo lved are outl i ned in Figure 

7 . 3 . Fewer prote ins are i nvolved i n  bacteri a l  systems than i n  eukaryotic systems; 
for example, the he l icase-pri mase of phage T7 is a si ng le protei n molecu le, wh i le 

that of herpes si mplex v irus is a complex of three protei n  speci es . 

DNA synthesis takes p lace near a repl ication fork. One of the daughter strands i s  

the lead ing  strand and the other i s  the l agg ing  strand ,  synthes ized as Okazaki 
fragments, wh ich become joined by a DNA l igase. After a dsDNA molecule has been 

cop ied each of the daughter molecu les conta ins  a strand of the orig i na l  molecu le .  
Th is m ode  of rep l i cat i o n  is known as se m i -conservative ,  i n  contrast to the 

conservative rep l ication of some dsRNA vi ruses (Section 7 .6 ) .  

Some DNA genomes are l i near molecu les, wh i le some are cova lently c losed ci rcles 

( Section 3 . 2) .. Some of the l i near  molecu les are ci rcu larized pr ior to DNA repl ication, 
hence many DNA genomes are repl icated as c i rcular  molecules, for wh ich there are 

two modes of repl ication, known as theta and sigma ( Figure 7 . 5 ) . These terms refer 
to the shapes depicted in d iagrams of the repl icati ng molecu les, which resemble the 

Greek letters 8 (theta ) and a (sigma) . The s ig ma mode of repl ication is a lso known 

as ro l l i ng ci rc le repl ication . Some DNA vi ruses may carry out theta repl ication early 

in i nfect ion and s igma rep l ication late in i nfection . 

F igure 7 . 5  Theta and sig ma modes of DNA repl ication . The theta structu re i s  shown 
w i th tw o rep l i cat i o n  fo rks a s  a resu lt of b i d i recti o n a l  re p l i cat i on  fro m or i ;  
un id i recti onal rep l i cation can a lso give rise to a theta structure. 
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Rol l i ng c i rcle rep l ication of the DNA of some vi ruses, such as herpesvi ruses (Section 

1 1 . 5 . 3 ), results in the formation of very large DNA molecules cal led concatemers.  
Each concatemer i s  composed of m u lti p le  cop ies of the v i rus genome and the 
concatemers of some viruses are branched . When DNA is packaged d uri ng the 

assembly of a vi rion an endonuclease cuts a genome length from a concatemer. 

7 . 6  DOU BLE-STRAN DIED RNA IRE PLICATIO N  
Double-stranded RNA, l i ke dsDNA, m ust be unwound with a hel icase i n  order for 
the molecu le to be rep l icated . 

Some dsRNA vi ruses, e .g .  Pseudomonas phage c.p6 ( c.p=Greek letter ph i ) ,  repl icate 
their genomes by a sem i -conservative mechan ism,  sim i la r  to dsDNA rep l ication 

(Section 7 . 5 ) ;  each of the doub le-stranded progeny molecu les i s  made up of a 
parenta l strand and a daughter strand .  Other dsRNA vi ruses, i nclud i ng members of 
the fa m i ly Reovi ri dae (Chapter 1 3 ), rep l i cate by a m echan i sm desig nated as  
conservative beca use the doub le-stranded molecu le of  the  i nfect ing genome is  
conserved ( F igure 7 .6) .  

F igure 7 .6 Conservative and semi -conservative repl ication of dsRNA. 
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7 . 7  SI NG LE-STRAN DED RNA REP LICATION 
The ssRNA genomes of vi ruses i n  Classes IV and V are repl icated by synthesis of 

complementary strands of RNA that are then used as temp lates for synthesis of 
new cop ies of the genome ( F i gu re 7 . 1 ) .  The synthes is  of each RNA molecule 
requi res the recruitment of an RNA-dependent RNA polymerase to the 3 '  end of the 
template, therefore both pl us- and m inus-strand RNA must have a bind i ng si te for 
the enzyme at the 3 '  end .  

An i nteresti ng poi nt to note here i s  that a l l  p lu s-strand vi ruses of eukaryotes 

rep l i cate the i r  RNA i n  associat ion w ith m e m bra nes derived from cytop lasm ic  
membranous structu res. Fo r  many g roups of vi ruses, i ncl ud i ng p i cornavi ruses 
(Section 14.4 .4 ) , these membranes are derived from the Golgi  and the endoplasmic 
reticulu m, but other membranous structu res a re used, inc lud ing endosomes and 
lysosomes ( by togaviruses) and chloroplasts ( by tu rnip yel low mosa ic vi rus ) .  Vi ra l  

p rote i n s ,  i n c l u d i n g  the R N A  p o lym e ra ses,  a re bou nd  to the m e m b ra n es .  
M inus-strand RNA vi ruses, on other hand, d o  not rep l icate thei r RNA i n  association 
with membranes, but the RNA templates are coated with vi ral p rotei n .  

Duri ng the repl icati on of ssRNA both ( + )  and  (-) strands of RNA accumu late i n  the 

i nfected cel l ,  but not in equal  amounts . P lus-strand RNA vi ruses accumulate an 
excess of ( + )  RNA over (-) RNA, and for m inus-strand RNA vi ruses the reverse is 
true .  

7 . 8  REVE RSE TRAN SCRI PTIO N 
Some RNA viruses repl icate thei r genomes via a DNA i ntermediate, whi le  some DNA 
vi ruses rep l icate thei r genomes via an RNA i ntermed iate ( Figure 7 . 1 ) .  Both of these 
modes of genome repl ication invol ve reverse transcri ption, which has two major 

steps: synthes is of (-) DNA from a ( + )  RNA template fol lowed by synthesi s of a 



second DNA strand ( F igure 7 .7) .  Both steps are cata lyzed by a reverse transcri ptase 
that i s  encoded by the vi rus. 

F igure 7.7 Reverse transcri ption . ssDNA is synthesized from an RNA template, then 

the ssDNA is converted to dsDNA. A reverse transcri ptase (RT) carri es out both 
steps. 
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Reverse transcri ption takes p lace with i n a vi ral structu re in the cytoplasm of the 
i nfected ce l l .  In l ater chapters the process is considered in more deta i l  for the 
retrovi ruses (Section 1 7 . 3 . 2) and for hepatitis B vi rus (Section 19 .8 .6 ) .  No vi ruses 

of proka ryotes are known to carry out reverse transcri pti on .  

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you should be ab le to : 

Books 

• state the locations w i th i n  euka ryot ic cel ls  where d ifferent categories of 
vi rus genome are rep l icated ; 

• exp la i n  the role of primers in  vi rus nucle ic acid synthesis;  

• d iscuss the roles of vi rus and host protei ns i n  v i rus genome rep l ication;  

• outl i ne the repl ication mecha nisms of vi rus DNAs and RNAs; 

• expla i n  the term "reverse transcri ption . "  
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8 . 1 INTRODUCTION TO ASSEM BLY AIN D EXIT 

OF VI RIO N S  FRO M  CELLS 
In th is chapter we dea l  with the fi na l  stages of the rep l ication cycle : assembly of 

vi ri ons and the i r  exit from the ce l l .  

A vir ion has to be  a stable structu re as  i t  has to survive i n  the envi ronment as  an 

i nfectious entity (though there i s  huge va riation amongst vi ruses in the degree of 

stabi l i ty, as discussed in Chapter 24) .  There is, however, also a requ irement for a 
vi rion to become unstable during infection of a host cel l so that the vi ra l  genome 

can be released . The v irion must therefore have a bu i lt- i n "switch" that can i n it i ate 
the change from sta b i l ity to i n stab i l i ty when the a ppropria te env i ro n m ent i s  

encountered . The "trigger" that activates the "switch"  m i ght  b e  b i nd ing  to a 
receptor and/or a change i n  the concentration of H +  or other ions. 

Once threshold quantities of progeny v i rus genomes and structura l  prote ins have 
accu m u lated i n  the i n fected ce l l ,  assem b ly of vi rions  ca n com m ence .  These 

components are assembled into nucleocapsids. If the vi rion a lso conta i ns l i p id then 



the assembly process a lso i ncl udes the acq uisit i on of this component, either as an 
i nterna l membrane or as an envelope. 

8 . 2  N UCLEOCAPSI D ASSEM B LY 
8 .2 . 1 Hel ica l  vi ruses 

The assembly of v i rions and nucleocapsids of ssRNA vi ruses with hel ica l  sym metry 

(Section 3 .4 . 1 )  i nvolves coati ng cop ies of the genome with mu lti p le cop ies of a 

prote in ,  e .g  .. coat prote i n for tobacco mosaic vi rus, nuc leoprote in  for i nfl uenza 
vi ruses. Deta i led stud ies of the assembly of tobacco mosaic vi rus have shown that 

d iscs of coat protei n are formed fi rst, and then these bu i ld  up on the RNA to form 

the rod -shaped v i rio n .  Th e g en o m es of m i n u s-stra n d  RNA v i ruses beco m e  
associated with add i tional proteins, such as RNA polymerases . 

8 . 2 . 2  Icosahed ra l  vi ruses 
The asse m b ly  of v i r ions a nd nuc l eocaps ids of m a ny v iruses w ith icosahed ra l  

sym metry (Section 3 .4 . 2 ) i nvolves the construction o f  a n  em pty protein she l l ,  
known as a proca psid ,  or  a prohead i n  the case of a ta i l ed bacteriophage. The 
procapsi d is fi l l ed with a copy of the v irus genome ( F igure 8 . 1 ) ;  during or after th is 
process it  may undergo mod ification to form the matu re capsi1d .  Mod i fi cation of the 

procapsid may result i n  a change from a spherical to an icosahed ra l  shape. For 
so me v i ruses, i nc l u d i ng  adenovi ru ses and  p i cornavi ruses, m od ifi cat ion  of the 

procapsid i nvo lves cleavage of one or more of the structura l protei ns. 

F igure 8 .. 1 Assem bly of an  icosahedra l  nucleocapsid .  A protei1n shel l (procapsid)  is  

constructed . A copy of the vi rus genome enters the procapsid ,  wh ich undergoes 
mod ifications to form the capsid . The procapsi d of some vi ruses is bu i l t a round 

scaffold i ng protei n, wh ich is removed as the genome is  packaged . 



The genome enters the procapsid through a channel located at a site that wi l l  

become one of the twelve vertices of the icosahedron. Any enzymes involved in 
packaging the genome are located at this site. In the procapsids of herpesviruses 

and tailed phages the channel consists of a "portal" composed of one or more 
protein species (Section 3.4.2.d). The portal contains a powerful motor that moves 

the virus DNA into the procapsid. 

8.2 .3  Genome packaging 
In the context of packaging virus genomes during virion assembly the question 

"How are virus genomes selected from all the cell and virus nucleic acids?" is an 

intriguing one. In a retrovirus-infected cell, for example, less than 1°/o of the RNA is 
virus genome. In fact, retroviruses do package a variety of cell RNAs, including 

tRNA, which plays a key role when the next host cell is infected (Chapter 17) .  Some 
other viruses also package cell nucleic acids; for example, tailed phages sometimes 
package host DNA. 

For the most part, however, cell nucleic acids are not packaged. For some viruses it 

has been shown that this is achieved through the recognition by a virus protein of a 
specific virus genome sequence, known as a packaging signal. In single-stranded 
genomes the packaging signal is within a region of secondary structure. Most 

viruses with sing le-stra nded genomes package either the plus-strand or the 

minus-strand, so the packaging signal must be present only i n  the strand to be 

packaged. 



It is important that some copies of the virus genome are not packaged: those that 
are serving as templates for synthesis of DNA, RNA, or protein. The packaging 

signal must be masked in these copies of the genome. 

Virus genomes are packaged into small volumes. The dsDNA of large icosahedral 
viruses, such as herpesviruses and the tailed phages, is packed so tightly that the 

pressure within the capsid is about ten times greater than the pressure inside a 

champagne bottle. 

The tight packaging of viral genomes means that repulsion between the negative 
charges on their phosphate groups must be overcome. This may be achieved by 

packaging basic proteins, which are positively charged, along with the genome. 

Some ssRNA viruses (e.g. rhabdoviruses, influenza viruses, and retroviruses) coat 

their genomes with basic protein, while some dsDNA viruses (e.g. adenoviruses and 

baculoviruses) package a basic protein in close association with the genome. All of 
these basic proteins are virus encoded, but papillomaviruses and polyomaviruses 
coat their DNA with cell histones, the basic proteins associated with the DNA in 

eukaryotic cells. Some viruses package other positively charged materials, such as 

polyamines and cations. 

8.2.4 Assembly mechanisms 
In the laboratory, virions can be disassembled into their component molecules. For 

some viruses infectious virions can be reassembled from the purified components 
(protein and nucleic acid), under appropriate conditions of pH and in the presence 
of certain ions. Virions that can self-assemble in this way are those with a relatively 

simple structure, composed of a nucleic acid and one or a small number of protein 
species. Viruses that can self-assemble in a test tube are assumed to undergo 

self-assembly in the infected cel l .  Examples are tobacco mosaic virus (hel ical 

symmetry) and the ssRNA phages ( icosahedral symmetry). Self-assembly is 
economical because no additional genetic information is needed for the assembly 

process. 

The virions of more complex viruses (e.g. herpes-viruses and the tailed phages) do 

not reassemble from their components in a test tube. The environment within the 

infected cell is required and the virions are constructed by a process of di rected 
assembly. 

Directed assembly of icosahedral viruses may involve proteins that are temporarily 

present while the virion is under construction, but are not present in the mature 

virion. These proteins are known as scaffolding proteins (Figure 8.1) .  Once their job 
is com pleted they are removed from the procapsid. Some are removed by 

proteolysis, while others are removed intact and can be recycled. Scaffolding 
proteins of the tailed phages play roles in determining the size and shape of the 

phage head. 

Some viruses synthesize polyproteins from which the individual virus proteins are 

cleaved by proteases; many of the cleavages take place during the assembly 



process. Picornaviruses and retroviruses are two g roups of viruses that utilize this 
strategy. The final cleavage of a picornavirus polyprotein does not occur until a 

copy of the genome enters the procapsid (Section 14.4.5), while the internal 

structures of the retrovirus virion are formed from polyproteiin cleavage products 
late in the assembly process (Chapter 17). 

8 . 3  FORMATION OF VIRION M E M BRANES 
Enveloped virions acquire their membrane envelopes by one of two mechanisms; 
either they modify a host cell membrane and then nucleocapsids bud through it, or 
the virus d i rects synthesis of a new mem bra ne, which forms around the 
nucleocapsids. 

8.3 . 1  Budd ing through cel l  membranes 
Most enveloped viruses acquire their envelopes by budding through a membrane of 

the host cell (Figure 8.2). For viruses with eukaryotic hosts this membrane is often 

the plasma membrane; the virions of m ost retroviruses and rhabdoviruses acquire 

their envelopes in this way. Membrane regions where budding will occur become 
modified by the insertion of one or more species of virus protein, the vast majority 

of which are glycoproteins (Section 6.4.3.a). Nucleocapsids accumulate adjacent to 
the regions of membrane containing virus protein. 

Figure 8.2 Acquisition of a virion envelope by budding. Virus membrane proteins, 
usually glycoproteins, become incorporated into regions of a cell membrane, often 
the plasma membrane. A nucleocapsid buds through the membrane, which pinches 

off to form the virion envelope. 
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Integ ral  prote ins i n  a l ip id  b i layer have a deg ree of mobi l ity as they are "floating in 
a sea" of l i p id .  Vi rus proteins accumu late i n  reg ions of membrane from which cel l  
protei ns, to a large extent, become excl uded ; either the virus prote ins repel the cel l 
protei ns, and/or the vi rus protei n mo lecu les have affi n i ties for each other .  Cel l 
p rote i ns m ay n ot be  tota l ly exc l uded fro m these reg ions  a nd m ay beco m e  

i ncorporated i n to vi rus envelopes; for exam p le, H IV envel opes conta i n  m ajor 
h istocompati b i l ity complex class I I  protei ns. 

Budd ing of vi rions involves i nteract ion between the cytop l asm ic  ta i l  of a v i rus 
g lycoprotei n i n  the membrane and another vi rus prote in .  I n  a number of vi rus 
g ro u ps ,  i nc l ud i ng  para m yxovi ruses a n d  rhabdov i ruses, th is  p rote i n  i s  the M 

( m em brane ,  matri x )  prote in  ( F ig u re 8 . 3 ( a ) ) .  M prote ins  have an  affi n ity fo r 

mem branes, and  b i nd  to n u cleocaps ids  as wel l  as  to the v i rus  g lycoprote i ns, 
"stitch i ng"  the two together d uri ng budding . 

F igure 8 .3  Interactions between prote ins of enveloped vi ruses. Vi ruses (a)  with, and 

( b )  w ithout a m e m b ra ne/ matrix prote i n  layer between the enve lope and th e 
nucleocapsid . 
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The v ita l ro le  p layed by  th e M p rote i n  i n  t he  b u d d i n g  p rocess h a s  been  

demonstrated usi ng mutants of measles vi rus (a paramyxovi rus) and rab ies vi rus (a 
rhabdovi rus) .  Mutants defective in  the IM protei n gene either do not bud at al l or 

prod uce severely reduced amou nts of budded virus from infected cel l s .  Ro les 
s im i l a r  to that of the M protein a re p layed by the M l  protei n of i nfl uenza A vi rus 
(Section 16 . 3 .4) and the MA (matrix) doma in  of the retrovi rus Gag protei n (Section 
17 . 3 . 6 ) .  

Not a l l  enveloped viruses have a layer of prote in between the envelope and  the 
nucleocaps id ( F igure 8 .3 (b) ) .  In the vi rions of al phavi ruses (e .g . yel low fever vi rus) 

the surface of the nucleocapsid interacts d i rectly with the cytop lasmic tai l s  of the 
g lycoprote ins i n  the membrane.  

V i ruses that  bud from the ce l l  do  so from pa rti cu lar  reg ions  of the p l as m a  
membrane, and i f  the cel l  i s  pola rized then budd ing may take p lace pri mari ly from 



one su rface . Body surfaces, such as the respiratory tract, are l i ned with epithe l ia l  
cel ls that are polarized . Each cel l has an  apical (outer) and a basol atera l ( i nner) 
su rface and many vi ruses bud preferentia l ly from one of these . Infl uenza A vi rus 

buds a lmost exc l usively from the ap ica l  surface, wh i le  vesi cu lar  stomatitis v i rus 
buds a l most exc l usively from the basolateral su rface. Experi ments in which the 

envelope prote i n  genes of these vi ruses were expressed in cel ls i ndicated that each 
protei n  has a s igna l  that targets it to the su rface from which the vi rus buds (Section 

6 .5 ) .  

The fi nal  stage of budd i ng i nvolves the membrane p inch ing off to re lease the vi rion . 

For many viruses host cel l protei ns b ind to vi rus protei ns and play vita l ro les in 
severi ng the membrane between the cel l  and the v i rion . These cel l prote ins are 

known as ESCRT ( endosomal sorti ng complex requ i red for transport) protei ns. Their  
ro les in the ce l l  a re in budd i ng  processes that g ive r ise to o rgane l les ca l l ed 
mu ltivesicula r  bod ies. B ind ing s ites for ESCRT proteins have been identified in  the 
Gag protei ns of most retrov iruses and i n  the matrix prote i ns of rhabdovi ruses, 

paramyxovi ruses, and fi lovi ruses. The b i nd i ng sites in these vi rus prote ins  are 
known as late ( L) domains because they are i nvolved in  the late stage of budd ing .  

Mutations in  these doma ins can result i n  fai l u re of virions to be released from the 
cel l  surface.  

The re lease of infl uenza v i rus partic les from cel l s  requ i res the activity of a vi rion 
enzyme, a neu ra m i n idase activity associated w i th a n  enve lope g lycop rote i n .  

Cl eava ge of neuram in i c  acid ,  the substrate for the enzyme, i s  essenti al for the 
release of v i rions. Some anti - i nfl uenza vi rus d rugs have been developed that act by 

i nhi biti ng the neura m i n idase (Section 26 . 3 . 6) .  

Some enve loped vi ruses bud from membranes other than the plasma mem brane. 

Herpesvi rus nucl eocapsids are constructed in the nucleus and beg i n  thei r journey to 
the cytoplasm by budding through the i nner membrane of the nuclear envelope; 

the vi r ion envelope is acqu i red in the cytop lasm by budd ing into vesicles derived 
from the Golg i  complex (Section 1 1 . 5 .4 ) .  Hepadnavi ruses bud i nto a membrane 
compartment between the endoplasmic reticu lum and the Go lg i  complex (Section 
1 9 . 8 . 7 ) .  M a ny v i ruses that b ud th ro u g h  th e m em b ra n es of o rga ne l les  a re 

transported i n  vesi cles to the plasma mem brane, where they are released from the 
cel l .  

One of the rare enveloped phages, Acholeplasma la id lawi i  vi rus L2, acqu i res its 
envelope by budd ing th rough the cel l  membrane of i ts mycoplasma host. 

8 . 3  . .2 De novo synthesis of v i ra l  mem branes 
A m i nority of vi ruses d i rect the synthesis of l i pid membrane late in  the rep l ication 

cycl e. In some cases the membrane forms a vi rion envelope (e . g .  pox-vi ruses) ;  in 

other cases the membrane fo rms a layer below the surface of the capsid (e.g .. 

i ridovi ruses; Section 3 . 5 . 2) .  



Baculoviruses produce two types of enveloped virion during their replication. One 
type of virion has the function of spreading the infection to other cells within the 

host, and this virion acquires its envelope by budding from the plasma membrane. 

The function of the other type of virion is to infect new host individuals. Its 
envelope is laid down around nucleocapsids within the nucleus and the resulting 

virions become incorporated into occlusion bodies (Section 3.6). 

Among the viruses of prokaryotes, the enveloped Pseudomonas phage cp6 acquires 

its envelope in the cytoplasm. The l ipids are derived from the host cell membrane 
and the virion is released by lysis of the cell. The virion of Alteromonas phage PM2 

is not enveloped, but it has a membrane between outer and inner protein shells. 

The membrane is synthesized in the infected cell. 

The various origins of virion membranes are summarized in Table 8.1.  

Table 8 .1  Summary of virion membrane acquisition 

Examples 
Site of vlrlon assembly Origin of vlrlon membrane Vlrlon envelope Internal vlrlon membrane 

Eukaryotic cell cytoplasm Plasma membrane 

Between endoplasmic 
reticuJum and Golgi 

De 11ovo synthesis 

Most retroviruses 

Most rhabdoviruses 

Hepadnaviruses 

Poxviruscs 

Euknryot1c cell nucleus Inner nuc'lear membrane Nuclcorhabdoviruses 

Prokaryotic cell 

De 110110 synthesis 

Plasma membrane 

De novo synthesis 

Baculovirus virions that will be 
occluded 

Acholep/asma /aid/awii virus L2 
Pse11domo11as phage <p6 

I ridoviruscs 

Alteromo11ns phage Ptvl2 

8.4 VIRION EXIT FROM TH E IN FECTED CELL 
The virions of many viruses are released from the infected cell when it bursts 

(lyses), a process that may be initiated by the virus. Many phages produce enzymes 
(lysins, such as lysozymes) that break bonds in  the peptidoglycan of the host 

bacterial cell walls. Other phages synthesize proteins that inhibit host enzymes with 

roles in cell wall synthesis; this leads to weakening of the cell wall and ultimately to 

lysis. 

Average yields of infectious virions per cell (burst sizes; Section 2 .8 .3)  vary 

considerably. A typical burst size for phage T4 (a large virus in a small host cell) is 

200, while a typical burst size for a picornavirus (a small virus in  a large host cell) is 
100 000. 

Many viruses do not lyse their host cells; instead, progeny virions are released from 

the cells over a period of time. Obviously the concept of burst size is not relevant 

for this situation. We have already seen how virions that acquire an envelope from 
the plasma membrane leave the cell by budding. Virions that acquire envelopes 



from internal membranes of the cel l ,  however, are sti l l  within the cytop lasm after 
acqu i ri ng thei r envelopes . These vi ruses, and some naked vi ruses, leave the cel l  by 

exocytosis and s i m i l a r  mechan isms .  To reach the p lasma membrane they a re 

tra nsported i n  ves i cles, wh ich fuse w ith the p lasma mem brane  to release the 
v i r i ons .  Other  v i ruses, such  as  vacc i n ia v i rus ,  a ttach v ia m oto r p rote i ns  to 

microtubules (Section 5 . 2 . 5 )  and use th is transport system to reach the ce l l  su rface . 

The fi lamentous phages are naked vi ruses with a un ique mechan ism for exiti ng 
from thei r bacteria l  hosts : extrusion through the cel l  surface . The ssDNA genomes 
of the phages are coated with protein with in  the cel l ;  as they are extruded from the 
cel l  they lose this prote i n  and acqu i re their capsids (Section 20.4 . 2  .. c) . 

After leavi ng the host ce l l  most vi rions rema in  inert un less they encounter a new 

host cel l .  There are some cases, however, where maturation of vi r ions is comp leted 
after they have left the cel l .  In the retrovi rus vi rion,  for exa mp le,  polyprote i n  
cl eavages co m m ence d u ri ng budd ing a nd conti nue  after the  v i rion  has  been 
re l eas ed fro m the ce l l ( Sect i on  1 7 . 3 . 6 ) .  I n  a n o th e r  exa m p l e  an u n u s u a l  

lemon-sha ped phage of a n  archaeon (Ac id i anus convivator) develops two long ta i ls  
after it has left its host. 

Because of the i r  modes of transmiss ion, most p lant vi ruses leave the i r  host cel l s  in 
ways that d i ffe r fro m th ose of a n i m a l  a n d  bacteri a l  v i ruses.  Pl a nt ce l l s a re 

separated from each other by th ick ce l l  wal ls, but in many of the cel l  wa l l s  there are 
channe ls, ca l l ed p lasmodesmata,  th roug h wh ich the plant transports materia ls .  
V i ruses are ab le  to spread with in  the host by passing from cel l to cel l throug h 
plasmodesmata (Section 9 . 4. 1 ) .  For spread to new hosts many p lant vi ruses leave 

the host cel l as a component of the mea l  of a vector (e .g . an  aph id or a nematode) 
that feeds by i ngesting the contents of cel ls ( Section 4 .2 ) .  

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you should be ab le to : 

Book 

• descri be the assem b ly  mecha n i sms for nuc leoca psi ds w i th ( a )  he l ica l  

symmetry and ( b) icosahedra l  symmetry; 

• d iscuss the orig ins of internal v i rion membranes and of v irion envelopes; 

• explla i n  the roles played by membrane/matrix prote ins i n  the budding of 

some enveloped vi ruses; 

• describe mechan isms used by vi ruses to exit from cel ls . 
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Outcomes of Infection for the Host 
CHAPTER 9 AT A GLANCE 
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9. 1 INTRODUCTION TO OUTCOM ES OF 

I N FECTION FOR TH E HOST 
In the previous few chapters we have looked at aspects of the virus replication 

cycle that culminate in the exit of infective progeny virions from an infected cell. 

When this is the outcome the infection is said to be productive. Virions may be 
released when the host cell lyses. Alternatively, the cell may survive releasing 
virions for a period, which may be short, as in the case of HIV infection, or long, as 

in the case of hepatitis B virus infection. 

Some virus infections, however, are not productive, for a variety of reasons. 

• An infection may become latent with the virus genome persisting, perhaps 

for the lifetime of the cell, and perhaps in the daughter cells if the cell 
divides. 

• An infection may be abortive, in which case neither a latent infection nor a 
productive infection is established. One cause of abortive infection is a virus 

with a mutated genome; the virus is said to be defective. It is unable to 

undergo a complete replication cycle, unless the cell is also infected with a 

virus that can provide the missing function(s). A virus that is able to provide 
functions for a defective virus is known as a helper virus. 



Some virus infections persist i n  their hosts for long periods, sometimes for life. In 

some cases persistent infections are productive, e .g .  HIV;  in  other cases 

persistence may take the form of periods of latency alternating with periods of 

productive infection, e .g.  many herpesviruses. Long-term i nfection with some 
viruses may lead to the development of cancer (Chapter 23). 

Some phages, including the filamentous phages (Section 20.4.2), initiate persistent 

productive infections. Under appropriate conditions the host cells can survive for 

long periods releasing progeny virions. 

The outcome of a virus infection from the point of view of the host may vary from 

harmless at one end of the scale, through deleterious effects of varying severity, to 

death at the other end of the scale. The outcome may hinge on complex interplay 

between a variety of host, viral, and environmental factors. 

Over time the organisms that are hosts to viruses have evolved anti-viral defenses, 
but the viruses have not sat idly by. The relationship between a virus and its host 

usually involves an arms race and viruses have developed countermeasures against 

host defenses. Some of these countermeasures are indicated in  boxes throughout 

this chapter. 

In this chapter we concentrate mainly on virus infections in vertebrate hosts, and 
we start by considering some aspects of host immunity. 

9.2 FACTORS AFFECTING OUTCOM ES OF 

I N FECTION 
A major factor affecting the outcome of a virus infection is the efficiency of the 
hosts"'b™s immune systems. In animals there are both innate and adaptive immune 

systems, each made up of a large number of molecules and cell types. There are 

links between the innate and adaptive immune systems; for example, aspects of 

the innate system stimulate the development of an adaptive immune response. 

9.2 . 1 In nate immunity in vertebrates 
Some aspects of innate immunity that viruses might encounter prior to infecting 

cells were introduced in Section 4.3.3. Further components of innate immunity that 

might be encountered after cells have become infected include comp lem ent, 
interferons, natural killer (NK) cells, APOBEC3 proteins, and tetherin. 

9.2 . 1 .a Complement 
The complement system consists of cell surface receptors and soluble factors that 

can detect and respond to foreign invaders, including viruses. Complement can be 
activated by three pathways that result in modifications to complement proteins, 
with a number of possible outcomes for a virus. Complexes of modified complement 

proteins can insert themselves into membranes containing virus proteins, damaging 
enveloped virions and lysing infected cells. Some modified complement proteins can 

coat virions, which then attach to phagocytes (neutrophils and macrophages) via 



complement receptors on the phagocyte surface. Complement activati on can a lso 
enhance adaptive immune responses. 

VIRAL COUNTERM EASURES AGAINST COM PLEM ENT 

Many vi ruses have evolved defenses aga inst the activit ies of com plement; for 

exa m p le,  herpes-vi ruses and  poxv i ruses p rod uce p rote ins  that reprod uce the 
activities of host prote ins that regu late complement activity .  

9 . 2 . 1 . b  Interferons 
Interferons are p rote ins synthesized and secreted by cel l s  i n  response to virus 
i nfection .  The roles of i nterferons are to protect adjacent cel ls from i nfection and to 
activate T ce l l - m ed i ated im m u n i ty ( Sect ion 9 . 2 . 2 . b ) .  Interfe ron synthes is  i s  

tr i gg ered by v i ru s  p rote i n s  and n uc le i c  a cids  b i n d i n g  to pattern recog n it ion 
receptors, of  which there a re va rious types l ocated at the cel l su rface, w ith i n  
endosomes, and i n  the cytoplasm ( F igure 9 . 1 ) . One g roup of these receptors is 

known as Tol l - l i ke receptors; some of them are ab le to recogn ize vi rus nucleic acids 

as foreig n .  

F igure 9 . 1  Interferons .  Vi rus components at the cel l surface, with i n  endosomes, and 
i n  the cytoplasm can bi nd to pattern recogn ition receptors, triggeri ng the cel l to 
synthesize i nterferons .  Secreted i n te rfero ns  b i nd to recepto rs on other  ce l ls ,  

activat ing  a w ide spectrum of  genes .  I f  these cel ls  beco me i nfected the gene 

products m ay e i ther b lock v i rus rep l icati on or cause the i nfected cel ls  to d ie  

(apoptosis) .  
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There a re a n u m ber of types of i n terfero n .  Al pha - and beta - ( 0 ± - and OI- )  
i nterferons are p rod uced by m ost ce l l  types when they become  i nfected w ith 



vi ruses. After secretion the i nterferons may b ind  to receptors on nea rby ce l l s 
( Figure 9 . 1 ), activati ng a large number of genes and triggeri ng various anti-vi ra l 
activities, i nc lud ing the fol low ing : 

• act ivation of genes that encode ant iv i ra l  prote ins .  One exa mp le of a n  
i nterferon- i nduced antivi ra l  prote i n  i s  dsRNA-dependent prote in  k inase R .  

This enzyme i s  synthesi zed in an  inactive form, but when i t  bi nds to dsRNA it 
can phosphorylate severa l substrates, resu lti ng  in e ither a b lock to vi rus 

rep l i cation or the death of the i nfected ce l l .  Tetheri n (Section 9 . 2 . 1 . e)  is 
another example of an i nterferon- i nduced antivi ra l  protein ;  

• p rod ucti on o f  m ajor  h i stocom pati b i l ity ( M H C) c l ass I mo lecu les  and  

proteasom e prote ins ;  these molecu les enha nce the presentation on the 

i nfected cel l surface of vi ra l  peptides to T cel ls; 

• activation of NK cel ls (Section 9 . 2. 1 .c) ;  

• induction of apoptos is  (Section 9 . 2 .4 ) . 

Another type of i nterferon,  gamma- (Oi - )  interferon, is  produced mai n ly by T cel ls  
and NK cel l s  when tr iggered by certa i n  molecu les (e . g .  i nter leuk i n -2 )  re leased 

d u r i n g i m m une  responses .  Q i - i n terfe ron has a n u m be r  of effects, i n c l ud i ng  

stimulation of antigen presentation and activation of phagocytes and N K  cel ls .  

VIRAL COUNTERM EASU RES AGAINST INTERFERONS 

M ost vertebrate vi ruses produce prote ins that i n h i b i t e ither the product ion of 
i nterferons or the i r  activi t ies . Many RNA vi ruses, such as pol iovi rus prevent the 

synthesis of i nterferons as a resu lt  of a genera l  i nh i bit ion of cel l gene expression . 
Some virus protei ns, e . g .  the NSl  prote in  of i nfl uenza A vi rus a nd the NS3-4A 
protei n of hepatitis C vi rus, b lock pathways involved i n  i nterferon production . Other 
v i ra l  cou nterm ea s u res i nc l ude  i nd uc ing  the breakd own of i nte rfe ron system 

components. 

9 . 2 . 1 .c Natu ra l  ki l ler (NK) cel ls 
N K  ce l l s  a re present  th roug hout the body, but ma i n ly i n  the b lood . They are 
lym phocyte- l i ke cel l s  that can recog n i ze cha nges i n  the su rface molecu les of 
vi rus- i nfected cel ls as a result of i nfection, though they do not recogn i ze specific 

antigens, un l i ke B cel ls and T cel l s  (Section 9 . 2 . 2) .  After recogn iz ing vi rus-infected 

cel l s  as target cel ls, N K  cel ls are ab le  to b ind to them and then, as thei r name 

impl ies, ki l l  them ( F igure 9 . 2) . 

F igure 9 . 2  Activit ies of natura l  ki l l er ( N K) cel ls .  After b i nd ing to a virus- infected cel l ,  

an N K  cell releases Qi- i nterferon and ki l l s  the i nfected cel l .  
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NK cel l s  ki l l  thei r ta rget cel l s  either by rel easing perforins, which are prote ins that 
are i nserted i nto the plasma membrane of the vi rus-infected cel l ,  or by induc i ng 

apoptos is ( Sect ion  9 . 2 .4 ) .  Also, on b i nd i ng to i nfected ce l ls, N K  ce l ls re lease 
OH nterf eron . 

VIRAL COUNTERM EASU RES AGAINST N K  CELLS 

Many vi ruses produce protei ns and/or smal l  RNA molecu les ( known as microRNAs) 
that reduce the NK cel l  response. The presence of HIV pa rti c les in the blood alters 
the expression of a number of molecu les on the surface of N K  cel ls, reducing the 

ab i l i ty of the cel ls  to k i l l  vi rus- infected cel ls and to secrete Q i - i nterferon . H u man 
cytomega lov i rus produces a m i croRNA that prevents NK cel l s  from recog niz ing 

vi rus- infected cel l s .  

9 .2 . 1 .d APOBEC3 protei ns 
There are enzymes in the cel ls of humans and an ima ls  that can i nterfere with the 

repl ication of reverse transcri b ing vi ruses ( retrovi ruses and hepadna-vi ruses) .  These 

enzymes can i nduce lethal  mutations by deam inati ng deoxycytid i ne to deoxyurid i ne 

duri ng reverse transcri ption . The enzymes del ight i n  the name apo l i poprote in  B 

m R NA-ed iti ng enzy m e, cata lyt ic  po lypept ide - l i ke 3 prote i ns ; the abbrevi ati on  
APOBEC3 protei ns i s  easier to cope with ! 

Several of these proteins in  human cel l s ca n i nterfere with the rep l i cation of H IV. 
Two of them (APOBEC3F and APOBEC3G) can be incorporated i nto HIV vi rions and 

taken i nto the next cel l ,  where they can wreak havoc duri ng reverse transcription . 

VIRAL COU NTERM EASU RES AGAINST APOBEC3 PROTEINS  

In the cytop lasm of an HIV- i nfected cel l the vi rus prote in  Vif can b ind APOBEC3G, 
triggeri ng its deg radation and hence preventi ng its i ncorporation i nto v i rions. 

9 ,, 2 ,, 1 ,, e Tetheri n 
Tetheri n is an interferon- i nduced prote in  that is expressed at the ce l l  surface as 
d i mers anchored in the p lasma membrane. Tetheri n can prevent the budd ing of 



envel oped v i ruses from the cel l surface by forming a tether between th e l i p id  
membranes of the cel l  and the vi rion . 

VIRAL COUNTERM EASURES AGAINST TETH ERIN 

Several enveloped vi ruses produce proteins that counteract the effect of tetheri n by 
downregulati ng its expression and/or by induci ng its degradation . An example of an 

anti -tetherin protein is the Vpu protein of HIV- 1 .  

9 . 2 . 2  Adaptive immun ity i n  vertebrates 
An i mportant outcome of vi rus i nfection i n  a vertebrate host is the deve lopment of 

a v i rus-specifi c  i m m une  response tri ggered by the v irus a ntig1ens . Reg ions  of 
antigens known as epitopes b ind to specific receptors on lymphocytes, activati ng 
cascades of events that result in the adaptive i m mune response. 

The key ce l l s  in speci fic i mmune responses a re lymphocytes, of which there are two 

classes : B lymphocytes ( B  cel ls) ,  which develop i n  the Bursa of Fabric ius i n  b i rds 
and in the bone marrow in mammals, and T lymphocytes (T cel ls),  wh ich develop in 

the thymus.  Each lymphocyte has epitope-spec ifi c receptors on its ce l l  surface, 
maki ng it specifi c for a pa rticu lar epitope . Na ive lymphocytes are those that have 
not encountered thei r specific epitopes; these ce l l s  have surface molecu les and 
ci rcu lati on patterns in  the body d isti nct from lymphocytes that have previously 

encountered the i r  ep itopes. 

9 . 2 . 2 . a  Anti bodies 
Ant ibod ies a re g lycoprote i ns  of a type known as i m m u nog lobu l i ns .  The bas ic  
stru ctu re of an a n tibody m o lecu le  i s  shown i n  F ig u re 9 . 3 .  The mo lecu le  is 

constructed from two Bbt-bheavys"'FJK and two Bbl-blights'bi< polypeptide chains and 

conta i n s  two ant igen-b i n d i ng s i tes a nd a reg ion known as the Fe ( F ra g m ent 

crysta l l izable) reg ion .  

F igure 9 . 3  An anti body molecu le .  The molecule consists of four polypeptide cha ins 

he ld together by d isu lf ide bonds .. The cha ins are arranged to form two sites that 

can b ind to a specific antigen . Fe : Fragment crysta l l izable . 
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There are several cl asses of i m munog lobu l i n  ( lg ), the most sign i fi cant from the 
poi nt of view of anti -vira l immun i ty bei ng IgG and Ig M i n  the blood, and IgA at 

m ucosa l surfaces. IgG molecu les a re monomers w ith the structure dep icted i n  
Fi gu re 9 . 3 , wh i le IgA a n d  Ig M molecu les a re norma l ly d i m ers a n d  penta mers, 

respectively. 

Antigen-spec ific ant ibod ies are synthes ized by plasma cel ls, wh ich develop from a B 

cel l  after it has been stimu lated by interaction between the antigen and a speci fic 



i m m unog lobu l i n  receptor at the cel l surface . Antibod ies p lay i mportant ro les i n  
severa l aspects of anti -vi ra l immun ity, some of which a re summarized i n  F igure 9 .4 .  

F igure 9 .4 Production of vi rus-specific anti body and some of its ro les i n  i m mun ity . 
Vi rus-specific anti body is secreted by plasma ce l l s  derived from B cel ls that have 
recogn i zed virus antigens.  The anti body may b ind to vi rions and neutra l i ze thei r 

i n fectivity .  Antibody-coated v i r ions m ay be phagocytosed afte r attach ment of 

anti body Fe reg ions to receptors on phagocytes. 
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Vi rus-specific anti body can coat both v irions and vi rus-infected cel ls, and th is  may 

lead to the i r  destruction by a va riety of mechan isms.  A number of cel l types i n  the 

i m mune system have receptors for the Fe reg ion of IgG ( Figure 9 .3) ,  a l lowing these 
cel ls to attach to anti body-coated vi r ions and cel ls .  Cel Is that have IgG Fe receptors 
i nclude :  

• neutroph i l s  and macrophages (these are phagocytes and may phagocytose 

the anti body-coated materia ls; they may a lso ki l l  cel ls w ithout phagocytosi ng 

them) ;  

• N K  cel l s  (may ki l l  vi rus-i nfected cel ls by insertion of  perfori ns i nto the i r  

membranes) .  

Anti body b ind ingi to vi r ions can  resu l t  i n  neutra l i zation of  i nfectivity, wh ich  may 

occur by a variety of mechanisms.  

• Relea se of n uc l e ic  ac id  from v i rions .  In  stud ies with severa l vi ruses, 

i ncl ud i ng pol iovi rus, it was found that anti bod ies can attach to vi rions, and 
then detach l eavi ng empty ca ps ids devoid of their genomes. 

• Preventi on of vi r ion attachment to ce l l  receptors . Anti body bound to a 

vi rion may mask vi rus attachment si tes . Not a l l  attachment sites, however, 
a re accessi b le  to a nti bod ies ;  those of most p ico rnavi ruses a re i n  deep 

canyons (Section 14 .3 . 1 ) .  

• Release of vi r ions that have attached to cel l  receptors . 

• Inh i b iti on of entry i nto the cel l . Antibody coati ng fusi on protei ns on an 

enveloped v i rion may inh ibit fusion of the envelope with a cel l membrane .  

• Inh i bition of  genome uncoati ngi . 



Another o u tco m e  of a n tibody b i n d i ng to v i rus  a nt ig ens is the acti vati o n  of 
complement, which can have a number of anti -vi ra l  effects (Section 9 .2 . 1 .a ) .  

9 . 2 . 2 . b  T ce l ls 
Severa l days after antigen ic  sti mu lation,  na ive or memory T cel l s  d eve lop i nto 
effector T ce l l s, of which there are two classes . 

• Hel per T cel l s  a re characterized by the presence of CD4 molecu les at the 

cell surface. These cel ls secrete cytokines, which p lay essent ia l  ro les in the 
i n itiation of im mune responses, for example in the maturation of cytotoxic T 
cel l s  and i n  triggering B cel l s  to develop i nto anti body-secreti ng cel l s  and 
memory B ce l l s .  

• Cytotoxic T cel l s  ki l l  v i rus- i nfected ce l l s  a nd a re characterized by the 

presence of CDS mo lecu les at the ce l l  surface ( Fi gu re 9 . 5 ) .  There i s  a 
requ i rement for vi ra l ant igens to be expressed at the surface of target cel ls .  

The antigens may be virion surface protei ns  (e .g . envelope g lycoproteins) 
though often the target ant igens are i nterna l v i rion components, or even 

non-structu ra l protei ns.  Cytotoxic T ce l l s  specif ic for early vi1rus protei ns may 
destroy vi rus- i nfected cel ls before any i nfectious vi rus is produced . 

F igure 9 . 5  Recogn it ion and ki l l i ng of a vi rus-i nfected cel l by a cytotoxic T cel l  .. 

A cytotoxic T cel l k i l l s  a vi rus-i nfected cel l  after the T cel ll  receptors have 

recogn ized fragments of vi rus antigens d i splayed i n  assoc iati on with M HC 

class I molecu les at the cel l  surface. 
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The vi ra l antigens are displayed on the surface of i nfected cel ls in  association with 

MHC c lass I molecu les .  Th is flags i nfected ce l l s  for destruction by cytotoxic T cel ls, 
which can ki l l  target cel ls by insertion of proteins (perfori ns) i nto the i r  membranes 

or by i nduci ng apoptosis. 

VIRAL COUNTERM EASU RES AGAINST CYTOTOXIC T CELLS 

Some v i ruses, such as herpesvi ruses, red uce the leve l of express ion of M HC 
molecules at the su rface of the cel ls  they i nfect, thereby mak ing it more difficu lt for 

cytotoxic T ce l l s  to recogn ize i nfected cel ls .  



9 . 2 . 2 .c Immunolog ica l  memory 
The q uantity and q ual ity of the adaptive immune response depends on whether or 
not the host is encounteri ng the vi rus for the fi rst time. Some B cel ls and T cel l s  

can survive as memory cel ls long after the fi rst or  subsequent encounters with the 
vi rus antigens . Memory cel l s  have returned to a resti ng state, from which they can 
be reactivated if they encounter the same antigens aga i n .  These cel ls are the basis 

of immunolog ical memory, which can be formed as a result of a natura l  infection, 

but a lso as a resu lt of encounteri ng antigens in  vacci nes. 

The outcome of i n fecti on of a vertebrate an i ma l  with a vi rus may depend on  
whether or  not  the  host has  i m m u nolog ica l  m emory of  the  v i rus anti gens .  If 

i m munolog ica l  memory is present then signs and symptoms of d i sease are l i kely to 
be less severe, or tota l ly absent. 

9 . 2 . 3  RNA s i lenc ing 
RNA s i l enc i ng  i s  a l so k n o w n  as  post-tra n scr i pt io na l  g ene s i l enc i ng  o r  R N A  

i nterference ( RNAi ) .  It i s  a n  i ntracel l u l a r  process that i s  i nduced by dsRNA, which is 
present in cel l s  i nfected with dsRNA vi ruses, and may be present in  cel ls infected 

with ssRNA vi ruses as doub le-stranded reg ions of ssRNA, and as i ntermed iates 
during RNA rep l ication.  RNA s i lencing resu lts in the destruction of m RNAs that have 

the same sequence as the i nduci ng dsRNA; both cel l u lar and v i ra l  mRNAs can be 
destroyed . 

The process, which i s  outl i ned i n  Figu re 9 . 6, involves cleavage of the dsRNA into 

smal l i nterferi ng dsRNAs ( si RNAs), 2 1slJ"25 bp long . The cleavages are performed 
by a protei n com plex conta i n i ng  an enzyme cal led Dicer, wh ich belongs to the 
RNase I II fa m i ly .  These enzymes are unusual in  that they show specific ity for 

dsRNAs and  c leave them to fra g ments with 3 slJI ove rha ngis  of two or th ree 
nucleoti des.  Each of the s iRNAs jo i ns  a com p lex of p rote in s to fo rm a RISC 

( RNA- induced si lencing complex) .  The doub le-stranded si RNA is unwound and the 
minus-strand RNA rema ins associated with the complex, wh ich is now an activated 

RISC . The  m i n us -stra n d  R N A  se lects th e ta rg et m RN A  by co m p le m en ta ry 
base-pai ri ng,  then the m RNA is deg raded i n  that region . 

F igure 9 .. 6 RNA si lencing . dsRNA is processed by Dicer to si RNAs, which associate 
with RISC p rotei ns. An activated RISC conta ins m i nus-strand RNA, which targets 

the complex to the speci fic mRNA. The mRNA is cleaved by a RISC protei n .  

RISC : RNA- i nduced si lenc ing complex .  

s iRNA: sma l l  i nterfering RNA. 
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RNA si lencing has been found in  plants and fu ngi, and in invertebrate and 

vertebrate animals. In plants and insects it is an im portant anti-viral defense 

mechanism, and this may also be true for other organisms. RNA silencing can also 

be initiated by the introduction of synthetic dsRNA (Section 2.9.3). 

VIRAL COUNTERM EASURES AGAINST RNA SILENCING 

Most plant viruses encode proteins that can suppress RNA silencing; for example, 
the sT:>t-bhelper-component proteinasesT:>i< of potyviruses and the P19 protein of 

tombusviruses are strong suppressors of RNA silencing. 

9.2 .4 Programmed cel l  death 
Virus infection of a cell may in itiate a process that causes the death of the cell 

before progeny virus has been produced, hence preventing the spread of infection 

to other cells. In animals this suicide mechanism is known as apoptosis. It can be 
triggered by virions or virus components binding to cell surface molecules or to 

molecules within cells; it can also be triggered when the life-span of cells, such as 
epithelial cells, is complete. Cell proteins that play key roles in apoptosis include 

Bcl-2 ( B-cell lymphoma protein-2) and caspases (proteases that degrade essential 

cell proteins, such as those that repair DNA and maintain cell structure). 

VIRAL COUNTERM EASURES AGAINST APOPTOSIS 

Animal viruses have evolved mechanisms that can suppress apoptosis at a variety 
of points in the process. Several DNA viruses encode proteins related to the Bcl-2 

proteins, while many viruses produce inhibitors of caspases. These viral proteins 



block apoptos is, resulti ng in  the survival of host cel l s and the completion of vi rus 
rep I i cation cycles. 

Bacteria have deve loped s im i la r  mechan i sms to protect the species from phage 
i nfecti on .  The death of a host bacteri um  before any progieny phage has been 
produced protects other suscepti b le cel ls  from infection .  These mechan isms have 

been found in many species, i nc l ud ing  Escherich ia  col i .  

9 . 3  N ON-PRODUCTIVE IN FECTIONS 
Under some c i rcumstances a virus i nfects a cel l ,  but the rep l ication cycle i s  not 
completed . If the virus genome persi sts in  the cel l the i nfection is said to be latent; 
otherwise, i t  i s  an abortive i nfection .  These situations are d iscussed in the next two 

sections. 

9 . 3 . 1 Latent i nfections 
When a l atent i nfection i s  in i tiated the virus genome is  mai nta i ned in  the i nfected 

cel l  either as a sequence of DNA i ntegrated i nto the cel l genome, or as mu ltiple 
copies of cova lently closed c i rcu lar  DNA ( Figure 9 .7 ) .  In  eukaryotic cel ls the vi rus 
DNA is associated with cel l h istones, wh ich play ro les in  the mai ntenance of l atency. 

Figure 9 .7  Mai ntenance of vi rus genomes in cel l s  with latent infections . (a) V i rus 

DNA i nteg rated into a cel l  chromosome, e .g .  retrovi ruses . (b) Vi rus DNA present as 
mu lti ple copies of c i rcu lar molecu les. After infection of the cel l the vi rus genome is 

c i rcu lar ized a nd rep l i cated , e . g . most herpesvi ruses . If a latent ly i n fected cel l 
d ivides, the vi rus genome is  normal ly repl icated a long with the cel l  genome so that 
each daughter cel l conta i ns a copy/copies of the v i rus genome. 
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In the case of retrovi ruses, the i ntegration of a copy of the vi rus genome i nto the 
cel l  genome occu rs at an early stage in the vi rus rep l ication cycle (Section 17 . 3 .3 ) . 

When the infection is latent events do not prog ress beyond this stage, but if the 
i ntracel lu lar envi ronment subsequently changes to become favorable for rep l ication 

of the vi rus then the latent i nfection may progress to a productive i nfection . 

The phenomenon of latent phage infection of a bacteri um is known as lysogeny and 

the phage is sa id to be temperate (Section 20 . 1 ) .  Lysogeny has been observed for 
many dsDNA phages, a nd fo r some ss DNA phages .  The phage genome (the 

prophage) can pers ist in the cel l  in ways s im i lar  to the persistence of latent an ima l  

vi rus  i nfections ( F igure 9 .  7) .  In  many cases the prophage is i ntegrated i nto the 
bacteri a l  genome, but some prophages persist as non-integrated c ircu lar  DNA. A 
tem perate p h a g e  gen o m e  m ay i n c l ude  a gene  that  can  confe r  a se lective 

advantage on the bacteria l  host . Some vi ru l ence factors of parasiti c bacteri a are 
encoded by temperate phages, an  example bei ng the Sh ig1a tox i n  produced by 

some stra i ns of E .  co l i .  

Duri ng a latent i nfection the virus genome may be tota l l y  shut down, o r  a few vi rus 

genes may be expressed as prote i ns and/or non-cod ing  RNAs .  If the latently 
i nfected cel l  d iv ides then the v irus DNA is rep l i cated and each daug hter cel l has one 
or more copies of the v i rus genome ( F igure 9 .  7 ) .  When this happens the v i rus has 

ach ieved its objective of repl i cati ng its genes, and it has done so without destroyi ng 

the host cel l ! 



Many latent i nfections may be activated to become productive i nfections, a process 
known as i nduction . This may occur if any of the fol lowi ng situat ions arises . 

• A eukaryotic host cel l  moves into another phase of the cel l cycl e ( Figure 
4 . 5 ) .  

• The host cel l is  i rrad i ated with u l trav io let l ight .  Th is m i ght tr igger, for 

example, a l atent phage infection to rep l i cate and lyse the host cel l , or a 
l atent herpes si mp lex vi rus i nfection to rep l icate and cause a cold sore. 

• A host organ ism becomes im munocomprom ised . Th is i s  another trigger 
that can reactivate a latent herpes si mp lex virus i nfection .. 

• The host ce l l  becomes i nfected with a second vi rus that provides a function 
that the fi rst virus lacks .  In th is re lationsh i p  the latent vi rus is a sate l l ite vi rus 

and the second vi rus i s  a helper vi rus (Section 1 . 3 .4 ) .  The adeno-associated 
viruses are exam ples of satel l i te vi ruses that can i n itiate latent i nfections.  

They requ i re functions of an  adenovi rus or a herpesvi rus for thei r rep l ication, 
and are d iscussed in Chapter 1 2. 

9 . 3 . 2  Abortive i nfections 
An abortive infecti on is one where the v irus repl ication cyclle i s  not completed ; the 
i nfection is non-productive and the vi rus genome does not persist in the cel l as a 
latent infection . Some abortive infections can ki l l  the host cel l .  An infection might 
be abortive for reasons concern ing the cel l ,  the envi ronmenta l  cond i tions, and/or 

the virus. 

As far as the ce l l  i s  concerned, v irus infect ion may trigger i1m mune responses, such 

as interferon production, that abort the infection . Some ce l l  types may not provide 
a l l  the requ i rements of the vi rus (non-perm issive ce l l s) ,  so an i nfect ion may be 

aborted, i n  contrast to permissive cel l  types that support productive i nfections. 

The vi ru s  m ay conta i n  a m utated g e n o m e  that  may be a b le  to i n it i ate the 
rep l ication cycle, but may not have the ful l  set of functional genes necessary to 
complete it .  The vi rus is sa id to be defective, and if it i nfects a cel l without the 

means of comp lementi ng the mutated or m issing genes the resu lt is  an abortive 
i nfection . 

There are a number of types of defective vi rus . One type is known as a defective 
i nterfering partic le  ( DIP ) .  DIPs often a ri se i n  the laboratory after a ni mal  vi ruses 

have been passaged several ti mes i n  cel l  cultu re at h igh mu ltipl icities of infection . 
DIPs have also been reported after passage in  chick embryos and in  m ice, and DIPs 

of p lant vi ruses have been observed . 

Most DIPs conta i n  less nuc le ic ac id than the standard vi rus from wh ich they were 
derived . By themselves DIPs are either non- i nfect ious or they can i n itiate on ly 
abortive i nfections. The standard vi rus can act as a hel per vi rus, so i n  cel ls  that are 
co- infected with a DIP  and  the standard v i rus the DIP  is ab le  to rep l i ca te its 

genome and produce progeny DIPs. When this happens the repl icati on of the DIP 



interferes with the replication of the standard virus and reduces its yield, hence 
Bnl-binterferings"f>K: particle. 

9.4 PRODUCTIVE INFECTIONS 
9.4. 1 Spread of infections with in  multicel lular hosts 

Progeny virions from the first-infected cell of a multicellular host may infect cells 

nearby; for example, common cold viruses might i nfect other epithelial cells l ining 
the respiratory tract and rotaviruses m ight infect other epithelial cells l ining the 
intestinal tract. Most adjacent animal cells are separated from each other only by 

their plasma membranes, providing opportunities for direct cell-to-cell spread for 

some viruses. 

P lant  v i ruses are a b l e  to s p read from ce l l  to ce l l  by pass ing thro u g h  
plasmodesmata. This is achieved with the aid of specialized prote ins called 

movement proteins (M Ps), which act in a variety of ways. Some M Ps form 

complexes either with virus RNA or with virus RNA plus coat protein molecules; 

other MPs form tubular structures through which fully encapsidated virus RNA is 

transported (Table 9 . 1 ) .  Each plant virus encodes between one and four MPs, 
which are multifunctional proteins with other roles in the virus replication cycles. 

Table 9 .1  Involvement of plant virus movement proteins (MPs) in the spread of 

infection via plasmodesmata 

Mode of transport through plasmodesmata Virus examples 

Virus RNAs"f>"MP complexes transported Tobacco mosaic virus 

Cowpea chlorotic mottle virus 

V i r us  RN As"f>"coat prote i n s"f>"M P com p lexes Cucumber mosaic virus 

transported 

Virions transported through tubules composed of Cowpea mosaic virus 
MP 

In some circumstances progeny virions from infected cells may be transported to 

distant sites in  the host, where susceptible cells may become infected . In the 

animal body the blood and the nerves may act as transport vehicles, while in plants 

transport may occur via the phloem. 

9.4.2 Disease 
Many virus infections result in no disease in the host, while at the other end of the 

scale a virus infection may result in fatal disease, such as rabies or AIDS" Between 
these extremes is a huge range of severity in diseases caused by viruses. 

Disease may be man ifest as symptoms and/or signs. In medical terminology 
symptoms are subjective features, such as abdominal pain and fatigue, whereas 

signs are objective features, such as blood in the feces and skin rashes. Symptoms 



can be recogn ized only by the i nfected i nd iv idual ,  whereas s igns can be recogni zed 
by others.  Plant vi rolog i sts and insect vi rolog ists someti mes use the word symptom 
i n  connection with objective features, such as leaf lesions i n  a p lant and i ridescence 

i n  an i nsect (Chapter 1, At a g lance) .  

The outcome of a complex i nterplay of  factors determ i nes whether or not a vi rus 

i nfection results i n  d isease and, i f  so, the severity of the disease . These factors may 
i nclude vi rus factors, host factors, and human intervention .  

Not a l l  v i ru ses are pathogens ( d i sease-ca usi ng  agents) a nd some vi ruses a re 
pathogenic on ly  under  certa i n  c ircu mstances . Infecti on w ith some viruses (e .g . 
dependoviru ses, some herpesvi ru ses, and  some  reov i ruses) apparently never 
causes d i sease, wh i l e  infection with other  vi ruses (e .g . hu man pa rvovi rus B19 ,  

pol iovi rus, and  hepatit is B vi rus) may or  may not result i n  d i sease . Infections that 
do not resu lt in d isease are said  to be subcl i n ica l , i napparent, or asymptomatic. For 
pathogenic vi ruses factors that ca n affect the outcome of i nfection i nc l ude the 
fol lowing . 

• The v i ru l ence  of th e v i ru s  stra i n .  The v i ru l ence of a v i rus (o r  a ny 

m i cro-o rgan i sm)  is a measu re of the severity of d i sease it is  capable of 
causi ng . Influenza A type HSN l can be said to be more vi ru lent i n  humans 
than types H l N l  and H3N2  (Section 16 .4), as type HSN l causes more severe 

d isease than  the other two types .  

• The dose of vi rus .  A larger dose of vi rus may resu lt  i n  a shorter i ncubation 
period (the ti me between i nfect ion and the fi rst appearance of s igns and/or 
symptoms) . 

Host factors that can affect the outcome of i nfection inc lude the effectiveness of 

i m mune systems (d iscussed earl ier i n  th is  chapter), and these i n  tu rn vary with age 
and  nutr it iona l  status of the host. It shou l d  be noted that a strong i m m une 
response by the host does not guarantee the e l im i nation of the v i rus .  H IV can 

rep l icate i n  the presence of h igh levels of H IV-specific anti body and T cel ls .  

I n  some cases signs and/or symptoms may resu lt  from the hostsl>™s im m u ne 
response aga i nst the vi rus .  A Bol-bcytok ine storm soi< is respons i b le for some 
aspects of AIDS, and  CDS T cel ls cause some of the l iver damage seen as a resu lt 

of hepatitis B vi rus infection .  Herpes si mplex lesions and measles rashes are c l in ica l  

manifestations of attempts by the human body to destroy vi rus- i nfected cel l s .  

Human  interventions that cou l d  i nfluence the outcome of a vi rus infection in  a 
human or an an i mal i ncl ude the adm in i stration of anti -vi ra l  ant ibod ies or anti -vi ra l 

d rugs (Chapter 26) . 

Host recovery from a vi rus disease may be accompanied by el im i nation of the vi rus, 

as norma l ly  occu rs after infection with com mon cold vi ruses in the resp i ratory tract 
a n d  rotav i r u s  i n fecti on s i n  t he  i n testi n e .  A lte rnat i ve ly ,  recovery m a y b e  
accom pa n ied by estab l i shment of a long-term i nfection,  perhaps for l ife . Such 

persi stent infections, whether they are productive or l atent, may have no fu rther 



consequences for the host, or they may cause d isease when the host is older.  

Ch i l d hood i n fection  w ith va rice l la -zoste r v i ru s  m ay resu l t in a l ifet i me latent  
i nfection, which may be reactivated, causi ng shi ng les (Section 1 1 . 2 . 2) .  Long-term 

persistent i nfection of humans and an imals with certa in  vi ruses may lead to the 
development of cancer (Chapter 23 ). 

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you shou ld be ab le to : 

• descri be the m ajor com ponents of i n nate a nd ada ptive im m un ity i n  
vertebrates; 

• outl ine the process of RNA si lencing;  

• expla i n  prog rammed cel l death ; 

• describe how vi ruses can ci rcumvent host immune responses; 

• expl a i n  the terms: 

• productive infect ion; 

• non-productive i nfection;  

• latent infection; 

• abortive i nfection ;  

• defective vi rus; 

• d iscuss the spread of vi rus i nfections with i n  an ima l  bod ies and w i th i n  
plants; 

• d iscuss the factors that d eterm ine  whether v i rus  i n fection resu lts i n  

d isease . 
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1 0 . 1 H ISTORY O F  VIRUS CLASSI FICATIO N  

AN D NOM ENCLATU RE 
Vi rolog ists are no d i fferent to other sc ientists i n  that they fi nd i t  usefu l to classify 
the objects of the i r  study into groups and subgroups. I n  the early days, when l i ttle 
was known about vi ruses, they were loosely grouped on the basis of criteria such 

as the type of host, the type of d i sease caused by i nfection, and whether the vi rus 
i s  transm itted by an  arth ropod vector. 

As more was learned about the characteristics of v irus parti c les some of these 
began to be used for the pu rposes of classification, for example :  

• whether the nucle ic ac id  i s  DNA or RNA; 

• whether the nucle ic acid is  si ng le-stranded or double-stranded; 



• whether or not the genome is segmented ; 

• the size of the vi rion ;  

• whether the capsid has hel i cal symmetry or i cosahed ral symmetry; 

• whether the vi r ion is naked or enveloped . 

Various combi nations of these cri teria produced some useful vi rus g roups, but there 
was no s ingle approach to the nam ing of the groups, and names were derived i n  a 
variety of ways : 

• smal l ,  icosahedra l ,  s ing le-stra nded DNA viruses of an i mals were ca l l ed 

parvovi ruses ( Lati n parvus = sma l l ) ;  

• nematode-tra nsm itted polyhed ra l  ( i cosahed ra l )  v i ruses of  p lants were 

cal led nepovi ruses; 

• phages T2, T4, and T6 were ca l l ed T even phages. 

Serolog ica l  re lationsh ips between vi ruses were investigated,  and d i sti nct stra i ns 
(serotypes) cou ld be d istingu ished i n  tests usi ng antisera against pu rified v i rions. 

Serotypes reflect d i fferences in vi rus prote i ns and have been found for many types 

of vi rus, i ncl ud i ng rotavi ruses and foot and mouth d isease virus. 

10 . 1 . 1  Internationa l Committee on Taxonomy of 

Vi ruses 
By 1966 it was dec ided that some order had to be brought to the busi ness of 
nam i ng vi ruses and classifyi ng them i nto groups, and the Internationa l Com mittee 

on Taxonomy of Vi ruses ( ICTV) was formed . The com mittee now has many worki ng 
groups and is advised by virolog i sts around the world .  

The ICTV lays down the ru les for the nomenclature and classi fication of vi ruses, 
and it considers proposa ls for new taxonomic groups and v irus names. Those that 
are approved are pub l ished in book form (p lease see Sources of further i nformation 

at the end of th is chapter) and on the web ; these sources should be consu lted for 

defin itive information . The web site for th is book (www.wi ley .com/go/carter) has 

l i nks to relevant web s i tes . 

1 0 . 2  MODERN VI RUS CLASSI FICATION AN D 

N O M E NCLATU RE 
For  a long time vi rolog i sts were reluctant to use the taxonom ic  9 roups such as 
fami ly, subfami ly, genus, and species that have long been used to classify l ivi ng 

organisms, but taxonom ic groups of vi ruses have gradua l ly been accepted and are 
now establ ished (Table 10 . 1 ) .  Some vi rus fami l ies have been grouped into orders, 
but h igher taxonomic  group i ngis, such as c lass and phylum,  are not used . On ly 
some vi rus fami l i es are d ivided into subfam i l ies . 

Table 10 . 1 Taxonomic groups of vi ruses 



Taxonomic group Suttlx Example 1 Example 2 Example 3 
rdcr 

mil 

pe i 

-riral oudol·iral 

- indm_· M.' 1 mdae 

-l'iri11n 

T -1-lik ' iru e 

ntc:r h cleria ph e.c T4 

fonon a •iral :\id 1•iral 

Pt1r, m ·. ·ov1Tidae 

Paramy, · viri11ae orona1•iri11ae 

1 rbuti •irtt Beiac r nal'irtt 

ul · r ·pirat ry 

Each order, fam i ly, subfam i ly, and genus is defi ned by vi ra l  characteristics that are 
necessary for mem bersh ip  of that g roup, whereas members of a speci es have 
characteri stics i n  common but no one cha racteristic is essentia l  for membersh ip  of 
the spec ies.  M any spec ies conta in  va ri a nts known as vi rus stra i ns,  serotypes 

(d ifferences are detected by differences i n  antigens), or genotypes (d ifferences are 

detected by d i fferences i n  genome sequence) .  

Many of  the early names of vi rus groups were used to form the names of fa m i l ies 
a nd g enera, e . g . the p icornavi ruses beca m e  the fa m i ly  P i cornavi r id ae .  Each 
taxonomic g1roup has its own suffix and the formal names are pri nted in  ita l i c  with 

the fi rst letter i n  upper case (Table  1 0 . 1 ) , e . g . the genus Morb i l l iv i rus .  When 
com mon names are used, however, they are not i n  ital ic  and the fi rst letter i s  in  
lower case ( un less it is the fi rst word of a sentence), e . g .  the morb i l l ivi ruses . 

10 .2 . 1 Classification based on genome sequences 
Now that technolog ies for sequencing virus genomes and for determ in i ng genome 

organ izati on are readi ly ava i la ble, the modern approach to vi rus  classification is 
based on com parisons of genome seq uences and organ izations.  The degree of 
sim i la ri ty between virus genomes can be assessed usi ng computer prog rams, and 

can be represented i n  d iagrams known as phylogenetic trees because they show 
the l i kely phylogeny (evolutionary development) of the vi ruses. Phylogenetic trees 
may be of va rious types ( F igure 10 . 1 ) :  

F ig ure 10 . 1 Phylogenetic trees . (a )  Rooted tree showing relati onsh ips between foot 
and mouth d i sease vi rus serotypes based on VPl sequences .. The serotypes evo lved 

i n  d ifferent reg ions of the worl d .  ( b) Un  rooted tree showing re lationsh i ps between 
genera in the fami ly  Reoviridae based on VP1 sequences . 

Sou rce : (a )  Tul ly and Fares (2008)  Virol ogy, 382, 250 . Reproduced by permission of 
E lsevier. 
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• rooted sn" the tree begins at a root which is assumed to be the ancestor 

of the viruses in the tree: 

• unrooted slJ" no assumption is made about the ancestor of the viruses in 

the tree. 

The branches of a phylogenetic tree ind icate how sequences are related. The 

branches may be scaled or unscaled; if they are scaled, their lengths represent 
genetic distances between sequences. 

For many groups of viruses, analysis of the sequence and organization of their 

genomes has supported earlier classifications, e .g .  the genera of the family 

Reoviridae (Figure 10. l(b)). Another example is the rhabdoviruses (Chapter 15), 
which were originally grouped together because of their bullet-shaped morphology, 

but which have turned out also to be related genetically. 

10.2 .2 Nomenclature of viruses and taxonomic g roups 
The naming of individual vi ruses has been a rather haphazard business, with 

somewhat d ifferent approaches taken for viruses of different host types. Bacterial 

viruses were simply allotted codes, such as Tl, T2, and ntX174. Viruses of humans 

and other vertebrates were commonly named after the diseases that they cause, 



e.g . measles vi rus, sma l l pox vi rus, foot and mouth d isease vi rus, though some were 
na med after the c ity, town or river where the d isease was fi rst reported , e . g .  
Newcastle d i sease virus, Norwalk  vi rus, Ebola vi rus .  Some of these orig i na l  names 

have been adopted as the formal names of the vi ruses. 

Some of the p lace names where vi ruses were fi rst found have become i ncorporated 
i nto the names of vi rus fa mi l ies and genera (Table 10 .2 ) .  

Table 10 . 2 Names of virus fami l ies and  genera derived from place names 

Place name Fam i ly/genus name 

Bunyamwera (Uganda) Fami ly Bunyavi ridae 

Ebola ( river in Za i re)  Genus Ebolavi rus 

Hantaan ( river i n  South Korea ) Genus Hantav i rus 

Hendra (Austra l i a )  and N i pah (Ma lays ia ) Genus Heni pavi rus 

Norwa lk  (Un ited States) Genus Norovi rus 

Many i nsect vi ruses were named after the insect, w ith an ind ication of the effect of 
i nfection on the host. A vi rus was isolated from Tipu la pa l udosa la rvae that were 
i r i descent as  a resu l t of th e la rge  q ua nt it ies of vi ri ons  i n  the i r  tissues (see 

photogra ph in Chapter 1 ,  At a g lance) .  The vi rus was named Ti pula i ridescent v irus, 
and later renamed as i nvertebrate i ridescent v irus 1 .  Most p lant viruses were given 

names with two components : the host and s igns of d isease, e . g .  potato yel low 
dwarf v i rus, tobacco rattle vi rus . Some of these names have been used as the 

bases for fam i ly and genus names (Table 10 .3 ) .  

Table 10 . 3  Names of fami l ies, subfam i l i es, and  genera of plant vi ruses based on  the 

host and s igns of d i sease 

Host and d i sease s igns Fam i ly/genus name 

Brome mosa ic  Fam i l y  Bromoviridae 

Cau l i flower mosaic Fam i ly  Cau l imoviridae 

Cowpea mosaic Subfam i ly Comovi ri nae 

Tobacco mosaic Genus Tobamovi rus 

Tobacco rattle Genus Tobravi rus 

Tomato bushy stunt Fam i l y  Tombusvi ridae 

As in other areas of biology, many names of vi rus taxonom ic groups are based on 
Lati n words, wh i le  some have Greek orig ins; a sample is g iven in  Table 10 .4 .  

Table 10 .4 Names of vi rus fami l ies and genera based on Lati n and Greek words. 
Note that there are two Lati n words mean ing B°f.>1-byel low. slJi< One was used to 



name the flaviviruses (animal viruses) and the other was used to name the 

luteoviruses (plant viruses). 

Latin Arena 

Bnculum 

Fift1111 

f7nl'llS 

Luteus 

Parvus 

Tenuis 

Toga 

Translation Reason for name Family/genus name 

Sand Ribosomes in virions resemble Family Are11nvindne 
sand grains in thin section 

Stick Capsid shape Family Bnculovlridne 

Thread Virion shape Family Filoviridae 

Yellow Yellow fover vims Family f7nv1viridae 

Yellow Barley yellow dwarr virus Family L111eo111ridae 

Small Virion size Family Parvoviridae 

Thin. fine Virion shape Genus Te1111ivm1s 

Ooak Virion is enveloped Family Togm,iridae 

Greek Kloster Thread Virion shape Family Closterol'iridne 

Kyst.is Bladder. sack Virion is enveloped Family Cysto1•iridne 

Mikros Small Virion size Family Microviridne 

Podos Foot Phagcs with short tails Family Podoviridne 

The student of virology thus gains some grounding in the classical languages! We 

can note that both Latin and Greek translations of Bnt-bthreadsni< have been used 
to name the filoviruses and the closteroviruses, respectively. Both of these families 
have thread-shaped virions. Simi larly, Latin and Greek translations of BnH>smallsnK 

have been used to name the parvoviruses (animal viruses) and the microviruses 

(phages). The word for Bnl-bsmallsni< from a third language was used when 
devising a name for small RNA viruses; the Spanish Bnl-bpicosni< was linked to 

snt-bRNAsni< to form snt-bpicornaviruses .sni< 

1 0 . 3  BALTIMORE CLASSIFICATION OF 

VIRUSES 
We have seen how viruses can be grouped into seven classes on the basis of the 

type of genome and the way in which the genome is transcribed and repl icated 

(Sections 6.2 and 7.1) .  This approach to virus classification was first suggested by 
David Baltimore, after whom the scheme is named. An advantage of the Baltimore 

classification is its differentiation between plus-strand RNA viruses that do (class VI) 
and do not (class IV) carry out reverse transcription, and between dsDNA viruses 

that do (class VII) and do not (class I) carry out reverse transcription. 

In the chapters that follow we shall examine in depth a representative family of 
viruses from each of the seven Baltimore classes. 

LEARNING OUTCOMES 
After review of this chapter you should be able to: 

• evaluate the traditional criteria used to classify viruses into families and 
genera; 



• write fami ly and gen us names i n  the correct format; 

• expla i n  how genome sequence data are used to classify vi ruses; 

• eva l uate phylogeneti c trees; 

• expla i n  the basis of the Ba lti more classification of vi ruses. 
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1 1 . 1  I NTRODUCTIO N  TO H ERPESVI RUSES 
The word herpesvirus i s  derived from the Greek herpe in,  mean i ng to creep . More 

than 100 herpesvi ruses have been i solated and c lassified i n  the order Herpesvi ra les. 
Those found in mamma ls, b i rds, and repti les constitute the fami ly Herpesvi r idae, 

whi le other herpesv i ruses have been found in fi sh, amph ib ians, and a mol l usk. 

Herpesvi ruses are class I vi ruses, with genomes of dsDNA. A notable cha racteristic 

of herpesvi ruses is that, once they have infected a host, they commonly rema in  as 
persistent i nfections for the l ifeti me of the host. These i nfections are often l atent 
i n fections, wh ich ca n be reactivated fro m ti me to ti me, espec i a l ly i f  the host 
becomes immunocompromised .. Both pri mary and reactivated herpesvi rus infections 

can e ither  be asym ptomat ic or ca n resu lt in d i sease of va ry i ng severity .  The 



outcome depends on the interplay between the pa rticu lar  vi rus and its host, and 
especia l ly on the immune status of the host. 

1 1 . 2  TH E H U MAN H E RPESVI RUSES 
There are eight herpesvi ruses known i n  man (Tab le  1 1 . 1 ), and most adu lts are 

persistently infected with most of them . 

Table 1 1 . 1 Human herpesvi ruses 

Herpesvi rus Disease example( s) 

Herpes si mplex vi rus 1 Cold  sores 

Herpes simplex vi rus 2 Gen ita l!  herpes 

Varicel la-zoster vi rus Ch ickenpox, shi ng les 

Epste inslJ"Barr vi rus G landular fever, tumors 

Human cytomegalovi rus Congenita l defects 

H u man herpesvi rus 6 Exanthem su bitum 

Human herpesvi rus 7 Exanthem subitum 

Kaposi slJ ™s sarcoma-associated herpesvi rus Kaposi slJ ™s sarcoma 

1 1 . 2 . 1 Herpes si mplex v i ruses 1 and 2 
Herpes si mplex vi ruses 1 and 2 (HSV- 1 and HSV-2) i n it ia l ly i nfect epithel ia l  cel ls  of 

the ora l or gen ita l  mucosa, the ski n or the cornea . The vi rus may spread to neurons 
in wh ich i t  m ay be transported to the i r nuc le i ,  whe re i1t m ay estab l ish latent 
i nfections. 

HSV- 1 commonly i nfects vi a the l i ps or the nose between the ages of 6 and 18 

months. A latent i nfection may be reactivated if, for exam ple, the host becomes 
stressed or i mmunosuppressed . Reactivation resu lts in the production  of vi rions, 

which in  about 20slJ"40°/o of cases are transported with in  the neuron to the i n itia l  
site of i nfection, where they ca use productive infection i n  epithel ia l  ce l l s, result i ng 

i n  a co l d  so re .  O ccas io n a l l y th e re m ay b e  se r i o u s  co m p l i cati o n s  s u c h  a s  

encepha l it is, especial ly i n  immunocompromised hosts . 

H SV-2  i s  the u s u a l  cau sat ive a g e nt of g e n ita l h e rpes,  w h i ch  i s  a sexu a l l y  

transmitted d isease . I n  newborn babies i nfecti on can result i n  ser ious d isease, with 
a morta l ity rate of about 54°/o . 

Although the face and the genita ls a re the norma l s ites of infection for HSV-1 and 
HSV-2, respectively, there are i ncreas ing numbers of cases where HSV- 1 i nfects the 
genita ls  and HSV-2 i nfects the face ( Figure 1 1 . 1 ) .  

F igure 1 1 . 1  Bbt-bGet your pr iorities rig ht. sl.>K 



Sou rce : Haahei m ,  Patti son ,  and  Wh ite ley ( 2002)  A Pract ica l Gu ide to Cl i n ica l 
Vi rology, 2nd ed ition . Reproduced by perm ission of John Wi ley & Sons .  

1 1 . 2 . 2  Va ricel la -zoster vi rus 
Infection with vari cel la-zoster vi rus usua l ly occurs i n  ch i l dhood and causes varicel la 
(chickenpox) ,  when the vi rus spreads th rough the blood to the ski n,  causing a rash . 
It may also spread to nerve ce l l s, where it  may establ ish a l atent i nfection . The 

nerves most often affected are those i n  the face or the trunk, and these are the 
a reas most co m mon ly  affected in zoster ( sh ing les)  when  a latent i nfection is  

reactivated . 

1 1 . 2 . 3  Epste in sl.>"Barr vi rus 
Epste insn"Barr v irus ( EBV) i s  transm itted i n  sal iva .  Ep ithel ial ce l l s a re i nfected fi rst 

then the i nfection spreads to B cel ls, wh ich are the main host cel l type for this 
vi rus .  More than 90°/o of people become infected with EBV, usua l ly  du ri ng the fi rst 

years of l ife, when i nfection resu lts i n  few or no symptoms. In developed countries 
som e  i n d iv id ua l s  d o  not become  infected unti l ado lescence or a d u l thood . A 
proportion of these ind ivi dua ls develop i nfectious mononucleosis (g landu lar  fever), 
com mon ly cal led Bnt-bthe kissing d iseasesni< by doctors. EBV i s  associated with a 

number of tumors i n  humans (Chapter 23) .  



1 1 . 2 .4 H u man cytomegalovi rus 
I n  the vast majori ty of infections with human cytomegalovi rus, symptoms are ei ther 
absent or they are m i l d .  In a pregnant woman,  however, the vi rus can infect the 

placenta and then the fetus, for whom the consequences may be serious. In one 
study it was estimated that 0. 7°10 of ch i ldren are born infected with the v i rus. In 
some of these there i s  evidence of vi rus- i nd uced damage, incl ud i ng sma l l  bra in  size 

and en largement of the l i ver and spleen ; 0 . 5°/o of these congenita l ly  infected bab ies 

d ie .  Up to 20°10 of the survivors develop problems, i ncl ude heari ng loss and menta l 
reta rdation .  

Human cytomegalovi rus can also cause severe disease (e .g1 .  pneumon itis, hepatitis )  
i n  immunocompromised patients such as those with AI DS, those who have received 

treatment for cancer, and those who are i m m unosuppressed because they have 
received an organ transplant. 

1 1 . 2 . 5  H u man herpesv i rus 6 
There a re two types of h u man herpesv i rus  6, known as H HV-6A and H HV-6B . 
Infection of a ch i l d  with the latter can cause a fever and the sudden appearance of 
a rash known as exanthem subitum .  

1 1 . 2 .6 Human herpesv irus 7 
Human herpesvi rus 7 was fi rst isolated from a cu lture of CD4 T cel ls that developed 
a cytopath ic effect; the cel ls were from a hea l thy person . The v i rus  has been 

associated with some cases of exanthem subitum .  

1 1 . 2 . 7  Kaposi sbrMs sa rcoma-associated herpesvi rus 
Kaposi sn ™s sarcoma-associated herpesvi rus was d iscovered in 1994 and is named 

after the tumor with which the vi rus is associated (Chapter 23) .  

1 1 . 3 TH E H ERPESVI RUS VI RION 
Herpesvi ruses have re latively com p lex vi rions com posed of a l a rge  n u m ber of 

prote i n species organ i zed in to th ree d isti n ct structu res : capsid ,  teg ument, and  
envelope ( F i gure 1 1 . 2) .  The v i rus genome is a l i nea r dsDNA molecu le, which i s  

about 125 kbp  in  the sma l l est herpesvi ruses a nd about 290 kbp i n  the largest 
herpesvi ruses . The DNA is housed i n  the capsid ,  which is icosahed ra l , and the 
ca ps id  is su rro u n d ed by the teg u m ent .  M a ny of the enve lope  g lycop rote i n  
molecules are organ ized into spi kes of various d i mensions . 

F igure 1 1 . 2  The herpesv irus vi rion . 

Source : ( b )  and (c)  a re i mages of HSV- 1 ,  from Grrjnewa ld and Cyrklaff (2006) 

Current Opi n ion in  M icrobiology, 9, 437 . Reproduced by permiss ion of the authors 
and E lsevier L im ited . 
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In  the HSV- 1 v i rion the capsid s its asym metrica l ly with i n  the tegument ( F i gu re 

1 1 . 2( b) and (c) ) .  The HSV-1 tegument conta i ns at least 26 species of vi rus prote in ,  
some cel l protei ns, and some vi rus m RNA molecu les .  The envelope conta ins at least 

16  prote in  species, most of which are g lycoproteins form ing 600s"D"750 sp ikes. 

The capsid is constructed from 162 capsomeres, 1 50 of which a re hexons ( Figure 

1 1 . 3 ) .  At one of the vertices of the icosahed ron there is a structu re ca l l ed the 
porta l . There is evidence from electron m icroscopy of HSV- 1 caps ids treated with 

anti body specific for pU L6 that th is protein forms the portal .  The virus DNA passes 
through the porta l when enteri ng the procapsid duri ng packag ing, and it is l i kely 

that it a lso passes through the portal when leavi ng the capsid during the i nfection 
process. There is a penton at each of the other eleven vertices of the icosahedron .  

Figure 1 1 .3  The HSV-1  capsid . Reconstructed image from cryo-electron microscopy. 

Sou rce : Cou rtesy of Professor Wah Chi u,  Baylor Col lege of Med icine, Houston, TX. 
Reinterpretation of data from Zhou et a l .  ( 2000) Science, 288, 877, with permission 
of the Ameri can Association for the Advancement of Science . 



A number of schemes have evolved for the nomenclatu re of herpesvi rus proteins, 
with the result that an i ndividual  protei n may have two or more d i fferent names in 
the l i teratu re .  Most of the structu ra l p rote ins  are com mon ly na med VP  (vi rus 
protei n ) .  In  HISV-1 the most abundant protein in  the tegument i s  VP16, wh i le the 

pentons and hexons are composed of VPS; a penton is made from five molecu les 

and a hexon from six molecules of VPS .  Other proteins make up structu res cal led 
trip lexes, wh ich connect the capsomeres. The enve lope g lycoprote ins a re each 
prefixed s1>t-bQB1>K, for examp le, gB, gC, and gD .  

1 1 .4 H SV- 1 G E NO M E  O RGAN IZATION 
HSV- 1 i s  one of the most stud ied herpesvi ruses ; w e  sha l l  look at its genome 

organ i zat ion and then at its rep l i cat ion . The genome cons i sts of  two u n i que  
sequences each flanked by repeat sequences ( Figure 1 1 .4) .  The un ique sequences 
are not of equal length : the longer i s  designated UL  and the shorter is designated 

US .  A sequence known as the a sequence is present at each end of the genome, 

and at the junction of the i nverted repeat ( IR) sequences. The a sequence plays an 

important rolle du ring rep l icati on when genomes are packaged i nto procapsids. 

F igure 1 1 .4 The HSV- 1 genome. 

The locat ions of some genes are i nd icated . Those shown above the genome are in  

ORFs read left to right; those shown bel ow the genome are i n  ORFs read right to 
left. 

The locati ons of the genes for the five immed iate ea rly ( IE )  protei ns are i nd icated . 

Two of these genes are i n  repeat sequences, so there are two cop ies of these 
genes. 
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The HSV- 1 genome encodes at least 74 prote ins  and some RNAs that a re not 

translated . The i nverted repeats conta in some genes, so the genome conta ins two 
copies of these genes. Both strands of the DNA are used for cod i ng . 

1 1 . 5  H SV- 1 REPLICATIO N  
Although HSV- 1 infects on ly humans i n  natu re, a variety of an ima l  species and cel l 
cultures can be i nfected in  the laboratory.  The rep l icati on cycl e of the v i rus has 

been stud ied in cel l  cultures from a number of species, i nc lud i ng humans, monkeys, 

mice, and dogs.  

1 1 . 5 . 1 Attachment a nd entry 
The sequence of events at the cel l surface usual ly i nvolves the HSV- 1 v i rion b ind i ng 
i n itia l ly to hepa ran  sulfate, and then to the ma in  receptor .  The latter can be one of 

severa l types of m o lecu le i n c l ud i n g  so m e  nect i ns ,  w h ich  a re ce l l  a d h es ion 
molecu les. Depend i ng on the ce l l  type, either the vi rion envelope fuses with the 

p lasma membrane ( F igu re 1 1 . 5 )  or infect ion occurs by endocytosis, fo l lowed by 
fus ion between the envelope and the endosome membrane.  At least five of the 

envelope g lycoprotei n species are i nvolved in these processes (Table 1 1 . 2) .  

Table 1 1 . 2  HSV- 1 g lycoproteins involved i n  attachment to, and entry into, the host 
cel l  

Process HSV- 1 g lycoprotei n(s) i nvolved 

Attachment to heparan su lfate gB and/or gC 

Attachment to ma in  cel l receptor gD  

Fusion of v i rion envelope and plasma membrane gB + g H/g L complex 

or endosome membrane 



Figure 11 .5 HSV-1 attachment and entry into the cell. Virus glycoproteins bind to 

receptors on the cell, then the virion envelope fuses with the plasma membrane. 

After del ivery into the cytoplasm some tegument proteins are released.  Other 
tegument proteins remain associated with the nucleocapsid, wh ich must be 
transported to the nucleus where virus replication takes place. When the host cell is 

a neuron this journey is a long one; it has been estimated that it would take at 

least 200 years for the partially tegumented nucleocapsid to reach the nucleus by 
passive diffusion. In fact it is  rapidly transported along microtubules to a nuclear 

pore (Figure 1 1 .6) .  After docking to a nuclear pore, the capsid undergoes a 
conformational change that releases the DNA into the nucleus. The ends of the 

linear DNA are covalently joined, bringing the two end copies of the a sequence 

together and forming a circular molecule. The DN.A becomes associated with cell 

hi stones. 

Figure 11 .6 Transport of HSV-1 DNA and VP16 into the nucleus. The nucleocapsid is 
transported along a microtubule to a site close to the nucleus. Docking of the 
nucleocapsid at a nuclear pore is followed by release of the genome into the 

nucleus. Molecules of VP16 released from the tegument are also transported into 
the nucleus. 

NUCLEUS 

Studies with antibodies specific for tegument proteins have provided evidence that 

these proteins are transported to several sites in the cell. At these sites the proteins 

play a variety of  roles, inc lud ing  the activation of v i rus  genes and the 



down-regulation of host DNA, RNA, and protein synthesis. One tegument protein, 
virion host shutoff (vhs) protein, specifically degrades certain  cell mRNAs, while 

another, VP16, is transported to the nucleus, where it becomes associated with the 

virus DNA (Figure 1 1 .6) and is involved in the activation of virus genes. 

1 1 .5 .2  Transcription and translation 
Herpesvirus genes are expressed in three phases: immediate early (IE), early (E), 

and late (L) (Figure 11 .7) .  Some authors refer to these phases by the Greek letters 
0±, OI, and Oi. There are introns in a few of the HSV-1 genes, mainly in the IE 

genes. 

Figure 1 1.7 HSV-1 transcription and translation. 

There are three phases of transcription and translation: 

IE: immediate early 

E :  early 

L: late. 

IE proteins 

D�A 
d . roca st 

proteins 

E proteins L proteins 

The IE genes are activated by VP16. It was noted above that VP16 from infecting 

virions associates with the virus DNA. It does this by binding to a complex of cell 

proteins including Oct-1, which binds to the sequence TAATGARAT present in the 
promoter of each I E  gene (Figure 1 1 .8). VP16 then acts as a transcription factor by 

recruiting the host RNA polymerase II and associated in itiation components to the 

gene. 

Figure 1 1.8 Activation of transcription of HSV-1 IE genes by VP16. 
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There are five I E  prote ins;  a l l  are transcri pti on factors with roles i n  switch ing on E 
and L genes and i n  down-regul ating the express ion of some of these genes. At 

least some of the IE  proteins have more than one role .  

Some of the E protei ns have roles in vi rus DNA rep l i cation (next sect ion),  which 
takes p lace i n  d iscrete reg ions of the nucleus known as rep l ication compartments. 
V irus  DNA and proteins accumu late in these compartments a long with cel l RNA 

polymerase II . Most of the L prote i ns are the vi rus structura l prote ins .  

1 1 . 5 . 3  Genome rep l ication 
Repl ication of the v i rus DNA req u i res E prote i ns, seven of  wh ich  a re essentia l 

( Figure 1 1 .9 ) .  Copies of an orig i n-b ind i ng protein b ind at one of three ori sites in 
the vi rus DNA; the protei n has hel icase activity, causi ng the DNA to unwi nd at that 
site . A ssDNA-bi nd i ng protei n b inds to the sing le  strands, preventing the double 
hel ix from re-forming . 

F igure 1 1 .9 Roles of HSV- 1 protei ns i n  DNA repl ication. The roles of the seven vi rus 

protei ns essentia l  for DNA rep l i cation are shown . The hel icase and the primase are 
complexes of the same three protei ns. Please see text for deta i l s .  
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The ori site is then bound by a complex of three proteins which act as a helicase, 

further unwinding the double helix to form a replication fork. On one of the strands 

a complex of the same three proteins (now acting as a primase) synthesizes a short 
sequence of RNA complementary to the DNA. This RNA acts as a primer, and the 

DNA polymerase, complexed with a polymerase processivity factor, starts to 

synthesize the leading strand of DNA. On the other genome strand primases 

synthesize short RNAs, wh ich are pr imers for the synthesis of the Okazaki 

fragments of the lagging strand of DNA. 

In addition to the activities of the proteins just described, other virus proteins, such 

as a thymidine kinase, may also be involved in DNA replication. 

It is thought that the circular DNA is first amplified by Oe replication, and that later 
the replication mode switches to 0± replication, also known as rolling circle 

replication (Section 7.5). The latter is the predominant mode of herpesvirus DNA 

replication, and the products are long DNA molecules known as concatemers 

(Figure 1 1 .10), each of which consists of multiple copies of the virus genome. 

Figure 11 . 10  Formation of a concatemer. See Figure 7.5 for earlier stages of rolling 
circle replication of DNA. Color coding ind icates the fates of the two parental 

strands of DNA. 
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1 1 . 5 .4 Assembly and exit of v i rions from the ce l l  

The v i rus enve lope g lycoprote i ns  a re synthes i zed i n  the rough  endop lasm ic 

reticul um and are transported to the Golg i  complex . Capsid prote ins (such as VPS ), 
scaffo ld i ng  prote ins, a nd some tegu ment p rote ins  accu m u late in the nuclea r 

rep l ication compartments, where procapsids  a re constructed . A procapsi d is more 
rounded than  a matu re caps id and its structu ra l i nteg rity i s  ma i nta i ned by the 

i n corporat ion  of scaffo l d i n g  p rote i n s .  Before or d u ri ng D N A  packag i n g  the 

scaffold i ng protei ns are removed by a vi rus-encoded protease. 

Th e D NA e nte rs the  p roca ps id  v i a  th e po rta l .  E a ch p roca ps i d  a cq u i res  a 

genome-length of DNA, which i s  cut from a concatemer ( F igure 1 1 . 1 1 ) .  Cleavage of 

the concatemer occurs at a packag ing s ignal  which i s  with in  the a sequence ( Figure 

1 1 .4)  and so i s  present at the j unction of two copies of the genome. Pump ing the 

DNA into a procapsid ,  recogn ition of the packaging s igna l ,  and cleavage of the DNA 
are carri ed out by a complex of vi rus protei ns known as a term inase. 

F ig ure 1 1 . 1 1  Packag ing H SV- 1 DNA i nto a procapsid . A genome- length of DNA 
enters a procapsid and  is cleaved by  a term i nase at  a packag i ng s ignal . 

. .  de· . ' I I • - I 



Once the nuc leocaps id has been constructed it must acqu i re its tegu ment and  

envelope, and  then the result ing vi r ion must be  released from the cel l .  These are 
complex processes and many of the deta i l s  are sti l l  unclear, but there is evi dence 
that the sequence of events is as fol lows ( Figure 1 1 . 12 ) .  

F igure 1 1 . 1 2 Fi na l stages of HSV- 1 assembly.  

Sou rce : (b )slJ"( d )  from Metten le iter, K lupp, and Granzow ( 2009)  Vi rus Research, 
143, 2 2 2 .  Sca lle  ba r :  1 00 n m .  Reproduced by perm iss ion of E lsev ier  and  the 

authors.  
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• The nucleocapsid acqu i res some tegument protei ns i n  the nuc leus.  



• The nuc leoca ps id  buds  through  the i n ne r  m e m b rane  of the n u clea r 
envelope i nto the peri nuclear space, g ivi ng the nucleocapsid a temporary 
envelope ( Figure l l . 1 2( b) ) . 

• The temporary envelope fuses with the outer membra ne of the nuc lear 
envelope, releasing the nucleocapsid i nto the cytoplasm .  

• The rema i nder of the tegument proteins a re added . 

• The v i rion envelope is acqu i red by budd ing i nto a vesicle derived from the 

Golg i  complex ( F igure 1 1 . 12(c ) ) .  

• The enveloped vi rion is transported i n  the vesic le to the p lasma membrane 

( Figure l l . 1 2(d) ) .  

• The vesi cle mem brane fuses with the plasma membrane, re leasi ng the 

vi rion from the cel l .  

Although the vi rion envelopes are derived from membranes with i n  the ce l l , vi rus 
g lycoprotei ns are a lso expressed at the cel l surface. These g lycoproteins ca n fuse 
i nfected cel ls  with non- infected cel l s, resulting  i n  the formation of g iant cel l s  known 

as syncytia, which can be observed both in infected ce l l  cultures and in HSV lesions. 
Infected cel l cultu res are norma l ly destroyed 18sn"24 hours after i noculation . 

1 1 .  5 .  5 Overview of HSV- 1 rep I ication 
The HSV- 1 repl i cation cycle  is summarized in  Figure 1 1 . 13 .  

F i g u re 1 1 . 1 3 The H SV- 1 rep l i cat ion cyc l e .  Stages i n  v i r ion assem b ly  i nc l ude  
procapsid construction, packag ing a copy of  the genome, and  acqu isition of the 

envelope by budd ing i nto a vesi c le with i n  the cytoplasm . 
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1 1 . 6  LATENT H ERPESVIRUS INFECTION 
When iinfection of a cell with a herpesvirus results in latency, rather than a 

productive i nfection, the virus genome is maintained in the nucleus. For most 
herpesviruses the latently-infected nucleus harbors multiple copies of the genome 

as circular DNA molecules, but some, such as human herpesvirus 6, integrate the 

virus genome into a cell chromosome. Most of the virus genome is switched off 

during latency, but a few regions are transcribed into RNA, and some viruses also 

synthesize a few proteins. 

No virus proteins are required to maintain latency in cells that do not divide, so 

none are produced in neurons latently infected with HSV-1, but virus RNAs are 

synthesized. Primary transcripts, known as latency-associated transcripts (LATs), 
are synthesized from the LAT gene, which is located in the terminal repeats of the 

genome (Figure 11 .4  ) . Processing of the primary transcripts gives rise to two 
shorter LATs and a series of microRNAs. These RNAs have a variety of roles that 

include inhibition of apoptosis, which ensures the survival of the neuron with its 
latent HSV-1 i nfection. 

EBV, in contrast, becomes latent in memory B cells, which divide from time to time; 
the virus therefore synthesizes proteins needed to maintain the copy number of its 

genome when the host cell divides. 



The likelihood of a latent herpesvirus infection becoming reactivated is increased if 

the host becomes immunocompromised; the greater the degree to which the host 

is immunocompromised, the greater the likelihood of reactivation. 

1 1 . 7 OTH ER dsDNA VIRUSES 
Some further examples of viruses with dsDNA genomes in Baltimore class I are 

given in Table 11.3. Baculoviruses infect insects and other invertebrates. Some of 

them are used as insecticides and some are used as gene vectors in  protein 
expression syste m s .  Papi l lom aviruses are the causative agents of warts 
(papillomas) and some of them cause human cancers. The dsDNA phages are 
considered further in Section 20.5. 

Table 1 1 .3 Examples of dsDNA viruses 

An i ma I vi ruses Baculoviridae Autographa cal ifornica nucleopolyhedrovirus 

Papillomaviridae Human papillomaviruses (Section 23.2) 

Polyomaviridae Simian virus 40 (Section 23.3) 

Poxviridae Smallpox virus 

Bacterial viruses Myoviridae Phage T4 (Section 20.5 .1)  

Most dsDNA viruses, like the herpesviruses, encode genes in both strands of the 

DNA, so the strands cannot be designated as plus and minus. There are some 

dsDNA vi ruses, however, such as the papillomaviruses and phage T7, that encode 
all of their genes in one strand of the DNA. 

LEARNING OUTCOMES 
After review of this chapter you should be able to: 

Books 

• list the human herpesviruses and explain their importance; 

• describe the phenomenon of herpesvirus persistence and explain its 

importance; 

• describe the HSV-1 virion; 

• outline the main features of the HSV-1 genome; 

• describe the replication cycle of HSV-1 .  
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CHAPTE R 1 2  

Pa rvov'i ruses (a nd Other ssDNA Vi ruses) 
CHAPTER 12 AT A GLANCE 
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1 2 . 1 I NTRODUCTIO N  TO PARVOVI RUSES 
Parvov i ruses are among the sma l l est known vi ruses, w ith vi rions i n  the range 

18-26 nm in  d iameter. They derive thei r name from the Lati n parvus (smal l ) .  The 
fa m i ly  Pa rvov i r i dae  has  been d iv i ded i n to two su bfa m i l ies : the Pa rvov i r i nae  

(vertebrate vi ruses) a nd the Densovi ri nae ( i nvertebrate vi ruses) . Some of  the 
genera and species of the subfami l i es are shown i n  Table 12 . 1 .  

Table 1 2. 1 Some of the vi ruses i n  the fami ly Parvovi r idae 

Pa rvovi ri nae Dependovi rus Adena-associated vi rus 2 

Parvovi rus M i nute vi rus of mice 



Fel ine pa nleukopenia v i rus 

Erythrovi rus 819 vi rus 

Bocavi rus Human bocavi rus 

Densoviri nae Iteravi rus Bombyx mori densovi rus 

The subfa m i l y  Parvov i r inae i nc ludes the genus Depend ovi rus, the mem bers of 

which are defect ive, norma l ly  repl icati ng only when the host ce l l  i s  co-i nfected with 
a helper virus. Other pa rvovi ruses that do not requi re hel per vi ruses are known as 

autonomous parvovi ruses. 

1 2 . 2  EXAM PLES OF PARVOVI RUSES 
12 . 2 . 1 Dependovi ruses 

The fi rst dependovi rus to be d i scovered was observed in the e lectron microscope as 
a conta m inant of an adenovi rus preparation ( F igure 1 2 . 1 ) .  The contami nant turned 

out to be a satel l i te vi rus (Section 1 . 3 .4) : a defective vi rus dependent on the he lp 
of the adenovi rus fo r rep l i cati on . The sate l l i te v i rus was  therefore ca l l ed a n  
adeno-associ1ated vi rus .  Other dependovi ruses (d isti nct serotypes) have si nce been 

found i n  adenovirus preparations and i n  i nfected humans and other species. Results 
of surveys usi ng serol og ical methods and PCR detection of v irus DNA ind icate that 

dependovirus i nfections are widespread .. 

F igure 12. 1 Vi rions of adenovi rus (arrowed) and dependovirus. 

Sou rce: Reproduced w i th perm ission of Professor M .  Stewart McN u lty and The 
Ag ri - Food and Biosciences Institute. 

Not a l l  dependovi ruses have an absolute requ i rement for the hel p of an adenovirus. 
Other DNA vi ruses (e .g .  herpesvi ruses) may sometimes act as helpers, and some 
dependov i ruses may rep l i cate in the absence of a he l per  v i rus  under certa i n  

ci rcu mstances. 



Dependoviruses are valuable gene vectors. They are used to introduce genes into 
cell cultures for mass-production of the proteins encoded by those genes, and they 

are being investigated as possible vectors to introduce genes into the cells of 

patients for the treatment of various genetic diseases and cancers. One of the 
advantages of dependoviruses for such appl ications is the fact that they are not 

known to cause any disease, in contrast to other virus vectors, such as retroviruses 

(Section 17.5). 

12.2 .2 Autonomous parvoviruses 
A parvovirus that does not require a helper virus was discovered in serum from a 

healthy blood donor. The virus, named after a batch of blood labeled 819, infects 

red blood cell precursors. Many infections with 819 are without signs or symptoms, 

but some result in disease, such as fifth disease (erythema infectiosum), in which 
affected children develop a "slapped-cheek" appearance (Figure 12.2) .  

Figure 12.2 Child with fifth disease. 

Source: Reproduced by permission of the New Zealand Dermatological Society. 

Other diseases caused by 819 virus include: 

• acute arthritis; 

• aplastic anemia in persons with chronic hemolytic anemia; 

• hydrops fetalis ( infection may be transmitted from a pregnant woman to 
the fetus and may kill the fetus). 

In 2005 a new human parvovirus was d iscovered using a technique for molecular 

screening of nasopharyngeal aspirates from chi ldren with lower respiratory tract 

disease. The virus is related to known parvoviruses in the genus Bocavirus. 

Viruses in the subfamily Densovirinae cause the formation of dense inclusions in the 
nucleus of the infected cell. Some of these viruses are pathogens of the silkworm 

(8ombyx mori), and can cause economic damage to the silk industry. 

12.3  PARVOVIRUS VIRIO N  
Parvoviruses are small viruses of simple structure with the ssDNA genome enclosed 
within a capsid that has icosahedral symmetry (Figure 12.3). Negatively stained 

virions of a parvovirus can be seen in Figure 12. l 



Figure 12.3 The parvovirus virion. 

Source : (b)  Bruemmer et a l .  (2005) Journal of Molecular Biology, 347, 791 .  
Reproduced by permission of Elsevier. 

(a) Virion components (b) Reconstn1cted image of 
J111w11ia coe11ia densovirus 
from cryo-electron 
microscopy 

12.3 . 1 Capsid 
The parvovirus capsid is built from 60 protein molecules. One protein species forms 

the majority of the capsid structure and there are small amounts of between one 

and three other protein species, depending on the virus. The proteins are 
numbered in order of size, with VPl the largest; the smaller proteins are shorter 
versions of VP1. Each protein species contains an eight-stranded �-barrel structure 

that is common to many viral capsid proteins, including those of the picornaviruses 

(Chapter 14). Within VP1 there is a phospholipase domain that plays a role in 

penetrating the endosome membrane during entry into a cell. 

The virion is roughly spherical, with surface protrusions and canyons (Figure 

12.3(b) ). At each of the vertices of the icosahedron there is a protrusion with a 
pore at the center. 

12 .3 .2  Genome 
Parvoviruses have genomes composed of linear ssDNA in the size range 4-6 kb. At 

the 5' end there is a covalently linked protein molecule; depending on the virus, 
this protein is known either as Rep (because it is involved in replication) or NS1 

(previously defined as non-structural). This protein, together with a short sequence 

of the DNA to which it is linked, is present on the surface of the virion (Figure 
12.3(a)). 

At each end of the DNA there are a number of short complementary sequences that 

can base pair to form a secondary structure (Figure 12.4 ) .  Some parvovirus 
genomes have sequences at their ends known as inverted terminal repeats (ITRs), 
where the seq u ence at one end is complem entary to, and in  the opposite 

orientation to, the sequence at the other end (Section 3.2.6) . As the sequences are 
complementary, the ends have identical secondary structures (Figure 12.4(a)). 

Other parvoviruses have a unique sequence, and therefore a unique secondary 

structure, at each end of the DNA (Figure 12.4(b)). 

Figure 12.4 Base pairing at the termini of parvovirus DNA. 
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Duri ng rep l i cation, parvovi ruses with ITRs generate and package equa l numbers of 
( + )  a nd ( - ) strands of DNA, wh i l e  most vi ruses with u n ique sequences at the 

term i n i  do not .  The percentages of v i r ions  conta i n i ng  ( + )  DNA a nd ( - ) DNA 

therefore vary with d ifferent vi ruses (Table 1 2 . 2) .  

Table 12 . 2 Percentages of  parvovi rus vi r ions conta in i ng ( + ) and (-) strand DNA 

Virus Sequences at the ONA termlnl1 o/. vlrlons contalnl!YJ ( +) DNA % Ylrlons containing (-) ONA 
I � irus 

Depend iru 

Minut \•1ru mi 

IT 

ITRs 

mqu..: 

5 

1111 l n11ini ( p rus re ilh .. in t..: rlo,;d r� t ·· ( IT uniqu ( 1gurc J _.4 . 

5 

5 

9 

In a ( - ) DNA the genes for non-structura l proteins are towards the 3 '  end and the 

structura l  prote i n  genes are towards the 5' end ( F igure 1 2 .5 ) .  

F ig ure 12 .5  Pa rvovi rus genome organ i zation . 
i\ l imnu t r.md 
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1 2 . 4 PARVOVI RUS REPLICATIO N  
The sma l l  genome of a parvovi rus can encode on ly a few proteins, so the vi rus 
depends on its host cel l  (or another vi rus) to provide important proteins .  Some of 

these ce l l  p rote i n s  (a D N A  po lym erase a nd other p rote ins  i nvo lved i n  D NA 
rep l i cat ion ) are ava i lab le  on ly duri ng the S phase of the cel l cyc le ( F igure 4 . 5 ) , 

when DNA synthesis takes p l ace .  Th is  restri cts the opportu n ity for pa rvovi rus 
rep l ication to the S phase . Contrast this situation with that of the large DNA vi ruses, 

such as the herpesvi ruses (Chapter 1 1 ) ,  which encode their own DNA-repl icati ng 
enzymes, al lowing them to repl i cate i n  any phase of the cel l cycle. 

Th is account of pa rvovi rus repl ication is based on stud ies with severa l parvovi ruses. 
Some aspects specific to the dependovi ruses a re covered in Section 1 2 .4 . 6 .  



12.4. 1 Attachment and entry 
A virion attaches to receptors on the surface of a potential host cell (Figure 12.6); it 
must also bind to one or more co-receptor molecules before the entry process can 

get under way. In the case of B19 virus the host cell is a red blood cell precursor, 
the receptor is the blood group P antigen, and the co-receptor is a5�1 integrin. The 
Rep protein is removed from the 5' end of the viral genome while the virion is still 

on the surface of the cell. 

Figure 12.6 Parvovirus attachment and entry. A virion is taken into the cell by 

clathrin-mediated endocytosis .  After release from the endosome it is transported on 

a microtubule to a site close to the nucleus. It is uncertain whether uncoating of 
the virus genome occurs at a nuclear pore (as shown here) or within the nucleus. 
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Entry into the cell is by clathrin-mediated endocytosis. The endosome membrane is 

probably breached by the phospholipase domain of VPl, allowing release of the 
virion into the cytoplasm. The virion then associates with m icrotubules and is 

transported to a nuclear pore. Nuclear localization signals have been found in the 
VPl proteins of some parvoviruses and it is l ikely that the capsid docks with a 
nuclear pore. It is uncertain whether the virus genome is released at a nuclear 

pore, or whether it is released in the nucleus after the virion has been transported 

through a pore. With a diameter of 18-26 nm, the parvovirus virion is small enough 
to pass through a nuclear pore, unlike the herpesvirus nucleocapsid (Section 

11 .5 .1 ). .  



12.4.2 Single-stranded DNA to double-stranded DNA 
In the nucleus the single-stranded virus genome is converted to dsDNA by a cell 
DNA polymerase ( Figure 12.7). The ends of the genome are double stranded as a 

result of base pairing (Figure 12.4), and at the 3 '  end the -OH group acts as a 
primer to which the enzyme binds. 

Figure 12.7 Conversion of ssDNA to dsDNA by a cell DNA polymerase. Not all steps 

are shown. 
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12 .4.3 Transcription and translation 
The cell RNA polymerase II transcribes the virus genes and cell transcription factors 

play key roles. The primary transcript(s) undergo splicing events to produce two 
size classes of mRNA (Figure 12.8). The larger m RNAs encode the non-structural 

proteins and the smaller m RNAs encode the structural proteins (see genome 
organization, Figure 12.5). 

Figure 12.8 Parvovirus transcription and translation. The cell RNA polymerase II 
transcribes the virus genome. After translation much of the virus protein is 

transported to the nucleus. 

ff::=�----A. ==.,__---A. tc:::::::t--A. 
�-A,. 

ff 7& An __ non-

4i I 
_. - structurnl 

l:/:;;l=t-----An JlfOlClll� 
A0 _ c:1ps1J fCZ)--. ________ _., - prOLcms ..... 



The non -structural protei ns are phosphorylated and p lay a wide variety of ro les in 

the control of gene expression and in DNA repl ication and packag ing .  

12 .4 .4  DNA repl ication and vi rion assembly 
The v ira l  DNA is  rep l icated by a mechanism cal led rol l i ng-hai rp in  rep l i cation .  Th is  i s  

a lead ing strand mechan ism and sets parvovi ruses apart from other DNA vi ruses, 
wh ich rep l i cate thei r geno mes th rough  lea d ing  a n d  l agg i ng stran d  synthes i s  
(Section 7 . 5) .. Pa rvovi ruses are heavi ly dependent on the DNA repl ication mach i nery 
of th e i r  h o st c e l l s , tho u g h  so m e  a ct iv i t ies  a re ca rr i ed  o u t by  th e v i ru s  

Rep/non-structu ral protei ns.  

Procapsi ds a re constructed from the structu ral protei ns; each procapsid is fi l led by a 
copy of the vi rus genome, either a ( + )  DNA or a (-) DNA as appropriate ( Figure 
1 2 .9 ) .  The genome probably enters via one of the twelve pores at the vertices of 

the procaps id .  

F igure 1 2.9 Pa rvovi rus vi rion assembly. 

12 .4 . 5 Overview of pa rvovi rus rep l ication 
The parvovi rus repl ication cycle i s  summarized in  Figure 12 . 10 .  

F igure 12 . 10 The parvovirus repl ication cycle .  
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1 2 .4 .6  Dependovi rus rep l ication 
When a cel l i s  co- i nfected with a dependovi rus and  an  appropriate he lper vi rus, 

there is a productive i nfection with both viruses ( Figure 1 2  . .1 1(a ) ) .  

F igure 12 . 1 1  Dependovi rus repl ication . The latent dependovi rus i nfection is shown 
with the vi ra l  DNA i ntegrated into a cel l chromosome; in many cases the vi ra l  DNA 
is  not i n teg rated . Co- i n fecti on  w i th a he l per  v i ru s  p rov i des cond it ions  fo r a 
productive dependovi rus i nfection . 



In nature it i s  perhaps more com mon for a dependovirus to i nfect a cel l i n  the 
absence of a he lper vi rus, in which case the v irus genome may persist in the cel l as 

a latent i nfection .  It was thought that dependovi rus latent i nfections a lways requ i re 
i nteg rat i on of the v i ra l  g enome  (as dsDNA)  i n to a ce l l  c h ro m oso m e  ( F ig u re 

12 . l l (b) ) ,  but there is now evidence that i n  many cases the vi ra l  genome is not 

i nteg rated . If integ ration occu rs i n  h u ma n  cel ls, the vi rus DNA is i nserted at a 
specific s ite in  ch romosome 19 .  Latent dependovi rus i nfections have been found in  

a n u m ber of cel l  l i n es of h u m a n  a nd m on key or ig i n . If a ce l l  w i th a l atent  
dependovi ra l  genome becomes infected with an  appropriate hel per vi rus then a 

productive i nfection with both vi ruses can ensue ( Figure 12 . 1 1 ( c ) ) .  

1 2 . 5 OTH ER ssD NA VI RU SES 
Some fu rther exa mples of vi ruses with ssDNA genomes are given in Table 12 . 3 .  

These v iruses, and i ndeed the majority of the known ssDNA vi ruses, have c i rcu lar 
genomes. The only viruses known with ssDNA l i near genomes are the parvovi ruses, 

the ma in  subjects of th is chapter. The ssDNA phages a re considered further i n  
Section 20 .4 .  

Table 12.3  Examples of ssDNA vi ruses 

Fam i ly Examp le 

Ani ma l  vi ruses C ircovi ridae Porc ine c i rcovi rus 



Plant vi ruses Gem in ivi ri dae Maize streak v irus 

Bacteria l vi ruses M icrovi r idae Phage cpX174 (Section 20 .4 . 1 )  

LEARN I N G  OUTCOM ES 
After review of th is  chapter you should be ab le to : 

• g ive examples of parvovi ruses and expla in  their importance; 

• describe the parvovi rus vi rion; 

• outl i ne the main features of the parvovi rus genome; 

• describe the rep l ication cycle of parvovi ruses; 

• expla i n  the d ifference between autonomous and defective parvovi ruses . 
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CHAPTER 1 3  

Reoviruses (and Other dsRNA Viruses) 
Chapter 13 AT A GLANCE 

"Diarrhoea On Wheels" from Haaheim et al. (2002) A Practical Guide to Clinical 
Virology, 2nd edition. Reproduced by permission of John Wiley & Sons 
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1 3 . 1 INTRODUCTION TO REOVI RUSES 
Icosahedral viruses with seg mented genomes of dsRNA.1 isolated from the 

respiratory tracts and enteric tracts of humans and animals, and with which no 
disease could be associated (orphan), became known as reoviruses. Similar viruses 

have been found in  mammals, birds, fish, invertebrates (including insects), plants, 
and fungi. Many of these viruses are causative agents of disease, but the original 

name has been preserved in the family name Reoviridae, and is found in the names 

of some genera (Table 13.1) .  

Table 13. l Some of the genera in the family Reoviridae 

I Genus I Hosts I Number of dsRNA segments 



Cypovi rus Insects 10  

Dinovernavirus Insects 9 

Orbivi rus Mammals, b i rds, i nvertebrates 10  

Orthoreovi rus Mammals, b i rds 10 

Phytoreovi rus Pl ants, i nsects 12  

Rotavi rus Mammals, b i rds 1 1  

The orig i na l  reovi ruses are incorporated i nto the genus Orthoreovi rus .  The avian 
v i ru ses a re i m po rta nt  d isease agents ,  but m ost orthoreov i ru s  i nfecti ons  of 

m a m m a l s a re asy m pto m atic .  The majo rity of hu m a n s  become infected with 
orthoreovi ruses early i n  l ife and have specifi c serum anti bod ies by early adu lthood . 

It i s  i nteresting to note that most of the p lant-i nfecting reovi ruses are transmitted 
between p lants by insect vectors (Chapter 4) . The vi ruses rep l icate i n  both the 

p lant and the i nsect, genera l ly  causi ng d isease i n  the plant, but l i ttle or no harm to 
the i nfected i nsect. 

The ma in  focus of this chapter is on the rotavi ruses, which have been the subjects 
of i n tens ive study  beca use they a re a mongst the m ost i m portan t  agents of 

gastroenteritis in humans and an imals. Each year rotavi ruses a re responsib le for 
the deaths of over ha lf a m i l l ion ch i ldren under 5 years o ld . 

1 3 . 2  ROTAVI RUS VI RION 
Rotavi ruses were fi rst descri bed i n  1963, when they were observed during electron 
microscopy of fecal samples from monkeys and m ice . Spherica l vi ri ons about 75 nm 

in d iameter, with structures resembl ing the spokes of a wheel, were descri bed 
( Figure 13 . 1 ) , so the vi ruses were named after the Lati n word rota (wheel ) .  Simi lar 
vi ruses were observed 10 yea rs later duri ng electron microscopy of feca l samples 

from ch i l d ren with d iarrhea. 

F igure 13 . 1  The rotavi rus virion . 

Sou rce : (b )  Chen et a l . (2009)  Proceed ings of the National Academy of the USA, 

1 06, 1 0644 . Reproduced by permission of the National Academy of the USA and the 

authors. (c) by permission of Professor M .  Stewart McNulty and The Agri -Food a nd 
Biosciences Institute . 
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The vi rion ,  wh ich has icosahedra l  sym metry, is also known a s  a tri p le- l ayered 
part ic le as the capsid has th ree layers, each constructed fro m a d i sti nct v i rus 

p rote i n (VP ) .  The i n ne r  and m id d le l aye rs,  constructed from V P 2  a nd V P6 
respectively, are perforated by channels .  The midd le layer conta ins the "spokes" of 

th e "w hee l "  a n d  is the m ajo r  co m ponent  of the v i r i on . The oute r  layer  is 
constructed from VP7, wh ich i s  g lycosylated . It is unusual to fi nd a g lycoprotein i n  a 
naked v i rion, but VP7 is associated with a membrane with i n  the cel l before it i s  

i ncorporated into the vi rion (Section 1 3 . 3 . 3) .  Three other prote in  species are found 
i n  the vi rion : VP1  and VP3 i n  the core, and VP4, wh ich forms 60 spikes at the 
surface. 

The proteins are num bered in order of the i r  sizes . The th ree largest prote ins are 

fou nd towards the center of the v i r ion ;  w i th i n  the i n ner  ca psi d layer (VP2 ) ,  
associated with the genome, a re 12  copies each of  VP 1 and VP3 .  These two 
prote ins a re enzymes; VPl is the RNA-dependent RNA polymerase and VP3 has 

guanylyl transferase and methyl transferase activities . 

The 1 1  dsRNA segments that make up the rotavi rus genome can be separated 
accord i ng to size by electrophoresis in a sod i um  dodecyl su lfate-po lyacrylamide gel 
( Figure 1 3 . 2) .  Each RNA segment encodes one protei n, with the exception of one 
seg ment, wh ich encodes two p rote i n s .  H ence 1 2  prote i ns  a re encoded : s ix  

structura l prote ins (VP) and s ix non-structura l prote ins (NSP) .  In the d iagrams the 



RNA strands are co lor-coded to disti ngu ish the p lus-strand (the cod i ng strand )  from 
the m inus-strand .  

F igure 13 . 2 The rotavi rus genome and gene products . The p l us-strand of each of 

the 1 1  RNA seg ments is capped .. There i s  one ORF i n  each segment, except for the 
smal lest ( RNA 1 1 ) ,  in which there are two ORFs in d i fferent read ing frames .  NSPS 

and NSP6 therefore do not share a common sequence . The d iagram shows a typ ica l  
pattern of  rotavi rus RNA segments i n  a ge l  after el ectrophoretic separation, and the 

prote i n(  s) encoded by each seg ment. 
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1 3 . 3  RO AVI RUS RE PLICATIO N  
Rotav iruses i n fect cel l s  ca l led enterocytes a t  the ends of the v i l l i  (fi nger- l i ke 

extensions) in  the sma l l  i ntesti ne ( Figure 1 3 . 3 ) .  

F ig ure 13 .3  Section of the sma l l  i ntesti ne and  deta i l  of an enterocyte . 
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1 3 . 3 . 1 Attachment a nd entry 
The mechan isms by wh ich rotavi ruses attach to and enter thei r host ce l l s  a re 

complex and many deta i l s  remain uncertain .  Cleavage of the spike prote in  VP4 to 
the smal ler prote ins VP8 and VPS ( Figure 13 .4) results in  much more rap id entry 
i nto the cel l .  Th is c leavage can be brought about by tryps i n- l i ke enzymes i n  the gut .  
VP8 and VPS can bi nd to severa l cel l surface molecu les : VP8 to sia l i c  ac id residues 
on l i p ids and protei ns, and VPS to i nteg ri ns . The capsid glycoprotei n VP7 can a lso 

b ind to i ntegri ns .  

F igure 13 .4 Cleavage of the rotavirus sp ike protei n VP4. 

t r  in 

There are two poss ible ways i n  wh ich a v iri on can enter the cel l : d i rect penetration 
across the plasma membrane and endocytosis ( F igure 1 3 . 5 ) .  It is thought that 
membrane penetration is mediated by a hyd rophobic reg ion of VPS; this reg ion is 
h idden in  the uncl eaved VP4. 

F igure 13 . 5  Modes of rotavi rus entry i nto the host cel l .  A rotav i rus vi r ion may ei ther 
penetrate the pl asma membrane or it may be endocytosed . Only one of the 1 1  
dsRNA molecu les i n  the vi rion is shown . 
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1 3 . 3 . 2  Ea rly events 
The outer layer of the virion is removed, leaving a double- layered particle in which 

transcri ption i s  acti vated ( F igure 1 3 .6 ) .  It is  l i kely that each of the 1 1  genome 
segments is associated with a molecu le of VP1 (synthesizes new copies of the ( + )  

RNA) and a molecu le  of VP3 (caps the 5 '  ends of the new RNAs) . The nucleotides 
for RNA synthesis enter the particles through the channels in the prote in layers and 

the transcripts are extruded from the partic les th roug h the same channels .  The 

transcri pts are not polyadenylated . 

F igure 13 . 6  Early events i n  rotavi rus repl ication .  ( + )  RNA is transcri bed from each 
of the genome seg ments in the double- layered particle derived from the infecti ng 

vi rion .  In itia l ly  th is RNA functions as m RNA (green) and the 1 2  vi rus protei ns are 

translated (trans lation of two protei ns in  the roug h endop lasmic reticu l um is not 
shown) .  NSP2 and NSPS play major roles in  the assembly of v iroplasms, and other 
v i rus prote ins  accu m u late in these structures.  V P 1  a n d  VP3 b ind  to ( + )  RNA 

molecules (dark bl ue) and then to VP2, which forms roughly spherical structures. 

(-) RNA ( l i ght b l ue) i s  synthesized in these structures and VP6 i s  added to form 

progeny double- layered partic les. 
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Some of the virus proteins undergo co- and post-translational modifications: VP2 

and VP3 are myristylated wh i le NSPS is phosphorylated. The virus proteins 

accumulate within the cytoplasm in structures known as viroplasms; there is 

evidence that N SP2 and N SPS play major roles in their formation. Transient 

expression of the g enes for these proteins resulted in the format ion of 

viroplasm-like structures, while reduced expression of NSPS by RNA interference 

(Section 2.9.3) resulted in  fewer and smaller viroplasms. In the viroplasms the 
newly synthesized ( + )  RNA molecules bind VPl and VP3, and then VP2, which 

forms structures that are roughly spherica l .  A rigorous selection procedure ensures 

that each structure receives one each of the 1 1  RNA species, i .e. a full genome 

complement. This procedure, which operates for all viruses with multipartite 

genomes, involves the recognition of a unique sequence in each genome segment. 

The RNA polymerase activity of VPl is activated by the interaction with VP2, and 

the ( +)  RNA strands act as templates for the synthesis of (-) RNA, producing the 

1 1  dsRINA molecules of the genome in each structure (Figure 13.6). The dsRNA of 

the infecting virion therefore remains intact and the mode of replication is 
conservative, in contrast to the replication of the dsRNAs of some other viruses 
(Section 7.6). VP6 is added to the core, forming the second layer of the capsid. The 

resulting structure is a double-layered particle similar to that derived from the 

infecting virion. 



1 3 . 3 . 3  Late events 
A further round of transcript ion (secondary transcri ption)  takes p lace with in  the 
progeny doub le- layered partic les .  I n  contrast to the ea rly  transcri pts, the l ate 

tra nscri pts a re not capped (F i gu re 1 3 . 7 ) .  The translat ion mach inery undergoes 
changes and now selects uncapped transcripts i n  preference to capped transcri pts ; 
NSP3 plays a role  i n  l i nki ng the 5 '  end of an mRNA to its 3 '  end .  Hence, translation 

of cel l prote ins is shut down wh i le  translation of vi rus protei ns conti nues. 

Fi gure 1 3 . 7  Late events in rotavi rus repl ication .  Secondary transcri ption takes place 

i n  progeny double- l ayered particl es and results in the synthes is of uncapped mRNA. 
The 12 vi rus protei ns are translated ; only NSP4 and VP7 trans lation are shown here 

( both a re synthesized i n  the endop lasm ic reticu l u m ) .. N S P4 bi nds  VP4 and  a 

dou b le- l ayered pa rti c le  ( i nset) ,  and  th is com p lex buds  i nto the endop lasm ic 
reticu l um .  The VP4 spikes and the VP7 outer layer of the caps id are added . 
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The v i rus requ i res d ifferent quantiti es of each of its 12 protei ns; for example, a 

large amount of the main capsid prote in (VP6) is requ i red, but a relatively sma l l  

amount of VP1 .  Although there are equi molar a mounts of each of the 11  dsRNAs, 
the m RNA species are not made i n  equ i molar amounts, and there a re a lso contro ls 
at the level of translation .  Hence, there are several mechanisms used by the vi rus 
to contro l  the quantity of each protein produced . 

The fi nal  stages of v i rion assembly i nvolve the add it ion of the outer layer of the 

capsid and the spikes. There is some uncerta inty concern ing the deta i l s, but there 
is evidence suggesting the fol lowi ng series of events . 

VP7 and NSP4 a re synthesized and N -g lycosy lated i n  the rough endop las m i c  

reti cu l um ,  where they accumu late i n  the membrane. NSP4 has b ind i ng s ites for 
both VP4 and double-layered partic les ( Figu re 13 . 7, inset) .  After these com ponents 



have bound,  the parti c le buds through the membrane i nto a ves ic le with in  the 
endop las m i c  reti cu l u m . The vesi c le  m e mbra ne forms a tem porary "enve lope" 
conta i n i ng VP7. 

VP4 is added to the double-l ayered partic le to form the vi r ion sp i kes . Cleavage of 

VP7 molecu les releases them from the membrane to bu i ld  up the outer capsid  and 
lock the spikes i n  p lace.  V i rions are released from the cel l e ither by lysis or by 
exocytosis .  

1 3 . 3 .4 Overview of rotavi rus rep l ication 
The rotavi rus repl ication cycl e is summarized i n  F igu re 13 .8 .  

F igure 13 . .8 The rotavi rus repl ication cycle  . 
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13 . 3 . 5  Rotavi rus d isease 
Enterocytes on the vi l l i  a re destroyed as a resu lt of rotavi rus i nfection and th is  leads 

to reduced absorption of water, salts, and sugars from the gut .  The vi rus protein 

NSP4 is responsi b le for leakage of chlori de from cel ls  i nto the gut l umen . These 

effects of v i rus i nfect ion, together with the secretion of water and solutes by 
secretory ce l l s, resu lt i n  d ia rrhea and th is can lead to dehyd ration .  Treatment is a 

relatively sim p le matter of rehyd rating the patient with a sol ution of salts and  
sugar, bu t  the mea ns for this a re not ava i lab le  i n  some parts of the worl d ;  for 

many, especia l lly young ch i ldren, the outcome is  death . 



Although most rotavi rus infections are confi ned to the gut, there is evi dence that on 
occasion the vi rus may cross the gut and i nfect other tissues. 

1 3 . 4 OTH ER dsRNA VI RU SES 
The v i rions of most dsRNA viruses have icosahedra l  symmetry and most of them 

are naked;  an exception i s  the fa m i ly Cystovi ridae, the members of wh i ch are 
enveloped bacteriophages (Section 20 . 3 ) .  Some fu rther examp les of vi ruses with 

dsRNA genomes are g iven i n  Table 13 . 2 .  

Table 13 . 2  Examples of dsRNA vi ruses 

Fam i ly Example 

Ani ma l vi ruses Bi rnavi r idae Infectious bursal d i sease vi rus 

P lant v i ruses Pa rtitiv i r idae White c lover cryptic vi rus 1 

Fungal  vi ruses Ch rysovi r idae Pen ic i l l i um chrysogenum vi rus 

Bacteria l vi ruses Cystovi ridae Pseudomonas phage q>6 

A problem that dsRNA vi ruses must overcome is the fact that dsRNA is  a potent 
i nducer of a number of cel l  defense mechan isms, i nc l ud ing apoptos is, i nterferon 

production,  and RNA si lenci ng (Cha pter 9 } .  Most of these vi ruses, i nc lud i ng the 
rotavi ruses, have solved th is prob lem by ensuri ng  that the i r  d sRNA is a lways 
enc losed w i th i n  v i rus p rote in  structu res, a n d  i s  therefore n ever free i n  the 
cytoplasm to trigg1er these defenses . 

LEARN I N G  O UTCOM ES 
After review of th is  cha pter you shou ld be ab le to : 

• expla i n  how vi ruses i n  the fami ly Reovi r idae are c lassified i nto genera ;  

• describe the rotavi rus vi rion; 

• d iscuss the main events of the rotavi rus rep l ication cyc le;  

• expla i n  how rotaviruses cause d i sease . 

SOU RCES OF FU RTH E R  I N FORMATION 
Books 

Ba ker, M .  a n d  Prasad , B .  V .  V .  ( 20 1 0 )  Rotav i rus  Cel l Entry . I n  Ce l l  Entry by 

Non-Enveloped Vi ruses, Current Topics in  M i crobio logy and Immunology, Volume 
343, 1 2 1-148 (Johnson J . E . ,  ed i tor), Springer 

Franco, M .  A .  and Greenberg ,  H .  B .  ( 2009 ) Rotavi ruses . Chapter 35  in C l i n ica l 
Vi rology, 3rd ed ition ( Richman, D .  D . ,  Whit ley, R .  J . , and Hayden, F. G . ,  ed itors ), 
ASM Press 

Patton, J .  T. (ed . )  ( 2008) Segmented Doub le-Stranded RNA Vi ruses : Structu re and 

Molecu lar  Bio logy, Ca ister Academ ic Press 



Ya n g ,  D .  ( ed . )  ( 20 0 9 )  Rotav i ruses . Cha pte r  27  i n  R N A  V i ruses : Host ,Gene  
Responses to Infections, World Scientific 

Journa ls 

Aya la-Breton, C .  et al . ( 2009) Analys is of the ki netics of transcription and rep l ication 
of the rotavi rus genome by RNA interference . Journa l  of V i rology, 83, 88 19-883 1 

Chen, J .  Z .  et al . ( 2009) Mo lecu lar i nteractions in  rotavi rus assembly and uncoati ng 
seen by h igh-resolution cryo- EM . Proceed i ngs of the Nati onal Academy of Sciences 

of the USA, 1 06j 10644-10648 

C h e u n g ,  W .  et a l .  ( 2 0 1 0 )  Rotav i ru ses assoc iate w ith ce l l u l a r  l i p i d d ro p l et 
components to rep l icate in v irop lasms, and compounds d i srupti ng or blocki ng l i p id 
d roplets inh i bit vi roplasm formation and vira l  repl ication .  Journa l  of V i ro logy, 84, 

6782-6798 

McCla in ,  B. et a l .  ( 2010) X-ray crystal structure of the rotavi rus inner capsid pa rticle 
at 3 .8  A resol ution . Journal  of Molecu lar Biology, 397, 587-599 

Parashar, U. D. et a l .  ( 2006) Rotavi rus and severe chi ldhood d ia rrhea . Emerg i ng 

Infectious Diseases, 12  ( 2 ) :  http ://dx. doi .org/10 .320 1/eid 1 202. 050006 



Trask, S .  D . ,  McDonald S .  M . ,  and Patton,  J .  T. ( 20 12)  Structura l  insi ghts i nto the 

coupl i ng of vi rion assembly and rotavi rus repl ication . Nature Reviews M icrobio logy, 
10, 165-177 

CHAPTER 14 

Picornavi ruses (a nd Other P l us-Stra nd RNA 

Vi ruses) 
CHAPTER 14 AT A GLANCE 
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14 . 1 I NTRO DUCTION TO PICO RNAVI RUSES 
Mem bers of the fa m ily Picornavir idae are found in  mam ma ls  and b i rds .  These 

vi ruses have features i n  common with many p lant vi ruses, and are cl assi fi ed with 
them i n  the order Picornavi ra les. Some of the genera i n  the fam i ly Picornavi ri dae 

and some of the i mportant vi ruses are l i sted in  Table 14. 1 .  

Table 14. 1 Examples of p icornavi ruses 

Genus Name derivation from Greek word Example(s) 



Hepatovi rus Hepatos = l iver Hepati tis A v i rus 

Enterovi rus Enteron = i ntesti ne Pol iovi rus 

Coxsackievi ruses 

Rh inovi ruses 

Aphthovi rus Aphtha = vesicles in the mouth Foot and mouth d i sease vi rus 

Pol i ovi rus  was one of the fi rst vi ruses to be propagated in cel l cu lture ( Enders, 
Wel ler, and Robbi ns, 1949) and was a l so one of the fi rst to be p laque purified 

( Dul becco and Vogt, 1954 ) .  Most picornavi ruses g row read i ly i n  cel l cu ltu re, a re 
easy to puri fy, and a re stab le, making them popular vi ruses for laboratory stud ies . 

The picornavi ruses a re c lass IV vi ruses; their genome is  a pl us-strand RNA that 
functions as mRNA once it is re leased i nto a host cel l .  The fi rst vi rus molecu les to 

be synthesized in  an  infected ce l l  are therefore protei ns, i nc lud ing those that wil l 
rep l i ca te the  v i ru s  R N A .  W h en su ffi c i en t  q u a nt i t ies  of these p rote i n s  have 

accu m u lated , the ro le of the RNA sw i tches fro m m RNA to tem p late fo r RNA 
repl ication .  This is in  contrast to a l l  other viruses, where transcription of v i rus genes 
must occur before vi rus prote i n synthesis can start .  

14 . 2  SOM E  I M PORTANT PICORNAVI RUSES 
14 . 2 . 1 Hepatitis A virus 

Hepatitis A i s  especia l ly preva lent i n  developing countries with poor sanitation . In 

most i nfants and young ch i l d ren i nfect ion i s  asymptomati c or mi ld ,  and leads to 
l i fe long i m mun i ty .  When adu lts become i nfected about 75°/o develop jaund ice; 
severe hepatitis is  a rare comp l i cati on, which can be fatal . 

14 . 2 . 2  Po l iovi rus 
Pol iovi rus has  been the subject of much research effort because of the devastati ng 
paralys is that i t  can cause. In fact, the majority of pol iovi rus i nfections are relatively 
harmless i nfecti ons of the oropharynx and the gut. Serious d i sease occu rs on ly 

after other t issues become infected, resu lti ng i n  vi remia (vi rus in  the b lood ) and 
spread of i nfection  to the centra l  nervous system .  Th is  i s  a very rare event i n  
babies, who sti l l  have anti -pol iovi rus a nti bod ies acqu i red from thei r mothers .  If, 

however, there i s  less pol iovi rus i n  the human envi ronment, so that most infections 
occur after these anti bod ies have d isappeared, then i nfection of the centra l nervous 

system is more l i ke ly .  I ron ica l ly, po l i o i s  a d isease p ri m a ri ly associ ated w ith 
improvi ng standards of hygiene and san itation ! 

Pol iovi rus i nfection of the central nervous system may result i n  men i ngit is (from 

w h ic h  m ost p a t ie n ts recover  co m p le te ly ) ,  e n ce p h a ll i t i s ,  a n d / o r  p a ra lyt i c  

pol iomyel it is .  The latter i s  due to vi rus rep l ication i n  motor neurons of  the spi na l  



cord or the bra i n  stem, resu lt i ng in para lys is of l i mbs and/or breath i ng muscles 
( Figure 14. 1 ) . 

F igure 14 . 1  (a)  Ch i ldren with para lyzed l imbs as a resu lt of pol io .  ( b) Respi rators 

( snt-biron lungssnK) used in  the mid-twentieth century to a id  the breath ing of po l io 
vi ctims.  

Source:  (a)  Reprod uced by perm ission of the Wor ld H ea lth Organ i zat ion . ( b )  
Reproduced by perm iss ion of the U S  Centers for D isease Control and Prevention . 

(a )  ( b  

The fear of pa ralys is  was a major motivation for research prog rams to deve lop po l io 
vaccines in  the m id-twentieth centu ry, and these efforts led to the development of 
i nactivated vacc ines and l ive attenuated vaccines (Chapter 25) .  The use of both 

types of vaccine has proved very effective i n  preventi ng pol io, so that by the start 

of the twenty-fi rst century the annual number of world cases had fal len to 3500, 

which was 1 °/o of the number of cases in 1 988 . Po l io  has been erad i cated from 
many parts of the worl d and there is hope that the d i sease wi l l  soon be completely 

erad i cated . 

14. 2 . 3  Coxsackievi ruses 
In 1948, invest igators in the US town of Coxsackie i njected fecal speci mens from 
two suspected pol io cases into suckl ing m ice; lesions developed i n  the skeleta l 

m u sc l e s  of th e m i ce  a n d  th e fi rst c o x s a c k i e v i r u s e s  h a d  b e e n  i so l a te d . 
Coxsackievi ruses cause a range of med ica l  condit ions, i nclud i ng myocard it is (heart 

d isease) ,  men i ng i t is, and rashes. 

14 . 2 .4 Rh inovi ruses 
Rh inovi ru ses a re the m ost com m o n  age nts ca us i ng  u pper  resp i ratory tra ct 
i nfections in humans.  Most chi ldren have had at least one rhi novi rus i nfection by 
the age of 2 years, and i n  adults rh i novi ruses account for about 50°/o of common 

colds .  Human rhi novi ruses rep l icate in the epithel i um of the upper respi ratory tract, 

where the temperature is around 33sn"35 B°C; for at least some of these vi ruses 
the opti mum temperature for rep l icati on is in th is range . Many human rh inoviruses 

are able to rep l i cate at 37 B°C and some of these are probably respons ib le for 
d isease in  the lower respiratory tract. 



14 . 2 . 5  Foot and mouth d isease vi rus 
Foot  and  m o uth d i sease v i r u s  has  a m uc h  w id e r h ost ra n g e  th a n  oth e r  
p icornavi ruses; i t  i nfects mam mals such as  cattle, sheep, goats, p igs, and  deer, 

causi ng les ions on the feet and i n  the mouth. . 

Outbreaks of foot and mouth d isease can have serious economic  consequences, as 
m i l k  y ie lds d rop, young i n fected a n i ma ls  m ay d ie, a nd in  deve lop ing countries 

an i mals become unfi t for their crucial ro les in p lough i ng and transport . Restrictions 
on trade in suscepti b le an i mal spec ies cause further economic damage. A massive 

outbreak i n  the UK  in 2001 was brought under control th rough a series of measures 
that i ncluded the sl aug hter  of more than 6 m i l l ion an ima l s  ( F igure 14 . 2 ) .  The 

esti mated cost of the outbrea k was over 8 b i l l ion pounds .  There were sma l ler 
outbreaks of foot and mouth d i sease i n  the UK in 2007 . 

F igure 14. 2 Foot and mouth d isease pyre at a U K  farm . 

Source : Courtesy of Simon Led ingha m .  

14 . 3  PICORNAVI RUS VI RIO N  
Picornavi ruses are sma l l  RNA vi ruses of relatively s imple structure ( Figure 14. 3 ) . 

The RNA is  enclosed by a capsid ,  which i s  roughly spherical and has a d iameter of 

about 25slJ"30 nm .  

Figure 14.3 The p icornav irus virion . VPg : vi rus prote in ,  genome l i nked . 

Sou rce : Electron m icrograph courtesy of J .  Esposito (US Centers for Disease Control 

and Prevention ) and Professor Frederick A. M urphy (Un iversity of Texas Med ica l 
Branch ) .  



a Virion ompon nt 

14 .3 . 1  Capsid 
The p icornavi rus capsid has icosahedra l  symmetry and is made from 60 identica l  
subun its, each consisti ng  of  four  v i rus prote ins  (VP 1 sn"4, n u m bered from the 

largest to the smal lest) . Each of the protei ns VP1 sn"3 conta i ns an ei ght-stranded 

QI-ba rrel ,  l i ke many v i rus  capsid protei ns, incl ud ing those of the parvoviruses 

(Chapter 12 ) .  The caps id  of human rhi novi rus 14 has been stud ied extensively and 

some of the resu lts are summarized i n  F igure 14 .4 .  Parts of VP1 sn"3 are at the 
su rface of the vi r ion, wh i le  the N termi n i  of VP1 sn"3 and a l l  60 VP4 molecu les are 

complete ly internal . 

F igure 14.4 The ca psid of human rh inovi rus 14. The outer surface of the capsid is 
composed of reg ions of VP1, VP2, and VP3 . Around each of the vertices i s  a canyon 
l i ned with the C term in i  of VP1  and VP3 . The i nterior su rface of the caps id i s  
com posed of VP4 a nd the N term in i  o f  V P 1 .  The  ca nyons a re v i s i b l e  i n  the 

reconstructed i mage. The p ink reg ions are neutra l i z ing i m munogen ic sites (Sherry 
et a l .  ( 1986) Journal of Virology, 57, 246) .  

S o u rc e : R e c o n s t ru c te d i m a g e  c o u rte sy  of  J .  Y .  S g ro ,  U n i ve rs i ty of  
Wisconsi nsn"Mad ison . The data for the i mage are fro m Arnold and Rossmann 

( 1988 ) Acta Crysta l lograph ica, Section A, 44, 270. 
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In  many picornavi ruses, inc lud i ng pol i ovi ruses and rh inovi ruses, there i s  a deep 
cleft a round each of the 12  vertices of the icosahedron ( Figure 14.4) . These clefts, 

often referred to as canyons, were d iscovered us ing X-ray crysta l log raphy and  
cryo-electron microscopy. They are approximately 2 n m  deep, which,  for a vi r ion of 
th is  s ize, is a si gn ificant depth, bei ng approxi mately 7°/o of the vi rion d i ameter. Th is 
is re lative ly much greater than the depth of the Grand Canyon on the surface of the 

Earth ! The canyons a re l i ned by the C term in i  of VPl  a nd VP3 mo lecu les and 

conta i n  the sites that b ind to ce l l  receptors . 

Evol ution of p icornaviruses has generated a lot of vari ab i l ity i n  the capsid proteins, 
some of which is reflected in  the existence of d i sti nct serotypes (Table 14 .2; Figure 

1 0 . l ( a ) ) .  Th is  a nt igen ic var ia b i l ity c reates p rob l ems  fo r the deve lopm ent of 

vacci nes agai nst these vi ruses, problems that have been overcome for po l iovi rus 

and foot and mouth d isease vi rus, but not for the rhi novi ruses . 

Table 14. 2 Serotypes of picornavi ruses 

Vi rus N umber of serotypes 

Pol iovi rus 3 

Foot and mouth d i sease vi rus 7 

Human rh inovi ruses > 100 



Bnl-bOnly . . .  by discoveri ng that there were three im munolog ica l ly d ist i nct forms of 

pol io vi rus cou ld we move beyond the i nadequate i ron l ungs a nd tru ly conquer 
pol io . BnK 

Watson J . D . ( 2000) A Pass ion for DNA : Genes, Genomes and  Society, Oxford 

Un iversity Press 

14 . 3 . 2  Genome 
The pi cornavi rus genome is  com posed of a 7s1J"8 kb  ssRNA. Covalently l i n ked to 

the Ssl.>I end of the RNA is  a smal l  ( 2sl.>"3 kD) protein known as VPg (virus prote in ,  
genome l i n ked ) ( F i gu re 14 . 5 ) .  The cova lent l ink i s  v ia the sl.>"OH g roup of a 

tyros i ne residue at posi t ion 3 of VPg . The 3s"DI end of the RNA is polyadenyl ated . 

Fi gure 14 .5  The picornav i rus genome. VPg : virus prote in ,  genome l i nked . Inset : 

Ssl.>I end of pol iovi rus RNA. IRES : internal ribosome entry site .  Isl.>"VI : secondary 
structure doma ins .  

S '  �--------R-----------.r An VPe 
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The genome consists of one very large ORF flanked by untranslated reg ions. With in  
the untranslated region at the SslJI end there i s  much secondary structure. For 
example, in pol iovi rus RNA there are six domains ( Figure 14 . 5) ,  five of which form 

an interna l ri bosome entry site ( IRES; Section 6 .4 . 1 ) .  

14.4 PICO RNAVI RU S REPLICATION 
A model of p icornav i rus repl ication has been developed , though uncerta i nty sti l l  

su rrounds many of the deta i l s .  Many components of the model  stem from stud ies 
with pol i ovi rus, which repl icates in a much wider range of cel l  types i n  culture than 

it does in the body. Information derived from stud ies with other p icornavi ruses wil l 
a lso be mentioned . 



14 .4 . 1 Attach ment 
The ce l l  receptors for a n u m ber of  p icornav i ru ses have been character ized , 
i nclud ing those for the rh i novi ruses and pol iovi rus (Section 5 . 2 . 1 ) .. The pol iovi rus 

receptor i s  CD155, a g lycoprote in  expressed on many cel l types . It is  a member of 
the i m m u nog lobu l i n  su perfa m i ly of mo lecu l es, w ith th ree i m mu nogi l ob u l i n - l i ke 
domai ns ( Figure 14 .6(a) ) ;  the vi rus b inds to a s ite i n  the outer doma in .  

F i g u re 1 4 . 6  The po l iov i rus recepto r .  (a )  CD 1 5 5  is a g lycop rote i n ;  the  sug a r  
s ide-cha ins are not shown . Each loop i nd icates an i m m unogi lob u l in - l i ke doma in  

sta b i l i zed by  d i su l fi de  b o n d s .  ( b )  Recon structed i m ag e  fro m cryo-e lectro n  
microscopy. 

Source : ( b) from He et a l . (2003 ) Journa l of V i rology, 77, 4827 . Reproduced by 
permissi on of the American Society for M icrobiology. 
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CD155 i s  found only i n  humans and some other pri mate spec ies .  In the early days 

of po l iovi rus resea rch none of the com mon laboratory an i mals cou ld be i nfected 
with the vi rus, but i n  the early 1990s transgen ic  m ice express ing  CD155  were 
developed . These an imals were found to be suscepti ble to i nfection with a l l  three 

serotypes of po l iovi rus and they have been used i n  stud ies of repl icat ion and 
pathogenesis .  

For those pi cornavi ruses l ike pol iovi rus, with canyons on the v i rion su rface, the 

attachment sites for cel l receptors are located in pockets at the canyon bases. The 

canyons  are too na rrow for access by anti bod ies so the attach ment sites a re 
protected from the hostsn ™s i m m une survei l la nce, wh i l e  the rema i nder of the 

v i r io n s u rface ca n m utate to avo id  th e hostsn ™ s  i m m u n e  resp o n se .  The 
attachment sites of  foot and mouth d i sease vi rus, however, are not i n  canyons but 
are on surface protrus ions .  

Bi nd ing of a vi ri on to receptors resu lts i n  major changes to the caps id structu re :  the 

N term in i  of VPl move from the interi or to the exterior su rface of the capsid a nd 
VP4 is lost from the v i ri on  ( F i g ure 14 . 7) .  Bi nd i ng of free CD 1 5 5  to po l iovi rus 
particles ( Figure 14 . 6(b ) )  a lso causes loss of VP4 . 

Figure 14. 7 Attach ment of p icornavi rus vir ion to receptors on host cel l .  The vi rion 

undergoes major conformational changes and VP4 is lost. 



14 .4 . 2  Entry 
Severa l  m od es of geno m e  entry i n to the host ce l l  have been p ro posed fo r 
p icornavi ruses . One i nvolves transfer of the RNA from the virion i nto the cytoplasm 
at the p lasma membrane,  leavi ng the capsid at the cel l  surface.  Other modes 

i nvolve endocytosis ( Figure 14 .8) ,  fol lowed by either re lease from the capsid after 

d i sruption of the endosome membrane, or release of RNA from the ca psid then 
transport across the endosome membrane .  Once the vi rus genome is free in  the 
cytoplasm the VPg is removed from the SslJI end by a cel l  enzyme. 

Fi gu re 14 .8 Entry of p i co rnavi rus v ir ion by endocytosis .  After release from the 

endosome VPg is removed from the 5Bol end of the genome. 
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14 .4 . 3  Translation a nd post-translationa l mod ifications 
The virus genome functions as  m RNA, but as the RNA is  not capped the prel i m i nary 
stages of translation are d ifferent to those for capped m RNAs .  The 405 ri bosomal 



subun it  b inds not at the S sol end of the RNA, but i nternal ly at the IRES ( Figure 
14 . 5 ) .  M ost of the e u ka ryot ic i n iti a t ion fa cto rs ( e I Fs,  n or m a l ly  i nvo l ved i n  
cap-dependent translation) a re i nvolved , but a notab le excepti on i s  the cap-b i nd i ng 

protei n eI F4E.  

Early investigators found that the n u m ber of v i rus  prote ins synthesi zed in the 

i nfected ce l l  seemed to be g reater than cou ld be encoded by the sma l l  genome of a 
p icornavi rus. The puzzle was solved when i t  was found that the genome encodes a 

si ng le  polyprote in,  wh ich undergoes a series of c leavages to g ive ri se to a l l  the 
structura l  and non-structura l  prote ins .. An overview of the process is ind icated in  

Figure 14.9, wh i le  some of the deta i l  specifi c to pol iovi rus i s  shown i n  F ig ure 14 .. 10 .  

F i g u re 1 4 . 9  P i co rn a v i ru s  tra ns lat i o n  a n d  post-tra n s la tion a l  m od if icat io n s .  A 
polyprotei n  i s  synthesized and rap id ly cleaved i nto P l ,  P2, and P3 . The N term inus 

of Pl  i s  myri stylated . Further proteolytic cl eavages take place. The RNA polymerase 
and VPg are among the products of P3 proteo lysis .  
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Figure 14. 10  Pol i ovi rus trans lation and post-trans lational  mod ifications .  
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Vi rus-coded proteases ( i nd i cated i n  Figu re 14 . 10) perform the cleavages, some of 

which are i ntramolecu lar  self-cleavages . The polyprotei n i s  fi rst cut to yield P l, P2, 
and P3 . Pl becomes myristylated at the N term inus before be i ng c leaved to VPO, 
VP3, and VPl ,  the protei ns that wi l l  form procapsids; VPO wi l l  l ater be cleaved to 
produce VP2 and VP4.  Other c leavage products i nc l ude 3B (VPg ) ,  2C (an ATPase), 

and 30 (the RNA polymerase) .  The production of the prote ins via a polyprotein 

precursor m ight suggest that equi molar a mounts result, but not a l l  cleavages take 

p l ace with equa l  effic iency .  The amounts of the prote i ns therefo re va ry ;  fo r 
example, greater amounts of the capsid prote ins  are produced than of 3 D  (the RNA 

polymerase) .. 

Once RNA rep l ication is under way (Section 14 .4 .4 ) ,  s ign ificant amounts of ( + )  RNA 

are produced; some of th is RNA functions as m RNA and large quantities of vi rus 

protei ns are then synthesized . Because the RNA is large (7s"b"8 kb) there may be 
up to 60 ri bosomes translati ng from each mRNA. 

14 .4 .4 Transcription/genome repl ication 
RNA synthes is occu rs i n  rep l ication complexes that conta i n  cel l prote ins, as  wel l  as  

v i rus  p rote ins  and  R N A .  Ant i bod ies h ave been u sed i n  e lectron m icroscopy 
techn iques to determ ine the cel l u lar locations of these comp lexes, and it has been 

shown that they are associ ated w ith the membranes of vesi cles i n  the cytoplasm . 

Large numbers of vesic les develop in i nfected ce l l s, and it has been found that the 

l i p id  com posit ion  of the ves icle  mem branes d iffe rs fro m that of the other ce l l  
mem branes . A l l  class IV  vi ruses of eukaryotes rep l i cate the i r  RNA i n  complexes 

associated with membranes ( Figure 14. 1 1 ) .  

F i g u re 1 4 . 1 1  Pa rechov i ru s- i n d u ced vesic les  i n  t h e  cytop la s m . T h e  e l ectro n 
microg raph shows a negatively stained section of a ce l l  6 hours after i nfection.  VC : 
ves ic le c luster, N u :  nucleus. Sca le bar :  1 Ojm .  

Sou rce : Mackenzie (2005) Traffic, 6, 967 . Reproduced by permission of John Wi ley 

& Sons . 



In order for the i nfecti ng ( + )  RNA to be rep l icated, multi p le  cop ies of ( s1:>") RNA 
must be transcri bed and then used as templates for ( + )  RNA synthesis (F i gure 
14 . 12) .  

F igure 14. 1 2  P icornavi rus transcription and genome rep l ication .  The genome acts 

as a tem plate for synthesis of ( s1:>") RNA and VPg-UU functions as a pri mer to 
i n itiate synthesis .  ( sT.>") RNA acts as the template for ( + )  RNA synthesis, some of 
which functions as mRNA, some as progeny genomes, and some as templates for 
further synthesis of ( sr>") RNA. 
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There i s  evidence that a uridyly lated derivative of the smal l  prote in  VPg is i nvolved 

i n  p r i m i ng  the synthes is  of both ( sl>" ) a nd ( + )  RNA .  V Pg -U U is  form ed by 
uridylylation at the hydroxyl g roup of a tyrosine residue in  VPg . This takes p lace at 

a stem- loop i n  the v i rus genome and is cata lyzed by the pol iovi rus RNA polymerase . 

Much of the RNA i n  the rep l i cati on complexes i s  present as rep l i cative i ntermed iates 

( Rls) . An RI is an associ ati on of RNA molecu les consisti ng of a tem plate RNA and 
severa l g rowi ng RNAs of va ry ing  length .  Thus some Ris cons ist of a ( + )  RNA 
assoc i ated with g rowing ( sr>" ) RNAs, wh i le other Rls cons ist of a ( sr>") RNA 
associ ated with g rowing ( +) RNAs ( F i gure 14 . 1 2 ) .  Also associated with Rls are 
cop ies of the RNA polymerase.  

The poly(A) sequence at the 3s"DI end of the plus strand is not synthesi zed in  the 
usua l way. It is transcri bed from a poly( U )  sequence at the SslJI end of the minus 
strand . 



It has been estimated that in a poliovirus-infected cell up to 2500 RNA molecules 
are synthesized per minute. The virus controls RNA synthesis i n  such a way that 

about 50 times more ( +)  RNA than ( sn") RNA is made. Some of the ( +)  RNA 
molecules are used as templates for further (sn") RNA synthesis, some function as 
mRNA and some are destined to be the genomes of progeny virions (Figure 14.12). 

14.4.5 Assembly and exit 
Five copies each of VPO, VP3, and VPl assemble into a Bnl-bpentamernT>t< and 12 

pentamers form a procapsid (Figure 14. 13) .  Each procapsid acquires a copy of the 

virus genome, with VPg still attached at the 5snI end. At around this time the 60 

copies of VPO are cleaved into VP4 and VP2. 

Figure 14.13 Picornavirus assembly and exit. The cleavage products of protein Pl 
assemble in groups of five to form pentamers. A procapsid is constructed from 12 

pentamers, then a copy of the genome enters the procapsid to form a virion. 
Progeny virions leave the cell when it lyses. 
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Infected cell cultures develop cytopathic effects; for example, Vero cells (a monkey 

cell l ine) infected with poliovirus become rounded. Lysis of the cell releases the 

virions; approximately 105 virions are produced in each poliovirus-infected cell. 

14.4.6 Inhibition of host gene expression 
Soon after infect ion,  the expressio n  of host  ce l l  genes  is i n h i b ited . In 

pol iovirus-infected cells it has been demonstrated that all three host RNA 



polymerases are rap id ly  i nh i b ited, thus term i nating  transcri ption of ce l l  genes .  
Translation from pre-existi ng cel l m RNAs is i nh i bited as  a result of mod ifications to 

translation i n itiation factors. These changes do not affect vi rus prote in synthesis, as 

it is  i n iti ated by a cap- independent mechanism . Some of the shut down of host 
tra nscri ption and trans lat ion resu l ts from c leavage of ce l l  prote ins  by the vi ra l  
proteases ( F igure 14 . 10 ) .  

14. 4. 7 Overview of p icornavi rus repl ication 
A model for p icornavi rus rep l icati on i s  outl i ned in  Figure 14 . 14.  The ce l l  nucleus i s  

not shown, as  a l l  stages of  vi rus repl ication take place i n  the cytoplasm . It has been 
demonstrated that po l iovi rus can rep l icate i n  enucleated cel ls, indicati ng that the 

vi rus has no req u i rement for the nuc leus. It is  a lmost certain,  however, that some 
v i rus  p rote i n s  e n te r  the n u c leus  a nd a re i n vo lved i n  the i n h i b i t io n of ce l l  
transcri ption (Section 14 .4 .6 ) .  

Fi gu re 14 . 14 The picornav i rus rep l ication cycle .  Note that translati on gets under 

way before transcri ption, and that transcri ption and genome rep l ication i nvolve a 

s ingle process (synthesis of ( + )  RNA) . 
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1 4 . 5 PICORNAVI RUS RECO M BI NATIO N  
If a ce l l  becomes i nfected with two stra ins of a picornavi rus, then recom binant 

v i ruses may be present amongst the progeny from that ce l l  ( F igu re 14 . 1 5 ) .  A 
recombinant vi rus i s  one that has part of its genome derived from one vi rus and 

part derived from another v i rus .  A poss ib le mechan ism whereby recombi nation 
takes p lace for a ssRNA vi rus i s  descri bed in Section 21 . 3 . 3 . b .  

F igure 14 . 1 5 Formation of a p icornavi rus recombinant .  A cel l  i s  i nfected with two 
stra i ns of a vi rus. Amongst the progeny virions there may be some that have part 

of the genome of strain 1 and pa rt that of stra in 2 .  

0 

The fol lowi ng poi nts shou ld be noted for class IV viruses in genera l ..  

• Translation occurs before transcription .  

• In eukaryoti c cel ls RNA repl ication takes p lace on membranes. 

• The processes of transcri ption and genome repl ication are one and the 
same, resulti ng in  the production of ( +) RNA. 

• ( +) RNA has three functions : 

• templates for ( sn" ) RNA synthesis; 

• mRNA; 

• genomes of progeny vi r ions. 

There must be mechanisms to ensure that a ( + )  RNA molecule engaged in one of 

these activities is precluded from commencing either of the other two. 

The oral po l io  vacc i ne contains attenuated stra ins of al l  three pol iov irus serotypes .. 
Ad m i n istrat ion of th is  vacc ine can lead to co- infections of g ut ce l l s  w ith two 
serotypes, a nd recom b inants between se rotypes may be formed . If a w i l d type 
pol iovirus is a lso present in the gut then recombination may occur between the wi ld 

type and one of the vacc ine strai ns. Furthermore, new vi ruses have resulted from 
reco m b i nat ion between po l i o vacc i ne  stra i n s  and  p icornav i ru ses other  tha n  

pol iovi rus. There are docu mented cases where a l l  these types of recombinant have 
caused pol io .  



14 . 6  PICO RNAVI RUS EXPERI M ENTAL 

SYSTE M S  
Th is  secti on i ntroduces some techn iques that have been deve loped duri ng work 

with p icornaviruses. Reverse genetics techn iques that permit mani pu lation of RNA 
genomes are d i scussed fi rst, fol lowed by techn iques that enable the synthesis of 

i nfectious vi rus particl es i n  a cel l -free system.  

14 .6 . 1 Reverse genetics 
Techn iques that have been devel oped for man ipu lati ng  DNA genomes ca n be 
app l ied to RNIA genomes if  the RNA is reverse transcr i bed to DNIA.  A defined 

mutation can be i ntroduced i nto a gene i n  the DNA to i nvesti gate the function of 

the gene . After m utation the DNA is  transcri bed back to RNA, wh ich i s  then 

transfected i nto cel l s  i n  cu ltu re .  The mutation may block repl ication of the vi rus at a 
specific step, provid i ng evidence that the gene that has been m utated plays a role 

in that step .  If rep l i cation proceeds to its conclusion, then the vi rus produced i s  a 
mutant ( Figure 14. 16 ) .  

F ig ure 14 . 16 Production of a p icornavi rus mutant by  reverse geneti cs. Vi rus RNA i s  
reverse transcri bed to DNA, which i s  geneti cal ly manipu lated and cloned i n  bacteria l  

cel ls .  The DNA is  transcri bed to RNA, which i s  transfected i nto cel ls .  A fu l l  cycle of 
vi rus rep l ication leads to the production of the vi rus mutant. 
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In  one app l i cation of th is  techn i que  with po l iov irus, it was demonstrated that 

myristylation of VPO i s  essentia l  for vi rion assembly to proceed . A genome was 
produced in which the g lycine residue at the N term inus of VPO was mutated to 



a lan ine ;  VPO of the mutant cou ld not be myri styl ated and v ir ion assembly was 

i nh i bited . 

14 .6 . 2  Cel l -free synthesis of i nfectious vi rus 
I n  199 1 a group of workers recovered i nfect ious po l iovi rus from a Hela cel l  extract 

to which they had added purified po l iovi rus RNA. Th is  was the fi rst report of the 

producti on of i nfectious vi rus outside cel ls . Cel l -free systems based on cytop lasmic 

extracts have subsequently been used to i nvestigate featu res of the po l iovi rus 
repl ication cyc le that are impossib le  to d issect using ce l l -based systems. 

In 2002 it was reported that i nfectious po l iovi rus had been produced in a process 
that started with the synthesi s of a copy DNA (cDNA) of the vi rus genome ( Figure 

14 . 17) .  

F ig u re 14 . 1 7  From nuc leotides to i n fecti ous pol iovi rus .  Short pol iov irus cDNA 

sequences are synthesized and l igated to form a DNA copy of the genome from 

wh ich pol iovi rus RNA is transcribed . The RNA is i ntroduced into a cel l extract, 

where it d i rects virus rep l ication, culm inati ng in the assembly of i nfectious v i rus . 
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The process sta rted with the synth es is of d iscrete sequences of DNA, wh ich  

together spanned the sequence of a po l iovi rus genome, then the sequences were 

l i g ated to fo rm a c D N A  of the v i ru s  g eno m e .  R N As (v i rus  g e n o m es)  were 
transcribed from the cDNA and i nocu lated into a cel l extract; i nfectious pol iovi rus 

was subsequently found in the cel l extract. Th is  was the fi rst t ime that infectious 
vi rus had been produced from molecu lar bu i ld ing blocks i n  the absence of cel ls .  

14 . 7 OTH ER PLU S-STRAN D RNA VI RUS ES 
The genomes of p lus-strand RNA vi ruses are translated in  the i nfected cel l  pr ior to 

thei r transcri ption . Because the ri bosomes in eukaryoti c ce l ls  usual ly termi nate after 
translation of the fi rst O RF, the v i ruses need strateg ies to ensure that a l l  the 
prote ins encoded in the i nfect ing genome are trans lated . One strategy is that 

descri bed above for the picornavi ruses . 



• Polyprote in .  Al l  the genetic information is encoded in one ORF; this is 
translated to produce a polyprotein which is cleaved to produce the individual 

virus proteins. 

Two other strateg ies are used by plus-strand RNA viruses. 

• Subgenomic mRNAs. The genome has two or more ORFs. In many cases 

the RNA-dependent RNA polymerase is encoded by the ORF at the Ss"'bI end 
of the genome so that it can be translated from the infecting genome; the 

other ORF(s) are transcribed into subgenomic mRNA(s) that have the same 

3s"'bI end as the genome. 

• Segmented genome. There is one ORF in each RNA segment. 

Some vi ruses use a combination of two of these strateg ies. Some examples of class 

IV viruses and their coding strategies are given in Table 14.3. 

Table 14.3 Examples of plus-strand viruses and their coding strategies 

firnily Virus example(s) Coding strategy 

Animal viruses Flaviviridae West Nile virus (Section 22.3. 1 )  

Hepatitis C vims (Section 23.7) 

Severe acute respiratory syndrome 

Polyprotein 

Coro11a11irldae 

(SARS) virus (Section 22.5.1) 
Togaviridae Rubella virus 

Subgenomic mRNAs 

Polyprotcin plus 
subgenomic mRNA 

Plant viruses Poo•1•irldae 

Alpllafle:nviridae 
Secoviridae 

Chikungunya virus (Section 22.3.2) 

Potato virus Y Polyprotein 

Subgcnomic mRNAs 

Polyprotein plus 

Potato virus X 
Cowpea mosaic ''irus 

egmentcd genome 

The only ssRNA phages that are known are classified in the family Leviviridae 

(Section 20.2). Vi ruses in this family, such as phage MS2, have genomes with 

characteristics of bacterial mRNA; the genomes are polycistronic, with all of the 
ORFs translated by internal initiation (Section 6.6). 

LEARNING OUTCOMES 
After review of this chapter you should be able to: 

• give examples of picornavi ruses and explain their importance; 

• describe the picornavi rus virion; 

• describe the picornavi rus replication cycle; 

• discuss picornavirus recombination; 

• describe experimental systems used for picornavirus studies. 
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CHAPTER 1 5  

Rha bdovi ruses (a nd Other M i n us-Stra nd RNA 

Vi ruses) 
CHAPTER 15  AT A GLANCE 

Fam i ly Rltabdoviridae 
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1 5 . 1 I NTRODUCTION TO RHABDOVl RUSES 
The rhabdovi ruses have m i nus-strand RNA genomes in  the size range 1 1-15 kb. 
The name of these vi ruses is derived from the Greek rhabdos, wh ich means a rod . 
The v i rions of some rhabdovi ruses, especia l ly those i nfecti ng plants, a re i n  the 
shape of rods with rounded ends, whi le others, especia l ly those i nfect ing an i mals, 

are bu l let shaped ( Figure 15 . 1 ) .  

F ig ure 15 . 1 Negatively sta ined virions o f  vesicu lar stomatit is vi rus .  



Source : Cou rtesy of Prof. Frederick A. M u rphy, The U nivers ity of Texas Med i ca l  
Branch . 

Rhabdovi ruses are found i n  a wide range of hosts, i ncl ud ing mammals, fish, p lants, 
and  i nsects, and  many  a re i m portant  pathogens  of an i ma ls  and p lants .  The 

rhabdovi ruses consti tute the fam i ly  Rhabdovi r idae, wh ich contai ns a n u m ber of 

genera,  some of which are l i sted in Ta ble 15 . 1 .  

Table 15 . 1 Examples of rhabdovi ruses 

Genus Name derivation Hosts Example 
imlo im 
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Many rhabdoviruses have very wide host ranges and rep l icate i n  d iverse types of 

host, especia l ly  the so-ca l led "p lant" rhabdovi ruses, wh ich rep l icate i n  the i r  i nsect 

vectors as wel l  as i n  the i r  p lant hosts (Cha pter 4 ) . 

Before looki ng at rhabdovi rus structure and rep l ication, we consider two i mportant 
rhabdovi ruses, rab ies vi rus and vesicular  stomatit is vi rus (VSV) .  

1 5 . 2  SOM E  I M PO RTANT RHABDOVI RUSES 
15 ., 2 . 1 Rabies vi rus 

Rabies vi rus, l i ke many rhabdovi ruses, has an exceptional ly wide host ra nge. In the 
wi ld it has been found i nfecting many mam mal ian species, wh i le  in the laboratory it 
has been found that b irds can be infected, as wel l as cel l cultures from mammals, 

b i rds, repti les, and i nsects . 

Infection with rab ies v irus normal l y occurs as a resu l t  of v i rus i n  sa l iva ga i n ing  
access to neurons through damaged ski n .  The i nfection spreads to other neurons in 

the central nervous system,  then to cel ls in  the sa l ivary g la nds, where infectious 

vi rus i s  shed i nto the sa l i va ( Fi gure 1 5 . 2) .  



F igure 1 5 . 2  Rabies virus i nfection of the an imal body.  After enteri ng the body 
th rough damaged sk i n ,  a vi rion i nfects a neuron via the nerve end ings and  i s  
tra nsported to the ce l l  body, where virus rep l ication takes p lace . The i nfect ion 

spreads to other neurons and to sa l ivary g land cel ls, which shed vi rions i nto the 
sa l iva . 

I I I I 
kin 

Each year rabies ki l l s  large nu mbers of humans, dogs, catt le, and other an ima l  
species; preci se numbers are not known, but for humans it is  estimated that rabies 

causes more than  55 000 deaths annua l ly .  Most rab ies i nfect ions of humans are 
acqu i red via bites from rabid dogs, though a few people have become infected after 
receiv ing an organ transplant from a rab ies-i nfected ind ividual . Rabies i n  humans i s  

nearly a lways fata l ,  havi ng a higher morta l i ty than any other i nfectious d i sease . 

Rabies i s  endemic i n  w i l d an i mals i n  many parts of the world, often one an ima l  
species servi ngi as the major reservoi r  ( F ig ure 15 . 3 ) .  In Western Europe the major 

reservoir is  the red fox. 

Figure 15 .3  Rabies virus reservoirs .  

S o u rce : R u p p recht  et a l .  ( 2 00 2 ) The La n cet I n fe ct i o u s  D i seases, 2 ,  3 2 7 . 

Reproduced by perm iss ion of El sevier Li m ited and the authors . 



Vacci nes have been developed to provide protection to humans (e . g .  veteri nary 

surgeons), domestic an imals (especia l l y  dogs), and wi ld  an i mals (e .g .  foxes) at risk 

from rab ies vi rus infection . Rabies vacc i nes have been incorporated i nto food baits 
( F ig u re 1 5 . 4 )  attract ive to w i l d m a m m a l s ,  a nd d ropped fro m a i rcraft over 

fox- inhabited reg ions i n  Europe and coyote- and raccoon- inhabited reg ions i n  the 
US .  The fi rst vacc ine to be used was an atten uated vacc ine, but more recent 

vacc i nes have conta i ned a recombinant vacci n ia  v i rus that expresses the rabies 
vi rus G prote in .  Vacci nation of wi ld  mamma ls  has been very successfu l i n  bri ng i ng 
rab ies under contro l i n  a number  of countries. 

F igure 15.4 Wi ld mammal  bait conta in ing rab ies vacci ne.  

Sou rce : Courtesy of M ichael Roi land, P ine l las County, F lorida,  US.  

Rabies is norma l ly absent from the UK .  In the past, th is  status was mai nta ined 
th roug h the req u i re ment for a q ua ra nt ine per iod for certa in  a n i m a l  species, 

i nclud ing dogs, on entry to the country. That pol icy has been largely rep laced with 



a "pet passport scheme," which i nvolves givi ng rabies vacc ine to an i mals pri or to 

entry, and imp lanti ng an identifyi ng m icroch i p  i n  each vacc i nated an ima l .  

Many viruses re lated to rabi es vi rus have been found i n  bats around the world, and 
have been cl assified i n  the genus Lyssavi rus a long with the ori g i na l  rabies stra ins .  

Infecti on in the bat can have a n u m ber of possi b le  outcomes :  there may be 

subcl i n ical i nfection, or there may be disease from which the bat may or may not 
recover. There are occasional  cases of human rab ies resu lti ng from bites fro m 

infected bats . One  such v icti m was  Dav id  M c Rae,  a l icensed bat hand ler  i n  
Scotland, who d ied i n  2002 after bei ng bitten by a n  i nsectivorous bat. 

Vesic le = b l i ster 

Stomatitis = i nflam mation of m ucous membrane i n  the mouth 

1 5 . 2 . 2  Vesicu lar  stomatitis vi rus 
VSV causes d isease i n  a variety of an ima ls, i nc lud ing cattle, horses, sheep, and 
p igs, affected an i ma ls  developing lesions on the feet and in  the mouth si m i lar  to 

those i n  foot a n d mouth d i sease (Section 14 . 2 . 5 ) .  The d i sease can resu lt i n  
significant economic da mage due to decreased m i l k  and meat production, and the 
impositi on of q uaranti nes and trade barriers .  Ves icu lar stomatitis is endemic in the 
tropics and there a re epidemics i n  some temperate areas, but it has never been 

found i n  the U K. 

VSV has a very wide host range.  As wel l as i nfecti ng domestic l ivestock, there i s  

ev idence of infection in  wi ld a n i ma ls i nc l ud i ng bats, deer, and monkeys . Th is  

evidence i s  the presence in  these an ima ls  of  neutra l iz i ng anti bod ies to the virus. 
VSV has been isolated from a number of insect species, includ ing mosquitoes, sand 

fl ies, and b lack fl ies . Its natu ra l  cyc le is un known ,  but it is poss ib le  that  it is 
transmitted between mammals by one or more of these types of i nsect. 

In the laboratory, VSV can repl icate i n  cel l cu ltures derived from mammals, b irds, 

fish, i nsects, and nematode worms .  M uch of our u nderstand ing  of rhabdovirus 

structure and repl i cation comes from studies with VSV, which is much safer than 
rab ies virus  to work with . Three species of VSV are recogn ized . 

1 5 . 3  TH E RHABDOVI RUS VI RION AN D 

GENOM E O RGAN IZATION 
The rhabdovi rus vi rion i s  a n  enveloped, rod- or bu l l et-shaped structure conta i n i ng 
five protei n speci es ( F ig ures 15 . 1 and 1 5  .. 5 ) .  

F ig ure 1 5 . 5  Rhabdovi rus v i rion and  genome organ ization . Between each of the 
genes for the structural prote ins i s  a short i ntergenic sequence. At the ends of the 

genome are non-cod i ng sequences : a "l eader" at the 3' end and a "tra i l er" at the 5' 

end . 
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The nucleoprotein (N )  coats the RNA at the rate of one protei n molecule to n i ne 
nucleotides, form ing a nucleocaps id with hel ica l  sym metry .  Associ ated with this 
ri bonucleoprotei n are the m inor vi rion proteins P ( phosphoprotei n )  and L ( large) .  

The L protei n is wel l named, its gene taki ng up about ha lf of the genome ( Figure 

15 . 5 ) .  Its large size points to the fact that i t  i s  a multifunctional protei n, as w i l l  be 
descri bed later. The hel ica l ri bonucleoprote in  is coated with a hel ical l ayer of M 

( matrix)  p rote in ,  form i ng a layer between the nucleocaps id and the enve l ope. 
Trimers of G (g lycoprotei n )  form spi kes that protrude from the envel ope . 

The g e n o m es of a l l  rha bdov i ru ses  e ncode these five p rote i n s , a n d  m a ny  
rhabdoviruses encode one or  more add it ional proteins.  

1 5 .4 RHABDOVI RUS REPLICATION 
1 5 .4 . 1 Attachment and entry 

A rhabdovirus vi r ion attaches to receptors at the cel l surface and i s  then taken i nto 

the cel l by end ocytos is ( F i gu re 1 5 . 6 ) .  At fi rst, the i nvag inat i1on of the p lasma  
membrane forms a c lathri n-coated pit, but a s  the pit deepens the coati ng of the 

p lasma membrane is formed from the prote in  acti n, rather than c lathri n .  The G 
protei n spi kes of the vi rus envel ope are 1i nvolved i n  attach ment to cel l  receptors and 

i n  fusion of the v irion and endosome membranes. Th is  fusion takes place after G 
molecules have undergone a conformationa l  change i nduced by a drop i n  pH within 

th e e n d oso m e .  The n uc l eoca ps id  i s  re lea sed i n to the cyto p l asm after the 
membranes of the vi r ion and the endosome have fused . Most M protein remains 

assoc i ated w i th the endosom e, but som e  is  released a nd transported to the 
nucleus, where i t  acts to shut down expression of cel l  genes (Secti on 15 .4 .6) .  

F ig u re 1 5 . 6 Atta ch m ent  and entry of a r habdov i rus .  After e n docytos is  the 
membranes of the virion and the endosome fuse, re leas ing the nucleocapsid i nto 

the cytoplasm . Some M protei n is transported to the nucleus. 



1 5 .4 . 2  Transcri ption 
Once the RNA and its associated proteins (N ,  P ,  and L)  are free in the cytoplasm, 

transcri ption of the vi rus genome can beg in  ( F igure 1 5 . 7 ) .  A pl us-strand leader 
RNA, the function of wh ich is uncerta in, and five mRNAs are synthesized . 

Figure 15 .  7 Rhabdov i rus transcription.  The transcri ptase is a complex of L protein 

with th ree cop ies of P protein .  The m i nus-strand genome is transcr i bed to s ix 
p lus-strand RNAs : a leader RNA and five mRNAs. Each m RNA is capped at the 5'  

end, and at the 3'  end has about 150  adenylates transcri bed by mu lti p le copyi ng 

from UUUUUUU at the end of each gene.  
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Transcri pti on i s  carried out by an RNA-dependent RNA polymerase activity that 
resides, a long with four other enzyme activities, in the L protei n (Tab le 15 .2) .  The 
polymerase i1s active on ly when L is complexed with P protei n i n  the ratio 1 L : 3 P  .. 

The requ i rement for P was demonstrated i n  experi ments i n  wh ich the P and L 

proteins of VSV were purified . The i nd ividua l  purified protei ns were found to be 
lack ing in polymerase activ ity, which was restored when the two prote i ns were 
mixed . 

Table 1 5 . 2  Enzyme activities associated with the rhabdovi rus L protei n  

Enzyme Role 

RNA-dependent RNA polymerase RNA rep l ication 

Polyri bonucleotidyl transferase Cappi ng mRNAs 

Methyl transferase Methylation of mRNA caps 

Poly(A) polymerase Polyadenylation of m RNAs 

Ki nase Phosphorylation of P prote in  precursor 

Also associated with the L prote in are enzyme activities that cap and polyadenylate 
the mRNAs (Table 1 5 . 2) .  The vi rus suppl ies these activities, as the ce l l  enzymes are 

present only i n  the nuc leus . Capp ing and polyadenylati on of the vi rus m RNAs 
proceed by mechan i sms d ifferent to those carried out by the cel l ,  though the end 

results are the same:  each mRNA is capped at the 5' end and po lyadenylated at the 
3' end . 

As the L-P complex moves along the template RNA from the 3 '  end to the 5' end a 
newly synthesi zed RNA molecule is re leased at each i ntergenic sequence. The fi rst 



RNA synthesized i s  the leader RNA and the remai nder are mRNAs. Before re lease, 

each m RNA is polyadenylated by the poly(A) polymerase activ ity of L. It is thought 

that the L -P complex "stutters" at the 5 '  end of each gene, where the sequence 
U U U U U U U  is transcri bed as about 1 50 adeny lates ( F i g u re 1 5 . 7 ) .  The enzyme 
resumes transcri ption when i t  recogn izes the start of the next gene. 

The v i rus does not need equal amou nts of a l l  the gene products; for exa mple, it 
needs many copies of N prote in to coat new RNA, but relatively few copies of L 

protei n .  It contro ls  the expression of its genes by control l i ng the relative q uantities 
of transcri pts synthesized . As the enzyme comp lexes move along the (- ) RNA 
approxi mately 30°/o of them detach at the end of each gene, so that fewer and 

fewer rema in  associated with the template as they progress toward the 5 '  end . 

Thus, many cop ies of N are transcri bed , but relatively few cop ies of L ( F igure 15 .7 ) .  

1 5 .4 .3  Translation 
The vi rus prote ins are translated on free ri bosomes, except for the G protei n ,  which 

i s  translated in the rough endoplasmic reti cu l um  ( F igure 15 .8 ) .  

F ig ure 1 5 .8 Rhabdovi rus translation and  post-trans lational modifications of proteins. 

Trimers of P protei n are formed after phosphorylation . The G protei n i s  g lycosy lated 
i n  the rough endoplasmic reticul u m  and the Golgi  complex. 
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As the i r  names imply, the phosphoprotei n ( P) and the g lycoprotei n (G) undergo co
and post-translational mod ifications. One-sixth of the res idues i n  VSV P protein are 

seri ne and th reon ine, and many of these are phosphorylated . The phosphorylation 
takes p lace in two steps, the fi rst performed by a cel l  ki nase and the second by the 

kinase activity of the L prote in . After phosphorylation,  tri mers of P are formed. 

D u r i n g tra n s l a ti o n  of th e G p rote i n  in th e ro u g h  e n d o p l a s m ic  reti c u l u m 
ol igosaccharides are added to asparag ine residues, and further processing of the 
ol igosaccharides takes p lace in the Golg i  complex .  



1 5 .4 .4 Genome repl ication and secondary transcri ption 
Once protei n synthesis i s  under way accumu lations of N, P, and L prote ins form 
i nclusions in wh ich vi rus RNA synthesi s takes p lace. The m inus-strand vi rus genome 

is  re p l i cated  v i a  the  sy n thes i s  of  co m p l e m e n ta ry ( + )  R N A  m o lecu les . A 
rhabdovi rus-infected ce l l  synthesizes about 4 to 10  ti mes more copies of (-) RNA 
than genome-length ( + )  RNA. Some cop ies of the (-) RNA act as tem plates for the 

synthes is  of new cop ies of ( + )  RNA, some a re used as tem plates for fu rther 

transcri pti on  ( secondary transcri ption ; F igu re 1 5 . 9 ) , wh i le  so me  beco me  the 
genomes of progeny virions ( F igure 15 . 10) .  

F igure 15 .9 Rhabdovi rus genome repl ication and secondary transcription .  The (-) 

RNA genome is the template for genome-length ( + )  RNA synthesis, which in turn is 

the template for further (-) RNA synthesis. (-) RNAs serve as templates for fu rther 
( + )  RNA synthesis and for secondary transcription . (-) RNAs and genome- length 
( + )  RNAs become coated with N protein shortly after synthesis. 
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Figure 15 . 10  Rhabdovi rus assembly and exit. M protein coats nucl eocapsids, which 
then bud from reg ions of the plasma membrane that have been modified by the 
i nsertion of G protei n .  
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The in it i ati on of RNA synthesis does not requ ire a primer. Repl icative i ntermed iates 

can be detected in i nfected cel ls, as with the plus-strand RNA vi ruses (Chapter 14) . 

We noted earl ier that the leader RNA and the m RNAs are produced as a result of 
the RNA po lymerase recog n i z i ng te rm in ation s i gna l s  i n  the (-) RNA tem p late 

( F ig ure 1 5 .7 ) . Dur ing genome rep l icati on, however, the term i nation signa ls a re 

i gnored as the enzyme m ust rem a i n  associ ated wi th the tem p late to p rod uce 

genome- l ength ( + )  RNA. Another d ifference between the two processes is that 
during genome repl ication the newly synthesized ( + )  RNA qu ickly becomes coated 

w ith N p rote i n ,  whereas th e m RNAs a re not coated . The gen o m e  a n d  the 
genome-length ( + )  RNA are never present i n  the cel l as naked molecu les, but are 
always associated with N prote i n , which protects them from ri bonucleases . Th is is  
true for a l l  m inus-strand RNA vi ruses . 

The d ifferences between the p rocesses that resu lt i n  synthesis of m RNAs and 
genom e- length ( + )  RNA fro m the sa m e  te m p l ate a re n ot u n derstood . O n e  

suggestion i s  that there may b e  d ifferences i n  the com ponents of the enzyme 
complexes i nvolved in the two processes, one complex acting as a "transcri ptase" 

and the other acti ng as a "rep l icase. " 

1 5 .4 . 5  Assembly of vi rions and exit from the ce l l  
It was noted above that both m i nus-strands and p l us-strands of genome- length 

RNA are coated with N p rote i n .  On ly coated m inus-strands, however, are selected 

to form vi rions, because of the presence of a packaging sig1na l at the 5 '  end of the 
minus-strand . 

The M prote in  plays severa l im portant ro les in  the assembly p rocess . It condenses 
the nuc leocapsi d i nto a tightly coi led he l i x  and it l i n ks the nucleocapsid w ith a 

reg ion of the p lasma membrane i nto wh ich cop ies of the G protei n have been 
i nserted ( F igures 8 .3(a)  and 1 5 . 10) .  V i rions bud from these reg ions of the p lasma 



membrane, acqu i ring their  envelopes i n  the process ( Figure 15 . 1 1 )  .. The M protein 
has a late ( L) doma in  that b i nds cel l prote ins involved in the bud d i ng process 
(Section 8 . 3 . 1 ) .  

F ig ure 15 . 1 1  E lectron microg raph of vesicular  stomatiti s vi r ions budd i ng from the 
plasma membrane.  

Source : Brown et a l . ( 2010) Vi ruses, 2 ,  995, with permiss ion of the authors and the 
publ isher. 

1 5 .4 .6  Inh ib ition of host gene expression 
Rhabdovi rus i nfection of a cel l  results i n  strong i nh i b ition of host gene expression . 

The M protei1n, whose important roles i n  vi rion assembly have just been descri bed, 
appea rs to play major roles i n  th is i nh ibition .  There is evidence that the M protein 

i nhi bits transcri ption by a l l  three host RNA polymerases, that it bl ocks i ntrace l lu lar 
transport of cel l RNAs and proteins, and that it i nh i bits trans lation of cel l  proteins. 

One effect of these activ i ties in an i ma l  cel l s  is  that the synthesis of i nterferon 
(Section 9 . 2 . 1 .b )  is inh ib ited . 

1 5 .4 . 7  Ro le of the nucleus 
There appears to be  no  sign ificant role for the nucleus i n  the rep l ication of most 
rhabdovi ruses . Enucleated cel l s  support VSV rep l ication,  with on ly a smal l  d rop in 

y ie ld compared with normal cel ls .  Th is  i s  not true for a l l  rhabdovi ruses, however, as 

members of the genus Nucleorhabdovi rus rep l icate in the nucleus of thei r plant and 
i nsect hosts, with vi r ions buddi ng through the inner nuclear membrane .. 

1 5 .4 . 8  Overview of rhabdovi rus rep l ication 
The rhabdovirus repl ication cycle i s  summarized i n  F igure 15 . 12 .  

F igure 15 . 12  The rhabdovi rus repl ication cycl e .  

RI : rep l icative intermed iate 
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1 5 . 5  OTH ER M I N US-STRAN D RNA VIRUSES 

AN D VIRU SES WITH AM BIS E N SE G ENO M ES 
Figure 15 . 13 shows the fam i l ies of vi ruses with m i nus-strand RNA genomes. Many 
of these vi ruses have segmented genomes, some of which a re arnbisense, mean ing 
that one or more of the RNA seg ments each encodes two genes, one i n  the pl us 
sense and one i n  the minus sense .  

F igure 15 . 13 Fam i l ies of vi ruses with min us-strand RNA genomes and  ambisense 
genomes. Examples of vi ruses in the fami l ies a re shown in  brackets. 
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Som e rha b d ov i ru ses a n d  so m e  b u n yav i ru ses  h ave p l a n t  hosts , b u t m ost 
m in us-strand RNA v iruses have an i ma l  hosts . Amongst them a re three of the 

worl d 's majo r h u m a n  pathogens :  i nfl uenza ,  meas les, and  respi rato ry syncytia l  
v i r uses ,  together  resp o n s i b l e  fo r m i l l i o ns  of cases of ser i o u s  d i sease a nd 

approx imately a m i l l ion deaths each year. 

Measles v i rus i s  one of the ma in  causes of ch i ldhood death in develop ing countries 

and is sti l l  responsi b le for some deaths in i ndustria l i zed countries (Section 22 .  7 . 1  ) . 

Infection results i n  i mmunosuppression, which renders the host more susceptib le  to 

secondary i nfections with a range of bacteria l  and vi ra l pathogens, and these cause 
most measles-associated deaths. Measles vi rus can a l so cause letha l i nfections of 

the central nervous  system . The i nfl uenza vi ruses get a chapter to themselves 

(Chapter 16), wh i le  fi lovi ruses and ha ntavi ruses are d i scussed in Chapter 22. 

V i ruses in the fam i l i es Para myxovi ri dae,  F i l ov i ridae, a nd Bornavi ri dae,  l i ke the 
Rhabdoviridae, have non-seg mented genomes that are transcribed to m RNAs by 
the i r  RNA-dependent RNA polymerases term i nati ng and re in it iati ng on ( + )  RNA 
templates . These four fam i l ies consti tute the order Mononegavi rales (vi ruses with 

monopa rtite genomes composed of negative sense RNA). 

Vi ruses with amb isense genomes i nc lude those i n  the fam i ly Arenavi ridae (two 
g en o m e  seg m e n ts ,  bo th a m b i se n se )  a n d  so m e  m e m b ers of th e fa m i ly 

Bunyavi ridae, (one or two of the th ree genome seg ments are ambisense ) .  



The m i nus sense gene of an ambisense RNA is expressed by transcri pt ion of a 
mRNA. The pl us sense gene is expressed by synthesis of an RNA complementary to 

the genome, fo l lowed by transcri ption of the mRNA for that gene ( Figure 15 . 14 ) . 

Figure 1 5 . 14 Expression of genes encoded i n  an ambisense RNA. The genome RNA 
encodes one gene in the p lus sense and one in the mi nus sense. 

1. The gene encoded in the m inus sense i s  transcri bed i nto mRNA. 

2. The genome is transcri bed into a complementary RNA. 

3. The other gene is transcribed i nto m RNA. 
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1 5 . 6  REVERSE G EN ETICS 
Reve rse  g e n et ics h ave been u sed to i n vest ig ate rha b d ovi ruses a nd oth e r  

m i nus-strand RNA  vi ruses, though the procedures are not as  stra ightforward as 
w i th the p l u s-stra nd R N A  v i ruses ( Section 1 4 . 6 . 1 ) .  M i n us-stra nd R N A  i s  not 

i nfectious, so techn iques had to be devi sed that not only generate v i rus genomes 
from cDNA, but also supply the RNA polymerase and the nucl eoprotei n  that coats 

the newly synthesized RNA (Section 1 5 .4 .4) . After much pai nstaki ng work, there 
are now procedures that enable the recovery of i nfectious m i nus-strand RNA vi rus 
from a cDNA.  As with the plus-strand RNA vi ruses, a defi ned mutation can be 
i ntroduced i nto a gene i n  the cDNA to i nvestigate its function in the rep l i cation 

cycle  and i ts ro le,  i f  a ny, in v i rus viru lence .  Reverse genet ics a re a l so be i ng 
explored as a tool  to eng ineer  v i rus  stra ins  with reduced vi ru lence for use in  

vacci nes. 

LEARN I N G  O UTCOM ES 
After review of th is  cha pter you should be ab le  to : 

• discuss the i mportance of rabies v irus, ves icu lar  stomatitis vi rus, and other 

minus-strand RNA vi ruses; 

• describe the rhabdovi rus v ir ion; 

• outl i ne the main characterist ics of the rhabdovi rus genome; 

• d iscuss the rep l ication cycle of rhabdovi ruses; 

• expl a i n  the term "ambisense genome"; 

• discuss the development of reverse genetics procedures for minus-strand 

RNA vi ruses. 
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Infl uenza Vi rus 
CHAPTER 16  AT A GLANCE 
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1 6 . 1 I NTRO DUCTION TO I N FLU E NZA 

VI RUSES 
We are devoti ng a chapter to the i nfl uenza vi ruses because they are responsi b le for 
a huge d isease bu rden and  for h u n d reds of thousands  of deaths each yea r. 
Furthermore, they are very i nteresting vi ruses because the ir  rep l ication cycle d iffers 
i n  a number of respects from that of most m inus-strand RNA vi ruses. In  particu lar, 

they rep l i cate the i r  RNA i n  the nucleus, whereas most other minus-strand vi ruses 

(Chapter 15)  carry out a l l  stages of thei r rep l ication cycl e in the cytoplasm .  



Infl uenza vi ruses a re classified in  the fam i ly Orthomyxov iridae .  There are th ree 

genera ( Infl uenza-virus A, B, and C); the most important of these, and hence the 
most studied , are the i nfl uenza A vi ruses . 

1 6 . 2  TH E I N FLU ENZA VI RION 
Influenza viruses are enveloped vi ruses with segmented genomes of ssRNA. The 
vi ri ons are spherical  or e longated ( F i gu re 16 . l (a ) ), with d iameters 80-1 20 n m .  
Isolates that  have been passaged many ti mes i n  the laboratory usua l ly have 

spherical v irions, whereas those that have been passaged only a few ti mes tend to 
be fi lamentous. 

F igure 16 . 1 Infl uenza A vi rus structu re . (a )  Crye-electron mi crograph of spherica l  

and e longated vir ions .  (b )  The vi rion components .  The envel ope conta i ns th ree 

i ntegra l membrane prote ins :  hemagg lutin i n , neuram i n idase, and M2 ( membrane 2) .  
Underlyi ng the envelope i s  a layer of M l  (membrane 1 )  prote i n, with in which i s  a 
nuc lea r  export prote i n  and the geno me (e ight seg ments of ssRNA coated with 

nucleoprote in  and associated with three po lymerase protei ns) .  

Sou rce : (a)  Mou les et a l .  ( 20 1 1 )  V i rol ogy, 4 14, 5 1 .  Reprod uced by permiss ion of 

E lsevier  Li m ited and the authors.  
b) 
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Influenza A and B vi rions each contain e ight segments of ssRNIA, wh i le  the infl uenza 

C v irion conta ins seven segments . There are n ine species of v i rus protei n  i n  the 
i nfl uenza A vi rion, the name of each prote in  describ i ng a role or property of that 
protei n ( Figure 16 . l (b) ) .  

Three of the protei n species are trans-membrane prote ins .  In decreasing order of 

abundance they are : 

• hemaggl uti n i n  (can  aggl uti nate red blood cel ls  of various species); 

• neuram in idase (an enzyme, the substrate for which is neuramin ic acid ) ;  

• M2 ( M  for membrane; four  M2  monomers form an ion channel ) .  

Al l three trans-membrane prote ins have undergone post-translational mod ifications : 

for exa m ple, the hemag g l uti n i n  and neu ra m i n i dase are g lycosy l ated,  and  the 
hemagg lut i n i n  has been c leaved i nto two subun its, HAl  and HA2, l i nked by a 



d isulfide bond (F igure 16 . 2) .  HAl forms a "head" wh ich conta ins the attachment 
s i te fo r the host cel l ;  HA2 fo rm s a "stem " and  i s  assoc iated w ith the l i p id 
membrane .  Each hemagg l uti n i n  sp i ke is a trimer  ( F i gure 1 6 . 2  (c) ) ,  wh i l e  each 

neura min idase sp ike i s  a tetramer. Both the hemagg luti n in  and the neuramin idase 
occur as a variety of subtypes, and there is ant igenic variat ion with in  each subtype. 

The result is  that there are many strai ns of i nfl uenza A vi rus. 

F i g u re 1 6 . 2  I nfl uenza A vi rus h e m agg lu t i n i n .  ( a )  The m a i n  featu res of the 

hemaggluti n in . The d i sulfide-l i nked subun its ( HAl and HA2) are formed by c leavage 
of a p recu rso r p rote i n  ( H AO ) . ( b )  S pec i f ic  featu res of the  1 9 1 8  i n fl uenza  

hemagg l uti n i n .  The co lors i n  th is  d i ag ra m  do  not confo rm to the genera l  co lor 
sche m e  of th i s  book : HAl  ( red ) ,  HA2 ( b l u e) ,  d isu lfi de  bond (ye l low ) ,  fus i on  

seq uence ( g reen ) ,  cl eavage s i te o f  HAO (Arg 344 ) ,  C-term i n u s  of  HAl ,  and  

N-term i nus of HA2 ( purp le) . ( c )  Each hemagg luti n i n  sp ike consists of a trimer of 
H 1-H2 .  

Sou rce : ( b) Bertram et a l .  ( 2010)  Reviews i n  Med ica l  Vi rology, 20, 298 . Reproduced 

by perm ission of John Wi ley & Sons Ltd . 
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M l ,  another "membrane" protei n,  coats the i nterior surface of the envelope, a nd 

with in  th is layer are the genome seg ments and a nuclear export protei n .  Each RNA 
segment i s  in a ri bonucleoprotein ( RN P) comp lex, with the RNA wrapped around 

nuc leoprotein molecu les .  The 5' and 3' ends of each RNA seg ment are i n  close 
prox im i ty and are associ ated with the RNA polymerase, which is a complex of three 



protei ns. One of the polymerase prote ins is ac id ic ( PA:  polymerase acidic), wh i le 

the other two a re basic ( PB1  and PB2) .  The sizes of the RNP complexes vary with 

the lengths of the RNA molecu les withi n them . Cel l  protei ns, such as tubu l i n  a nd 

cyclophi l i n  A, have been reported as components of i nfl uenza vi rus partic les . 

1 6 . 3  I N FLU E NZA A VI RUS REPLICATIO N  
Tissues co m m on ly  i nfected by i nfl uenza v i ruses a re respi1ratory ep ithel i u m  i n  

humans and other pri mates, and i ntesti na l epithel i um i n  b i rds .  

16 .3 . 1 Attachment and entry 
Th e v i r i o n  a tta c h e s  v i a a s i te o n  H A 1  to t h e ce l l  re c e p to r, w h i c h  i s  

N-acetyl neuram inic  acid ( neurami n ic  acid i s  a n i ne-carbon monosaccha ride) .  The 

vi ri on is endocytosed ( Figure 16 . 3) and i n  the endosome it experi ences a fa l l  i n  pH,  
wh ich causes a conformational  change i n  the M 2  protein  ion channels .  Hydrogen 

ions a re pumped into the vi rion,  and the drop in  pH causes the RNP complexes to 

d issoc iate fro m M 1 p rote i n . As th e p H  i n  the  e n d oso m e  fa l l s  fu rth e r  the  

hemagg luti n i n molecu les change shape, expos ing fusion sequences i n  thei r HA2 
subun its . The vi r ion membrane fuses with the endosome membrane, re leasi ng the 
RNP complexes, wh ich are transported to the nucleus where vi rus RNA synthesis 
takes p lace . 

F ig u re 1 6 . 3  Attach ment and  entry of i nfl uenza A vi rus .  After endocytosis the 
endosome pH fal ls ,  chang i ng the shape of M 2  and HA molecu les. M2 channels 
pump H+ ions into the vi r ion, releasi ng the RN P complexes from Ml protei n ;  HA 
fuses the membranes of the v i rion and the endosome.  The RN P co mplexes are 
released and transported to the nucleus.  



In the nucleus the polymerase ( PA, PB1,  PB2) associated with each RNP complex 

transcribes m RNA from the m i nus-strand genome RNA ( Figure 16  .. 4) . RNA primers 

are requ i red for th is  and these consist of short capped RNAs cut from the 5'  ends of 
ce l l  m RNAs by an  endon uc lease activity i n  the po lym erase co m p l ex .  A v i ru s  

non-structura l prote i n  (NSl )  i s  synthesized and  is transported to the nucleus where 

it i nh ib its the processing and export of ce l l  m RNAs from the nucleus, maki ng them 
ava i lab le for cap-snatch i ng .  

Fi gure 16 .4 Infl uenza vi rus transcri ption and  genome repl ication . The n ucleotide 
sequences shown are typica l  ends of i nfl uenza A virus RNAs. mRNAs (ten species)  

a nd a ntigenome RNAs a re cop ied fro m the e ight  genome RNAs by the v i ra l  
polymerase. The sequence UUUUUU towards the 5'  end of  the ( - ) RNA is part of 
the polyadenylation signa l ;  the sequence after th is is not transcri bed to mRNA. The 
antigenome RNAs act as templates for the synthesis of more ( - ) RNA. 
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Ten m RNA species are derived from the e ight genome seg ments, two m RNA 
species bei ng produced from each of the two sma l lest segments ( F igure 16 . 5 ) .  A 
proportion of the M l  transcri pts are spl iced to form the m RNAs for the M2  prote in ,  
and approxi mately 10°/o of the NS1  transcripts are spl iced to form the mRNAs for 

the nuclea r export protei n ( NEP) .  

F igure 16 .5  Influenza A vi rus transcri pts and the proteins they encode. Codon 40 of 
the PB1 ORF i s  the start codon for PB1 -N40 .  The PBl  -F2 ORF is with in the PB1 
ORF, in the + 1  read i ng frame.  M2  and N EP are encoded by spl i ced mRNAs. 
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The quantities of the viral mRNA species vary during the replication cycle. At first 

the mRNAs for N P  and NSl are in the majority, while later there is increased 
production of those encoding HA, NA, and Ml.  

As wel l  as synthesizing m RN As the viral polymerase a lso copies the eight 

minus-strand genome segments to eight plus-strand antigenome segments to be 

used as templates for the production of more copies of the genome (Figure 16.4). 
These plus-strand RNAs, unl ike the m RNAs, are not capped and polyadenylated, 

but they are coated with nucleoprotein, like the genome segments. 

16.3 . 3  Translation and transport of proteins 
One protein species is translated from each of the ten mRNA species, except for 

genome segment 2 mRNA from which two or three protei ns a re translated (Figure 
16.5): 

• PBl 

• PB1-N40 (an N-terminally truncated version of PBl) 

• PB1-F2 (encoded by most, but not all, stra ins of influenza A virus). 

The three envelope proteins (HA, NA, and M 2 )  are translated in the rough 

endoplasmic reticulum and are then transported to the Golgi (Figure 16.6). In these 
compartm ents th e proteins undergo post-tra nslational mod ifications and are 

organized into m u lti mers before transport to the plasma membrane. M2 ion 

channels play an important role in the transport vesicles, pumping out H+ ions to 

prevent the acid-induced conformational changes in HA molecules. This is in  



contrast to the role played by M2  duri ng entry of the vi r ion i nto the ce l l ,  when H +  

ions were pumped i nto the endosome to i nduce conformational changes i n  HA. The 
HAO protei n is cleaved to HAl and HA2 ( Figure 16 . 2) by a host protease . 

Fi gure 16 .6  Translation and transport of i nfl uenza virus protei ns. Envelope protei ns 
accum ulate i n  the p lasma membrane, wh i le most other protei ns are transported to 

the nucleus. Newly synthesized genome segments i n  the nucleus bind vira l  proteins 
and are transported to the cytoplasm.  

The remai n ing vi rus protei ns are translated on free ri bosomes; some of th is protein 
rema ins  i n  the cytop lasm,  but  m u ch is  transported to the n uc leus .  N S 1  i s  a 

mu ltifunctional protei n,  with ro les in the cytoplasm and the nucl eus. It has b i nd ing 

sites for RNA and for many cel l and vi rus prote i ns. The role  of NSl  i n  making cel l  

mRNAs ava i lab le to the v iral ca p-snatch ing apparatus has a l ready been mentioned ; 
other ro les i ncl ude inh ib it ing the i nterferon response of the cel l .  

After transport i nto the nucleus, N P, PA, PBl ,  and PB2 associate with vira l  RNAs 

form i ng RN Ps .  RN Ps conta in ing minus-strand RNA are exported from the nucleus by 

b ind i ng M l  molecules, which i n  turn b ind N EP .  A nuclear export signal  on N EP is 
th en  recog n ized by the ce l l  n uc l ea r export m ach i ne ry a n d the co m p lex is 

transported through a nuclear pore. The n uclear loca l i zation signa l on Ml i s  masked 
by the bound NEP, thus i nh ibiti ng import of the RN P complexes i nto the nucleus. 



16 .3 .4  Vi r ion assembly and re lease 
The RN P complexes that have been exported from the nucleus accumu late near 
reg ions of the p lasma membrane at the apica l  surface of the cel l .  These reg ions 

conta in the three i ntegra l membrane proteins of the vi rus, with Ml protei n bou nd 
to the cytoplasm ic side of the membrane; it is from these reg ions that vi r ions bud 

( Figure 16 .7) .  Packag i ng s igna ls near  the ends of the virus RNAs ensu re that one 
copy of each genome segment i s  selected for incorporation i nto a new vi rion . There 

i s  evidence that the M2  protein plays an important ro le i n  the fi na l  stages of the 
budd i ng process. After a vi rion has budded it is attached to cel l receptors v ia  
hemaggluti n in  in  the envelope unti l the neuramin idase destroys the receptors. 

F ig u re 1 6 . 7  Assem b ly of i nfl uenza A vi rus .  E ight  genome seg ments and  thei r 
associated protei ns bud th rough a reg ion of the plasma membrane coated with M 1 
and conta i n i ng the three enve lope prote ins .  The budded vi r ion is bound to cel l 
receptors; it i s  released when the receptors are degraded by the neuram i n idase 

( NA).  

H 

16 . 3 . 5  Overview of i nfl uenza vi rus repl ication 
The i nfl uenza vi rus repl ication cycle i s  summarized i n  F igu re 16 .8 .  

F igure 16 .8  The i nfl uenza A vi rus rep l icati on cycle .  



1 6 . 4  I M PORTAN CE O F  I N FLU ENZA VI RUSES 
Most cases of i nfl uenza are ca used by i nfl uenza A viruses. Epidem ics of i nfl uenza B 

occur at 2-3 year intervals, wh i le  i nfl uenza C vi rus causes i nfrequent outbreaks of 
mi ld  respi ratory d isease. 

The hosts of i nfl uenza A vi ruses are pri nci pa l ly b irds that frequent aquatic habitats . 
The b i rds (e .g .  ducks, geese, gu l ls) acqu i re infections by i ngestion or i nha lation and 

the vi ruses i nfect their i ntesti na l and/or respiratory tracts . Infection of bi rds with 
most infl uenza A v irus stra i ns resu lts i n  few or no s igns of d isease, but some stra ins  

are h igh ly pathogen ic and can ki l l  the i r  hosts. The vi ruses can be spread to new 

areas when the b irds m igrate.  

Some i nfl uenza A vi ruses i nfect mam ma l ian  species i nclud ing p igs, horses, and  
h u m a n s ; th e resp i ratory tract i s  th e m a i n  s i te of v i ru s  rep l icat ion .  Of  1 6  
hemaggluti n in  and n ine neuramin idase subtypes known, only three hemaggl utin in  
( H l ,  H 2, H3) and two neuram in idase ( N l , N 2) subtypes com mon ly i nfect humans, 

causing abrupt onset of fever, headache, and muscular pa i n ; there may be a sore 

th roat and a cough .  Patients are com monly very i l l  and some d ie, e i ther as a d i rect 
resu l t  of the v i rus  i nfection ,  espec ia l ly  if the l u ngs become infected ( i nfl uenza 
pneumon ia), or i nd i rectly from bacteria l  pathogens, which a re able to i nfect as a 

result of damage to the respi ratory epithel i u m .  One of these bacteria l  species i s  



Haemoph i l us infl uenzae;  as i ts name suggests, it was once thought to be the 
causative agent of i nfl uenza . 

The H and N g lycoprote ins  occu r i n  a large variety of antigenic forms and are 
consta ntly evo lvi ng new variants, a process known as antigenic drift. Ind iv idua l 
humans have no i m m u n i ty or l im ited im munity to a new variant, depending on 

which vi rus stra ins they have previously been i nfected with, so in most years there 
are ep idem ics of i nfl uenza,  com mon ly referred to as  seasona l  fl u .  As we l l  as 

i nfluenza A vi rus stra ins, i nfl uenza B v i rus may a lso be i nvolved . In  tem perate 
cl imates these ep idem ics usual ly occur duri ng the wi nter. It i s  estimated that in  

most years infl uenza epidemics cause seri ous disease i n  3-5 m i l l i on people and 250 
000-500 000 deaths . The most vul nerab le a re young ch i l d ren , the elderly, and 

those with health problems such as l ung d isease or heart disease. 

Antigen ic drift results in relatively sma l l  changes to the su rface antigens of the vi rus 
and these changes occur frequently. From ti me to ti me, however, an antigen ic sh ift 
occu rs, where a new influenza A vi rus appears with an  H and/or N gene derived 

from a n  avi an  or swine v i rus .  The process i nvo lved i n  antigen ic  sh ift i s  ca l l ed 
reassortment and  i s  descri bed i n  Sectio n  2 1 . 3 . 3 . c .  If a l l  o r  most h u m ans are 
suscepti ble to the new vi rus, then a pandemic can occur. 

In recent history i nfl uenza A vi ruses have caused four pandem ics (Tab le 16. 1 ), the 

most devastati ng i n  1918-19 when the number of people ki l l ed by the v i rus was 
greater tha n  the number k i l led duri ng the F i rst World War. The ori g i ns of the 
vi ruses respons ib le for the more recent i nfl uenza pandemics have been traced . In 
most cases the vi rus was a reassortant between a human vi rus and an avian vi rus; 

the 1957 reassortant derived the H a nd N genes from an avian vi rus, wh i le the 
1968 reasso rtant der ived the H gene from a n  avi an v irus .  It is thought that 

reassortment taki ng p lace i n  infected p igs is important i n  generati ng new infl uenza 
vi ruses that i nfect humans .  The "sw ine fl u" vi rus that appeared i n  2009 had H a nd 

N g enes der ived from p i g  v i ruses, w ith other genes from h u m a n  and  av ia n 

i nfl uenza vi ruses ( Figure 1 6 .9) . 

Table 16 . 1 Influenza A pandemics 

I Years Virus subtype1 Parental viruses Common name for pandemic 
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Figure 16 .9 Orig in  of the 2009 "swine fl u" vi rus . The new H l N l  v irus was a triple 

reassortant, with genes derived from swine, human,  and avian  vi ruses. 
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Although most avian strai ns of i nfl uenza A vi rus have l i ttle or no pathogenic ity in  

the i r  avi an  hosts, some a re h i gh ly pathogen ic  i n  b i rds ;  these stra i ns  can be 
transmitted from wi ld  birds to domestic poultry, and can be transmitted to humans 
( Figure 16 . 10) .  Th is  was the s ituati on i n  Hong Kong in 1997, when an  HISN 1 vi rus 
ca used an o utb reak  of ser io u s  d i sease in pou l try .  In the early years of the 

twenty-fi rst century HSN 1 vi ruses spread to other Asian countries and to Eu rope 
and Africa . M i l l ions of d ucks, chickens, and turkeys d ied from the d isease or were 
sla ugh tered . These v i ruses a l so i nfected h u m an s, ca us i ng severe resp i rato ry 

d i sease and cu lm i nati ng i n  death i n  many cases. For those people who became 

i nfected the death rate was over 50°/o, much h igher than the death rate for the 
1918 virus. 

F ig ure 16 . 10 Transm iss ion of avi an i nfl uenza A vi ruses . The v i ruses are present in 
wi ld b i rds  from which they may be transmitted to pou ltry .  Someti mes there is 
transmission to humans who have c lose contact with poultry .  
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Most, if not al l ,  of the human cases of "b ird flu" caused by HSN  1 vi ruses were in 
people who worked with poultry and who presumably became i nfected as a resu lt 

of d i rect contact with vi rus on the b i rds themselves, or in the i r  feces . These avi an 

i nfluenza vi ruses appea red to have l i ttle or no propensity fo r human-to-hu man 
transm iss ion,  but there was great concern that m utation or reassortment m ight 

g ive rise to an HSN 1 vi rus that wou ld cause the next pandem ic .  In  the event, the 
next pandemic was caused by an H 1 N 1  vi rus of swine orig i n ! HSN 1 vi ruses have 
a lso i nfected other mamma l i an  spec ies i nc lud ing domestic cats, and tigers and 
leopards i n  a zoo. 

Because of the i m portance of i nfl uenza vi ruses, vacc ines have been developed for 
use i n  vul nerab le groups (Chapter 25) .  Most i nfl uenza vacci nes are produced in 
ch ick embryos and are specific for particu lar vi rus stra i ns .  The adoption of cel l 
cu ltu re prod uction  m ethods a nd the deve lopm ent  of vacc i nes w i th broader 

specif ic ity wou ld be si gn ificant adva nces . M uch effort has a lso gone i nto th e 
development of a nti - i nfl uenza v i rus d rugs (Secti on 26 . 3 . 6 ) .  So fa r the M2  ion  

channel  and  the neuram inidase have been successfu l d rug targets . 

1 6 . 5 REVERSE G EN ETICS 
Infl uenza vi ruses are among the m i nus-strand RNA viruses to which the techn iques 
of reverse genetics have been appl ied (Section 1 5 .6) .  For an i nfl uenza A vi rus th is 

means  transfect ing ce l l s  with 12 d ifferent p lasm ids : one for each of the eig ht 

genome seg ments pl us p lasmids encoding PA, PB1, PB2, and NP . These procedures 
have been u sed i n  stud ies to cha ra cte r ize v i ra l  prote i ns  a nd to d eterm i ne  

pathogen ic ity factors. 

The tech n iques of reverse geneti cs have been appl ied to the 1918 v i rus .  Us ing 

RT- PCR, i nfl uenza vi rus RNA sequences have been recovered from l ung tissues of 
some victi ms. In one project, tissue that had been fi xed i n  formal i n  and embedded 



i n  paraffi n was the sou rce, whi le another project used tissue from a body that had 
been buried in permafrost in Alaska . The vi rus sequences that were recovered d iffer 

from a ny H l N l  vi ruses known today and the ori g i ns of the 19 18  vi rus rema i n  
obscure .  

Infect ious vi rus of  the 1918 stra i n  was generated . Th is  work was controvers ia l ,  but 
it enabled study of the ro l es of i nd ividua l  vi rus  genes i n  pathogenic ity for laboratory 
an i mals such as mice .  It was shown that the HA, NA, and PBl genes of the 1918 

vi rus conferred pathogen i city to infl uenza A stra ins that were non -pathogenic in 
mice .  

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you should be ab le to : 

Books 

• describe, with the a id of a labe led d iagram, the i nfl uenza A v i rion ; 

• describe the i nfl uenza A virus genome; 

• write an i l l ustrated account of the infl uenza A vi rus rep l ication cycle;  

• expla i n  the roles of the i nfl uenza A vi rus protei ns; 

• explai n the terms "anti gen ic  drift" and "antigen ic shift" in the context of 

i nfl uenza vi ruses; 

• expla i n  the i mportance of i nfl uenza in humans and b i rds .. 

SOU RCES OF FU RTH E R  I N FORMATION 

Digard,  P . ,  Ti ley L . ,  and Elton, D .  ( 2009) Orthomyxovi rus genome transcri ption and 

rep l ication .  Chapter 9 in  V i ra l  Genome Repl ication (Cameron, C E . ,  Gotte, M . , and 

Raney, K. D . ,  ed itors), Spri nger 

Rappuol i ,  R. and Del G iud ice, G . ,  ed itors ( 201 1 )  Infl uenza Vacci nes for the Futu re, 
2nd ed ition, Spri nger-Verlag 

Van-Ta m, J .  and Sel lwood, C.  (eds) ( 20 10) Introduction to Pandem ic Infl uenza, 

CABI 

Wang, Q. and Tao, Y. J .  ( 20 10) Infl uenza : Molecu lar  Vi rology, Ca ister Academ ic 

Press 

Journa ls 

Chase, G.  P .  et a l .  ( 2 0 1 1 )  Influ enza v i rus  ri bonuc leoprote i n com p lexes ga i n  

preferentia l  access to cel l u lar  export machi nery through chromati n targeti ng . PLoS 
Pathogens, 7 (9), e 1002 187 

Fukuyama, S .  & Kawaoka, Y. ( 201 1 )  The pathogenesis of i nfl uenza vi rus i nfect ions : 
the contri butions of vi rus and host factors. Cu rrent Op in ion i n  Immuno logy, 23, 
48 1-486 

Hutch i nson, E. C. et al . (2010) Genome packaging in i nfl uenza A v irus. Journal of 

Genera l  Vi ro logy, 9 1 ,  3 1 3-328 



Klenk, H .  D . ,  Ga rten,  W . ,  and Matrosovich, M .  ( 201 1 )  Molecular mechan isms of 
i nterspecies transm ission and pathogenicity of i nfl uenza vi ruses : lessons from the 

2009 pandemic. Bioessays, 33,  180-188 

P ie lak, R. M .. and Chou, J .  J .  ( 2010)  Infl uenza M2 proton channe ls .  Bioch im ica et 
Biophysica Acta, 1808, 522-529 

Robertson,  J .  S .  and Ing l is, S .  C .  ( 20 1 1 )  Prospects for contro l l i ng future pandemics 
of infl uenza . Vi rus Research,  162, 39-46 

Rossman,  J .  S. and Lam b, R. A. (20 1 1 )  Infl uenza vi rus assembly and budd i ng .  
Vi rology, 4 1 1 , 229-236 

Taubenberger, J .  K .  and Kash, J .  C. (201 1 )  Insights on i nfl uenza pathogenesi s from 
the grave . Vi rus Research, 162, 2-7 

Yanguez ,  R .  and Nieto, A. (201 1 )  So si mi lar, yet so d i fferent : selective translation of 
capped and polyadenylated vi ra l  mRNAs in  the infl uenza vi rus infected cel l .  V i rus 

Research, 156, 1-1 2 



Various authors (2011) Influenza supplement. Nature, 480, 51-513 

CHAPTER 1 7  

Retroviruses 
CHAPTER 17 AT A GLANCE 

Family Retroviridae 

Hosts: mammals 
birds 

rttro (Latin) = bnck\\011·-ds 
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17 . 1  INTRODUCTION TO RETROVIRUSES 
The retroviruses are RNA viruses that copy their genomes into DNA during their 
replication. Until the discovery of these viruses it had been dogma that the transfer 

of genetic information always occurs i n  the direction of DNA to RNA, so finding that 
some viruses carry out "transcription backwards" (reverse transcription) caused 

something of a revolution. We now know that reverse transcription is carried out 

not only by these RNA viruses but also by some DNA viruses (see Chapter 19) and 

by uninfected cells. 

REVERSE TRANSCRIPTASES ARE USED I N  MOLECULAR BIOLOGY 

RTs have the potential to copy any RNA into DNA, even in the absence of specific 
tRNA primers. This has made them indispensable tools in molecular biology, where 
they have a number of appl ications, including the production of cDNA libraries and 

the reverse transcription-polymerase chain reaction (RT-PCR). 

Two commonly used RTs are those from avian myeloblastosis virus and Moloney 
murine leukemia virus. 



The a i m  of the cu rre nt chapter is to p rov id e a gen era l  i n trod u cti on  to the 
retrovi ruses, wh ich have been found i n  a l l  cl asses of vertebrate an i mal, i ncl ud i ng 

fi sh ,  a m p h i b ians, b i rd s, and m a m ma ls .  The h u m a n  i m m unodefic iency vi ruses 
( H IV- 1 and H IV-2) are retrovi ruses and the next chapter i s  devoted entire ly to 
these vi ruses. Many retrovi ruses can cause cancer i n  the i r  hosts, and some aspects 
of th is  a re d i scussed i n  Chapter 23 . 

1 7 . 2  RETROVI RUS VI RIO N  
Retrovi ruses are unusua l  in that the vir ion conta i ns  two cop ies of the genome 
( Figure 17 . 1 ) .  The two RNA molecules are present as a d imer, formed by base 
pa i ri ng between complementa ry sequences . As wel l as the vi rus RNA, the vi rion 

a lso conta ins molecu les of host cel l RNA that were packaged duri ng assembly. Th is  
host RNA incl udes a molecule of  transfer RNA (tRNA) bound to each copy of the 

vi rus RNA th rough base pa i ri ng . The sequence in the vi rus RNA that b i nds a tRNA is 
known as the primer  b i nd i ng site ( PBS) .  Each retrovi rus b i nds  a specific tRNA 
(Table 17 . 1 ) . 

F ig ure 17 . 1 Retrovi rus vi rion and genome organi zation 

Genes gag g roup-specificantigen 

pol polymerase 

env envelope 

Protei ns CA caps id 

IN integrase 

MA matrix  

NC nucleocapsid 

PR protease 

RH ribonuclease H 

RT reverse transcri ptase 

SU su rface g lycoprote in  

TM transmembrane glycoprote in  

Sequences with ro les i n  repl i cat ion PBS pri mer b ind ing site 

PPT polypuri ne tract 

R repeat sequence 

U3 un ique sequence at 3' end of genome 



us unique sequence at 5' end of genome 

4J Greek letter psi, frompackag ingsignal 
Virion components 

Genome organization nnd gene products 

gag pol env 

1A CA 'I C PR RT RH IN TM 
Table 17. 1 Examples of tRNAs used by retroviruses as primers 

tRNA Retrovirus 

tRNApro Human T-lymphotropic viruses 1 and 2 

Murine leukemia virus 

tRNAlys3 HIV-1 and 2 

Mouse mammary tumor virus 

A number of protein species are associated with the RNA. The most abundant 

protein is the nucleocapsid (NC) protein, which coats the RNA, while other proteins, 

present in much smaller amounts, have enzyme activities (Table 17 .2). 

Table 17 .2 Enzyme activities present in the retrovirus virion 

RNA-dependent DNA polymerase ( reverse transcriptase; RT) 

DNA-dependent DNA polymerase 

Ribonuclease H (RNase H) 

Integrase 

Protease 

Encasing the RNA and its associated proteins is the capsid, constructed from a 
lattice of capsid (CA) protein. The capsid has the shape of a sphere, a cone, or a 



cyl i nder, depend ing on the vi rus. A layer of matri x (MA) protei n l i es between the 
capsid and the envelope. Associated with the envelope are two protein species : a 

transmembrane (TM) prote in  bound to a heavi ly g lycosylated su rface (SU )  protei n .  

I n  most retrovi ruses the bonds between the TM and SU protei ns are non-cova lent. 
The TM-SU protei ns are present in the envel ope in tri mers (groups of three) .  

The genes encod i ng the vi rus protei ns are organized in  three major regions of the 
genome ( Figure 17 . 1 ) :  

• gag (group-specific antigen)-i nternal structura l  protei ns; 

• pol ( pol ymerase)-enzymes; 

• env ( envelope)-envelope proteins. 

1 7 . 3  RE ROVI RUS REPLICATION 
17 . 3 . 1  Attachment and entry 

A site on the envelope SU prote in bi nds to a cel l  receptor. Th is interaction causes a 
conformational change i n  the TM protei n that a l lows a hydrophobic fusion sequence 

to fuse the v i ri on  m em bra n e  a n d  a ce l l  m em b ra n e  ( Secti o n  5 . 2 .4 . b ) .  M ost 
retrovi ruses fuse their mem brane with the plasma mem brane of the cel l  ( F igure 
17 . 2), though some are endocytosed and fuse the i r  membrane with an  endosome 

membrane.  The structure that is re leased i nto the cytoplasm loses some protei ns 

and a reverse transcri ption complex is formed . 

F igure 17 .2  Retrovi rus attachment and entry. Fusion of the v irion membrane with 
the p lasma membrane of the cel l  re leases the v i rion contents, wh ich u ndergo 

modification to form a reverse transcription complex .  
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17 . 3 . 2  Reverse transcription 
Reverse transcri pt ion takes place with in  the reverse transcri pti on complex; some of 
the deta i l  i s  i nd icated i n  F igure 17 . 3 .  Synthesis of both the (-) DNA and the ( + )  

DNA beg ins at the 3 '-0H of a pri mer RNA. The primer for synthesis of the (-) DNA 
is  the tRNA bound to the genome, whi le the pri mer for synthesi s  of the ( +) DNA is 

a polypurine tract ( PPT) i n  the vi rus genome. The latter becomes accessi b le as a 
result of hydrolys is  of the genome RNA from the 3 '  end by the RNase H ,  wh ich is 

an enzyme that specifi ca l ly  d igests RNA in  RNA-DNA duplexes. 



Figure 17.3 Retroviral reverse transcription. LTR: long terminal! repeat. PBS: primer 

binding site. PPT: polypurine tract (a sequence made up entirely, or almost entirely, 

of purine residues). R: repeat sequence. U3: unique sequence at 3' end of genome. 
US: unique sequence at S' end of genome. 

1. A copy of the virus genome with a tRNA bound at the PBS. 

2. The reverse transcriptase begins (-) DNA synthesis at the 3' end of the tRNA. 

3. The RNase H digests the RNA from the RNA-DNA duplex. The (-) DNA attaches 

at the 3' end of either the same RNA strand or the second copy of the genome. 

4. Elongation of the (-) DNA continues, while the RNase H degrades the template 

RNA from the 3' end as far as the PPT. 

S. Synthesis of ( + )  DNA begins. 

6. The remaining RNA is degraded. 

7. The ( + )  DNA detaches from the S' end of the (-) DNA template and attaches at 

the 3' end. 

8. Synthesis of both DNA strands is completed. 
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During synthesis of the two DNA strands, each detaches from its template and 
re-attaches at the other end of the template through base pairing. The DNA that 

results from reverse transcription (the provirus) is longer than the RNA genome. 
Each of the termini has the sequence U3-R-US, known as a long terminal repeat 

(LTR), one terminus having acquired a U3 sequence and the other a US sequence. 



17 .3 . 3  Integ ration of the provi rus 
The provi rus, sti l l  associated with some vi rion protein, i s  transported to the nucleus 
as a pre-i nteg ration complex. The protei ns of the pre- i ntegration complex i ncl ude 

in tegrase ( bound to each end of the D NA),  reverse transcr i ptase, and matrix 
protei n ( Figure 17 .4 ) . The pre-i nteg ration complex of some retroviruses, i nclud i ng 

H IV, i s  transported toward the nuc leus via the m i crotubu le network. For most 
retrovi ruses, entry into the nuc leus requ i res breakdown of the nuclear envelope, an 

event that occu rs d u r i n g  m itosi s ;  th i s  means  that there can  be a prod uctive 
i nfect ion only i n  d ivid i ng cel l s .  HIV and re lated vi ruses, however, can productively 
i nfect resti ng cel l s, as the pre- i nteg ration complexes of these vi ruses are able to 

enter i ntact nuclei (Section 18 .4 . 2 ) .  

Fi gure 17 .4  Transport of pre-i nteg ration complex to the nucleus and i ntegrat ion of 
the provi rus i nto a ce l l  chromosome. 
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The i nteg rase cuts the DNA of a cel l  chromosome and i nserts the provirus i nto the 
gap ;  i nteg rat ion is co m p leted by the D N A  repa i r  m ac h i n ery of the ce l l .  The 

i ntegrated provi rus genes may be expressed i mmed iately, or there may be l i ttle or 

no expression of vi ral genes, in which case a latent i nfection has been i n itiated . If a 

latently i nfected cel l d ivides, the provi rus is copied a long with the cel l genome and 
each of the daughter cel ls has a copy of the provirus. 

17 . 3 .4 Transcription and genome rep l ication 
The two LTRs of  the provi rus  have i dent ica l seq uences, but a re functiona l ly 
d i fferent; transcription i s  i n itiated i n  one and termi nated i n  the other. Transcri ption 

factors b i nd to a promoter in  the upstream LTR, then the ce l l  RNA polymerase II 

starts transcription at the U3-R junction ( Figure 17 .5) .  Transcri ption continues i nto 
the downstrea m LTR .  There i s  a po lyadeny lat ion s i gna l  i n  the R reg ion  and  

tra nscri pt ion te rm i nates at  the R-U S ju nction . Each  transc ri pt is capped and  
polyadenylated . Some transcri pts w i l l  function as m RNA and a proport ion of  these 

become spl iced ; others wi l l  become the genomes of progeny virions .  



Figure 17 . 5  Retrov i rus transcri pti on . Genome- length RNAs are synthesized .  Some 
wi l l  function as m RNAs (shown in green ) whi le some wi l l  become the genomes of 

progeny vi rions ( shown in  b lue) .  These RNAs a re identica l! ; they a re shown i n  

d ifferent colors to emphasize the two functions .  
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17  . 3 . 5 Translation a nd post-translationa l mod ifications 
The env gene i s  trans lated from sp l iced mRNAs i n  the rough endoplasm ic reticu l um, 

where g lycosylation  co m mences ( F i gu re 1 7 . 6) .  The Env prote i n  mo lecu les a re 

transported to the Golg i complex, where they are cleaved by a host protease i nto 
SU and TM molecu les. The two cl eavage products rema in  i n  close association, and 
after further g lycosylation they are transported to the plasma membrane. 

F igure 17  .. 6 Retrovi rus trans lat ion and post-tra nslationa l  mod ifications .  Gag and  
G a g - P o l  a re tra ns l a ted  o n  free r i boso m es, a n d th en  m yr i sty l a ted ( m ost 

retrovi ruses) .  Env i s  translated in  the rough endoplasmic reti cu l um and transported 
to the p lasma membrane via the Golg i  complex; en  route it is g lycosylated and 
cleaved to SU and TM. 
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The proteins encoded by the gag and pol genes are translated from genome-length 
mRNAs i nto Gag and Gag-Pol polyprote ins ( Figure 17 .6) .  Retrovi ruses requ ire much 

g reater quantiti es of Gag than Po l ,  and have evolved mechan isms to synthesize the 
req u i red a m ount of each . These m echa n ism s i nvo lve a pp rox i m ately 9 5 °10 of 

ri bosomes term i nati ng trans lat ion after the synthesis of Gag ,  w h i le the other 

ri bosomes continue translation to synthesize Gag-Pol . 

One mechan ism, used by murine leukemia vi rus, i nvolves reading through a stop 
codon at the end of gag ( Figure 17 .7 ) .  A "suppressor tRNA" i ncorporates an am ino 

acid at the stop codon and translation continues into pol, wh ich is i n  the sa me 

read ing frame as gag . 

F ig ure 1 7 . 7  Trans lat ion  of Gag-Po l  by read i ng th rough  a stop codon ( UAG) .  
Approx imately 5°10 of ri bosomes incorporate a n  am ino acid at the gag stop codon 

and transl ate pol too . 
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The majority of retrovi ruses, however, ensure the correct proportions of the Gag 

and Pol protei ns by a ri bosomal frameshifti ng mechanism (Figure 17 .8 ) . Here gag 

and pol are in  d i fferent read ing frames and there is a -1  shift i n  read ing frame 
before the gag-pol junction in about 5°/o of translati ons. Th is  mechanism is used by 
HIV- 1 .  

F igure 17 .8  Translation of Gag-Pol b y  ribosomal framesh ifti ng . Approxi mately 5°/o 
of ribosomes shift i nto a d ifferent read ing frame before the gag stop codon and 

translate pol too . 
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The Gag and Gag-Pol prote ins of most retroviruses are myri stylated at the i r  N 

term i n i .  

1 7 . 3 . 6  Assembly and re lease of vi rions 
Some retrovi ruses form i mmature nucleocaps ids that are then transported to the 

p lasma membrane. Most retrovi ruses, however, assemble thei r  components on the 
i nner surface of the plasma membrane ( Figure 17 .9 ) .  

F igure 17 .9  Retrovirus assembly  - early stages .  A genome d imer associates with 

cel l  tRNAs and with Gag and Gag-Po l protei ns. The domains of Gag and Gag-Pol 

are i nd icated in the inset . The order of the Gag domains MA-CA-NC is the same as 
the exterior-to-interior order of the proteins in the vir ion ( Figure 17 . 1 ) .  
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Two cop ies of genome RNA form a d imer by base pai ring between complementary 
sequences . The reg ion of i nteraction between the RNA molecu les is sa id  to form a 

"kissi ng- loop com plex . "  A tRNA molecu le  b inds to the PBS of each copy of the 
genome ( Figure 17 . 1 ) .  Copies of the Gag protei n b i nd via thei r  NC doma in  to the 



RNA; the proteins b ind fi rst to the packag i ng s ignal (41)  near the 5 '  end of the RNA, 

which then becomes coated with many copies of Gag and a few copies of Gag-Pol  
( Figure 17 .9 ) .  

Gag and  Gag-Pol prote i ns become anchored to the p lasma mem brane by the 
m y ristyl g roups  at  the i r  N te rm in i .  Th e assoc iat i o n s  a re sta b i l i zed th roug h 

e lectrostat ic i nte racti ons  between pos it ive charg es i n  the M A  d o m a i n s  a n d  
negatively charged phosphate groups i n  the membrane .  The M A  doma i ns also b i nd 

to the cytoplasm ic ta i l s  of TM protei ns i n  the membrane.  

The im matu re vi rion acqu i res its envelope by budd ing from the cel l su rface ( Figure 
17  . 10) .  At th is  stage mu lti p le copies of the Gag and Gag-Pol protei ns are arranged 

rad ia l ly with thei r N term in i  facing outward and thei r C termin i  inward . Gag has one 
or two late ( L) doma ins that b ind host cel l factors involved in the budd ing process 

(Section  8 . 3 . 1 ) .  Duri ng and/or after the budd i ng process the Gag and Gag-Pol 
polyproteins are cleaved by the vi rus protease . The cleavage products of Gag form 
the matrix, the capsi d and the prote in  component of the nuc leocapsid,  whi le the Pol 

cleavage products are the v i rion enzymes. 

F ig u re 1 7 . 10  Retrovi rus assemb ly - late stages .  The envelope is acq u i red by 
budd i ng from the p lasma membrane.  Duri ng and after budd ing Gag and Gag-Pol 

are cleaved to form the v irion proteins.  

If the retrov irus- i nfected cel l is  c lose to a suscepti ble cel l  then the two cel ls  may 

form a cl ose connection, ca l led a v irolog ical synapse, across which i nfectious vi rus 

may be transm itted , thus avo id ing exposure to extrace l l u lar  host defenses such as 
anti bod ies .  H IV can be transmitted from ce l l  to cel l i n  th is  way, and for human 
T-lymphotrop ic vi rus 1 i t  is  the main mode of transm ission .  

17 . 3 .  7 Overview of retrov i rus rep l ication 
The retrovi rus repl ication cycle i s  summarized i n  F igure 17 . 1 1 .  

Figure 17 . 1 1  The retrovi rus rep l i cation cycle .  Note that there i s  a n  add itional step in 
retrovi rus rep l ication : reverse transcri pti on, which takes p lace between entry and 
transcri ption . 
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1 7 . 4  EXAM PLES OF RETROVI RUSES 
Retrov iruses  can be  c lassed as e ither  s i m p le  o r  co m p lex, depen d i n g  on the 

complexity of the i r  genomes .  The si mple  retrovi ruses a re those that have on ly the 
th ree sta ndard retrovirus genes (gag, po l ,  env), or in some cases one add iti ona l  
gene, ca l led an oncogene because i ts express ion m ight  result in  i ts host ce l l  

developi ng i nto a tu mor cel l .  An example of an oncogene is  src in  the genome of 
Rous sa rcoma vi rus, wh ich i nfects ch ickens ( Figure 17  . 12) .  

F igure 1 7 . 1 2  Rous sa rcoma vi rus genome. There is an oncogene (src) in  addit ion to 

the th ree standard retrovi rus genes . 
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The comp lex retrov i ruses have add it iona l genes, the prod ucts of which have a 

variety of functions i n  the rep l ication cycle .  The human i mmunodeficiency vi ruses 

are complex retrovi ruses; beca use of the i r  i mportance the next chapter is devoted 
enti rely to them . 

The genera of the fami ly Retrovi ri dae and some representative viruses are l i sted in 
Table 17 . 3 .  As the names of the vi ruses i mp ly, many of them of them are causative 
agents of d i sease i n  mam mals (fel ine leukemia vi rus) ,  b i rds ( Rous sarcoma vi rus), 

and fi sh (wal leye dermal sarcoma v i rus) .  

Table 17  . 3  Examples of retrovi ruses 
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1 7 . 5  RETROVI RUSES AS G E N E VECTO RS 
So m e  genet ica l ly mod ified retrov i ruses a re used as gene vecto rs . Th ey ca n 

i ntroduce genes i nto a variety of cel l types, where the genes are expressed at h igh 

leve ls after i ntegration i nto the cel l  genomes. Technolog ies have been developed 
for expression of genes i n  ce l l  cu l tu res and  fo r c l i n i ca l  treatments of geneti c 
d i sorders a n d  cancers .  O n e  of the  m ost co m m on ly used v i ruses i n  th ese 
appl i cations is muri ne leukemia vi rus. Lentiv i ra l  vectors have a lso been developed ; 

these have the advantage that they can del iver genes i nto non-d ivid ing ce l l s and 
tissues .  

Patients with the genetic d i sorder X- l i n ked severe com b ined i m m unodefic iency 
(X-SCID)  have been successfu l ly treated with retrovi ra l  vectors . The proced ure 

i nvolves taking stem cel ls from the patient and infecti ng them with a recomb inant 
retrovi rus, the genome of which conta ins the functional  gene that i s  defective in  the 

patient's genome. If the vector provi rus is i ntegrated i nto the cel l genome, and if 
the funct iona l gene is expressed , then the patient is  able to develop a norma l  

i m mune system . The successes, however, have been tempered by the development 
of cancer in a few treated patients. 

1 7 . 6  EN DOG ENOUS RETROVI RUSES 
It has been known for some t ime that the genomes of vertebrate an ima ls  contain 

retrovi ra l  sequences . The genomes of most of these endogenous retrov i ruses 
( ERVs) are defective . Seq uencing the human genome has revea led the presence of 
a lmost 100 000 h1uman ERV ( HERV) sequences, and ERVs have been found i n  the 

genomes of other an imal species as they have been sequenced . 

Some ERVs a re closely related to norma l retrovi ruses (exogenous retrovi ruses); for 
example, there are ERVs i n  mice that have very s im i lar sequences to the genome of 
mouse mammary tu mor vi rus. It i s  h igh ly l i kely that ERVs orig i nated as a resu lt  of 

exogenous retrovi ruses i nfecti ng germ l i ne cel ls  ( sperm and/or egg ) .  If one of these 

ce l l s w ith a n  i nteg rated p rov i rus su rv ived to be i nvo lved i n  th e rep roduct ive 

process, then each cel l i n  the body of the offspring wou ld conta i n  a copy of the 
provi rus. Over ti me ERVs have copied themselves to other locati ons i n  the genome, 

g i v i ng  rise to fa m i l i es  of re l ated E RVs .  The co py i n g  p rocess i s  k n o w n  a s  



retrotransposit ion, and is carried out by other genome e lements as wel l as ERVs . 
Col lectively these elements are known as retrotransposons (Section 2 1 . 3 . 5 .a) .  

Most E RVS are i nactive for most of the ti me, but some ERVs can be sti mulated i nto 
activity by, for exa m ple, i nfection with other agents . Sti mu lation of an  ERV may 
result in transcri ption of ERV sequences and synthesis of ERV protei ns. There is  

evidence that host an ima ls  have hijacked some ERV prote i ns for thei r own benefit; 

for example, in some mammal ian species the ab i l i ty of ERV envelope proteins to 

fuse membranes i s  exp lo ited duri ng the deve lopment of the placenta . 

If the ERV has a ful l  com plement of retrovi ra l  genes, then ERV particl es may be 
produced . If the ERV lacks a gene essenti a l  for the complete rep l i cation cycle the 

missi ng function may be suppl ied by another ERV or by an exogenous retrov irus. 

Some ERVs do not rep l icate in  cel l s  of the species in  which they occur, but are able 

to rep l icate in the cel ls  of other species; for example, some mouse ERVs and some 
pig ERVs can repl icate in human cel l s  .. 

Because of these fi ndi ngs, concern has been expressed that there may be a risk of 

transm itti ng retroviruses from pigs i nto hu mans when p igs are used as sources of 
cel ls and tissues because of shortages of thei r  human counterparts for transp lant 
purposes. 

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you shou ld be able to : 

• describe the retrovi rus vi rion; 

• describe the ma in  featu res of the retrovi rus genome; 

• expla i n  the main featu res of the retrov irus repl ication cycle; 

• g ive examples of retrovi ruses and expla in  thei r importance; 

• discuss endogenous retrovi ruses . 
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CHAPTER 18 

H u ma n  Immunodeficiency Viruses 
CHAPTER 18 AT A GLANCE 
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1 8 . 1  INTRODUCTION TO HIV 
There are two types of human immunodeficiency virus (HIV-1 and HIV-2), which 

each evolved from a different simian immunodeficiency virus (SIV). Both HIVs 

emerged in the late twentieth century. HIV infection damages the immune system, 

leaving the body susceptible to infection with a wide range of bacteria, viruses, 
fungi, and protozoa. This condition is called acquired immune deficiency syndrome 
(AIDS). It should be noted that the word "virus" in the phrase "HIV virus" is 

superfluous and that scientists use the abbreviation "AIDS", not "Aids"! 

HIV continues to spread, with mil l ions of new infections each year. AIDS continues 

to ki l l  large numbers of people, and has become the fourth biggest cause of 
morta lity in the world. The magnitude of this problem has resulted in the al location 

of huge resources to the study of these viruses, major objectives being the 

development of anti-viral drugs and a vaccine. So far there has been some success 

in achieving the first of these objectives. 



HIV-1 is largely responsible for the AIDS pandemic, while HIV-2 is mainly restricted 
to West Africa. Consequently the emphasis of this chapter is on HIV-1, as it has 

been studied more intensively than HIV-2. 

18 .2  HIV VIRION 
The virion has the general characteristics of retroviruses described in  the previous 
chapter but, in contrast to most retroviruses, the capsid is cone-shaped (Figure 

18 .1 ), with a diameter of 40-60 nm at the wide end and about 20 nm at the 
narrow end. Most of the capsid protein is  present as hexamers, with five pentamers 

at the narrow end of the cone and seven pentamers at the wide end of the cone. 
Generally, there is one capsid per virion, though virions with two or more capsids 

have been reported . 

Figure 18.1 HIV virion. (a) Virion components. IN:  integrase. NC: nucleocapsid 
protein. RT: reverse transcriptase. The TM and SU g lycoproteins indicated are those 
of HIV-1 (gp41 and gp120). (c) Capsid model, showing protein hexamers in green 

and pentamers in red. 

Sources: (b) Grunewald and Cyrklaff (2006) Current Opinion in M icrobiology, 9, 
437. (c)  Ganser-Pornillos, Yeager, and Sundqu ist (2008) Current Opinion in 
Structural Biology, 18, 203. (b) and ( c) reproduced by permission of Elsevier 
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The diameter of the HIV virion measured in negatively stained preparations is in the 

range 80-110 nm, while results from cryo-electron m icroscopy are at the upper end 

of this range or greater. 

The TM and SU proteins of HIV-1 have approximate molecular weights of 41 kD 

and 120 kD, respectively, and are named gp41 and gp120 (gp = glycoprotein).  

gp120 is heavily glycosylated and has five domains near the surface that are highly 

variable (V1-V5; Figure 18.2) . The C terminus of gp41 is inside the virion, where it 
is bound to the MA protein. Spikes can be seen at the surface of virions i n  electron 



m icro g raphs, w ith a n  ave rage  of 14  sp ikes on each v i ri on . Each sp i ke i s  a 
gp4 1-g p120 trimer. The equ iva lent g lycoprotei ns i n  HIV-2 ( gp38 and gp130)  are 

unrelated to those of H IV- 1 ,  whereas most of the i nternal prote ins  of the two 

vi ruses are related . The NC proteins are sim i lar  to those of many other retroviruses; 
they have z inc fi ngers ( Figure 18 .2)  and are h igh ly basic (29°/o of the am ino acid 

res idues of HIV- 1 NC prote in  are basic) . 

Fi gure 18 .2  Structures of H IV- 1 gpl20 and NC prote i n .  gpl20 has five doma ins that 

are h igh ly variab le (Vl-VS ) .  The NC protein has two z inc fi ngers .  
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As wel l as the standard retrovi rus prote ins, the H IV- 1 vi r ion a lso conta i ns the 

fol lowing vi rus protei ns : Nef, Vpr, Vif, pl ,  p2, p6, and p6 .. The presence of host 
prote i ns has a lso been reported, incl ud i ng major h istocompatib i l i ty complex class II 

protei ns associated with the envelope, and cycloph i l i n  A associated with the capsi d .  

1 8 . 3  H IV G E N O M E 
HIV- 1 and H IV-2 have genomes about 9 . 3  kb i n  length . In  add ition to the standard 

retrovi ral genes gag, pol, and env ( Figure 17 . 1 ) there are auxi l iary genes, so the 
vi ruses are classed as complex retrovi ruses . The protei ns encoded by the auxi l iary 
genes can i nteract with a wide range of HIV and ce l l  components . Each prote in  has 
mu lti ple ro les, and together they control vi rus gene express ion, mod ify the host's 

immune response, and are invo lved i n  transporting vi rus components with in  the 
cel l .  



The organization of the HIV-1 genome is shown in Figure 18.3. All three reading 

frames are used and there is extensive overlapping; for example, part of vpu in 

frame 2 overlaps env in fra me 3. The sequences for tat and rev are split, the 

functional sequences being formed when the transcripts are spliced. 

Figure 18.3 HIV-1 genome organization 
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HIV-2 has similar genes to HIV-1, except that it has no vpu gene, but it has a vpx 

gene, which is related to vpr. 

18.4 HIV- 1 REPLICATION 
A general description of the retrovirus replication cycle was given in the previous 

chapter. Here we shall concentrate on details specific to HIV-1. 

18.4. 1 Attachment and entry 
The cell receptor for HIV-1 is CD4 ( Figure 18 .4), which is  a member of the 

immunoglobulin superfamily of molecules. CD4 is found on several cell types, 
including helper T cells and some macrophages; CD4 T cells are the main host cells. 

Attachment of the virion occurs when a site on gp120 (Figure 18.2) recognizes a 
site on the outer domain of CD4. 

Figure 18.4 HIV-1 attachment and entry. The receptor is CD4; each of the loops 
represents an immunoglobulin-like domain, three of which are stabilized by disu lfide 

bonds. The co-receptor is a chemokine receptor. Fusion of the virion and cell 



m e m b ranes re l eases a structu re that fo rm s a reverse tra nscr i ption  com p lex ,  

consisti ng of the vi rus genome, tRNA, and severa l protei ns, i ncl ud i ng Vpr. 

r ''er 1�- ir tr· n cription 
\'1 r ompl x 

As wel l  as b ind ing to receptor molecu les gp120 must a lso attach to a co-receptor 
o n  th e c e l l  s u rfa ce .  Th e m o l ecu l e s  th at a ct as  co- rece pto rs h a ve seven  

transmembra ne domains and  are chemoki ne receptors. During i mmune responses 
they bi nd chemokines and these i nteractions control leukocyte trafficking and T cel l 

d ifferentiation . Most chemoki nes fal l  i nto one of two major c lasses, determ ined by 
the arrangement of cystei ne res id ues near the N term inus :  C-C and C-X-C, 

where C = cyste i ne  and X = a ny a m i n o ac id . The chemoki ne receptors a re 
desi gnated CCR and CXCR, respectively .  A number of these molecu les on T ce l ls act 

as co-receptors for HIV- 1 ,  particu larly CCRS and CXCR4 (Table 18 . 1  ) .  

Table 18 . 1 Co-receptors for HIV- 1 stra ins and categories of T cel l i nfected .  

Main co-retepfor(s) used CD4 T cells infected 
-----

HIY-1 strain CCR5 CXCR4 Naive cells Memory cells 
R5 

- .t 
.t 

+ 
+ + 

+ 
+ 
+ 

lupter r pl::in ti n f t h  di forcnt I " T cell. 

+ 
+ 
+ 

Most HIV- 1 stra ins use CCRS and are known as RS stra i ns .  It is i nteresti ng to note 
that i n  some i nd iv idua ls who have had mu ltip le  exposures to the vi rus, but have not 
become i nfected, there i s  a 32-nuc leotide deletion i n  the CCRS gene. Ind iv idua ls  

who are heterozygous for th is  mutation are less suscepti b le to i nfection with HIV- 1 ,  



while those who are homozygous express no CCRS on their cells and are highly 
resistant. The mutation is found mainly in Europeans. 

HIV-1 strains that use CXCR4 as a co-receptor are known as X4 strains, and there 

are some HIV-1 strains (RSX4 strains) that can use either co-receptor. RS strains do 
not infect naive T cells, but all three strains infect memory T cells. 

The interaction of gp120 with the receptor and co-receptor results in a dramatic 
rearrangement of gp41, which proceeds to fuse the membranes of the virion and 

the cel l .  The matrix and nucleocapsid are released into the cytop lasm and develop 
into the reverse transcription complex, which contains the MA, Vpr, RT, and IN 

proteins, as well as the virus genome and tRNA (Figure 18.4 ) .  

18.4 .2  Reverse transcription and transport to the 

nucleus 
The reverse transcription complex associates rapidly with microtubules (Figure 

18.5). Reverse transcription is primed by tRNAlys3, and proceeds as outlined in 

Section 17.3.2. 

Figure 18.5 HIV-1 reverse transcription and integration of the provirus. A DNA flap 

is formed during reverse transcription. There is evidence that the pre-integration 
complex is transported toward the nucleus via the microtubule network. 
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Whereas the proviruses of most retroviruses are entirely dsDNA, those of HIV and 

other lentiviruses have a short triple-stranded sequence known as a central DNA 

flap (Figure 18.5). This comes about because there are two initiation sites for ( + )  

DNA synthesis; as well as the polypurine tract (PPT) toward the 3 '  end of the virus 



genome, there is also a central PPT within the pol region. Synthesis of the ( +) DNA 
initiated at the 3' PPT stops soon after reaching the ( +) DNA initiated at the central 

PPT, resulting in a short overlapping DNA sequence. This DNA flap plays a vital role 

in the early stages of infection. 

After reverse transcription has been completed, the pre-integration complex, which 

contains host proteins as well as virus proteins, i s  transported into the nucleus. 

There is evidence that transport toward the nucleus takes place on the microtubule 

network. As discussed in  Chapter 17, most retroviruses can productively i nfect only 
if there is breakdown of the nuclear membranes. The pre-integration complex of 

HIV, however, can enter an intact nucleus, such as that of a resting T cell or a 
macrophage, and is presumably transported through a nuclear pore. 

The viral integrase and cell enzymes are involved in the integration of the provirus 

into a cell chromosome; cell enzymes remove the DNA flap and repair the gap. 
There is evidence that integration of the provirus in a resting memory CD4 T cell 

may result in a latent infection. Latently infected cells can provide a reservoir of 

infection that is significant ror the survival of the virus in individuals receiving 

anti-retroviral drug therapy. In many cells, though, provirus integration is the 
prelude to a productive infection in which two phases of gene expression can be 
distinguished. 

18.4.3 Early gene expression 
Transcription is in itiated after cell transcription factors bind to promoter and 
enhancer sequences in the U3 region of the upstream LTR. This region has binding 

sites for a number of cell transcription factors, including AP-1, NF-KB, and Sp-1 

( F i g u re 6 .4 ) . Tran scription is term ina ted in the down stream L TR;  the 
polyadenylation signal AATAAA is in the R region and transcripts are polyadenylated 

at the R-US junction. 

Many of the transcripts are spliced, resulting in three size classes of virus transcript. 
These can be detected in infected cells using northern blotting (Figure 18.6). The 

largest RNAs are genome length (about 9.3 kb), while the other two size classes 

are each made up of a number of mRNA species that have undergone splicing; 

mRNAs that have been spliced once are around 4.5 kb, whi le mRNAs that have 
undergone two or more splicing events ("multiply spliced" transcripts) are around 2 

kb. The virus genome has a number of splice donor sites (one is indicated in Figure 
18.3) and acceptor sites; these enable splicing events that result i n  more than 40 

mRNA species. 

Figure 18.6 HIV-1 early gene expression. Genome-length RNA is transcribed then 

much of it is spliced, giving rise to two further size classes of RNA that can be 
detected in northern blots of RNA from infected cells. Early in i nfection most of the 

RNA is multiply spliced and is transported to the cytoplasm, where the Tat, Rev, 

and Nef proteins are translated. Nef is myristylated and performs a number of roles 

in the cytoplasm, while Tat and Rev are transported to the nucleus. 



Source : Northern b lot from M a l i m  et a l .  ( 1990)  Ce l l ,  60, 675;  reprod uced by 
permission of Elsevier Li mited and the authors .  
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Early i n  i nfection most of the primary transcripts are mu l ti p ly sp l i ced and these 

RNAs are translated i nto the Nef, Tat, and Rev proteins ( Figure 18 .6 ) .  

18 .4 . 3 . a Roles of Nef, Tat, and Rev 
The N ef ( Negative regu latory factor) prote in  acqu i red its name because it was 
orig i na l ly thought to have an i nh i bitory effect on H IV rep l ication, though later work 
showed that th is  protein enhances repl icati on in a number of ways ! Nef reduces the 
quantity of CD4 in the p lasma membrane, making it less l i kely that another HIV 
virion w i l l  b i nd to the cel l and in it i ate a superinfection .  Reduced CD4 at the cel l 

surface a lso means reduced i nterference with the rel ease of progeny vir ions. Nef 

can a lso b ind to M H C  prote ins, reduci ng the i r  expressi on at the ce l l  su rface and 
hel p ing to shie ld HIV-i nfected cel ls from immune survei l lance. 

The roles of the Tat and Rev proteins are summarized i n  Figure 18 .7 .  

F igure 18 .7  Rol es of Tat and Rev . Tat b i nds to nascent transcri pts and hel ps to 
ensu re that the enti re vi rus genome is  transcri bed . Rev bi nds to genome-l ength 

RNA and s ing ly sp l i ced RNA and a ids their transport to the cytoplasm, where the 

late prote ins are translated . Rev is recyc led to the nuc leus . 
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The Tat (Transact ivator of tran sc ri pt ion )  p rote i n  p l ays an  i m portant  ro l e  i n  
enhancing transcri ption .  A nuclear loca l i zation signa l  ( Figure 18 . 8 )  d i rects Tat to the 

nucleus, where it bi nds to a sequence at the 5'  end of nascent virus transcri pts : th is 
RNA sequence is known as the transactivati on response (TAR) e lement ( Figures 

18 . 3  and 18 .8 ) .  Ce l l  prote ins a l so b ind to TAR, and among these protei ns is a 

ki nase,  wh i ch ph osp hory l ates com ponents of the R N A  po lym erase com p lex . 
Phosphorylat ion i n creases the p rocessi v ity of the enzym e a l ong the p rov i ra l  

template . Tat therefore functions as  a transcri ption factor, but an unusual  one i n  
that i t  b inds  to RNA, not  to DNA.  In the a bsence of  Tat most tra nscri pts a re 

i ncomplete, though early i n  infection sufficient are completed to al low the synthes is 
of a s m a l l  a m ount of Tat,  w h ich then  s ig n i ficant ly  boosts the syn th es is of 

genome-length RNA. 

F igure 18 .8  HIV-1 Tat and Rev protei ns and thei r b ind ing sites in  the vi rus RNA. 

The TAR and RRE reg ions of the RNA have complex secondary structures. The RRE 
is present in genome-length RNA and the sing ly spl iced RNAs, but it is  absent from 

the mu ltiply  spl iced RNAs. 
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The other early protein, Rev ( Reg u lator of expression of vi rion proteins;  F igure 
18 .8 ), is responsi ble for a shift from early to late protei n synthesis .  The cel l  protein 

import in � bi nds to a nuclear loca l i zation s ignal  on Rev and transports it i nto the 
nucleus where it bi nds to the Rev response element ( RRE) i n  the vi rus RNA. The 
RRE is present i n  the unsp l iced and si ng ly spl iced transcri pts, but is absent from the 
multi ply spl iced transcri pts . More Rev molecu les b ind and form mu lti mers th rough 

prote i n-prote in  and prote i n-RINA i n teractions .  Afte r b ind ing ,  Rev undergoes a 
conformational change that masks the nuclear local izati on signal and exposes the 

n u c l e a r  e x p o rt s i g na  I .  Ce l l p rote i n s a ssoc i a te w i th  the  b o u n d  Rev . Th e 
RNA-Rev-ce l l  p rotei n com plexes a re transported through n uc lear pores to the 
cytoplasm, where the complexes d issociate . Rev is recycled to the nuc leus ( Figure 

18 .  7)  whi le the late prote ins are translated from the genome- l ength and s ing ly  

spl iced m RNAs. 

18 .4 .4  Late gene expression 
Trans lation of  the late protei ns i s  shown i n  Figu re 18 .9 .  Gag and Gag-Pol a re 

trans lated from unsp l iced transcripts, with Gag-Pol translated when a ribosomal  

frameshift takes place (Section 17 . 3 . 5 ) .  This occurs on roughly 5°/o of occasions 

when a ri bosome crosses the frameshift s ignal  UUUUUUA at the junction of the NC 
and SP2 dom a i n s of g a g  ( F ig u re 1 8 . 3 ) .  Th is seq uence ( know n  as a s l i p pery 

sequence) ,  together with a downstream secondary structure, causes the ri bosome 

to sl i p  from read i ng fra me  1 to read ing  fra me  3 ( F i gu re 1 8 . 1 0 ) .  The s l i ppery 
sequence i s  rem i n iscent of the 7-U sequence, over wh ich the RNA polymerase 

"stutte rs, " at the end  of each rh abdovi rus  gene ( Sect ion  1 5 . 4 . 2 ) .  Afte r the 
framesh ift has taken pl ace trans lation conti nues through the pol region, yi e ld ing the 

Gag-Pol polyprotein .  

Figure 18 .9  HIV- 1 late gene expression . Vpu and Env a re trans lated from s ing ly 
spl iced RNAs in  the rough  endoplasmic reti cu l um .  The inset shows translation of 
Vpu and Env from a bici stron ic mRNA. Env is synthesized when the vpu start codon 

is bypassed duri ng leaky scann ing .  The rema in i ng prote ins a re translated on free 



ribosomes: Vif and Vpr from singly spliced RNAs, and Gag and Gag-Pol from 
genome-length RNAs. 
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Figure 18 . 10 Expression of HIV-1 Gag-Pol by ribosomal frameshifting. A ribosome 

reading in frame 1 shifts at the slippery sequence UUUUUUA to reading in frame 3. 
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The remaining virus proteins (Vif, Vpr, Vpu, and Env) are translated from singly 

spliced transcripts. Vpu and Env are translated in the rough endoplasmic reticulum 

from a bicistronic transcript (Figure 18 .9) .  Env becomes heavily glycosylated, 
acquiring an apparent molecular weight of 160 kD. Trimers of Env are formed 



before the molecules are cleaved to form the envelope proteins gp120 and gp41; 
the cleavage is carried out by furin, a host protease located in the Golgi complex. 

Some of the virus proteins are phosphorylated, including Vpu and the MA region of 

some Gag molecules. 

18.4.5 Assembly and exit of virions 
General aspects of retrovirus virion assembly were described in Section 17.3.6. 

Here we focus on aspects specific to the assembly of HIV-1 virions; these are 
summarized in Figure 18 .11 .  

Figure 18 .11  Assembly of HIV-1 virions. All of the virus proteins in  the diagram are 

incorporated into new virions, along with two copies of the virus genome and cell 
tRNAlys3. Vif binds to APOBEC3 proteins and prevents their incorporation into 

virions. 
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Formation of the RNA d imer that wil l  constitute the genome of a new v1non 
commences by base pairing between complementary sequences in the loop of the 

dimerization initiation site near the 5' end of each RNA (Figure 18.3). Gag and 
Gag-Pol molecules bind to the RNA dimer and form an orderly arrangement. The 

proteins bind via the basic regions and zinc fingers of their NC domains (Figure 

18.2); initial binding is to the packaging signal 4J in the virus genome ( Figure 18.3). 

Other domains of Gag and Gag-Pol bind a number of virus and cell proteins, some 
of them becoming incorporated into the virion. CA domains bind the host protein 

cyclophilin A, while p6 domains bind the virus protein Vpr. Nef and Vif are also 

incorporated into virions. p6 domains also bind cell proteins thought to be 
important for the release of the budding virion from the host cell. These proteins 
bind to p6 sequences known as late (L) domains (Section 8.3. 1 ); an example is the 

sequence proline-threonine-alanine-proline ( PTAP) which binds tumor suppressor 

gene 101 protein. 



As wel l  as becom ing a vi rion component, the Vif protei n a lso p lays an  i mportant 
role  in ensuring the exc lusion from progeny vir ions of cel l  enzymes (APOBEC3F and 
APO B EC3G) that cou ld  i nterfe re with rep l i cation i n  the next host ce l l  (Secti on  

9 . 2 . 1 . d ) .  I f  the vif gene i s  mutated these enzymes can  be i ncorporated i nto vi r ions; 
when reverse transcr ipt ion is under way in  the next host cel l the enzymes can 

deami nate deoxycytid i ne to deoxyurid i ne, i nduc ing lethal  mutations. Vif prevents 
the i ncorporation of these enzymes i nto vi rions by b ind i ng to them and form i ng a 

complex of cel l prote ins  that target the APOBEC3 proteins for degradation . 

Budd ing occurs at cholesterol -r ich reg ions of the plasma membrane known as l ip id 

rafts . Vpu i s  an i nteg ral membrane prote in and i s  requ i red for effi ci ent budd ing of 
HIV- 1 .  It counteracts the effect of the cel l  protein tetheri n,  wh ich wou ld otherwise 

"tether" budd i ng vi rions to the plasma membrane and prevent thei r release. Vpu 
a lso reduces the expression of CD4 at the cel l  surface, supplementi ng the activ ity of 

the Nef prote in (Section 18 .4 . 3 . a ) .  

Du ri ng o r  after budd i ng the virus protease i s  activated . The protease is a d imer, 

derived from Gag-Pol d imers that undergo self-cl eavage; it cleaves the Gag and 
Gag-Pol polyprotei ns i nto the constituents of the mature vi rion . The CA molecu les 
are arranged i nto a lattice of 12 pentamers p l us many hexamers, to form the 
con ica l  capsid . 

18 .4 .6  Overview of H IV- 1 rep l ication 
The HIV- 1 rep l i cation cycle is summari zed in  Figure 18. 12 .  

F ig ure 18 .. 12  The HIV- 1 rep l i cation cycle .  N ote the add itiona l  step i n  retrovi rus 

rep l i cat io n :  reve rse tra n scr i p t i o n ,  w h i c h  ta kes p l ace  betw e e n  e n try a n d  
transcri ption . 
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1 8 . 5  H IV- 1 VARIABI LITY 
Duri ng the repl i cation of retrovi rus genomes there is a h igh error rate as a result of 

the lack of a proofread i ng mechanism (Section 21 .3 . 3 .a )  and further variabi l ity may 
be generated through the process of recombi nation (Section 2 1 . 3 . 3 . b  ). HIV- 1 is a 

pa rticu larly variab le vi rus, havi ng evo lved i nto a number of g roups and subtypes; its 
va ria b i l i ty i s  man ifest i n  characters such as its antigens,  host ce l l  ra nge,  and 

resistance to drugs. 

1 8 . S .  l Antigens 
HIV- 1 antigens show a h i gh  degree of va riab i l ity. The surface protei n gp120 i s  one 

of the most variab le, i n  spite of the constra i nt i mposed by the overlap  between the 

env and  vpu  genes ( F igu re 1 8 . 3 ) .  There a re five doma ins  of g p 120  that are 
espec ia l l y  va ri ab l e  ( F i g u re 1 8 . 2 ) . The exceptiona l ly h i g h  va ri ab i l ity of g p 1 20 
presumably results from evol uti ona ry pressure exerted by the i mmune response of 

the host. Interesti ng ly, the Nef prote in ,  which i s  not on the vi ri1on surface, is a lso 

h igh ly variab le .  

18 . 5 . 2  Host cel l range 
The ex i sten ce of  H IV- 1 stra i n s  w ith d iffe rent  co- recepto r p refe ren ces was 

mentioned i n  Section 18 .4 . 1 .  Transmiss ion of HIV- 1 to a new host i s  almost always 
with RS stra i ns, and these predominate du ri ng the acute and asymptomatic phases 



of i nfection .  In about 50°/o of people that develop AIDS the vi rus evo lves to g ive 

rise to X4 and RSX4 stra i ns. 

18 ,. 5 . 3  Resistance to d rugs 
The presence of anti -retrovi ra l d rugs i n  the body of an i nfected host exerts an 

evol utionary pressure on the vi rus and drug-resistant va riants can q ui ckly emerge. 
HIV- 1 d rug resistance is d i scussed further in  Chapter 26. 

1 8 . 6  PROG RESSIO N OF H IV I N FECTION 
Shortly after a person becomes i nfected with HIV there is a huge r ise i n  vi remia 
(the presence of vi rus i n  the blood ; Figu re 18 . 13 ), and in  some people there is an 

i l l ness resembl i ng g landu lar  fever or infl uenza . The host's immune responses then 

control vi rus rep l ication to some extent and there i s  a period of asym ptomatic 
i nfection . In the absence of i ntervention with drugs th is  period typica l ly lasts for 
8-10 years, but it may be s ignifi cantly shorter or longer than this, depend i ng on 

characteristics of both the host and the vi rus. 

F igure 18 . 1 3  Leve ls of CD4 T cel ls  and HIV RNA in blood duri ng HIV i nfecti on .  The 
concentration of HIV RNA is a measure of vi remia . Shortly after i nfection vi remia 
r ises, then it fa l l s  off and  re latively low l evels a re detectab le  th roug hout the 
asymptomatic period .  A r ise in vi remia hera lds the onset of AIDS. 
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Extensive vi rus rep l i cation conti nues th roughout the asym ptomatic peri od, with 
esti mates of more than 1 0 1 0  HIV-1 v ir ions prod uced each day . The i n fecti on  
pers i sts i n  sp ite of  i m m une responses aga i nst the vi rus and there are severa l  
reasons for th is .  

• Anti bod ies aga i nst g p 1 20 and gp4 1do not b ind read i ly to HIV- 1 vir ions 
beca use of the smal l  number of spikes i n  the v i rion envelope. There is an 
average of 14 spi kes per vi rion . 

• Ce l l s that p lay cruci a l  ro les i n  i m m u ne responses ( CD4 T ce l ls and  

macrophages) are ki l led by HIV infection .  



• There is evi dence that HIV- 1 com ponents i nduce apoptosis of non-infected 
CD4 T cel ls .  

• As the i nfecti on proceeds the vi rus evo lves, prod uci ng new a ntigen ic  
vari ants that a re not recog n ized by the anti bod ies andl T cel l s  p roduced 
earl ier. 

• In latently i nfected cel l s  the vi rus is sh ie lded from the i mmune system .  

I n  about 50°/o of i nfected i nd ividua ls X4 a nd RSX4 stra i ns of HIV- 1 emerge duri ng 

the asymptomatic period and the co-receptor preference sh ifts from CCRS to CXCR4 
(Section 18 . 5 . 2) .  Ind iv id uals i n  whom X4 stra i ns emerge at an early stage are l i kely 

to prog ress more rap id ly to AIDS. 

For a whi le, the body i s  able  to to lerate the ons laught on the i mmune system by 

rap id ly rep lac i ng most of the cel ls that have been destroyed, but the concentration 

of CD4 T cel ls  in the blood stead i ly decl i nes unti l a po i nt i s  reached where the level 

of vi remia rises sharply and AIDS develops ( Figure 18 . 13 ) .  AIDS is characteri zed by 
i nfections with pathogenic m icro-organ isms.  Bra i n  d i sease and/or cancer may a lso 

develop; vi rus-associated cancers, such as Kaposi 's sarcoma a nd non-Hodgk i n 's 
lymphoma (Chapter 23 ) are the most com mon types of cancer i n  AIDS. 

In co m p a ri son  w i th H IV - 1 ,  H IV - 2  i n fe cti o n s  a re a ssoc i a ted  w ith  l o n g e r  
asy m pto m at ic per iods, s l ower  p rog ress io n  of d i sease ,  a n d  l ower  ra tes of 

transmission . 

1 8 .  7 PIREVENTION OF H IV TRAN SM ISSION 
As wel l a s  the measu res that ind ividua ls can take to prevent transm ission of HIV, 

there a re a lso  m easu res that soc i ety can  ta ke u s i n g  a var i ety of too ls and  

procedures, some of them developed by virolog ists . I t  is  i m portant that potentia l  

donors of b lood, organs, and semen are screened for HIV i nfecti on;  th is can be 
done by testi ng thei r b lood for HIV-specific anti bod ies (Chapter 2) . The preparation 

of bl ood products for hemoph i l iacs can inc l ude treatment with l i p id solvents and 
detergents to destroy the virions of HIV (and other enve loped vi ruses, such as 

hepatitis B vi rus) .  

There is a risk of transm itti ng HIV, and several other vi ruses (e .g .  hepatitis B and C 

vi ruses), i f  syri nges and need les a re used to i nject more than one person . The use 
of "a uto-d isa b le" syri nges ensures that th is  can not ha ppen . Th i s  si m p le,  but 

i ngen ious, i nvention results in  the syri nge p l unger breaki ng i f  an  attempt is made to 

use the syri nge more than once. 

The risk  of HIV transmiss ion from a mother to her child is  between 1 5  and 40°/o, 
the h i gher levels of risk being associated with b reast-feed i ng .  Th is  r isk can be 

greatly reduced by anti - retrov i ra l  drug treatment of the woman before and after 
b i rth . In many countries, i nc lud ing the U K, treatment of HIV-infected women has 

resu lted in a decl i ne  in the n u m ber of H IV-pos itive ch i l d re n .  Althou g h  d rug 



treatment reduces the risk of vi rus transm iss ion to ch i ld ren , i t  does not cu re 
i nfected ind iv idua ls .  

Anti - retrovi ra l d rugs are g iven as post-exposure prophylaxis to protect i nd iv idua ls 
from H IV i nfection fo l lowi ng need lestick i njuries a nd risky sexual activities .  The use 
of drugs agai nst H IV is d iscussed i n  deta i l  i n  Chapter 26. 

A major goa l  of H IV research is the deve lopment of an effective vaccine .  The 
dep loyment of such a vacc ine cou lld dramatical ly reduce transmiss ion rates of the 
vi rus, but after the expenditure of much effort there is no sign on the horizon of an 

HIV vacc ine su itab le for mass i m mu ni zation . There are a number of reasons for 
th is, i nc l udi ng the ab i l i ty of the virus to rapid ly evolve antigenic va riants as a resu lt 

of its high mutation rate (Section 18 . 5 ) .  

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you should be able to : 

Books 

• expla i n  the importance of HIV; 

• describe, with the aid of a labe led d iagram, the HIV- 1 v i rion;  

• describe the HIV- 1 genome; 

• write an i l l ustrated account of the repl ication cycle of HIV- 1 ;  

• expla i n  some of the roles of the HIV- 1 auxi l i a ry gene products; 

• d iscuss the va riab i l ity of HIV- 1 ;  

• d iscuss the effects of H IV i nfection on  the host; 

• eva l uate approaches to the prevention of H IV transmission . 
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CHAPTER 19 

Hepadnaviruses (and Other 

Reverse-Tra nscri bing DNA Viruses) 
CHAPTER 19 AT A GLANCE 

Photograph of grey heron courtesy of Robert Carter. 
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19. 1 INTRODUCTION TO H EPADNAVI RUSES 
The hepadnaviruses got their name because they cause hepatitis and they have 
DNA genomes. They are known as hepatitis B viruses (HBVs) and are classified in 
the family Hepadnaviridae. Some members infect mammals and some infect birds; 

examples include woodchuck hepatitis virus and heron HBV. The best known 

hepadnavirus is that which infects humans; it is commonly referred to as HBV, and 

is of major importance as an agent of disease and death. Duck HBV, on the other 

hand, is non-pathogenic in its natural host. 

The hepadnaviruses are especially fascinating for two reasons. First they have very 

small genomes, which are used with great economy to encode the virus proteins 

and to control expression of the virus genes. Second, their DNA genomes are 



replicated via an RNA i ntermediate. I n  other words, their replication involves 
reverse transcription, so they are very different from DNA viruses that replicate 

their DNA directly to DNA. The d iscovery of the mode of replication of the 

hepadnavirus genome led to the creation of Baltimore Class VII. 

DNA viruses that replicate via RNA have also been found in plants; an example is 

cauliflower mosaic virus. These virusesJ together with the hepadnaviruses, have 

been termed pararetroviruses. This chapter wil l concentrate on HBV. 

1 9 . 2  IM PORTANCE OF H BV 
No one knows how many people are infected with HBV, but the figure is estimated 
to be around 350 mill ion. The majority are in Asia and many are in Africa (Figure 

19.1) .  There are high percentages of people infected in the far north of North 
America and Greenland, but because of the low populations of these regions the 

numbers i nfected are relatively small. 

Figure 19.1 World distribution of HBV infection. 

Source: Courtesy of the US Centers for Disease Control and Prevention. 

Virus is present in the blood and semen of infected individuals and the modes of 

transmission generally parallel those for HIV transmission. There are over 50 million 

new HBV infections each year, the majority in babies who acquire the infection 

from their mothers. Many infections are thought to result from the reuse of 
syringes and needles for i njections, mainly in the developing world. 

Many HBV infections result in mild symptoms or are asymptomatic, especially in 

children. It is in children, however, that HBV infection is most likely to become 
persistent, with 90sl:>"95°/o of those infected as newborn infants becoming 
long-term carriers, compared with lsl:>"10°/o of those becoming infected as adults. 



Ind ividua ls who are persi stently i nfected with HBV may remain healthy for much of 

the time,  but some develop seve re hepatit is, wh ich may lead to c i rrhos is and  
eventua l ly to l iver cancer (Cha pter 23 ) .  These d iseases resu lti ng from HBV i nfection 

cause over half a m i l l ion deaths each year. 

1 9 . 3  H BV VI RION 
The v i rion i s  roughly spheri cal ,  with a d ia meter of about 42 nm .  The ma in vi rion 

components are an envelope encl osi ng a caps id,  i nside wh ich is the DNA and P 
( polymerase) prote i n  { Figure 19 .2 ) .  

Fi gure 19 .2  The HBV v ir ion . L, M,  5 :  large, med ium, and smal l  envelope prote ins .  P :  
polymerase.  

1 9 . 3 . 1  DNA 
The genome is made up of two strands of DNA, one of which is i ncomplete; hence 

the DNA is partly si ng le-stranded and pa rtly double-stranded . A short sequence is 

tri ple-stranded as a resu lt  of a complementary sequence at the Ss"DI ends, and th is 
results in the DNA havi ng a ci rcu lar conformation ( Figure 19 .2 ) .  The genome is very 
smal l ,  with a length of about J . 2  kb( p) .  

At the SslJI end of  each of the DNA strands there is a cova lently l i nked molecu le : a 

capped RNA on the short strand and a prote in  (P )  on the long strand .  

19 .3 . 2  P (polymerase) protei n 
The virion conta ins at least one molecule of P ( polymerase) prote in .  The N term inus 

of P constitutes a Bb t-bterm i n a ll  p rote i n slJ K  d o m a i n ;  th is i s  se pa rated by a 
B"'Dt-bspacers"Di< from a domain  with reverse transcriptase activity ( Figure 19 . 3 ) .  At 
the C term inus there is a doma in  with ri bonuclease H ( RNase H )  activity .  P a lso has 
DNA-dependent DNA polymerase activi ty .  

F ig ure 19.3 Doma i ns of the HBV P ( polymerase) protei n .  
' I ·rmi u:1I prnl in i pac r 

19 . 3 . 3  Capsid 
The capsid ,  wh ich has icosahed ra l  sym m etry, has ho les i n  i t  a nd short sp ikes 
protrude from its su rface ( F igure 19 .4 ) .  It is constructed from d imers of the C 
(core)  protein,  which is largely 0±-hel ica l ,  un l i ke the capsid protei ns of many other 



vi ruses. The C terminus of the C prote in  is h ighly basic due to the presence of a 
large number of arg i n i ne res idues; th is  reg ion bi nds the vi rus genome. 

F igure 19.4 HBV capsid . Derived from cryo-electron microscopy i mages of capsids 
assembled i n  E. co l i  cel ls expressing H BV C protei n .  

Sou rce : Watts et a l . (2002) The EMBO Journal , 2 1 , 876 . Reproduced by permission 

of Nature Publ ish i ng Group and the authors. 

19 . 3 .4 Envelope 
The vi rion envelope conta ins th ree protein species designated as smal l ( S), med ium 
(M)  and large ( L) .  The M and L prote i ns a re longer versions of  the S protei n ( Figure 

19 . 5 ), wh ich is the most abundant of the three. Each protei n has one or more 

g lycosylati on si tes, though not a l l  molecu les are glycosylated . The surface reg ions 

of the envelope prote ins consti tute an antigen known as hepatitis B surface anti gen 
( H BsAg ) .  

F igure 19 . 5  Arrangement of HBV sma l l  (S) ,  med ium (M ) , and large ( L) protei ns i n  

the vir ion envelope. The N term in i  of about 50°/o of L protei n molecu les are outside 
the membrane and about 50°/o are i ns ide. 
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The binding site for cell receptors is near the N terminus of the L protein, but only 

about 50°/o of the L molecules have the N terminus on the outside of the virion; the 

N termini of the remaining L molecules are on the inside bound to the capsid. 

19.4 NON-IN FECTIOUS PARTICLES 
An unusual and intriguing feature of HBV infection is the presence in the blood of 
not only virions but also large quantities of non-infectious particles that have been 

released from infected liver cells (Figure 19.6). These particles are composed of 
lipid and virus envelope proteins, but they do not contain nucleocapsids. Some of 
the particles are spheres and some are filaments; both have diameters of 22 nm 

and the filaments have variable lengths up to 200 nm. 

Figure 19.6 HBV structures present in the blood of an infected person. 
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Al l the parti c les (v i rions and non- i nfectious pa rtic les) are much more abundant in 
the b lood than in  the l iver, and the non- i nfectious particles, especia l ly  the spheres, 
vastly outnumber the vi rions .  Presumably the vi rus has a good reason for i nvesti ng 

i n  the production of such large amou nts of non-i nfectious materi1a l ,  but that reason 
is not clear. The non- i nfectious partic les may be a decoy for antibod ies, thereby 

provid i ng vi rions with some protection from the hostsT:>™s i mmune system .  

1 9 . 5 SO LU BLE VI RUS PROTEI N 
In  add iti on to the vi r ions and non- i nfectious part ic les a sol ub le vi rus protei n is 
found i n  the blood of some infected ind ividua ls .  Th is  protei n is known as hepatitis B 
e anti gen ( H BeAg ) .  It i s  si m i la r  to the C prote in ,  but has 1 0  extra a m i no ac id 

res idues at the N term inus and lacks 34 a mi no acid resi dues at the C termi nus .  The 
function of H BeAg, l i ke that of the non- infectious particles, may be to protect the 
vi rus from the im mune response of the host. 

1 9 . 6  H BV G ENO M E  
At 3 . 2  kb, the H BV genome is  very sma l l ,  though there a re vi ruses with smal ler 

genomes (Section 3 . 2 . 1 ) .  There a re fou r  ORFs, from wh ich seven protei ns are 
translated ( F igure 19 .7 ), so a large amount of cod i ng i nformation i s  packed i nto the 
sma l l  genome.  The vi rus cleverly achieves th is by us ing every n ucleoti de i n  the 
genome for protei n cod i ng and by read ing more than half of the genome i n  two 

read i ng fra mes. The P ORF, whi ch occup ies about 80°/o of the genome, overlaps 
the C and X ORFs and the S ORF is  enti re ly  with in  the P ORF .. A further way in  

wh ich the vi rus maxim izes its cod i ng capacity i s  by expressing the L protei n  i n  two 
different conformations that have d ifferent functions. In  one conformati on the L 
protei n displays a s ite which can b ind to a cel l receptor, wh i le  i n  the other it b inds 

the v irion envelope to the capsi d ( F igure 19 .5 ) .  

Fi gure 19 .7  H BV genome organ ization .  The incomplete ( + ) strand and  the complete 
( sn") strand of the DNA are shown surrounded by the four ORFs.  
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As the enti re genome is  i nvo lved in  cod ing  for prote in ,  i t  fo l lows that a l l  the 

regu latory sequences, such as promoters, a re with i n  prote in cod ing sequences . The 
genome conta ins d i rect repeats of 1 1  nucleotides known as DRl and DR2 .  

Translat ion of  the S reg ion  produces the S p rote in ,  trans lat ion of p re-S2sn"S 
produces the M prote in  and translation of the complete pre-S 1s"'F/'pre-52s"'F.>''S ORF 

produces the L protei n .  Si mi larly, express ion of the pre-Csn"C region gives rise to 
two protei ns .  Even though the v i rus maxi m i zes the use of its sma l l  genome it 
encodes on ly seven prote i ns, so it is heavi ly dependent on host cel l functi ons. Host 
protei ns that have been demonstrated to play ro les i n  the repl ication of H BV i ncl ude 

enzymes, transcri pti on factors, and chaperones. 

1 9 . 7  H BV GEN ETIC G RO U PS 
Sequenci ng of many H BV isolates has revea led eight genetic g roups (genotypes 
Asn"H ), and has demonstrated that these human v iruses a re related to si m i l a r  
vi ruses in other pri mate species ( Fig ure 19 .8 ) .  

F ig ure 19 .8  Phylogenetic tree showi ng relationsh ips between hepatiti s B vi ruses 
from humans (genotypes Asn"H )  and other pri mate species . Re lationshi ps wi th 
hepatit i s v i ruses from two other m a m m a l i a n  species (woodchuck and  ground 
squi rre l )  a re a lso shown .  
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The genetic groups are fai rly restricted geographica l ly; genotype A predominates i n  

Northern Europe wh i l e  genotypes B and  C are mai n ly in  Asia .  

1 9 . 8  H BV REPLICATION 
Hepatocytes ( l iver cel ls)  are the host cel ls for HBV i n  the body .  For a long ti me 

stud ies on H BV rep l i cat ion were l i m i ted because pri m a ry cu l tu res of h u m a n  
hepatocytes were the o n ly ce l l s  ava i l ab le  that wou ld  sup port the com p lete 

repl icati on cycle of HBV .  Some hepatoma cel l l i nes cou l d  be i nfected usi ng H BV 
DNA (a procedu re known as transfection) ,  but th is d id not perm it study of the 
processes of entry and uncoating .  New cel l cu lture systems, i nclud i ng a hepatoma 

cel l  l i ne, are avai lab le that support the complete rep l icati on cycle of H BV. 

19 .8 . 1 Attach ment 
The identity of the hepatocyte receptor to which H BV attaches i s  not yet known, 
though var ious cand idates have been proposed, such as polymeric IgA and annexin 

V .  The virus bi nds to the receptor via a s ite on its L prote in  ( Figure 19 .9 ) .  

F igure 19 .9  Attachment and entry of  H BV. The b ind ing site on the  vi rus i s  nea r the 

N termi nus of the L protei n .  Endocytosis is fol lowed by release of the nucleocapsid 

and transport to the nucleus. 
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19 .8 . 2  Entry 
The vir ion i s  endocytosed then the nucleocapsid is released from the endosome by 
fusion of the vi rion and endosome membranes. The nucleocapsid i s  transported to 
the nucleus on a m icrotubule .  In  Figure 19 .9  the nuc leocapsid is shown enteri ng 
the nuc leus, as ev idence has been publ ished that HBV capsids can pass th rough 
nuc lea r pores . It i s  not certa i n ,  howeve r, whether th is  happens, or w hether  

uncoati ng occurs with in a nuclear pore, or whether the genome is re leased i nto the 
nucleus with the capsid rema in i ng i n  the cytoplasm . 

Once the v i rus genome is free i n  the nucleus it i s  converted i nto a ci rcu lar  DNA 

molecule ( F igure 19 . 10) .  The cova lently bound P protei n is removed from the SslJI 

end of the mi nus strand, wh ich is shortened to remove the th i rd strand of the 

tri ple-stranded reg ion .  The RNA is  removed from the Ss"f.>I end of the p lus strand, 

whi le DNA synthesis at the 3slJI end makes the enti re molecu le double-stranded . 
The ends of each strand are then l igated to form cova lently c losed ci rcu l a r  DNA 

(cccDNA).  It  i s  uncertain whether a l l  these mod ificat ions to the vi rus genome are 
carri ed out by host enzymes, or whether the vi rus P protei n p lays a ro le in  some. 

F igure 19. 10 Release of H BV genome from the caps id and conversion i nto cccDNA. 
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The virus DNA is  not repl icated i n  the nucleus, but more cop ies are brought i nto the 
nucleus later in the repl ication cyc le .  

19 . 8 . 3  Transcri ption 
The cccDNA is  the template for transcri ption . You wi l l  reca l l  ( Figure 19 .7)  that the 

HBV genome has fou r  promoters, sited upstream of the pre-5 1 ,  pre-52, X, and 
pre-C reg ions .  On ly the pre-S2 promoter has a TATA box . At least two of the 
promoters are h igh ly  specific to l iver cel l s  and it has been shown that some of the 

transcri pti on factors i nvolved are l iver cel l  p rote i ns. Th is is at least part of the 
exp lanation why HBV is specific to l iver ce l l s .  Rates of transcription from all four  
promoters a re control led by b ind ing of  cell transcri ption factors to two enhancer 
sequences present in the H BV genome. It is thought that the vi rus protei n X is a lso 

a transcri ption factor, though it appears not to b i nd to DNA and so is probably not a 
typica l  transcription factor. 

Transcri ption is ca rr ied out by the ce l l  RNA po lymerase II a n d  resu lts in the 

synthesis of four  size classes of RNA ( Figure 19 . 1 1 ) .  Al l the transcri pts are capped 
at the S sl.>I end and po lyadenylated at the 3sl.>I end . They a l l  use the sa me 
polyadenylation s ignal (TATAAA), so  they have a common 3sl.>I end .  

Figure 19 . 1 1  H BV transcri pts . The fou r  s ize classes of transcript are shown . Some 
of the larger RNAs in the 3 . 5  kb c lass w i l l  function as m RNAs and some wi l l  function 

as pregeno m es;  these fu nctions  a re i nd icated by the g reen and  b l ue co l ors 
respectively. 
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Note that the 3 . 5  kb RNAs are longer than the genome, which is 3 . 2  kb. Duri ng 

the ir  synthes is, part of the genome 1is transcri bed twice, hence these RNAs have 
d i rect term inal  repeats. In order to synthes ize the 3 . 5  kb RNAs the RNA polymerase 
m ust ig nore the po lyadenylation s i gna l  the fi rst ti me .  Stud ies with duck H BV 

i nd icate that th is is  contro l led by a DNA sequence (ca l led PET = pos itive effector of 
transcri ption) ,  which somehow a l lows the RNA polymerase to continue through the 
polyadenylation  sig na l  the fi rst t i m e .  PET suppresses a seq uence cal led N ET 

( negative effector of transcription ), which is needed for term i nation of transcri ption. 
The polyadenylation signal is not ignored when the RNA polymerase meets i t  the 

second time . If NET is deleted the RNA polymerase makes additional ci rcuits arou nd 
the DNA, produci ng very long transcri pts. 

19 .8 .4 Translation 
Translation of the HBV protei ns i s  depicted i n  Figure 19 . 12 .  

F igure 19 . 12 Trans lation of HBV proteins .  
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Of the RNAs that are approx imately 3 . 5  kb long there a re two subsets that d iffer 
s l ightly i n  s ize .  The shorter subset, which does not include the start codon for the 

pre-C sequence, acts as m RNA for the C and P proteins.  The C ORF is upstream of 
the P ORF, and most ribosomes that b ind to these mRNAs commence translation at 
the C start codon .  

There are at least three further start codons before the P start codon .  To translate 
the P ORF it appea rs that a ri bosome bypasses the upstream sta rt codons by 
Bn l-blea ky scann i ng . s"f>K  Th us H BV prod uces m uch more caps id prote i n  tha n 
po lymerase, just as retrovi ruses control the relat ive amounts of Gag and  Pol 
protei ns synthesi zed (see Section 17 . 3 . 5 ) .  The shorter subset of 3 . 5  kb RNAs a lso 

acts as pregenomes (see bel ow) .  

HBeAg is  translated from the longer subset of the 3 .5  kb  m RNAs, wh ich  i nclude the 
start codon for the pre-C sequence.  After translation HBeAg is secreted from the 
cel l .  

There are a lso subsets of the 2 . 1  kb m RNAs. The M prote in i1s translated from the 

longest subset and the S protei n from severa l shorter subsets . 

19 .8 .4 .a  Post-trans: lationa l  modifications 
Some of the enve lope protein molecu les become g lycosylated and L i s  myristylated 

at the N term inus ( Figure 19 . 5) .  It has been found that myristylat ion of L i s  not 
requ i red for effic ient vi rion assembly but vi rions produced i n  its absence are not 

i nfective . 

In itia l ly a l l  the L protein N term in i  are on the cytoplasm side of the endoplasm ic 

reticu l um membranes, but after transl ation about 50°/o of the N term in i  are moved 
through the membranes i nto the l umen of the endoplasmic reticu l u m .  It i s  thought 
that the ce l l  heat shock protein Hsc70 plays a role in this process. 



19 . 8 . S  N ucleocapsid assem bly 
I t  is  known that the C protein can self-assemble, because capsids can be formed i n  
Escheri ch ia  col i  recomb inants express ing the H BV C gene ( F igure 19 ..4 ) .  The C 

protei n forms d imers, wh ich are assembled i nto capsids ( Figure 19 . 13 ) .  Most of the 
capsids a re composed of 120 d imers, but a m inority are bu i l t  from 90 d imers and 
are smal ler .  

F igure 19. 13  Early stages of HBV assembly. A capsid is assembled from C protein 
d i mers; it acqu i res a copy of pregenome RNA bound to P prote in  and several cel l 
protei ns ( not shown) .  
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A molecule of P prote in ,  a long with several cel l proteins, bi nds to a molecu le of 3 . 5  
kb RNA, which wi l l  function a s  pregenome RNA ( F igures 19 . 1 3  and 19 . 14) . P binds 
at a site with in a sequence known as Oµ ( Greek letter eps i l on )  that has a h igh 

degree of secondary structure .  The Oµ sequence is with i n  the termi na l  repeat and 
so is present at both ends of the pregenome RNA. For some reason though, P b inds 

only at the S sl>I end . The Oµ  structure with its bound P protei n acts as the 
packag ing signa l  for i ncorporation of the pregenome RNA into a capsid . 

F igure 19 . 14 HBV pregenome with P protein bound near the SslJI end . Not to sca le .  
DR1,  DR2 : d i rect repeats. The pregenome has terminal repeats, hence there is  a 

copy of DR1 and Oµ at each end of the RNA . 
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19 .8 .6  Genome synthesis  
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DNA synthes is takes place i n  the capsid . The pregenome RNA is  the template and 
DNA is synthesized by the reverse transcriptase domain of P ( F igure 19 . 3 )  from 

nucleotides that enter through the holes in  the caps id .  The term inal prote in  domain 
of P acts as the primer for the i n iti ation of m i nus-strand DNA synthesis .  A covalent 

bond is fo rmed between the sn"O H  g roup  of a tyrosi ne res id ue near the N 

term inus of P and the fi rst nucl eoti de. There a re confl icti ng reports as to whether 



the term i na l  prote i n becomes c leaved fro m the reverse tra nscri ptase after the 
i n i tiat ion of DNA synthesis .  

A model for HBV DNA synthesis i s  outl i ned in F igu re 19 . 1 5 .  Initi a l ly a 4-nucleotide 

seq uence of ( s"'FJ" ) DNA is syn thesized . It is  transfe rred to a co m p lementa ry 
sequence i n  DRl near the 3s1>1 end of the pregenome and DNIA synthesis continues 

to the 5s1>I end of the pregenome tem plate . The RNase H activity of the P protein 
degrades the pregenome RNA from the RNAsif>"DNA duplex .  Al l  the RNA is  removed 

except for a remnant of 15sn" 18 bases includ ing the cap .  The sn"OH grou p at the 
3s"'FJI end of the RNA remnant acts as the pr imer for the synthesis of ( + )  DNA. 

Figure 19 . 1 5  Synthesis of H BV DNA by reverse transcri ption ( model ) .  

1 .  In itiation of ( s"b") DNA synthesis near the 5s"bl end of the pregenome RNA. 

2 .  Transfer of DNA to the same complementary sequence in DR1 near the 3s1>1 end 

of the pregenome. 

3. Conti nuati on of ( so") DNA synthesis, and degradation of the p regenome by 
RNase H .  

4 .  Completi on of ( sn" ) DNA synthesis .  Al l of the RNA has been deg raded, except 

for a short sequence at the 5s"bl end . 

5 .  Transfer of RNA to the same complementary sequence near the 5s"'FJI end of the 
( sn") DNA. 

6 .  Synthesis of ( + )  DNA on the c ircu larized (sif>") DNA template . 
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19 .8 .7  Envelope acq u is ition and exit 
Duri ng ( + )  DNA synthesis a nucleocapsid can either m igrate to the nuc leus to 

i ncrease the pool of cccDNA or it can undergo a maturation event that enables it to 
bud through a mem brane contai n ing vi rus envelope protei ns ( F igure 19 . 16) . DNA 

synthes i s  ceases on budd ing ,  as  the n uc leocapsid is cut off fro m the pool of 
nuc leotides i n  the cytop las m .  Th is expla i ns  why the ( + )  DNA i n  the v i ri on  i s  

i ncomplete . 

F ig u re 1 9 . 1 6 Ro les of p rogeny H BV n u c leoca ps id s .  D u ri ng  D N A  syn thes is  a 

nucleocapsid  may either ( 1 )  move to the nucleus where its DNA boosts the pool of 

vi rus DNA or (2 )  bud th rough a membrane conta in i ng  vi rus envelope protei ns to 

form a virion . 

lgi 

The membranes through which budd i ng occurs are part of a compartment between 
the endop lasmic reticu l um and the Golg i  complex .  As budd ing proceeds, copies of 

the L prote in  with their N term i n i on the cytoplasmic surfaces of the membranes 
bind to capsids ( F igure 19.5 ) .  V irions are transported to the cel l  surface, where they 
are released from the cel l .  It is thought that transport occurs with i n  vesicles, which 

fuse with the plasma membrane, releasing the virions by exocytosi s .  Non- i infectious 

spheres and fi laments are a lso released from the cel l  ( F igure 19 . 17 ) .  

Figure 19 . 17 Exit of H BV virions and  non- infectious pa rticles from the i nfected cel l 

by exocytosis .  
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The host hepatocyte is not ki l led by H BV infection ; the cel l may survive for many 
months, releas i ng l a rge  q uant it i es of v i rions and  non- infectious  pa rt ic les . No  

cytopath ic effect i s  observed in productively i nfected cel l cu l tu res (except for those 
infected w ith so m e  H BV m u tants ) .  W hen the l iver beco m es d a m aged i n  a n  

H BV-infected i nd iv id ual it i s  not as a resu lt of ce l l  damage caused by the vi rus, but 

it is due to the ki l l i ng  of H BV- i nfected cel l s  by the bodys"F.>™s i mmune system .  

19 .8 .8  Overview of HBV repl ication cyc le  
A model for H BV rep l i cation i s  outl i ned i n  Figure 19 . 18 .  Some aspects of th is  model 
have yet to be proven unequ ivoca l ly and much i nteresti ng research remai ns to be 
done to unearth more deta i l s  of the rep ll ication of this vi rus . 

Figure 19 . 18 Outl i ne of the HBV rep l i cation cycle .  Genome repl ication i nvo lves the 

synthes is of R N A  in the n uc l eus, th en  copy i n g  fro m R N A  to D N A  ( reve rse 
transcri ption)  i n  capsids .  Stages i n  vi r ion assembly i ncl ude capsid construction and 
acq u i s i t i o n  of th e enve lope  by b ud d i n g . The  m ode  of ex i t  of v i r i o n s  a nd 

non-i nfectious parti c les from the cel l i s  not shown.  



I. ,\II Al 

. Eu1 

1 9 . 9  PREVE NTION AN D TREATM ENT OF H BV 

I N FECTION 
The orig i na l  H BV vacc ines co ns i sted of non - i n fect ious spheres a nd fi l am ents 
extracted from blood donations from H BV carriers .  Now much vacci ne is produced 
usi ng recombinant yeast cel l s  conta i n i ng the gene for the S prote i n  (Section 25 .  7 ) .  

Vacc i nat ion programs  have been successfu l in  reduci ng the percentage of  H BV 

carri ers i n  some parts of the world, such as Ta iwan and Alaska . The requ i rements 

to mass-produce HBV vacc ine cheaply and to vaccinate many more of those at risk 

are major cha l lenges facing the worl d . 

Alpha- i nterferon (Section 9 . 2 . 1 . b ) has been used to treat H BV-i nfected persons .. 

Th is treatment does not el i m i nate the i n fection ,  but  i t  resu lts i n  a s ig n ifica nt  
reduction i n  vi rem ia i n  about 20sn"30°/o of  cases . There is  a pr ice to pay for 

i nterferon treatment in  the form of side-effects such as i nfl uenza- l i ke symptoms 
and weight loss, which may necessitate reduci ng the dosage or even d isconti nu i ng 

the treatment. 

The drug lam ivud i ne, a nucleoside ana log (Section 26.3 . 1 . c) ,  i s  used to treat HBV 
i nfection . In many ways l am ivud i ne is an improvement over 0± - i nterferon as it 
suppresses vi rus repl ication with a low i ncidence of side-effects, i s  adm i nistered by 

mouth rather than by i njection, and is chea per. Long-term treatment, however, 



results i n  the appearance of lam ivud i ne-res istant HBV mutants, though they appear 
to be suscepti b le to other nucleoside ana logs such as adefovi r. 

1 9 ,. 1 0  OTH ER REVERSE-TRANSCRI BI NG DNA 

VI RUSES 
There a re so me p lant v i ruses with dsDNA geno mes that rep l icate by reverse 

transcri ption . These v i ruses are c l assified in the fa m i ly  Cau l i m ovi ri dae, wh i ch 
i ncludes vi ruses with i sometric vi rions, such as cau l i flower mosaic vi rus, and viruses 

with rod-shaped vi r ions, such as rice tungro baci l l iform vi rus. 

LEARN I N G  O UTCOM ES 
After review of th is  cha pter you should be ab le to : 

• expla i n  the im portance of HBV; 

• describe the H BV vi rion and non- i nfectious pa rticles; 

• outl i ne the main features of the HBV genome; 

• describe the H BV repl icat ion cycle ;  

• eva l uate means of  preventing and treati ng HBV i nfection . 
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20 . 1  INTRO DUCTION TO BACTERIAL 

VIRUSES (BACTERIOPHAG ES) 
Bacterial viruses, known as bacteriophages or phages (from the Greek phagein, "to 

eat"), were discovered independently by Frederick Twort (1915) and Felix d'Herelle 

(1917). A diversity of phages has subsequently been identified and grouped into a 
number of families. Phage diversity is reflected in both morphological and genetic 
characteristics. The genome may be DNA or RNA, single- or double-stranded, 

circular or l inear, and is generally present as a single copy. Morphology varies from 
simple, icosahedral and filamentous phages to more complex tailed phages with an 

icosahedral head. The majority of phages are tailed. 

Phages are common in most environments where bacteria are found and are 

important in regulating their abundance and distribution. The host controlled 
modification and restriction systems of bacteria are presumed to protect against 

phage infection: restriction is leveled against invading double-stranded phage DNA, 
whilst self-DNA is protected by the mod ification system. However, in response, 
certain  phages have evolved anti-restriction mechanisms to avoid degradation of 

their DNA by restriction systems. 

Broadly, phages can be classified as either virulent or temperate. A virulent phage 
subverts the cellular apparatus of its bacterial host for multipl ication, typically 
culminating in cell lysis (for obligately lytic phages) and release of progeny virions. 

In rare cases, for example the filamentous ssDNA phage M 13, progeny are 

continuously extruded from the host without cell lysis. Accordingly, M13 has been 

referred to as a "chronically infecting" phage. Temperate phages have alternative 

replication cycles: a productive, lytic infection or a reductive infection, i n  which the 
phage remains latent in the host, establishing lysogeny. The latter generally occurs 

when environmental conditions are poor, allowing survival as a prophage in the 

host (which is referred to as a lysogen). During lysogeny the phage genome is 
repressed for lytic functions and often integrates into the bacterial chromosome, as 

is the case for phage lambda (A), but it can exist extrachromosomally: for example, 

phage Pl.  The prophage replicates along with the host and remains dormant until 
induction of the lytic cycle. This occurs under conditions that result in damage to 

the host DNA. The phage repressor is inactivated and the lytic process ensues. 

Such a m echanism al lows propagation of phages when  host survival is 

compromised. A resident prophage can protect the host from superinfection by the 

same or similar strains of phages by repressing the incoming phage genome (a 
phenomenon known as superinfection immunity). 

Some temperate phages contribute "lysogenic conversion genes" (for example, 

diphtheria or cholera toxin genes) when they establish lysogeny, thereby converting 

the host to virulence. Phages can also mediate bacterial genome rearrangements 

and transfer non-viral genes horizontally by transduction. Tailed phages are the 



most efficient particles for horizontal (lateral) gene transfer, w1ith the tail effectively 
guiding i njection of DNA into the bacterial cell. Such phage activities generate 

variabil ity and are a driving force for bacterial evolution. 

Bacteriophages have had key roles in developments in molecular biology and 
biotechnology. They have been used as model systems for an imal and plant 

viruses, and have provided tools for understanding aspects of DNA replication and 

recombination, transcription, tra nslation, gene regulation, and so on. The first 

genomes to be sequenced were those of phages. Restriction enzymes were 
discovered fol lowing studies on phage infection of different hosts and laid the basis 

for the development of gene cloning. Phage-encoded enzymes and other products 
are exploited in molecular biology. Certain phages have been adapted for use as 

cloning and sequencing vectors and for phage display. Phages are utilized in the 

typing of bacteria, in diag nostic systems, as biological tracers, as pollution 
indicators, and in food and hospital sanitation (see also Section 1.2.2). There is also 
renewed interest in the therapeutic potential of phages, due largely to the rapid 

emergence of antibiotic-resistant bacteria and of new infectious diseases. However, 
real ization of this potential wil l depend on a number of factors, including improved 

methods of large-scale production and purification of phages, appropriate protocols 

for administering phages, and modifications to enhance therapeutic properties, in 

order to remove phage-encoded toxins, avoid clearance of phages by the host 
defense system, and so on. 

This chapter considers the biology of RNA and DNA phages. Properties and 

applications of a selection of phages that employ different strategies for phage 

development will be discussed, with emphasis on tailless single-stranded RNA and 

DNA phages. 

RNA PHAGES 

20 . 2  SINGLE-STRANDED RNA PHAGES 
Single-stranded RNA phages are small, icosahedral viruses of the family Leviviridae 
(from the Latin levis, " l ight"), discovered by Timothy Loeb and Norton Zinder in 

1961. Phages in this family have high mutation rates and some of the smallest RNA 

genomes known. They are plus-strand viruses (with the genome acting as mRNA), 
containing only a few genes, and infect various Gram-negative bacteria, including 

E. coli, Pseudomonas spp., and Caulobacter spp. Those infecting the enterobacteria 

do so by way of the sex pilus. Representative ssRNA phages of the genus Levivirus 

serogroup I (e.g. MS2 and f2) and Allolevivi rus serogroup III (e.g. Qbeta, Ql3) are 

considered here. 

20 . 2 . 1  Virion structure of ssRNA phages 
RNA phages typically comprise 180 molecules of major coat (capsid) protein (CP) 
per virion, one molecule of maturation (A) protein,  required for infectivity and 



maturati on,  a nd a l i nea r ssRNA genome of about 3 500-4200 nuc leotides that 
d isplays considerable ( up to 80°/o ) seconda ry structure ( Figure 20. 1 ) .  

F i g u re 20 . 1  Stru ctu re o f  ss R N A  p h a g e M S 2 .  ( a )  V i r i on  co m po n e nts . ( b )  

Reconstruction of capsid showing  subun i t  organ i zation . The icosahedra l  ca psid 
comprises about 180 cop ies of major coat prote in (as d imers) .  There i s  a lso one 

copy of maturation prote in ( minor v ir ion prote in) ,  for host i nfection by recogn ition 
of the sex pi l us, and the ssRNA genome.  

Sou rce : (b )  Image rendered by Ch imera, from V i rus  Partic le  Exp lorer (VIPER) 
data base ( Shepherd C .  M .  et a l .  ( 2006)  VIP E Rd b : a re lation a l  data base for 
structura l  v iro logy, Nucleic Acids Research, 34 {database issue), 0386-0389) .  

- n m  

I ) 

20 . 2 . 2  Genome of ssRNA phages 
MS2 was the fi rst vi rus i dentified that carried its genome as RNA and the genetic 
map is shown in F igure 20 . 2 . The genome is 3569 nuc leotides, with four  open 

read ing frames (ORFs) for major coat prote i n, maturati on (A) prote in ,  rep l icase 

(subun it  II) and lysis prote in ,  and is cha racterized by intergenic spaces. It was the 

fi rst phage RNA genome to be completely sequenced . 

F igure 20. 2 Genetic maps of ssRNA phages MS2 and Q�. Nucleotide coord inates are 
shown a long the maps. The sol id b lue boxes a re i ntergen ic reg ions i nvolved with 
ri boso m e  b i n d i ng a n d  reg u lati on  of tra ns l at i on . M S2 :  g e n es fo r m atu rase 

(maturation protein ) ;  coat (capsid )  protei n ;  rep l icase protei n for RNA-dependent 

RNA repl ication; and lysis protei n (from overlapp ing coat and repl icase genes) . The 

M in  Jou interacti on i nvolves nucleotides 1427-1433 and 1738-1744. Q�:  genes for 
matu rase ;  coat p rote i n ;  rep l icase p rote i n ;  a nd read -th roug h p rote i n .  The Q� 

genome  is l a rger  tha n that of MS2, but  there is no separate lys is gene.  The 
maturation prote in  additiona l ly medi ates lys is .  
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Lysis  protei n is encoded by an overlapping ORF between the d i stal part of the coat 

prote i n  gene, which appea rs to be requ i red to regulate expression of the lysis gene, 

and the proxima l part of the rep l i case gene, which encodes the essential residues 
for functi on ing of the lysis protein .  Occasiona l ly, ri bosomes traversi ng the coat 
protei n  gene fa i l  to ma intai n  the correct read ing frame so that once translation of 

coat protein  term i nates they can rein it iate at the start of the lysis protei n ORF by 

shuffl i ng a short d i stance . Efficiency of translation of the lys is protein  ORF by such 
rein iti ation is low. Thus only smal l amounts of lys is prote in are synthesized , in turn 

guaranteeing that sufficient copies of coat protein wi l l  be ava i l ab le for assembly of 
vi rus particles before cel l  lys is occurs .  

The genome of Q�, which i s  about 4000 nucleotides, is  larger than that of MS2 .  It 
encodes fou r  protei ns : coat prote in ,  rep l i case, matu ration (A2) protei n, which a lso 

med iates cel l l ysis, and a mi nor coat prote in  (read -through prote in ,  Al ), which i s  

generated as a resu lt of  readi ng through the coat protein gene i nto the i ntergenic 
reg ion ( F igure 20 . 2) .  Read-throug h  i s  due to a leaky coat prote in  term i nator (UGA). 

Th is a l lows a low level of mis incorporation of tryptophan at the terminator s ignal  
and subseq uent r ibosome read -th rough .  The read -th rough prote i n  constitutes 

3-7°/o of the v i r ion prote in  a nd has  a ro le  in host i n fection .  Such i neffic ient  
term i nation of  translation  i s  not found i n  the g roup I phages, where there are 
tandem stop codons ( UAA, UAG ) at  the end  of the coat prote i n gene and no 
read-through prote in  is produced . 

Not only does the ssRNA genome encode the phage prote i ns, it a lso determ ines 

specific secondary and tertiary structure that regulates transl ation, rep l ication, and 
other functions. 



20.2 .3  Replication cycle of ssRNA phages 
For coliphage MS2, i nfection involves attachment to pil in (the pilus subunit) along 
the length of a sex (F) pilus of a susceptible host via the A protein. Such binding of 

phages can block conjugation in E. coli. 

The plus-strand RNA genome directs protein synthesis immediately upon infection. 
It adopts a complex secondary structure that affects access of the ribosome binding 

sites (RBSs) to host ribosomes during translation. Control of gene expression 
involves transactions between the RNA secondary structure and the in itiation of 

translation. Initially the RBS for the coat protein gene is accessible, occupying the 

loop position of a hairpin structure, whilst those for the maturation (A) and the 
replicase gene are not, being embedded in secondary structure (see Figure 20.3). 

The replicase gene is expressed only after the coat protein gene has been 
translated. Such translational coupling between coat protein and replicase genes 
involves the so-ca lled Min Jou (MJ) interaction. This is a long-distance interaction 

(LDI), i n  which a sequence just upstream of the replicase gene RBS is base-paired 

to an internal sequence of the coat protein gene. The MJ i nteraction represses 
translation of the replicase gene. However, passage of ribosomes beyond the first 

half of the coat protein gene temporarily unfolds this LDI by breaking the MJ 
i nteraction. This opens up the RBS for translation of the replicase gene. The rate of 

refolding of the LDI in part determines the level of expression of replicase. Another 

LDI, called the van Duin (VD) interaction, which borders the MJ, also appears to 

contribute to the repression of replicase translation. 

Figure 20.3 Gene expression in ssRNA phage. Diagrammatic representation of 

secondary structure of the genome with ribosome binding site of coat protein (CP) 

gene accessible and those of A and replicase genes blocked. MJ : Min Jou, long 

distance interaction between sequences upstream of the replicase ribosome binding 

site and sequences near the beginning of the CP gene. 

After about 10 to 20 minutes, translation of the replicase gene stops, due to 
repression by coat protein, which b inds to a RNA stem-loop conta ining the 



translat ion i n it iat ion reg ion of repl icase . This ensures that only a cata lyti c amount of 
rep l i case i s  translated . Too much rep l icase could poison the host. Such bi nd ing a lso 
appea rs to serve as an assembly i n itiation s igna l . The latter half of the i nfection 

cycle is devoted to synthesis of coat protein,  which i s  required in large q uantities 
for virion assembly .  A smal l  amount of lysis protei n i s  synthes ized duri ng translation 
of the coat prote in  gene, d ue to an occasional read i ng frame error. 

Once repl icase is synthesized, rep l icati on of the genome can occur; the genome 

thus switches from a template for translation to a template for rep l ication . There 
w o u l d  b e  a to p o lo g i ca l p ro b l e m  i f  re p l i ca t i o n  a n d  t ra n s l a t i o n  occu rred 

sim u ltaneously, si nce they proceed in opposite d i rections a long the template (3 '  5' 
and 5 '  3' respectively) . However, it appea rs that translati on of coat protein is 

repressed by rep l icase, which may block the coat prote in ri bosome entry s i te, and 

then recom mences when sufficient (-) RNA has been synthes ized . The rep l icase 
associates with a number of host proteins to form a phage RNA-specific polymerase 
( Figure 20.4), which makes both ( + )  and (-) strands of RNA. Repll ication occurs in  

two stages and  i nvolves rep l i cative i ntermed iates (Ris) com posed of  mu lti p le, 
nascent RNA strands synthesized from a single template, and rep l icase : RI- 1 with 

( + )  RNA as template, and RI-2 with ( -) RNA as template . Thus m i nus strands act 
as templates for synthesis of p l us strands for use as m RNA. Secondary structu re, 

which forms as each new strand i s  synthesized from the template strand, serves to 
keep the two strands apart, in tu rn prevent ing formati on of a doub le-stra nded 
i ntermediate. It is noteworthy that the error rate for such RNA rep l ication is qu ite 
h igh compared with that for DNA repl icat ion.  Rep l icase is error prone and the lack 

of a double-stranded i ntermed iate means there i s  no template for error correction . 

F igure 20 .4 Repl ication of ssRNA phage genome. Repl ication of the si ngle-stranded 
phage genome occurs through  production of two rep l i cative i ntermed iates, RI- 1 
and  Rl- 2 .  F i rst, the (-)  stra n d  R N A  is  synthes ized S '  to 3 ' a nti pa ra l l e l  a nd  

complementary to the ( + )  sense template strand by rep l i case, i n  a mu lti -branched 
structure .  The ( -) strand RNA then serves as template for formati on of new ( + )  

strand genomic RNA. This i s  the on ly rol e for the (-) strands. Newly repl icated ( + )  
strands can be recycled i n  rep l i cation, translated to yiel d the capsid proteins, or 

encapsidated in the formation of progeny phages. The inset shows the activati on of 
the rep l i case prote i n ( R EP )  by assoc iat i n g  w ith host p rote i n s :  for M S 2  two 

elongation factors ( EFTs and EFTu ) and the ri bosomal Sl protein .  Repl icase is an 
RNA-templ ated RNA polymerase, synthesiz i ng both p lus ( + )  and m i nus ( -) strands 
of phage RNA 5'  to 3 '  through  specific ity of the rep l icase for the 3 '  end of both 

template strands.  Sl prote in is not requ i red for new ( + )  strand synthesis .  
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Expression of the A gene occurs i ndependently of the others and is  l i m ited to 

periods of nascent pl us strand synthesis .  The RBS of the A giene is masked by 
fold i ng of the RNA genome through an LDI i n  which the Sh ine-Da lga rno sequence 
of A pa i rs with a complementary sequence upstream i n  the 5' untranslated leader 

reg i o n .  The i n it i ato r  s ite of A becomes exposed tra nsient ly when p lus  strand 
synthesis beg ins, due to a de lay i n  fold i ng of the newly synthesized strand . Th is 
a l lows ri bosomes to translate the A gene unti l the RBS is sequestered ( Figure 20 . 5 ) .  

The number of molecu les of A prote in is thus maintai ned i n  l ine with the number of 
new RNA p lus strands. There appears to be upregulation of the A protein in Q(3, 

cons istent w ith i ts ro le in ce l l  lys is  as we l l  as infectiv i ty . The LDI  is  fu rthe r  
downstream than i n  MS2, so that the RBS is  exposed for longer, resu lti ng i n  hig her 

leve ls of A gene express ion . 

F igure 20 . 5  Expression of A gene of ssRNA phage .A gene expression occurs when 
p lus ( + )  strand RNA is newly synthesized . The start site for A is then exposed, but 
only transi ently, unt i l  the ri bosome b ind ing site is sequestered by fold ing of the ( + )  

strand th rough the long-distance i nteraction i nvolvi ng the Sh ine-Dalgarno sequence 
and its upstream complement. 
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Phage assem bly involves spontaneous aggregation, i n  wh ich the ( + )  RNA 
associates with the A protein and is  encapsidated through specific recognition of 

the phage RNA by coat protein dimers. Progeny virions are normally released by 
cell lysis (see Figure 20.6 for a summary of the replication cycle), with a burst size 

of about 104, compared with a few hundred for DNA phages. 

Figure 20.6 Replication cycle of ssRNA phages. 
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Thus the minimalist genome of the ssRNA phages is utilized very efficiently. Coding 
capacity is expanded through the use of overlapping genes. Host proteins are 
uti l ized to activate phage proteins a nd some phage proteins have m u ltiple 

functions. The phage genome serves as a model system for investigating such 



mechan isms as trans lationa l  coup l i ng ,  tra nslationa l  repress ion,  and the ro le  of 

secondary structure of mRNA i n  the control of gene expression .  

20 . 3  DOU BLE-STRAN DED RNA PHAG ES 
Phages i n  the fam i l y  Cystovi ridae (from the Greek kystis, "bladder, sack") conta in  a 

dsRNA genome, wh ich is segmented and packaged in  a polyhed ral i nner core with a 
l i p id -conta i n ing  enve lope .  Ph i6  ( cp6) was the fi rst member of the fam i ly to be 

i solated and has been extensively stud ied .  The genome comprises th ree l i near 

segments : RNA L ( l a rge) of about 6400 nucleot ides, RNA M ( med i um)  of about 
4000 nucleotides, and RNA S (sma l l )  of about 3000 nucleotides . 

Transcri ption of the doub le-stranded genome (for synthesis of new p lus strands) 

i nvolves a phage RNA-dependent RNA polymerase . The p lus-strand tra nscri pts 
serve as repl ication templates and mRNAs .  Trans lation of the L seg ment produces 

the early proteins that assemble to form the polymerase complex; the M segment 
produces structu ra l prote i ns for membranes and spi kes in particu lar, and the S 

segment produces structural proteins for the capsid ,  membrane assembly, lysis and 
entry, and a non-structu ra l prote in for envelopment of the capsid . 

Phage cp6 i nfects its host, Pseudomonas syri ngae ( pv .  phaseol icola) ,  by way of the 
p i l u s, w h ich  retracts to b r i ng  the v i ri on  i n to contact w ith the ce l l ,  and  the 

nucleocapsid enters . U ncoati ng  occurs i ns ide  the ce l l and  the polymerase i s  
released . Transcri ption of the genome i s  temporal ly contro l led and vi rions assemble 

in the cytoplasm, with the i r  enve lope derivi ng from the host. Packag ing of the 
p l us-strands occurs in the order 5-M-L. These s ing le-stranded precursors are 

then repl icated into mature double-stranded genomes i ns ide the capsid .  About 100 
vi ri ons are re leased fol lowing cel l lys is .  

D NA PHAG ES 

20 . 4  SI N G LE-STIRAN DED DNA PHAGES 
Th e re a re tw o g ro u ps o f  ss D N A  p h a g es : i cosa h e d ra l  a n d  fi l a m e n to u s .  
Representat ive icosahedra l  phages ,  cpX l 74 and  5- 1 3 ,  were amo ngst the fi rst 

stud ied .. Later, in the 1960s, fi lamentous phages were i so lated by Don Marvi n and 

Hartmut Hoffmann-Berl ing,  and by Norton Zi nder and co-workers . 

20 .4 . 1 Icosahed ra l  ssDNA phages 
Icosa hed ra l  ssDNA phages be long to the fa m i ly M icroviridae ( from the G reek 

micros, "smal l ") .  Such phages provided the fi rst evidence for overlapping genes and 

revea led the economy of genetic cod i ng, which is a feature of severa l smal l  vi ruses, 

i nc l ud i ng hepatit is B virus (Sect ion 19 .6)  and the ssRNA phages (Section 20. 2 ) .  
Stud ies on  rep l i cat ion of  these phages l ed to the d i scove ry of rol l i ng c i rc le  

rep l ication and to the identi ty of  var ious genes encod ing  prote ins for host DNA 

rep l ication .  cpX174 has been most extensively stud ied . 



20 .4 . 1 .a Vi rion structu re of phage cpX174 
The vi rion of q>Xl 74 conta ins prote ins F, G, H,  and J ;  F forms the mai n shel l a nd 

the spi ke protei n G protrudes on the icosahedra l  five-fold axes . A molecule of H i s  

found on each spike and acts as a pi lot protei n .  Part of H may ll ie  outside the shel l 
and  part w i th i n , span n ing the capsid through  the chan ne ls  fo rm ed by the G 
protei ns. The projections are involved i n  attachment to the host and del ivery of the 

genome into the host cel l .  H i gh ly posit ively charged DNA b i nd i ng p rote in  J is 

associated with the ssDNA genome ( Figure 20. 7 ) .  

F igure 20.7 Structure of phage c.pX174. ( a )  Vi rion components. ( b) Reconstruction 
of capsid showing subun it organ i zation . The vi rion conta i ns 60 molecu les of major 

coat protei n IF ( 48 .4 kD). The spi ke at each vertex of the icosahedron,  composed of 
five molecu les of G protei n ( 19 .0 kD) and one molecu le  of H prote in (35 .8  kD), has 

a ro le in host recogn i tion and attachment. Prote in J (4 .0  kD) b inds to the phage 
genome for condensation of DNA duri ng packag ing . Th is protei n subsequently b inds 

to the internal surface of the capsid to d isplace the i nternal scaffold i ng protein B 
( 13 . 8  kD) .  

Sou rce : (b )  Image rendered by  Ch imera, from V i rus  Part ic le Expl orer (VIPER ) 

data base ( Shepherd C .  M .  et a l .  ( 2006)  VIP E Rd b : a re lation a l  data base for 

structural v irol ogy, Nucle ic Acids Research, 34 (database issue), D386-D389) .  
a b 
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20 .4 . 1 . b  Genome of phage cpX1 74 
The genome is a ci rcular ssDNA molecu le of 5386 nucleoti des, cod i ng for eleven 
protei ns. It was the fi rst enti re DNA genome to be sequenced (Section 2 .9 . 1 ) .  The 

genes are ti1ght ly c l ustered w ith l ittl e non-cod ing  sequence .  The length of the 

genome i s  sma l ler  than  i ts cod i ng capacity .  H owever, the d ifferent prote i ns a re 
generated th rough extensive use of overlapp ing genes trans lated i n  a l ternative 
reading frames or emp loyi ng d ifferent start codons. Gene A conta ins an i nterna l  
translation i n itiation s ite to encode prote in A,  which corresponds to the C-term i na l  

reg ion of protei n  A; B i s  encoded with i n  A i n  a d ifferent read i ng frame; K i s  at the 
end of gene A and extends i nto gene C and is translated in a d ifferent frame to A 

and C; E is tota l ly with i n  D, but i n  a different reading frame; the term i nation codon 
for D overl aps i n iti ation codon for J (see Figu re 20 .8 ) .  A l l  genes are transcri bed in 

the same d i rection .  



Figure 20 .8  Genetic organ ization of phage q>X174.  The numbers are coord i nates of 
the genes .  The d i rection of transcri ption and approxi mate location of orig i n  (ori ) of 
repl ication for vi ral ( + )  strand are shown . Functions of the gene products (with 

coord inates of the genes i nclud ing term i nation codons) a re as fo l lows : 

gene A (3981-136) prote in ,  v iral strand synthesis and RF repl ication ;  

gene A ( 4497-136) protei n, shutting down host DNA synthesis; 

gene B ( 5075-5 1)  prote in ,  capsid morphogenesis; 

gene C ( 133-393)  prote i n, DNA maturation ;  

gene D (390-848) prote in ,  capsid morphogenesis; 

gene E ( 568-843)  protein ,  host cel l l ysis; 

gene F ( 1001-2284) prote in ,  capsid morphogenesis-major coat prote in ;  

gene G (2395-2922) protein, caps id morphogenesis-major spike protein ;  

gene H (293 1-39 17) protein, capsid morphogenesis-minor spi ke prote in ;  

gene J (848-964) prote in ,  capsid morphogenesis-core protein  ( DNA condensi ng 
prote i n ) ;  

gene K ( 5 1-221 )  protein, function not clear; appears to enhance phage yie ld (burst 
size) . 

IG : intergen ic region at borders of genes A, J ,  F, G, H conta ins a ri bosome bi nd i ng 

site and other features . 

20 .4 . 1 c Repl ication cycle of phage cpX1 74 
Phage q>X 174 recogn izes the receptor l i popolysaccharide i n  the outer membrane of 
rough stra i ns of Enterobacteriaceae, such as E. co l i  and Sa l monel la typhi muri um, by 



way of protei n H .  Th is  protei n then acts as a pi lot i nvo lved with de l ivery of the 
phage DNA into the host cel l for repl ication .  

Li ke M 13 (Section 20 .4 . 2 . c), rep l ication of  the genome of cpX174 occurs in  three 
stages and i nvo lves a double-stranded i ntermediate, the rep l i cat ive form (RF) . The 

vi ral p lus strand is fi rst converted to the RF by host enzymes .  However, th is process 
is more com plex than  fo r M 1 3 ,  i nvolv ing the formation  of a pri m osome that 
i nc l udes a n u m ber  of prote ins  to open a ha i rp i n  found  at the ori g i n  ( o ri )  of 

rep l ication of cpX l  74 and to load the rep l i cation apparatus on to the DNA. The 
m i n us-stra n d  i s  tra n scr i bed  fo r synth es i s  of t he  p h a g e -encoded  p rote i n s .  

Rep l ication of the R F  invo lves rol l i ng ci rcle repl ication and requ i res phage-encoded 
prote i n  A to synthesi ze new p lus-stra nd s .  These then serve as temp lates for 

m inus-strand synthesis to generate the new RFs .  The th i rd stage i s  asymmetric 
repl ication of progeny ssDNA p l us strands . RF synthesis conti nues unti l sufficient 
structu ra l  p rote ins have been synthesized and assem bled into em pty precursor 
parti c les .  Th is  i s  m ed iated by scaffo ld i n g  p rote ins  ( D  and B), wh ich associate 

transiently with the coat protei ns and i nduce conformational switches to d rive the 
assembly process . A procapsid forms, with D form ing  the externa l  shel l and B 

occupyi ng an  i nternal location . V i ra l  DNA pl us-strands are then captured, before 
they can be used as templates for further m inus-strands, and are packaged with 

basic prote in J (which neutra l i zes the negatively charged genome) . J prote in binds 
both to the DNA and to the i nternal surface of the capsid, d i splac i ngi the B prote in ,  
to generate the prov irion . Subsequent shedd ing of the D protei n yields the mature 
i nfectious vi rion . Vi rions accumulate i n  the cytoplasm and are rel eased by cel l lysis, 

which requ i res expression of the E gene for endolysi n production . 

20 .4 . 2 F i lamentous ssDNA phages 
Fi l a mentous ssDNA phages a re i n  the fa m i ly  Inov i r idae (the Greek i na ,  "fiber, 

fi la ment") . The F-specific fi l amentous ( Ff) phages, notably M 13,  fd, and fl, have 

b e e n m ost  exte n s iv e l y  stu d i e d . Th ey  a re p l u s -stra n d  p h a g e s a n d  a re 
"ma le-spec ific, "  i nfecti ng E .  col i  stra i ns conta i n i ng the conjugative p lasmid F, by 
adsorbi ng to the ti p of the F p i l us (encoded by the p lasmid ) .  Un l i ke many other 

DNA phages, fi lamentous ssDNA phages do not i nject the ir  DNA into the host cel l ;  
rather, enti re phage particl es are i ngested . Furthermore, these phages d o  not lyse 

i nfected ce l l s, but progeny are conti nuously extruded through the ce l l  mem brane.  
Despite th is, p laque-l i ke zones are formed i n  a lawn of sensit ive bacteria ,  s ince 
i nfected cel l s  grow more s lowly than un i nfected cel l s .  

20 .4 . 2 .a Genome of Ff phages 
The g e n o m e of the Ff phages  is a c i rcu l a r  ssD N A  m o lecu l e  of a bout  6400 
nucleotides .  M 13, fd, and fl are 98°/o identica l and genera l ly no d isti nction wi l l  be 

made between them here . The genes are tightly packed on the genome, with a 

nu mber  of intergen ic  ( IG)  reg ions ( F i g u re 20 . 9 ) .  The major IG reg ion of 507 



nucleotides ( between genes IV and II)  contains a number of regu latory reg ions : the 
ori g i n  of rep l i cat ion fo r ( + )  and  (-)  D N A  synthes is, a strong  rho-d ependent  
transcription term i nator, after gene IV, and a 78-nucleotide ha i rp in reg ion, which is 

the packag i ng  s igna l  ( PS)  for effic ient phage assem bly. There i s  a lso a strong 
rho - i nd ependent  term i nator, after gene VII I ,  a nd a wea ker rho -dependent  

termi nator with in gene I .  

F ig ure 20 .9 Genetic map of F-specific fi lamentous phage M 13 .  The ma in  promoters 

a n d  te rm i n a to rs a re s h o w n .  o r i :  o r i g i n of  re p l i c a t i o n  fo r v i ra l  ( + )  a n d  
com p lem enta ry (- ) DNA  stran d s  i n  m a i n  i n tergen ic reg ion .  The d i rection  of 

transcri pt ion from promoters ( P )  is i nd icated by a rrowheads ( >  ) . Gene p roduct, 
approxi mate molecu lar size, number of copies, and function are as fol l ows : 

pl, 35-40 kD, few copies per cel l ,  membrane protei n for assembly; 

pII, 46 kD, 103 copies per cel l ,  endonuclease/topo isomerase for rep l icat ion of RF, 
vi ral strand synthesis;  

pIII ,  42 kD, IVS copies per vi rion, m inor capsid prote in  for morphogenesis and  

adhes ion;  

pIV, 44 kD,  few cop ies per ce l l ,  membrane prote in  for assemb ly; 

pV, 10 kD, 105 cop ies per ce l l , ssDNA bind i ng protei n controls switch from RF to 

vi ral ( + )  strand synthes is ;  

pVI, 12 kD, rvS copies per vi rion,  m i nor caps id protein for morphogenesis and 
attachment; 

pVII, 3 . 5  kD, rvS copies per vi r ion, m inor capsid prote in for morphogenesis; 

pVIII ,  5 kD, 2700-3000 copies per vi r ion, major capsid prote in  for morphogenesis; 

pIX, 3 . 5  kD, rvS copies per v i rion, m inor capsid protei n for morphogenesis; 

pX, 12 kD, 500 copies per cel l ,  repl ication of RF, v ira l  strand synthesi s; 

pXI ,  12 kD, few cop ies per cel l ,  mem brane prote in  for assembly. 

Source : Mod ifi ed from Webster (200 1 )  In Phage Display. A Laboratory Manual ,  Cold 
Spring Harbor. 



Stron� 
lr1111c;eri1>1ion 

1crmit131or 

l>1n-clk•11 ul 
trumcription 

-.:..---- R lio-d t pmdcnl 
trnn.;criplion 
w minator 

Kl'): 

L 

\\'tnl. 
troi1�ription 
tcm1inotor 

IL 1merttnic re�1on 
"" rxk:1gin$ s1sna1 

P > promoier 

The genome encodes 11  proteins. Genes are grouped by function: genes II, V, and 
X for phage DNA synthesis; genes III, VI, VII, VIII, and IX for capsid structure; and 

genes I, IV, and XI for assembly. 

Transcription is complex, involving several strong promoters. The two strong 
transcription terminators divide the genome into two transcription regions: a 

frequently transcribed region from gene II to VIII and an infrequently transcribed 
region from gene III to IV. All the genes are transcribed in the same direction and 
there is a gradient of transcription with genes near to a terminator being expressed 

more frequently (e.g . ,  genes VIII and V). The weak te rminator i n  gene I 

down-regulates expression of the gene, ensuring that large amounts of gene I 
protein (pl), which would be deleterious to the host, are not synthesized. Gene XI 

protein (pXI) results from an in-frame translation initiator site at residue 241 of 
gene I, and corresponds to the C terminus of pl. Likewise gene X protein (pX) is 

encoded within gene II. Such mechanisms ensure that the quantity of each phage 
protein synthesized is in line with requirements. 

20.4.2 .b Virion structure of Ff phages 
The capsid is a flexible protein filament of variable length, depending on genome 

size; the wild-type length is approximately 900 nm. The filament comprises about 
2700 copies of the 50 amino acid major coat protein (gene VIII protein, pVIII), 

arranged in an overlapping array to form a helix (Figure 20.10). The basic positively 
charged C-term inal domain of pVIII forms the inside wall of the filament and 



i nteracts with the DNA. The N -term i nal negatively charged doma in is exposed on 
the outs ide, g iving a negatively charged su rface . Hydrophobic i nteractions hol d 
adjacent coat prote in  su bunits together. The m inor coat prote ins  are present at the 

ends of the fi la ment. At one term inus (where assembly term inates) are two of 
these protei ns :  gene III protei n ( plll)  and gene VI protei n ( pVI ) ,  that together 
form an adsorption complex for recogni ti on of the sex p i l us .  At the other term inus 

(where assembly in i tiates) are gene VII protein ( pVII ) and gene IX prote i n  ( pIX) .  

The si ng le-stranded c i rcu lar su percoi led genome is  housed lengthwise i n  the center 
of the fi l ament, orientated so that the ha i rp in packag ing  loop is located at the 

pVIl/pIX end . 

F igure 20 . 10 Diag ram matic representation of F-specific fi lamentous ssDNA phage. 

The capsid compri ses five prote ins :  pVIII, the major coat prote in  a long the length 

of the fi lament; pIII and pVI, m inor coat proteins that form an  adsorption knob at 

one end of the fi lament; pVII and pIX, m i nor coat prote ins that form at the other 
end . Arrangement of these two prote ins is not c lear :  pVII may interact with pVIII  

and be sh ie lded from the envi ronment, whi lst pIX may i nteract with pVII and be 
exposed . The si ng le-stranded genome is oriented with the packag ing s ignal  at the 

pVII/pIX end, wh ich is the fi rst end of the fi lament to be assembled . 
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20 .4 . 2 .c Repl ication cycle of Ff phages 
The receptor for Ff phages comprises the ti p of the F p i lus together with To lA, 

TolQ, and Tol R  membrane protei ns of E .  col i .  The phage bi nds fi rst to the ti p of the 

F pi l us through domain N2  of plI I .  The p i lus retracts bri ng ing pIII to the peri plasm 

and doma in  N l  of pill can then interact with TolA ( Figure 20. 1 1 ) . 

F igure 20. 1 1  Doma ins of gene III protein of F-specific fi lamentous ssDNA phage. 

The gene III prote in comprises th ree domai ns :  N-term inal doma ins N l  (or D l )  and 
N2 (or 02) req u i red for host cel l  i nfect ion, and C-termi nal CT (or 03) req ui red for 
phage rel ease from the mem brane and structural stab i l ity; CT anchors pill i n  the 
phage coat by i nteracti ng w ith pVI .  The doma ins are separated by g lyci ne-rich 

l i nker reg ions :  G l  and G2. Domains N l  and N 2  (exposed on the surface of phage 
part ic les )  i nteract in a horseshoe shaped knob- l i ke structu re at one end of the 
fi la ment. Doma in  N2 binds to the ti p of the F pi lus and doma in  Nl d issoci ates from 
N2 .  N l  bi nds to the TolA membrane protei n .  Pi l us retraction bri ngis the pill end of 

the fi lament to the peri p lasm . To lQ, R, and A protei ns are requi red for translocation 
of phage DNA to the cytoplasm and of coat proteins to the cytop lasmic membrane.. 



Domain CT contains two sub-domains: one involved in stabilizing the particle once 
assembled, the other for release of the assembled particle from the membrane. 

N 

'\ I  Doma in 

Membrane 

penetration: 
interaction with 

Toi A co-receptor 

'\2 Domain 

Adsorption to 
receptor (tip of 
F pilus) 

CT Domain 

Anchor in virion 

The phage particle enters the cell and d isassembles. TolA, TolQ, and TolR  proteins 

mediate de-polymerization of the coat proteins; the major coat protein and possibly 

other capsid proteins being deposited in the cytoplasmic membrane to be recycled 

for new particle formation, as the phage DNA is translocated into the cytoplasm. 
pill appears to enter the cell and have a role in the initiation of replication. The 

circular ssDNA is coated with an E. coli ssDNA binding (ssb) protein to protect 

against degradation by host nucleases. Phage DNA is p lus-strand and DNA 
replication occurs immediately upon infection in order to provide the (-) DNA for 

transcription. 

Replication occurs in  three stages (Figure 20 .12) .  The first stage is (-) DNA 
synthesis to generate the double-stranded RF; this depends on host functions. The 

minus-strand can then be transcribed and translated into phage proteins. A specific 
endonuclease (gene II protein, pll) synthesized from the first RF  is required for the 

second stage of replication, which involves multiplication of the RF. The plus-strand 

of the RF is nicked in the major intergenic region, providing a primer (3' end) for 
synthesis of a new plus-strand, using the minus-strand as template, by rolling circle 

replication. As DNA polymerase III extends the 3' end, the old plus-strand is 

displaced, cleaved1 and circularized by pll and converted to a dsDNA ( RF), which 

accumulates as a pool in the cell. As DNA replication proceeds there is concomitant 

synthesis of phage proteins. Gene V protein (pV) accumulates in the cytoplasm and 
at a critical concentration binds cooperatively to displaced plus strands as they roll 
off the circle, diverting them from their template role. This in itiates stage 3 of 

re p l ication, in w h ich there is a switch from RF to ss D N A  synthesis. The 
78-nucleotide hairpin region of the plus-strand remains free of pV and initiates the 

phage assembly reaction. pV additionally serves as a translational repressor of pll, 
in turn regulating DNA synthesis. Another protein, pX, .a lso located in the 

cytop lasm , has a role in synthesis of the s ing le-stranded viral DNA.  The 

nucleoprotein complex of pV dimers and ssDNA forms a filamentous structure and 

is targeted to the cell membrane, where assembly takes place. Capsid proteins are 
inserted into the cytoplasmic membrane as they form. 

Figure 20.12 Replication of F-specific filamentous phage DNA. Replication occurs in 

three stages: 



1 .  Second strand synthes is .  P lus ( + )  strand vi ra l genome, i ntroduced i nto the cel l  
upon i nfect ion,  i s  the tem pl ate for synthes is of the com plementa ry m i nus (- ) 

strand . Host RNA polymerase ( RNA pol ) synthesizes an RNA pri mer i n  the main 

i ntergen ic  reg ion of the ( +) strand . The 3 '  end of the pri mer is extended by host 
DNA polymerase III  ( D NA pol I I I )  synthes i z i ng  the ( - ) stra n d .  The pri mer  i s  

removed , the gap  fi l led, and  a double-stranded, ci rcu lar, superco i l ed rep l icative 
fo rm ( RF )  g e nerated . R F  acts as tem p late for prod uct ion of phage-encod ed 

protei ns. 

2 .  M u l t i p l i c a t i o n of R F .  R F  i s  re p l i c a ted  by a ro l l i n g  c i rc l e  m ec h a n i s m . 

Phage-encoded pII, a "n icki ng-c losing" enzyme, n i cks RF at a specific s i te in  the 
ma i n  i ntergen ic reg ion of the v i ra l  ( + )  strand . This a l lows elongation of the ( + )  

strand by DNA pol III, the orig ina l  ( + )  stra nd be ing si mu ltaneously d isplaced by 

Rep he l icase. When a round of rep l ication is completed, pII cleaves and c ircu larizes 

the disp laced ( + )  strand, which is rap id ly converted to another RF .  Synthesi s of the 
(-) strand requ i res an RNA primer and host enzymes. Duri ng the ea rly stage of 

i nfection pV concentration is low and RF a mpl ification occurs rap id ly  together with 
expression of phage proteins. 

3. Ampl ificati on of ssDNA. Conversion of RF to vi ral ( + )  strand DNA for packaging is 
i n itiated by ssDNA b ind ing protein pV, which represses transllati on of a number of 

phage protei ns i nclud i ng pl! . Inh ib iti on of pII results i n  a switch from RF synthesis 
to production of phage pa rtic les . Late in  the i nfection process when pV is present in  

h igh concentration it sequesters the vi ra l  ( +)  strands as they are d i sp laced and 
prevents the i r  conversion to RF. pV d imers b ind cooperatively to ( +) strand and 

convert the c i rcu lar  ssD NA into a fi l ament-l i ke pV : DNA comp lex.  The D N A  is  
oriented i n  the complex so that the packag i ng signal ( PS) ha i rp i n  protrudes from 

one end ( pV appea rs to b ind weakly to dsDNA). pV : DNA complex i s  transl ocated to 
the i nner membrane for assembly of phage particles, with pVII and pIX assembl i ng 

on to the PS reg ion of the genome. pX has a role i n  repl ication, but it rema ins 
unclear. 
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Assembly protei ns pIV, pl, and pXI are integra l membrane protei ns. pIV forms an 

extrusion pore in the outer membrane and i nteracts with pl and pXl of the inner 

m e m b ra n e to fo rm a c h a n n e l  a c ross both m em b ra n es, l a rge  e n o u g h  to 
accommodate extrud ing phage parti c les. Assembly occurs where i nner  and outer 
membranes appear i n  close contact at an extrusion site and requ i res ATP, proton 

motive fo rce, a nd th e bacteri a l  p rote i n, th ioredoxi n .  pV is d i sp laced by coat 
prote i ns, which are packaged around the DNA as the phage is extruded through the 

membrane .  The process is i n i tiated by i nteract ion of the packag i ng signa l  w ith 
pVIII,  pVII, and pIX, possi bly d i rected by pl .  A conformational change i nduced i n  pl 

may a l low i nteraction with pIV to open the gate in the pIV exit pore . The pVII-pIX 
end of the parti c le emerges fi rst. 

E l ongat ion p roceeds as pV is d i sp laced by pVI I I ,  w hose pos it ive ly  c h a rged 
C-term ina l  reg ion i nteracts with the negative ly charged sugar-phosphate backbone 

of the DNA. Term ination of assembly i nvolves plll and pVI added to the other end 
of the fi l ament as it is re leased, the length of the particle bei ng dictated by the size 

of the vi ra l  DNA. Without plll, elongation wou ld continue with pVIIl encapsidati ng 
another v ira l  DNA to generate a polyphage.  Thus pIII and pVI are i mportant in 

ma inta i n ing structura l i ntegrity and stabi l i ty of the v irion . Partic les are continuously 
extruded without ki l l i ng the host cel l ( Figure 20 . 13 ) .  



F ig ure 20. 1 3  Repl icat ion cyc le of F-specifi c fi l amentous ssDNA phage .  Host cel l 
i nfect ion is a coord i nated, mult istep process. 

1. Attach ment. The phage bi nds to the ti p of the F p i lus via pIII, with domai n N2  

attaching to the t i p  and d i ssoc iating from i ts normal i nteraction with doma i n  N l , 
and CT anchored i n  the v ir ion with pVI . 

2 .  Entry .  Retraction of the p i l u s  br ings  the phage part ic le to the peri p lasm to 
i nteract with To i protei ns. Phage coat prote ins d i sassemble i nto the cytop lasmic 

membrane; the phage ssDNA is  translocated i nto the cytoplasm .  

3 .  Transcri ption : us i ng  ( - ) strand of  RF as templ ate ( from stage ( i )  of  genome 

rep I ication ) .  

4 .  Translat ion : for synthes is of a l l  phage prote i ns, most of wh ich i nsert i n  the 

cytoplasmic  membrane .  pll, pV, pX reside i n  the cytop lasm . 

5 .  Genome repl ication occurs i n  th ree stages :  

i .  ssDNA pl us ( + )  strand i s  converted to the dsDNA repl icative form (RF) .  

i i .  Ampl ification of RF by rol l i ng c i rcle repl ication i nvolving pII and pX . Ampl ification 

of RF conti nues unti l  pV reaches suffic i ent concentration to bind to ( +) strand DNA 
and prevent its convers ion to RF. 

i i i .  pV switches most of the DNA repl ication from dsDNA RF to ssDNA ( + ) strand . 

6 .  Assembly.  The pV : DNA complex migrates to the cel l membrane. pV is removed 
and replaced by the capsid protei ns. 

7. Exit . The assembly prote ins pIV, pl, and pXI i nteract, form ing a channel th rough 
both cel l membranes for extrusion of the progeny phages. The pVII/pIX end of the 

particle emerges fi rst. The phage is then elongated by replacement of pV by pVIII .  
pVI and pIII  are added to the other end of the fi lament, the C term i nus of pill 

bei ng anchored in the pa rtic le i tse lf. Particles are extruded continuously without cel l 
lysis .  
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This assembly process, occurring i n  the cell membrane and involving polymerization 

of coat proteins around the Ff phage genome, is in marked contrast to that for 

dsDNA phages, such as T4, which occurs in the cytoplasm and uses pre-formed 

heads for packaging DNA (Section 20.5 .1 ) .  

The filamentous ssDNA phage CTX<p, which encodes the cholera toxin (the main 

viru lence factor of Vibrio cholerae), and a phage associated with invasive 

meningococci are related to Ml3. However, unl ike the coliphage, these phages can 

establish lysogeny by site-specific i ntegration into the host chromosome in a similar 
manner to that of the lambdoid phages (Section 20.5.3). 

20.4.2.d Cloning vectors and phage display 
The relatively small size and non-lytic infection cycle make the filamentous ssDNA 

phages easy to manipulate and use as cloning vectors. Furthermore, since filament 
size is governed by size of the genomic DNA, insert DNA of variable length can be 

cloned. Vectors are based on the RF, which is easily obtained from infected cells. 

Cloned ssDNA can be recovered from the phage particles for use in, for example, 

DNA sequencing, designing DNA probes, and site-directed mutagenesis. 

The intergenic (IG) region has been manipulated for the development of cloning 
vectors" Joachim Messing and co-workers designed a set of vectors, the M 13 mp 

series, by i nserting  the a-fragment of the E. coli lacZ gene containing different 

polylinkers (multiple cloning sites) into the IG region. Foreign DNA inserted into one 
of the cloning sites can be identified by insertional inactivation of lacz. Other 



vectors derived from fi lamentous ssDNA phages i nc l ude phagem ids, which combi ne 

usefu l featu res of p l asmids and ssDNA phages. Phagemids enab le larger i nserts 

than those used i n  the M 13 mp series to be cl oned, doub le-stranded as plasm ids, 
and amp l ified and recovered as ssDNA i n  vi rions. A phagemid typ ica l ly conta ins a 
sel ectab le marker, an  ori g i n  of p lasm id  rep l icat ion ,  a c lon ing reg ion ( i ncl ud i ng 

polyl i nker and site for insertiona l  1inactivation ), and the IG of an ssDNA phage for 
i n i tiat ion and termi nation of DNA repl ication .  Superi nfection of the host with an 

ssDNA hel per phage provides phage proteins in trans for single-stranded phagem id 
DNA rep l ication and those for phage capsi d and assembly.  Defective hel per phages 
can be used to reduce hel per phage t iter. Various phagemids have been developed, 
i nclud ing those for phage disp lay .  

In phage d isplay a peptide/prote in i s  fused to one of the phage coat proteins so 
that it is d isplayed on the surface of the vi rion . The DNA sequence encod i ng the 
peptide is c loned in the phage/phagemid vector. Display l i brar ies are p roduced by 
clon ing large numbers of DNA sequences . Disp layed peptides of i nterest can then 

be selected on the basis of thei r ab i l i ty to b ind to specific targets by a process of 
b iopann ing .  Th is  a l llows h igh th roughput ana lysis of protei n-protei n i nteractions.  

After severa l rounds of screen i ng ,  phages d isp lay ing peptides with the t ig htest 
b ind i ng capacity wi l l  be en riched . There is a di rect l i nk  between the n ucleic acid 

i nsert (genotype) and the d i splayed peptide ( phenotype) .  

Early d isp lay systems used phage vectors with peptides fused to pVIII o r  pIII . Only 

sm a l l  pept ides with s ix  to e i ght res id ues cou ld be effi c iently d i sp layed ; l a rger  
peptides compromised phage i nfectivity. The prob lem of fusion protei n  size cou ld 
be overcome by usi ng phagemid vectors with a s ing le  copy of the chosen coat 

protei n gene for fus ion, the wi ld-type copy of that gene being on the hel per phage .. 
Both wi ld -type and fusion coat protei ns contribute to the phage parti cles so that the 
surface is phenotyp ica l ly mixed, and the phages sti l l  i nfective. 

A notable app l ication of phage d isp lay technology has been in the engi neeri ng of 
anti bod ies, i n  wh ich a nti body va ri a b le  doma ins  h ave been used to construct 

combi natoria l  antibody l i braries in phagemid vectors . Affi n ity b ind i ng is employed 
for rapid selection of antibody fragments b ind ing ta rgets of i nterest. 

Phage  d i sp l ay was  fi rst deve loped w i th fi l a m e ntou s  p h age  M 1 3 .  H owever, 
a l ternative phage systems, such as those of T phages, la m bda (/\), and ssRNA 
phages, have a l so been employed . The technology promises to revolution ize the 
study of protein-protei n i nteractions. 

20 . 5  DOU BLE-STRAN DED DNA PHAG ES 
There is a large variety of dsDNA phages, o f  wh ich the T phages and J\ have been 
parti cu larly wel l characterized . T2, T4, and T6 bel ong to the fam i l y  Myovi ridae 

(from the Greek mys, myos, "muscle, " referring to phages with contract i le  ta i l s ), Tl 
and TS together with J\ are members of the S iphoviridae (from the Greek siphon, 



"tube, " referri ng to phages with long, fl exib le, non-contracti le ta i l s), and T3 and T7 

are i n  the Podovi r idae (from the Greek pous, podos, "foot, " referri ng to phages with 

short, non-contracti le ta i ls ) .  A representative of each  fam i ly is considered .. 

20 .5 . 1  Phage T4 
T4, a v i ru lent T-even phage ,  i s  one of the la rgest phages a nd was the fi rst 
prokaryoti c "organ ism" provid i ng evidence of gene spl ic ing th rough the presence of 

i ntrans in the genome. It has a complex morphology, consisti ng of an elongated 
icosa hed ra l  head  w ith a n u m ber of d i ffe rent types of prote i n ,  i n c l ud i n g  two 

accessory protei ns, Hoc (h igh ly antigenic outer capsi d protei n )  and Soc (smal l  outer 
capsid protei n) decorati ng the externa l  su rface, a contracti le tai l ,  baseplate, tai l 

fi bers, and pi ns (see F igure 20. 14) .  

F igure 20. 14 Diagram matic representation of T4 phage.  The capsid comprises a 
multi ple-protei n, p rolate icosahedra l  head separated from the tai l  by the neck. The 
tai l  consi sts of two hel ical arrangements of protei n :  one form ing the sheath, the 

other the tube, with a col l a r  and a baseplate with p ins and ta i l  fi bers .  The pins at 

the baseplate verti ces anchor the phage to the host cel l .  Prote ins are labeled with 

the i r  co rrespond ing  gene name  or n u m ber.  Vi rus assem b ly  requ i res a prote i n  
scaffold . The dsDNA is densely packed a s  concentric layers i n  the head . See Leiman 

et a l .  ( 2003) .  

I 
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Bind i n g  of Soc stab i l i zes the ca ps id  and  may  acco unt  for the osmotic shock 
resistance phenotype. The two accessory prote ins have been uti l i zed i n  d isplay 
fus ions (see a lso Secti on  20 .4 . 2 . d )  w ith , fo r exa m ple,  H IV caps id  prote i ns to 

provide vacc i ne vectors . In add iti on, the tai l  fi bers can be exploited i n  phage display 

and may be used as protein struts for nanodevices . 



T4 tai l  fi bers, p i ns, and baseplate are i nvolved i n  b ind i ng to the l i popolysaccharide 
receptor of the E. col i  host. The ta i l  sheath contracts, d rivi ng the i nterna l  ta i l  tube 

into th e ce l l ;  ta i l  lysozyme  (gene  prod uct 5, g p 5 )  faci l itates d igest ion  of the 
peptidog lyc a n  l aye r  to rea ch the i n n e r  m em b ra n e .  The  tra n s- m e m b ra n e  
electrochem ical potent ia l  i s  requi red for transfer of the T4 DNA to the cytoplasm. 

Th is occurs rapi dly, in contrast to the situation with T7 i nfecti on (Section 20 . 5 . 2} .  
The empty capsid rema ins extracel lu lar. The phage shuts down the cel l ;  host RNA 

polymerase stops recogn iz ing host promoters and instead uses phage promoters for 
T4 gene expression, and the bacterial genome is  deg raded and recyc led i n  phage 
DNA synthesis .  

The T4 genome is l i near dsDNA of about 169 kbp, wh ich i s  c i rcu larly permuted and 

term i na l ly redundant (a sequence of about 1 . 6  kbp at one end is d i rectly repeated 
at the other) due to the mode  of rep l i cation and  packag i ng by the head-fu l l  
mechanism . The genome i s  AT- rich a n d  conta i ns mod ified bases i n  the form of 
5-hydroxy-methy l -cytosine, rather than cytosi ne, wh ich protect the phage DNA 

from m any host restri cti on  syste m s  and  from phage-encoded nuc leases that 
deg rade cytos i ne-contai n i ng host DNA du ri ng  phage infection . Furthermore, the 

majority of the hyd roxy-m ethyl g roups are g lycosylated after DNA synthesis to 
counteract the host M er ( mod i fied cytos ine  restrict ion )  systems, to wh ich the 

hyd roxy-methyl-cytosi ne res id ues confer suscepti b i l i ty .  The genome com pri ses 
about 300 probab le  genes assigned by the tim i ng of thei r expression,  with three 

different types of promoter : early  ( Pe), m idd le ( Pm ), and late ( P l ) .  The early and 
midd le genes encode functions for DNA repl ication and for regulati ng expression of 

the late genes, wh ich encode head and ta i l  com ponents for the phage parti c les, 
and functions for ce l l  lysis ( Figure 20. 15 ) .  

F igure 20 . 1 5  T4 genetic map  show ing approximate l ocation of  some genes and 
ma in  functiona l g roups . The map i s  presented as a ci rc le .  For nucl eotide positions 

and functions of genes see M i l ler et a l . ( 2003) .  
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The regulatory circuit is complex and involves transcriptional termination and 

anti-termination, transcriptional activators, and replication-coupled transcription. 

Early genes rely on the transcription apparatus of the host, being transcribed from 
normal a70 promoters. Early gene products alter the host RNA polymerase in two 

ways for expression of middle genes. The enzyme is thereby able to read through a 

transcription termi nator by an anti-termination mechanism (see Section 20.5.3 for 

an explanation) to express genes downstream of early genes and is modified to 

recognize middle promoters. These promoters differ from a70 promoters in the -35 
sequence, and a transcriptional activator, encoded by the T4 motA early gene, 
allows the host RNA polymerase to transcribe from such promoters. 

Transcription of the late genes is coupled to replication. Promoters for these genes 

again differ from 070 promoters and require an alternative sigma factor, encoded 

by T4 regulatory gene 55, to activate transcription. Binding of gene 55 product to 
host RNA polymerase allows the enzyme to recognize specifically T4 late gene 

promoters. Other T4 gene products, including those of genes 44, 45, and 62, which 

are involved in replication, are additionally required for late gene transcription. RNA 
polymerase complexed with gp55 seems to need an actively replicating T4 DNA for 

effective transcription of the late genes. Such coupling between replication and 

transcription ensures that phage DNA becomes available for packaging as the 
capsid proteins are synthesized from the late genes. The DNA is packaged into the 

pre-made heads. These require a protein scaffold to assemble. Packaging is size 

specific, depending on the size of the head, and is accompanied by a structural 

change in the procapsid. Tail and baseplate assemble separately. Heads attach to 
tails and tail fibers are added last to produce mature progeny phages. T4 holin 



(gene t protein )  creates a hole i n  the inner membrane so that lysozyme (gene e 
protei n  for endolys in)  can deg rade the peptidog lycan for ce l l  lysis and release of 

phages .  

Upon superi nfection of T4-infected bacteria ,  the phage exh i bits the phenomenon of 
"lys is i nh i b i tion , "  whereby the latent period i s  prolonged, lysis i s  delayed, and an 
i ncreased burst size (about 1000) resu lts .  It is noteworthy that T4-l i ke phages have 
been suggested as poss ib le therapeuti c agents in, for example, the treatment of E .  

co l i  d iarrhea . Lysis of the majority of d iarrhea-causing E.  col i stra i ns wou ld probably 
requ i re a cockta i l  of severa l phages and/or genetic man i pu lat ion to extend host 

range suffici ently .  

20 . 5 . 2  Phage T7 
T7 is a vi ru lent T-odd phage, with icosahed ra l head and short, non-contracti le tai l  
( Fi gure 3 . 18) .  The l i near genome (about 3 9  kbp) i s  smal ler than that of T4 . I t  i s  

term i na l l y red undant though  not c i rcu l a rly  perm uted a nd co m p rises about 5 0  
genes, wh ich are closely packed, d ivided i nto th ree g roups and numbered from the 

genet ic  left end ,  the fi rst end to enter  the host ce l l  ( F i gu re 20 . 1 6 ) .  Integ ra l  

numbered genes are essentia l ;  most non- i nteg ra l numbered are non-essentia l .  

Fi g ure 20. 16  Si mpl ified genetic map of phage T7 .  The T7 genome conta ins about 
50 genes, of wh ich a number are shown . Genes are transcri bed from the l eft end 

( LE) to the right end (RE), with gene 0 . 3  expressed fi rst and gene 19 . 5  last. Three 

classes ( I , II ,  and III)  of genes a re i dentified by funct ion a nd ti m i n9 of the i r  
expression . Gene 0 .3  encodes an  anti- restriction prote in  to avoid restri ction of T7 

DNA by type I restriction systems of the host im med iately upon infection, a l low ing 
the phage to propagate . E .  col i  RNA polymerase transcri bes class I genes, one of 
wh ich  encodes T7 R N A  polymerase, wh ich subseq uently  transcri bes c lass II  

(m idd le) and class III  ( l ate) genes from T7-specific  promoters . T7 protei ns encoded 
by genes 0. 7 and 2 i nactivate the host RNA polymerase, switch ing transcri pti on to 

the T7 rather than the bacteria l genome. T7 prote ins encoded by genes 3 and 6 

degrade host DNA. T7 DNA is rep l icated by T7 DNA polymerase encoded by gene 5 .. 

ori i s  the pri mary ori g i n  of DNA rep l i cation . 

Sources : Funct ions derived fro m Stud ier and Dunn  ( 1983 ) Co ld Spri ng Harbor 
Quant i tat ive B io logy, 47,  999-1 007, and Steven and Trus ( 1986)  In  E lectron 
Microscopy of Prote ins Vol ume 5 :  Viral Structu re ( Harris, J .  R .  and Horne, R.  W. ,  
ed itors) pp .  1-35, Academ ic Press . 
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T7 early genes (up  to 1 . 3 )  a re transcribed by the bacteria l  RNA polymerase, which 

is afterwards i nactivated . One of these early gene products i s  T7 RNA polymerase, 

a very active enzyme that takes over transcri ption of Tl genes .  Late genes are 
transcribed from strong T7 promoters. T7 transcri ption is regu lated both by the 

slow de l ivery of the DNA i n to the host and  by the synthes i s of the T7 RNA 

po lymerase, w h ich  recogn izes on ly  T7 prom oters .  Th is  spec if ic ity of  Tl  RNA 

po lymerase has  been exp lo ited i n  the deve lopment of  a n u m ber of express ion 
vectors that i ncorporate these promoters . Deg radation of the bacteria l  chromosome 
duri ng i nfection provi des the nucleotides for Tl repl ication,  wh ich uses T7 DNA 

polymerase. Th is polymerase has been mod ified and marketed com merci al ly as the 
DNA sequenci ng enzyme, SequenaseTM . 

20 . 5 . 3  Phage la mbda (A) 
M orpholog ica l ly, phage 'A com pri ses an icosahed ra l  head conta i n i ng  a dsDNA 
genome of about 48 . 5  kbp and a long, flexib le ta i l  with centra l  ta i l  ti p fi ber and side 

ta i l  fi bers . Genes are c lustered accord i ng to function on the genome (see Figure 
20. 17) ,  w ith many encoding head and ta i l  components of the phage, but only two 

(0  and  P )  for rep l i cat i on ,  u n l i ke phages T4 a n d  T7 , where there a re m any 
phage-encoded rep l i cation protei ns. The genome i n  the vi1rion is l i near, with 12  b 

s ingle-stranded complementary 5 '  ends (cohesive ends) that mediate c i rcularization 
of the DNA after i nfect ion of the host. Ci rcu lari zation of the 'A genome protects it 

from degradation .  The cohesive ends are generated due to the mode of packag i ng 
of the DNA from concatemers ( conta i n i ng m u lti p le A. genomes),  wh ich a re cut 
asymmetri ca l ly at 'A cos sites. The specific ity of th is packag ing mechan ism has been 

exploited for effi c ient i ntroduct ion of i nsert DNA into recombi nant hosts usi ng A. 
clo n i n g  vecto rs . To su bvert bacte ria l restri ction-m od ifi cati on activ i t ies upon 

i nfection, phage A. encodes the Ral ( restriction a l l eviation)  prote in .  Th is  enhances 



methy lat ion of the vi ral  DNA, thereby a l leviati ng restriction by type I restricti on 
enzymes. 

F ig ure 20. 17  Genetic organ ization i n  phage lambda . (a )  S imp l if ied geneti c map  
( n o n - i n te g ra te d ) .  S o m e of  th e e s s e n t i a l 'A g e n e s a re s h o w n .  G e n e  
products/functions are as fol lows : A to J, head and tai l  prote ins and assembly; stf 

and tfa, side ta i l  fi bers; b2 region, non -essentia l  genes, part of the reg ion replaced 
i n  'A clon ing vectors; s ib, regu latory sequence for int and xis expression-int can be 

transcri bed from PI  and PL.  Expression from PL is inh i bited when s ib  is present. PL 
transcri pt term i nates beyond si b and the site forms a secondary structure ( ha i rp i n )  

that is recogn i zed for cleavage by RNAse III, removing the int porti on ( = a form of 
retroregu lation ) .  P I  transcri pt, which term i nates at ti ( upstream of si b) ,  is stable 

and i nt expressed . PL tra nscri pt from i nteg rated prophage DNA is a l so stab le, s i nce 
s ib  is removed , and  i n t and  x i s  exp ressed . attP ( P  . P '  or a . a ' ) , A. attach ment  

site-location of  site-specifi c recombi nation ( 15 b homology) with host chromosome 
i ntegration site attB ( B. B' or b . b ' )  between gal and bio operons; i nt, i nteg rase for 

i n teg ration and  w ith x is  'A prophage excis ion ;  xis, exc is ionase fo r A. prophage 
exc ision;  exo, 5'  to 3 '  exonuclease for recom bination ; bet, promotes anneal i ng of 

com plementa ry ssDNA strands  for reco mb i nation ; g a m ,  i n h i b i ts host RecBC D 

nuclease; ki l ,  host k i l l ing by b locking cel l  d iv isi on;  clll, requ i red for establ ishment of 
lysogeny, enI b locks deg radation of en by host proteases ( Hfl A and Hfl B) ; ra l 
( restri cti on a l l eviation) ,  for parti a l  a l leviation of host B and K restrict ion systems; N,  
anti -term inator protein promotes expression of delayed early genes, causes RNA 
po lymerase to overcom e  tra nscri pt ion term i nators a n d  not stop transcri pti on,  

requ i res nut  (N uti l ization)  s ite and host factors; rex [rexB/rexA] ( restrict ion of 
exogenous phage), b l ocks superi nfection by phage such as P22, expressed i n  the 
lysogen; cl, 'A repressor-bi nds to OL and OR to repress tra nscri ption from PL and 
PR, activates transcri pti on from PIRM when bound to OR2,  cl expressed from PRE to 

establ ish lysogeny and from PRM to mai nta i n  lysogeny; cro, anti -repressor-binds 
to OL and OR to repress early transcri pt ion, b lock activation of PRM and promote 

the lyti c cyc le;  cII,  reg u latory p rote in  for estab l i sh ment of lysogeny, activates 
tra nscr i pt ion  from P R E  fo r CI  synthes is ,  PI fo r i n teg rase synthes is ,  PaQ for 

antisense Q resu lti ng i n  reduced expression of Q .  Stab i l ity of en control led by host 
p roteases and CIII . 0, P, prote ins for phage DNA repl ication; Q, anti-term inator 

protei n promotes expressi on of l ate genes from P 'R, requ i res qut s i te;  S, ho l i n  
protei n ,  creates holes i n  cytoplasmic membrane perm itti ng endolys in  (R  product) to 

gai n access to peri p lasm for cel l lysis-two forms of S prote in a re translated (from 
two in -frame translat ion start sites) and the ratio determines the ti mi ng of lys is to 

ensu re progeny phages are ready for release before lysi s occurs. R, an endolysin-a 
tra nsg lycosylase that d igests peptidog lycan for cel l  lys is ;  Rz, for cel l lys is; bar, 

l i poprotei n in the membrane of A. l ysogen conferri ng serum res istance on host . 
cosl, cosR, cohesive ends  ( left a nd rig ht respect ive ly)- 1 2  b s i ng l e-stranded 



complementary S' extensions, anneal to form circular genome in the host. Note 
that the integrated prophage DNA is a linear permutation of the virion DNA, such 

that sib is no longer downstream of att. (b) Simplified circular map. Circularization 

of genome by annealing of cohesive ends to form the cos site brings all late genes 
(cell lysis, head, tail genes) together. Main promoters are shown: 
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As a temperate phage, A can either establish lysogeny, being maintained as a 

prophage integrated into the bacteria l  chromosome between the biotin and 

galactose operons, or multiply lytically to produce progeny virions upon infection 
(Figure 20.18). 



Figure 20. 18 Requ irements for lytic cycle and lysogeny i n  phage lambda . Important 
genes, gene products/functions requ i red for the lytic cycle and lysogeny are shown.  

For descri pt ion of gene functions see Figure 20 . 17 .  

Sou rce : E lectron m i crog ra p h of  phage l am bda reprod uced by  perm iss i on of 
Professor R. Duda . 
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The decision between the lyti c cycle and lysogeny depends on a number of genetic, 
envi ronmental and physiolog ical factors. Gene expression is negatively regulated by 

re p resso r-o perato r  i n teract io ns ,  w ith te rm i nat ion  a n d  a n t i - te rm i nat i o n  of  
transcri ption p layi ng im portant roles i n  temporal control . 

Phage 1' i nfection i nvolves the E .  col i  l amB prote in  receptor, which i s  recogn ized by 
the tip structu re of the phage ta i l .  Upon i ntrod uction i nto the host the phage 

genome c i rcu lar izes and  the bacteria l  RNA polymerase b i nds  to leftward a nd 
rig htward promoters (PL and PR), transcri b ing cro and N genes.  N protein ,  together 

with host protei ns, med iates anti -termination at transcri ption termi nators tll,  tRl, 

and tR2, so that de layed ea rly g e n es i n c l u d i n g  cII  a nd cIII  a re exp ressed . 

Anti -term inator prote in ,  N,  acts by mod ifying the RNA polymerase, i n  the presence 
of nut (N uti l i zation ) sequences ( nutl and nutR), so that it ignores termi nation . N 

may add itiona l l y  i mpede release of the transcript by the termi nator ha i rp in or by 
the activity of rho hel icase . Where the concentrat ion of CII (transcri ption activator 



protei n)  remai ns below a critical leve l ,  which is the case i n  the majority of cel ls, 
transcr iption from PL and PR  conti n ues unti l Q anti -term inator switches on l ate 
genes govern i ng synthes i s  of phage components for heads and ta i Is, and R, Rz, and 
S for lysis .  The S gene protein  a l l ows transport of 'A endolys in ,  encoded by R and 
Rz, to the periplasm .  The R gene product degrades the peptidog lycan of the cel l  

wal l ,  with the Rz product havi ng a m i nor role i n  ce l l  lysis. The effectiveness and 
specific ity of phage lyti c enzymes make them promisi ng cand idates for use as 

anti bacter ia l  agents ("enzybioti cs") in the contro l  of pathogenic bacteria,  i nclud i ng 
anti biotic-res istant bacteria . 

Under cond itions where CII protein preva i l s, it activates transcription of cl from PRE 
( promoter for repressor establ i shment) and of i nt from PI ( promoter for i nteg rase) .  

Th is resu lts i n  i nteg ration of the 'A genome i nto the bacteria l  chromosome and 
rep ress ion of  lyti c functi ons, throug h CI  repressor b ind ing  to  OL and  O R, for 
establ ishment of lysogeny. CII a l so activates PaQ for transcri ption of antisense RNA 
that reduces expression of Q .  Lysogeny is mainta ined by continued synthesis of CI 

repressor from PRM (promoter for repressor maintenance) .  Bacteria l  protei ns, such 
as H flA protease, a nd phage-encoded CIII  prote i n  affect stab i l i ty and  hence 
concentration of CII . These prote ins  are themse lves affected by envi ron menta l  

stimul i  (e .g . ,  tem perature and  nutrients) .  

Phys io log i ca l  stress, effected  fo r i nsta nce by exposure of a 'A l ysogen to UV 
i rrad iation,  results i n  da mage to DNA and  i nduces the SOS response, i n  turn 

activati ng RecA co-protease . Th is  sti mu lates a latent protease activity of CI with 
subsequent cleavage of the repressor, so that it no longer bi nds to OR and OL. 

Anti -repressor Cro in  tu rn bi nds to OR and OL to prevent transcri ption of cl and 
sti mulate its own transcri ption . The phage i s  thereby induced to enter the lyt ic 
cycle. Genes xis (for excis ionase) and i nt (for i nteg rase) are expressed and the 'A 
genome excises to d i rect the lytic cyc le .  

The 'A lys is-lysogeny decision represents a pa rad igm for control of gene expression 
in bacteria and lysogenic phages. Relatives of phage 'A may carry verocytotoxi n  (VT) 
genes to convert thei r hosts i nto pathogens upon lysogenizati on, as is the case with 
E. col i 0157 .  Phage 'A, which itself ca rries bor, conferri ng serum resistance on the 

lysogen, provides a useful model system for studyi ng such lambdoid phages. 

Phages of the lambda fam i ly and certa i n  fi l amentous phages (Secti on 20.4. 2 . c) are 
important vectors for spread of vi rulence genes .  Thus, despite potentia l  lethal ity to 
thei r hosts, such phages may confer selective advantages, through, for example, 

lysogenic conversion and superi nfection i mmun ity, to contribute to bacterial fitness 
i n  the envi ronment. 

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you should be able to : 



• d iscuss the rep l icati on  cyc le and contro l of gene express ion i n  ssRNA 

col i phages; 

• outl i ne the i nfection process of dsRNA phages; 

• review the biology of the Ff and icosahedra l  ssDNA phages; 

• describe the structure and repl ication cycle of dsDNA phages, T4 and T7; 

• d iscuss the molecu lar events that govern the deci si1on between the lyti c 

cycl e and lysogeny i n  phage /\; 

• expla i n  some uses of phages in  modern b iotechnology; 

• appreciate the ro le  of phages i n  the evol ution of bacteri al d ivers ity. 
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CHAPTE R 2 1  

Orig i ns a nd Evol ution of Vi ruses 
CHAPTER 2 1  AT A GLANCE 

2 1 . 1 I NTRODUCTIO,N TO ORIGIN1S AN D 

EVOLUTIO N OF VI RU SES 
In this chapter we sha l l  specu late on how vi ruses may have orig inated and consider 

the mechan i sms by which vi ruses evo lved in  the past and conti nue to evo lve today. 
The orig ins and evolution of many cel lu lar organ isms can be i nferred from fossi ls, 

but the foss i l  record of vi ruses is l i m ited . The discuss ion of the possi b le ori g i ns of 

vi ruses wi l l  be h ighly specu lative, though when we come to mechan isms of vi rus 
evolution we wi l l  be on fi rmer g round as sequencing of vi rus genomes enables the 

construction of phy logeneti c trees a nd the mon itori ng of v i rus evo lution as i t  

occurs .  V irus evol ution is of  g reat i mportance i n  a n u m ber of areas of  app l ied 

vi rology, i ncl ud i ng the emergence of new pathogenic viruses (Chapter 22) and the 
development by vi ruses of resistance to drugs (Chapter 26) . 



,2 1 . 2  ORIGI N S  OF VI RUSES 
Vi ruses by defi n ition are parasites of cel ls, so there could be no vi ruses unti l cel ls  

evo lved . There i s  evidence for the presence of l iv ing cel ls about 3 . 9  bi l l ion years 
ago ( F ig ure 2 1 . 1 ) , though the fi rst ce l l s  proba b ly ca me i nto existence severa l 
hundred mi l l ion years earl ier .  It is  bel ieved that, prior to the development of these 
prim itive prokaryotes, there was a phase of evolution i nvolving organ ic molecu les. 

These molecules probably i ncl uded proteins and RNAs, and some of the latter may 
have evolved capacities for self- repl i cation . 

F ig u re 2 1 . 1  Tim e l i ne  of the Earths"D™ s  h i story . The approxi m ate ti mes when 
various groups of organ isms fi rst appea red are ind icated . 
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The archaea and the bacter ia that i nhab it the earth today a re the p rokaryotic 

descenda nts of the early cel l s .  It is l i kely that vi ruses developed at an early stage in 
these pri m itive prokaryotes, but the extent to wh ich the vi ruses of the modern 

prokaryotes (Chapter 20) resemble these ea rly vi ruses is unknown .  Eukaryotic cel ls  

appea red much later in evolution ( F igure 2 1 . 1 ), so on the evo lutionary timescale 

the v i ruses that i n fect eukaryotes a re m uch m ore recent  tha n those of the 
prokaryotes. The vi ruses of modern mammals and b irds are presuma bly descended 

from those that i nfected thei r d i nosaur  ancestors . 

The answer to the question BDl-bWhere did viruses come from?sl)i{ is Bol-bBasica l ly, 
we do not know ! s"DK  We can ,  however, specu late about poss ib le  ancestors of 
vi ruses; these i nc lude molecu lar precursors of cel l u lar organisms when the earth 

was young ,  co m ponents of ce l l s , a nd i n tracel l u la r  m icro-organ i sms .  We sha l l  

consider each of these i n  turn . 

2 1 .2 . 1 !Molecu lar  precu rsors of cel l u la r  organ isms 
I t  is thought that on the ea rly Ea rth , before cel l u lar  organ isms had  come into 

exi stence, RNA m o lecu les u nd e rwent evolut ion ,  develop ing  enzyme act iv it ies 
( ri bozymes) and the abi l i ty to rep l icate . Once cel ls had evolved perhaps some were 



parasitized by some of these RNA molecules, which somehow acquired capsid 
protein genes. If this happened then these were the first viruses. 

2 1 . 2.2  Components of cells 
Perhaps some cel lu lar components evolved abi lities to replicate themselves, 

independent of host cell control, and thus became parasites of those cells. Potential 

candidates for precursors of viruses include mRNA molecules and DNA molecules 

such as plasmids and transposons (Figure 21 .2). 

Figure 21.2 Cell components that are potential candidates as precursors of viruses. 
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The genomes of many p lu s-strand RNA viruses of eu karyotic hosts have 

characteristics of eukaryotic mRNA. For example, the Ssl>I end of the genome is 

capped in tobamoviruses, the 3sl>I end is polyadenylated in picornaviruses, while 

the genomes of coronaviruses are both capped and polyadenylated. The plus 
strands i n  the dsRNA genomes of reoviruses are also capped and polyadenylated. 
Could some RNA viruses be descendants of cell mRNAs? 

Covalently closed circular D N A  molecules known as plasmids are fou nd in 

prokaryotic and eukaryotic cells. Could some DNA viruses be descendants of such 
molecules? Some bacterial plasmids carry genes that specify the production of a 
protein tube (a sex pilus) that can attach to other bacterial cells and allow the 

transfer of a copy of the plasmid from one cell to the other. Could some phages, 

such as the filamentous phages or some of the tailed phages (Chapter 20), be 

descended from ancient plasmids and their sex pili? On the other hand it has been 

suggested that the sex pi l i  of modern bacteria may have orig inated from 
filamentous phages. 

Transposons are sequences of mobile DNA in the genomes of prokaryotes and 

eukaryotes. They are described as mobile because they can move from one part of 
the genome to another, usually by a Bol-bcut and pastesl>K mechanism. Perhaps 
some DNA viruses are descendants of transposons. 

For any of these DNA or RNA molecules to evolve into a virus the putative virus 

genome would somehow have to acquire a range of genes, including those for 



caps id protei n (s) and ,  i n  m any cases, for a po lymerase to rep l i cate the v i rus 
genome. 

2 1 . 2 . 3  Intrace l l u la r  m icro-orga n isms 
There i s  strong ev idence that the m itochondria and chloroplasts of eukaryotic cel ls  

are derived from prokaryoti c ce l l s  that adopted new modes of l ife with in  the cel l s  of 

host orga n i sms .  It i s  assu med that the ancestors of these organe l les adopted 
pa rasitic or mutua l ly beneficia l  modes of l ife i n  host cel ls, and that over ti me they 
beca me i ncreas ing ly dependent on thei r hosts, losi ng the abi l i ty to perform va rious 

functions, and losi ng the genes that encode those functions .  Perhaps a sim i l a r  

evol utionary process conti nued further, leading to g reater degeneracy and  loss of 
functions such as protein synthesis, unti l the i ntrace l l u lar i ntruder was no longer a 

cel l  or an organel le, but had become a vi rus. 

A vi rus that may have arisen in th is  way is the m im ivirus (Section 1 .3 . 1 ) .  The 1 . 2  
M b  genome of th is vi rus encodes a wide variety of proteins, inc lud i ng enzymes for 

polysaccharide synthesis and prote ins i nvolved i n  translation ;  it a lso encodes s ix 

transfer RNAs. 

2 1 . 2 .4 How d id vi ruses orig i nate? 
The answer to this question i s  that we do not know! The g reat variety of vi rion 

structu res, and of vi rus genome types and rep l i cation strateg ies, i nd icates that 
v i ru ses had m u lti p le  or i g i n s .  Sma l l  s im p le vi ruses, such  as parvov i ruses and  
p icornavi ru ses, perhaps evolved from mo lecu lar  p recursors, wh i l e  some  l a rge  
complex vi ruses, such as  the m im ivi rus, perhaps evolved from cel lu lar  precursors. 

We noted i n  Chapter 3 that the vi ruses found in certain  categories of organ ism 
have a predom inance of certa i n  types of genome : dsDNA genomes in prokaryote 

vi ruses, ssRNA genomes i n  p lant vi ruses, and dsRNA genomes i n  funga l vi ruses . We 
can now note that certa i n  structu ra l types of vi rus a re restri cted to particu lar  

categories of host : naked, rod-shaped ssRNA vi ruses are restricted to p lant hosts, 

whi le vi ruses with a headsn"tai l  structure are rarely fou nd outside the prokaryotes .. 
The reasons for these d i stri butions p resumably concern d iverse orig i ns  of the 
vi ruses i n  these very d i fferent hosts. 

There is  one featu re, however, that is  un iversa l throughout the v i rus worl d : 
icosahedral symmetry. There a re icosahed ral vi ruses with dsDNA, ssDNA, dsRNA, 

and ssRNA genomes, and i cosahedra l  vi ruses infect bacteria l ,  archeal ,  fungal ,  p lant, 
and  a n i m a l  hosts . These v i ru ses have evolved from a va ri ety of or i g i ns, but  

evol ution has chosen the icosahedron for capsid design because it is  a pa rticu larly 
stab le structure . 

One fi nal thought on v irus orig ins : we must entertai n the possi b i l ity that today new 
vi ruses are conti nu i ng to evolve from molecu lar and cel lar  precu rsors .  



2 1 . 3 EVOLUTION OF VIRUSES 
In his book On the Origin of Species (Figure 2 1 .3), Charles Darwin presented 

concepts of over-reproduction and survival of the fittest in terms of animals and 
plants. These same concepts can also be applied to vi ruses. (It can also be argued 

that the myriad exquisite viral structures entitles viruses, as well as plants and 
animals, to be included in the Bnt-b . . .  endless forms most beautiful and most 

wonderful . . .  BnK) Like a cellular organism, a virus has genes that strive to 
perpetuate them selves. The expression of the com b i  nation of genes that 

constitutes the genome permits the virus to replicate itself. Changes to individual 
genes and new gene combinations continually throw up new genotypes, most of 

which are less successful than the parental genotypes and do not survive. 

Occasionally, however, a new genotype is more successful than the parental 

genotype and might even supplant it. Sometimes a new virus genotype enables the 
infection of a new host species. 

Figure 21.3 Quotation from Charles Darwinsn™s On the Origin of Species (1859) . 

.. . endless forms most beautiful 
and most wonderful have been. 
and are being. evolved. 

21 .3 . 1  Viruses from the past 
The reverse transcriptionsn"polymerase chain reaction (RTsl)'-'PCR) has been used 

to recover and a m plify genomes of at least two RNA viruses from the past: 
influenza A virus from the 1918sn"19 pandemic (see Sections 16.4 and 16.5) and 

tomato mosaic virus. The latter virus is very stable and it can be detected in the 

atmosphere. Its presence in Arctic ice was predicted, and when cores of ice 
between 500 and 140 000 years old were examined, the RNAs of 15 strains of 
tomato mosaic virus were detected. 

snt-bVirus fossilssr.,i< can also be found as DNA sequences in the genomes of plants, 

animals and bacteria. These sequences originated from integrations of viral 



sequences into the genomes of the ancestors of these organ isms, and in  many 
cases on ly frag-ments of the ori g i na l  sequences remain .  

Examp les of v irus sequences i n  cel l genomes i nc l ude those of cau l i movi ruses i n  
p lants, flavivi ruses i n  mosquitoes, and  hepadnavi ruses i n  b i rds .  Mammal ian genome 

sequencing has uncovered sequences orig i nati ng from a wide range of DNA and 
R N A  v i ruses,  i n cl u d i ng retrov i ruses .  The retrovi ra l seq uences a re known as 

e n d o g e n o u s  retrov i ru ses ( S e ct io n 1 7 .  6 )  a n d  a re th e l i k e ly so u rces  o f  

retrotransposons (Section 2 1 . 3 . 5 .a ) .  

2 1 . 3 . 2  Mon itori ng vi rus evol ution 
Evo lut i onary relat i onsh ips  between v i ruses can be fou nd by  com pari ng  the i r  

genome sequences .  The re lat ionsh i ps can be portrayed i n  phyl ogenet ic trees 
(Sect ion 1 0 . 2 . 1 ;  F igure 2 1 .4 ) .  Genome seq uenci ng can a l so be used to fo l low 
changes i n  rap id ly evolvi ng vi ruses, such as i nfl uenza A vi rus and HIV- 1 .  

F igure 21 .4 Phylogenetic tree showing relationships between pri mate lentivi ruses. 
The tree is based on pol sequences. Sim ian immunodefic iency vi ruses (SIVs) are 
denoted by the name of the host speci es in  b lack.  Human i mmunodefi ciency vi ruses 

( H IVs)  a re i n d icated i n  red . AGM : Africa n g reen m on key. RCM : red -ca pped 
mangabey. 

Sou rce : Adapted from M rjl ler and De Boer ( 2006) PLoS Pathogens, 2 (3 ) : e 15 .  
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2 1 .3 . 3  Mechan isms of vi rus evol ution 
I n  many respects, the underlyi ng processes that drive vi rus evol ution are the same 

as those that drive the evolution of cel l u lar  organisms. These processes i nvolve the 

generation of genome variants, the vast majority of wh ich are deleterious and do 
not survive, but a few provide an advantage in a parti cu lar  ni che. For a vi rus the 



n iche might be a new host species or the presence of an anti -v i ra l  d rug, and a 
variant may prol i ferate in  that n iche as a new vi rus stra i n .  Virus genome variants 
arise as a result of mutati ons, recombi nation, reassortment of genome segments, 

and acquis it ion of cel l  genes. Some vi ruses a re able to undergo two or more of 
these processes. We shal l consider each process i n  turn . 

2 1 . 3 . 3 . a  Mutations 
When nucle ic ac ids are cop ied by polymerases some errors are made .  If an error is 

in a protei n -cod i ng sequence and if  the error results in a cha nge in the amino acid 
encoded, then the error results i n  a mutation .  Natu ra l  selection operates and the 
mutations that su rvive are those that best fit the vi rus for its conti nued surviva l .  

There a re m a ny se lection  pressu res on v i ruses.  These pressures i nc l ude  the 
i m mune response of the host; for exa mp le, a new antigen ic  type of an an i mal vi rus 

that the hostslJ ™ s  i m m u ne system has not p revious ly  encountered is at  a n  
advantage compared w ith ant igen ic types aga i nst wh ich the host has acq u ired 

im mun ity .. There is, therefore, heavy sel ecti on p ressure on v i rus  protei ns  (e . g .  

H IV- 1 g p 1 20) that are ta rgets of the hostslJ ™s  i m m une response, and  these 

proteins tend to be the least conserved . Those reg ions of the prote ins  that are 
ta rgets for neutra l i z i ng anti bod ies a re especia l l y  va riab le .  There are, however, 

constra i nts on the evo lutionary process . Attach ment prote i ns  must reta i n  the 
configurations that enable them to b ind to cel l receptors, and enzymes, such as 
reverse transcri ptases, must reta i n  the i r  cata lytic abi l it ies. 

For some vi ruses there are add it ional constra ints . A v irus such as potato yel low 

dwarf vi rus, which needs to rep l i cate i n  both a p lant host and an i nsect host, can 
tolerate a m utation that enha nces its rep l i cation in the insect host on ly if  the 

mutati on does not comprom ise its ab i l ity to repl i cate in the p lant host, and vi ce 
versa. 

When vi rus DNA genomes are repl icated, the error rates are much lower than when 
RNA genomes are rep l icated (F igure 2 1 . 5 ) .  This is because DNA-dependent DNA 
po lymerases have a proofread i ng mechan ism that corrects most of the errors, 
whereas RNA polymerases and reverse transcriptases have no such mechan ism . As 

a result, DNA viruses, such as papi l lomavi ruses, evolve much more slowly than  RNA 
vi ruses, such as p icornavi ruses . 

F igure 2 1 . 5  Error rates of DNA po lymerases and RNA polymerases. 
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Michael Worobey and Edward Holmes ( 1999) 

The h igh error rates duri ng RNA repl ication and reverse transcri ption mean that for 
an RNA vi rus there is no fixed sequence of bases for the genome. Instead, the vi rus 

genome exists as a large number of variants; the term Bnl-bquasispeciessni< has 
been co i ned to descr ibe the group  of va riants that col l ectively consti tute the 
genom e of a n  R N A  v i rus  ( F ig u re 2 1 . 6 ) .  M any va r ia nts have on ly  a fl eeti ng  
existence, whi le those best adapted to a particu lar  n iche dominate i n  that n iche .. 

The h igh mutation rate produces some va riants that may ena ble a v i rus to adapt to 

new n iches ( e. g . ,  an expansion of its host range) should the opportun ities arise .  

Fi gu re 2 1 .6 Quasispecies genomes of  an RNA virus in an  infected human .  V irus 
genom es a re represented as l i n es, a nd m utat ions  as sy m bols on the l i nes .  

Mutations result in  a spectrum of  related genomes, termed vi ral quasispecies. 

Source : Mod ified with the permiss ion of the author and the pub l isher (Spri nger 

V e rl a g ) fro m D o m i n g o  et  a l .  ( 20 0 6 )  Cu rren t  To p i cs in M i c ro b i o logy  a n d  
Immunology, 299, 5 1 .  
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The fi rst step i n  the rep l ication of HIV genomes i nvolves reverse transcri ption, with 

an estimated error rate around one error per 104 bases added . As the HIV genome 

conta ins about 104 bases, th is means that there i s  an average of one error each 

ti me  the gen o m e  is reve rse transc ribed . There is evi dence that the h u ma n  

immunodeficiency vi ruses evolved from vi ruses that jumped from ch impanzees and 
sooty mangabeys i nto humans (Section 2 1 . 3 .4) .  Si nce jumping species, the vi ruses 

have evolved rapidly, espec ia l ly the M ( ma i n) group of HIV- 1 ,  which has rad iated 

i nto many subtypes and sub-subtypes. 

Rapid evolution of H IV can be detected withi n the body of an i nfected i nd iv id ual ,  i n  
wh ich there m ay be 1 0 1 0s1>" 10 1 2  n ew v i rions  p rod uced each day .  There is  

the refo re consta nt  p rod u cti on  of a h uge  a m o u nt of genetic va ri ab i l i ty .  We 
mentioned i n  Chapter 18 that RS stra i ns of H IV- 1 predomi nate in  a newly i nfected 
host, but i n  many i ndividuals as the i nfection proceeds there is evol ution towards 

X4 and RSX4 stra ins .  The constant production of new variants a lso means that the 
vi rus can evolve rapid ly in response to a selection pressure, such as the presence of 

an anti -retrovi ra l  d rug . 

H igh divers ity is also found i n  the genomes of other RNA vi ruses, such as hepatit is 

C v i rus, where i so lates from a patient can have up to s.0/o difference in thei r 

nucleotide sequences . 

Th e ca pa c i ty fo r ra p i d  evo l u t i on  of R N A  v i ruses creates  p rob l e m s  fo r the 
development and mai ntenance of some vacci nat ion programs .  Vacci nat ion with 

attenuated pol iovi rus vacci ne i n i tiates i nfection i n  the gut with one or more of the 
vacc i n e  stra i n s, a n d  th e i n fection  n o rm a l l y la sts fo r l s'F.>" 2 m o nths .  So m e  

immunodefic ient vaccinees, however, rema in  i nfected for much longer periods of 
ti me, and in these i ndividua ls  the vacc i ne vi ruses a lmost a lways evo lve . There are 

d ifferences of on ly a few bases between the genomes of neurovi ru lent po l iovi rus 

stra i n s  a n d  th ose of th e vacc i n e  stra i n s  ( S ect i o n  2 5 . 2 ) ,  so  reve rs i o n  to 



neurovi ru lence i s  com mon i n  these c h ron ica l ly  i nfected i nd iv id ua l s ,  who may 

develop para lytic pol iomyel itis and may transmit viru lent pol iovi rus to others .  

Anothe r  exa m p le of RNA v i rus  va ri a b i l i ty havi ng  p ract ica l co nseq uences for 
vacci nation is foot and mouth disease vi rus .  Seven disti nct serotypes of th i s  vi rus 
have evolved ( F i gu re 10 . l (a ) ) ,  a nd vacci nation aga inst one serotype does not 

provide protection aga i nst the others .  In add ition, there a re many subtypes of each 
serotype a nd immun ity to one subtype confers only partia l  immun ity to the re lated 

subtypes. 

Hepatitis B vi rus ( H BV) is a DNA vi rus, but, beca use it repl icates its genome by 
reverse transcription, error rates s im i lar  to those of RNA vi ruses a re observed . More 

than ha lf of the HBV genome is  read i n  two read i ng fra mes and reg u latory elements 

are a l l  with i n  protein cod ing  regions (Section 19 .6 ) .  There are, therefore, severe 
constra i nts on the ab i l ity of HBV to m utate and remain v iab le .  In spite of these 
constra i nts, however, variation is much greater in H BV than  i n  DNA vi ruses that 

rep l icate the i r  genom es so le ly w ith D N A-dependent  D N A  po ly m e rases .  H BV 

mutati on rates are lower i n  overlapping reg ions of the genome. 

2 1 .3 . 3 ,. b  Recombi nation 
Recombination i s  a process that resu lts in the production of a new genome derived 
from two parental genomes . For a cel lu lar  organ ism recomb ination can take place 

between DNA molecu les with i n  a cel l .  For vi ruses recombi nation may occur when a 
cel l  is i nfected with two related vi ruses; the new vi rus that is produced is referred 
to as a recombi nant vi rus .  Recombi nati on has been reported for vi ruses of a l l  four  
genome types (ssDNA, dsDNA, ssRNA, dsRNA) . 

The fi rst evidence for recomb i nation i n  a vi rus came from stud ies with the DNA 

phage T2, a nd s i nce then reco m bi nat ion has been docu mented for other  DNA 
vi ruses .. The formation of recomb i nants between d i fferent bacu lovi ruses ( DNA 

vi ruses that i nfect i nvertebrates such as  i nsects) ,  a nd between herpes si m p lex 
v i ruses 1 a n d  2, has  been reported . DNA  vi ruses u ndergo reco m b i n atio n  by 
cleavage of the DNA molecu les fol lowed by l igation ( F igure 21 .7) . 

F igure 2 1 . 7  Recombi nation between the DNAs of two vi rus strai ns .  
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Recombination is com mon i n  ssRNA vi ruses, and there are reports of recombi nation 
in dsRNA vi ruses, i ncl ud i ng rotaviruses and b luetongue vi rus. Some RNA vi ruses 

m a y b e  a b l e to u n d e rg o  re co m b i n a t i o n  by m e c h a n i s m s  s i m i l a r  to th e 
cleavage/ l i gation mecha n ism just described for DNA v i ruses. For ssRNA vi ruses 

such as p i cornavi ru ses, it is  thoug ht that recom b inant  genomes can a l so be 
produced by a template switch i ng mecha nism . Th is i nvo lves d i sp lacement of an 

RNA polymerase whi le synthesiz i ng RNA, fo l l owed by association of the enzyme 

wi th another  RNA mo lecu le  a nd resu m pt ion of RNA syn thesis us i ng  the new 
template ( F igure 2 1 .8 ) .  

F igure 2 1 .8 Template switchi ng mechanism of recombination i n  ssRNA vi ruses . A 

cel l  i s  i nfected with two stra ins of a vi rus.  The RNA polymerase starts to rep l icate 

stra i n  1 RNA, but before rep l i cation is com plete the polymerase and the growing 

strand of RNA d issociate from the template RNA. The polymerase associates with 
stra i n  2 RNA and RNA synthesis is completed on the new template . The result is a 

recombinant RNA with part of its sequence derived from stra i n  1 and part from 

stra i n  2 .  When th is  strand is used as a template to generate new genome strands, 
the resu lti ng RNA molecu les are a lso recombinant. 
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Recombination i s  common i n  retroviruses and pararetrovi ruses.  It occurs during 
reve rse tra nsc ri pti on ( Secti ons  1 7 . 3 . 2  a nd 19 . 8 . 6)  by a te m p late sw i tch i ng  

mechan ism sim i lar to that descri bed above, with the reverse transcriptase switch i ng 
between two RNA templ ates. For a retrovi rus the two RNA templates are i n  the 

i nfecti ng v i rion, derived from two v irus strai ns co- i nfect ing the cel l in wh ich the 
vi rion was assemb led . For a pa raretrovi rus the RNA templates are present in the 

cytoplasm of a ce l l  co- i nfected with two v irus stra ins .  Some people have been 

i nfected with two or even three different stra ins of H IV- 1 ,  and many recomb inant 
stra i ns have evolved ; for example,  a recomb inant derived from HIV- 1 subtypes A 
and E has become preva lent in  Tha i land .  

Vi rus recombinants with desi red comb i nations of genes can a l so b e  generated in 
the laboratory. Examples are the recombi nant vacci n ia  vi rus that was produced for 

vacci nation of foxes (Section 15 . 2 . 1 )  and recombi nant bacu lovi ruses created for use 

i n  gene expression systems. 

2 1 . 3 . 3 . c  Reassortment 
Reassortment is a category of reco m b i nation that m ay occur  with seg mented 

genome vi ruses that have a l l  the seg ments packaged i n  one v irion ;  for example, 
reovi ruses (Chapter 13 ) ,  influenza vi ruses (Chapter 16), and bunyavi ruses (Section 

22 . 2 . 1 ) .  If a cel l is  co-i nfected by two strai ns of one of these vi ruses the progeny 



vi ri ons may conta in m ixtures of genome seg ments from the two parenta l  stra ins.  
These vi r ions are known as reassortants .  

The formati on of  infl uenza A virus reassortants is i l lustrated i n  F igure 2 1 .9 .  The 

vi rus genome is com posed of eig ht seg ments of m inus-strand RNA; two of the 
segments encode the envelope g lycoproteins hemagg lutin i n  ( H )  and neuram i n idase 

(N ) .  The figu re shows how reassortment can g ive r ise to a new virus stra i n .  

F igure 2 1 .9 Infl uenza v i rus reassortment 

1 .  A cell is co- i nfected with two stra i ns of i nfl uenza vi rus. Each stra i n  depicted has a 
un ique hemaggl uti n in  (H )  and a unique neuramin idase ( N ) .  

2 .  The RNAs of both strains are rep l i cated . 

3 .  Progeny virions with genomes made up  from m ixtures of RNA segments from the 

parenta l stra ins are ca l led reassortants .  H and N proteins of both virus stra ins  are 
p resent in  the vi rion envelopes as the i nfected cel l  expresses the genes of both 

stra i ns .  

4 .  A reassortant i nfects another  cel l .  Th is reassortant has the H gene of strain  1 

(the fourth genome seg ment), whi le the other genes are derived from stra in 2 .  

5 .  The RNAs of the reassortant are repl icated . 

6 .  Vir ions of the reassortant bud from the i nfected cel l .  



2 1 . 3 . 3 . d  Acqu isit ion of cel l  genes 
The d iscovery of s imi larities between some virus protei ns and cel l protei ns has led 

to the su ggesti on  that some  vi ruses have Bntt>ca ptu red sni< ce l l  genes .  The 

genomes of some retrovi ruses conta i n  oncogenes that they probably acqu i red from 
thei r host cel ls, which conta in  si m i l ar genes ( proto-oncogenes) . An example is the 
src gene of Rous sarcoma v irus (Sectio n  1 7 .4 ) ;  a ve ry s i m i l a r  gene (c-src) is  

present i n  the cel ls of a l l  vertebrates . A retrovi rus m ight acqu i re an  oncogene by 
recomb i nation  between the provi ra l DNA and  host DNA .  Alte rnative ly,  d u r i ng  

transcri pt ion RNA synthesis m ight co nti nue  fro m the provi rus to a n  adjacent 
proto-oncogene in the cel l  chromosome. 

Some vi rus protei ns modu late the immune system of the host, often by m i micki ng 

cel l prote ins .  For example,  some of the h u m a n  herpesvi ruses encode prote ins 

si mi lar  to cytoki nes and major h i stocom patib i l i ty complex prote ins .  Severa l large 
DNA vi ruses encode prote ins simi lar  to i nterleuki n- 10  and some of these proteins 

have been shown to suppress cel l- med iated im mune responses . Are some of the 

vi rus genes that encode these proteins derived from cel l genes and, if so, how d id 
the viruses acqu i re the genes? 

One possib l e  mechan ism is recomb ination ,  though i n  order for this to occur the 

genomes of the vi rus and the cel l m ust come into close p rox im ity. Th is  may happen 

with DNA vi ruses that rep l icate i n  the nuc leus (e. g .  herpesvi ruses), but there are 
many DNA vi ruses (e .g . poxvi ruses ) that do not enter the nuc leus, so cel l u la r  and 
vi ral genomes are never i n  close proxi m ity . 

A second poss ib le mechan ism for v ira l  acquis ition of a cel l gene m ight be th rough 

synthesi s of a DNA copy of a cel l  mRNA, fol lowed by insert ion of the DNA i nto the 
vi rus genome.  The DNA synthesis wou ld requ i re a reverse transcri ptase, poss ib ly 
suppl ied by the cel l or  by a retrovi rus co-infecti ng the cel l .  

2 1 . 3 .4 Evol ution of new v iruses 
From time to ti me a new vi rus appea rs, and mystery surrounds i ts ori g i n .  Often 
there are suspects for the orig in  of the v i rus and these suspects may be vi ruses in  
other  host species . The genomes of  the new v i rus and the suspects can be 

sequenced, and i f  a close match i s  found between the new v irus and one of the 
suspects then the mystery has probably been solved . It is com monly found that a 

new v i rus is one that has i n fected a new host species i n  wh ich some fu rther 
evolution has then taken place. 

Bnt-bCrossi ng the species ba rrier slJ" one sma l l  step to man, one g iant leap to 
manki nd . BnK 

Mark Klempner and Dan iel Shap i ro ( 2004) 

Many v irus infections across species barriers are dead ends for the vi ruses as no 

transmissions to further ind ividuals occu r, but someti mes a vi rus adapts to enable 



transm ission from host to host. A v i rus may have to undergo more than one 

adaptation in order for it to : 

• repl icate i n  the new host; 

• evade immune responses of the new host; 

• transmit to other i nd ividua ls  of the new host. 

In 1978 a new parvovi rus appea red in dogs and rap id ly spread a round the world . 

The genome sequence of th i s  can i ne parvovirus was found to be more than 99°/o 

identical to that of a parvovirus i n  cats (fe l i ne pan leukopen ia vi rus) . The new can ine 
vi rus cou ld infect dogs, but not cats . Further evol ution of the v irus has g iven rise to 

many stra i ns that can i nfect both dogs and cats. 

S im i l a rly, the genome sequences of HIV-1  and HIV-2 are very s im i lar to those of 

s i m i a n  i m m unod efi c i ency v i ru ses fou nd i n  ch i m pa nzees (SIVcpz )  and  sooty 
mangabeys (SIVsm ), respectively ( F igure 2 1 .4) .  The human vi ruses are bel ieved to 

have orig i nated when these s i mian vi ruses jumped species, perhaps when humans 
came into contact with the blood of i nfected an i mals .  Other examples of vi ruses 

that have emerged in th is way are d i scussed in Chapter 22.  

2 1 . 3 . 5  Co-evo lution of vi ruses and thei r hosts 
A v i russl:>"host associat ion that has existed for a long period is l i kely to have 

evo lved a rellationsh i p  i n  which the host suffers l i ttle or no harm . Examples of such 

vi ruses are the dependovi ruses (Chapter 1 2) ,  and some reovi ruses, which acqu i red 
the sl:>f-bos"DK: i n  the i r  na me because they were found to be Bof-borphans"F>K: vi ruses 
( not associated with any disease; Chapter 13 ) .  The members of these v i rus groups 

that i nfect Homo sapiens have probab ly been with us si nce we d iverged as a 
separate speci es. 

When  a v i rus extends its host range i nto a new species it is often m uch more 
vi ru lent i n  the new host, but the vi rus may then rap id ly evo lve to a less v i ru lent 

form . A good example of co-evol ution of a v i russn"host relationsh i p  is myxoma 
vi rus i n  the European rabbit .  In its orig i nal host, a rabbit species i n  South America, 

myxoma vi rus i nfection results in the development of ski n tumors, wh ich eventua l ly  
h ea l .  I n  co n tra st, w h e n  th e v i ru s  i n fe cts th e E u ro p e a n ra b b i t i t  ca u ses  

myxomatos is, characterized by acute conjunctiv iti s  ( F i gure 2 1 . 10), l umps on  the 
skin, and loss of appetite . The disease is a l most a lways fata l ,  and for this reason 

the virus was i ntroduced i nto Austra l ia as a bio log ical contro l agent aga inst the 
European rabb it .  With i n  a yea r of its introduction  there was ev idence of vi rus 
evo lution . Myxoma v i rus stra ins with attenuated vi ru lence had evolved, apparently 

selected because they were transmitted more effectively. Subsequently, selection 
for rabbits with resistance to myxomatosis  occurred and both the v i rus and its new 
host have conti nued to co-evolve .  

Figure 2 1 . 10 Rabbit w ith myxomatosis .  



A v i ru l ent v i ru s  m ay a ffect th e evo l u ti on  of its host by ca u s i n g  g en es fo r 
suscepti bi l i ty to i nfection with the virus to become exti nct, wh i l st selecti ng i n  favor 

of genes for res istance . HIV-1  is currently selecti ng for the 32-nucleotide deletion in 
the CCRS gene that confers res i stance to i nfection (Section 18 .4 . 1 ) .  

2 1 . 3 . 5 .a I ntegration of virus genomes i nto host genomes 
The u l ti mate i n  v i russlJ"host co-evo l ution occu rs if  a v i rus genome becom es 

perm a nently i n teg rated i n to the geno m e  of i ts h ost .  Th is  is p roba b ly what  
happened to create many of the retrotransposons i n  the genomes of eukaryotes . 

Retrotransposons are sequences in  cel l  genomes that a re copied to new locations in 
the genome by a process i nvo lvi ng reverse transcri ption, in  contrast to transposons, 
which are DNA sequences that are siF.>t-bcut and pastesiF.>K: (Section 2 1 .2 .2 ) . 

Some retrotransposons consist of two long terminal repeats (LTRs) flanki ng a gag 

gene , a po l  g ene (e ncodes a reve rse tra nsc r i pta se and  a n  i n te g rase) ,  a n d 

someti mes an  env gene. These retrotransposons thus resemble the provi ruses of 
retrovi ruses and they are known as endogenous retrovi ruses (Section 17 . 6) ;  they 

can rep l icate by transcribing pl us-strand RNAs, wh ich are translated i nto Gag and 

GagsiF.>"Po l protei ns. Reverse transcri ption of the RNA produces a new copy of the 
retrotransposon, which can be inserted into another s ite in the cel l genome ( Figure 
2 1 . 1 1 ) .  

F igure 2 1 . 1 1  Transposition by a L TR retrotra nsposon .  L TR  retrotransposons i ncl ude 
endogenous retrovi ruses, which have gag and pol genes, and some have an env 
gene. Transcri ption results in the synthes is of RNA, from which Gag and Gags"F.>"Po l 
protei ns are translated . Some of the RNA is reverse transcri bed to DNA, which is 

i ntegrated i nto a new chromosomal location . 
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Other types of retrotransposon cons ist of L TRs fl a nk i ng  on ly  a gag  gene, or  

non-retrovi ra l  genes, wh i le  further types of  retrotransposon lack LTRs. It is  thought 
th a t  e n d o g e n o u s  retro v i ru s e s  a n d  p ro b a b l y so m e  oth e r  ca te g o r i e s  o f  
retrotransposon are descended from retroviral provi ruses that became i nserted i nto 
the germ l i ne of the i r  hosts . It is a lso possi b le that some retrovi ruses orig i nated 

from retrotransposons. 

Retrotransposons are found in the genomes of vertebrates, i nvertebrates, p lants, 
and fung i .  The h i gher up  the evo lut ionary tree, the g reater percentage of the 
genome cons ists of retrotransposons.  In the human genome th is  fig u re is over 

40°/o . David Balt imore (one of the d iscoverers of reverse transcriptase) remarked, 

s"F.>1-bln p laces, the genome looks l ike a sea of reverse-transcri bed DNA with a sma l l  
admixtu re of genes. s"f.>K 

Retrovi ra l sequences a re not the only vi ra l  seq uences in  eu karyoti c genomes. 

Sequences of a wide range of DNA and RNA vi ruses are bei ng d i scovered as the 
genomes of more an i ma ls, p lants, and fungi are sequenced . 

The genomes of prokaryotes a lso conta i n  sequences that orig inated as a result of 
i nteg ration of vi ra l sequences th rough the p rocess of lysogeny (Secti on 20 . 1 ) .  
Phage seq uences ( prophages) have been found i n  many bacteria l  and a rchea l 
genomes .  Som e  of these prophages a re i nduc i b le, mea n i ng that they can be 
activated, v i rus repl ication can ensue, and the host can be lysed . Other prophages 

a re d efect ive ,  a n d  re p l i ca t io n ca n n ot be i n d u ced . T h e  g e n e s  fo r s o m e 



characteri sti cs of bacteria are encoded by prophage sequences (e .g . ,  the cholera 
toxi n gene of Vibrio cholerae and tox in  genes i n  E .  col i  0157) . 

LEARN I N G  OUTCOM ES 
After review of th is  chapter you should be ab le to : 

• eva l uate theories on the ori g ins  of viruses; 

Books 

• exp la i n  how v i rus  evol ution occurs th roug h m utat ion ,  recomb i nation ,  

reassortment, and acquisition of  cel l genes; 

• assess the va lue of vi rus genome sequenci ng i n  stud ies of vi rus orig i ns and 

evol ution ; 

• assess the th reats posed to man and an i mals by rapid vi rus evol ution; 

• d iscuss the co-evol ution of vi ruses and the i r  hosts . 
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CHAPTE R 22 

Emerg i ng Vi ruses 
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22 . 1 I NTRODUCTION TO EM ERG I N G  VI RUSES 
The term "emerg i ng vi rus" is used in a number of contexts : it may refer to a vi rus 

that has recently made its presence fe l t  by i nfect ing a new host spec ies, by 
appea ring i n  a new area of the world, or by both . Sometimes a v i rus is descri bed as 

a "re-emerg i ng  v i rus" if it has sta rted to beco m e  more com mon afte r it was 
becom ing rare . Foot and mouth di sease vi rus (Section 14. 2 . 5 )  re-emerges i n  the U K  
from time to ti me. 

Human activities may i ncrease the l i kel i hood of vi rus emergence and re-emergence. 

Travel and trade provide opportun i ties for vi ruses to spread to new areas of the 
p lanet, and the i ntroduction of an ima l  species i nto new areas (e .. g . , horses i nto 
Austra l ia)  may provide new hosts for vi ruses i n  those a reas. 



Other activ it ies that may resu lt i n  v i rus em ergence invo lve c lose contact with 
an i mals, i nc l ud ing the hunti ng and ki l l i ng of non-human pri mates for bushmeat. It 

has been shown that vi ruses such as sim ian i m m unodefi ciency vi ruses (SIVs) can 

be present i n  the meat and there is a risk of acqu i ri ng an i nfection when the meat 
is hand led . S im ian-to-hu man transm i ss ion of SIVs is thoug ht to have occu rred 
severa l ti mes, resu lt i ng i n  the major groups of HIV- 1 and HIV-2 ( Figure 21 .4 ), a nd 

there is concern that fu rther v i ruses m ight emerge as a resu l t  of contact w ith 

bush meat. 

If a vi rus jumps i nto a new host species it may undergo some evo lutionary changes 

in the new host, resulti ng in a new vi rus .  Th is  i s  how H IV- 1 and HIV- 2 were derived 

from sim i an i m m unodefici ency vi ruses, and how a new can i ne parvovi rus was 

derived from fe l i ne pan leukopen ia vi rus  (Section 21 .3 .4 ) .  Other new vi ruses emerge 
when recombi nati1on and reassortment result i n  new viable combi inations of genes 
(Section 21 .3 . 3 ) ; new stra ins of i nfl uenza A v i rus come into th is  category. Some 
"new" viruses that are reported are actua l ly old vi ruses, about which manki nd has 

recently become aware, such as Kaposi 's sarcoma-associated herpesvi rus (Chapters 
1 1  and 23) .  

Th is chapter considers examples of vi ruses that have "emerged" and " re-emerged" 
i n  the late twentieth century and the twenty-fi rst centu ry. Most of the examples 

d iscussed are human vi ruses. 

22 . 2  VI RU SES I N  N EW HOST SPECI ES 
22 . 2 . 1 Bu nyavi ruses 

In 1 993  in a reg ion of the south-western USA known as Four  Corners, some 
res idents becam e  affl i cted by  an  i l l n ess resem bl i ng i n fl uenza ;  m a ny of  them 
deve loped severe l ung d isease and d ied . The reg ion is normallly very d ry, but there 

had been unusua l ly h igh  ra infa l l  and snowfa l l  that had resulted i n  a burst of p lant 

growth, fol l owed by exp losions i n  the populations of smal l  mam mals .  One of those 
mammals  was the deer mouse, a species that i s  attracted to human habitation . 

On  i nvestigati on ,  it was fou nd that m any of the deer m ice were pers istently 

i nfected with a v i rus that was excreted i n  the i r  u ri ne, d ropp i ngs, and  sa l i va . 
Humans exposed to these materia ls were becom ing infected and developi ng the 
respi ratory i l l ness . The v i rus was cha racterized as a new hantavi rus and the disease 
was ca l led hantavi rus pu l monary syndrome. 

Hantav i ruses are mem bers of the fam i ly Bunyavi ridae ( F i gu re 22 . 1 ) .  They a re 

named after the River Hantaa n  i n  Korea, where the fi rst of these vi ruses was 
isolated during the Korean War from sold i ers who had developed hemorrhag ic fever 

with rena l syndrome.  Si mi lar  vi ruses a re known elsewhere i n  As ia and i n  Europe. 

Fi gure 22. 1 Fam i ly  Bunyavi ridae . 
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• Genome: RNA (three segments. which are 
either all minus strand. or a mixture of minus 
strand and ambisense). Each segment is 
circular as a resull of base pairing at i1s end . 

• Nucleocapsid ymmetry: helical 

• Enveloped. with glycoprotein pikes 

• Includes genus Ha111aviru , e.g. Sin 
Nombre viru 

There was much heated debate about naming the virus that had appeared in Four 

Corners. Local people did not want it named after a place as they did not want 
potential tourists to be discouraged by publ icity surrounding a virus disease. 

Eventually the Spanish name Sin Nombre virus (the virus without a name) was 
agreed. 

Since 1993 hantavirus pulmonary syndrome has been reported in many parts of 
North and South America, with mortality rates of around 40°/o. Some of these cases 

have been caused by Sin Nombre virus, while many others have been caused by 
newly described hantaviruses, such as Andes virus. The normal hosts of all these 

viruses are rodents, in which the viruses can establish persistent infections. 

22.2 .2  Paramyxoviruses 
22.2 .2.a Hendra virus 

In 1994 at Hendra in south-east Australia, there was an outbreak of pneumonia in 

horses, then a trainer and a stable hand who worked with the horses developed 

severe respiratory disease. The horses and the two humans were found to be 

infected with a virus that had characteristics of the family Paramyxoviridae (Figure 

22.2). This family contains well-known viruses such as measles and mumps viruses, 
but the virus that was isolated was previously unknown. Thirteen of the horses and 

the trainer died as a result of infection with the virus, which was named Hendra 

virus. 

Figure 22.2 Family Paramyxoviridae. 
- IS0-200 nm -

• Nucleocapsid symmetry: helical 

• Enveloped. with glycoprotein spikes 

• Includes Hendra. �ipah. measles. 
mumps, and human metapneumo
viruses 

A couple of years later a man living about 800 km north of Hendra developed 

seizures and paralysis. He was found to be infected with Hendra virus and he died 
from meningoencephalitis. It turned out that he had helped with post mortems of 



two horses 13  months earl ier. Tissue from the horses had been preserved and 
when it was examined it was found to conta in  Hendra virus. 

It looked as though the i nfected humans had acqu i red the vi rus from horses, but 

the source of i nfection for horses was a mystery . An i nvestigati on was i n iti ated, and 
evidence was obta ined that the vi rus is present i n  populat ions of fru it-eat i ng bats ;  

Hendra vi rus-spec ific  anti bod ies were found i n  a l l  four  loca l species of  the bat 

genus Pteropus, and infectious vi rus was iso lated from one bat Bats appear  to be 

the normal  hosts of Hendra vi rus, and experimenta l i nfection of severa l bat species 
has provided no evidence that i nfection causes d isease in these an i mals .  It appears 

that occasional transm iss ion to horses occurs, with ve ry occasional transm ission 

from horses to h um a ns ( F i gu re 2 2 . 3 ) .  In  horses and huma ns the outcome  of 
i nfection is very d ifferent, with the vi rus demonstrati ng a h igh degree of vi ru lence . 

F igure 22. 3 Hendra vi rus transm ission routes. 

There have been further cases of Hendra vi rus d isease in  horses and humans in 
eastern Austra l ia ;  many of these cases were fata l . 

22. 2 . 2 .. b N ipah  vi rus 
In  Ma lays ia ,  in  1997, there a ppea red a new d isease of p i gs ,  characteri zed by 
respi ratory d isease and encephal itis .  Soon afterwards workers on the affected p ig 
farms began to develop encephal it is; over a two-year peri od there were severa l 

hundred human cases, with over 100 deaths. In 1999 a new vi rus was iso lated 

from the bra i n  of one of the patients who had d ied .  The v irus turned out to be a 
pa ramyxovi rus with sim i l a r  cha racteristics to Hendra vi rus ( Figure 22. 2) and it was 

named N i pah v irus. In  an attem pt to conta i n  the outbreak over one m i l l ion p igs 

were s laughtered . 

A search was i n it iated to fi nd the reservo i r  of i nfecti on .  As with Hend ra vi rus, bats 
were investigated and evidence of N ipah vi rus i nfection was found i n  fru it-eati ng 
bats of the genus Pteropus .  Infectious v i rus was i so lated from bats' u rine and  

vi rus-specifi c anti bod ies were found i n  their b lood . Thus the si tuation para l le ls that 
of Hendra vi rus, with a reservoi r  of i nfection in bats and transmiss ion to humans via 
an intermediate mam mal ian host ( Figure 22 .4 ) .  

F ig ure 22.4 N ipah v i rus transm ission routes . The vi rus can be  transmitted from bat 

to p ig,  p ig to human, and human  to human..  Bat-to-human transmiss ion may a lso 
occur. 
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More recently, in  Bangladesh and Ind ia, there have been outbreaks of N i pah vi rus 
encepha l it is and respiratory d isease i n  humans; many of the cases have been fata l .  

In these outbreaks there was no  evidence of transmission from p igs .  It i s  believed 

that the v irus was transmitted from bats to humans; for exa mple, as a result of 
humans dri nk ing date pa lm  sap contam i nated by bats duri ng its col l ection . There is 

a lso evidence of human-to-human transm iss ion of the vi rus . 

2 2 . 3  VI RUS ES I N  N EW AREAS 
22 .. 3 . 1 West N i le v irus  

I n  1999 som e  peop le i n  New York beca me i l l  w ith apparent vi ra l  encepha l i ti s ;  
severa l of them d ied . At about the same ti me severa l b i rds i n  the zoo became i l l ,  

and deaths of wi ld b i rds, especia l ly crows, were reported . Diagnosti c tests revea led 
that the human patients and the b irds were i nfected with West N i le  v i rus (WNV).  

Th is vi rus has been known si nce 1937 when it was fi rst i solated from the b lood of a 
woman i n  the West N i l e  reg ion of Uganda . In  add it ion to Africa, the vi rus is a lso 

known in  Eastern Europe, West Asia , and the M idd le East, but unt i l  1999 it had 
never been reported in North America . 

WNV is classified i n  the fami ly Flavivi ridae ( F igure 22 . 5 ) .  The vi rus has a wide host 
range.  It cyc les between b i rds and mosq u itoes, i n  wh ich it repl i cates. Infected 
mosquitoes can transmit the vi rus to mammal ian speci es, i ncl ud i ng humans and 
horses ( Figure 22 .6) .  Mamma l ian  i nfecti ons are norma l ly dead-end as fa r as the 

vi rus is concerned ( i .e . ,  the vi rus is not norma l ly transm itted on to new hosts) .  

F igure 22 . .SFami l ies Flaviv iridae and Togavi r idae. Flavivi ruses and togavi ruses have 
many propert ies i n  common, but flavivi ruses (around 50 nm d iameter) are sma l ler 
than togavi ruses (70 nm diameter) . 
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Figure 22 .6 West N i l e  vi rus transm ission routes. The vi rus cycles between b i rds and 
mosqu itoes .  So metim es i nfected m osq u itoes tra nsm it the v i rus  to m a m m a ls, 

i nclud ing humans and horses . 
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Most infections with WNV are asymptomatic, but about 25°/o of human infections 

result in  s ig ns and symptoms such as fever and ach ing muscles. Less than 1 °/o of 
i nfections spread to the centra l nervous system,  causing severe i l l ness (such as 

encepha l itis ), wh ich may resu lt  in death ; these cases are main ly i n  patients over 60 

years o ld . Protective measures for humans i ncl ude use of i nsect repel lents, wea ri ng 
"mosquito jackets" and treati ng mosqu ito breed ing areas with i nsecticides. 

It is not known how WNV was i ntroduced into North America, but once there it 
spread rap id ly throughout the US ( Fig u re 22 .  7 ) .  With i n  five yea rs i t  was a lso 
present in Canada, Centra l America, and the Cari bbean is lands; it i s  now present in 

South America . The vi rus has caused hundreds of human deaths in North America . 

Fi gure 22.7 Approx imate distri bution of West N i le  vi rus i n  the Americas 1999-2004 . 

Sou rce : M ackenz ie  et a l .  ( 2004 ) N atu re M ed i c i ne , 1 0 , S98 .  Rep rod u ced by 
permission of Nature Publ ish ing Group and the author. 
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The spread of WNV to North Ameri ca p rompted an i nvestigation  to determ ine 
whether the v i rus is present in b i rds i n  the UK.  WNV-specific anti bod ies were found 

i n  a number of speci es and, using RT -PCR, WNV RNA was detected i n  magp ies and 
a bl ackb i rd,  thougih a l l  the b irds appeared hea l thy. 

22 . 3 . 2  Ch iku ng u nya vi rus 
I n fect i on  of h u m a n s  w i th c h i ku n g u n ya v i ru s  ca n ca use varia b l e  s ig ns  a n d  
symptoms, but a consistent featu re i s  swel l i ng  and pa i n  i n  many of the body's 

joi nts, causi ng the patient to wal k i n  a stooped position . Ch ikungunya is a word in 

one of the Afri can languages, and means "that which bends up . "  Occasional ly the 
patient dies. 

Ch i kungunya v i rus i s  a member of the fami ly Togavi ridae ( F igure 22 .5 ) .  It was fi rst 

isolated i n  Tanganyi ka ( now Tanzan ia)  i n  the ea rly 1950s, and is now known to 
occur i n  many parts of Africa, where it cycles between non-human primates and 
forest mosqu ito species, which someti mes transmit the i nfection to humans. There 

i s  also an urban cycle, where the vi rus is transm itted between humans by one or 
two mosqu ito species that are h igh ly  adapted to the u rban envi ronment ( F ig ure 

22 .8 ) .  The virus rep l icates i n  the mosqu ito vectors. 

F igu re 22 .8 Ch iku ngunya vi rus tra nsm ission routes. In African forests the vi rus 

cycles between non-human primates and mosqu itoes, which may transmit i nfection 

to hu mans .  In  u rban envi ronments the v i rus can cyc le between h u mans a nd 
mosqu itoes . 



------. �m uit 

In the twenty-fi rst centu ry there have been urban outbreaks of ch ikungunya vi rus 

in East Africa ,  Ind ia, severa l parts of Southeast Asia ,  and on a number of Ind i an 
Ocean is lands, i n  particular La Reunion . There have a lso been cases i n  Europe and 

North America, as a result of the virus be ing introduced by i nfected trave lers .  In 
Ita ly severa l hundred people became i nfected through mosqu ito transm ission of 

vi rus orig i nati ng from a patient who had become i nfected in  Ind ia . 

22 . 3 . 3  B l uetongue vi rus 
Bl uetongue vi rus ( BlV), a member of the genus Orbivi rus i n  the fami ly Reovi ri dae 
(Chapter 1 3 ) , causes d i sease in rum inant an imals, inc lud ing  sheep, goats, and 
cattle .  Li ke WNV and chi kungunya vi rus, it has a w ide host range i n  vertebrate 

ani mals and rep l i cates i n  i nsects, which act as vectors . 

Al l rumi nant species are suscepti b le to i nfecti on with BlV, but infection resu lts in 
severe d isease and death only in certai n  hosts, ma i n ly some breeds of sheep and 
some species of deer. In some affected an imals the tongue may become swo l len 

and b lue .  Infected ani ma ls  that rema in  healthy can act as reservoi rs of infection . 

The virus is transmitted between its ru mi nant hosts by certa in  species of biti ng 
m idge in  the genus Cu l i co ides ( Fi gu re 22 . 9 ) .  The virus repl icates in the m idge 
vectors and transmission is restri cted to those ti mes of the year when the m idges 

are active . 

F i g u re 2 2 . 9  B l ueto n g ue  v i r us  tra n s m iss ion  ro utes .  M i d g es act as  vecto rs, 
transmitti ng the vi rus between rumi nant ani ma ls, both wi ld and domestic .  
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B l ueton g ue has  been known  i n  Africa a n d  the M idd l e  East fo r a l ong  tim e .  
Occasiona l ly i t  has made brief i ncursions i nto Europe, but i n  1998 six serotypes of 
BTV began to spread north . By 2004 there were bl uetongue cases 800 km fu rther 
north than ever before ( Figure 22. 10)  and over a mi l l i on sheep had been ki l led by 

the d isease. One of the BTV serotypes reached Brita in  in 2007 . The midge species 
that is the main BTV vector had extended its range north, presumably because of 
cl imate warm i ng ,  a nd th is  was a major factor responsi ble for the spread of the 

vi rus .  A number of measures, i nc lud ing  vacc ination,  erad i cated bluetongue from 
Northern Europe by 2010 .  

F igure 22. 10 Spread of bl uetongue virus serotypes in  Europe 1998-2004 . 

Sou rce : Pu rse et al . ( 2005) Nature Reviews M icrobiology, 3 ,  171 .  Reproduced by 
permissi on of Nature Pub l i sh ing Group and the authors .  



2 2 . 4  VI RUSES I N  N EW H OST SPECI ES AN D I N  

N EW AREAS 
22 .4 . 1 F i lovi ruses 

In 1967, in the town of Marburg in Germany, some laboratory workers became i l l  
with a hemorrhag ic fever (a  terrib le  d isease characterized by  d iarrhea and  vomit ing, 

as well as by hemorrhag ing  and fever) . These people had been in contact with 
b lood, organs, and cel l cu ltures from Afri can g reen monkeys caught i n  Uganda.  
Seven of those affected d ied , and there were five cases of the i l l ness in hospita l  

staff that had been i n  contact with patients' b lood . Investigations revealed that the 

monkeys had been infected with a vi rus that had been transm itted to the laboratory 

staff, and from them to the hospita l  staff. 

Th is vi rus was of a type never previously encountered, with ellongated vi rions, some 
of which were stra ight and some were curved . It was named Marburg vi rus and is 

now classified in the fam i ly F i lovi r idae, named from the Lat in fi l um ,  mean ing a 
th read ( F igure 22. 1 1 ) .  
Figure 22. 1 1  Fam i ly Fi lovi ri dae. 



• Nucleocapsid symmetry: helical 

• Enveloped. with glycoprotein spikes 

• Virion diameter about 80 nm: length 
variable. up to 1400 nm 

• Members: Marburg and Ebola virnses 

In 1976 there were outbreaks of a similar disease near the River Ebola in the 

Democratic Republic of Congo (then Zaire) and in Sudan. A virus similar to Marburg 
virus was isolated from patients and was named Ebola virus. Since then there have 

been a number of outbreaks of disease caused by Ebola and Marburg viruses 
across central Africa, from Cote d'Ivoire in the west to Kenya in the east, and to 

Angola in the south. 

The ways in which outbreaks start have long been a mystery. There is iincreasing 

evidence that some outbreaks start when a human becomes infected as a result of 
contact with the blood of an infected non-human primate. It was known from the 

original outbreak in Germany that African green monkeys can be infected with 

Marburg virus. It has since been found that gorillas, chimpanzees, and duikers can 

be infected with Ebola virus, which may be respo111sible for significant mortality of 

these species. Ebola and Marburg viruses are present in the blood of infected hosts 

and transmission to humans can occur through contact with the flesh of infected 
animals after they have been hunted and kil led. Human-to-human transmission 

readily occurs through contact with the blood of infected individuals. 

There are several species of Ebola virus in Africa. A further species appea red in the 

US and Italy in monkeys imported from the Phi l ippines, and it appeared in pigs in 
the Phil ippines. This Ebola virus species is pathogenic to monkeys and pigs, but 

there have been no reports of it causing human disease, though there is serological 
evidence that monkey handlers and pig farmers have been infected. 

For a long t ime it was thought l ike ly that additional an imal  species act as 
"reservoirs" of Marburg and Ebola viruses, but it was not known which species 

these might be. There is now evidence of filovirus infection in bats (Figure 22.12), 

in which infectious virus, virus RNA, and anti-virus antibodies have been detected. 



Some people have become i nfected with a fi lovirus after work ing i n  m ines or 
vi siti ng caves where bats roost. 

F igure 22. 1 2  Fi lovi rus transm ission routes. It is thought that Marburg and Ebola 
vi ruses are present in bat popu lations, from which infection may spread to human 
and non-human primate popu lations. 
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22 .4 . 2 Mon keypox vi rus 
Monkeypox i s  a d i sease of monkeys that is s im i lar  to smal l pox i n  man .  The vi ruses 
that cause these d iseases are members of the fam i ly Poxviridae ( Figure 22 . 13 ) .  

S ince 1970 there have been cases i n  Africa o f  human d isease caused by i nfection 

with monkeypox vi rus; some cases have been fatal .  

F igure 22. 13 Fam i ly Poxviridae . 
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In 2003 some people i n  the US developed a mystery i l l ness that i nvolved a rash and 

a fever. Investi gati ons revealed that they were infected with monkeypox vi rus, 
which had entered the country in  smal l mammals i mported from Ghana.  The vi rus 
had infected pet pra i rie dogs and had then been transmitted to humans.  

Sequenci ng the genomes of monkeypox vi rus i solates has revea led the existence of 
two stra ins that appear to differ i n  vi ru lence. The vi rus that was i mported into the 

US was the less vi ru lent strai n .  

2 2 . 5  N EW VI RUSES 
Someti mes new vi ruses appear, often as a resu lt of i nfecting new host species. 

Exam ples i ncl ude H IV (Chapter 18), i nfl uenza (Chapter 16), and SARS coronavi rus. 



22 . 5 . 1 SARS coronavi rus 
In  2002 a n ew hu m a n  resp i ratory d i sease e m e rg ed i n  southern Ch ina . The 
fol lowing year one of the doctors who had been treati ng patients traveled to Hong 

Kong, where he became i l l  and died . Subsequently, people who had stayed in the 
same hotel as the doctor traveled to Singapore, Vietnam, Canada, and the US, 

taki ng the infectious agent with them . The epidem ic  of severe acute resp i ratory 
syndrome ( SARS) was under way. 

The signs and symptoms of SARS resemble those of i nfl uenza and i ncl ude fever, 
ach ing  m uscles, sore th roat, co ug h ,  and sho rtness of breath . About 90°/o of 
patients recovered, but for the remainder the infection p roved to be lethal . These 

were mai nly ind iv idua ls who had an underlyi ng condit ion such as d iabetes, heart 

d isease, or a weakened immune system .. On the face of it SARS i s  a respi ratory 
tract disease, but in many patients the infection spread to other parts of the body. 
Diarrhea developed in some patients and the vi rus was shed in the feces and uri ne 

for severa l weeks . 

The causative agent was found to be a new coronavi rus ( Figure 22. 14  ) . No natu ra l  
reservoir for the SARS coronavirus has been found, but a si m i lar vi rus has been 
i solated from severa l bat species. It is l i ke ly that coronavi ruses have repeatedly 

crossed into humans from other mammal ian  species, but in the majority of cases 
the v irus has lacked the abi l ity for effi ci ent human-to-human transm issi on . It wou ld 

seem that the SARS coronavi rus evolved from a rare vi rus that had this ab i l ity .  

F igure 22. 14 Fam i ly Coronavi ri dae . 
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The SARS outbreak was brought under control by q uarantine measures, b ut on ly 
after there had been over 8000 cases with nearly 800 deaths . 

22 . 6  RECENTLY DISCOVE RED VI RU SES 
22 .6 .  1 Human  metapneu movi rus 

I n  2001 a new member of the fami ly Paramyxoviridae ( Figure 22 . 2) was isolated 

fro m yo u n g  ch i l d re n  i n  th e N e th e r l a n d s .  Th e v i ru s  w a s  na m ed h u m a n 
metapneu movi rus .  Infection can cause m i ld resp i ratory p rob lems, but ca n a l so 



cause bronch io l it is and pneu mon ia ,  w ith sym ptoms s im i llar to those caused by 
i n fect io n  w i th resp i ra to ry syn cyt i a l  v i rus, a nother  pa ra m yxov i ru s .  There i s  
serolog ica l  evidence that the metapneumovi rus had been present i1n  humans for at 

least 50 years, and that in the Netherlands most chi ldren have become i nfected 
with the v irus by the age of five . 

I n fa n ts a n d  c h i l d re n  w ith a c u te res p i rato ry tract  i n fect io n d ue to h u m a n 
metapneumovi rus have si nce been reported i n  a number of countries, i ncl ud ing the 

UK. 

2 2 .  7 RE- E M ERGI NG VI RU SES 
22 . 7 . 1 Measles and mumps vi ruses 

Further members of the fam i ly Pa ramyxovi ridae ( Figu re 2 2 . 2) are measles and  
mumps vi ruses. Both are important human pathogens, especia l ly measles, which i s  
a major cause of morta l ity i n  developi ng countri es . 

Unti l the late 1990s cases of measles and mumps had been decl i n i ng i n  the U K  as a 
result of widespread uptake of the measles, mumps, and rube l la  (MMR) vacci ne, 

but after fears were ra ised surround i ng the safety of the vaccine fewer ch i ldren 
were vacci nated .. M eas les and  m u m ps began to "re-e merge" w i th the a n n ua l  

number of cases of  each d isease at  fi rst i n  the hundreds, and l ater thousands.  

22 .  7 . 2  Bioterrorism 
There are concerns that the world may witness the re-emergence of a virus as  a 
result of a del i berate release by terrori sts . There is a long l i st of potentia l  agents, 

i nc l ud i ng vi ruses, that terrorists m ight cons ider usi ng .  H igh  on the l ist is variola 
vi rus, the causative agent of sma l l pox, and a member of the fa m i l y Poxvi ridae 

( Figure 22 . .13 ) .  There have been no smal l pox cases since the 1970s, so smal l pox 
vacci nation prog rams have been disconti nued and most humans lack i mmun ity to 

th is  vi rus .  Some govern ments have stockpi led vacci ne to be used in the event of a 

smal l pox release . 

22 . 8  VI RUS SU RVEI LLANCE 
In order that the th reats posed by emerg i ng viruses and other agents can be dealt 
with effectively, it i s  important that worldwide survei l lance systems are in p lace .  

There need to be effective systems that warn when agents such as the SARS 
coronavi rus emerge .  

The scheme for mon itori ng infl uenza virus stra i ns provi des a good model for a 

survei l lance system .  In th is scheme, wh ich i s  coord i nated by the Un ited Nations 

World Hea lth Organ i zati on (WHO),  iso lates of i nfl uenza vi rus from laboratori es 
arou nd the world a re sent to Co l laborati ng Centers for Influenza Reference and 

Research i n  London, Atlanta, Mel bourne, and Tokyo . Antigenic variation of the vi rus 

in humans and in an i mals (especia l l y  b i rds  and pigs) is monitored, and twice a year 



the WHO recommends the virus strains to be mass-produced for incorporation into 

influenza vaccines. 

22. 9 DEALING WITH OUTBREAKS 
Vaccines and/or anti-viral drugs can play important roles in attempts to deal with 

outbreaks of virus disease. Influenza vaccines and drugs have been deployed 
against pandemic influenzar and vaccines were used to control the spread of 

bluetongue virus in Europe. For most viruses, however, there are no vaccines or 
anti-viral drugs available. 

It is important that resources for diagnosis and research of infectious diseases are 
available when the need arises. A useful case study is provided by the measures 

taken to deal with the emergence of the SARS coronavirus (Section 22.5. 1 ) .  

There was some delay in alerting the world to SARS but, once i t  was apparent that 
this virus posed a major threat, work got under way in a number of virology 
laboratories. The virus was isolated in February 2003 and three months later its 

genome had been sequenced. The following year a paper was published reporting 

compounds that inhibit replication of the virus, while other papers reported the cell 
receptor of the virus and the structure of its replicase protein .  

Diagnostic laboratory methods to detect evidence of SARS coronavirus in  samples 

from patients rapidly became available; tests based on immunofluorescence and 
RT-PCR were developed. The health of international travelers was monitored 

(Figure 22.15) and those found to be i nfected with the virus were nursed in 

isolation. These measures brought the SARS outbreak under control. 

Fig ure 22. 1 5  Checkpoint for mon itoring the health of people crossing the 
Thailand-Burma border during the SARS outbreak, June 2003. 

Source: Courtesy of Professor A. J. S. Whalley, Liverpool John Moores University. 
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When there is an  outbreak of a hig h ly  infectious virus, such as the SARS 
coronavirus or Ebola virus, infected patients and their contacts are quarantined. 

Control measures for some outbreaks include slaughter of animals, both those that 

are infected and those that have been in contact with infected animals. This has 

been a key measure in dealing with outbreaks of foot and mouth disease (cattle 
and sheep), Nipah virus (pigs), and avian influenza (poultry). 



Medical staff, veterinary staff, and other perso11nel deal ing with humans and 
animals infected with high-risk viruses must take precautions to protect themselves 

and to avoid spreading infection.  Precautions include wearing protective clothing 

and breathing filtered air. 

LEARNING OUTCOMES 
After review of this chapter you should be able to: 

Books 

• evaluate the term "emerging virus"; 

• discuss examples of viruses that have recently appeared in new host 

species; 

• discuss examples of viruses that have recently appeared in new parts of 

the world; 

• discuss examples of new viruses; 

• discuss examples of re-emerging viruses; 

• assess measures that can be taken to prevent and contain outbreaks of 

infectious disease. 
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CHAPTER 23 

Vi ruses a nd Ca ncer 
CHAPTER 23  AT A GLANCE 
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23 . 1  I NTRODUCTION TO VIRUSES AN D 

CANCER 
A cancer i n  a human o r  a n  an ima l  i s  a ma l ignant tumor and involves conti nuous 
prol iferation of a c lone of ce l l s  derived from one of the body's norma l cel ls. The cel l 

undergoes changes known as tra nsformation as a resu lt of events that i nc lude 

m utation ,  activation  of oncogenes (tu m o r  genes) ,  and i nactivation of tu m o r  
suppressors . The types of cancer that w i l l  b e  d iscussed in  th is chapter, and the cel l  

types from which they are derived, are l i sted i n  Table 23 . 1 .  

Table 23 . 1  Types of ca ncer and the cel l types from which they are derived !Cancer ICel l type 



Leukem ia Blood-forming 

Lymphoma Lym phocyte 

Mesothe l ioma Mesotheli um 

Sarcoma Connective tissue 

For most cancers the fu l l  sequence of events that turns a normal cel l  i nto a tumor 

cel l  (the process of oncogenes is)  is not fu l ly understood , but it is  thought that 
between four  and six steps are involved . Some of the steps in  th is  transformation 
can be triggered by envi ronmental factors incl ud i ng some chemicals, some forms of 

i rrad iation, and some vi ruses. 

A vi rus that is ab le to cause cancer is known as an oncogenic v i rus .  Evi dence that a 

vi rus i s  oncogenic incl udes the reg u llar  presence i n  the tumor cel ls of vi rus DNA, 
which might be a l l  or a part of the virus genome. In some types of tumor the vi rus 
DNA is i nteg rated i nto a cel l  chromosome, wh i le in other types it i s  present as 

mu lti p le copies of covalently closed circu lar  DNA (cccDNA), as d iscussed in  the 
context of latent virus infect ions (see Figure 9 .7 ) .  In many cases one or more of 

the virus genes are expressed i n  the tumor cel l  and v irus protei ns can be detected . 

For some types of cancer there i s  evidence for i nvo lvement of a vi rus i n  most, if not 
a l l ,  cases of the cancer. For other types vi rus DNA and/or prote ins are detectab le in  
on ly a m inority of cases and it i s  possi ble that the vi rus is j ust one of a number of 

carci nogenic factors that can g ive ri se to these cancers . Some human adenovi ruses 
are oncogen ic  i n  that they can transform cel ls in cu ltu re and can cause tumors 

when i nocu lated i nto an i mals, though there i s  no evidence that adenovi ruses cause 

cancer i n  h u m a n s .  Stud ies w ith these v i ruses have, however, contr ibuted to 
understand ing of oncogenic mechan isms. 

Th is chapter is mai n ly concerned with vi ruses that cause human cancers, of which 
about 20°/o of cases in fema les and about 8°/o in  males a re thought to be caused by 

vi ruses. The relative i nc idences of the main vi rus-associated cancers are shown in 
Figure 23 . 1 .  The vi ruses i nvolved are found worldwide and some are very common, 
thoug h  the p reva lence of some va r ies between reg ions .. We sha l l  a l so b riefly 

consider some an i mal cancers caused by vi ruses . 

Fi gure 23 . 1  Vi rus-associated cancers i n  humans .  

Source : Mod ified from M icrobio logy Today, August 2005, with the perm ission of 
Professor D .  H .  Crawford ( Un iversity of Ed i nburg h )  and the Society for Genera l  

Microbio logy.  



Percentage 
of 

cancers 

' 
8 . 

6 

4 

2 

Females 

� -

" 

::: 
E 
0 

..c 
0. 
E 

..:::· 
" � 
� I-� = 

Males 

·� E .:: 
-c:; c:; 

� ..c � � 0.. - i ..:: c 
..:::· ... " ... ... . ... 

- :2 -
- -- I- -

� ... = ... ::: ::: 

23.2  PAPILLOMAVIRUS-LIN KED CANCERS 
Cervical! carcinoma is the third most common cancer in women, constituting almost 

16°/o of cancers in females (F igure 23 .1 ) .  In the world each year there are 
approximately half a mill ion new cases of cervical cancer and 275 000 deaths 

caused by this cancer. The vast majority of these cases result from infection with a 
papillomavirus. 

The papillomaviruses are small DNA viruses of mammals and birds (Figures 3.16 

and 23.2) .  They enter the body through smal l  abrasions in  skin and mucous 

membranes, and infect basal cells in the epithel ium. Sequencing the genomes of 

human papillomaviruses (HPVs) has differentiated about 200 types. Each HPV type 

infects a preferred site, such as the hands or the gen itals, and infection may result 
in a benign wart (papilloma) or a carcinoma. 

F i gure 23 .2  Vir ion characteristics of the fa m i l ies Pap i l lom av ir idae and 

Polyo maviridae. The virions of  both fa m i l ies consist of  icosahedral capsids 

conta ining dsDNA; papillomavirus virions are larger (50-55 nm diameter) than 
those of polyomaviruses (40-45 nm diameter). 

• Genome: dsDNA (covalently-closed 
circu lnr) 

• Capsid symmeu-y: icosahedral 

The papil lomaviruses that infect the genitals are transmitted between individuals 
during sexual contact. Most papil lomavirus infections do not become persistent, but 

in a minority of hosts the infection is not cleared by the host's immune response. In 

individuals who harbor a persistent infection there is a risk of cancer developing. 
This risk is associated with about 15 of the HPV types; these "high-risk" types 

include HPV-16 and 18 (Figure 23.3). Infection with other HPV types that infect the 

genitals carries little or no risk of cancer; these "low-risk" HPV types include HPV-6 

and 11 ,  and are associated almost exclusively with benign genital warts. 



Figure 23.3 Phylogenetic tree showing relationships between some HPVs. The 
high-risk HPVs cluster in two regions of the tree. 

Source: Modified from Microbiology Today, August 2005, with the permission of 

Professor N .  J .  Ma it land ( U n iversity of York) and the Society for General 
M icro b io logy .  Data from Los A lamos  N atio n a l  Laboratory H PV website 

(http://hpv-web.lanl.gov). 
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The stages from normal  cervical cel l  to cancer cel l  involve a num ber of 

morphological changes that can be detected by microscopic observation of a 
sample of cells taken from the cervix. If precancer cells are detected they can be 

killed or  removed to prevent the development of a tumor. This is one approach to 
cervical cancer screening; an alternative approach involves testing the cells for the 
DNA of a high-risk HPV. All or part of the genome of one of these viruses can 
nearly always be found (usually integrated into a chromosome (Figure 9.7)) in 

precancer cells and in cancer cells. The virus replication cycle is not completed in 
these cells so no progeny virions are formed. 

There is evidence that high-risk HPVs (especially HPV-16) are also causative agents 
of some carcinomas at other body sites, including the vulva, vagina, penis, anus, 

mouth, head, and neck. Again the evidence is the presence in the tumor cells of 
HPV DNA. 

HPVs are also involved in a very rare form of skin cancer, which has a genetic 
basis: epidermodysplasia verruciform is.  In this disease the patient is h ighly 

susceptible to infection with HPVs, especially a number of types that are rare in the 
normal population, mainly types 5 and 8 (Figure 23 .3) .  Warts spread over the 



enti re body duri ng ch i ld hood and 25-33°/o of patients develop cancer (squamous 
cel l  carc inoma) in areas of the ski n exposed to u l travio let l ight (sun l ig ht) . HPV DNA 
can be detected i n  more than 80°/o of these cancers but, i n  contrast to cervica l 

cancers, the DNA is  rarely i nteg rated into a cel l ch romosome. 

23 . 3  POLYOMAVI RUS- LIN KED CANCERS 
P o l y o m a v i r u s  v i r i o n s  h a ve th e s a m e  c h a ra cte r i s t i c s  a s  th o s e  o f  th e 

papi l lomaviruses, except that they are s l i ghtly smal ler  ( F igure 23 .2 ) .  They are fou nd 

i n  m a m m a ls a n d  b i rd s, a n d  m ost i n fecti ons  a re s u b c l i n i ca l .  I nject ion of a 
polyomavirus i nto certain  an imal  species, however, can induce the development of 
many types of tumor (''poly-oma") .  

Several human  polyomavi ruses have been discovered a n d  have been found to be 
extremely com mon . There i s  evidence that at least one of them has a role i n  the 
development of a cancer:  Merkel  cel l  ca rc inoma, a rare sk in cancer that ma in ly  
affects e ld er ly  and i m m u nosu pp ressed peop le .  The tu m or ce l l s conta i n  the 

in teg rated genome of Merkel cel l po lyoma vi rus  and  express the T ( = tum or) 
antigen of th is  vi rus . 

A monkey polyomavi rus, s i mian vi rus 40 (SV40), was fi rst isolated from pri mary cel l 
cultures derived from rhesus monkey kidneys . The cel l  cu ltures were bei ng used to 

p rod u ce po l iov i rus for Sa lk  vacc i ne .  The q ua l i ty control p roced ures i nc l uded 
i njection of vacci ne i nto hamsters, and some of these an i ma ls  developed tumors .  It 

was subsequently found that injection of SV40 into a newborn hamster cou ld cause 
a carci noma, sarcoma, lymphoma, or leukemia,  depend ing  on the i njection site. 

M i l l i ons of humans beca me i nfected with SV40 when they received pol io  vacci ne 
that was unknow ing ly contami nated with the v irus .  There have been suggestions 
that SV40 i s  l i n ked with some types of human  cancer, i ncl ud i ng pr imary bra i n  
cancer and mal ignant mesothel ioma, but these suggestions are d i sputed . 

23 . 4  EPSTEI N-BARR VI RU S- LI N KED CANCERS 
"Endem ic" Bu rki tt's lym phoma ( BL) i s  a B ce l l  tumor  that occu rs w ith a h ig h 
frequency i n  ch i ldren i n  centra l Africa and Papua New Gu inea . Shortly after it was 

fi rst descri bed (by Den is  Burkitt) Anthony Epstein estab l i shed ce l l  l i nes from the 

tu m or of a pat ien t .  The ce l l s  were fou nd to be persiste nt ly i n fected w i th a 

herpesvi rus, which was named Epstei n-Barr vi rus ( EBV) .  Pl ease see Chapter 1 1  for 
g e n e ra l  c h a ra cte r i st i c s  of  h e rp e sv i ru ses . C a s e s  o f  " s p o ra d i c "  B L  a n d  
" H IV-assoc i a ted " B L  occu r  th roug hout  the wor l d ,  bu t  g e n e ra l ly w i thou t  a n  
association with EBV.  

A consistent abnormal ity in  BL tumor cel l s  is a chromosomal rearrangement that 
results in the c-myc gene bei ng p laced next to an enhancer of an immunog lobul in 
gene .  Th is  resu l ts in the exp ression of c- myc at a b norm a l ly  h igh leve ls .  Th e 

chromosomal rearrangement is present i n  a l l  cases of BL, i rrespective of whether 



EBV is present or not. Perhaps EBV is one of severa l agents that can trigger the 
rearrangement. 

Another tumor  that has an assoc iatio n with EBV is nasopharyngea l  carc inoma 

( N PC) .  Th is tumor, l i ke BL, is  more prevalent i n  particu lar reg ions ( Figure 23 .4) .  In 
both tumors the EBV genome is present i n  the tumor cel ls as cccDNA molecu les. 
You w i l l  reca l l  that when a herpesvirus infects a ce l l  the l i near vi rus genome 
becomes c i rcu lari zed (Sect ion 1 1 . 5 . 1 ) .  

F igure 23 .4 Incidence rates of nasopha ryngeal ca rcinoma in  males. 

Sou rce : Data (age standard ized inc idence rates per 100 000) pub l ished by Busson 

et a l .  ( 2004)  Trends i n  M icrobiol ogy, 1 2, 356 .  Map d rawn by V. Gaborieau and M .  
Corbex (Genetic Epidem iology Un it, Internationa l Agency for Research o n  Cancer) .  

Reproduced by perm iss ion of El sevier Li m i ted and the authors . 
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EBV is  found worldwide and the majority of humans are i nfected with the virus. The 

facto rs that  restri ct h ig h  i n c i d e n ces of e n de m i c B L  a n d  N PC to p a rt i c u l a r  

geograph ica l  locat ions a re not understood . The ende m i c  B L  zone corresponds 
closely with the zone of malaria  caused by P lasmod ium fa lc iparum, so th is pa rasite 

may p lay a role .  In southern Ch ina there are c lusters of N PC in  fam i l ies, so there 
may be a human gene that i ncreases the r isk. Components of the d iet, such as 
sa lted fi sh, a re a lso suspected as co-factors i n  N PC. 

A n u m ber of other ca ncers have been fo und to have associat i ons w i th E BV, 
i nclud ing : 

• some cases of Hodgki n's lymphoma; 

• non-Hodgki n's lymphoma in AIDS; 

• post-tra nsp lant lym phoprol i ferative d isorder. 

The last two cancers develop in patients who are im munocompromised as a resu lt 
of AIDS or immunosuppressive treatment, respectively. 



The oncogenic potential of EBV can be demonstrated when cultures of B cells are 

infected with the virus. Infected cells synthesize a number of virus proteins that 

push the cells permanently into the cell cycle (F igure 4. 5), resulting in the 

formation  of lympho blastoid cell l ines. In the body this B cell proliferation is 
n o rm a l ly c o n tr o l le d  b y  T c e l l s ,  b u t  i n  i n d iv id u a l s  w h o  a r e  T c e l l  

immunocompromised the control may be inadequate and a B cell tumor may result. 

23 . 5  KAPOSI'S SARCOMA 
Kaposi's sarcoma was first described in the nineteenth century as a rare skin cancer 

that affected elderly men in  the Mediterranean region. Since the arrival of AIDS 
that picture has changed. It is one of the most common cancers in people with 

AIDS; in  these patients the cancer is  more aggressive and it dissem inates 
throughout the body. 

In 1994 it was discovered that the tumor cells contain the DNA of a herpesvirus. 
The virus was subsequently isolated and was named Kaposi's sarcoma-associated 

herpesvirus (KSHV). It can be found in most parts of the world, but serological 
studies have shown that it is more common in certain regions, such as central 

Africa, and it is more common in homosexual men. The risk of developing Kaposi's 

sarcoma parallels the prevalence of the virus in the population. 

There is also good evidence linking KSHV with two other human cancers: primary 

effusion lymphoma and multicentric Castleman's disease. 

KSHV i n itiates latent infections in B cells and iri endothel ial cells l in ing blood 

vessels. If the host becomes immunocompromised one of these cells may be 
triggered into cycles of uncontrolled growth and division. If the cell is a B cell, then 

a primary effusion lymphoma or multicentric Castleman's disease may ensue; if the 

cell is an endothelial cell, then the outcome may be Kaposi's sarcoma. As with 

EBV-associated tumors, copies of the KSHV genome are present as cccDNA in the 

nuclei of the tumor cells. 

23.6  ADU LT T CELL LEUKEM IA 
Adult T cell leukemia is associated with human T-lymphotropic virus 1 (HTLV-1 )  

infection .  Regions of the world with a h igh prevalence of the virus, such as 

southwest Japan, have a high prevalence of this cancer. HTLV-1 is a retrovirus and 

the tumor cells each have a copy of the proviral DNA integrated into a chromosome 
(Chapter 17). 

23 .7  HEPATOCELLU LAR CARCINOMA 
Hepatocellular carcinoma (liver cancer) accounts for 4-5°/o of cancer cases in the 

worl d .  A n u m be r  of factors are i m p l icated as causative agents, including 

consumption of mold toxins in food, but most cases are associated with two 
viruses: hepatitis B virus (HBV) and hepatitis C virus (HCV). Liver cancer is the most 

common virus-associated cancer in men (Figure 23. 1 ) .  



HBV is the most significant agent; the prevalence of liver cancer closely parallels 

the prevalence of persistent H BV i n fection (Section 19 .2) ,  with the h ighest 

incidences in Asia and in central and southern Africa. The other virus associated 

with liver cancer, HCV, is a flavivirus (Figure 22.5).  It is the only class IV virus 
(plus-strand RNA virus) that is known to be oncogenic. Its genome is not found 

routinely in the cancer cells, in contrast to the other human oncogenic viruses. 

Both HBV and HCV elicit immune responses when they infect the body. In some 
individuals the immune response successfully el iminates the infection, but in many 
cases the infection persists for l ife, as discussed in Section 19.2 for HBV. As far as 

HCV is concerned, it is esti mated that about 75°/o of individuals who become 

infected are unable to eliminate the infection and that about 175 million people in 

the world are infected. In some individuals who are persistently infected with HBV 

or HCV, liver cirrhosis develops. This results in a high rate of cell division to replace 
the damaged hepatocytes, during which a mutation might occur in one of the cells, 

and this might eventually lead to cancer. 

23.8 VIRUS-ASSOCIATED CANCERS IN 

ANI MALS 
A number of cancers in animal species have been found to be associated with 

viruses. Outbreaks of some of these d iseases can have serious economic 

consequences in agriculture. A few examples are given here. 

It was demonstrated early in the twentieth century that filterable agents cause a 
leukosis (a B cell leu kemia/lymphoma) and a sarcoma in chickens. These agents 

were subsequently shown to be retroviruses; the sarcoma-causing virus was named 

Rous sarcoma virus after its d iscoverer, Peyton Rous (Section 17 .4  ) .  Other 
retroviruses were subsequently found to be causative agents of leukemia in cats 

and cattle, and a retrovirus known as Jaagsiekte sheep retrovirus was found to be 
responsible for adenocarcinoma of the lung in sheep. 

Marek's disease in chickens is a lymphoma, similar to that caused by retroviruses, 
but the causative agent is a herpesvirus and the transformed lymphocytes contain 

multiple copies of the viral genome. Papi l lomaviruses, a l ready discussed as 
causative agents of human cancers (Section 23.2), cause cancers in cattle, horses, 

and rabbits. 

23.9  CELL LIN ES DERIVED FROM 

VI RUS-ASSOCIATED CANCERS 
Cancer cells, which by definition m ultiply continuously in the body, wi l l  often 

continue to multiply continuously if transferred into cell culture, when permanent 

cell lines may be established from them. Cell lines derived from most virus-induced 
cancers conta in part or all of the virus genome. The most famous of these, the 



Hela cel l l i ne, was establ ished from a cervica l  cancer in  the mid-twentieth century 

and i s  now used i n  laboratories around the world .  Each Hela cel l conta ins a copy of 
pa rt of the genome of H PV- 18;  th is w i l l  be d i scussed fu rther i n  Secti on 23 . 10 . 5 .  

Cel l  l i nes derived from Burkitt's lymphoma conta in  copies of the EBV genome and 
some produce i nfectious EBV; the vi rus was fi rst d iscovered i n  one of these cel l 

l i nes. Mu l ti p le copies of Marek's disease vi rus genome are present i n  a ce l l  l i ne 
derived from a Marek's tumor. A cel l l i ne derived from a l iver cancer conta ins HBV 
DNA i ntegrated at seven si tes, and the ce l l s  secrete HBsAg . Cel l l i nes derived from 
Kaposi 's sa rcoma, however, do not conta in  KSHV DNA; the vi rus DNA is lost from 

the tumor cel ls  when they grow i n  cu lture.  

23 . 1 0 H OW DO VI RUSES CAUSE CANCER? 
Most vi rus- induced cancers develop after a long period of persistent i nfection with 

an oncogenic v i rus ;  for adu lt T cel l leukem ia  th is  period is exceptiona l ly long 
(around 60 years) .  The vi rus i nfections pers ist in  the i r  hosts i n  spite of i mmune 

responses, such as the prod uction of vi rus-specific a nt ibod ies. Some persi stent 
i nfections are latent for much of the ti me (e .g .  EBV and KSHV), with only smal l  

numbers of vi rus genes expressed . Others, i ncl udi ng HBV and HCV i nfections, are 
productive . Both of the latter vi ruses are able to evo lve rapid ly (Chapter 21 ) , and 
th is  probably a l lows them to keep one step ahead of acqu i red im mune responses . 

Although many humans a re persistently i nfected by vi ruses that are potentia l ly 

oncogenic, on ly smal l  percentages of those i nfected develop v i rus- l i nked cancers .. 
Relatively few people deve lop EBV-related tumors, though over 90°/o of ad u lts 

worldwide are i nfected with the vi rus. About 3°/o of women persistently i nfected 
with one of the h igh-ri sk stra i ns of HPV deve lop cervica l carci noma, and sim i lar 

percentages of i nd iv iduals persistently i nfected with H BV, HCV, or HTLV- 1 develop a 
vi rus- l inked cancer. 

As cancer develops in on ly a smal l  proportion of vi rus-i nfected hosts it is c lear that 
the vi rus i nfections alone do not cause cancer. Other factors are i nvo lved and these 

i nc lude exposure to particu la r  env i ron menta l  factors, host genetic factors, and 
immunodeficiency. 

Immunodefi ciency increases the risk of a vi rus-assoc iated tu mor, the nature of the 
immunodeficiency i nfl uencing the types of tumor that may develop . AIDS patients 

a re m uch  m ore l i ke ly  to deve lop  Kapos i 's sa rco m a  tha n  i m m u nosu ppressed 
tra nsp lant  rec i p ients .  N o n - Hod gk i n 's lym p h o m a  in  AIDS a n d  post-tra nsp la nt 

lym phoprol iferative d i sorder (EBV- related tumors; Section 23 .4) each occurs in  a 
disti nct cl ass of i m munodefic ient patient. Immu nodeficiency does not i ncrease the 

risk of al l tumors with a vi ral  l i nk; for example, there is no i ncreased i ncidence in 
AIDS patients of N PC or of l iver cancer. 

The probab i l ity of cancer develop ing i n  a host i nfected w ith an oncogenic vi rus 
therefore d ep e n d s  on a co m p lex i nterp l ay  b etween the state of the host, 



envi ronmental  factors to wh ich the host is exposed, and cel l u lar  changes induced 
by the vi rus i nfection . There is i ncreas ing evidence that v irus prote ins  synthesized 

during pers istent i nfections play roles in the conversion of normal cel ls to cancer 

cel ls .  In some cases vi rus proteins "de l i berately" i nterfere with ce l l  activities i n  
order to provide appropriate cond it ions for virus rep l i cation . I n  other cases vi rus 

protei ns may "acc identa l ly" i nteract with ce l l  components w ith outcomes that are of 

no benefi t to the vi rus. The ro les of vi rus proteins i n  the development of cancers 

are discussed i n  the next secti ons. 

23 . 10 .,  1 "Del i berate" i nterference with control of ce l l  

activit ies 
A virus needs to man ipu late the interna l  envi ronment of its host cel l so that a l l  the 

requ irements for vi rus rep l ication are fu lfi l led .  A requ i rement for smal l DNA vi ruses 
of euka ryotes (pap i l l omaviruses, polyomavi ruses, and adenovi ruses ) is that the 
cel l 's DNA synthesiz i ng functions are ava i l ab le ( i .e . ,  that the ce l l  is  in the S phase of 

the cel l cycle; Figure 4 . 5 ) .  

Many cel ls i n  the an i mal body grow and  d ivide either slowly or not a t  a l l ;  the latter 
are arrested i n  the G l  phase of the cel l  cyc le and are sa id to be in the GO state . 

The contro l of the cell cycle is mediated by many proteins; two that play key roles 

in h u mans a re p53  and  ret inoblastoma prote in  ( pRb) .  The latter prote in  is so 
named because the absence of the protein in some i nd ividuals, d ue to mutations in 
both cop ies of the gene, leads to the development of reti noblastoma (cancer of the 

retina) .  It has been demonstrated that severa l p rotei ns produced by oncogen ic 
vi ruses can interact with p53, pRb, and other protei ns that contro l cel l g rowth and 
d ivis ion, increas ing the probabi l i ty of a cel l  bei ng pushed i nto repeated cycles of 

d ivis ion .  

Vi rus protei ns that can interfere with control of the cel l  cycl e i nc lude the H PV early 
protei ns E6 and E7, wh ich loca l ize to the nucleus and b ind to cel l  protei ns . E6 binds 
to p53, promoti ng its degradation,  and E7 b inds to pRb-E2F complexes, causi ng 

thei r d i ssociation ( E2F is a ce l l  transcri pt ion factor that activates DNA synthesis) .  
The outcome of these interacti ons i s  the transition of the cel l  to the S phase . 

Many other  protei ns of v i ruses considered in  th is chapter can i nteract with p53 
and/or pRB. Examples i nc l ude:  

• SV40 large T antigen (binds to p53 and pRB);  

• KSHV latency-associated nuclear antigen ( b i nds to p53 and pRB);  

• HTLV- 1 Tax protein ( b i nds to p53 ) ;  

• H BV X protei n (b i nds to p53) ;  

• Adenov irus E 1A protei n (b i nds to pRB) .  

As wel l as affecting the ce l l  cyc le, some vi ruses may interfere with attempts by the 

i nfected cel l to destroy itself vi a one of the apoptos is pathways . The cel l  protein 



p53 is i nvolved i n  some of these pathways, which may be blocked as a result of a 
vi rus protein b indi ng to p53 . 

23 . l0 ,. 2  "Accidenta l "  activation of ce l l  genes 
Some vi rus prote ins are ab le to bi nd to cel l  proteins that may not be the i ntended 

targets and may thus trigger events that are of no va lue to the virus, but may be 
harmfu l  to the host. A vi rus prote i n  m ight inadvertently push a cel l toward a 

cancerous state by activati ng a cel l gene that i s  switched off, or  by enhanci ng the 
transcription of a gene that is normal ly expressed at a low level . 

Some retrovi ruses can i nduce tumor formation as a consequence of i ntegrati ng 

thei r provi rus i nto a cel l chromosome at  a site that puts a cel l gene under the 

control of a vi rus promoter ( Figure 23 .5 ) .  Some cel l  genes that can be activated i n  
th is  way are known as  proto-oncogenes because thei r activati on may resu lt i n  a 
cancer. The prote ins encoded by proto-oncogenes a re genera l ly i nvolved i n  gene 
regulation or cel l cyc le control . An exa mple of a proto-oncogene is c-myc . Infection 

of a ch icken with an avian leukosis vi rus (Section 23 .8 )  can cause a tumor when 

provi ra l i nteg ration next to c-myc results in greatly enhanced transcription of th is 
gene. There were unfortunate outcomes in some gene therapy tria ls  as a resu lt  of 
proto-oncogene activation by a retrovi rus .  A retrovi ra l  vector was used to i ntroduce 

a gene i nto the patients' ce l l s  and  some of the pati ents went on to deve lop 
leukemia .  

F igure 23 .5  Activation of  a cel l gene by i nsertion of  a retrovi ral provi rus. In it iation 
of transcri ption at either of the provi rus LTRs may lead to expression of the cel l  

gene. 
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23 . 10 .3  Retrovi ra l  oncogenes 
Some retrovi ruses have the abi l ity to cause cancer because of the presence i n  the 

v i ra l  genome of a n  oncogene;  fo r exa m p le, the Rous sa rcoma v i rus genome 
conta ins  the v-src gene ( F igure 17 . 1 2) .  The retrovi ra l oncogenes were derived from 



cel l  proto-oncogenes and are cl ose ly related to them (Table 23 .2 ), hence v-src is 
closely related to c-src .  

Table 23 . 2  Examp les of retrovi ral oncogenes and the cel l proto-oncogenes from 
which they were derived . The names of some genes are derived from the vi rus 
names .  Vi ra l  oncogenes are prefixed by "v-" wh i l e  cel l  proto-oncogenes are prefixed 

by "c-". 

Retrovi rus Vira l  oncogene Cel I proto-oncogene 

Rous sarcoma vi rus v-src c-src 

Avian myelocytomatosis vi rus v-myc c-myc 

Harvey muri ne sarcoma vi rus v-H-ras c-H -ras 

When  a proto-oncogene  i s  m utated or aberra ntly expressed it becom es a n  
oncogene. The src gene, which has been imp l i cated i n  the development of many 

cancers, encodes a prote in ki nase;  over-phosphoryl ati on of the enzyme's su bstrates 

is a key process i n  the development of these tumors .  C-myc encodes a tra nscri ption 
factor and is expressed at abnorma l ly h igh  levels in Bu rkitt's lymphoma (Section 

23 .4 )  and in avi an  leukos is  ( Secti on 23 . 1 0 . 2 ) .  Retrovi ra l  oncogenes lack the 
sequences that contro l the expression of ce l l  proto-oncogenes, so when a retrovi ra l  

oncogene  i s  expressed in  a n  i n fected ce l l  th e p rote i n  is often at a h i g he r  
concentration than the prod uct of the cel l proto-oncogene. 

Nearly al l  of the oncogene-ca rry i ng  retro vi ruses a re defective as a resu lt  of 
genome deletions; Rous sa rcoma vi rus is an exception . The defective vi ruses can 

rep l icate only with the hel p of an endogenous retrovi rus, or in a cel l co-i nfected 
with a he l per v i rus;  for exa m p le,  m u rine  sa rcoma vi ruses a re defective and  a 
murine leukem ia  virus may act as a hel per. Retrovira l  oncogenes have the ab i l ity to 

i nduce rap id format ion of tumors, usua l ly 1-6 weeks post- infection,  in  contrast to 

tu mors i nduced by oth er oncogen ic  v i ruses, which develop on ly after yea rs or 
decades of persistent vi rus infection . 

Oncogene-carryi ng retrovi ruses are rarely found i n  nature, but they have proved to 

be usefu l la boratory too ls  for studyi ng the ro les of m utated proto-oncogenes i n  
cancer. 

23 . 10 .4 Da mage to i m m u ne defenses 
In teracti ons  between ce l l  prote ins  and  o ncog en i c v i rus  prote i ns ca n lead to 

breakdown of immune defenses that may a l low the development of a cancer. V i rus 
p rote i n s m ay i n te rfe re w i th a p o ptos is ,  a n d h en ce p reve n t  the d ea th o f  
virus- infected cel l s .  Some o f  the proteins produced by EBV and KSHV in  latently 
i nfected cel ls  can i nterfere with acqu i red i m m une responses. 



23 . 10 . 5  Overview of cancer i nduction by vi ruses 
The previous sections have outl i ned some of the ways in which a v i rus m ight be 
i nvolved i n  the i nd ucti on of a cancer .  For a n u m ber of v iruses more than  one 

mechan ism m ight be i nvo lved . One such vi rus i s  HTLV-1 ,  a complex retrovi rus with 

aux i l i a ry genes (Section 17 .4 ), one of wh ich  is ca l led tax .  The Tax p rote i n ,  i n  
conjunction with ce l l  transcri ption factors, functions a s  a transcri ption factor for the 

vi rus, stimulati ng the promoter in the LTR ( Figure 23 .6 ) .  The Tax prote in ,  however, 

can a lso i ncrease the expression of many cel l  genes, and it can i nactivate ce l l  cycle 
regu lators i ncl ud ing p53 .  Consequently th is protei n stimu lates the ce l l  cycle, i n h ibits 
apoptosis, and can i nduce chromosome instabi l i ty. 

F ig ure 2 3 . 6  HTLV- 1 oncogenes i s .  The virus Tax prote in ,  com p lexed with ce l l  

protei ns, activates transcri ption of the provi rus and may a lso activate tra nscri ption 
of cel l  genes. Tax can a lso i nfl uence the cel l cyc le by bind i ng to ce l l  cycle  regu lators 
such as p53 .  
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Another vi rus protei n that can have multi p le roles i n  cancer i nduction is the HBV X 
protei n .  Th is i s  the only v i rus protei n that is consistently found i n  H BV tumor cel ls, 

and it i s  found at h igh levels .  L ike the HTLV- 1 Tax prote in ,  H BV X prote in  can b i nd 
to p53, and it can activate the expression of a wide range of cel l genes th rough 

in teracti ons w ith transcri ption factors . Ev idence for the oncogen i c i ty of the X 
protei n i ncl udes its abi l ity to induce l iver cancer in  some stra ins of transgenic mice . 

For some cancers, i ntegration of vi rus DNA i nto ce l l  DNA may be s ign i ficant for 
cancer i nduction . H BV DNA does not i nteg rate i nto the cel l  genome du ri ng the 

normal rep l ication cycl e, but in about 80°/o of HBV tumors virus DNA is integrated . 
Usua l ly the vi rus DNA has undergone rearrangements, i ncl ud ing deletions that have 



destroyed the P and C ORFs, but the S and X ORFs are often intact (see Figure 19.7 

for a reminder of the HBV genes). Integration can result in deletions from cell 

chromosomes. 

The high-risk HPVs also have a propensity for integration of a l l  or part of the virus 
genome into a cell chromosome. In the majority of cervical carcinomas HIPV DNA is 

integrated; often the virus genome is incomplete, but the E6 and E7 genes are 

always present. The E2 protein normally controls the expression of E6 and E7, but 
if the E2 gene is absent E6 and E7 may be produced at high levels (Figure 23. 7). 
Expression of these genes in a variety of cell types in culture can transform the 

cells, and the transformed state can be maintained by the continuous expression of 
the genes. Part of the genome of HPV-18 is integrated into the genome of Hela 

cells, which were derived from a cervical cancer (Section 23.9). 

Figure 23 .7 Expression of HPV genes from an integrated virus sequence. The 
HPV-18 sequence that is integrated into the Hela cell genome is shown. The E6 
and E7 proteins are synthesized and bind to the cell proteins p53 and pRb, 

respectively. E :  early gene. L: late gene. URR: upstream regulatory reg ion. 
l' II 
l'h romosumt• 

C<.'11 
protein'> 

L1 

p5.� pRh 
a 

HPV sc.'qucnrc 

l"l�R E 6/ E 7 I E l '-� 

E<> 1:7 viru., 
...-W ,....._. protrin<; 

l 

23. 1 1  PREVENTION OF VIRUS-I N DUCED 

CANCERS 
Logical approaches to preventing virus-induced cancers i nclude attem pting to 
prevent transmission of the viruses, so knowledge of the modes of transmission of 

the viruses is important (Table 23.3). This allows the development of strategies 

aimed at reducing the risks of transmission. Most of the oncogenic human viruses 

can be transmitted sexually and/or in blood, so measures implemented to prevent 



transmission of HIV (Section 18.7) also reduce the risk of transmission of these 
viruses. 

Table 23.3 The main modes of transmission of oncogenic human viruses 

Transmission mode 

Mother to baby 

Virus Before or during birth Breast feeding Via saliva Sexual Via blood 

HPV 

EBV 

KSHV 

HTLV- 1 

HBV 

HCV 

,/ 
,/ 

./ 
,/ 

,/ 

,/ 
./ 
,/ 

,/ 

,/ 
,/ 
,/ 

Vaccination provides another approach to reducing rates of virus transmission. Most 
HBV transmission occurs from mother to baby around the time of birth, so several 

countries with high incidences of HBV infection have initiated HBV vaccination 

programs for babies within 2 days of birth. There is evidence from Taiwan of a 

reduced incidence of liver cancer in children as a result of this program, and in time 
there should be a reduced incidence in adults too. 

Several countries have started vaccination programs against HPV using vaccines 

containing virus-like particles constructed from the capsid proteins of HPV types 16 
and 18, two common high-risk types. The aim is to induce long-term immunity 

against these viruses, resulting in a reduction in the incidence of cervical and other 

HPV-associated cancers. Hopefully future vaccines wil l include a wider spectrum of 

high-risk types of HPV. 

Marek's disease in chickens is economically important and vaccines are used to 
protect poultry against infection  with the causative virus. Some vaccines contain an 

attenuated strain of the virus, whi le others contain a related herpesvirus from 
turkeys. 

An alternative approach to the prevention of virus-induced cancers is the attempted 
elimination from the body of persistent infections with oncogenic vi ruses. So far this 

approach has had l im ited success. H CV infection in some patients has been 
eliminated by treatment with a-interferon (Section 9.2. 1 . b  ), either alone or in 

combination with ribavirin. Persistent HBV infections may be controlled, though not 

eliminated, using a-interferon and/or lamivudine. Please see Chapter 26 for more 

information on these anti-viral drugs. 

LEARNING OUTCOMES 
After review of this chapter you should be able to: 

• outline the characteristics of oncogenic viruses; 

• evaluate the evidence for association of viruses with some cancers; 

• discuss mechanisms whereby virus infection may induce cancer; 



• d iscuss examp les of human and an ima l  cancers caused by vi ruses; 

• suggest how vi rus- induced cancers may be prevented . 
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CHAPTER 24 

Surviva l of Infectivity 
CHAPTER 24 AT A GLANCE 

• Viruses vary �lly in the rote at which they lose infectivicy. 

• 11lc rote of \•iru� infecuvit) los" i" affected by tcmperotvre. radiation. and the 
chemical environment. includmg pH. 

• 11lcre may be two rotes of 
infectivity lo�. 
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• Understanding the kjne1ics of mfecuv11y los' i� imponnnt in pmcllcal 
s11ua1ions, �uch :i.s de' mng disinfection and stenlization procedures. 
!>lora�c of vuus preparations nnd vaccine manufacture. 

• In \'accine manufacture it is vital to enMJre that maximum 

/ 
infectivity is preserved in h\'C vaccine�. and th.it 100% of 
infectivity i� destroyed in inactivated vaccines. 

24. 1  PRESERVATION OF VIRUS IN FECTIVITY 
There are several practical situations in which there is a need to preserve virus 

infectivity. A prime example is during the storage and distribution of live virus 

vaccines (Sections 25.2 and 25.5), when there is a need to retain the potency of 

the vaccine. A second example is during the transport and storage of blood, feces, 

saliva, and other specimens from human and animal patients prior to testing in a 
diagnostic virology laboratory. Last, but by no means least, virologists need to 

preserve the infectivity of the viruses that they work with. 

24.2 DESTRUCTION OF VIRUS INFECTIVITY 
There are many situations i n  which there is a requirement to destroy virus 

infectivity. Procedures to minimize the transmission of pathogenic viruses (and 

other m icro-organisms) in hospitals and other health care facilities include the 

disinfection of surfaces and the steri lization of equipment and materials. A good 



exa mple of a s ituation requ i ri ng ri gorous action is an outbreak of wi nter vom iti ng 
d i sease caused by a norovi rus; patients' vom it conta ins s ig1n ifi cant quantit ies of 

vi rus, which must be i nactivated if  the outbreak is to be brought under control . 

Inactivated (k i l led ) vi rus vacci nes (Sect ion 25 .3 )  a re made from preparations of 
vi ru lent vi ruses, so it is essentia l  that a l l  infectiv ity is destroyed . Blood products, 

such as  cl otti ng  factors fo r hemoph i l iacs and  i m mu nog lobu l i ns, a re treated to 
destroy a ny vi ruses (e . g . HIV, hepat1it is vi ruses) that m ig ht be p resent i n  the 

donated blood . Conti nu i ng the theme of human and an i mal health, water suppl ies 
th at a re free fro m pathogen i c  v i ru ses  ( a n d  oth er  m ic ro-org a n i s m s )  a re of 

fundamenta l i mportance, so water treatment procedures must i nc lude processes 
that destroy these agents . The same appl ies to the treatment of swim m ing pool 

water. 

The processes for production of cheese, yogurt, and other da i ry products uti l i ze 
lactic acid bacteria to ferment the m i l k . There are many phages that i nfect these 
bacteria ,  and a phage i nfection during a production process can resu lt i n  delay or 

fa i l u re of the fermentation ,  or i n  a poor qua l i ty product. To m i n i m ize the risk, 
procedures are requ i red for treatment of the mi lk  or whey to i nactivate any phages 
present, and for the dis i nfect ion of the factory environment. 

F i n a l ly, vi ro log i sts need su p p l ies of p i pettes, ce l l  c u ltu re vesse ls ,  a nd other 

l a bo rato ry m a te r i a ls th at  a re g u a ra n teed  free fro m v i ru ses  ( a n d  oth e r  
micro-organ isms), then after these materia ls have been used any vi ruses present 
must be inactivated before d isposa l .  

24 ,. 3  I NACTIVATI01N TARG ETS IN VI RION S  
The infectivity of a v i rion  can be destroyed by the a l teration or remova l of its 

nucleic acid and/or one or more of its prote ins (F igure 24 . 1 ) .  A prote in  molecule 
may be a ltered by the i nduction of a conformational change or, more drastical ly, by 

the breaki ng of cova lent bonds, such as peptide bonds and d isulfide bonds.  

F igure 24 . 1  Inactivation targets in v ir ions . Infectivity of a vi rion may be destroyed 
by da mage to a nucle ic acid, a protei n, and/or a l ip id membrane. Alteration of a 
su rface prote in  m ight prevent a v ir ion from attach i ng to its host cel l and/or from 

entering  the cel l .  Stri pp ing the envel ope fro m an envel oped v i rion removes the 
su rface prote i ns and ach ieves the same outcome. Alterati on of interna l  proteins can 

destroy properties, such as enzyme activit ies, essentia l  for the rep l ication of the 
vi rus .  
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24 . 4  I NACTIVATIO N KI N ETICS 
The rate at which a vi rus loses infectivity under defined conditions (for example, at 

a particu lar  temperatu re and pH va l ue) can be determi ned by i ncubati ng a l iq uots of 
the vi rus prepa ration under those conditions . At va rious ti me interva ls the survivi ng 

i nfectivity i n  an a l iquot is determined in an i nfectivity assay a ppropriate for the vi rus 
(Section  2 . 8 ) .  The loga rithm of the percentage i nfectiv i ty surviv i ng  is plotted 

agai nst time ( F igure 24 .2 ) .  

F ig ure 24.2  Loss of vi rus i nfectivi ty (a)  at one rate and ( b) at  two rates . 
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In some c i rcumstances i nfectivity is lost at a constant rate unti l no further i nfectivity 
can be detected ( Figure 24 .2(a) ) . The slope of the l ine i s  a measu re of the rate of 

i nfectivity loss. Sometimes there is a change i n  the rate of i nfectivity loss after most 

( usua l ly more than  99°/o) of the i nfectivity has been destroyed ( Figure 24. 2(b ) ) .  It 

is not enti re ly clear  why a sma l l  fraction of some vi rus prepa rations loses i nfectivity 
at a s lower rate . It has been suggested that th is fraction might conta in  vi rions that 

have a h ig her deg ree of res i stance to the i nactivati ng factor and/or that the 
preparation m ight conta i n  vi rion cl umps, with vi rions at the centers of the c lumps 
having some protection.  



24 . 5  AG E NTS THAT I NACTIVATE VI RUS 

I N FECTIVITY 
24 . 5 . 1 Physica l agents 

24 . 5 . 1 . a Tem peratu re 
Al l i nfective vi ruses lose infectivity over ti me, the rate of infectivity loss being h igh ly 
dependent on temperature . There is a lot of variab i l ity between viruses in  the rates 
at wh ich they a re i nactivated . In genera l ,  naked vi ruses are more stab le tha n 
enveloped vi ruses; most naked vi ruses lose l ittle  infectivity after severa l hours at 37 

°C, whereas most enve loped vi ruses lose s ign i fi cant i nfect iv ity under the same 
condit ions. Th is  genera l i zation is broad, as there may be  sign ificant d ifferences in  
stabi l i ty between closely related vi ruses . U nder dry conditions va rice l la-zoster vi rus 

survives wel l ,  whi le the rel ated herpes si mplex vi ruses survive poorly .  

At tem peratu res below -35 °C  most vi ruses lose i nfectivity very sl owly, so for 
long -term storage of vi ruses they a re p laced i n  freezers or in  l iq u id n i trogen .  

Preservation of  i nfectivity may be enlhanced by stori ng v i rus  preparations i n  a 

freeze -d r ied fo rm , rathe r  th a n  as  a q u e o u s  suspens i ons .  M ov i ng  to h i g h e r  
temperatu res, most vi ruses are completely inactivated with in  3 0  m inutes at 6 0  °C 

or within a few seconds at 100 °C. 

Some of the bacteriophages of lactic acid bacteria that cause problems in  the da i ry 
i ndustry a re q u ite heat res istant, and  so m e  i nfectiv ity may s u rv ive the heat 

treatments used i n  the decontami nation procedures ( Figure 24 . 3 ) .  

F igure 24 . 3  Inactivation of Lactococcus lactis phage P008 i nfectivity i n  a broth at 

temperatu res between 55 and 75 °C. 

Source : Data from MO l l er-Merbach et a l .  ( 2005) Internationa l Da i ry Journa l ,  15, 

777 .  Reproduced by permission of Elsevier Limited and the authors .  
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The virions of some vi ruses, such as hepatit is A vi rus ( HAV) and parvovi ruses, are 

exceptiona l ly heat stabl e. Data for the minute vi rus of mice (a parvovi rus) i nd icate 
some infectivity su rviving after 60 mi nutes at 80 °C ( Figure 24 .4) . 

F igure 24 .4 I nactivation of m inute vi rus of mice i nfectivity in  water at 70, 80, and 

90 °C. 

Source : Data from Boschetti et al .  ( 2003)  B io log i ca ls, 3 1 ,  18 1 .  Reprod uced by 
permissi on of Elsevier Li m ited and the authors .  
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Except ions to the genera l ization concerni ng the stabi l ity of naked and enveloped 

vi rions i nclude those of hepatit is B vi rus ( H BV), wh ich are enve loped but have h igh 
sta b i l i ty ,  a n d  those of po l i ov i ru s, w h ich  a re n a ked b u t have l ow sta b i l i ty . 
Interest ing ly, HAV (heat-stable vi r ions) and pol iovi rus ( heat- lab i le  vi rions) are both 
members of the fam i ly Picornavi ridae, so, as with the herpesvi ruses, there is not 

a lways cons i sten cy i n  the d eg ree of sta b i l i ty between v i ru ses w ith s i m i l a r  
structures . 

The fact that vi rus prepa rations lose infectivity means that specia l  precautions have 
to be taken to m i n i m i ze i nfecti vity l oss d u ri ng transport a nd sto rage  of l i ve 

vacci nes, such as po l io, mumps, measl es, and rube l l a .  These precautions i ncl ude a 
"cold cha in" of conta iners and vehicles that are refrigerated and/or i nsulated . Th is 

adds considerably to the expense of vacci nation prog rams. 

The rate of i nfectivity loss depends on the nature of the med ium conta i n i ng the 

v i rus .  The p resen ce of prote i n s , fats , g lycero l ,  or certa i n  sa lts m ay p rotect 
i nfectivity. Magnesi um ions reduce the rate of i nactivation of many RNA vi ruses, 

i nclud ing pol iovi rus, so magnesiu m  chlori de is added to l ive pol io vaccines to extend 
thei r shelf l i fe . 

The most heat- resistant v i ruses known are those that i nfect the thermoph i l i c  
prokaryotes that i nhabit hot springs .  The opti mum temperature for the growth of 

many of the hosts of these viruses i s  a round 85 °C. Prions are a lso remarkably heat 
resistant (Secti on 27 . 3 ) .  



24. 5 . 1 . b  Rad iation 
Some forms of rad iat ion i nactivate vi rus i nfectivity because they damage nucle ic  
acids; for example, X-rays, gamma rays, and u ltravio let rays cause breaks i n  nucle ic 

acids. U ltraviolet rays a lso cause other types of damage to nucleic acids, i ncl ud i ng 
the formation of thym ine  d imers i n  dsDNA (F igure 24. 5 ) .  The thymine-aden i ne 
hydrogen bonds at two adjacent base pa i rs are broken and cova lent bonds are 

formed between the two thymi ne resid ues . 

F igure 24. S  Formation of a thym i ne d imer i n  dsDNA. 
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Sun l i ght i nactivates vi rus i nfectivity because of its ultravio let component. A practica l 

aspect of th is  is the rapid i nactivation by sun l i ght of baculovi ruses appl ied to crops 
and forests as insecticides. 

24 . 5 . 2  Chemica l  agents 
Chem ica ls that i nactivate vi rus  i nfectivity do so with si m i l ar ki netics to physica l 
agents ,  w ith e ither one or  two i nact ivati on  rates ( F ig u re 24 . 2 ) .  When som e  

i nactivation data are plotted the in itia l  part of the graph has a sma l l  shou lder before 
the stra ight l i ne. Th is  cou ld be due to a delay whi le the chemical  reaches its target 

i n  the v i rion . Many chemica ls can i nactivate vi rus infectivity, but for many of them 
the i nactivation ta rget(s) are uncerta i n .  We now consider the effects of hyd rogen 

ion concentration (pH ) and of a variety of other chem ical  agents on vi rus i nfectivity .  

24. 5 . 2 . a  Acids and a l ka l is 
Most vi ruses are fa i rly  stable at pH val ues between 5 and 9, but at more extreme 
pH va l ues virions may undergo conformational changes and rates of i nfectivity loss 

usua l ly i n crease . At h igh  p H  va l ues both n u cle ic  ac id s a n d  p rote i n s  can be 
damaged .  Al ka l i ,  in  the form of d i l ute sod ium hydroxide (sometimes i n  combi nation 

w ith stea m ) , is u sed to d i s i n fect m a n u fa ctu ri n g  vesse l s  a n d  too l s i n  th e 
pharmaceuti1ca l i ndustry . 

The i n fectivity of some v i ruses i s  i nactivated at low p H  va l ues as a resu lt  of 
a lterations to surface proteins .  Vi ruses that infect humans and other mammals  via 

the gastroi ntesti na l  route, however, are relatively stab le at low pH values.  These 
viruses, which i ncl ude rotavi ruses (Chapter 1 3 ), have to survive i n  the stomach 



contents, which are commonly at a pH va l ue between 1 and 2 .  Furthermore, the ir  
vi rions must be able to withstand the sudden i ncrease i n  pH when they are moved 

from the stomach to the i ntesti ne (pH about 7 . 5) ,  and they must be resista nt to 
i nactivation by b i le sa lts and proteolytic enzymes. 

HAV and many enterovi ruses i nfect the i r  hosts via the gastroi ntesti na l  tract. These 
v i ru ses  a re p i co rn a v i ru ses  ( Ch a p te r  1 4 ) ,  b u t, w h e n  c o m pa red to th ose 
p icornavi ruses (such as rh inovi ruses and aphthovi ruses) that i nfect thei r hosts via 

other routes, the i r  v i rions are much more acid-resistant. It can be seen i n  Figure 
24 . 6  that HAV i nfectiv ity can st i l l  be detected after 6 m in utes at pH  3 . 3  at a 
temperatu re of 85  °C; thus, HAV is  an example of a vi rus with h i1gh resistance to 

i nactivation by both heat and acid .. 

F igure 24 .. 6 Inactivation of hepatit is A vi rus i nfectivity at th ree pH va l ues at 85 °C. 

So urce : Data fro m De boosere et a l .  ( 2004 )  I n te rna ti o n a l J o u rn a l  of Food 

M ic rob io l ogy, 93 ,  7 3 .  Reproduced by perm iss ion  of  E l sevi er  Li m ited a nd the 
authors. 
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Phenol , which is a wea k acid, destroys the capsids  of v i ri ons without alteri ng nucleic 

acids .  It is commonly used in the laboratory to extract nucleic aci ds from v irions. 

24. 5 . 2 . b  Hypoch lorite 
One of the most widely used dis i nfectants is hypochlorite. Both the hypochlorite ion 

(OCI - )  and the und i ssociated hypoch lorous acid ( HOCI ) are exce l lent d i sinfectants ;  
they act by oxid iz i ng organ ic  molecu les, such as protei ns.  Hypoch lor ite ions are 
either suppl ied as sod i um hypochlorite or they are generated by d i sso lving chlori ne 

gas in  water. The latter process is used to treat d ri nking  water supp l ies and  
swimm ing pool water. 

Sod ium hypoch lorite is one of the d is infectants used in the da i ry i ndustry to control 

phages of lactic ac id  bacte ria such as  Lactobac i l l us  spp . The i nactivation of a 
Lactobac i l l us phage at four concentrations of hypochlorite is shown i n  F igure 24 . 7 .  



At free ch l o r i n e con centrat i ons  1 00-3 00 p p m  there w e re s l ower  rates of  
i nactivation for a sma l l  percentage of the virions, as  d i scussed i n  Section 24 .4 .  

F i g u re 24 . 7 I nact iva t io n  of Lacto b a c i l l u s p h a g e  BYM by hypoch lo ri te . The 
concentrations are shown as  pa rts per m i l l ion (ppm)  of free ch lorine .  The phage 

suspensions were at 25 °C and pH 7 .  

S o u rce : Da ta fro m Q u i be ro n i  e t  a l .  ( 20 0 3 ) I n te rn at ion a l  J o u rn a l  of Food  
M icrob io logy, 84 ,  5 1 .  Reprod uced by perm ission  of  E l sevi er  Li m ited a nd the 

authors.  
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24 . 5 . 2 . c  Aldehydes and a lcohol s 

Fo rmaldehyde  and g l uta ra ldehyde damage both enveloped and  non-enve loped 
vi rions. Formaldehyde cross- l i nks proteins and reacts with am ino groups in nucleic 

acids; it i s  used to destroy the i nfectiv ity of pol iovi rus and other vi ruses for use in 
i nactivated vacci nes (Section 25 .3 ) .  Gl utara ldehyde i s  useful for d isi nfecti ng meta l 
su rfaces because it i s  non-corrosive.  

Ethanol and isopropyl a lcohol are used as genera l  purpose d isi nfectants and i n  

waterless hand washes . 

24 . 5 . 2 .d  Li pid solvents 
Detergents and many organic so lvents, such as chloroform, destroy the i nfectivity 
of e n ve l o ped v i ru ses by re m ov i n g  the i r  l i p i d m e m b ra n es a n d  assoc i ated 

g lycoprotei ns .  Detergents and  so lve nts a re used in  the p reparat ion of c l otti ng 
factors and other blood products to destroy enveloped v i ruses ( parti cu larly HIV, 
HBV, and HCV) that may be p resent in pooled blood donations. Li p id solvents may 

a lso d a m a ge  v i ri ons  w ith i n te rn a l  l i p i d ,  su ch as  the corti cov i ru ses a nd the 
tectivi ruses (Section 3 . 5 . 2) .  
Quaterna ry am m o n i u m  com pounds  are cation i c a nd d i sru pt v i r ion  envelopes.  
Several of them are used as d isi nfectants, espec ia l ly chl orhexid ine g luconate, which 

is widely used in hea lth ca re i nstitut ions .  An ion ic  dete rgents, such as sod i u m  
dodecyl su lfate, disrupt virion envelopes and capsids .  
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• d iscuss s i tuations in which destruction of vi rus i nfectivity is i mportant; 

• g ive examples of phys ical  and chemica l  agents that damage vi rions a nd 
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25 . 1  INTRODUCTION TO VIRUS VACCI N ES 
In this chapter we d iscuss one of the major applications of virology: the 
development and use of vaccines against virus diseases in humans and animals. 

The term vaccination is derived from the Latin word vacca, meaning cow. This is 

because the original procedure involved the inoculation of material from cowpox 
lesions into healthy people. Edward Jenner tried the procedure first i n  1796 after he 
noticed that the faces of most mi lkmaids were unmarked by pocks; this was 

because milkmaids rarely contracted smallpox. They did, however, commonly 

contract cowpox, so Jenner inoculated material from a milkmaid's cowpox lesion 

into the arm of an 8-year-olld boy. Six weeks later the boy was inoculated with 
material from a smallpox scab; he remained healthy. The immune response against 

cowpox virus had protected against smallpox virus, the protection resulting from 
related antigens in the two viruses. 

A vaccine, therefore, contains material intended to induce an immune response, 

and this may involve both B cells (which develop into antibody-producing cells) and 



T ce l l s  ( responsib le for cel l -med iated immunity ) .  Both arms of adaptive immunity 
can be important for provid ing protection agai nst a virus i nfection (Section 9 . 2.2 ) .  

The pu rpose of most vi ra l  vacci nes i s  to i nduce long-term immun ity agai nst the 

vi rus by estab l ish i ngi B cel l  and T cel l  memory that wi l l  be triggered if the vi rus ever 
i nvades the body. In order to establ ish strong immunolog ical memory there is a 
requ i rement for vacc i nes that i nduce vigiorous i m mune responses; i n  other words, 

h igh ly immunogenic vi rus materia ls  are requ i red . 

Vacci nes are i n  use to protect against d iseases caused by many vi ruses such as 
pol io, rubel la ,  rab ies, and foot and mouth d i sease. Major ach ievements resulti ng 

from vaccine use i ncl ude the eradication of smal l pox in humans and of ri nderpest in  

cattle .  Th is chapter w i l l  descri be the various categories of vi rus vacci ne that are in 

med ica l  and veteri nary use, and wi l l  outl i ne some aspects of the i r  manufacture . 

Effective vacci nes have yet to be developed aga inst many other vi ruses, i nclud i ng 
HIV- 1 ,  hepatitis C, Ebol a, and the herpes si mplex vi ruses. Those i nvolved i n  vi rus 
vacci ne research face many d ifficu lti es, such as mu ltiple antigen ic varia nts of target 

vi ruses and the requi rements for h igh  standa rds of safety. Some vacci nes that have 
been deve loped have not been accepted for widespread use because of safety 
concerns. The g reat need for new vacci nes has spawned attempts to produce nove l 

categories of vacci ne, such as rep l ication -defective vi ruses, peptide vacc ines, a nd 

DNA vaccines, and some of these wi l l  be i ntroduced in  th is chapter .  

25 . 2  LIVE ATTEN UATED VI RUS VACCI N ES 
A l ive attenuated vacci ne conta i ns a muta nt stra i n  of a virus that has been derived 

from a w i ld -type vi ru lent strai n .  Vacci nes of th is type have a number of advantages 
over most other types of vacci ne .  One advantage is that there a re i ncreasi ng 

amou nts of vi rus ant igen i n  the body as the vi rus rep l icates . Another i s  that a 
wide-rang ing immune response i s  i nduced that invo lves B cel ls, CD4 T cel ls, and 

CDS T cel ls .. 

There are two properties that the vi rus for an  attenuated vaccine must possess . 

Fi rst, its antigens must be identica l ,  or very si m i la r, to those of the wi ld-type vi rus, 
so that an i m mune response aga i nst the vaccine vi rus provides p rotecti on from 

i nfection with the wi ld-type virus. Second, the vi ru lence of the wi ld -type v irus must 
have been attenuated ;  i n  other words, the vacc i ne vi rus m ust have l ittle or no 

vi ru lence. 

Most attenuated vi rus stra ins have been derived by "hit and m iss" proced ures such 

as repeated passage of wi ld-type vi rus in cel l s  unre lated to the normal  host. The 

vaccine stra ins of the three serotypes of pol iovi rus (Chapter 14) were derived from 
wi ld-type stra ins by passage i n  monkeys and i n  monkey kidney cel l cu ltu res. Al bert 
Sab in  d id  th is  p ioneering work and the procedu re he used to derive one of the 

attenuated strains i s  depicted in Figure 25. L Pol iovi rus attenuation i nvolves the loss 
of the ab i l i ty of the vi rus to i nfect neurons ( i .e . ,  the loss of neurov iru lence) .  The 



mutati ons responsib le for attenuation of the th ree serotypes are now known a nd 
some of them are shown in  F igure 25 . 2 . 

Fi g ure 25 . 1  Derivation of attenuated po l iovi rus strai n  (Sabi n type 1 )  from wi ld -type 
pol iovirus strai n (Mahoney 1 ) .  
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Figure 25 . 2  5 '  end of pol iovi rus RNA with expanded view of doma i n  V .  For each of 

the th ree Sabin stra i ns a mutation i n  domai n V that contri butes to the attenuation 

of neurovi ru lence is i nd icated . 
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Other attenuated vacc i nes that have been deve loped us i ng a s i m i l a r  approach 
i nclude vacc ines for mumps, measles, rubel la ,  yel low fever, can i ne pa rvov i rus, a nd 

can i ne distemper. The attenuated stra i ns of the fi rst th ree of these, now combi ned 
i n  the M M R  vacc i ne, were a l l  developed by M a u rice H i l l em a n .  The attenuated 
mumps vi rus is cal led Jeryl Lynn after his daughter, from whom the w i l d -type vi rus 
was i solated . 

Attenuated vacc i nes have been deve lloped i n  response to the huge burden of 
d isease and death caused by rotav i ruses (Chapter 1 3  ) .  The vacc i nes conta i n 



reassortant rotavi ruses ( Section 2 1 . 3 .3 .c ) .  One vacc ine has genes derived from 
d ifferent human vi ruses, whi le another has some genes derived from a human vi rus 

and some from a bovi ne vi rus. These rotavi rus vaccines are g iven by mouth . 

Other approaches to the develop ment of attenuated vi rus vacci nes i nc l ude the 
fol lowing . 

• Cold-adapted vi rus stra i ns.  These are vi rus stra ins with reduced vi ru lence 
tha t  h ave been d e r ived by i n cu bat i n g  v i ru s- i n fected ce l l  cu ltu res at  

temperatu res below the opti mum for vi rus rep l icati on .  The strai ns are unable 
to repl icate at norma l  body temperature, but can rep l icate at tem peratures in 
the upper respiratory tract. Cold-adapted stra ins are used in i nfl uenza and 

respi ratory syncytia l  vi rus vaccines, but the ir  use is restricted because of the 
risk of s ide effects . The cold-adapted i nfl uenza vacc ine is not used in elderly, 

pregnant, or immunocompromised persons and the respi ratory syncytial vi rus 
vacci ne is not used i n  chi ldren . 

• Reverse genet ics (Sect ions  1 4 . 6 . 1 and  1 5 . 6) .  The power of reve rse 

genetics has been used to develop a respi ratory syncytia l  vi rus vacc ine by 

eng i neeri ng i nto the vi rus genome mutati ons that attenuate vi ru lence.  

One of the risks in us ing a l ive vaccine i s  that, duri ng vi rus rep l i cation, nuc leotide 
substitutions might occur, resu lti ng in reversion to vi rulence .  Po l iovi rus is an RNA 

vi rus with a high mutation rate . When a vaccine stra in  of pol iovi rus rep l icates in the 

gut there may be nucleotide substi tutions when it  rep l icates its genome, or it may 
undergo recom bi nation with a wi ld -type stra in of po l iov i rus (Secti on 2 1 . 3 .3 .b ) .  

E ither event may result i n  a v i ru lent stra i n  of pol iovi rus wh ich can i nfect susceptible 

i nd iv i dua ls , resu lt i ng  in po l i omye l it 1is fo r some .  Because of these ri sks many  
countries switched from usi ng attenuated pol io vaccine to i nactivated vacc ine .  

Each batch of a l ive vi rus vaccine is subjected to extensive q ual ity contro l  tests. 
These i1nc l ude  testi ng for the  presence of every known v i rus that cou l d  be  a 

conta mi1nant, and testi ng for neurovi rulence i n  an i mals .  

25 . 3  I NACTIVATED VI RUS VACCIN ES 
Inactivated, or  k i l led, vi rus vacc i nes are made by mass-produci ng the vi ru lent vi rus 

and then i nactivati ng the i nfectivity, usual ly by treatment with a chemica l  such as 
�-proprio lactone, ethylene oxide, or formaldehyde (Section 24 . 5 . 2 .c ) .  The trick l ies 

in fi n d i n g  the com b inati on  of chem ica l  concentrat ion and  react ion ti m e  that  
complete ly i nactivates the vi rus, but  leaves its antigens suffici1ently unchanged that 

they can sti l l  sti mu late a protective immune response . 

Jonas Sa l k  developed a treatment for pol iovi rus that led to the development of the 

vaccine that bea rs his name.  After treatment with forma ldehyde the i nactivated 
v i rions (a m ixture of the th ree serotypes of pol iov i rus )  a re adsorbed onto a n  

adjuvant consisti ng of a l uminum hydroxide or a luminum phosphate . The adjuvant 
enha n ces the im m u nogen ic ity of  the va cc i ne .  Other  exa m p les of k i l led v i rus  



vacci nes are those conta i ni ng inactivated vi rions of i nfl uenza, hepatit is A, and foot 

and mouth d isease vi ruses . 

Because the vi rus used to produce an inactivated vacci ne is a v i rulent stra in ,  it is  

v i ta l  that 1 00°/o of the infectivity is destroyed in the prod uction p rocess . As 
d iscussed in  Section 24.4, there a re some situations in which a sma l l  proportion of 
v i rions i s  i nactivated at a s lower rate . It i s  essentia l  that the k inetics of vi rus 

i nactivation are understood and that an  inactivation proced ure is developed that 

guarantees 100°/o i nactivation.  

The need for comp lete i nactivation was underl i ned in  the US  in 1955 when four 
mi l l i on doses of i nadequately i nactivated Sa l k  vaccine were i noculated into ch i l d ren.  

Amongst the vacci nees there were 204 cases of paralytic pol io and 11 deaths. A 

sim i l a r  prob lem occurred when there were outbreaks of foot and mouth d isease in  

France and the UK i1 n  the period 1979-81 after batches of foot and mouth d isease 
vacci ne had been inadequately i nactivated . 

2 5 .4 Vl RION SU BU N IT VACCI N ES 
A subun it  vacci ne conta ins purified components of vi r ions. In the case of infl uenza 

the vacc ines  conta i n  the h e m a g g l u ti n i n  ( IH )  a n d  neura m i n i dase ( N )  su rfa ce 
g lycoprote ins ( Section 16 . 2) .  A typ ica l  production method is outl i ned in F igure 25 . 3 .  

The infectivity of a batch of i nfl uenza virions i s  inactivated with forma ldehyde or 
�-propiolactone, then the vi rion envelopes are removed with a detergent, such as 

Triton  X- 1 0 0 .  Th is  re leases the g lyco p rote i ns,  wh ich  fo rm a g g regates of H 
"cartwheels" and N "rosettes . "  These structures are purified by centrifugation i n  a 
sucrose gradient, and then materia l  from three i nfl uenza vi rus stra ins is combi ned 

to form the vacci ne .  

F ig u re 25 .3  Outl i ne  of  p roduct ion meth od fo r i nfl uenza v i rus subu n it vacci ne .  
Hemagg luti n i n  ( H ) and neuramin i dase ( N )  are extracted from i nactivated infl uenza 

vi ri ons and purifi ed by sucrose grad ient centrifugation .  The bands from the gradient 
are ha rvested and i ncorporated i nto the vacc i ne. 
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Fo r p rotect ion aga i nst i nfl u enza the subun it vacci nes are p referred ove r th e 
i nactivated vacc ines because they cause fewer s ide effects, especia l ly i n  ch i l d ren . 

The subun it vacc ines, however, i nduce poorer im mune responses, so two doses are 
necessary to provide adequate immun ity .  

25 . 5  LIVE RECOM BINANT VI RUS VACCI N ES 
A recombinant vacc in ia vi rus engi neered to conta i n  the gene for the rab ies vi rus G 

protei n has been used to vacci nate wi ld mammals aga inst rabies.  The use of th is  
vacci ne was d iscussed i n  Section 15 . 2 . 1 .  

25 . 6  MASS-PRO DUCTION OF VI RUSIES FOR 

VACCI N ES 
The prod u cti on  of th e types of vacc i ne  d i sc u ssed so fa r ( l ive atte n uated , 
i nactivated, subun it, and l ive recombi nant) requ i res large q uantities of vi rions; for 

most vi ruses these are produced in  cel l  cu ltu res. John Enders demonstrated in  1949 
that po l iov irus can be g rown i n  p ri m a ry m o n key ce l l  cu ltu re a n d  th i s  led to 

procedures for the mass-production of pol iov irus for the Sal k and Sab i n  vacci nes. It 
was  su bseq u en tly fo u n d  th at  som e  m o n key ce l l  c u ltu res used fo r vacc i n e  

production had been harbori ng vi ruses, incl ud ing sim ian v i rus 4 0  (Secti on 23 .3 ) .  It 
was therefo re recom mended that h u m a n  cel l cu ltu res shou ld  be used for the 
production of vacci nes for human use, though cel l l i nes of monkey orig i n, such as 
Vero cel ls (African green monkey cel l s) ,  are used for the production of some. 

Another preference i s  for the use of d ip lo id cel l  l i nes, rather than heteroploid cel l 
l i nes that have been derived from tumors, as there are perceived risks associated 



with tumor-derived cells. Examples of human diploid cell lines used for production 

of vaccine viruses are MRC-5 (developed by the Medical Research Council in the 

UK) and WI-38 (developed by the Wistar Institute in the US). Both of these cell 

lines were derived from human lung fibroblasts. 

Most of the cells are grown on surfaces such as parallel plates and small plastic 

particles. The virus inoculum is added to the cell culture at 0. 1-10 pfu per cell and 

the maxi m u m  titer is usua lly reached 12-24 hours after inoculation. The 

manufacturer might expect a virus yield up to 100 000 times the inoculum.  

Some viruses are mass-produced in  chick embryos (Figures 2.1 and 25.4), either 

because no suitable cell culture system is available, or because such a system has 

been developed only recently. Influenza and yellow fever vaccines are produced in 

chick embryos that are inoculated by automatic systems. The yield of virus from 

each embryo provides sufficient virus for a few doses of vaccine. 

Figure 25.4 Production of vaccine in chick embryos. 

Source: Courtesy of the World Health Organization. 

For influenza virus vaccines, decisions have to be made each year as to which H 

and N subtypes to include, as new influenza strains with a ltered subtypes are 
constantly arising through antigenic drift, and sometimes a new stra in arises as a 
result of antigenic shift (Section 16.4). New strains are monitored and characterized 

by Collaborating Centers for Influenza Reference and Research around the world, 

and the World Health Organization recommends the strains that should be 
produced for the next batches of vaccine. 

Newly isolated strains of influenza virus rarely grow well in chick embryos, so a 
reassortant (Section 21.3.3.c) between each new strain and a high-yielding strain is 

produced. A high-yielding strain that is commonly used is A/Puerto Rico/8/34 (an 

influenza A virus isolated in Puerto Rico in 1934 ) .  This stra in evolved during 

passage in the laboratory; it has roughly spherical virions and it replicates well in 
chick em bryos, in contrast to many wi ld-type strains, which have filamentous 
virions and replicate poorly in chick embryos. For vaccine production, reassortants 

are selected that have the H and N genes of the new stra in and the remaining 
genes of the high-yielding strain. 



Althoug h i nfl uenza v i rus  has trad itiona l ly been prod uced i n  ch ick em bryos fo r 
i ncorporation into i nactivated and subunit vacci nes, cel l  cu ltu re systems for vi rus 
production have now been developed . Furthermore, l ive attenuated i nfl uenza vi rus 

vacc ines have been l i censed in some countries, so the types of i nfl uenza v i rus 
vacci ne and the ways in which they are mass-produced may change in the future. 

There are major enterprises around the world produc i ng vacci nes for human  and 

veteri nary use .  Some examples of the vacci nes produced are g iven i n  Table 25. 1 .  

Table 25. 1 Examples of vi ruses that are mass-produced for vacc ine manufacture 

Vacci nes for humans Vacci nes for an i mals 

Pol io Foot and mouth disease 

Infl uenza IMarek's d isease 

Measles Newcastle d isease 

Mumps Canine d istemper 

Rube l la  Rab ies 

Rabies Bl uetongue 

Yel low fever 

2 5 . 7 VIRUS- LI KE PARTICLES 
Virus- l i ke part ic les are structu res assembled from v i rus  prote i ns .  The partic les 

resemble v i ri ons, but they a re devoid of any n uc le ic  acid and can therefore be 
deemed safer than vaccines conta i n i ng attenuated or i nactivated vi r ions. 

Hepatitis B vi rus ( HBV) vaccine i s  produced in recombinant yeast cel ls that have the 
gene for the HBsAg inserted i nto the genome. The cel l s  are grown in bu lk  and then 

broken to re lease the vi rus protei n .  After purification the H BsAg molecules receive a 

chemica l  treatment that causes them to aggregate i nto spheri cal structures sim i lar 

to the non-i nfectious particles produced in the HBV-i nfected human host (Section 
19 .4 ) .  The structu res are adsorbed onto a l um i num hydroxide, which acts as an 
adjuva nt. 

The major caps id prote i n  of pap i l l omavi ruses can self-assemb le  i nto v i rus- l i ke 
pa rticles that bear the epitopes requ i red for generati ng neutral i z ing anti bod ies .  (An 
ep i tope is a short seq uence of a m i no ac ids cr it ica l fo r i nduc i ng  a n  i m m u n e  

response . )  H u m a n  pa p i l lo m av i rus vacc i nes (Section  2 3 . 1 1 ) conta i n  v irus- l i ke 
pa rtic les that a re produced either i n  i nsect cel l s us i ng a baculovi rus vector or in 
yeast cel l s .  



25 . 8  SYNTH ETIC PEPTI DE VACCIN ES 
Each protei n antigen has one or more ep itopes . These short amino acid sequences 
can be synthes ized i n  a mach i ne and it was suggested that the resulti ng peptides 

might be used as vacci nes. Compared with traditional vacci nes it wou ld  be easier to 
ensu re the absence of contam inants such as vi ruses and protei ns.  

A lot of work has been done to try to develop peptide vacci nes agai nst foot and 

mouth d isease vi rus. In th is vi rus there is an important epitope with i n  the vi rion 
p rote i n  V P 1  ( Sect io n 1 4 . 3 . 1 ) .  Synth et ic  pepti d es of th is seq u e n ce i n d u ced 

reasonable levels  of neutra l iz ing and protective anti bod ies in laboratory an ima ls, 
but when vacc i ne tria ls were done i n  farm an ima ls  the resu lts were d i sappoi nti ng . 

2 5 . 9  DNA VACCI N ES 
A revol utionary approach to vacci nation is the introduction into the vacc i nee of DNA 
encod ing an antigen, with the ai m of i nduc ing cel ls of the vacc i nee to synthesize 
the antigen.  One advantage of this approach is that there is a steady supply of new 
antigen to stimu late the immune system, as with l ive vi rus vacc ines. Because the 

antigen (a vi rus protei n in th is  case) is produced with in  the cel ls of the vacc inee, it 
i s  l i kely to stim ul ate effici ent T-cel l -med iated responses . 

A procedure for the production of a DNA vaccine i s  outl i ned i n  F igu re 25 . 5 . The 
antigen-encod i ng sequence, obta i ned d i rectly from a DNA v i rus or by reverse 

transcr i ption  from an RNA vi rus, is  i nserted i nto a pla sm id between a strong  
promoter and  a poly(A) signa l .  The p lasmid is repl icated i n  bacteria l cel l s  and  i s  

then purified for use as  a vacc ine .  Adm in istration of the vacci ne can be  by i njection 
i nto a muscle or by using a gene gun  that de l ivers DNA-coated gold beads d i rectly 
i nto skin  cel ls .  

Fi gure 25 .5  Production of a DNA vacci ne. The vi rus prote in  gene is i nserted i nto a 

p lasm id ,  wh i ch is then c loned i n  bacteria . The p lasm id i s  extracted from the 

bacterial cel ls, pu rified, and i ncorporated i nto a vacci ne. 
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Experimenta l DNA vacci nes have been produced for a number of vi ruses, i nclud i ng 

HIV- 1 ,  SARS coronavirus, West N i le  vi rus, and foot and mouth d isease vi rus; tria ls 
have been carried out i n  an ima ls  and humans. Before any DNA vacci ne goes i nto 

cl in ica l  use some im portant questions about safety must be answered . There must 
be confidence that the DNA wi l l  not trigger an anti -DNA autoi m mune d i sease, and 
that it wi l l  not create cancer-causi ng mutations by insertion into host genomes. 

25 . 1 0 STORAG E AN D TRAN SPO RT OF 

VACCI N ES 
Once a vacci ne has been manufactu red there is a need to preserve its efficacy unti l  

i t  i s  used . For l ive vacci nes th is means preservi ng vi rus i nfectivity; for vaccines 

conta in i ng inactivated v irions, subun its, and vi rus- l i ke pa rti c les it means preservi ng 

im m unogen i ci ty .  The major  physical  a nd chem ical  facto rs that can reduce the 

i nfectivity of a l ive vacc ine were considered in Chapter 24; some of these factors 
can also reduce the immunogen ic ity of vacci nes. 

Most vacc i nes a re stored and tra nsported at l ow tem peratu res; this m i n i m izes 

losses of i nfect iv ity and i m m unogen ic ity .  Su bsta nces that red uce the rate of 
infect iv ity loss a re i nc luded in so me vacc ines, a n  exa m ple be i n g  magnes i u m  

chloride i n  l ive po l io vacci nes.  

LEARN I N G  OUTCOM ES 
After review of th is  cha pter you should be able to : 

• expla i n  how vi rus d i seases are contro l led with vacc ines; 

• eva l uate the types of vi rus vacc ine in medica l  and veteri nary use; 



• eva l uate types of vi rus vacci ne that a re experimenta l ;  

• describe methods used to manufactu re vi rus vacc ines; 

• eva l uate procedures designed to ensure the safety of vi rus vacci nes. 
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26. 1 INTRODUCTION TO ANTI-VI RAL D RUGS 
In this chapter we discuss another major application of virology: the development 
and use of drugs to combat virus diseases in humans. Drugs are available for the 

treatment of diseases caused by a variety of viruses, and in some circumstances 

drugs are also used for the prevention of virus infections. We shall di scuss the 

modes of action of several anti-viral drugs, and their clinical uses. We shall also 
consider some of the problems associated with anti-viral drug use, especially the 

emergence of drug-resistant virus strains. 

For a long time there were very few anti-viral drugs available for cl inical use 

compared with the number of anti-bacterial and anti-fungal drugs. This was 
because it was d ifficult to find compounds that interfere specifically with viral 

activities without causing significant harm to host cell activities. As we have seen in 
earlier chapters, however, there are many virus-specific activities that are potential 

drug targets, some of which are summarized in Figure 26. l. 



Figure 26. 1 V i rus activit ies that are potential d rug targets . A genera l i zed vi ew of 
virus rep l i cation is depicted ; no si ngle virus performs a l l  of these activ ities ! DNA 

rep l ication p rovides a ta rget if the vi rus produces enzymes (e . g .  DNA polymerase, 

thym id ine ki nase) d isti nct from those of the host. 

ud ing -

@:.ru , i n  

M ost of the ea rly ant i -v i ra l d rugs were found by screen ing  large  n u m bers of 

compounds, but this approach has now been largely superseded by des ign ing drugs 
to i nh ib it specific vi rus prote ins .  Both approaches wi l l  be outl i ned in th is chapter. 

26 . 2  D IEVELOPM ENT OF ANTI-VI RAL DRUGS 
26 . 2 . 1 Screen ing compou nds for anti-vi ra l  activity 

In this approach to the search for c l i n ica l ly usefu l anti-vi ra l  drugs, l arge numbers of 

compounds a re tested for poss ib le  a nti-v i ra l  activity .  Some of the com pounds 

chosen i n  the past had a l ready been shown to have anti-tumor cel l  activity .  

The screen ing  procedure i nvo lves testi ng d i l ut ions of the com pou nds aga i nst a 
range of vi ruses growi ng i n  cel l  cu ltures . Evidence that a compound i nterferes with 

the rep l i cation of a v irus m i g ht i nc l ude i nh ib it ion of cytopath ic effect (CPE)  or 
i n h i b i t io n  of p l a q u e  fo rm atio n .  Fo r  each  p ote n t i a l ly u sefu l co m po u n d  the 

concentration  that i nhi b its CPE or p laque formation by 50°/o is determ ined . This 
concentration of the drug i s  known as the 50°/o i nhi bitory concentration ( ICSO) .  

Screen i ng compounds for anti -vi ral activity has been largely rep laced by the rati ona l  
design of drugs. 

26. 2 . 2  Rationa l design  of anti -vi ra l d rugs 
The process of des ign ing a n  anti -vi ra l  d rug starts with decid i ng on a vi rus activity 

that the drug wi l l  target ( Figure 26. 1 ) .  Once this has been se lected , it i s  necessary 



to choose a target prote in ,  such as a vi ra l  enzyme, that is involved i n  that activ ity. 
A detai led p icture of the three-d imensiona l structure of the prote in  i s  derived usi ng 
techn iques such as X-ray crystal log raphy ( Section 2 . 5 . 3 ) , and a target site i n  the 

protei n is selected . Computer prog rams are then used to design  compounds that 
w i l l  b ind to the target site with the a i m of i nh ibiti ng the activity of the vi rus prote in .  

Rationa l  des ign  has been used to develop a l a rge n u m ber of ant i -v i ra l  d rugs, 
though the mode of action of some of them remains unclear. 

26 . 2 . 3  Safety of anti-vi ra l d rugs 
If a compound is to have c l i n ica l  value i t  must not on ly i nh ib it vi rus rep l ication, but 

it m ust ca use l i tt le or no h a rm to the host. Th e resea rch and  developm ent 

procedures therefore i nc lude i ncubati ng un i nfected cel l  cu ltures with the compou nd 

and exam in i ng them for damage such as death or i nh ib i t ion of cel l  d ivis i on .  

The potentia l  value of a compound can be assessed by determ i ning the ratio of its 
cel l  toxic ity to its anti-v i ra l  activi ty .  This  ratio i s  known as the se lectivity i ndex (SI )  
and i s  expressed by the formu la 

minimum oncentr lion inhibit ing i ru 
eplicnti n 

A compound with a low IC50 and a h i gh  SI is most l i ke ly to have va lue as an 

anti -vi ra l  drug .  Some examples of  IC50 and SI  values are g iven i n  Table 26 . 1 .  The 
data i nd icate that acic lovir wou ld be preferred to ganciclovir for treatment of herpes 

s implex vi rus i nfections. 

Ta b le  26 . 1  S o m e  a nt i -v i ra l  d rugs a nd ta rg et v i ruses . IC5 0 :  5 0 °/o i n h i b ito ry 

concentration . SI : se lectivity i ndex . ICSO a nd SI vary depend i ng on the vi rus stra in 
and the ce l l  type.  These figures are ranges determ i ned using severa l cel l  types . 
Data from Ki nch ington et al . ( 1995) 
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26 . 3  EXAM PLES OF ANTI-VI RAL D RUGS 
26 .3 . 1  Nucleoside ana logs 

A n u m ber o f  a nti -v i ra l  d rugs a re synthetic com pounds  structu ra l ly s i m i l a r  to 
nuc leosides such as guanosi ne and 2s1>I-deoxythymid i ne ( F igure 26 .2) and they act 



by i nterferi ng with the synthesi s of vi rus nucleic acids. After bei ng taken i nto a cel l  
a nucleosi de ana log, l i ke a nucleoside, is phosphorylated at  the Ss"F.>I carbon (or its 
equivalent) to become a nucleotide ana log ( Figure 26. 3 ) .  The SslJI tri phosphate 

derivative of the nucleoside ana log is the active form of the d rug and acts as a 
competitive inh i bi tor of a vi ra l  polymerase such as a reverse transcri ptase . 

F igure 26 . 2  Nucleoside ana logs used as anti -vi ra l d rugs. The ana logs are derived 
from the nucl eosides shown on the left. 
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Figure 26 . 3  Phosphorylation of a nucleoside analog . The active form of the drug is 

the SslJI triphosphate derivative of the nucl eoside analog . 
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Duri ng nucl e ic acid synthesi s, if one of these nuc leotide ana logs is incorporated i nto 
a g rowing strand,  then n uc le ic  ac id synthes is is  term i nated , as i n  the d ideoxy 

method of DNA sequenci ng . The structu re of the nuc leotide ana log prevents it from 
accept ing the next nucleot ide. In some cases the analog lacks the hydroxyl g roup 

on the 3sT:>I carbon (or lacks the 3sT:>I carbon ) necessary for the add it ion of the 
next nucl eotide.  

26 .3 . 1 .a  Ri bavi r i n 
Ribavi ri n is  an  analog of guanosi ne ( Figure 26 .2) .  It is used for the treatment of 
i nfection with severa l RNA vi ruses, espec ia l ly hepatitis C vi rus ( HCV; Section 23 . 1 1 ) .  
Com bi ned treatment with ri bavir in and pegylated 0± -i nterferon erad icates HCV 

i nfection in  about 50°/o of patients, but the treatment often causes sign ificant side 
effects . Inhi b itors of an HCV protease have shown prom is ing resu lts in c l i n ica l  tria ls 

and a re to be used, i n  conjunction with ribavir in and i nterferon, for treatment of 
HCV i nfections. 

Ribavi ri n has been used for treatment of i nfections with respiratory syncytia l  vi rus 
(Section 15 . 5 ) , one of the most i mportant causes of severe respiratory tract d isease 

i n  ch i ldren .  There are, however, doubts about the effectiveness of the drug, and 
the mode of del ivery i s  expensive and inconven ient (aeroso l for 12sT:>" 18 hours 
dai ly), so its use is restri cted to some h igh-risk patients. 



The m ode of action of r ibavir in is not com p letely understood and several 

hypotheses have been proposed to explain its anti-viral activity. The drug inhibits 

the cell enzyme inosine monophosphate dehydrogenase, and has been shown to 

inhibit several virus activities, including viral RNA synthesis; it is likely that it has 
more than one mode of action. 

26. 3 . 1 . b  Nucleoside analogs that inh ibit herpesvi rus DNA 

synthesis 
Aciclovir (also spelt Bnt-bacyclovirsni<) is an analog of guanosine (Figure 26.2). It is 

a very safe drug, with almost no side effects, widely used for the treatment and 

prevention of diseases caused by three of the herpesviruses: herpes simplex viruses 

1 and 2 (HSV-1 and HSV-2) and varicella-zoster virus (VZV) (Chapter 11 ) .  Uses of 
aciclovir include: 

• prevention of cold sores; 

• prevention and treatment of genital herpes; 

• treatment of HSV encephalitis (early treatment reduces the mortality rate); 

• protection of immunocompromised patients after exposure to VZV; 

• treatment of shingles (pain is reduced significantly). 

Aciclovir strongly inhibits virus DNA synthesis but has very little effect on cell DNA 

synthesis. In a herpesvirus-infected cell the first phosphorylation of aciclovir (Figure 
26.3) is  carried out by the virus thymidine kinase (TK) (Section 11 .5.3). The cell TK 
is produced only at certain stages of the cell cycle and has a much lower affinity for 

aciclovir than the viral enzyme, so there is very little phosphorylation of aciclovir in 

uninfected cells. 

During DNA synthesis, aciclovir triphosphate com petes with deoxyguanosine 

triphosphate (dGTP) for incorporation into the new strand. When aciclovir becomes 
incorporated, DNA synthesis is terminated due to the lack of a 3snisn"OH group. 

Ganciclovir, like aciclovir, is an analog of guanosine, and the first phosphorylation in 
a cell is carried out by a virus enzyme, in this case a protein kinase. Ganciclovir is 

more likely than aciclovir to become incorporated into cell DNA. As a result 
ganciclovir has a lower SI than aciclovir (Table 26. 1 )  and can cause significant side 

effects, especially reduced numbers of blood cells because of damage to bone 
marrow cells. 

Ganciclovir is used to treat infections with cytomegalovirus, as aciclovir is less 
effective against this virus than it is against the other herpesviruses. Examples of 

cytomegalovirus diseases that are treated with ganciclovir include pneumonia and 

retinitis in immunocompromised patients, such as those who have received organ 

transplants and those with AIDS. 

26.3 . 1 .c Nucleoside analogs that inh ibit reverse transcription 
Azidothymidine (AZT), also known as zidovudine, is an analog of thymidine (Figure 

26.2). Like other nucleoside analogs, it is phosphorylated to the SsnI triphosphate 



after uptake i nto a cell (Figure 26.3). AZT had been investigated as a possible 
anti-cancer drug and later it was found to inhibit the reverse transcriptase of HIV. 

AZT triphosphate binds more strongly to the viral reverse transcriptase than to the 

cell DNA polymerase, and the reverse transcriptase binds AZT triphosphate in 
preference to d eoxythymid ine triphosphate. AZT thus inh ibits HIV reverse 

transcription, but it can also interfere with cell DNA synthesis and, like ganciclovir, it 

can damage the bone marrow. In the early days of AZT treatment HIV-infected 

patients were administered large doses and many patients suffered severe side 
effects. 

Lamivudine, also known as 3TC, is an analog of cytidine (Figure 26.2). It inhibits 

reverse transcriptases, including those of HIV and hepatitis B virus (HBV), and is 

used, usually in combination with other therapies, to treat infections with these 

viruses. The drug does not el iminate the infections, but it can control them. For 
treatm ent of HBV infection lamivud ine  is ofte n g iven in combin ation with 

0±-interferon; after treatment for a year or more inflammation of the liver is 

reduced in a proportion of patients. 

Several other nucleoside analogs that inhibit reverse transcription are used for 
treatment of HIV infection (examples are dideoxycytidine and dideoxyinosine) or 
HBV infection (an example is adefovir). 

26.3 .2  Non-nucleoside inhibitors of reverse transcription 
The approach of rational design was used to develop several HIV reverse 

transcriptase inhibitors that are not based on nucleosides. These non-nucleoside 

inhibitors target different sites in the reverse transcriptase to those targeted by the 

nucleoside analogs. An example of a non-nucleoside inhibitor that is used against 

HIV is nevirapine ( Figure 26.4). 

Figure 26.4 Nevirapine (a non-nucleoside inhibitor of reverse transcriptase) .  
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26.3 .3  HIV protease inhibitors 
The maturation of a retrovirus virion i nvolves the cleavage by the virus protease of 

the Gag and Gagso"Pol proteins to form the virion proteins (Section 17.3"6). If this 
processing does not take pllace the virion does not acquire infectivity. Peptide 

mim ics of the cleavage site in the protein have been developed and these 
compounds can fit into the active site of the HIV protease. HIV-infected cells 

treated with one of these protease inhibitors release fewer virions, and those 

virions that do bud are unable to in itiate a successful replication cycle in another 
cell. An example of an HIV protease inhibitor is ritonavir (Figure 26.5). 



Figure 26.5 Ritonavir (an HIV protease inhibitor). 
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26.3.4 HIV attachment and fusion inhibitors 
Binding of an HIV-1 virion to a cell involves attachment to a co-receptor, usually 

CCRS or CXCR4 (Section 18 .4 .1) .  A drug (maraviroc) has been developed that 
blocks attachment to CCRS, so it is active against RS strains of HIV-1 .  A major 

l imitation of maraviroc is its inabil ity to block attachment to CXCR4, so it is not 

active against X4 strains. 

After an HIV-1 virion has bound to a cell the trans-membrane glycoprotein gp4 l 
must fuse the envelope with the membrane of the cell if the virion contents are to 
be delivered into the cytoplasm. In order for this to take place gp41 must undergo 

a conformational change initiated by interaction between different regions of the 

molecule. 

A number of drugs have been developed that can inh ibit fusion between the 
membranes of an HIV-1 virion and a potential host cell. They do this by binding to 

gp4 1 and inh ib iting the conformational change. An example is enfuvirtide, a 

36-amino acid peptide with the sequence of a gp41 region that interacts with 

another gp41 sequence to cause the conformational change. Enfuvirtide has much 
lower activity against HIV-2, which has a trans-mem brane glycoprotein only 

distantly related to that of HIV-1. A disadvantage of enfuvirtide is that it has to be 
given by subcutaneous injection, whereas the other anti-HIV drugs can be given 

orally. 

Unlike most anti-HIV drugs, maravi roc and enfuvirtide prevent infection of a cell 

with HIV-1. 

26.3 .5  HIV integrase inh ibitors 
As a retrovirus, HIV takes into a host cell an integrase, the role of which is to 
integrate a DNA copy of the virus genome (the provirus) into a cell chromosome 

(Section 17.3.3). Inhibitors of this enzyme have been developed, one of which is 

raltegravir. 

26.3.6 Influenza virus neuraminidase inhibitors 
One of the surface proteins of influenza A and B vi ruses is a neuraminidase. This 

enzyme plays a vital role during the final stages of virion budding from infected 

cells (Section 16.3 .4); if the enzyme is inhibited virions are not released. Each 



neuraminidase spike on the virion surface is made up of four monomers, each 
consisting of a Bol-bballoonsoK: on a Bol-bstick.soK: 

In 1983 an influenza virus neuraminidase was crystallized and its structure was 

determined. It was found that the monomer has a deep cleft and that this forms 
the active site of the enzyme. Compounds were designed to bind in the cleft and 

several were found to inhibit neuramin idase activity. One such compound is 

oseltamivir (Figure 26.6), which is approved for use as an anti-iinfluenza virus drug. 

Figure 26.6 Bind ing of oseltamivir to influenza virus neuraminidase. The inset 
shows the amino acid residues (one-letter abbreviations together with their codon 

numbers) that bind oseltamivir. 
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26.4 DRUG RESISTANCE 
Soon after the introduction of anti-viral drugs into clinical practice drug-resistant 

strains of the target viruses began to emerge. Many strains of influenza A virus are 

now resistant to amantadine and rimantadine, two early anti-influenza drugs, and 

some strains are now resistant to neuraminidase inhibitors. The emergence of 
drug-resistant viruses should not have been surprising, as antib iotic-resistant 

bacteria, insecticide-resistant insects, and rodenticide-resistant rats had emerged as 

a result of natural selection. Viruses, especially RNA viruses, can mutate at high 

frequencies and evolve rapidly (Section 21 .3.3.a) so genotypes encoding drug 



resistance can ari se rapidly. Drug-resistant genotypes may be at an advantage in 
hosts where the drug i s  present and may become the dominant genotypes in  those 
hosts . 

Drug res istance of vi ruses is re lative, rather than absolute.  A measure of the deg ree 
of resistance can be obtai ned by determ in ing the ICSO ( F igu re 26 .7 ) .  A vi rus stra in 

i s  considered to be Bbl-bresi stants'DK to a drug if it is  able to repl icate i n  the body in 
the p rese nce  of a c o n ce ntra t i o n  of th e d ru g  th at  i n h i b i ts re p l i ca t i o n  o f  

Bbl-bsensit ivesl)i( stra ins .  

F i gu re 26 .7  Suscepti b i l i ty of Bbl-bSensitivesl)i( and Bbl-bresi stants'Di< i so lates of 
HSV- 1 to acic lovi r .  The Bbl-bresistantsl)i( isolate has an aciclovi r ICSO approximately 

100 ti mes greater than the s"bl-bsensitives'Di< isolate . 
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Drug-resi stant vi ru ses a re found to have one or  more m utations i n  the genes 
e n cod i n g  th e p rote i n s  th a t  a re th e d ru g  ta rg ets .  T h e  vas t  m ajo r i ty o f  
aciclovi r-resi stant HSV- 1 isolates have a mutated tk gene, wh i le  a smal l  number of 

isolates have mutations i n  the DNA pol gene. HIV- 1 stra ins resistant to protease 

i nhi bitors such as ritonavir a re mutated in the gene encod i ng either the enzyme 

( PR) or the substrate (gag) .  Further examples of mutations in drug-resistant vi ruses 
are given in Table 26. 2 and Figure 26 .8 .  

F igure 26.8 Examples of mutations to drug resistance in the genome of HIV- 1 .  
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Table 26. 2 Examples of genes mutated i n  drug-resistant vi rus stra i ns .  

Drug Virus Gene mutated 

Aciclovi r HSV- 1 tk (thym id ine ki nase) or DNA pol (DNA polymerase) 

Amantad i ne Infl uenza A M2 ( mem brane 2) 

Oseltam ivir I nfl uenza A NA (neuramin idase) 

Ritonavi r H IV- 1 PR ( protease) or gag 

AZT H IV- 1 RT ( reverse transcri ptase) 

Nevi rapine H IV- 1 RT ( reverse transcri ptase) 

Enfuvi rti de H IV- 1 env (envelope; g p4 1 )  

Most HIV- 1 mutations to drug res istance a re a m i no ac id substituti ons, l i ke the 
exam ples i n  F igure 26 .8 ,  but some mutations a re deletions or insertions .  Many 

mutati ons confer cross-res i stance to other drugs of the same type; for example, the 
V82A m utat ion in the P R  gene  confe rs resi sta nce to a n u m ber of p rotea se 
i nh i bitors . Mutations i n  the HIV- 1 RT gene that confer resistance to a nucleoside 

ana log (e . g .  AZT) are in  d i fferent codons to those that confer  res i stance to a 
non-nucleoside reverse transcri ptase inh ib i tor (e . g .  nevirapine) .  Th i s  reflects the 

d ifferent target sites in the reverse transcriptase for the two c lasses of drug . 



Cl i n ica l  p rob lems  a rise when d ru g - res ista nt v i rus  stra i ns  e m erg1e i n  patients 
u nd e rg o i n g  treatm ent, a nd when  res i stan t  stra i ns  a re tra ns m i tted to other  

ind ivid ua ls .  When such prob lems arise pati ents may be  treated with a lternative 

drugs.  Infections with aciclovi r-resistant HSV stra ins can be treated with foscarnet 
or cidofovi r, ne ither of which depends on the HSV TK for thei r action. 

When AZT was fi rst used for treatment of H IV infection,  AZT-res istant strains of 

HIV rapid ly emerged and a si mi lar problem was encountered when other anti -HIV 

d rugs were used al one . Now the standard treatment for H IV i nfection i nvo lves a 
combi nation of drugs. The rationale i s  the same as that used for chemotherapy of 

tubercu losis and cancer; there is a very smal l  probab i l ity of a mutant arisi ng that is 
resistant to a l l  d rugs in the combi nation .  Va rious combi nations of anti -HIV drugs 

are used, such as two reverse transcriptase i nh ib itors and a protease inh i bitor. Th is 

form of treatment i s  known as h igh ly active ant i-retrovi ra l  therapy ( HMRT) . 

The effect of d rug treatment on an HIV i nfection can be monitored by measuri ng 
the concentration of HIV RNA (and hence of vir ions) in the patients1>™s blood . 

HAART usuall ly resu lts in a rap id decl ine i n  the H IV RNA concentrati1on for about the 
fi rst 10 days, and then a slower decl i ne for a period of weeks ( Figure 26.9) . Over a 
longer period the H IV RNA concentration reaches a steady state i n  the range 
Ssn"SO copies/ml  in  some patients, whi le in  others it fa l l s  to less than 5 copies/m l .  

HAART also reduces the levels of H IV i n  the sem i na l  fl u id of infected men and i n  
the genita l  secretions of  i nfected women . 

Figure 26.9 Effect of HMRT on the concentration of HIV- 1 in  the b lood . 

Source : Red rawn from Di Mascio et a l .  ( 2004) Mathematica l Biosciences, 188, 47. 

Reproduced by perm iss ion of El sevier Li m ited and authors .  
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HMRT does not e l im i nate HIV infecti on from the body; the i nfection pers ists in 
latently infected macrophages and memory CD4 T cel ls .  It may a lso persist i n  

sanctuary sites, such a s  the bra in  and the testes, where infected cel ls  may evade 



the drugs and/or im mune cl earance .  HAART has, however, marked ly reduced death 
rates from AIDS, and treatment of HIV- infected women has s ign ificantly reduced 
the risk of mother-to-ch i ld  transmiss ion (Secti on 18 .7) . Those receivi ng HAART may 

exper ience d ifficu lti es, espec ia l ly when the med ication causes un pleasant s ide 
effects,  but  i f  pat ients l apse from thei r da i l y  routine of  taki ng the d rugs they 
i ncrease the risk of drug-resistant stra i ns of HIV emerg i ng .  

26 . 5  ANTI-VI RAL D RUG RESEARCH 
In addition to the emergence of drug-resistant stra ins of  vi ruses there are other 
problems related to the use of anti -vi ra l  d rugs.  Most of the d rugs in use do not 
e l im i nate vi rus i nfect ions from the body, and many can cause sig n ifi cant s ide 

effects. Both of these problems can occur, for example, duri1ng treatment of HBV 
i nfection with a nucleoside analog and/or 0±- i nterferon . 

There is  the refo re a g reat need fo r co nt i n ued resea rch progra m s  a i m ed at  
extend ing  the range of  drugs ava i lab le .  O ne objective of these programs is to 

red uce the severity of the prob lems d i scussed above; another objective is to 
develop d rugs for vi rus d i seases that are currently untreatable .  In add ition to the 

approaches outl i ned i n  th is chapter  a l ternative avenues a re be i ng  exp lored , 

i nclud ing explo itation of some of the bodysl.> ™s anti -vi ra l  defenses, such as RNA 
si l enci ng (Sect ion 9 . 2.3 ) .  

LEARN ING OUTCOM ES 
After review of th is  chapter you should be ab le to : 

• eva l uate procedures used to develop new anti -v i ra l  drugs; 

• describe the modes of action of selected anti-vi ra l  d rugs; 

• eva l uate anti -v i ra l  d rugs i n  cl i n i ca l  use; 

• d iscuss vi rus resistance to drugs. 
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CHAPTER 27 AT A GLANCE 

CHAPTE R 27 

Prions 

I l l ustrations from Cervia et a l .  ( 2006) Transfus ion Med ic i ne Reviews, 20, 190 .  
Reproduced by  perm iss ion of E lsevier. 
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2 7  . 1  I NTRODUCTIO N TO PRION S  
Th is chapter i s  not about vi ruses, but about some i nfectious d i seases of man and 
an ima l s  that are known as p rion d iseases . M uch of the resea rch on  prions i s  

pub l i shed i n  vi ro logy journa ls ;  hence thei r appearance i n  th is book. The evi dence 
suggests that the causative agents are protein molecu les from with i n  the ce l l s of 
the host; no nucleic acid has been found associated with them . 

The prion d iseases are cha racterized by very long incubation periods, measured in 

yea rs. (The i ncubat ion period of an i nfectious d isease i s  the time that e lapses 
between the infectious agent enteri ng the host and the fi rst appearance of signs 
and symptoms of the d isease. ) S igns of prion disease include dementia and loss of 
coordi nation ; the patient gradua l ly deteriorates, and death i s  i nevitab le .  

Th is subject assumed pa rticu l a r  i m portance toward the end of the twentieth 
century with the onset in the UK of bovine spong iform encephalopathy ( BSE), or 



mad cow disease as it i s  popu larly known, and its apparent transm ission to humans 
as variant Creutzfeldt-Jakob d isease (vO D) .  

27 . 2  TRAN S M ISSI BLE SPONGIFORM 

E NCEPHALO PATH I ES 
The pr ion  d i seases are known as  transm iss i b le  spong i form encepha lopath ies 
(TSEs) .  Taking these words i n  reverse order: 

• encephalopathy means d i sease of the bra in ;  

• spong iform refers to the deve lopment of ho les i n  the bra in ,  maki ng it 
appear l i ke a sponge ( Figure 27. 1 ) ;  

F i g u re 27  . 1  Bra i n  secti on  fro m a sheep  w i th scra p i e .  The  spong iform 
appearance (holes in the tissue) is evi dent. Magnification r - 500 . 

Source : Cou rtesy of Dr R. Higgi ns, U niversity of Cal ifornia, Davis .  

• transmissi ble refers to the fact that the causative agent is i nfectious. I t  can 

be transmitted to members of the same species, and sometimes to other 

species. 

27 . 3  TH E NATU RE OF PRIO N S  
The agents that cause TSEs appear to be m isfolded forms of normal cel l prote ins ;  

there i s  no evidence that they conta i n  n uc le ic acid . Th i s  Bnl-bprote i n -on lysni< 
hypothesi s was proposed by Stan ley Prusi ner, who a lso suggested the term prion 

( pronounced pree-on) ,  derived fro m i nfectious protei n .  Vers ions of the norma l  
protei n have been found i n  mammals, b ird s, repti les, and fish ;  in  hu mans i t  i s  

encoded by  the PRN P gene .  The ro le of  the  prote in  is not yet c lear .  I t  cyc les 
between endosomes and the cel l surface, where it is held in  the p lasma membrane 

by a g lycosyl -phosphatidyl - inositol anchor at its C term inus.  It is found on many cel l  
types, but espec ia l ly on cel ls of the centra l  nervous system .  



The prion p rotei n molecu l e  has a loop as a result of a d i sulfide bond ( F igure 27 . 2) .  
T h e  loop conta i n s  two aspa rag i ne res id ues, e i ther  or  both o f  w h ich  can b e  

N -g l ycosy l ated ,  s o  th e prote i n  ex i sts as th ree g lycoform s ( u n g l ycosy l a te d ,  

monog lycosylated , and d ig lycoslyated ) ;  the sugars attached to the protei n  may be 
of various types. 

F igure 27 .2  Norma l and m isfolded forms of p rion .  ( a )  and ( b) representati ons of the 
normal form; (c)  the m isfo lded form has more 01 sheet ( shown i n  gireen) than the 

normal form . 

Sou rce : (b)  and ( c) from Cervia et a l .  (2006) Transfus ion Medic ine Reviews, 20, 

190 .  Reproduced by perm ission of Elsevier. 
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The conformation of much of the normal prote in is 0± hel ix  ( Figure 27 . 2) .  When 

the protei n misfolds there is a decrease in 0± hel ix  structure and an increase in 01 
sheet. Th is  change in conformation is accompan ied by changes in properties of the 

protei n, i ncl ud ing susceptib i l ity to d igesti on by prote inase K. The normal  protei n is 

complete ly d igested, but the misfolded prote in  is largely resistant to the enzyme, 

which i s  able to d igest only 90sn"100 a mi no acid residues from the N termi nus, the 
rema i n i ng 27s"D"30 kD port ion of the prote in  rema in i ng i ntact. M i sfold i ng a lso 

renders the protei n i nsol ub le  in non ion ic detergents . In prion-d iseased t issues 
molecu les of the m i sfo lded prote in  aggregate as  fi br i l s, rods, or  other forms, 

depend i ng on the host and the prion strai n .  

Va rious term i no log ies are used for the norma l a nd the m i sfo lded forms of  the 

prote i n .  The norma l protei n is commonly designated as PrPc ( PrP= prion protei n ;  
c=cel l ) ,  wh i le  the m isfolded form is  designated as PrPSc (Sc=scrap ie)  o r  PrPres 

( res=resi stant to p rotei nase) .  

The presence of certa in am i no acids at particu lar sites i n  the prion protein can 

affect a n u m ber of aspects of p ri on  d isease, i n c l ud i ng  suscepti b i l i ty to p rion  

d iseases and  i n cubati on  per iod . Fo r exa m p le, the PRN P gene encodes e i ther  



meth ion i ne or va l i ne at codon 1 29 ( F i gu re 27 . 2) .  There can be very d ifferent 
outcomes depend ing whether the ind iv idual is homozygous ( meth ion ine/meth ion i ne 

or va l i ne/val i ne) or heterozygous ( methiion i ne/va l ine) .  So fa r, a l l  cases of vO D have 

been homozygous for methion ine at codon 129 .  Sma l l  variations i n  the prion gene 
sequence can a lso strong ly influence the c l i nical course of a prion d isease. 

Pr ion i n fectiv ity is rem a rka bly heat resi stant and  some infectiv ity can surv ive 

autoc lavi ng for prolonged periods ( F igure 27 . 3 ) .  It i s  i nteresti ng to note that a smal l  

s ubpopu lat ion  of the i n fective m ate ria l has a h ig he r  l eve l  of res i sta nce  to 
i n activation . Th is  subpopu lat ion is i nactivated at a s lower rate, m i rro ri ng  the 

situation with many vi ruses (Section 24 .4) . Prion i nfectivity is a l so very resistant to 
i nactivation by i rrad iat ion and by some chem icals that i nactivate vi rus i nfectiv ity. 
Treatments that are used to i nactivate prion infectivity i nc lude exposure to 5°/o 

sod ium hypochlorite sol ution or 1 M NaOH for l s"F.>"2 hours.  

Fi gure 27 .3  Inactivation of two stra i ns of scrap ie prion in an  autoc lave at 126 B0C . 

Source : Data from Somervi l l e  ( 2002) Trends I n  Bi ochem ica l Sciences, 27,  606.  

Repri nted by perm ission of E lsevier and the author. 
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27 . 3 . 1 Prion rep l ication 
The m echa n i sm  by  w h ich p r ion  Bnl-b rep l i cationsT:>K: ta kes p lace i s  not  fu l ly 

understood . It has been suggested that a form of Bnl-bevangel ismsT:>K: is i nvolved, 

whereby mo lecu l es of the m isfo lded p rote i n  Bnl-b convertsT:>K: norma l  prote i n 
molecules, causi ng them to m isfold . In other words, the m isfolded protei n  causes a 

change i n  the conformation of the norma l prote in .  

A fu rthe r  sugg estion  is that  i n it i at ion  of  the rep l icat i on  p rocess req u i res a 
Bnl-bseedsT:>K: consi sti ng of an aggregate of misfo lded prote in  molecules. There are 
three ways in  which this Bnl-bseedsT:>i< cou ld arise : it cou ld  be introduced into the 
body, it coulld be formed after a rare conformational change i n  a normal p rotein 

molecule, or it could  be the i nevitable outcome of the expression of a mutant prion 
gene .. 



The formation of an infectious pathogenic agent as a result of host protein 

molecules undergoing a conformational change is a very different process to virus 

replication, where new virions are constructed from amino acids and nucleotides. It 

has been difficult for many to accept the idea that an infectious agent that is able 
to repli cate is devoid of any nucleic acid, but all attempts to demonstrate the 

presence of a nucleic acid have failed. 

The following work, published in 2004, provides evidence that prions are infectious 
proteins. Mouse prion protein was produced in  recombinant bacterial cells and 
polymerized into fibrils, which were injected into the brains of mice. The mice 

subsequently developed signs of a TSE and extracts of their brains transmitted the 
disease to other mice. 

The misfolded protein accumulates in endosomes and lysosomes, and quantities 

build up especially in neurons. In some prion diseases the misfolded protein can 
also be found in a number of other organs and tissues, including the spleen and 

lymph nodes. 

27.4 PRION DISEASES 
Some cases of prion disease arise spontaneously, some are inherited and some are 
acquired as a result of a TSE agent entering the body. In the latter case entry may 

be through the digestive tract, followed by transport to the lymphoreticular system 
(e .g .  sp leen, lym ph nodes, Peyers"b ™ s  patches), where the molecules are 

amplified. From these sites they can be transferred into the central nervous system. 

Replication takes place slowly but, because the misfolded protein is not degraded, 
concentrations gradually build up. The molecules form insoluble aggregates, often 

visible as Bbt-bplaquess"bi< in sections of central nervous tissue. The accumulation 

of these aggregates is thought to lead to dysfunction and death of neurons, leading 

to the development of the holes i n  the brain (Figure 27 .1) .  The inevitable outcome 

is the death of the host. 

27.4. 1 Prion diseases in animals 
Scrapie is a disease of sheep and goats that has been known in Britain and other 

parts of Europe for hundreds of years. Many affected animals scrape against hard 
objects such as fence posts, hence the name of the disease, and many grind their 

teeth, stumble, and fall; all eventually die. In the 1930s it was demonstrated that 
scrapie can be transmitted from sheep to sheep by injection of brain tissue. It was 

mentioned earlier that small variations in the prion gene sequence can affect 

susceptiblity to infection. It has been found that sheep are more susceptible to 
scrapie if the prion gene has valine rather than alanine at codon 136. 

More recently a distinct TSE has been reported in sheep and is referred to as 

atypical scrapie. 

In the US a TSE in farmed mink was first recognized in 1947, then in the early 
1980s chronic wasting disease was described in mule deer and elk in captivity. The 



l atter d isease has si nce been found i n  w i ld  mu le deer, white-tai led deer, e lk, a nd 
moose; it is the on ly TSE known to occur in  free-rang ing an i mals .  

BSE was fi rst reported i n  the UK i n  1986 and a massive outbreak rap id ly developed 

( Figure 27 .4 ) . The d isease was spread by feed ing meat and bone meal to cattle as 
a p rotei n supp lement. Body pa rts from a n i m a ls  i ncu bati ng  the d isease were 

i ncorporated into meat and bone meal and th is served to spread the d isease on a 
large scale  .. Cattle that appeared to be healthy could in fact be i ncubating BSE and 

there could be large quantities of misfol ded protei n in  the ir  bra ins and sp i na l  cords. 
It is uncerta i n  whether the orig i na l  i nfectious materia l was from a sheep with 

scrapie or from a cow i n  wh ich BSE had arisen spontaneously. 

F igure 27 .4 Numbers of cases of BSE and vCJ D in the UK. 

Sou rce : BSE data from World Organization for Animal  Health . vO D data from U K  
Nati ona l O D  Surve i l lance Un it. 
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In the early years of the BSE outbreak many other species of domestic and captive 

mammal  developed spong iform encephalopath ies. These an imals i ncl uded domestic 
cats, big cats (such as puma and t iger) ,  and herbivores (such as bison and e land ) .  
It i s  l i kely that these cases resu lted from feed ing an imals meat from SSE-infected 

cattle .  

Live cattle and  large  quantit ies of meat and  bone meal were exported from the UK 
i n  the ear ly days of  the BSE outbrea k .. BSE has s ince been reported i n  many 
countries around the world .  

27 .4 . 2 Prion d iseases in humans 
Human prion d iseases fal l  i nto three categories; some examples are g iven i n  Table 
27 . 1 .  Sporad ic  CJD is  the most common, occurri ng th roughout the world at an  

i ncidence of about 1 .  7 cases per m i l l ion people per year. Inherited prion d iseases 
have h igh i nc idences i n  fa m i l ies whose genomes encode certa i n  am ino acids at 
pa rticu lar  codons i n  the PRNP gene. 

Table 27 . 1  Examples of human pr ion d i seases 

I Category of d i sease I Examples 



Spontaneous Sporadic CJD 

Inherited Fami l ia l  O D  

Fata l fam i l ia l  i nsomn ia 

Acqu i red Ku ru 

vOD 

Kuru and vCJD are norma l l y  acqu ired by i ngesti ng prions. In the case of kuru the 
source of the prions was human bra in  tissue .  Th is  d isease used to occur in a reas of 

New Gui nea where it was the custom to eat tissue from rel atives who had died . 

vCJ D is a relatively new d isease . The fi rst case was reported i n  the U K  i n  1995 with 
the death of a young man ca l l ed Stephen Chu rch i l l ,  and si nce then there have been 
som e  cases each yea r ( F i g u re 27 . 4  ) .  The re is no evi dence that these cases 

represent an i nherited fo rm of p rion d i sease, and they have characteristi cs that 
d isti ngu ish them from sporadic CJD .  Amongst these characteristics are :  

• the re latively young age of  the vi cti ms; 

• the relatively short duration of the d i sease; 

• d isti nct patholog ica l  changes in  the b ra in ;  

• the presence of i nfective prion in  the spleen, lymph nodes, and tons i l s . 

These features ind icated that vO D was a new d isease, and because its appearance 
coi ncided with the BSE outbreak i n  the UK it was suggested that it had resu lted 

from humans ingesti ng the BSE prion . Fu rther evidence that the BSE prion is the 

causative agent of vO D came from laboratory stud ies, which demonstrated that 
the BSE prion and the vO D prion have identical molecu lar  characteristics, and that 

they induce identical responses in i nocu lated mice . A few cases of vO D appea r to 
have resulted from transm ission of the agent via bl ood transfus ion, rather than 

th rough  ingestion . 

There have been cases of vCJ D i n  countries other  than the UK. Some of these 

vict ims had l ived i n  the U K, so may have acqu i red the d isease before moving 
abroad . Others had never vis ited the UK, but they cou ld have become infected from 

meat exported from the U K  or from BSE in loca l  cattle .  

27 . 5  PRION STRAI N S  
For some TSE agents a n u m ber of stra ins  can be d ifferentiated, each havi ng  

phenotyp i c  c h a racters that  a re con s istently transm itted fro m g e nerat ion  to 

generation : for examp le, d i fferent strai ns of the scrapie agent can induce d ifferent 

cl i n ica l  syndromes i n  goats. Differences may a lso be observed i n  laboratory stud ies .. 
Wi ld-type m ice can easi ly be i nfected by inocu lating them wi th vO D prions, but 
these an i ma ls  are h igh ly res istant to i nfection with sporad i c  CJ D prions .  Pr ion 

stra i ns may be d i sti ngu ished by reproduci b le properties such as i ncubation period in 



mice after i njection i nto the bra in ,  a nd degree of heat resistance .  F i gu re 27 . 3  
i l l ustrates two stra i ns of scrap ie agent that d i ffer i n  heat resistance . 

Vi rus stra i ns are defined by d ifferences i n  the sequences of thei r nucl e ic acids, but 
TSE agents do not conta i n  nucleic acids. The d ifferent strai ns of TSE agent from 
one host are protei ns with an ident ica l  sequence of am ino acids, so how can prion 

stra i ns with d i fferent phenotypic characters be expla i ned? One proposa l is that the 

p rio n p rote i n  can m i sfo l d  i n to d i ffe rent  confo rm ati ons, one fo r each stra i n . 

Alternative ly, p rion  stra i n  d i ffe rences may resu lt from the extent to wh ich the 
mo lecu les a re g lycosyl ated at the two g lycosylat ion  s i tes; in other  word s, a 

pa rticu lar  stra in  may have a particu lar ratio of the three g lycoforms (Section 27 .3 ) .  

27 . 6  PRIO N TRAN SM ISSION 
Infect ive prions have been found i n  sa l iva, nasal secretions, mi lk, uri ne, feces, a nd 

the p lacenta of i nfected hosts . These are potential sou rces of infection for other 
hosts, wh ich might become infected through  di rect contact with i nfected hosts, or 

i nd i rectly th rough acqu i ri ng prions shed i nto the envi ronment. 

As we have a l ready d i scussed , pr ions can be tra nsmitted to other members of the 

same species and often to other species . The efficiency of transmission depends on 
the route by which the prion molecu les enter the body; i njection i nto the bra i n  i s  

much more effic ient than  i ngestion . Dose is a lso important; the larger the dose, the 
more l i kely it is that transmission w i l l  occu r. 

Many attem pts to transm it TSE agents to d i stantly re lated species have been 

reported as diffi cult . When transmiss ion does occur the min imum i nfective dose is 
co m mon ly larger than for the sa me or  cl osely related species, and i ncubation 
period s  a re co m m on ly l ong e r. Th is  effect has been  ca l l ed Bnl-bthe spec i es 

ba rrier . soi< Most tests for cross-species transm ission have used the development of 
prion d i sease i n  reci pient ani mals as the criterion for successfu l transm ission . There 

i s, however, evidence for su bcl i n i ca l  i nfect ions, where pr ions rep l i cate without 
development of d isease duri ng the l 1ifespan of the i nfected an i mal . It i s  therefore 

poss ib le  that the strength of Bbl-bthe species barriers"'F.>K: has been overestimated . 

If a TSE agent is transmitted to a d ifferent species, and then passaged i n  that 

species, prog ress ive changes take p lace; the i ncubation period becomes shorter 
over a number of passages and then stab i l i zes . 

The transm ission of BSE i nto humans as vO D invo lved a s"'F.>t-bspec ies barriers"F.>i< 

bei ng crossed . As the BSE outbreak progressed , the U K  government i ntroduced 

i ncreas ingly stri ct measures to reduce the ri sk of the BSE prion bei ng present in 

food . Ani mal materials l i ke ly to constitute a risk were banned ; these i nc lude bra i n, 
sp i n a l  cord , a nd mecha n ica l ly recovered m eat from the sp i ne .  Govern ments 
i ntroduced add itional measures, incl ud i ng the testing of cattle and meat for the BSE 

prion usi ng sero log i ca l  methods .  



The possi b i l i ty of h u m an -to- h u m a n  transm issio n is a l so a m atte r fo r serious 
concern, especia l ly si nce there have been severa l cases of vO D transm iss ion in  
b lood tra nsfusions. Measures are taken to m in im i ze the ri sk of  prion transmission 

via donated b lood and blood products, and via surg ica l  i nstruments. 

The cases of TSE i n  cats and other species, coi ncident with the BSE outbreak, are 

thought to have been tra nsm itted i n  meat conta in ing  the BSE agent (Secti on  
27 .4 . 1 ) . A number of add itiona l  spec ies have been infected with the BSE agent 

under  exper i menta l  co nd it i ons, th us the BSE agent  appears to have a w ide 
Bnt-bhost range. slJt< 

27 . 7  TH E PROTEI N -ON LY HYPOTH ESIS. 
If  the protei n-only hypothes is i s  correct, and the i nfectious agent i s  m isfo lded prion 

prote in ,  then transmission of a prion d isease i mp l ies that the i ntroduction of the 
misfolded protein i nto the body of a new host i n itiates the misfo ld ing of protein 
molecules i n  that host. If the agent is Bnl-btransm ittedsnt< to other speci es then, 

because each species makes a spec ific prion protei n, the molecules that become 
misfol ded have the amino acid seq uence of the reci pient prion,  not that of the 

donor. 

The prote in-only hypothesi s suggests that the agent i s  derived from one of the 

bodyslJ ™s own protei ns, and th is can expla i n  the i nherited forms of TSEs (Table 
27 . 1 ) .  Accord i ng to the hypothesis, these d iseases develop as a consequence of 

i nheriti ng a prion gene encod ing a protei n with an am i no acid sequence that has a 
h igh probab i l ity of m isfo ld i ng . 

There remain many controversies and there is sti l l  much  to be learned about the 
TSEs and thei r  causative agents . Prog ress i n  research has been s low as a result of 

the long i ncu bation periods of the d iseases. There are now ava i l ab le ce l l  l i nes that 
can support prion repl icat ion and these are bei ng used i n  stud ies at the cel lu lar  a nd 

molecular level s .  Furthermore, prion-l i ke molecu les have been found i n  yeasts a nd 
i n  fi l amentous fung i ,  and these are provi ng to be usefu l models for mammal ian 

prions. 

LEARN I N G  OUTCOM ES 
After review of th is  chapter you should be able to : 

• d efi n e  the te rm s Bn l-b p rio n snt<  a n d  Bn l-btra ns m i ss i b l e sp ong ifo rm 

encephalopathyslJK:; 

• eva l uate the snt-bprote in-onlysni< hypothesis; 

• describe the cha racteristics of prions; 

• d iscuss a theory of prion rep l ication ;  

• describe prion d iseases i n  an ima ls and man;  

• d iscuss the transm iss ion of prions .  
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Vi rologists' Vocabu lary 

Brief defi nit ions of terms used i n  vi rology, plus a selection of re levant terms from 
cel l  biology, molecu lar b io logy, i mmunology and med ic ine .  

abortive infection 

ambisense genome 

anti body 

antigen 

antiserum (pl ura l  antisera ) 

anti -term ination 

apoptosi s 

archaea 

I n fe c t i o n o f  a c e l ll w h e re th e v i r u s  

repl ication cycle i s  not completed and no 
progeny v irions are formed . 

V i rus  g en o m e co m posed of ss R N A  or  

ssDNA that i s  partly p lus sense and partly 

m i nus sense .  

Glycoprote i n synthesized i n  a pl asma cel l ,  

which is derived fro m a B cel l that has 

i n teracted w i th a spec ific antigen . The 
anti body molecu le can bind speci fica l ly to 
th is antigen . 

Molecule that : 

(a)  triggers synthes is  of anti body and/or a 

T ce l l  response; 

(b) bi nds specifica l ly to an anti body or a 
lymphocyte receptor. 

B lood seru m from a n  a n i m a l  th at has  

been injected with an antigen . The seru m 
co n ta i n s  a n t i b o d i es  s p e c if i c to th a t  

antigen . 

M ec h a n i sm i nvo l ved i n  the co ntro l  of 
tra n sc r i p t i o n in  w h i ch te rm i n a t i o n  is 
overcom e  at spec i fi c  te rm i nato r s i tes . 

A n t i - te rm i n ato r p rote i n s a l l o w  R N  A 
polymerase to read th roug h  these s ites 

into genes downstream .  

Prog ra m med ce l l  death . Cel l su i c ide .  A 

process contro l led by a ce l l  that results in  
the death of  the cel l .  

One of two major groups of prokaryotes, 

the other being the bacteria .  



assembly Stage in  the v irus rep l ication cyc le when 
c o m p o n e n ts c o m e tog eth e r  to fo rm 

vi r ions. 

asymptomatic i nfection Infection w ithout sym ptoms or s ig ns of 
d isease . 

attachment Bi ndi ng of a vi rion to speci fic receptors on 
the host cel l .  

attenuated stra in  of a vi rus Stra in  of a pathogenic vi rus that has much 
reduced viru lence, but can sti l l  repl i cate in 

its host. The v i ru l ence is sa id  to have 
been attenuated . 

avi ru lent strai n of a vi rus Stra in  of a vi rus that lacks v i ru lence, but 
ca n sti l l  rep l i cate in its host. 

B lymphocyte (B cel l )  Ce l l  w ith s u rface  rec ep tors th a t  c a n  

reco g n i ze  a spec i f i c  a n t ig en . Anti g e n  
b i nding can trigger a B cel l to develop i nto 

an anti body-secreti ng plasma cel l .  

bacteriophage (phage) Type of vi rus that infects bacteria .  

Ba lti more classification Scheme that classifies vi ruses i nto seven 
grou ps on the basis of the nature of the 
g e n o m e a n d  t h e  w a y  i n  w h i c h  i t  i s  

transcri bed . 

bicistron ic mRNA m RNA with two open readi ng frames. 

bronch io l it is Inflam mation of the bronch io les. 

burst size Average nu mber of new v i r ions released 
from a s ing le infected cel l .  

cap Methylated guanosine tri phosphate joi ned 
to the 5 '  e n d  of an m R N A  by a 5 '-5 '  

bond . 

caps id The prote in  coat that encloses the nucleic 
acid of a vi rus. 

capsomere D i s c re te c o m p o n e n t  o f  a c a p s i d ,  
constructed from severa l identical protein 

molecu les. 



CD (cl uster of differentiation) 

chemokine 

ci rrhosis 

cohesive end (cos) 

col i phage 

complement 

concatemer 

cond itional lethal mutant 

confoca l microscopy 

conservative repl icati on 

CD antigens  a re cel l  su rface mo lecu les 
recogn i zed by monoclona l anti bod ies. CD4 

is the receptor for HIV. 

Cytoki ne that sti mu lates the m igration and 

activation  of ce l l s  in the a n i m a l  body, 
especia l ly cel l s  i nvolved in  i nflammation .  

Live r d i sease characte r ized by sca rri ng  
and  loss of function .  

Sing le-stranded end of  a dsDNA molecule 

with a base sequence comp lementa ry to 
another si ng le-stranded end of the same 

or a d i ffe rent D N A  m o l ecu le ,  a l l ow i n g  
hydrogen bond i ng between the two ends .. 

Bacteriophage that infects E .  col i .  

Series of prote i ns that is activated when 
the body i s  i n fected . Acti vat ion  has a 

nu mber of anti-vi ra l effects, i nc lud ing lysis 

of i n fected ce l l s  a n d  e n h a nce m ent  of 
phagocytosis .  

Very l ong  D N A  m o l ecu le  com posed of 

mu lt ip le repeats of a nucleotide sequence. 

M u ta nt  v i rus  that exp resses w i l d -type 
characteri stics under certa i n  ( perm issive) 

c o n d i t i o n s , b u t  m u ta n t  ( l e t h a l ) 
c h a r a c t e r i s t i c s u n d e r  o t h e r  

( non -perm iss ive/ restri ctive) cond i tions , 
e .g .  a temperatu re-sensitive mutant. 

Use of a m icroscope that exc ludes l ig ht 
fro m o u t - o f- fo c u s  re g i o n s  o f  t h e 
speci men, producing c lear images of th ick 

and fl uorescently labeled specimens. 

The rep l i cat ion mode of so me dsRNAs .  
The parenta l double strand i s  conserved 
and both strands of the progeny molecu le 

a re newly synthesized . 



conti nuous ce l l  l i ne Clone of cel ls that i s  immortal and can be 
subcu ltured indefin itely .  

co-receptor Sec o n d  ce l l  recepto r  t o  w h i c h  so m e  
vi ruses m ust bind i n  order to i nfect a cel l .  

cryo-electron microscopy Exa m i n ation of frozen speci mens  i n  an 

electron microscope with a cold stage. 

cytoki ne Protei n that is secreted from a ce l l  and 
h a s  a s pe c i fi c  e ffec t  on o th e r  ce l l s , 
incl ud ing ce l l s  of the immune system . 

cytopath ic effect (CPE) Change in  the appea rance of a cel l culture 
induced by vi rus i nfection .  

defective i nterferi ng particle V i rus that lacks pa rt of its genome and 

interferes with the rep l i cation of standard 
vi rus. 

defective vi rus Vi rus that lacks part of its genome and is 
unab le to com plete the rep l ication cycle 
without the a id of a helper v i rus.  

d i p lo id Having two copies of the genome. 

DNA-dependent RNA polymerase Enzyme that synthesi zes RNA from a DNA 

template . 

doma i n  Discrete portion of a prote i n  or a nucleic 
acid with i ts own structu re and function . 

elongation factor ( EF) Specific prote in req u i red for polypeptide 
e longation duri ng trans lation . 

encepha l itis Infla mmation of the bra i n .  

endem ic  Desc r i bes a d isease that i s  consta nt ly 
p re s e n t  or co m m o n l y p re s e n t  i n  a 

geograph ica l  area . 

endocytosis Process whereby eukaryotic cel l s  take i n  

extrace l l u la r  materia ls by engu lfi ng them 
in  endosomes. 

endogenous retrovi ruses Retrov i rus  seq u e nc e s  p rese n t  i n  th e 

genomes of vertebrate an ima ls .  



endosome 

enhancer 

envel ope 

Ves ic le fo rm ed  d u r i n g  e n d ocytos i s  by 
membrane pinch ing off from the p lasma 

membrane.  

S h o rt D N A  s e q u e n c e  to w h i c h  a 

transcri ption factor can b ind ,  resu lti ng i n  
enhanced transcri ption of a gene. 

L i p id b i l a y e r  a n d  a ssoc i a ted  p rote i n  
fo rm i n g  th e o u te r  co m p o n e n t  o f  a n  

enveloped vi rion . 

enzyme- l i nked i m m unosorbent assay Sero log ical method used to assay antigens 
( ELISA) and anti bod ies .  Positive resu lts detect an 

enzyme label . 

ep idemic 

epitope 

Escheri ch ia col i ( E .  col i )  

exogenous retrovi rus 

ex on 

exonuclease 

F p i l us 

fl uorescence microscopy 

Rapid i ncrease i n  the number of cases of 

a d i sease  th at  s p read s ove r a l a rg e r  
geographica l  area . 

The part of an anti gen that b i nds to an  

anti body or a lymphocyte receptor. 

Gra m-negative bacteri um that i nhabits the 

human colon .  

N o r m a l i n fe c t i o u s  re t ro v i r u s ,  c f . 
endogenous retrovi ruses. 

P a rt o f  a e u k a ry o t i c  g e n e  th a t  i s  
tra nscr ibed and  usu a l ly tra n s lated i nto 

prote in .  

Enzyme that d igests a DNA or RNA strand 
one nuc leotide at a time from either the 

5' end or the 3' end . 

S p ec i a l i zed  p i l u s ,  e n cod ed by  th e F 
p l asm id , req u i red fo r conjugation i n  E .  
col i . 

U se o f  a m i c ro sco p e  fitte d w i th  a n  
appro priate source of l ig ht, e .g . a n  a rc 
lam p or a laser, to exa m ine fl uorescent 
speci mens. 



fusion protein 

genome 

genotype 

glycoprotein 

glycosylation 

Golgi complex 

green fluorescent protein (GFP) 

guanylyl transferase 

hairpin 

helical symmetry 

(a) Virus protein that fuses the membrane 
of  a n  e n ve l o p e d  v i r u s  w ith  a c e l l  

membrane. 

( b )  Protein generated by jo in ing two 
genes together e .g .  a fore ign  protein 

fused to a coat protein in phage display. 

The DNA or RNA that encodes the genes 

of an organism or a virus. 

Complete set of genes of an organism or 

a virus. 

Protein with one or more oligosaccharide 
groups covalently attached. 

Process of adding oligosaccharide groups 

to proteins. 

M e m b ranous organel le found in most 

eukaryotic cells. Its primary function is to 

process and sort proteins. 

Jel lyfish protein that fluoresces green. The 

G FP  gene can be fused to a gene of 
interest, producing a "tagged" fusion 
protein, and the localization or movement 

of the p rote in in l iv ing  ce l ls can be 

visualized. The GFP gene can also be used 
to monitor the expression of a gene of 

i nterest i n  l i v i n g  c e l l s ;  t h e  contro l  
sequences for the gene of interest are 
linked to the GFP gene. 

E n z y m e t h a t  a d d s  g u a n o s i n e  

5'-monophosphate to the 5' end of mRNA 
when it is capped. 

Structure formed by hydrogen bonding 

with in a s ing le-stra nded nucle ic acid 
molecule, producing a double-stranded 

stem and a loop of unpaired nucleotides. 

Type of capsid symmetry present in many 

ssRNA viruses where the RNA forms a 

helix that is coated with protein. 



hel icase Enzyme that unw inds a D NA d up lex at 
repl ication forks . 

hel per vi rus Vi rus that can provide function(s) m issi ng 

from a defective vi rus, thereby enabl ing 
the l atter to complete its rep l ication cycle .  

hepatocyte Ma in  cel l  type i n  the l iver. 

heteroploid cel l C e l l w i t h  a n  a b n o r m a l  n u m b e r  of  
chromosomes .  

hexon Type of ca pso m e re surrou nded by s ix 

other capsomeres. 

hi stones Proteins comprised mai n ly of basic am ino 
acids, associated with DNA in  the cel ls of 

eukaryotes and some archaea . H i stones 
play ro les i n  gene regulation . 

horizontal gene transfer Transfer of genetic materi al !latera l l y from 

one  org a n ism to another, m ed iated i n  
bacteria by conjugation, transducti on, and 
transformation . 

host Ce l l  o r  organ i sm i n  w h i ch a v i rus  or  a 

plasm id  can rep l i cate.  

host-control led restriction Mechanism by which bacteria can cleave 

un modified fore ign DNA by a restriction 
endonucl ease that recogn izes a specifi c  

nucleotide sequence . 

icosahedra l symmetry Type  of sym m etry p resen t  i n  v i ru ses  
w h e re the ca ps id i s  constructed fro m 

p rote i n  mo lecu les  arra ng ed to form 20 
triangu la r  faces . 

i mm u nofl uorescence Detection of an antigen us ing an anti body 
labeled with a fl uorescent dye . 

immunogenic A b i l i ty o f  a s u b sta n ce to i n d u ce a n  
im mune response . 

immunog lobu l in  G l y c o p rote i n  t h a t  fu n ct i o n s  a s  a n  

anti body. 



incubation period 

induction 

infectivity 

integral membrane protein 

integrase 

interferon 

intergenic (IG) region 

internal ribosome entry site (IRES) 

intron 

isometric virion 

Time between infection of a host and the 
a ppearance of the first s igns and/or 

symptoms of disease. 

Activation of a late nt  infection or an 

inactive gene. 

Ability of virions to initiate an infection. 

Protein that is closely associated with a 
m e m b ra n e .  M ost integral m e m brane 
proteins have one or more sequences that 

span the lipid bilayer. 

Enzyme that integrates virus DNA into 

host DNA. 

Prote in p roduced by a n i m a l  cel ls in 

response to virus i nfection .  There are 

severa I types of interferon a n d  they 
interfere with virus replication in a variety 

of ways. 

Sequence of nucleotides between two 

genes. 

B inding site for eukaryotic ribosomes, 
present in the RNAs of some plus-strand 

viruses. The site is i nternal (near the 5' 

end of the RNA), in contrast to most 

eukaryotic mRNAs, which bind ribosomes 

at the 5' end. 

Non-coding sequence interrupting coding 
sequences (exons) in a gene. The intron 

i s  t ra n s c r i b e d  i n to R N A ,  b u t  i s  
s u b se q u e nt ly exc ised by a sp l i c i ng  
reaction during processing of the primary 

transcript into mRNA. Intrans are common 

in eukaryotes and their viruses, but rare in 

prokaryotes and their viruses. 

Virion that has the same size from al l  

perspectives. Virions that have icosahedral 
sy m m etry a re i som etr ic o r  a l m ost  

isometric. 



kilobase (kb) 

kinase 

laboratory stra in 

latent infection 

ligase 

ligation 

li popolysaccharide (LPS) 

lysis 

lysogen 

lys o g e n ic c o n v e rs i o n  ( p h a g e  
conversion) 

Measure of length for DNA and RNA equal 
to 1000 bases. 

Enzyme that catalyses phosphorylation. 

Virus stra in derived from a wi ld stra in 
after propagation in the laboratory. 

Infection of a cell where the replication 

cycle is not com p leted, but the virus 

genome is maintained in the cell. 

Enzyme that can catalyze bond formation 

between two similar types of molecule. A 
DNA ligase can join two DNA molecules by 
c a ta ly z i n g  t h e  f o r m a t io n o f  a 

phosphodiester bond between the 5'  end 

of a polynucleotide chain and the 3' end 

of another (or the same) polyn ucleotide 
chain. 

Joining of two molecules, e.g. DNA. 

C o m p o u n d  c o m p r i s i n g  l i p i d a n d  

polysaccharide that is a key component of 
the outer membrane of Gram-negative 

bacteria. 

Destruct ion of a ce l l  caused by the 

rupture of its membrane and release of 

contents, e .g .  the bursting of a cell and 

release of progeny virions at the end of 
the replication cycle. 

Bacterium containing the genome of a 

phage that is in the prophage state and 
thus repressed for lytic functions. Such a 
bacteriu m  is said to be lysogenic for 

[name of the phage]. 

W h en a ce l l  becomes  lysog en ized,  
occasionally extra genes (unrelated to the 

lytic cycle or lysogeny) carried by the 

prophage are expressed in the host cell. 
These genes can change the phenotype of 

the host. 



lysogeny 

lysosome 

Latent i nfection of a bacteria l  cel l  w i th a 
phage. 

M e m b ra n e - b o u n d ed o rg a n e l l e  i n  th e 

cytoplasm of eukaryotic cel l s .  Lysosomes 

co nta i n  e n zy m es, e . g . p roteases  a n d  
nucleases, that can digest virions. 

m aj o r  h i sto co m p ati b i l i ty co m p le x  Reg ion of the ve rte b rate geno m e  that 
( MHC) encodes major h i stocompati b i l ity prote ins .  

men ing it is 

men i ngoencephal it is 

methyl transferase 

microarray 

microtubule 

M HC class I and class II  molecu les are cel l 
surface proteins that p lay i mportant ro les 

in i m m une responses. 

I n f l a m m a t i o n o f  t h e m e n i n g e s  
(mem bra nes cove ri ng the bra in  and the 

spina l  cord ) .  

In flam m ation o f  the men i nges a nd the 
bra in . 

E n zy m e  that  cata lyses the tra nsfer  of 
m ethy l  g ro u ps  fro m o n e  m o lecu l e  to 
another. Methyl transferases p lay a role in 
ca pp ing euka ryotic mRNA. 

Substrate with an orderly array of sma l l  
spots of  materi a l  (e . g . DNA or  prote in ) 
attached . Each spot conta i ns a specific 
p ro b e  tha t  ca n d etect s pec i fi c  ta rg et 

molecu les in  a sample.  

P rote i n  stru ctu re i n  e u ka ryoti c c e l l s ,  

forming a component of the cytoskeleton, 

w i th ro les in i ntrace l l u l ar tra nsport and  

mitosi s .  

m i n us-stra n d  ( n eg ative stra n d , (-)  Nucleic acid strand that has the nucleotide 

strand )  seq uence complementa ry to that of the 

mRNA. 

monoc istron ic m RNA 

monoclonal anti body 

m RNA with one open read ing frame. 

S i ng le type of anti body prod uced by a 

clone of identical cel ls .  



monolayer Layer of ce l l s  growing on the surface of a 
p lastic or g lass vessel . 

mu ltip l icity of i nfection (m .o . i . )  Ratio of v i rions  to ce l l s  i n  a vi rion-ce l l  
m ixture . 

mutation Alteration in the sequence of DNA or RNA. 

M uta tions  may occu r spontaneou s ly or 

they may be i nduced . 

myri stylation ( myristoylation) Add it ion of a myristyl (myristoyl ) g roup to 
a molecu le.  

naked vi rus Vi rus that does not have an envelope on 
the vi rion . 

negative sta i n ing Use of a compound conta i n i ng  a heavy 

meta l to revea l the structure of spec imens 
in a transm ission electron m icroscope . 

neuron Ma in type of cel l i n  the nervous system . 

neurovi ru lence Measure of the severity of nervous system 
d i s e a s e t h a t  a v i r u s ( o r  a n y  

micro-organ ism) i s  capable of causing . 

neutra l i zation Inactivation of vi rus infectivity by reaction 

with specific anti body. 

non-structura l protei n V i rus prote in that is not a component of 
the v i rion,  but has one or more ro les i n  

the repl ication cycle.  

northern b lotti ng Transfer of RNA molecu les to a membrane 

after ge l e lectrophoresi s .  Spec ific RNAs 

can be detected on the membrane usi ng 

probes . 

nuclea r envelope Structure, composed of two membranes, 
th at  s e p a ra tes th e n u c l e u s  fro m th e 

cytoplasm in a eu ka ryotic eel I .  

nuclea r loca l i zation s igna l  Positively  charged sequence in a protei n 

that d i rects the prote in through nuclear 
pores i nto the nucleus of a cel l .  



nuclea r pore 

nucleic acid hybrid i zation 

nucleocapsi d 

nucleoside 

nucleotide 

Okazaki fragment 

oncogene 

open reading frame (ORF) 

orig i n  ( ori ) 

packag ing s igna l  ( PS)  

pandem ic 

pararetrov i rus 

Protein com plex in the nuclea r  envelope 
o f  a e u ka ry o t i c  ce l l  th ro u g h  w h i c h  

materia ls are transported i n  a nd out of 
the nucleus. 

Form a ti on  of d o u b l e -stra n ded  n u c l e i c  
a c i d s b y  b a s e - p a i r i n g b e t w e e n  
com plementary s ingle strands. 

V i ru s g e n o m e  e n c losed i n  a p rote i n  
capsid .  

N i trog e n  base ( p u ri n e  o r  p y r i m i d i n e )  
joi ned to a sugar ( ri bose or deoxyri bose) .  

N i trog e n  b a se ( p u ri n e  o r  p y r i m i d i n e )  
joi ned to a sugar, which i s  joi ned to one 

or more phosphate groups. 

Sho rt fra g m ent  of D N A  w ith the R N A  
p r i m e r  a tta c h e d ,  p ro d u c e d  d u ri n g  

d i scont i n u o u s  D N A  synthes i s .  O kazak i  

fragments are joined by a DNA l igase to 
form the lagg i ng strand .  

Cel l or vi rus gene, the express ion of  which 

ca n cause a cel l to become transformed . 
Th is  may lead to the devel opment of a 
cancer. 

Sequence of nucleotides, sta rti ng with an 
i n i t i a t i o n  co d o n  a n d  fi n i s h i n g  w ith a 

te rm i n a t i on  co d o n ,  th a t  e n co d es th e 
a mi no acids of a protei n .  

S p e c i fi c  seq u e n ce o f  D N A  a t  w h i c h  
repl ication i s  in itiated . 

Nuc leot ide sequence i n  a v i rus  genome 

th a t  i s  reco g n ized by a v i r us  p ro te in  
duri ng vi rion assem bly. 

Di sease outbreak throughout the world . 

V i ru s  w i th  a D N A  g e n o m e t h a t  i s  
repl icated via RNA. 



passage 

penton 

perforin 

persistent i nfecti on 

phage d isp lay 

phagemid 

phenotype 

phosphoprotei n 

phosphorylation 

phylogenetic tree 

pi I in 

"Subcu lture" of a vi rus or a pr ion in cel l 
cu lture or in  an  organism . 

Type of capsomere surrounded by five 

other capsomeres. 

Prote i n  present i n  CDS T ce l l s  and  N K 

cel ls . These ce l l s  can ki l l  a vi rus- i nfected 
ce l l  by re leas i ng  perfo rins , w h i ch fo rm 

pores i n  the p lasm a m e m b rane of the 
target cel l .  

Long-term, poss ib ly l ife long, i nfection of a 
host. A persistent vi rus i nfection may be 

productive or latent. 

D isp lay of recom b inant  prote ins  on the 

surface of a phage, e .g . M 13 .  

Clon i ng vector that combines features of a 
p h a g e  a n d  p l a s m  i d  re p l i co n  a n d  c a n  

re p l i c a te i n  e it h e r  m od e .  Th e vecto r 

carr ies a p l a sm id or i  fo r rep l i cat i o n  i n  
plasm id mode, and  a fi lamentous phage 

o r i ,  l e a d i n g  t o  p r o d u c t i o n o f  
s i ng le-stranded copi1es of the phagem id 

when the ce l l  i s  infected with the rel evant 

hel per phage. 

Observable characteri1sti cs of an  organ ism 

or vi rus, determi ned by its genotype and 
envi ronmental factors . 

P rote i n  w i th  o ne or  m o re p h osph a te 

groups cova lently attached . 

Add it ion of one or more phosphate groups 
to a molecu le .  

D i a g r a m  s h o w i n g  e v o l u t i o n a r y 
re l a ti onsh i ps between vi ruses or  other 
organisms. 

Prote i n  subun it that i s  po lymerized i nto 

the p i lus in bacteria . 



plaque 

plaque-form i ng un it 

p laque-purified vi rus 

p lasma membrane 

p lasm id  

(a ) Area of  lysi s in  a layer of cel l s, usua l ly  
in itiated by a s ing le  vi rion i nfecti ng a cel l ,  

fo l lowed by the sp read of i n fecti on to  
surrounding cel ls .  

(b)  Aggregate of pr ion fi bri ls  in  the centra l 
nervous system of a h u m a n  or a n i m a l  

w i t h  a t r a n s m i s s i b l e  s p o n g i fo r m  
encephalopathy. 

Quantity of v i rus (often a s ing le v irion )  
that can i n itiate formation of one plaque. 

Clone of vi rus derived from an i nd ividua l  

p laque.  

Membrane at the surface of a eukaryotic 

cel l .  

Se lf-rep l icating, extrachromosomal dsDNA 
molecu le that i s  genera l ly c i rcu lar, though 
can be l i near .  P lasm ids are co m m on in 

p ro ka ryotes a n d  ra re i n  e u ka ryote s .  
Artific ia l  p lasmids can be created to clone 

DNA sequences . 

p l u s - stra n d  ( p o s it i ve  stra n d ,  ( + )  N uc le i c  ac id stra nd that  has the sa m e  
strand ) sequence as the mRNA. 

poly(A) polymerase 

polyadenylation 

polycistroni c mRNA 

polymerase cha in  reaction ( PCR) 

polyprote in  

post-translationa l mod ification 

Enzyme that adds adenylate res idues to 
the 3 '  end of a eukaryotic m RNA. 

Process of add ing  adenylate residues to 

the 3 '  end of a eukaryotic mRNA. 

m RNA with more than one open read i ng 

frame . 

In vitro techn ique for amp l ifyi ng specific  

DNA sequences . 

La rg e p rote i n  that  i s  cl eaved to fo rm 
sma l l er functional prote ins .  

Mod i fication to a prote in  after it has been 

tra n s l a ted . Exa m p l es : g l ycosy l a t i o n ,  
cleavage. 



primary transcri pt 

primase 

primer 

primosome 

probe 

procapsid 

processivity factor 

productive i nfecti on 

promoter 

proofreading 

prophage 

R N A  m o le c u l e  sy n th e s i z e d  d u r i n g  
tra n scri ption .  Intrans  may be rem oved 

fro m th e p ri m a ry tra n sc r i p t  to fo rm  
functional RNAs. 

Enzyme that synthesizes RNA prime rs for 
DNA synthesis .  

Molecu le  ( often RNA, someti mes DNA or 

protei n )  that provides a free -OH g roup 
a t  w h i c h  a p o l y m e ra s e  c a n  i n i t i a te 
synthes is of DNA or RNA. 

C o m p lex  of p rote i n s  i nvo lved  i n  th e 

p r i m i n g a c t i o n t h a t  i n i t i a te s  D N A  
repl ication on cpX-type orig ins .  

Specific sequence of DNA or RNA used to 
detect n uc le ic  ac ids by hybri d ization .  A 
p ro b e  m a y b e  l a b e l e d ,  e . g .  w i th a 

fl uorescent molecule, to enable detection 

and q uantification of the hybrid .  

Precursor of  a capsid .  

Prote i n  that i n creases the  effi c i ency of 

DNA synthesis by enhanci ng the ab i l i ty of 
a DNA polymerase to rema in  associated 
with, and to process a long,  its template . 

I n fect i on  of a ce l l  t ha t  resu lts i n  th e 
production of progeny v i rions. 

Specific DNA sequence, usua l ly  upstream 
of the transcription start poi nt of a gene, 

to which DNA-dependent RNA po lymerase 
bi nds to i n itiate transcri ption . 

Mechan ism for correcti ng errors i n  nucleic 
acid or prote in synthesis .  

Phage genome that resides in a bacteria l  

host i n  a latent state . The prophages of 

m ost p h a g e s  a re i n teg ra ted i n to th e 
bacterial genome, but some are not. 



protease 

proto-oncogene 

provirus 

pseudo knot 

read ing frame 

reassortment 

receptor 

recombinant 

recombination 

replicase 

Enzyme that cleaves protein molecules by 
breaking peptide bonds. 

Cell gene that can become an oncogene 

( t u m o r  g e n e )  i f  a c t iv a t e d  o r  

over-expressed. 

dsDNA copy of a retrovirus genome RNA. 

ssRNA secondary structure w ith two 
loops, formed when a sequence in a loop 
b a s e - p a i rs w ith a c o m p l e m  e n ta ry 

sequence outside the loop. 

Phase in w h ich the nu cleotides of a 
nucleic acid are read in triplets. 

Category of recombination that may occur 
with those segmented genome viruses 

that have all the segments packaged in 
one virion. Reassortment occurs in a cell 

co-infected with two virus strains, and is 

t h e  form at ion  of p r o g e n y  v i r i o n s  
containing mixtures of genome segments 

from the two parental strains. 

Molecule on a cell surface to which a virus 
specifically attaches. 

Organism or virus with a new genome, 

produced as a result of recom bination. 

May also be used to describe the genome 
of the organism or virus. 

Process of combining genetic sequences 

that results in the production of a new 
genome,  d erived from two parental 

g e n o m e s .  F o r  a c e l l u l a r  org a n is m ,  

recom bination can take place between 

DNA molecules within a cell. For viruses, 

recombination may occur when a cell is 
co-i nfected with two related viruses. 

RNA polym erase that rep l icates the 
genome of an RNA virus by synthesizing 
both ( + )  RNA and (-) RNA. 



rep I ication cycle 

rep l icative i ntermed iate 

restriction endonuclease 

retrovi rus 

reverse genetics 

reverse transcri ptase 

reverse transcri pti on 

Process whereby a vi rus is rep l i cated . For 
m ost v i ru ses  th e p rocess  sta rts w i th 

attac h m en t  to a h ost ce l l  a n d  th is  i s  
fo l l o w ed by  e n try i n to th e ce l l .  Th e 

process ends with exit of progeny vi r ions 

from the cel l .  Some authors use the terms 
" i nfection cycle" and " l ife cycle . "  

S t r u c t u r e  fo r m e d  d u r i n g s s R N A  
rep l ication, consisti ng of a tem plate RNA 
associated with nascent RNAs of vary ing 

le n g th . Th e n a sc e n t  R N As h a ve t h e  
opposite polarity to the temp late RNA. 

Enzyme, usua l ly from a bacteri u m ,  that 

cuts dsDNA at a specific s ite .  

M e m ber  of the fa m i ly Retrovi ri dae ,  so 

named because these v i ruses ca rry out 
reverse transcription . 

Generation of an RNA vi rus genome from 
a cloned copy DNA. 

Enzyme that can synthesize DNA usi ng (a) 
an  RNA template and (b) a DNA template. 

Synthesis  of DNA from an RNA tem plate. 

rev erse tra n s c r i p t i o n - p o ly m e rase  In vitro technique for ampl ifyi ng the data 

cha i n  reaction ( RT-PCR) in  RNA seque nces by fi rst co py ing  the 
RNA to DNA usi ng a reverse transcriptase . 

The DNA is then ampl ified by a PCR. 

ri bonuclease ( RNase) 

ri bonuclease H ( RNase H )  

ri bonucleoprotein ( RNP)  

Enzyme that hydrolyses RNA. 

Ri bonuclease that specifical ly d igests the 

RNA in an RNA-DNA duplex. 

RNA with bound protei n molecu les .  



ri bosoma l frameshifti ng 

RNA-dependent RNA polymerase 

R N A  i n te rfe re n c e ( R N A i , R N A  
si lencing ) 

RNA polymerase 

RNA polymerase II 

rough endoplasmic  ret icu l um 

sate l l i te vi rus 

scaffo ld i ng protei n 

seg mented genome 

self-assembly 

Mechan ism that a l lows a ri bosome to read 
two over la p p i ng open  read i n g  fra m es 

( O R F l  a n d  O R F 2 )  i n  a n  m R N A .  A 
r i boso m e  read i ng O R F  1 sh ifts i nto a 
d ifferent read ing  frame towards the end 

of the O R F .  The O RF 1 sto p codon  is 
th e re fo re n o t  re c o g1 n i z e d  a n d  t h e 

ri bosome now reads ORF 2 to produce an 
elongated version of the ORF 1 protei n .  

E nzym e that synthes i zes RNA  fro m a n  

RNA template . 

Process that i nterferes with the expression 

of a specific  gene. The process is i nduced 
by a dsRNA and results i n  the destruction 

of mRNA that has the same sequence as 
the dsRNA. 

Enzyme that synthesi zes RNA. 

Euka ryotic ce l l  enzyme that synthesizes 
mRNA. 

System of membra nes and ri bosomes i n  
the cytoplasm of eukaryotic cel ls .  

Defective vi rus that depends on a hel per 
vi rus to provide one or more functions.  

Protein  that fac i l itates the assembly of a 

p roca p s i d . T h e  scaffo ld i n g  p rote i n  is 
removed i n  the fi na l  stages of assembly 
and is therefore not present i n  the mature 
vi rion . 

Vi rus genome that is composed of two or 
more nucleic ac id molecules. 

Ab i l i ty of a b i o l og i ca l structu re , e . g . a 
vi rus particle, to form spontaneously from 
its component parts . 



sem i-conservative rep l i cation 

serology 

seroposit ive 

serotype 

sex p i l us 

Sh ine-Dalgarno (SD) sequence 

s igma (a)  factor 

Re p l i cat i on mod e  of d s D N A  and so me 
d sR N As i n  w h i ch  the pa renta l  d o u b l e 

stra n d  i s  not conserved . Each p rogeny 
molecu le consi sts of  one parenta l strand 
and one newly synthesized strand . 

Study of a ntigen-antibody reactions and 

th e i r  u se i n  tests to d e tect  s p e c i f i c 
antigens and antibod ies . 

A p e rson  o r  a n  a n i m a l  i s  s a i d  to b e  
seropositive for a n  antigen, e .g . a vi rus, if 

the ir  b lood conta ins anti bod ies spec ific for 

that antigen .  

Stra i n  of a v i ru s  o r  m i c ro - o rg a n i s m  

d i sti ngu ished by i ts antigens. 

Th i n  p rote i n  a p pe n d a g e  fo r b a cte ria l 
mating . 

Puri ne-r ich sequence i n  prokaryotic m RNA 
just upstream of the translation start. The 
sequence can base-pai r  w ith a sequence 

near the 3 '  end of 16S ribosomal RNA and 
fa c i l i ta t e s  t h e i n i t i a t i o n o f  p ro te i n  

synthes is .  

S u b u n it of bacte ri a l  R N A  po ly m e rase,  
res p o n s i b l e  fo r the  recog n i t i o n  of a 

specific promoter .  D ifferent s igma factors 

a l l ow recog n iti on of d ifferent  p rom oter 

sequences. 

s ingle-stranded bind i ng (ssb ) prote in Ba s ic  p rote i n  w ith a h i g h a ffi n i ty fo r 

ssDNA. Ssb protein protects ssDNA from 
n uc l ea se a ttack  a n d  p revents i t  fro m 
re-annea l i ng i nto dsDNA. 

Southern b lotti ng T ra n s fe r  o f  D N A  m o l e c u l e s  to a 

m e m b ra n e  a fte r g e l  e l e ctro p h o res is . 
Spec i fi c  D N A  ca n be detected o n  the 
membrane us ing probes. 



spl ic ing 

start ( i niti ation)  codon 

stop (term i nation) codon 

structural prote in  

superinfection 

Process of removi ng i ntrans from pri mary 
transcripts and joi n i ng the exons to form 

mRNA. 

Codon on m RNA for i n it iation of protei n 

synthesis : com monly AUG, less commonly 
GUG, and rarely UUG.  

Codon on mRNA for term i nation of protein 
syn thes i s : UAG, UAA or UGA.  When  a 

r i boso m e en cou nte rs a sto p cod o n  a 
te rm i n a t i o n  fa cto r i n te ra cts w i th the  

ribosome, causi ng  polypepti de synthes is 
to stop and the ri bosome  to d i ssociate 
from the m RNA. 

Protein that is a vi r ion component . 

I n fect ion  by  a v i ru s  of a ce l l  th a t  i s  
a l re a d y i n fec ted  ( o fte n as  a l a te n t  
i nfect i on ) w ith that  v i rus o r  a re lated 

vi rus. 

s u p e r  i n f e c t i o n i m m u n i t y  Immunity of a lysogen to superi nfect ion 

( homoi mmunity) by a p h a g e  w i th  a s im i l a r  reg u l atory 
mechan ism . 

synchronous i nfection 

syncyti um (p lu ral syncytia) 

Near si mu ltaneous i nfection of a l l  cel l s  in  
a c u ltu re w i th a v i ru s  .. T h i s  ca n be 
ach ieved by,  for exa m ple,  us ing a h igh 

mu lti p l i city of i nfection, or by l im it ing the 
t i m e  o f  a tta ch m e n t  th en d i l u t i n g  the 

c u ltu re so th a t  v i r i o n s  a n d  ce l l s  a re 
un l i kely to make contact. 

M u lt i nuc leated g ia nt ce l l  fo rmed by the 

fu s ion  of m em b ra n es of a n u m ber  of 
i nd iv idua l  cel ls .  A number of viruses can 

ca use the formati on of syncytia when they 
i nfect cel ls .  



T lymphocyte (T cell) Ce l l  with surface receptors that can 
recognize a specific antigen. Antigen 

binding can trigger a T cell to perform one 
of several roles, including helper T cell or 

cytotoxic T cell. 

tailed phage Phage that has a tail attached to the 

head, which contains the genome. 

TATA box DNA sequence in a eukaryotic promoter, 

typically 15-25 nucleotides upstream from 
the transcription start. 

TCIDSO Dose of virus that infects 50°/o of tissue 

cultures inoculated with aliquots of a virus 
preparation. 

tegument Layer of protein and RNA between the 

capsid and the envelope of a herpesvirus 
particle. 

temperate phage Phage capable of either estab l ishing a 

lysogenic state in a susceptible bacterial 
host or of entering the lytic cycle. 

temperature-sensitive mutant Virus mutant that is unable to replicate at 

so m e  tem pe ratures (non-perm issive 
temperatures) at which the wild-type virus 
can replicate, but is able to replicate at 

o t h e r  te m p e ra tu res ( p e r m iss i ve  

temperatures). 

titer Concentration of virus, antibody, or other 

material in a preparation, determined by 

titration. 

transcri ptase Enzyme that carries out transcription. 

transcription Synthesis of mRNA from a DNA or an RNA 

template. 

transcription factor Prote in  that  b i n d s  spec ifica l ly to a 

promoter or enhancer to control gene 

expression. 

transfection Process for introducing nucleic acids (e.g. 

a virus genome) into cells. 



transformation 

translation 

transm ission e lectron microscope 

transovaria l transm ission 

uncoati ng 

upstream 

vector 

vertica l transmiss ion 

viremia 

virion 

viroplasm 

(a) Changes in an  an i mal cel l that resu l t  in  
i t  developing into a tumor cel l .  

( b )  B a cte r i a l  g e n e  t ra n sfe r  p ro cess  

i n v o l v i n g  u p ta ke o f  n a ked  D N A a n d 

acq uisiti on of an a ltered genotype . 

Synth es is  of p rote i n  from the g en et ic 

i nformation i n  m RNA. 

M icroscope in which the i mage is formed 
by e lectro n s  tra ns m itted th rou g h  th e 

speci men . 

Transm ission of a v i rus  from a fema le ,  
e . g .  insect, to  the next generation w ith in 
eggs. 

R e l e a s e  of th e v i r u s  g e n o m e ( a n d  
associated protei n in  some cases) from a 

vi rion when a cel l  is i nfected . 

Region of a nucl eic acid extendi ng i n  the 

5' d i rection from a gene; in the oppos ite 
d i rection to that of transcri ption.  

(a)  Organ ism that transmits a vi rus from 

an  i nfected host to an un i nfected host. 

( b )  V i rus  or p la sm i d D N A, i n to w h i ch  

fo re i g n  D N A  ca n be  i n se rted fo r th e 
purpose of transferri ng it to a host ce l l  for 

a mpl ificat ion/clon ing or gene thera py. 

Transmiss ion of a genet ic e lement, vi rus 
or mi cro-organ ism to the next generation 

of the host. 

P re s e n c e o f  i n fe c t io u s  v i r u s i n  th e 

bl oodstream .  

Vi rus parti cle . 

Morpholog ica l ly d isti nct reg ion i n  wh i ch 

vi rus rep l ication occurs within an i nfected 
cel l .  



viru lence Measure of the severity of d isease that a 
v irus (or m ic ro-organ i sm ) i s  ca pab le  of 

causing .  

vi ru lent stra in of  a vi rus Vi rus stra in that can cause d i sease when 
it i nfects a host. 

viru lent phage P h a g e  th a t  c a n  p rod u ce o n ly a lyt i c 

infecti on; it is unable to i nduce lysogeny. 

virus attachment site Su rface reg ions  of one  or m ore vi rion  
protei ns, which form a site that attaches 

to the receptor on a host cel l .  

western blotti ng Tra n sfe r  of p ro te i n  m o l e c u l e s  to a 
m e m b ra n e  a fte r g e l  e l e ctro p h o res is . 

Spec ifi c proteins can be detected on the 

membrane.  

wi ld stra in V i ru s  stra i n  i so l a ted  fro m a n a tu ra l ly 
infected host, cf. laboratory stra i n .  

wi ld-type v i rus P a r e n t a l  s t r a i n  o f  a m u t a n  t o r  

laboratory-adapted v irus .  

z inc fi nger Reg ion of a nuc le ic  acid -b ind ing prote i n  
that resembles a finger and b inds a z i nc 
ion . 



Index 

3TC 

50°/o inhibitory concentration 

abortive infection 

Acholeplasma laidlawii virus L2, budding 

aciclovir 

acid-triggered membrane fusion 

Acidianus convivator phage 

acquired immune deficiency syndrome, see AIDS 

acylation 

adaptive immunity 

adefovir 

adeno-associated virus 

gene vector 

adenovirus 

DNA replication 

ElA protein 

endocytosis 

genome 

genome packaging 

helper virus 

oncogenic 

primer 

structure 

adjuvant 

adult T cell leukemia 

AIDS 

cancer 

cytomegalovi rus 

alfalfa mosaic virus, virions 

alpha-interferon 

Alphaflexiviridae 

Al pharetrovi rus 

alphavirus 

budding 

hosts 

amantadine 

ambisense genome 

Andes virus 

animal cell culture 



anti-restriction 

anti-termination 

antibody 

antigen 

antigenic drift 

antigenic shift 

aphid vectors 

Aphthovi rus 

apical surface of epithelial cell 

aplastic anemia 

APOBEC3 proteins 

apoptosis 

arbovirus 

Arenavi ridae 

arenav1rus 

genome 

assay 

infectivity 

quanta I 
quantitative 

assembly 

nucleocapsid 

virion 

asymptomatic infection 

attachment (virion to receptor) 

attenuated strain 

autonomous parvovirus 

autoradiography 

avian influenza 

avian leukosis virus 

avian myeloblastosis virus 

avian myelocytomatosis virus 

azidothymidine (AZT) 

B lymphocyte (B cell) 

Epstein-Barr virus 

819 parvovirus 

DNA 

host cell 

or -propiolactone 

bacteriophage, see phage 



Baculoviridae 

baculovirus 

budding 

caps id 

envelope 

gene expression 

genome 

genome packaging 

inactivation 

occlusion body 

pesticide 

recombinants 

transmission 

vector 

Baltimore classification 

Baltimore, David 

barley yellow dwarf virus, genome 

basolateral surface of epithelial cell 

bats, vi ruses in 

coronavi ruses 

filoviruses 

Hendra virus 

Nipah virus 

rabies virus 

Bcl-2 protein 

bean yellow mosaic virus, transmission 

beet yellows virus 

structure 

transmission 

beetle vectors 

Beijerinck, Martinus 

beta-interferon 

Betacoronavi rus 

Beta retrovirus 

bicistronic messenger RNA 

biological control 

bioterrorism 

Birnaviridae 

black beetle virus, genome 

blood group P antigen 



blood products 

blood transfusion, prion transmission 

blood, virus in 

bluetongue virus 

cytopathic effect 

serotypes 

Bocavirus 

Bombyx mori densovirus 

Bornavi ridae 

bovine spongiform encephalopathy 

brain cancer 

brome mosaic virus 

Bromoviridae 

BSE 

budding of virions 

hepatitis B virus 

HIV 

influenza virus 

retrovirus 

rhabdovirus 

Bunyaviridae 

bunyavirus 

genome 

buoyant density 

Burkittsl> ™s lymphoma 

Burkitt, Denis 

burst size 

bush meat 

c-myc gene 

cancer 

canine parvovirus 

canyon, virion surface 

cap on RNA 

messenger RNA 

virus genome 

cap snatching 

caps id 

hepatitis B virus 

herpesvi rus 

HIV 



parvovirus 

picornavirus 

retrovirus 

rotavirus 

capsomere 

carcinoma 

Carroll, James 

Caspar, Donald 

cations, virion components 

Caudovirales 

Caulimoviridae 

cauliflower mosaic virus 

transmission 

caveolin 

caveolin-mediated endocytosis 

CCRS 

CCRS gene 

CD4 

CD4 T cell 

CD155 

cell culture 

virus production 

cell cycle 

cancer 

parvovi ruses 

cell l ine 

diploid 

heteroploid 

MRC-5 

prion replication in 

Vero 

Wl-38 

cell-free synthesis of virus 

central DNA flap 

central dogma 

centrifugation 

density gradient 

differential 

equilibrium 

isopycnic 



rate zonal 

cervical carcinoma 

Chase, Martha 

chemokine receptor 

chick embryo 

chicken viruses 

chickenpox 

chikungunya virus 

cholera toxin gene 

chronic wasting disease 

Chrysoviridae 

cidofovir 

Circoviridae 

circular nucleic acid 

circulative transmission 

cirrhosis 

classification of viruses 

clathrin 

clathrin-mediated endocytosis 

parvovirus 

rhabdovirus 

cloning vector 

M13 mp series 

phage mid 

Closteroviridae 

cl oste rovi rus 

co-evolution of virus and host 

co-receptor 

819 virus 

cold sore 

cold-adapted strain 

Collaborating Centers for Influenza Reference and Research 

common cold 

Comovirinae 

complement 

complex retroviruses 

concatemer 

connector 

conservative replication of double-stranded RNA 

continuous cell l ine 



Coronaviridae 

Coronavi ri nae 

coronavi rus 

capping enzymes 

cowpea chlorotic mottle virus 

cowpea mosaic virus 

caps id 

genome 

transport through plasmodesmata 

cowpox 

coxsackieviruses 

medical conditions 

Creutzfeldt-Jakob disease (CJD) 

familial 

sporadic 

variant 

Crick, Francis 

cryo-electron microscopy 

cucumber mosaic virus 

genome 

transport through plasmodesmata 

Culicoides 

cultivation of viruses 

CXCR4 

cyclophilin A 

cypovirus 

Cypovirus 

cytokine 

storm 

cytomegalovi rus 

cytopathic effect 

cytotoxic T cell 

Cystoviridae 

Darwin, Charles 

dsl>™Herelle, Felix 

deer mouse 

defective interfering particle 

defective virus 

Delta retrovirus 

Densovirinae 



dependovirus 

DNA integration 

gene vector 

genome 

latent infection 

replication 

detergent, effect on infectivity 

diarrhea, rotaviral 

Dicer 

dideoxycytidi ne 

dideoxyinosine 

dimerization initiation site 

Di novernavi rus 

DIP 

direct terminal repeat in nucleic acid 

hepatitis B virus 

herpes simplex virus 

directed assembly of virion 

disinfection 

hypochlorite 

DNA phage 

DNA replication 

filamentous single-stranded DNA phage 

herpesvi rus 

parvovirus 

phage T7 
phage ntX174 

DNA-dependent DNA polymerase 

DNA-dependent RNA polymerase 

eukaryotic 

bacterial 

double-layered particle, rotavirus 

double-stranded RNA phage 

double-stranded RNA replication 

drugs, anti-viral 

design 

development 

hepatitis B virus 

HIV 

resistance 



safety 

targets 

DTR 

duck hepatitis B virus 

E6 and E7 proteins, papillomavirus 

E. coli 

0157 toxin genes 

Ebola virus 

eel i pse period 

electron microscope 

electron microscopy 

electrophoresis 

emerging viruses 

encephalitis 

herpes simplex virus 

Nipah virus 

West Ni le virus 

Enders, John 

endocytosis 

endogenous retrovirus 

endosomal sorting complex required for transport protein 

enfuvirtide 

enhancer 

hepatitis B virus 

enterocyte 

Enterovirus 

entry of animal viruses into cells 

env gene 

HIV 

retrotransposon 

retrovirus 

envelope 

hepatitis B virus 

herpesvi rus 

HIV 

retrovirus 

rhabdovirus 

enzyme-linked immunosorbent assay 

epidemic influenza 

epidermodysplasia verruciformis 



epitope 

Epsilon retrovirus 

Epstein, Anthony 

Epstein-Barr virus 

cancer 

latent infection 

erythema infectiosum 

Erythrovi rus 

ESCRT protein, see endosomal sorting complex required for transport protein 

eukaryotic in itiation factor 

evolution of viruses 

exanthem subitum 

exit of vi rion from eel I 
exocytosis 

exogenous retrovirus 

ex on 

F pilus, see sex pilus 

F protein 

F-specific filamentous phage, see filamentous single-stranded DNA phage 

family (taxonomic group) 

Fe (Fragment crystallizable) 

feline leukemia virus 

feline panleukopenia virus 

Ff phage, see filamentous single-stranded DNA phage 

fifth disease 

filamentous single-stranded DNA phage 

assembly 

DNA replication 

genome 

replication cycle 

transcription 

virion 

Filoviridae 

filoviruses 

Flaviviridae 

foot and mouth disease 

economic consequences 

vaccine 

foot and mouth disease virus 

evolution 



phylogenetic tree 

serotypes 

transmission 

formaldehyde 

foscarnet 

fox, rabies 

frameshift signal 

Frosch, Paul 

fungal viruses 

fungus-transmitted plant viruses 

furin 

Furovirus 

fusion inhibitor 

fusion protein 

gag gene 

HIV 

retrotransposon 

retrovirus 

Gag, Gag-Pol proteins 

HIV 

retrotra nsposon 

retrovirus 

gamma-interferon 

Gamma retrovirus 

ganciclovir 

Geminiviridae 

geminivirus 

caps id 

genome 

gene expression, control 

HIV 

herpesvi rus 

rhabdovirus 

gene therapy 

gene vector 

genetics 

reverse 

genital herpes 

genome, virus 

manipulation 



packaging 

sequencing 

size 

genome, replication 

hepatitis B virus 

herpesvi rus 

influenza virus 

initiation 

location in cell 

parvovirus 

picornavirus 

retrovirus 

rhabdovirus 

rotavirus 

genotype 

genus (taxonomic group) 

glandular fever 

glycoform 

glycoprotein 

hepatitis B virus 

HIV 

herpesvi rus 

retrovirus 

rotavirus 

glycosylation of proteins 

hepatitis B virus 

HIV 

retrovirus 

rhabdovirus 

rotavirus 

Golgi complex 

granulovirus 

grapevine fanleaf virus, transmission 

green fluorescent protein 

guanylyl transferase 

rotavirus 

HSN 1 influenza virus 

HAART 

HAV, see hepatitis A virus 

Haemophilus influenzae 



Hantaan virus 

hantavirus 

hantavirus pulmonary syndrome 

Harvey murine sarcoma virus 

HBV, see hepatitis B virus 

HCV, see hepatitis C virus 

heat shock protein 

Hela cell l ine 

helical symmetry 

helicase 

herpesvi rus 

helicase-pri mase 

helper component 

helper-component proteinase 

helper T cell 

helper virus 

hemagglutination 

hemagglutinin 

hemorrhagic fever 

with renal syndrome 

Hendra virus 

Henipavirus 

Hepadnaviridae 

he pad n avi ruses 

see also hepatitis B virus 

heparan sulfate 

hepatitis 

hepatitis A virus 

stabil ity 

hepatitis B e antigen (HBeAg) 

hepatitis B surface antigen (HBsAg) 

hepatitis B virus 

assembly 

budding 

C (core) protein 

caps id 

enhancers 

envelope proteins 

evolution 

genetic groups 



genome 

genome synthesis 

heat stabil ity 

importance 

L (large) protein 

liver cancer 

M (medium) protein  

non-infectious particles 

open reading frames 

P (polymerase) protein 

polyadenylation signal 

post-translational modifications 

pregenome 

promoters 

replication 

reverse transcription 

S (smal l) protein 

structure 

transcription 

translation 

transmission 

treatment of infection 

vaccine 

world distribution 

X protein 

hepatitis C virus 

evolution 

genome diversity 

liver cancer 

NS3-4A protein 

treatment of infection 

hepatitis delta virus 

genome 

hepatocellular carcinoma 

hepatocyte 

Hepatovirus 

heron hepatitis B virus 

herpes simplex virus 

caps id 

cold sore 



DNA polymerase 

early (E) proteins 

encephalitis 

genome 

genome replication 

glycoproteins 

helicase 

immediate early (IE) proteins 

intrans 

latent infection 

LATs 

ori 

packaging signal 

primase 

procapsid 

pUL6 

receptor 

recombinants 

replication 

scaffolding proteins 

tegument proteins 

terminase 

thymidine kinase 

transcription 

translation 

virion assembly 

virion host shutoff (vhs) protein 

VPS 

VP16 

Herpesvirales 

Herpesvi ridae 

herpesvi rus( es) 

concatemer 

genome 

human 

latent infection 

proteins 

structure 

turkey 

Hershey, Alfred 



HERV 

heteroploid cell l ine 

hex on 

herpesvi rus 

highly active anti-retroviral therapy 

Hilleman, Maurice 

hi stone 

HIV 

antigens 

assembly 

auxiliary genes 

caps id 

co-receptor 

drug resistance 

early gene expression 

Env protein 

evolution 

genome 

gp41 

gp120 

HIV-2 

host cells 

late gene expression 

Nef protein 

nucleocapsid ( NC) protein 

origins 

p6 protein 

phylogenetic tree 

RS strain 

RSX4 strain 

receptor 

recombinants 

replication 

Rev protein 

RRE 

structure 

SU protein 

TAR element 

Tat protein 

TM protein 



transcription 

transmission 

treatment of infection 

Vif protein 

Vpr protein 

Vpu protein 

X4 strain 

Hoc 

HodgkinslJ ™s lymphoma 

Hoffmann-Berling, Hartmut 

horizontal transmission 

host-controlled modification and restriction system, see restriction system 

HPV, see human papillomavirus 

Hsc70 

HSV, see herpes simplex virus 

HTLV-1 

human cytomegalovirus 

human endogenous retrovirus 

human herpesvirus 

human herpesvirus 

human immunodeficiency virus, see HIV 

human metapneumovirus 

human papillomavirus 

vaccine 

human T-lymphotropic viruses 

hybridization, nucleic acid 

hydrops fetalis 

hydroxy-methyl-cytosine 

ICSO, see 50°/o inhibitory concentration 

icosahedral symmetry 

icosahedron 

ICTV 

IG region, see intergenic region 

lg A 

IgG 

IgM 

immune response 

immunodeficiency 

i mm u no fluorescence 

immunoglobulin 



immunological memory 

inactivation of infectivity 

incubation period 

induction of latent infection 

infectious bursal disease virus 

infectious hematopoietic necrosis virus 

infectious pancreatic necrosis virus, genome 

infectivity 

assay 

destruction 

effect of lipid solvents 

effect of pH 

effect of radiation 

effect of temperature 

inactivation kinetics 

preservation 

prion 

survival 

influenza virus 

assembly 

budding 

cap snatching 

cold-adapted strain 

genome 

genome replication 

hemagglutinin 

hosts 

importance 

Ml protein 

M2 protein 

mass production 

neura mi nidase 

neuraminidase inhibitor 

NSl protein 

pandemics 

reassortment 

receptor 

replication 

RNA polymerase 

strains 



structure 

subtypes 

survei llance 

transcription 

translation 

transmission 

vaccine 

influenza A virus 

influenza B virus 

influenza C virus 

Infl uenzavi rus 

inhibition of host gene expression 

initiation codon 

innate immunity 

Inoviridae 

insect vectors 

reoviruses 

rhabdoviruses 

integrase 

inhibitor 

integration of virus genomes into host genomes 

integrin 

interferon 

intergenic region (sequence) 

internal ribosome entry site 

picornavirus 

International Committee on Taxonomy of Viruses 

intracellular transport 

intron 

invertebrate iridescent virus 

virion 

inverted terminal repeat in nucleic acid 

parvovirus DNA 

ion channel 

IRES, see internal ribosome entry site 

iridovirus 

envelope formation 

structure 

iron lung 

isolation of viruses 



Iteravirus 

ITR, see inverted terminal repeat in nucleic acid 

Ivanovski, Dimitri 

Jaagsiekte sheep retrovirus 

Jenner, Edward 

Jeryl Lynn strain 

Kaposisl> ™s sarcoma 

Kaposisl> ™s sarcoma-associated herpesvirus 

latency-associated nuclear antigen 

split gene 

kinase, protein 

cell 

herpesvi rus 

rhabdovirus 

kinase, thymidine 

cell 

herpesvi rus 

kissing-loop complex 

Klug, Aaron 

kuru 

lactic acid bacteria, phage 

lamivudine 

late (L) domains of proteins 

HIV Gag 

retrovirus Gag 

rhabdovirus M 

latency-associated transcript (LAT) 

latent infection 

herpesvi rus 

HIV 

Kaposisl> ™s sarcoma-associated herpesvirus 

retrovirus 

LDI 

leader RNA 

leafhopper vectors 

leaky scanning 

Lentivirus 

leukemia 

Leviviridae 

ligase 



linear nucleic acid 

lipid 

lipid raft 

liver cancer 

Loeb, Ti mo thy 

Lr�effler, Freidrich 

long distance interaction 

long terminal repeat (LTR) 

HIV 

retrotra nsposon 

retrovirus 

Longidoridae 

louping ill virus, transmission 

Luteoviridae 

luteovirus, RNA replication 

lymphocyte 

lymphoma 

lysis 

lysis inhibition 

lysogenic conversion 

lysogeny 

lysozyme, phage 

Lyssavirus 

lytic cycle 

M protein 

rhabdovirus 

MHC, see major histocompatibil ity complex 

M13 m p  series vector 

macrophage 

maize chlorotic mottle virus, transmission 

maize streak virus 

major histocompatibility complex 

malaria 

malignant mesothelioma 

maraviroc 

Marburg virus 

Mareks"f>™s disease 

Mareksn™s disease virus 

Marvin, Don 

matrix protein 



rhabdovirus 

measles 

measles virus 

classification 

M protein 

receptor 

structure 

transmission 

vaccine 

meat and bone meal 

megavirus 

genome 

membrane, virion 

formation 

membrane anchor sequence 

membrane lipid 

membrane protein 

membrane synthesis 

memory cell 

memory T cell 

meningoencephalitis 

Merkel cell carcinoma 

mesothelioma 

messenger RNA, see mRNA 

Messing, Joachim 

methyl transferase 

rhabdovirus 

rotavirus 

microarray 

microscopy 

confocal 

cryo-electron 

electron 

fluorescence 

microtubule 

parvovirus 

HIV 

Microviridae 

midge vectors 

mimivirus 



caps id 

genome 

possible origin 

proteins 

translation machinery 

minimum infective dose 

minus-strand RNA viruses 

reverse genetics 

minute virus of mice 

genome 

heat stability 

mite vectors 

MMR vaccine 

Moloney murine leukemia virus 

monkeypox virus 

monkeys 

monocistronic messenger RNA 

Mononegavirales 

mononucleosis 

Morbillivirus 

mosquito vectors 

motor protein 

mouse mammary tumor virus 

movement protein (MP) 

mRNA 

bicistronic 

capped 

eukaryotic 

monocistronic 

polycistronic 

prokaryotic 

transport 

uncapped 

multicentric Castlemans"b™s disease 

multipartite genome 

mumps 

mumps virus 

structure 

vaccine 

murine leukemia virus 



gene vector 

receptor 

murine sarcoma vi ruses 

mushroom virus X 

mutant 

conditional lethal 

tern peratu re-sensitive 

mutation 

drug resistance 

Myoviridae 

myristylation of proteins 

hepatitis B virus 

picornavirus 

retrovirus 

rotavirus 

myxoma virus 

myxomatosis 

N-glycosylation 

narlve lymphocyte 

nasopharyngeal carcinoma 

natural killer cell 

nectin 

negative effector of transcription 

negative staining 

negative-strand RNA viruses, see minus-strand RNA viruses 

nematode vectors 

nepovirus 

neura mi nidase 

inhibitor 

neuron 

herpes simplex virus 

prion 

rabies virus 

neutralization of infectivity 

neutrophil 

nevi rapine 

Nidovirales 

Nipah virus 

NK cell, see natural killer cell 

nomenclature of vi ruses 



non-HodgkinBl> ™s lymphoma 

non-permissive cell 

non-productive infection 

Norovirus 

norovirus 

northern blotting 

Novirhabdovirus 

nuclear envelope 

nuclear export signal 

nuclear localization signal 

HIV proteins 

influenza virus 

parvovirus proteins 

nuclear pore 

hepatitis B virus 

parvovirus 

nucleocapsid 

assembly 

helical symmetry 

icosahedral symmetry 

nucleopolyhedrovirus 

occlusion body 

virion 

nucleorhabdovi rus 

envelope formation 

nucleoside analog 

0-g lycosylation 

occlusion body 

Oct-1 

Okazakii fragment 

oncogene 

retrovirus 

oncogenesis 

oncogenic virus 

one-step growth curve 

open reading frame (ORF) 

Orbivirus 

order (taxonomic group) 

ori, see replication origin 

origins of viruses 



Orthomyxovi ridae 

Orthoreovi rus 

oseltamivir 

overlapping genes 

p53 

packaging of virus genomes 

packaging signal 

Ff phage 

hepatitis B virus 

HIV 

retrovirus 

rhabdovirus 

pandemic influenza 

panhandle in RNA 

papilloma 

Papillomaviridae 

papillomavirus 

cancer 

E6 and E7 proteins 

genome packaging 

structure 

Paramecium bursaria Chlorella virus, structure 

Paramyxoviridae 

Paramyxovirinae 

paramyxoviruses 

M protein 

para retrovirus 

location of genome replication 

recombination 

Partitivi ridae 

Parvoviridae 

Parvovi rinae 

parvovirus 

assembly 

619 

caps id 

DNA replication 

genome 

heat stabil ity 

non-structural proteins 



procapsid 

proteins 

receptor 

replication 

structure 

transcription 

translation 

pattern recognition receptor 

PBS, see primer binding site 

PCR 

Penici l l ium chrysogenum virus 

penton 

herpesvi rus 

perforin 

permissive cell 

persistent infection 

hepatitis B virus 

herpesvi ruses 

HIV 

papillomavirus 

pet passport scheme 

pH-independent fusion 

phage 

phage BYM, inactivation 

phage CTXnt 
phage d isplay 

phage fl 

phage fd 

phage lambda (O>») 

cos site 

gene products 

genome 

lytic cycle/lysogeny 

promoters 

phage M13 

phage MS2 

genome 

lysis protein 

virion 

phage POOS, inactivation 



phage P4 

phage PM2, membrane 

phage QOI 

genome 

read-through protein 

phage Tl 

phage T2 

recombination 

phage T3 

phage T4 

burst size 

classification 

genome 

lysis inhibition 

promoters 

scaffolding protein 

transcription 

virion 

phage TS 

phage T6 

phage T7 

DNA replication 

genome 

structure 

transcription 

phage typing 

phage nt6 
envelope 

RNA L 

RNA M 

RNA S 

phage ntX174 
DNA replication 

genome 

rolling circle replication 

scaffolding protein 

virion 

phage mid 

phagocyte 

phagocytosis 



phosphol i pase 

phosphorylation of proteins 

HIV 

parvovirus 

rhabdovirus 

phylogenetic tree 

foot and mouth disease viruses 

human papillomaviruses 

lentivi ruses 

Reoviridae 

Phytoreovi rus 

Picornavirales 

Picornaviridae 

picornavirus 

assembly 

burst size 

canyon 

caps id 

genome 

genome replication 

internal ribosome entry site (IRES) 

myristylation of proteins 

polyprotein 

primer for RNA synthesis 

procapsid 

proteas.es 

proteins 

recombination 

replication 

replication complex 

replicative intermediate 

reverse genetics 

RNA polymerase 

structure 

transcription 

translation 

VPg (virus protein, genome linked) 

pilus, see sex pilus 

plaque, prion 

plaque, virus 



plasma cell 

plasmid 

plasmodesmata 

plus-strand RNA viruses 

reverse genetics 

pock 

Podoviridae 

pol gene 

retrotra nsposon 

retrovirus 

poliomyelitis 

poliovirus 

cell culture 

cell-free synthesis 

cytopathic effect 

evolution 

heat stability 

receptor 

recombinant 

reverse genetics 

serotypes 

vaccines 

poly(A) polymerase 

rhabdovirus 

polyadenylate tail (poly(A) tail) 

polyadenylation of messenger RNA 

rhabdovirus 

polyadenylation signal 

hepatitis B virus 

HIV 

influenza virus 

retrovirus 

polyamines, virion components 

polycistronic messenger RNA 

polymerase chain reaction 

polymerase processivity factor 

Polyomavi ridae 

polyomavirus 

cancer 

genome packaging 



human 

Merkel cell 

monkey 

structure 

polyphage 

polyprotein 

HIV 

picornavirus 

retrovirus 

polypurine tract, retrovirus 

HIV 

polyribonucleotidyl transferase 

porcine circovirus 

portal 

herpesvi rus 

positive effector of transcription 

positive-strand RNA viruses, see plus-strand RNA viruses 

post-transcriptional gene silencing, see RNA silencing 

post-translational modification of proteins 

hepatitis B virus 

influenza virus 

picornavirus 

retrovirus 

rhabdovirus 

rotavirus 

post-transplant lymphoproliferative disorder 

potato virus X 

potato virus Y 

transmission 

potato yellow dwarf virus 

Potyviridae 

potyvirus, helper-component proteinase 

Poxviridae 

poxvirus 

capping enzymes 

envelope formation 

PPT, see polypurine tract 

prairie dog 

pRb 

pre-integration complex, retrovirus 



HIV 

pregenome, hepadnavirus 

Pribnow box 

primary effusion lymphoma 

primase 

primer 

hepatitis B virus 

influenza virus 

picornavirus 

retrovirus 

primer binding site 

prions 

protein-only hypothesis 

replication 

species barrier 

strain 

transmission 

PRNP gene 

probe, DNA 

procapsid 

herpesvi rus 

parvovirus 

picornavirus 

processivity factor 

productive infection 

programmed cell death 

prohead 

promoter 

bacterial 

eukaryote 

hepatitis B virus 

phage T4 

phage O» 
retrovirus 

proofreading 

prophage 

protease 

cell 

HIV 

picornavirus 



retrovirus 

protease inhibitor 

protein-only hypothesis 

proteins, virus 

nomenclature 

proto-oncogene 

provirus, retrovirus 

HIV 

Pr Pc 

PrPres 

PrPSc 

Prusiner, Stanley 

pseudo knot 

Pteropus 

quasi-equivalence theory 

quasispecies 

quaternary ammonium compound 

rabies 

vaccine 

rabies virus 

M protein 

transmission 

raltegravir 

re-emerging viruses 

read-through protein 

real-time PCR 

reassortant 

influenza virus 

rotavirus 

reassortment 

receptor 

recombinant 

picornavirus 

vaccinia virus 

recombination 

phage T2 

picornavirus 

template switching mechanism 

Reed, Walter 

Reed-Muench method 



Reoviridae 

genera 

phylogenetic tree 

reoviruses 

repeat sequences 

herpes simplex virus 

replicase 

replication compartments 

replication complex, picornavi rus 

replication origin 

replicative form 

replicative intermediate 

picornavirus 

rhabdovirus 

single-stranded RNA phage 

reservoir 

Marburg and Ebola viruses 

rabies virus 

resistance to anti-viral drugs 

respiratory syncytial virus 

treatment of infection 

vaccines 

restriction system 

retinoblastoma protein, see pRB 

retrotra nsposi ti on 

retrotransposon 

Retroviridae 

retrovirus 

assembly 

budding 

capsid (CA) protein 

endogenous 

env gene 

gag gene 

gene vectors 

genome 

genome replication 

matrix (MA) protein 

nucleocapsid ( NC) protein 

oncogene 



packaging signal 

pol gene 

recombination 

replication 

structure 

surface (SU) prote in 

transcription 

translation 

transmembrane (TM) protein 

Rev response element 

reverse genetics 

influenza virus 

minus-strand RNA viruses 

plus-strand RNA vi ruses 

vaccine 

reverse transcriptase 

hepatitis B virus 

inhibitors 

molecular biology applications 

retrotra nsposon 

retrovirus 

reverse transcription 

error rate 

hepatitis B virus 

HIV 

retrotransposon 

retrovirus 

reverse transcription complex, retrovirus 

HIV 

reverse transcription-polymerase chain reaction, see RT-PCR 

RF, see replicative form 

Rhabdoviridae 

rhabdovirus 

assembly 

budding 

fish 

genome 

genome replication 

glycoprotein (G) 

host gene inhibition 



intergenic sequence 

large protein (L) 
matrix protein (M) 

nucleoprotein (N) 

phosphoprotein (P) 

plant 

replication 

replicative intermediate 

RNA polymerase 

structure 

transcription 

translation 

rhinovirus 

caps id 

receptors 

serotypes 

rho factor 

RI, see replicative intermediate 

ribavirin 

ribonuclease H 

hepatitis B virus 

retrovirus 

ribosomal frameshift 

HIV 

retroviruses 

ribosomal subunits 

eukaryotic 

prokaryotic 

ribozyme 

rice dwarf virus, transmission 

rice tungro bacill iform virus 

rinderpest 

RISC 

ritonavir 

RNA in DNA viruses 

RNA interference ( RNAi) 

RNA phage 

RNA polymerase 

see also DNA-dependent RNA polymerase 

see also RNA-dependent RNA polymerase 



RNA polymerase II 

RNA replication 

picornavirus 

rhabdovirus 

rotavirus 

single-stranded RNA phages 

RNA silencing 

RNA triphosphatase 

RNA-dependent RNA polymerase 

influenza virus 

picornavirus 

rhabdovirus 

rotavirus 

RNA-induced silencing complex 

RNase H, see ribonuclease H 
rolling circle DNA replication 

herpesvirus 

DNA phages 

rol ling hairpin DNA replication 

rooted phylogenetic tree 

rotavirus 

disease 

double-layered particle 

replication 

RNA polymerase 

stabil ity 

structure 

transcription 

translation 

triple-layered particle 

vaccines 

Rous sarcoma virus 

oncogene 

Rous, Peyton 

RRE 

RT-PCR 

SARS coronavirus 

West Ni le virus 

rubella virus 

transmission 



ryegrass mosaic virus, transmission 

Sabin, Albert 

Salk, Jonas 

Sanger, Fred 

sarcoma 

SARS 

SARS coronavirus 

genome 

satellite tobacco mosaic virus, capsid 

satellite tobacco necrosis virus 

satellite virus 

dependovirus 

scaffolding protein 

herpesvi rus 

phage T4 

phage ntX174 

scrapie 

atyp ical 

SDS-PAGE 

rotavirus RNA 

secondary structure of nucleic acid 

Secoviridae 

seed-transmitted viruses 

segmented genome 

ambisense RNA viruses 

bunyavi ruses 

influenza virus 

minus-strand RNA viruses 

plus-strand RNA vi ruses 

reassortment 

reoviruses 

tobacco rattle virus 

selectivity index 

self-assembly of virion 

self-priming of DNA replication 

semi -conservative replication 

double-stranded DNA 

double-stranded RNA 

Semliki Forest virus 

sequencing genomes 



SARS coronavirus 

serotype 

severe acute respiratory syndrome 

sex pilus 

sexual transmission 

Shiga toxin 

Shine-Dalgarno sequence 

shingles 

sialic acid 

sigma factor 

sigma replication of DNA 

sign of disease 

signal sequence 

simian foamy virus 

simian immunodeficiency virus 

phylogenetic tree 

simian virus 

endocytosis 

T antigen 

simple retroviruses 

Sin Nombre virus 

single-stranded DNA binding protein 

single-stranded DNA phage 

single-stranded RNA phage 

Min Jou (MJ) interaction 

replicase 

replication cycle 

van Duin (VD) interaction 

single-stranded RNA replication 

Siphoviridae 

SIV, see simian immunodeficiency virus 

slippery sequence 

smallpox 

vaccination 

virus 

Soc 

Southern blotting 

species (taxonomic group) 

spike, envelope 

herpesvi rus 



influenza virus 

HIV 

rhabdovirus 

spliced transcript 

HIV 

influenza A virus 

parvovirus 

retrovirus 

split gene 

Spongospora subterranea 

spraing 

Spumavirus 

squamous cell carcinoma 

steps in virus replication 

sterilization 

stomatitis 

storage of viruses 

structure of viruses 

subclinical infection 

subfamily (taxonomic group) 

subgenomic messenger RNAs 

superinfection immunity 

suppressor transfer RNA 

survei llance of virus disease 

swine flu 

SV40, see simian virus 

symmetry 

helical 

icosahedral 

symptom, definition 

syncytium 

T even phage 

T lymphocyte (T cell) 

HIV infection 

T7 DNA polymerase 

Tl RNA polymerase 

tailed phage 

TAR element 

TATA box 

Tax protein 



taxonomic groups 

TCIDSO 

tectivirus 

DNA replication 

genome 

tegument 

temperate phage 

Tenuivirus 

term inally redundant 

terminase 

tetherin 

theta replication of DNA 

thymidine kinase 

cell 

herpesvi rus 

thymine dimer 

tick-borne encephalitis virus 

tick vectors 

tobacco necrosis satellite virus, 

genome 

tobacco mosaic virus 

assembly 

genome 

structure 

transport through plasmodesmata 

tobacco rattle virus 

Tobamovirus 

Tobravirus 

tobravirus transmission 

Togaviridae 

Toll-like receptor 

tomato mosaic virus 

tomato yellow leaf curl virus, transmission 

Tombusviridae 

tombusvirus P19 protein 

torque teno virus 

transactivation response element 

transcriptase 

see also reverse transcriptase 

transcription 



bacterial 

eukaryotic 

hepatitis B virus 

herpesvi rus 

HIV 

influenza virus 

initiation 

parvovirus 

phage T4 

phage T7 
picornavirus 

retrovirus 

rhabdovirus 

rotavirus 

termination 

transcription factor 

transcription factor IID (TFIID) 

transduction 

transfection 

transfer RNA in retrovirus virion 

transformation 

transgenic mice 

translation 

bacterial 

eukaryotic 

hepatitis B virus 

herpesvi rus 

HIV 

influenza virus 

initiation 

parvovirus 

picornavirus 

retrovirus 

rhabdovirus 

rotavirus 

translational coupling 

transmissible spongiform encephalopathy 

transmission electron microscope 

transmission of prions 

transmission of viruses 



bluetongue virus 

chikungunya virus 

filoviruses 

Hendra virus 

hepatitis B virus 

HIV 

invertebrate viruses 

Nipah virus 

plant vi ruses 

vertebrate viruses 

West Ni le virus 

transovarial transmission 

transport of proteins in cells 

influenza virus 

transposition 

transposon 

Trichodoridae 

triple-layered particle, rotavirus 

turnip crinkle virus, capsid 

turnip yellow mosaic virus 

Twort, Frederick 

U3 sequence 

US sequence 

ultraviolet radiation, effect on infectivity 

uncoating 

unrooted phylogenetic tree 

uridylylation of poliovirus VPg 

vaccination 

wild mammals 

vaccines 

contamination 

DNA 

hepatitis B virus 

HIV 

human papillomavirus 

inactivated 

influenza 

live, attenuated 

Mareksn™s disease virus 

MMR 
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poliovirus 

preservation 

quality control 

recombinant 

subunit 

virus-like particle 

virus production 

vaccinia virus 

recombinant 

variant Creutzfeldt-Jakob disease (vOD) 

varicella 

varicella-zoster virus 

variola virus 

vector 

transmission of viruses 

see also cloning vector 

see also gene vector 

Vero cells 

vertical transmission 

plant vi ruses 

vertebrate viruses 

invertebrate viruses 

vesicular stomatitis virus 

budding 

phosphoprotei n 

Vesiculovirus 

viremia 

HIV 

see also blood, virus in 

virion 

assembly 

definition 

detection 

size 

structure 

virological synapse 

viroplasm 

virulence 

virulence factor, bacterial 



vi ru lent phage 

vi rus defin ition 

vi rus repl ication, overview 

vi rus- l i ke particle 

VPg (vi rus protei n, genome l i nked ) 

wal leye dermal  sarcoma vi rus 

wart 

water treatment 

Watson, James 

West N i l e  virus 

western blotti ng 

white c lover cryptic vi rus 

whitefly vectors 

wi nter vom it ing d isease 

woodchuck hepati tis vi rus 

World Health Organization 

X- l inked severe comb ined i m munodeficiency (X-SCID) 

X-ray crysta l llography 

yeast two-hybrid system 

yel low fever v irus 

budd i ng 

structure 

transmission 

vacci ne 

zidovud ine 

z inc fi nger 
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