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H.E. VARMUS MICROBIOLOGY 100B 
V I R A L  REPLICATION AND GENETICS 

Recommended g e n e r a l  t e x t s :  Lur ia  e t  a1 General  Virology; 3rd Ed i t ion ,  Wiley, 1978 
Zinsser  Microbiology ( J o k l i k  e t  a l l ,  17 th  Ed i t ion ,  1980 
Sec t ion  I V ,  e s p e c i a l l y  chapters 61, 65 8 67. 

I n t r o d u c t i o n  

Animal v i r u s e s  e x h i b i t  a wide range  of g e n e t i c  and s t r u c t u r a l  d i v e r s i t y ,  
and t h i s  d i v e r s i t y  is manifes t  i n  t h e  s e v e r a l  strategies u t i l i z e d  for the i r  
r e p l i c a t i o n .  The tasks  of t h e  r e p l i c a t i o n  process inc lude :  (i) d u p l i c a t i o n  -- 
g e n e r a l l y  a mul t i - log  ampl i f i ca t ion  -- of t h e  v i r a l  genome; (ii) express ion  of 
v i r a l  g e n e t i c  in format ion;  and (iii) assembly of s t r u c t u r a l  components of 
v i r u s e s  i n t o  mature v i r i o n s .  For each v i r u s  class, these goals are achieved i n  
ways t h a t  depend upon t h e  chemical and phys ica l  s t r u c t u r e  of t h e  v i r a l  genome, 
t h e  coding  p o t e n t i a l  and o rgan iza t ion  of t h e  genome, and t h e  phys ica l  properties 
o f  t h e  v i r i o n s .  
pe r spec t ives :  

The strategies have been of great i n t e r e s t  from a t  least two 

1. Vi ruses  provide r e l a t i v e l y  "clean" p repa ra t ions  of compara t ive ly  s imple  
g e n e t i c  material (a few genes rather than  t h e  hundreds o f  thousands i n  
euka ryo t i c  c e l l s ) ;  hence, they  have served  as use fu l  models for  r e p l i c a t i o n  and 
expres s ion  o f  euka ryo t i c  genes. 

2. Steps i n  t h e  v i r u s  l i f e  cycle are o f t e n  unique t o  t h e  v i r u s  (i.e.,  no t  
r equ i r ed  f o r  t h e  v i a b i l i t y  of t h e  h o s t  ce l l s ) ,  and these s t e p s  c o n s t i t u t e  
p o t e n t i a l  targets f o r  specific a n t i - v i r a l  therapy .  Unfor tuna te ly ,  t h e  promise 
of t h i s  approac h a s  y e t  t o  be f u l f i l l e d .  

Methods - for  s tudy ing  v i r a l  r e p l i c a t i o n  
1: 

Study of v i r u s  l i f e  c y c l e s  depends upon t h e  a b i l i t y  t o  c a r r y  o u t  
synchronous i n f e c t i o n s  of cu l tu red  ce l l s  a t  a h igh  m u l t i p l i c i t y  of v i r u s  t o  
ce l l .  The cour se  of t h e  i n f e c t i o n  can be followed i n  a v a r i e t y  of ways: 

1. 

2. 

3. Biochemical ly  (us ing  chemical a s s a y s  for v i r u s - s p e c i f i c  n u c l e i c  acids 

& i n f e c t i v i t y  tests ( for  v i r u s  [or i n f e c t i o u s  n u c l e i c  acid]  i n  
ce l l  e x t r a c t s  o r  for v i r u s  i n  e x t r a c e l l u l a r  f l u i d s )  
Morphological ly  (e.g., e l e c t r o n  microscopy t o  follow uptake  o f  p a r e n t a l  
v i r u s  and subsequent appearance of progeny v i r i o n s )  

o r  immunological a s says  f o r  v i r a l  p r o t e i n s  1 

S p e c i a l i z e d  biochemical techniques  p a r t i c u l a r l y  impor tan t  for  dec ipher ing  
t h e  strategies of v i r a l  gene express ion  inc lude :  
g e n e t i c  c o n t e n t  of v i r a l  genome and of v i r a l  messenger R N A ' s ;  t r a n s l a t i o n  of 
v i r a l  m R N A ' s  i n  ce l l  free systems; pulse-chase l a b e l i n g  o f  v i r a l  p r o t e i n s  t o  
follow t h e i r  s y n t h e s i s  and modi f ica t ion  ( c l eavage )  i n  i n f e c t e d  cells;  a s says  for 
v i r ion -as soc ia t ed  and virus-coded R N A  and DNA polymerases. Recent ly ,  o u r  
unders tanding  of t h e  o rgan iza t ion  and f u n c t i o n  of v i r a l  genomes has been 
remarkably advanced by t h e  de te rmina t ion  of much o r  a l l  of t h e  n u c l e o t i d e  
sequence of s e v e r a l  p ro to typ ic  v i r a l  genomes. 

de t e rmina t ion  of s ize  and 



91 
- 2 -  

Overview of  the  l i f e  c y c l e  

Regardless of s p e c i f i c  strategy, a l l  v i r u s e s  e x h i b i t  a similar 
ltmacroscopic't l i f e  c y c l e  and are obl iged t o  t r a v e r s e  a number o f  common steps. 

1. f*Macroscopic" view o f  t h e  l i fe  cyc le ,  
i n f e c t i o u s  v i r u s  i n  e x t r a c e l l u l a r  f l u i d s  and i n  ce l l  e x t r a c t s  a t  va r ious  times 
fo l lowing  i n f e c t i o n ,  t he  fo l lowing  p a t t e r n  is obtained:  

By de termining  the  amount of 

Soon after i n f e c t i o n ,  most of t h e  " i n f e c t i v i t y "  d i sappea r s  from t h e  c u l t u r e ,  
sugges t ing  v i r a l  components have been disassembled. After a short  t i m e  
( g e n e r a l l y  a few hours, dependent upon t h e  v i r u s  and h o s t  cells  i n  q u e s t i o n ) ,  
i n f e c t i o u s  v i r u s  can be detected i n  c e l l  e x t r a c t s ,  i n d i c a t i n g  new particles have 
been assembled w i t h i n  cells; t h i s  marks t h e  end of t h e  eclipse per iod .  A t  some 
po in t  thereafter (depending upon the na tu re  of t h e  release mechanism), 
i n f e c t i o u s  v i r u s  can be measured i n  t he  e x t r a c e l l u l a r  f l u i d ,  marking t h e  end of 
t h e  l a t e n t  per iod.  C e l l u l a r  damage dur ing  these  later e v e n t s  v a r i e s  markedly 
among v i r u s e s ,  as d iscussed  i n  la ter  l e c t u r e s ,  but  g e n e r a l l y  cy topa th i c  effect 
appea r s  after t h e  e c l i p s e  period, and t h e  end of t h e  l a t e n t  per iod  is o f t e n  
accompanied by cell  death and l y s i s .  

2. General ized r e p l i c a t i o n  pathway. Extensive biochemical a n a l y s i s  o f  
i n f e c t i o n  by many v i r u s e s  r e v e a l s  a number of shared events :  

n t r  of t h e  v i r u s  i n t o  t h e  cell  and convers ion  & a form s u i t a b l e  a *  E-2 ._ - - - - - -  
f o r  subsequent  events .  T h i s  r e q u i r e s  adsorp t ion  of v i r u s  p a r t i c l e s  t o  t h e  cel l  
membrane, o f t e n  a non-spec i f ic  process;  pene t r a t ion  i n t o  t h e  ce l l ,  either v i a  
specific v i r a l  r e c e p t o r s  or by a process  a k i n  t o  phagocytosis ;  and s u f f i c i e n t  
uncoat inq  t o  permit  r e p l i c a t i o n  and expression of v i r a l  genes.  
s i t u a t i o n s ,  v i r a l  receptors and t h e i r  v i r a l  l i g a n d s  congrega te  i n  coated p i t s ,  

I n  s e v e r a l  
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which then  form v e s i c l e s  ~ '~receptosomes")  w i t h i n  t h e  cytoplasm; e n t r y  i n t o  t h e  
cy toplasmic  space can be induced by fus ion  of receptosomes wi th  lysosomes, a 
mechanism used for i n t e r n a l i z a t i o n  of some hormones and other subs tances  tha t  
e n t e r  ce l l s  from ou t s ide .  

S p e c i f i c  c e l l u l a r  receptors which mediate p e n e t r a t i o n  by c e r t a i n  v i r u s e s  
(e.g., po l iov i ruses ,  RNA tumor v i ruses ,  i n f luenza  v i r u s e s )  are important  
de te rminants  of t h e  host range of these v i r u s e s ,  s i n c e  t h e i r  absence 
d r a m a t i c a l l y  reduces t h e  a b i l i t y  of t h e  v i r u s  t o  i n f e c t .  For some v i r u s e s  
(e.g., p o l i o v i r u s ) ,  t h e  d i s t r i b u t i o n  of  r e c e p t o r s  is narrowly confined t o  human 
and a few higher  pr imate  c d l s ,  but o t h e r  v i r u s e s  (e.g., rhabdovi ruses)  can 
u s u a l l y  e n t e r  a wide v a r i e t y  o f  hos t  cells. 
c e r t a i n  s p e c i e s  or from c e r t a i n  t i s s u e s  w i t h i n  a n  animal o f t e n  accounts  for 
v i r a l  h o s t  range7  but  o t h e r  factors a f f e c t i n g  later stages i n  t h e  growth c y c l e  
may o p e r a t e  i n  other cases. Moreover, a b i l i t y  of a v i r u s  t o  grow i n  a c e r t a i n  
ce l l  type  does  n o t  n e c e s s a r i l y  determine t h e  pa tho log ica l  consequences of 
i n f e c t i o n .  

The absence o f  r e c e p t o r s  from 

Although thousarrds of r ecep to r s  are p resen t  on t h e  s u r f a c e  of s u s c e p t i b l e  
cells ,  t h e y  become s a t u r a t e d  w i t h  v i r a l  p r o t e i n s  du r ing  i n f e c t i o n ,  r ende r ing  t h e  
cells  r e s i s t a n t  t o  supe r in fec t ion  by the  same and c l o s e l y  related v i r u s e s .  T h i s  
t ype  o f  ?iral i n t e r f e r e n c e ,  ope ra t ing  a t  the  s u r f a c e  of i n f e c t e d  cells ,  is 
cl inical l . : .  s i g n i f i c a n t  i n  a f e w  i n s t a n c e s  (e.g., p o l i o  -- d i scussed  la ter)  and 
i s  frec,dent ly  important  i n  l abora to ry  s t u d i e s .  

Although c e r t a i n  r e c e p t o r s  appear  to  have a h igh  degree of s p e c i f i c i t y  f o r  
c e r t a i n  v i r u s e s ,  it is unknown why such receptors should e x i s t  i n  t h e  first 
place; it would n o t  seem to  be of any obvious advantage to  cells to harbor 
receptors for p o l i o v i r u s ,  for example. ~ + A c ,  b-1 c v p  d-< c( 

f v k L - G & L h e  L--J< 
I L 

I n  gene ra l ,  l i t t l e  is known about t h e  mechanisms of uncoatinp;. I n  some -fa '-7- 
cases, t he  genome appears  t o  be completely s t r i p p e d  of surrounding v i r a l  p r o t e i n  r"=% 

clw-r. * 

kL&.@y 
b u t  i n  o t h e r  cases t h e  v i r u s  particle may simply be s u f f i c i e n t l y  dis tor ted t o  
permit u se  o f  t h e  genome as a template.  No animal v i r u s e s  appear  t o  use  t h e  
mechanism of i n j e c t i o n  of' n u c l e i c  a c i d  employed by c e r t a i n  bacteriophages (e.g., 
t h e  T phages). However, when a naked v i r a l  genome i s  found t o  be i n f e c t i o u s  
(see below), it is obvious t h a t  t h e  completely uncoated genome carries f u l l  
func t ion .  I n f e c t i o n  w i t h  n u c l e i c  acid a l s o  bypasses  these e a r l y  s t e p s  and can 
occur  i n  ce l l s  which l a c k  r e c e p t o r s  specific f o r  v i r a l  p ro t e ins .  

-Ah. 
,& I> 
'W. 

b. Repl i ca t ion  of the  v i r a l  genome. I n  a l l  cases, t h e  p a r e n t a l  genome of 
a single i n f e c t i n g  p a r t i c l e  must be r e p l i c a t e d  ( ampl i f i ed )  t o  permit  a 
s i g n i f i c a n t  y i e l d  of v i r u s  i n  each r e p l i c a t i o n  cyc le .  For most v i r u s e s ,  2-4 
logs o f  a m p l i f i c a t i o n  are achieved i n  each round o f  r e p l i c a t i o n .  
hos t  enzymes capable of copying an  RNA template dictates t h a t  virus-coded 
polymerases replicate t h e  genomes of R N A  v i r u s e s ;  t h e  r e p l i c a t i o n  o f  RNA genomes 
g e n e r a l l y  occur s  i n  t h e  cytoplasm. 
use  mainly or e x c l u s i v e l y  host enzymes normally involved i n  t h e  r e p l i c a t i o n  of 
t h e  an imal  cell genome; w i t h  t h e  s i g n i f i c a n t  excep t ion  of pox v i r u s e s ,  
r e p l i c a t i o n  of DNA genomes occur s  i n  t h e  cell nuc leus .  
i n  g e n e t i c  complexity;  a s  one might expec t ,  t h e  s i m p l e  v i r u s e s  (e.g., 
parvovi ruses  and papovaviruses)  depend more h e a v i l y  upon hos t  machinery than  do 
t h e  v i r u s e s  w i t h  complex genomes (adeno-, herpes-, and poxviruses) .  

The lack of 

DNA v i r u s e s ,  on t h e  other hand, can  o f t e n  

DNA v i r u s e s  va ry  g r e a t l y  
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Regardless of mechanism or s i te  of s y n t h e s i s ,  r e p l i c a t i o n  is governed by 
t h e  p r i n c i p l e  of complementarity.  
Benomes, whether of (+) or (-1 polar i ty ,  it is first necessary  t o  s y n t h e s i z e  a 
s t r a n d  complementary to  the  genome and then  u s e  t h e  complementary s t r a n d  a s  a 
templa te  f o r  product ion o f  new genomes. RNA tumor v i r u s e s  r e p r e s e n t  a special 
case, s i n c e  r e p l i c a t i o n  of the  s i n g l e  s t randed  RNA genome proceeds v i a  a DNA 
in t e rmed ia t e  which is s t a b l y  i n s e r t e d  i n t o  hos t  chromosomes by cova len t  l i nkage  
and is called a "provirus".  To syn thes i ze  double stranded genomes, ei ther semi- 
conse rva t ive  mechanisms similar to  t h a t  used t o  replicate t h e  host chromosomes 
may be used (e.g., f o r  most DNA v i r u s e s )  or ( i n  t h e  case of double s t randed  RNA 
v i r u s e s )  one RNA s t r a n d  may be synthesized i n i t i a l l y ,  then  used as a template t o  
produce duplexes.  
discovered w i t h  t h e  h e p a t i t i s  B vi ruses :  (+ I  RNA synthes ized  from t h e  double- 
s t r anded  DNA genome is used as a template for making more dsDNA; t h i s  process  is 
t h u s  a permutat ion of t h e  r e p l i c a t i o n  scheme for RNA tumor v i r u s  genomes. 

That is, t o  produce cop ie s  of s i n g l e  s t r anded  

One a d d i t i o n a l  v a r i a t i o n  of t h i s  theme has  r e c e n t l y  been 

REPLICATION OF V I R A L  GENOMES: PRINCIPLE COMPLEMENTARITY 

P a r e n t a l  genome In t e rmed ia t e  Progeny genome 

ssRNA(+) -b s s R N A ( - )  ,-+ s s R N A ( + )  

Example(2) 

Po l iov i rus ,  t ogav i ruses  

Rhabdoviruses,  myxoviruses 

Reoviruses  
C e r t a i n  phage or parvovi ruses  
Papovaviruses ,  adenovi ruses ,  

he rpesv i ruses ,  poxvi ruses  
R N A  tumor v i r u s e s  ( r e t r o v i r u s e s )  
Hepatitis B v i r u s e s  

Paramyxoviruses 

c .  Syn thes i s  of v i r a l  gene products .  Regardless of t h e  specific strategy 
used f o r  v i r a l  gene express ion ,  there is a primary requirement f o r  v i r a l  
messenger RNA (mRNA).  
incoming RNA genome can  s e r v e  as  mRNA; i n  some cases virus-coded polymerases are 
needed t o  g e n e r a t e  mRNA; and i n  some cases c e l l u l a r  polymerases are re spons ib l e  
for s y n t h e s i s  of v i r a l  mRNA. 
same modi f i ca t ions  a s  found i n  c e l l u l a r  m R N A t s  -- s p l i c i n g  (a process which 
j o i n s  non-contiguous r eg ions  of precursor  RNA and was d iscovered  du r ing  s t u d y  of 
adenovi rus  m R N A ' s ) ;  polyadenylat ion;  and "capping" ( t h e  a d d i t i o n  of a n  i n v e r t e d ,  
methylated n u c l e o t i d e  a t  t h e  5' end of  m R N A ' s ) .  I n  a l l  cases, v i r a l  m R N A ' s  are 
t r a n s l a t e d  by t h e  h o s t  cell  appara tus  for p r o t e i n  s y n t h e s i s ,  o f t e n  a t  t h e  
expense of c e l l u l a r  p ro te ins .  Each mRNA directs t h e  s y n t h e s i s  of one (and o n l y  
one)  polypept ide.  However, i n  some cases  these polypept ides  c o n t a i n  m u l t i p l e  
f u n c t i o n a l  u n i t s ,  which are subsequent ly  separated by p r o t e o l y t i c  c leavage;  i n  
other cases, each polypept ide  r e p r e s e n t s  a s i n g l e  f u n c t i o n a l  u n i t  and l i t t l e  or 
no subsequent mod i f i ca t ion  is necessary.  Many v i r u s e s ,  p a r t i c u l a r l y  enveloped 
v i r u s e s ,  encode g l y c o p r o t e i n s  which are synthes ized  on membrane-bound 
polyribosomes, i n s e r t e d  i n t o  t he  plasma membrane, and g lycosy la t ed  i n  appa ren t ly  
t h e  same manner a s  host  membrane g lycopro te ins .  Viral gene expres s ion  is o f t e n  
s u b j e c t  to  temporal  r e g u l a t i o n  wi th in  t h e  v i r u s  l i fe  cyc le .  
there are two recogn izab le  phases, t h a t  which occurs  p r ior  t o  r e p l i c a t i o n  of t h e  

A s  d i scussed  i n  more detail  below, i n  some cases a n  

The v i r a l  m R N A t s  are f r e q u e n t l y  s u b j e c t  t o  t h e  

Most comonly ,  
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v i r a l  genome ( e a r l y )  and t h a t  which occur s  du r ing  and a f te r  r e p l i c a t i o n  of t h e  
genome (late). 
l i f e  c y c l e  are f r e q u e n t l y  so-cal led n o n s t r u c t u r a l  p r o t e i n s ,  e.g., enzymes 
involved i n  t h e  r e p l i c a t i o n  of  t h e  genome but no t  packaged i n  progeny p a r t i c l e s ,  
whereas l a t e  products  are gene ra l ly  s t r u c t u r a l  p r o t e i n s  of t h e  v i r u s  particles. 

A s  one might p r e d i c t ,  t he  v i r a l  gene products  made e a r l y  i n  t h e  

- 3 ad'*. 
Varieties of strategies used f o r  v i r a l  gene express ion .  Animal v i r u s e s  /-C' ' 

e x h i b i t  an  as tounding  degree o f  i ngenu i ty  i n  t h e  schemes t h a t  have evolved f o r  ' 
express ion  o f  t h e i r  genes.  

1. mRNA. To establist- i n f e c t i o n  by any v i r u s ,  RNA r e p r e s e n t i n g  t h e  
"sense" s t r a n d  E(+) p o l a r i t y ]  must be made a v a i l a b l e  For t r a n s l a t i o n .  

a .  Some R N A  genomes are f u n c t i o n a l l y  equ iva len t  t o  m R N A ' s  (e.g., 
p o l i o v i r u s )  and hence can i n i t i a t e  i n f e c t i o n  without  f u r t h e r  s y n t h e s i s  o f  
n u c l e i c  acids; these genomes are thus  i n f e c t i o u s  i n  t h e  naked form. Subsequent 
r e p l i c a t i o n  o f  these genomes under t h e  i n f l u e n c e  of primary gene products  ( R N A  
dependent RNA polymerases) leads t o  an amplif ied source  of  mRNA l a t e  i n  
i n f e c t i o n .  

b. Some RNA genomes ( those  wi th  (-1 p o l a r i t y ,  duplex R N A ' s ,  and RNA tumor 
v i r u s  genomes) must be copied by v i r ion -as soc ia t ed ,  virus-coded polymerases i n  
o r d e r  to  i n i t i a t e  i n f e c t i o n ;  t hus  t h e  naked genomes are no t  i n f e c t i o u s .  

c. DNA genomes must  be t r ansc r ibed  i n t o  RNA before  v i r a l  p r o t e i n s  can be 
syn thes i zed ,  bu t  t h i s  func t ion  is g e n e r a l l y  performed by h o s t  DNA dependent RNA 
polymerase; t h u s  t h e  naked genomes can i n i t i a t e  i n f e c t i o n  i n  most cases. An 
important  excep t ion  is provided by poxviruses  which c a r r y  t h e i r  own DNA 
dependent R N A  polymerase i n  t h e i r  v i r i o n s ;  u n l i k e  o t h e r  DNA v i r u s e s ,  pox v i r u s e s  
s y n t h e s i z e  mRNA i n  t h e  cytoplasm. 

A summary o f  these r e l a t i o n s h i p s  of genome t o  mRNA is provided i n  t h e  
fo l lowing  charts: 

SYNTHESIS OF V I R A L  mRNA --- 
s s D N A  (pa rvov i ruses )  

Host enz.  

Host ( o r  poxvi rus)  enz. 

dsRNA( +) 
( r e o v i r u s  

Viral enz. 1 
s s R N A (  +) .-$ dsDNA(+)  (adenovi rus ,  poxvi ruses)  

v i r a l  enz.  

( r e t r o v i r u s  

----A s s R N A ( + )  
( p o l i o v i r u s ,  

s s R N A (  - 
( In f luenza ,  rabies, pa ra in f luenza )  
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Class (I Prototype Virus - Genome 

Picornavirus/togavirus ssRNA 
(polio/yellow fever) 

Paramyxovirus/rhabdovirus ssRNA 
(measles, mumps, rabies) 

Orthomyxovirus (influenza) ssRNA 
s p ~ - o v  i ru s dsRNA 

Retrovirus ssRNA 

Parvovirus ssDNA 

Papovavirus dsDNA 

Hepatitis B virus partly-dsDNA 

Adeno/Werpes virus 

Poxvirus 

dsDNA 

dsDNA 

Polarity 

+ 

- 
- 
+ - 
+ 

+ or +/- 

+ - 
+ - 
+ - 
+ - 

Polymerase 

No 

(-1 R N M (  +) RNA 
dsRN+(+)RNA 

( + ) R N ~ S D N A *  

No* 

No* 

*** 
No * 

dsDNPrp(+)RNA 

Genome 
Infectious 

Yes 

No 

No 
No 

No** 

Yes 

Yes 

?*** 

Yes 

No 

* In these cases, host RNA polymerase I1 mainly responsible for synthesis of 
mRNA . 

** The viral DNA intermediates (e.g. proviral DNA) are infectious. 
*** In the case of hepatitis B virus, it is not known whether the virion 
polymerase is needed to initiate an infection. 
enzyme probably copies viral RNA into partly dsDNA within viral cores in the 
cytoplasm; presence of the enzyme in the mature virion may not have functional 
significance, although it can convert partially ds to fully dsDNA in vitro, in 
an assay that is sometimes used to detect HBV particles. The infectivity of the 
partially dsDNA has not been tested, but fully dsDNA is infectious. 

During the life cycle, the 

2. Punctuation. The production of a single polypeptide from a single mRNA 
is a general property of both cellular and viral mRNA*s in eukaryotic cells. To 
permit the production of multiple proteins from a single viral genome, the genes 
can be "punctuated" in a variety of ways: 
segmented, with each segment encoding one (or more) proteins; (b) multiple 
mRNA's of different genetic composition may be generated from a single genome 
(each mRNA will direct synthesis of the protein encoded closest to its 5' 

(a) the genome itself may be --- 
-- 

terminus): and (c) multiple proteins may be generated from a single polypeptide 
by proteolytic cleavage. Each virus uses one or more of these mechanisms for 
Punctuation as summarized in the following chart and diagrams. DNA viruses 
frequently exploit the coding potential of their genomes to the fullest by 
producing multiple different mRNA*s from overlapping regions of the genome; 
these mRNA*s may differ by their sites of initiation or by their processing 
(splicing and/or termination). 
region is used for the synthesis of viral proteins. In addition, different 
strands may be coding in different regions of DNA genomes. 
a papovavirus genome is expressed at early times from one strand, and the other 
half is expressed at late times (after DNA replication) from the other strand. 

In some cases, more than one reading frame in a 

For example, half of 
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O r ,  t h e  s e v e r a l  adenovirus  s R N A ' s  made e a r l y  i n  i n f e c t i o n  are derived from 
d i f f e r e n t  r e g i o n s  of both s t r ands ;  most of the  l a te  m R N A 1 s  are i n i t i a t e d  a t  a 
s i n g l e  s i t e  bu t  c o n t a i n  d i f f e r e n t  r eg ions  from t h e  same s t r a n d  af ter  process ing .  

Genome P r o t e i n  

Polygenic ,  nonsegmented Polygenic Polygenic  4 Monogenic 
s s R N A  (+ 1 

Polygenic ,  nonsegmen~ed Monogenic Monogenic 

Monogenic*, segmented Monogenic +Monogenic 
ss (- )RNA 

Monogenic", segmented __3 Monogenic 3 Monogenic 

Polygenic  nonsegmented -% Monogenic Monogenic 

d s  (+)RNA 

d s  (+)DNA 
* 

Polygenic  n o n s e m n t e d 3  (dsDNA) 3 Monogenic3Monognic 
s s ( + ) R N A  + + I 

Polygenic  Polygenic  Monogenic 

Example 

P o l i o  

Rabies 

In f luenza  

Reovirus  

Papova, adeno, 
he rpesv i ruses  

Re t rov i rus  

*Step a t  which major punctua t ion  occur s  

Let. Assembly and release of v i r u s  particles. Vi ruses  appear to  be 
e f f i c i e n t l y  organized for self-assembly, though t h e  de te rminants  of t h i s  process  
are poor ly  understood. Assembly o f  genome and core components of nuc leocaps ids  
may occur  i n  t h e  nucleus,  free i n  t he  cytoplasm, or a d j a c e n t  t o  de f ined  r eg ions  
of t h e  cell membrane, depending upon t h e  v i r u s  i n  ques t ion .  
are  g e n e r a l l y  added when a n  enveloped v i r u s  e x i t s  from the  cel l  by "budding" 
through a restricted region  of the  cel l  membrane i n t o  which v i r a l  g lycopro te ins  
have been p rev ious ly  i n s e r t e d .  Naked nucleocaps id  v i r u s e s  are most commonly 
released after the  hos t  cell is k i l l e d  and has  "lysed"; i n  t h e  i n t e r i m ,  large 
aggregates of' v i r a l  particles may accumulate a t  t h e  sites of assembly ( seen  as 
" i n c l u s i o n  bodies1*). 
appears to  have a strict order for a d d i t i o n  and mod i f i ca t ion  (e.g., c leavage)  of 
components, perhaps determined by r e c o g n i t i o n  s i g n a l s  for  p ro te in -p ro te in  o r  
p ro te in -nuc le i c  acid i n t e r a c t i o n s .  These e v e n t s  may s e r v e  as models fo r  
development of c e l l u l a r  o rgane l l e s .  

Envelope components 

I n  t h e  few cases examined i n  detai l ,  t h e  assembly process 

96 
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PICORNAVIRUS 

(+)RNA GENOME = MRNA 

CLEAVAGE 

' V k u b 0 b - w  -- - 
STRUCTURAL PROTEINS ENZYMES (RNA POLYMERASE) 

TOGAVf RUS 

LATE MRNA 

RNA POLYMERASE STRUCTURAL PROTEINS 

R H ~ D O V I  RUS/PARAMYX~VI RUS 

(-1 RNA GENOME 

V l R I O N  RNA POLYMERASE 

MRNA's 

4 ---- 
STRUCTURAL PROTEINS, RNA POLYMERASE 
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MYXQVI RUS 

(-1 R r f l  GENOME 

3. V I R I O N  RNA POLYMERASE 

MRNA's 
- --- ,------- 

5. 
STRUCTURAL PROTEI NS/RNA POLYMERASE 

REOV I RUS 

4 V I R I O N  RNA POLYMERASE 

MRNA' s 

STRUCTURAL PROTEI NS/RNA POLYMERASE 

RETROVI RUS 

v IR I ON DNA POLYMERASE 

PROVIRUS : 
INTEGRATED I NTO 

DS VIRAL DNA 
-- 

& HOST RNA POLYMERASE HOST GENOME 

-- c -- -- .cLI+IzILc 
STRUCTURAL P R O T E I N ~ D N A  POLYMERASE/TRANSFORMING PRO E NS 
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PAPOVAVIRUSES 
C I RCU LAR 

LATE REGION 

HOST RNA POLYMERASE 

EARLY REGION c m  
J 

I (COPIED FROM EARLY MRNA s 
E STRAND) 

I A T E  MRNA s (COPIED FR M P 
I 

L STRAND 

NON-STRUCTURAL PROTEINS STRUCTURAL P ROT E I N S 

ADENOVI RUS/HERPES VIRUS 

DS DNA GENOME 

HOST RNA POLYMERASE 

E I THER STRAND 

c 
COMPLEX ASSORTMENT OF MRNA's WITH TEMPORAL REGULATION, COPIED FROM 

4 
MANY STRUCTURAL AND NONSTRUCTURAL PRQTEINS 
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HEPATIT IS  E VIRUSES 
100 

PREGENOME 

i - - 
SURFACE, CORE ANTIGENS 
DNA POLYrlERASE 

DNA 
POLYMERASE 

PARTIALLY DS 
DNA GENOME 

CIRCULAR DNA 
I NTERNED I ATE 
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T h i s  g e n e r a l  p i c t u r e  o f  t h e  v i r u s  l i f e  c y c l e  can hc dmmarized i n  t h e  
fo l lowing  flow chart: 

THE V I R A L  GROWTH CYCLE ---- 
Attachment & pene t r a t ion  o f  p a r e n t a l  v i r i o n 3  

J- 
Uncoat t h e  v i r a l  genome 

Early* v i r a l  messenger R N A  synthesis** 
J- 

Early* v i r u s - s p e c i f i c  p r o t e i n  s y n t h e s i s  
J- 

Viral genome r e p l i c a t i o n  
J- 

Late* v i r a l  messenger R N A  s y n t h e s i s  
J- 

Late* v i r u s - s p e c i f i c  p r o t e i n  s y n t h e s i s  
J- 

Assemble progeny v i r i o n s  
J- 

Release from cell  

j. 

* Not a l l  animal v i r u s e s  e x h i b i t  a d i s t i n c t i o n  between e a r l y  and 

**In some cases, t h e  v i r a l  genome is  f u n c t i o n a l l y  equ iva len t  t o  
l a te  f u n c t i o n s  

mRNA; t h u s  e a r l y  mRNA need no t  be synthes ized .  

- Host "shut  offt1.  During t h e  course  of t h e  l i f e  c y c l e  o f  many v i r u s e s ,  
major a s p e c t s  of h o s t  cel l  metabolism (e.g., s y n t h e s i s  of h o s t  R N A  o r  h o s t  
p r o t e i n s )  may be tu rned  o f f ,  g e n e r a l l y  by mechanisms as y e t  poor ly  def ined .  
some cases, v i r a l  r e a g e n t s  appear  t o  be used p r e f e r e n t i a l l y  by hos t  ce l l  
machinery (e.g., p r e f e r e n t i a l  t r a n s p o r t  of v i r a l  rather than  h o s t  RNA from 
nucleus  t o  cytoplasm, or  p r e f e r e n t i a l  t r a n s l a t i o n  of v i r a l  rather than  c e l l u l a r  
mRNA by host polyr ibosomes);  a l t e r n a t i v e l y ,  v i r a l  gene products  s p e c i f i c a l l y  
t o x i c  for  h o s t  ce l l s  may be made. Not a l l  v i r u s e s  e x h i b i t  t h i s  s o r t  o f  
behavior ,  however. Some v i r u s e s  (e.g., r e t r o v i r u s e s )  may r e p l i c a t e  wi thout  
obvious d e l e t e r i o u s  effect upon t h e i r  h o s t s ,  and some (e.g., papovavi ruses)  may 
s t i m u l a t e  h o s t  cel l  metabolism (e.g., host  DNA s y n t h e s i s )  a t  some po in t  i n  the i r  
l i f e  cyc le .  

I n  

Viral Genet ics  

A b r i e f  su rvey  of t h e  g e n e t i c s  of animal v i r u s e s  is r e l e v a n t  t o  s e v e r a l  

( i )  Viral mutants  have faci l i ta ted 
i s s u e s  d i scussed  i n  these in t roduc to ry  l e c t u r e s  and i n  t h e  l a t e r ,  more 
c l i n i c a l l y - o r i e n t e d  p a r t  of t h i s  course.  
fundamental i n s i g h t s  i n t o  t h e  v i r u s  l i f e  cyc le .  
v i r a l  genes involved  i n  pa thogenes is ,  p rovid ing  a basis for  unders tanding  
v i r u l e n c e  and for p lanning  a l t e r a t i o n s  t h a t  might  a t t e n u a t e  v i r u s  s t r a i n s .  
(iii) The mechanism of g e n e t i c  changes which determine a n t i g e n i c  v a r i a t i o n  of 
c e r t a i n  v i r u s e s  (such as  in f luenza  v i r u s )  informs effor ts  t o  c o n t r o l  v i r a l  
diseases. ( i v )  C e r t a i n  k inds  of v i r a l  mutants  (e.g., d e f e c t i v e ,  i n t e r f e r i n g  
p a r t i c l e s ,  see below) may c o n t r i b u t e  t o  mechanisms of pa thogen ic i ty  and 

(ii) Mutants have helped d e f i n e  
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persistence. 

At least three kinds of genetic behavior need to be considered: changes 
that occur within the genome of a single virus during its propagation; 
interactions that occur between two viruses, usually two identifiable strains of 
the same virus type, during co-propagation; and genetic interactions that occur 
between viruses and their host cells. (The last topic will be the subject of a 
separate lecture, Viruses as Vehicles of Genetic Change.) 

1. Changes within the genome of a single virus. Identified mutations are 
due to base substitutions, deletions, and rearrangements (inversions, 
duplications, etc.) in the viral genome. Phenotypic consequences (e.g., failure 
to grow, to cause CPE, etc.) may be conditional (e.g., present only at elevated 
temperatures or in certain host cells) or @-conditional. Mutations can be 
assigned to genetic units by complementation tests in which two mutants are 
tested for their capacity to assist each other in a mixed infection; if they 
can, their lesions are assumed to lie in different genes (see illustration on 
next page). 

7 P q  pdw 5@& 
Single base changes may affect the clinical significance of virus isolates, - 

altering their antigenic properties or affecting virulence. For example, such 
mutations account for minor changes in the antigenicity of influenza virus 
(antigenic "drift") and have been induced in efforts to produce conditionally or 
non-conditionally attenuated strains of several viruses for use in live 
vaccines. 

An interesting class of deletion mutants has been associated with a large 

They are unable to replicate on their own, but 
number of both DNA and RNA viruses. 
interfering (or E )  particles. 
can be replicated in the presence of wild type virus, which acts as "helper 
virus,*' supplying missing functions; however, the DI particles also interfere 
with the replication of the wild type virus, e,g., by competing for polymerases 
during genome replication or for nucleocapsid proteins during assembly. Thus 
DI's can diminish the amount of virus produced, affect the time course and 
severity of infections, and contribute to the establishment of persistent 
infections of both cultured cells and animals. 
might have contributory roles in certain chronic viral diseases, but these 
claims have yet to be confirmed. 

These mutants are called defective, 

It has been proposed that they 

There is increasing medical interest in minor differences in base sequence 
between genomes; these often produce alterations in biochemical tests of genomes 
(e.g., patterns of fragments generated by digestion of DNA genomes with 
restriction endonucleases) without any phenotypic alterations. Such biochemical 
tests are gaining increasing use in tracing the transmission of certain viruses 
(e.g., herpes viruses) in minor outbreaks. 

2. Interactions between viruses. 

a. Complementation. As noted above, two mutants bearing lesions in 

An example is diagrammed 
different genes and infecting the same cell can supply missing functions to each 
other without actual exchange of genetic information. 
below: 
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REPLICATION 
BLOCKED 

COMPLEMENTATION. 

REPLICATION 
BLOCKED 

b. Phenotypic mixing. Mixed i n f e c t i o n  by two v i r u s e s  w i t h  
d i s t i n g u i s h a b l e  b u t  related s t r u c t u r a l  p r o t e i n s  (e.g., envelope g lycopro te ins )  
o f t e n  r e s u l t s  i n  product ion  of progeny i n  which t h e  genome of one v i r u s  is 
carried i n  particles con ta in ing  p r o t e i n s  p a r t l y  ( o r  even comple te ly)  supp l i ed  by 
the  o t h e r  v i r u s .  Such e v e n t s  can d r a s t i c a l l y  a l te r  t h e  host range  of a v i r u s  or  
its capacity to  be n e u t r a l i z e d  by a n t i s e r a  a g a i n s t  t h e  in t e rmix ing  p ro te ins .  
Th i s  is n o t  a stable g e n e t i c  change, s i n c e  i n f e c t i o n  o f  a new cell  by a s i n g l e  
p a r t i c l e  of t h e  phenotypica l ly  mixed v i r u s  w i l l  result  i n  product ion of p r o t e i n s  
encoded on ly  by t h e  s i n g l e  genome. 
two v i r u s e s  of the  same group (e.g., two r e t r o v i r u s e s  w i t h  d i f f e r e n t  envelope 
g l y c o p r o t e i n s )  bu t  can occur  between v i r u s e s  of  d i f f e r e n t  t ypes  (e.g., a 
r e t r o v i r u s  can supply  t h e  envelope p r o t e i n s  f o r  a rhabdovi rus  genome). 
extreme example, see d i s c u s s i o n  of t h e  delta agent  i n  t h e  h e p a t i t i s  v i r u s  
l e c t u r e s .  

Phenotypic mixing occur s  most o f t e n  between 

For a n  

c. Recombination. During mixed i n f e c t i o n  w i t h  c l o s e l y  related 
v i r u s e s  ( s u f f i c i e n t l y  close t o  have homologous r eg ions  of t h e i r  genomes), t h e  
genomes may recombine t o  form what i s ,  i n  effect ,  a new v i r u s  strain.  
stable change, heritable d u r i n g  subsequent growth of t h e  recombinant v i r u s  
p a r t i c l e .  Many, i f  no t  a l l ,  v i r u s e s  can undergo recombinat ion,  bu t  the  
frequency v a r i e s  enormously from very rare ( p o l i o v i r u s )  t o  very  common 
( r e t r o v i r u s e s ) .  

T h i s  is a 

d. Heterozygosis .  Occasional ly  more than  one genome may be packaged 
w i t h i n  t h e  nuc leocaps ids  of c e r t a i n  v i r u s e s ;  when t h i s  happens du r ing  a mixed 
i n f e c t i o n ,  t h e  r e s u l t i n g  particle may be a heterozygote, capable of producing 
both s t r a i n s  o f  v i r u s  du r ing  a subsequent round o f  i n f e c t i o n .  
however, a stable g e n e t i c  change, and its gene ra l  s i g n i f i c a n c e  is no t  known. 

Th i s  is n o t ,  

e. Genet ic  reassor tment .  During mixed i n f e c t i o n  w i t h  v i r u s e s  
c o n t a i n i n g  segmented genomes (e.g., in f luenza  v i r u s e s  or r e o v i r u s e s )  both 
p a r e n t s  may c o n t r i b u t e  segments t o  s i n g l e  progeny. 
a n  extremely high frequency and produces a stable g e n e t i c  change 
i n d i s t i n g u i s h a b l e  on f u n c t i o n a l  grounds from recombination. T h i s  mechanism 
accoun t s  for  t h e  sudden appearance of new a n t i g e n i c  properties of i n f l u e n z a  
v i r u s e s  ( a n t i g e n i c  "sh i f t " ) .  

Such reassor tment  occur s  a t  

The foregoing  i n t e r a c t i o n s  are diagrammed on t h e  nex t  page. 
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PHENOTYPIC MIXING 

RECOMBINATION NiJXE0 INFECTION OF CELL 

H ETEROLY GO US 

MIXES iNFECdON OF CELL G E N  E Ti  C RE ASS 0 R T M E N I 


