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ABSTRACT : 

The molecular  i n t e r a c t  i o n s  between t h e  two comovirusas  = 

cowpea mosaic v i r u s  (CPMV) and cowpea s e v e r e . m o s a i c  v i r u s  
e 

(CPSHV) co- inocu la ted  i n  y i w  u a u i -  c u l t i v a r s  .Black and 

A r l i n g t o n  were examined; bo th  black and A r l i n g t o n  cowpeas were 

f t o p e r a t i o n a l l y f f  immune t o  CPHV i n f e c t i o n .  The re-@ i c a t i o n  o f  . 

each  v i r a l  genome was s t u d i e d  independent ly  by n u c l e i c  a c i d  
-*r 

h y b r i d i z a t i o n  a n a l y s i s .  The h y b r i d i z a t i o n  probes  were 

g e n e r a t e d  w i t h  SP6 and T7 DNA-dependent RNA polymerases  from 

pGEM v e c t b r s  wi th  CPMV and CPSMV c D N A  i n s e r t s .  The t e m p l a t e s  

were r e p r e s e n t a . t i v e  sequences  =loned from each RNA o f  th;B 

b i p a r t i t e  genomes. The accumula t ion  o f  v i r a l '  c a p s i d  was 

de termined b y  enzyme-1 inked immunosorbent a s s a y s  ( E L I S  Ysing R 

monoclonal a n t i b o d i e s  which s p e c a f i c a l l y  r ecogn ized  e i t h e r  

CPHV 6r CPSMV. 
* 

I n  s e e d l i n g s  i n o c u l a t e d  w i t h  CPMV a l o n e ,  t h e  R N A s  were 

r e p l i c a t e d  i n  t h e  ~ o p e r a t i o n a l l y w  immune cowpeas B l a c k  and 

Ar l ing ton ;  however. t i e  a c c u m ~ l a t i o n  of  RNA was d l a y e d  

c o n s k r a b l y  ;hen compared t o  CPMV i n f e c t i o p  o f  t h e  
d - 

s u s c e p t i b l e  cowpea v a r i e t y  Blackeye-5, I n  Black and A r l i n g t o n  

codpeas. CPMV R N A  was , r e s t r i c t e d  t o  t h e  pr imary i n o c u l a t e d  
P 

l e a v e s ,  and t h e  accumula t ion  o f  c a p s i d  .po lypep t ides  o r  

i n f e c t i o u s  v i r u s  was n o t  d e t e c t e d  i n  t h e  immune coypeas .  

Co-inoculadion o f  CPMV and CPSMV i n  Black and ~ r l i n ~ t o n  

s e e d l i n g s  r e s u l t e d  i n  a d e l a y  of  t h e  symptoms expressed  i n  

r e sponse  t o  CPSMV. A l l  co - inocu la ted  p l a n t s  e v e n t u a l l y  

1 iii 



v .  

developed CPSHV a s s o c i a t e d  symptoms, b u t  25% of,the plants 
3 '  

\ 
developed secondary  leaves u n i n f c c t s d  by C P S I I V ~ - - I ~ ' ~ ~ ~  l a t t e r  - \ 

p l a n t s ,  CPSMV was l o c a l i z e d  i n  d i s t i n c t  n e c r o t i c  l & i o n s  which 
' . 

formed on t h e  pr imary i n o c u l a t e d  l e a v e s .  Experiments  were, 
< 

performed t o  dwtermine t h e  s p e c i f i c  c o n d i t i o n s  r e q u i r e d  f o r  
t 1 

op t ima l  i n t e r f e r e n c e .  The d a t a  s u w e a t e d  t h a t  i n t e r f e r e n c e  of  
* : .  

CPSUV r e p l i c a t i o n  by CPHV was i n i t i a t e d  by a  d i r e c t  . 
i n t e r a c t i o n  between t h e  v i r u s e s  a t C  t h e  s i t e  o f  c o - i n f e c t i o n .  

Monoclonal a n t i b o d i e s  were used t o  c h a r a c t e r i z e  e p i t o p p s  
.. . 

of both  v i r u s e s .  I n t e r n a l  and e x t e r n a l  e p i t o p e s  were 

i d e n t i f i e d  f o r  both  v i r u s e s .  Ex te rna l  e p i t o p e s  were unique t o  

each  v i r u s .  whereas t h e  m a j o r i t y  of  t h e  i n t e r n a l  e p i t o p e s  were 

common t o  both  v i r u s e s .  Most o f  t h e  e p i t d p e s  were / 

- c o n f i r m a t i o n a l ,  ( r a t h e r  t h a n  s e q u e n t i a l )  r e s u l t i n g  from amino 

a c i d s  brought  i n t o  c l o s e  proximi ty  by t h e  secondary  and 
Y 

t e r t i a r y  s t r u c t u r e  o f  t h e  c o a t  p r o t e i n  s u b u n i t s .  The 
* +' 

, ' monoklonal a n t i b o d i e j  were used t o  i d e n t i f y  a n t i g e n i c  a d i f f e r e  c e s  b e t ~ e e ~ , ~ e - + t ~  c a p s i d s  and c a p s i d s  c o n t a i n i n g  v i r a l  

R N A .  Th se d i f f e r e n c e s  sugges ted  t h a t  packaging o f  t h e  v i r a l  

t h e  three-d imensional  s t r u c t u r e  o f  t h e  c a p s i d .  
A 
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XlAECornoviruses 

Fourteen viruses have been assigned to the comovirus 

group on the basis of similiar particle morphology, genomic 

organization and replication cycle, cytopathological effects 
I 

and serological relatedness (Stace-Smith, 1981; Bruening, 

1978; Francki et al., 1985). Comoviruses have been reviewed 

extensively (Van Kammen, 1972; Bruening, 1977; stace-smith, 1981; 
r 

Francki et al., 1985; Goldbach & Van Kammen, 1985). Cowpea 

mosaic virus (CPMV) is the type member of the comovirus 

group. 

Individual comoviruses have a narrow host range, the 

majority of them infecting Leguminaceae, the remainder 

infecting plants in the Solanaceace, Cucurbitaceae, 

Basellaceae and Cruciferae families. All comoviruses are 

transmissible mechanically and many are transmitted, in a non- 

,specific manner, by leaf-feeding beetles (Fbl ton et a1 . , 1987; 
Gergerich & Scott, 1988). Seed transmission has been recorded 

at a low (less than lo%), but significant level (Cockbain et 

al., 1976). 

Electron micrographs indicate that the viral particles 
* 

have a polyhedral structhre, and a diameter of 24 to 30 nm 

(Francki et al., 1985). The capsids of all comoviruses 

examined are composed of two polypeptides present in equimolar 

amounts. The molecular weights of the capsid proteins of CPMV . 
-- 

are 37 kDa and 23 kDa (Wu & Bruening, 1971; Geelen et al., 



1 9 7 2 ) .  A t h r ee -d imens iona l  model has  been  proposed  f o r  t h e  

s t r u c t u r e  o f  CPMV p a r t i c l e  hav ing  5:3:2 symmetry; ~~~~~~~~ing 

o f  1 2  pen tamers  o f  f h e  37 kDa p r o t e i n  and  20 trimers o f  t h e  23 

kDa p r o t e i n  a t  t h e  f i v e f o l d  and t h r e e f o l d  a x e s  o f  symmetry, 

r e s p e c t i v e l y  (Crowther  e t  a l . ,  1974; ~ r u e n i n g ,  1977; Schmidt  
- 

e t  a l - . ,  1 9 8 3 ) .  

Two e l e c t r o p h o r e t i c  forms o f  t h e  2 3  kDa p r o t e i n  have been  

o b s e r v e d .  P r o t e o l y t i c  c l e a v a g e  i n  t h e  h o s t  and a f t e r  v i r u g  
L 

i s o l a t i o n  r e s u l t e d  i n  t h e  l o s s  o f  a p e p t i d e  o f  a b o u t  2 . 5  kDa 

from- t h e  23 kDa p o l y p e p t i d e  ( N i b l e t t  & ~ e m a r r c i k ,  1969; Gee len  

e t  a 1  . , 1973 1 .  A r e l a t - i o n s h i p  was i n f e r r e d  between p r o t e o l y t i c  

c l e a v a g e  and i n c r e a s e d  i n f e c t i v i t y  based on t h e  i n c r e a s e d  

i n f e c t i v i t y  o f  a  mutan t  which was more r a p i d l y  c l e a v e d  v i v o  

( S i l e r  e t  a l . ,  1 9 7 6 ) .  However, t h e  m u t a t i o n ,  was l o c a l i z e d  i n  

t h e  s equences  encod ing  t h e  c a p s i d  p o l y p e p t i d e s ,  t h u s  t h e  

d e c r e a s e d  i n f e c t i v i t y  o f  t h e  mutant  c o u l d  have been  r e l a t e d  t o  
- 

a n  a l t e r e d  t h r e e - d i m e n s i o n a l  s t r u c t u r e  o f  t h e  mutan t  v i r i o n .  
+ 

Geelen  e t  d l . .  ( 1 9 7 3 )  p r e s e n t e d  e v i d e n c e  i n d i c a t i n g  t h e  

i n f e c t i v i t y  o f  CPMV i s  n o t  dependen t  on t h e  e l e c t r o p h o r e t i c  

forms o f  t h e  v i r u s .  . 4  

Comoviruses have a b i p a r t i t e  gen%e o f  p l u s - s e n s e  R N A  
a 

( i e .  t h e  genomic R N A  f u n c t i o n s  d i r e c t l y  as  a t e m p l a t e  f o r  

t r a n s l a t i o n ) .  The p r imary  sequence  o f  b o t h  R N A s  o f  CPMV-SB h a s  

been  d e t e r m i n e d .  R N A l  i s  5889 n u c l e o t i d e s  i n  l e n g t h  

(Lomonossoff  & Shanks,  1983)  and RNA2 is 3481 n u c l e o t i d e s  i n  

l e n g t h  (Van Wezenbeek e t  a l . ,  1983). I n  a d d i t i o n ,  bo th  R N A s  



have 3 - t e r m i n i  w i t h  150 t o  200 n u c l e o t i d e  p o l y a d e n y l a t e  

t a i l s ,  and a small v i r a l y  encoded p o l y p e p t i d e  c o v a l e n t l y  - 

1 inked  t o  t h e  5 ' - t e r m i n i  ( VPg) ( S t a n l e y  e t  a1 . , 1978 1 .  The 

p r imary  s t r u c t u r e  o f  r e d  c l o v e r  m o t t l e  v i r u s  (RCMV)  h a s  

been d e t e r m i n e d  (Shanks  e t  a l . ,  1986)  and found t o  have 

genomic o r g a n i z a t i o n  s imi l i a r  t o  R N A 2  o f  CPMV. There  is  

l i t t l e  sehuence  homology between R N A l  and RNA2 o f  CPMV, 

i n  t h e  5 ' -  and  3 ' -  non-coding r e g i o n s .  
\ 

Comaviruses  c a n  be s e p a r a t e d  i n t o  t h r e e  components 

a l s o  

a 

v e r y  

e x c e p t  

by 1 

e q u i l i b r i u m  c e n t r i f u g a t i o n :  58  S  t o p  component, d e v o i d  o f  

n u c l e i c  a c i d 3  98 S middle  component and 118 S  bo t tom 

components, e a c h  e n c a p s i d a t i n g  one molecu le  o f  RNA2 and  R N A 1 ,  

r e s p e c t i v e l y  (Mazzone e t  a l . ,  1962; Bruening,  1 9 7 8 ) .  Both 

middle  and bo t tom components a r e  r e q u i r e d  f o r  s y s t e m i c  

i n f e c t i o n  o f  p l a n t s  (Van Kammen, 19681, However, i n o c u l a t i o n  

o f  p r o t o p l a s t s  w i t h  bot tom component a l o n e  r e p l t s  i n  t h e  
0 

s y n t h e s i s  o f  some v i r a l  p o l y p e p t i d e s ,  b u t  c a p s i d  p r o t e i n s  a r e  e 
n o t  s y n t h e s i z e d .  I n f e c t i o n  o f  p r o t o p l a s t s  w i t h  middie  

componen t , a lone  d o e s  n o t  r e s u l t  .in d e t e c t a b l e  c a p s i d  p r o t e i n  

b e i n g  s y n t h e s i z e d  (Goldbach e t  a l . ,  1980; Rezelman e t  a l . ,  
1 

1 9 8 2 ) .  T h e r e f o r e ,  R N A l  e x h i b i t s  l i m i t e d  independance ,  b u t  R N A 2  

i s  dependen t  on  R N A l  f o r  r e p l i c a t i o n ,  and b o t h  R N A l  and  RNA2 

a r e  r e q u i r e d  f o r  t h e  p r o d u c t i o n  o f  v i r u s  p a r t i c l e s .  The 

independen t  r e p l i c a t i o n  o f  one R N A  component o f  a b i p a r t i t e  
- 

v i r u s  h a s  been obse rved  i n  t h e  t o b r a v i r u s  g roup  a l s o .  R N A l  o f  

t h e  s e l e c t  t obacco  r a t t l e  v i q u s  i s  a b l e  t o  r e p l i c a t e  and 
, 



e s t a b l i s h  i n f e c t i o n s  i n  p l a n t s  and p r o t o p l a s t s  ( H a r r i s o n  & '  

Robinson,  1 9 7 8 ) .  V i r i o n s  are n o t  formed as the c o a t  p r o t e i n  is 

encoded by t h e  RNA2. 

Mix tu re s  o f  R N A l  and RNA2 o f  s t r a i n s  o f  CPMV w i t h  

d i f f e r e n t  phenotypes  (p seudorecombinan t s )  have been  used t o  

a s s i g n  s p e c i f i c  f u n c t i o n s  t o  t h e  i n d i v i d u a l  v i r a l  R N A s .  

Bruening  (1969)  u sed  two s t r a i n s  o f  CPMV d i f f e r i n g  i n  t o p  . 
component p r o d u c t i o n ,  t o  d e m o n s t r a t e  t h a t  t h e  amount o f  t o p  

component produced was governed by R N A 2 .  De J a g e r  and  van 

Kammen (1970)  con f i rmed  t h i s  o b s e r v a t i o n  and a l s o  a s s o c i a t e d  

t h e  a b i l i t y  o f  t h e  v i r u s  t o  s p r e a d  s y s t e m i c a l l y  i n ,  p l a n t s  w i t h  

R N A 2  

c o n t  

. Thongmeearkom and Goodman (1978)  l i n k e d  t h e  g e n e t i c  

r o l  o f  symptom e x p r e s s i o n  and s e r o t y p e  t R N  1 and RNA2 o f  k-h 
cowpea s e v e r e  mosa ic  v i r u s  (CPSMV) , respec t ive l{ .  Local  l e s i o n  

and s y s t e m i c  symptom e x p r e s s i o n  were mapped t o  b o t h  R N A l  and 

RNA2 (Wood, 1972; D e  J a g e r ,  1 9 7 6 ) .  Evans (1985)  i d e n t ' i f i e d  a  

n i t r o u s  a c i d  mutan t  o f  CPMV t h a t  i n f e c t e d  Phaseolus v u l q a r i s ,  

b u t  n o t  Visna  h n s u i c u l a t q .  T h i s  h o s t  r a n g e  m u t a t i o n  was l i n k e d  

The mode o f  p o l y p e p t i d e  s y n t h e s i s  by b o t h  R N A l  and R N A 2  

o f  CPMV h a s  been  e l u c i d a t e d .  Both v i r a l  R N A s  d i r e c t  t h e  

s y n t h e s i s  o f  l a r g e  p r e c u r s o r  p o l y p e p t i d e s  which a r e  c l e a v e d  by  

a v i r a l l y  encoded p r o t e a s e  t o  smaller, f u n c t i o n a l  v i r a l  

p r o t e i n s  (Vos e t  a l . ,  1988: F i g u r e  1 ) .  R N A l  is t r a n s l a t e d  a s  a 

s i n g l e  200 kDa p o l y p e p t i d e ,  from which i n t e r m e d i a t e s  o f  170, 

110, 84 and 60  kDa a r e  p roduced .  The f i v e  f i n a l  c l e a v a g e  



produc s are oriented in the initial translation product as: 't 
NH2-32K-58K-4K(VPg) - 2 4 ~ - 8 7 ~ k 0 0 ~  (~ezelrnan -st al., 1980; 

Goldbach & Rezelman, 1983; Yellink et al., 1986). vitro 

translation oi RNA2 yielded two polypeptides (105 and 95 kDa) 

with overlapping carboxy-termini (Vos et al., 1984). These 
\ 

proteins were further processed.to produce 48,'58 and 60 kDa 

intermediates (Franssen et al., 1982). The 60 kDa polypeptide 

was cleaved to form. the viral capsid proteins (23 and 37 kDa) 

(Wellink et al., 1987). Viral proteolytic was done 

by the 24 kDa protein encoded for by RNAl (Verver et al., 

1987 1. This protease 'cleaved at glutamine-glycine and 

glutamine-serine dipeptides. The activity of the 24 kDa 

protease was me3ified by the 32 kDa polypeptide also encoded 

by RNA 1 to cleave at glutamine-methionine dipeptides (Vos et 

al., 1988). Proteolysis 'required adenosine triphosphate (ATP) 

and dithiothreitol (Pelham, 1979). Inhibition6studie 3 
. indicated that the 24 kDa protein was*a thiol-type protease 

(Pelham, 1979 1 .  

The functions of other virally encoded polypeptides have 

been identified. Although RNAl was replicated and expressed 

when singularly inoculated to cowpea protoplasts, there was no 

systemic spread in seedlings of the viral nucleic acid without 

RNA2 (Eggen & Van Kammen, 1988). This suggested that RNA2 

encodes a polypeptide functional in facilitating transport of 
I 

the virus. The RNA2 encoded 48 kDa and 58 kDa polypeptides may 

have been responsible for this function (Goldbach & Van 



Kammen, 1 9 8 5 ) .  I t  c a n n o t  be  d i s c o u n t e d  t h a t  v i r a l  

e n c a p a i d a t i o n  a l o n e  induced  s y s t e m i c  s p r e a d .    ow eve;, a 30 kDa 
1 

t r a n s p o r t  p r o t e i n  h a s  been  s u g g e s t e d  f o r  t obacco  mosa ic  v i r u s  

( T M V )  (Zimmern & Hunter ,  1983; Meshi e t  a l . ,  19871, and t h e  48 

k D a . p r o t e i n  o f  CPMV h a s  l i m i t e d  homology w i t h  t h e  30 kDa 

p r o t e i n  o f  TMV (Meyer e t  a l . ,  1 9 8 6 ) .  
'? 

An RNA-dependent R N A  po lymerase  f u n c t i o n  h a s  been  

a s s o c i a t e d  w i t h  t h e  110 kDa p r e c u r s o r  p o l y p e p t i d e  encoded f o r  

by R N A l  o f  CPMV ( D o r s s e r s  e t  a l . ,  1984; Eggen et,al., 1988b) .  

The v i r a l  po lymerase  was found t o  be t h e  c o r e  p r o t e i n  

a s s o c i a t e d  w i t h . t w o  h o s t  p r o t e i n s  i n  a membrane bound 
1. 

polymerase  complex.  An endogenous RNA-dependent R N A  polymerase  

h a s  been found i n  u n i n f e c t e d  cowpeas, t h e  a c t i v i t y  o f  which 

i n c r e a s e s  twen ty - fo ld  when p l a n t s  were i n f e c t e d  w i t h  CPMV 

( D o r s s e r s  e t  a l . ,  1 9 8 2 ) .  Biochemical  and immunological  

e v i d e n c e  h a s  shown t h a t  t h e  h o s t  polymerase  was n o t  i nvo lved  

i n  v i r u s  r e p l i c a t i o n .  A membrane bound h o s t  polymerase  was 

a l s o  i d e n t i f i e d ,  b u t  i t  r e p l i c a t e d  o n l y  s h o r t ,  h e t e r o l o g o u s ,  

minus s e n s e  s t r a n d s  o f  v i r a l  R N A .  I t  e x h i b i t e d  no p r e f e r e n c e  f 

f o r  v i r a l  R N A  t e m p l a t e  and i ts  t e m p l a t e  & v i v o  o r  f u n c t i o n  

have n o t  been i d e n t i f i e d  ( D o r s s e r s  e t  a l . ,  1983; Van Der Meer 
L 

e t  a l . ,  1 9 8 4 ) .  In a s i m i l a r  sys tem,  a h o s t  encoded R N A -  

dependen t  RNA polymerase  h a s  been p u r i f i e d  frprn cucQmbers 

i n f e c t e d  w i t h  cucumber mosa ic  v i r u s  (CMV) (Kumarasamy & 

Symons, 1 9 7 9 ) .  T h i s  po lymerase  a l s o  s y n t h e s i z e d  p m a l l  
I 

h e t e r o l o g o u s  R N A  m o l e c u l e s .  



B 

The 60 kDa p r e c u r s o r  p o l y p e p t i d e  from which t h e  VPg.was 
1 

c l e a v e d  was a l s o  membrane bound (Goldbach qt a l . ,  1982; Zabel 

,et al.., 1982). T o  d a t e ,  VPg h a s  o n l y  been  i d e n t i f i e d  -* 
c o v a l e n t l y  a t t a c h e d  t o  v i r a l  RNA,  and n o t  as a f r e e  4 kDa 

p r o t e i n  i n  t h e  c y t o p l a s m  o f  i n f e c t e d  ce l ls .  The VPg o f  
J 

* p o l i o y Z r u s  hag been  i m p l i c a t e d  i n  v i r u s  r e p l i c a t i o n  (Baron  & 

? I, 
Balt imo' re ,  1982)  where t h e  p r o t e i n  may have been a t t a c h e d  t o  

t h e  v i r a l  R N A s  p r i o r  t o  c l e a v a g e  from i ts  p r e c u r s o r  ( r ev i ewed  

i n  Semler e t  a l . ,  1 9 8 8 ) .  I f  CPMV VPg f u n c t i o n s  i n  a  s imilar  

manner d u r i n g  r e p l i c a t i o n ,  t h e  60  kDa p o l y p e p t i d e  may be a n  , 
- 

a t t a c h m e n t  s i t e  i n  t h e  h o s t  membrane f o r  v i ra l 'RNA 

r e p l i c a t i o n .  The m r i t y  o f  v i r u s  r e p l i c a t i o n  may be membrane 

a s s o c i a t e d ,  which is c o n s i s t e n t  w i t h  t h e  l a r g e  number o f  

membranous v e s i c l e s  found i n  p l a n t  t i s s u e s  i n f e c t e d  w i t h  

comovi ruses .  

C y t o p a t h o l o g i c a l  changes  i n  a l l  comovi rus  i n f e c t i o n s  

s t u d i e d  were v e r y  s i m i l i a r  ( F r a n c k i  e t  a l . ,  1 9 8 5 ) .  The most 
0 

common, and v i s i b l e  chahges  were l a r g e  v e s i c u l a t e  f n c l u s f o n s  

i n  t h e  cy top la sm (Van der Scheer  & Groenewegen, 1 9 7 1 ) .  They 

were composed o f  i n t e r c o n n e c t e d  membrane-bound v e s i c l e s ,  which 

o c c u p i e d  t h e  m a j o r i t y  o f  t h e  cy top la sm and were sur rQunded  by 

m i t o c h o n d r i a  and c h l o r o p l a s t s .  Assembled v i r u s  p a r t i c l e s  have 

been obse rved  i n  t h e  v a c u o l e s ,  and i n  t u b e - l i k e  p r o t r u s i o n s  - l' 
e x t e n d i n g  from t h e  ce l l  w a l l ,  which may p a s s - t h r o u g h  t h e  

plasmadesmata ( F r a n c k i  e t  a l . ,  1 9 8 5 ) .  I n f e c t i o n  w i t h  

f r a c t i o n a t e d  R N A l  oFbCPMV r e s u l t e d  i n  t h e  a p p e a r a n c e  o f  



cytoplasmic inclusions in inoculated,tissue (Rezelman et al., 

1982). Therefore RNAl induced cytopathological changes in the 

absence of RNA2. 

' Double-stranded RNA (dsRNA 1,  -the replicative form of the- 

viral genome, was found to co-sediment with virus inclusion 
a 

bodies (Assink et al., 1973). Antibodies specific for non- 

structural proteins of CPMV have been used to locate .proteins 

encoded by the viral genome in the cytoplasmic inclusions 

(Wellink et al., 1988). Ckloramphenicol inhibition of the 70 S 

chloroplast' ribosomes had no effect' on viral protein 

synthesis, but cycloheximide inhibition of the 80 S 

cytoplasmic ribosomes inhibited viral protein synthesis (Owens 

h Bruening, 1975 1 .   heref fore, viral replication required the 

protein synthesis machinery of the cytoplasm,' suggesting that 

viral replication occurred in the cytoplasm. 

Animal picornaviruses and plant comoviruses have many 

similarities and sequence homologies, despite very different 

host ranges and biological properties. Analogous features have 

been recognized between the two vir& families in genomic 

structure, and modes of replication and translation. In both 

virus groups viral replication is located in virally induced 

membranous vesicles. The genomes of comoviruses and 

picornaviruses are ppsitive sense single-stranded RNA (ssRNA), 

with a 5'-linked VPg and a 3'-polyadenylate tail. The genomes 

of both viral groups are translated as large precursor 

polypeptides which are cleaved by a virally encoded protease ' 



-5  

t o  form t h e  f u n c t i o n a l  v i r a l  p r o t e i n s  (Pu tnak  h ~ h i l l i ~ s ,  

Comparison o f ' t h e  genomic o r g a n i z a t i o n  and n u c l e o t i d e  

s equences  o f  t h e  genomes o f  comdvi ruses  and p i c o r n a v i r u s e s  

r e v e a l e d  s t r i k i n g  s imi lar i t ies  ( K i a m u r a  e t  a l . ,  1981;'Nomoto 

e t  a l . ,  1981; Goldbach & Van Kammen, 1 9 8 5 ) .  P i c o r n a v i r u s e s  do  

h o t  have a s p l i t  genome, however t h e r e  i s  an a n a l o g o u s  

a r r angemen t .  i n  t h e  o r d e r  o f  t h e  f u n c t i o n a l  domains o f  t h e  non- 

s t r u c t u r a l  v i r a l  p r o t e i n s  ( F r a n s s e n  e t  a l . ,  1 9 8 4 ) .  

C o n s i d e r a b l e  amino a c i d  homology e x i s t s  between t h e  110 kDa 

p o l y p e p t i d e  o f  CPMV and  t h e  RNA-dependent RNA po lymerases  o f  

p o l i o v i r u s  and foot-and-mouth d i s e a s e  v i r u s  ( F r a n s s e n  e t  a l . ,  

1 9 8 4 ) .  The v i r a l l y  encoded p r o t e a s e s  o f '  p o l i o v i r u s  and CPMV 

b o t h  c l e a v e  g l u t a m i n e - g l y c i n e  d i p e p t i d e s  (N ick1  i n  e t  a 1  , , 
1986; Vos e t  a1 . , 1988 1 .  These f i n d i n g s  i n d i c a t e  t h e r e  is  a n  

e v o l u t i o n a r y  r e l a t e d n e s s  between t h e s e  two b i o l o g i c a l l y  

d i s t t n c t  v i r u s  g r o u p s .  I t  is  nat  known which v i r u s  g roup  

p receded  t h e  o t h e r ,  b u t  t h e  two v i r u s  f a m i l i e s  a p p e a r  t o  have 

e v o l v e d  from common a n c e s t r y  ( r ev i ewed  by Zimmern, 1 9 8 8 ) .  

A number ' o f  conse rved  amino a c i d  m o t i f s  have been 

i d e n t i f i e d  among t h e  RNA-dependent R N A  po lymerases  o f  b o t h  

/ 
animal  and p l a n t  R N A  v i r u s e s ,  some o f  t h e s e  amino a c i d  m o t i f s  

have been i d e n t i f i e d  i n  t h e  p u t a t i v e  RNA-dependent R N A  

polymerase  o f  CPMV (Zimmern, 1 9 8 8 ) .  R e c e n t l y ,  homologies  t o  

t h e s e  amino a c i d  m o t i f s ' h a v e  been found i n  e u k a r y o t i c  and 

p r o k a r y o t i c  h e l i c a s e s  and n u c l e a s e s  (Gorba lenya  e t  a l . ,  19881, 



c o n s e r v e d  amino a c i d  m o t i f s  w i t h i n  t h e s e  r e p l i c a s e s  <were 

g i v i n g  rise t o  a new s u p e r f a m i l y  o f  r e p l i c a t i v e  p r o t e i n s .  The t 

* 

p o s t u l a t e d  t o  form t h e  f u n c t i o n a l  s i t e s  f o r  pyrophospha te ,  

magnesium or '  n u c l e i c  a c i d  b i n d i n g  (Argos,  1988;__Ho,dgman, C 

-- / 

1 9 8 8 ) .  
I 

 ino on^ t h e  p l a n t  v i r u s  g roups ,  comov i ruses  -are r e l a t e d  

more c l o s e l y  t o  n e p o v i r u s e s  t h a n  any o t h e r .  Both v i r u s  g roups  

' have a b i p a r t i t e  genome w i t h  a 5' .-linked VPg and  a 3 ' - l i n k e d  

p o l y a d e n y l a t e  t a i l .  The R N A s  o f  n e p o v i r u s e s  are a l s o  / 
I 

t r a n s l a t e d  a s  one p o l y p e p t i d e  and p r o c e s s e d  by c l e a v a g e  w i t h  a 

v i r a l l y  encoded : rotease  ( M o r r i s - K r s i n i c h  e t  a l . ,  1 9 8 3 ) .  

However, a p a r t  from b i o l o g i c a l  d i f f e r e n c e s ,  t h e  two v f ru ' s  

g r o u p s  have d i f f e r e n t  c a p s i d  s t r u c t u r e s  and genome s i z e s  

(Goldbach & Van Kammen, 1 9 8 5 ) .  P r e s u m a b l y , - t h e  p r imary  

s t r u c t u r e s  and n u c l e o t i d e  s equences  o f  v i r a l  genomes from t h e  

two v i r u s  g r o u p s  i s  d i f f e r e n t  ( R o t t  e t  a l . ,  19881, a l t h o u g h  

t h e r e  may e x i s t  d i s t i n c t  r e g i o n s  o f  homology. 

Tobacco e t c h  v i r u s  (TEV), a member o f  t h e  p l a n t  p o t y v i r u s  

f a m i l y ,  h a s  a  s i n g l e - s t r a n d e d  R N A  ( s s R N A )  genome e n c a p s i d a t e d  

h e l i c a l l y  i n  a l o n g  f l e x u o u s  p a r t i c l e .  The genome o f  TEV is  

t r a n s l a t e d  as a s i n g l e  p o l y p e p t i d e  ( A l l i s o n  e t  a l . ,  19861, and 
1 

p o s t - t r a n s l a t i o n a l l y  c l e a v e d  by a v i r u s  encoded p r o t e a s e  a t  

g l u t a m i n e - s e r i n e  or* g l u t a m i n e - g l y c i n e  d i p e p t  i d e s  ( C a r r  i n g t o n  

e t  al-.,  1 9 8 8 ) .  T h e r e f o r e ,  p r o p e r t i e s  o f  t h e  v i r a l  p r o t e a s e  are 

c o n s e r v e d ' b e t w e e n  u n r e l a t e d  p l a n t  v i r u s e s  and between p , l a n t  

v i r u s e s  and o t h e r  e u k d r y o t i c  v i r u s e s .  

a .  
10 



\ 
~ r k e n i n ~  'et a1 . ( 1973 observed that in rni-xed infectioqs, 

* ' 0  

CPHV-SB interfered with the replication of CPSMV-DG when the 

two viru-ses were co-inoculated' in cowpeas resistant to' CPMV-SB . t 

infect ion. This work examined the extent of interference 

. -between the co-inoculated viruses. The results obtain 
, 2' 

the,basis for postulating a theoretical mekhanism to 

explain the interference phenomenon. To facilitate m this work 
I 

cDNA cxones were prepared from the R N A s  of both- viral genomes. 

Hybridomas secreting dqnoclonal antibodies for either virus 

were isolated and used to study the accumulation of virus in ' - 
infected plants. The monoclonal antibodips were also used to . 

-1 

characterize the antigenic relatedness of CPMV and CPSMV. 



INTRODUCTION : 
- 

b 

The members 'of t h e .  comovi rus  f a m i l y  have v b r y i n g  d e g r e e s  
.. . I Q 

o f  s e r o ? o g i c a l  r e ' l a t e d n e s s  (Bruening ,  1978; Stace-Smi t h ,  

r 1981 1. The s e r o l o g i c a l  r e l a t e d n e s s  o f  CPMV and  CPSMV * h a s  bee; 
. S 

' 
.documented (Agrawal & Maat, 1964; ~ w a a n g  & Van Kammen, 1973):  , 

ki " These two comovi ruses  were c l a s s i f i e d  o z i g i n a l l y  a s  t r a i n s  o f  

t h e  same v i r u s  (Agr'awal, 1964 1; however, a  r e - e v a l u a t i o n , o f  
0 

* 
t h e i r  r e l a t e d n e s s  based  o n  the rma l  i n a c t i v a t i o n  point 's ,  

* d 

s e d i m e n t a t i o n  p a t t e r n s ,  h o s t  r ange  and s y m p t o ~ o l o g y  ( ~ w a a n s  & 

Van Kammen, 1973)  l e d  t o  t h e i r  c u r r e n t  c l a s s i f i c a t i o n  as  two, 

d i s t i n c t  v i r u s e s .  
1. 

Hete ro logous  m i x t u r e s  of t h e  middle  and bot tom components 
-3- 

o f  t h e s e  two v i r u s e s  were n o t  s u c c e s s f u l  i n  e s t a b l i q h i n g  

i n f e c t i o  on  h o s t  p l a n t s  (Van Kammen, 1 9 6 8 ) .  Compe t i t i on  Y. 
h y b r i d i z a t i o n  e x p e r i m e n t s  showed 1 i t t l e  homology i n  n u c l e o t i d e  

s e q u e n c e s  between t h e  R N A s  o f  t h e  N i g e r i a n  s t r a i n  o f  CPMV and 6 

t h e  V s  s t r a i n  o f  CPSMV (Swaans & Van Kammen, 1 9 7 3 ) .  S h o r t  

segments  o f  60% homology, a t  t h e  amino a c i d  l e v e l , ,  have been 

d e t e c t e d  between t h e  p r e d i c t e d  t r a n s l a t i o n  p r o d u c t s  o f  R N A l  o f  

CPMV and CPSMV ( G .  Brushing ,  p e r s o n a l  communica t ion) .  However, 
C 

t h e  d e g r e e  o f  amino a c i d  s equence  homblogy ' shared  by non- 

s t r u c t u r a l  p r o t e i n s  was n o t  n e c e s s a r i l y  i n d i c a t i v e  o f  

s e r o l o g i c a l  r e l a t e d n e s s .  O v e r a l l ,  t h e  n u c l e i c  a c i d  sequence  

homology between R N A 2  o f  t h e  S  s t r a i n  o f  RCMV and R N A 2  o f  



r \  a' 

CPW-SB was found t o  be 6 h 7  (Shanks, e t  al., 1 9 8 6 ) .  The r e g i o n s  
f 

coding;  •’of v i r a l  c a p s i d  p t o i e i n s  c o n t a i n e d  b l o c k s  o f  80% and 

g r e a t e r  homology, y e t  t h e  virus .es  sha red  o n l y  d i s t a n t  

s e r o i o g i c a l  , r e l a t e d n e s s  (Gibbs e t  a1 . , 1968; Stace-Smith, 

1981 1 .  The l a t t e r  observa-t ion was a t t r i b u t e d  t o  t h e  
- 

r e a l i z a t i o n  t h a t  t h e  m a j o r i t y  o f  e p i t o p e s  o f  a n  a n t i g e n  have 

i 
secondary and t e r t - i a r y  s t r u c t u r e ,  and r e p r e s e n t  a 

d i s c o n t i n u o u s  amino a c i d  sequence (Barlow, 1 9 8 6 ) .  . 
* 

s e v e r a l  i s o l a t e s  bf CPMV have been i d e n t i f i e d ,  b u t  t e w  o f  

t h e s e  i s o l a t e s  have been compared s e r o l o g i c a l l y .  Hpwever, 

i s o l a t e s  from Surinam ( S B - i s o l a t e ) ,  N ige r i a ,  Kenya and USA 

were found t o  have a c l o s e  s e r o l o g i c a l  r e l a t e d n e s s  (Van 
- * ..J , 

,Kammen & de J a g e r ,  1978) .  
/ 

I s o l a t e s  o f  CPSMV have been d i v i d e d  i n t o  f o u r  s e r o t y p e s  

( L i n  e t  a l . ,  1984) .  The four  sero-groups had one common , + 

a n t i g e n i c  de te rminan t  and each  group was c h a r a c t e r i z e d  by one 

unique e p i t o p e .  Other a n t i g e n i c  d e t e r m i n a n t s  were sha red  t o  

v a r y i n g  degrees  among t h e  sero-groups .  CPSMV-DG was 

c h a r a c t e r i z e d  -by Beie r  e t  a l .  (19771, and found t o  p o s s e s s  

p h y s i c a l  and biochemical  , p r o p e r t i e s  s i m i l a r  t o  o t h e r  CPSMV 

' i s o l a t e s .  \ 

The s e p a r a t i o n  o f  v i r u s  p a r t i c l e s  i n t o  t h r e e  d i s t i n c t  

bands by e q u i l  i b r  ium-densi t y  g r a d i e n t  c e n t r i f u g a t i o n  was foung 

t o  be c h a r a c t e r i s t i c  o f  ~ c o m o v i r u s e s  (Van Kammen, 1 9 7 2 ) .  

The band$ corresponded t o  empty t o p  component, and middle and 

-bottom-komponents e n c a p s i d a t i n g  v i r a l  R N A 2  and R N A 1 ,  



r e s p e c t i v e l y .  The p a r t i c l e s  appeared t o  be i d e n t i c a l -  

morphologica l ly  (Bruening,  1977; Schmidt e t  a 1  . , 1 9 8 3 ) .  Both 
I 

middle and bottom components were r e q u i r e d  f o r  s y s t e m i c  

i n f e c t i o n  o f  h o s t  p l a n t s  (Bruening & Agrawal, 1967) .  CPMV-SB 

t y p i c a l l y  had a n  equa l  r a t i o  o f  middle t o  bottom component 

(Bruening,  19691, whi le  CPSMV-DG had a  s i g n i f i c a n t l y  g r e a t e r  

amount o f  middle component t h a n  bottom component ( d e  J a g e r ,  

1 9 7 9 ) .  Top component o f  ,CPMV-SB was l e s s  t h a n  5% o f  t h e  t o t a l  

v i r u s ,  whi le  t o p  component compromised a n  even lower 

pe rcen tage  o f  CPSMKTDG .-.4 p r e p a r a t i o n s .  Bruening (196-9) sugges ted  

t h e  format ion  o  component was determined by RNA2 based on 

pseudo-recombi%at io  .experiments ,  us ing  a wi ld  type  s t r a i n  o f  

CPMV and a mutant t h a t  was d e f i c i e n t  f o r  p r o d u c t i o n  of  t o p  

component. De J a g e r  and Van ~ a m m e n . ( l 9 7 0 )  i d e n t i f i e d  a  n i t r o u s  

a c i d  mutant of  CPMV-SB which produced more t o p  t h a n  middle 

component. The muta t ion  was l o c a l i z e d  t o  RNA2 by he te ro logous  

recombinat ion  wi th  wild- type v i r u s .  S ince  RNA2 a l s o  coded f o r  

c a p s i d  poly ,pept ides  (Pelham, 1979 1 ,  t h e  format ion  o f '  s t a b l e ,  

empty v i r i o n s  cou ld  be determined by t h e  pr imary amino a c i d  

sequence o f  t h e  c a p s i d  p o l y p e p t i d e s .  

I n  o r d e r  t o  examine t h e  i n t e r a c t i o n  between t h e s e  two 

v i r u s e s  i n  co - inocu la ted  cowpea l i n e s ,  i t  would b e . e s s e n t i a 1  

t o  i d e n t i f y  e i t h e r  v i r u s  independent  of t h e  o t h e r .  -Monoclonal 

a n t i b o d i e s  have been used t o  d i s t i n g u i s h  between s e r o l o g i c a l l y  

r e l a t e d  v i r u s e s  i n  p l a n t  s a p  (Massa l sk i  & Harr i son ,  1987; 
k 

Dekker e t  a l . ,  1 9 8 8 ) .  There o r e ,  hybridoma c e l l  l i n e ;  were f b 



generated  t h a t - s e c r e t e  a n t i b o d i e s  against CPMV and CPSHV. 
- 



METHODS : 

Virus and p l a n t  stocks. CPSMV-DG s t r a i n  and CPMV-SB s t r a i n  

were o b t a i n e d  from t h e  l a b o r a t o r y  s t o c k s  o f  G .  Bruening .  Both 

v i r u s e s  were m a i n t a i n e d  I n  t h e  cowpea l i n e  V a  gnsuiculata 

Walp. Gal i f o r n i a  Black Eye (BE-5; Vermont Bean Seed Co. 1 . 
V i r u s e s  were i s o l a t e d  i n  o u r  l a b o r a t o r y  a c c o r d i n g  t o  p u b l i s h e d  

p r o c e d u r e s  (Bruen ing ,  1 9 6 9 ) .  P r imary  and seconda ry  l e a v e s  o f  

BE-5 were h a r v e s t e d  7  a'nd 1 4  d a y s  p o s t  i n o c u l a t i o n ,  
\ 

r e s p e c t i v e l y .  I n f e c t e d  t i s s u e  was f r o z e n  on d r y  ice and s t o r e d  

f o r  up t o  1 y e a r  a t  -20 C .  A l l  i s o l a t i o n  p r o c e d u r e s  were 

per formed a t  4 C .  F rozen  t i s s u e  was ground i n  a Waring B lende r  

w i t h  3 m l  p e r  gram o f  l e a v e s  o f  ice c o l d  g r i n d i n g  b u f f e r  (50  

mM po ta s s ium phospha te ,  pH 7 .0 ;  2  mM d i sod ium e t h y l e n e  d i amine  

t e t r a - a c e t a t e  (EDTA) , 56 mM 2-mercap toe thanol ,  79 mM sodium 

b i c a r b o n a t e ) .  The homogenate was f i l t e r e d  th rough  M i r a c l o t h  1 
7 

(CalBiochem) .  The s o l i d s  were r e - e x t r a c t e d  wi th  0 . 5  m l  p e r  
Q 

gram o f  l e a v e s  o f  g r i n d i n g ,  b u i f e r  and a g a i n  f i l t e r e d .  The 

f i l t r a t e s  were combined and c e n t r i f u g e d  a t  15,000 g  f o r  10 

m i n u t e s .  The s u p e r n a t e  was c o l l e c t e d ,  and s t i r r e d  o n  i c e  f o r  

20 minutes ,  w i t h  a n  e q u a l  volume o f  a 1: l  m i x t u r e  o f  normal 

b u t a n o l  and c h l o r o f o r m .  The phases  were r e s o l v e d  by 

c e n t r i f u g a t i o n  a t  7000 g  f o r  10 m i n u t e s .  The upper  aqueous  

phase  was c e n t r i f u g e d  a g a i n  a t  1 5 , 0 0 0 ~  f o r  10 m i n u t e s .  The 

r e c o v e r e d  s u p e r n a t e n t  l a y e r  was a d j u s t e d  t o  0 . 2  M sodium 

c h l o r i d e  and 7% ( w / w  p o l y e t h y l e n e  g l y c o l  (PEG-8000, S igma) ,  



b 

-A-u- and stirred on ice until completely dissolved. The solution 

was stored for 5 hours to overnight. 
I 

The precipitate was collected by centrifugation at 8000 g 

for 10 minutes. *The pellet was washed with 1 ml of 50 mM 

potassium phosphate, pH 7.0; 2 mM disodium EDTA per 20 grams 

of leaves. The extract was re-centrifuged, and the supernates 

were copbined. The virus was recovered by high speed 

centrifugation in a 70Ti rotor (Beckman Instruments) for 2 

hours at 45,000 rpm. The virus pellet was resuspended in 50 mM 
t 

potassium phosphate, pH 7.0. 

The concentration of virus was calculated using 
a 

absorptivity values for 1 mg/ml of 8.1 at 260 nm (Geelen et 

al., 1972). Purity pf virus stocks was confirmed by host range 
& 

and RNA hybridization assays. 

Separation of virus components. Approximately 5 mg of virus 

was diluted to 0.5 ml in gradient buffer (50 mM potassium 

phosphate; 2 mM disodium EDTA, pH 7.0) and layered onto 11 ml- 

of 39% (w/w) caesium chloride in buffer (final concentration 

37.3% w/w). The gradient was centrifuged for 36 hours at 4 C 

at 36,000 rpm in a SW 40Ti rotor (Beckman Instruments). Bands 

were visualized by diffraction of white light, and collected I 

individually by piercing the side of the tube with a syringe 

needle. The gradient fractions containing virus components 

were diluted at least ten-fold with gradient buffer and 

pelleted by centrifugation at 45,000 rpm for 2 hours. The 



p e l l e t s  were re suspended  i n  50 mM p o t a s s i u m  phospha te ,  pH 7 .0 .  

C o n c e n t r a t i o n  o f  t h e  v i r u s  components was c a l c u l a t e d  u s i n g  * 

a b s o r p t i v i t y  v a l u e s  f o r  1 mg/ml o f  6 . 2 " a n d  1 0 . 0  a t  260 nm f o r  

middle  and bo t tom v i r u s  components, r e s p e c t i v e l y ,  and 1 . 2 8  a t  

280 nm f o r  t o p  component (Gee len  e t  a l . ,  1 9 7 2 ) .  

P l a n t  e x t r a c t s .  Cowpeas were i n f e c t e d  w i t h  v i r u s  and samples  

o f  p r imary  i n f e c t e d  l e a v e s  were c o l l e c t e d  5 t o  7 d a y s  a f t e r  

i n o c u l a t i o n .  A d i s c  o f  t i s s u e  ( a p p r o x i m a t e l y  100 m g )  was t a k e n  

w i t h  a #10 c o r k  b o r e r  and s t o r e d  a t  -20 C .  Each d i s c  was 

homogenized i n  600 u l  o f  phospha te -bu f fe red  s a l i n e  (PBS: 140 

mM NaC1,  1 . 5  mM KH2P04, 8 mM Na2HP04, 2 .7  mM KC1, pH 7 . 4 )  p l u s  

0 .05% Tween-20, 1% ovalbumin (S igma) ,  and 0 .1% 

p o l y v i n y l - p y r r o l  i d o n e .  The s u s p e n s i o n  was c e n t r i f u g e d  b r i e f l y .  ; 
\ 

The s u p e r n a t e  was d i l u t e d  1:100 i n  e x t r a c t i o n  b u f f e r  and 100 \ 3 

u l  a p p l i e d  ' to a m i c r o t i t r e  p l  t e  p r e v i o u s l y  c o a t e d  wi th  t h e  d 
f 

immunoglobulin f r a c t i o n  from r a b b i t  serum ( s e e  b e l o w ) .  

V i r u s  p a r t i c l e  d i s r u p t i o n .  V i r u s  p a r t i c l e s  were s u b j e c t e d  t o  
\ 

one o f  two t r e a t m e n t s .  I n  t h e  f i r s t  p rocedure ,  v i r u s  was 

h e a t e d  a t  65 C f o r  1 hour  i n  d i s r u p t i o n  b u f f e r  ( 8  M u r e a ,  0 . 2 %  

2-mercap toe thanol ,  1% sodium dodecy l  s u l f a t e  (SDS) 1 ( W u  & 

Bruening,  1 9 7 1 ) .  The s o l u b l e  p r o d u c t  was d i a l y z e d  o v e r n i g h t  

a g a i n s t  e i t h e r  PBS p l u s  0 .1% 2-mercap toe thanol ,  o r  8  M u r e a  i n  

PBS p l u s  0 .1% 2-mer than01 . P r o t e i n  c o n c e n t r a t i o n s  were 

d e t e r m i n e d  by absor .  dl! nce  a t  280 nm. Samples were f u r t h e r  

d i l u t e d  i n  PBS a s  r e q u i r e d ,  and used d i r e c t l y  i n  p l a t e - t r a p p e d  



E L I S A s .  To 'assess the extent of virion dissociation inducbd by 
4 

this procedure, a sample of treated virus was subjected to gel - 

filtration chromatography, Approximately 5 mg of protein was 

applied to a column of Sephadex G-200 (45 X 2.5 cm) 

equilibfated with 5 M urea, 0.2% 2-mercaptoethanol in PBS. The 

P protein peak was detected by absorbance at 280 nm and protein 

concentration in column fractions was determined by the method 

of Sedmak and Grossberg (1977). Samples from individual 

fractions within the protein peaks were subjected to 

denaturing gel electrophoresis (Laemmli, 1970). 

In the alternate disruption method, virus was incubated 

overnight at 0 C in 2:65 M guanidine-~~l, 1.65 M LiC1, 5 mM 2- 

merca~toethanol, '1 mM boric acid and 0.5 mM NaOH (Wu & 

Bruening, 1971). The precipitate was removed by centrifugation 

and the protein was recovered from the supernatent layer by 

exhaustive dialysis against distilled water at 4 C. The 

material that precipitated during dialysis was collected by 

centrifugation and redissolved in sample buffer ( 5  M urea, 

0.2% 2-mercaptoethanol, in one-quarter strength PBS) by 

heating at 37 C. .Samples of disrupted virus were applied to a 

sephadax G-200 column (90 X 1.5 cm) equilibrated with sample ' 

buffer. The were detected by absorbance at 280 nm and 
.A 

the two protein peaks collected, dialyzed against water, and 

concentrated by lyophil ization. The identification of prote& 

peaks as the large and small capsid protein subunits was 

confirmed (data not shown) by denaturing polyacrylamide gel 



e l e c t r o p h o r e s i s  ( ~ a h r n m l i ,  1970). The d r i e d  samples  were 

r e d i s s o l v e d  i n  sample  b u f f e r  and used  f o r  p l a t e - t r a p p e d  

E L I S A s ,  

R i b o n u c l e a s e  t r e a t m e n t  of  v i r u s .  U n f r a c t i o n a t e d  v i r u s  and 

i s o l a t e d ,  i n t a c t  o r  d i s s o c i a t e d  v i r u s  components were d i a l y z e d  

a g a i n s t  TE b u f f e r  (10 mM T r i s - H C 1 ,  pH 7 . 5 ;  1mM EDTA) and 

exposed  t o  R ibonuc lease  A 1  ( 1  mg/ml; Sigma) f o r  30 m i n u t e s .  

Samples were used  f o r  p l a t e -  o r  an t ibody- t r apped  ELISAs. 

Immuno-blot t ing.  Samples o f  v i r u s  were d i s r u p t e d  i n  u r e a ,  

SDS and 2-mercap toe thanol  a s  d e s c r i b e d  above.  P r o t e i n s  were 

r e s o l v e d , b y  d e n a t u r i n g  g e l  e l e c t r o p h o r e s i s  (Laemmli, 1970)  and 

t h e  p r o t e i n  t r a n s f e r r e d  t o  n y l o n  membranes ( G e n e s c r e e n )  by 
1 

s t a n d a r d  p r o c e d u r e s  ( B u r n e t t e ,  1 9 8 1 ) .  E l e c t r o b l o t t i n g  was done 

a t  4  C a t  250 mA o v e r n i 4 h t  i n  t r a n s f e r  b u f f e r  ( 2 5  mM T r i s - H C 1 ,  

Non- spec i f i c  b i n d i n g  s i t e s  were b locked  w i t h  b l o c k i n g  

b u f f e r  (PBS, 0 .05% Tween-20, 2% f e t a l  c a l f  serum (FCS) 1 a t  

' room t e m p e r a t u r e  fbr 2-4 h o u r s  w i t h  g e n t l e  a g i t a t i o n .  P rob ing  

monoclonal  a n t i b o d i e s  were added i n  b l o c k i n g  b u f f e r ,  and 
i. 

i n c u b a t e d  a s  d e s c r i b e d  above .  The a n t i b o d y  d i l u t i o n  used  was 

s e l e c t e d  t o  g i v e  maximum s i g n a l  r e l a t i v e  t o  background .  Bound 

monoclonal  a n t i b o d i e s  were d e t e c t e d  w i t h  p e r o x i d a s e - l a b e l l e d  

g o a t  ant i -mouse-(IgG & IgM) a n t i b o d i e s  ( K i r k e g a r d  & P e r r y  Lab 
v 

I n c . )  and s u b s t r a t e  s o l u t i o n  ( 0 . 5  mg 4-chloro-1-naphtol  and 

' 0 .03% hydrogen ' p e r o x i d e  i n  1 :5  methanol : PBS) . Between 



. incubation with each antibody, the blots were washed for 10 
\ 

1 

minutes: once with PBS plus 0.05% Tween-20 (PBS-tween), thrice . 

with blocking buffer, and once with PBS-)tween. 

Production of rabbit immunoglobulins. ~ntiserum was prepared 

fromarabbits (Nek Zealand White) following rone subcutaneofls 

.injection of 100 ug virus in Freundfs complete adjuvant and 
$ 

three bi-weekly injections of virus in Freundfs incomplete 

adjuvant. Sera R90 and R94 were prepared from rabbits 
9a 

immunized with CPSMV-DG a ~ d  CPMV-SB, respectively. Serum was 

stored at -20 C as a 1:l sdlution with glycerol. The serum was 

dialyzed against PBS and the immunoglobulin fractidn was 

p&ified on a column of DERE-Sephacel (Trernaine et al., 1985a) 

before being used for trapping. 

Production of hybridoma cell lines. The production and 

culture of hybridomas was essentially as previously described 

(Goding, 1980; Oi & Herzenberg, 1980). Balb/c mice (Charles 

River) were immunized with four to six bi-weekly 

intraperitoneal injections of 50 ug virus in Freund's 

incomplete adjuvant. Three to 5 days before the fusion, the 

mice were primed with a final injection of 1 ntigen without ' 

adjuvant. I 

All further manipulations were done aseptically in a bio- 

hazard laminar-flow hood. Cells were cultured at 37 C in a 10% i 
C02 environment. The media was'supplemented Dulbeccols 

C 

Modified Eagles Medium (DMEM,supplemented with 40 mM sodium 



b i c a r b o n a t e ,  2 mM L-glutamate ,  1 mM p y r u v a t e ,  35 mg/ml 

gen tamycin  s q l f a t e )  p l u s  10-20% h e a t - t r e a t e d  (60  C, 30 
, . 

m i n u t e s )  FCS. NS-1 myeloma ce l l s  were h a r v e s t e d  a t  a log '  phase  

o f  g rowth ,  The s p l e e n s  o f  immunized mice were mace ra t ed  

th rough  c h e e s e c l o t h  i n  DMEM ( n o  FCS) and t h e  ce l l  s u s p e n s i o n  

c o l l e c t e d  w i t h  a p a s t e u r  p i p e t .  The NS-1 and s p l e e n  c e l l s  were 

c e n t r i f u g e d  a t  800 g  f o r  10 minutes ;  t h e  p e l l e t e d  c e l l s  were 

r e suspended  i n  DMEM, and t h e  wash r e p e a t e d  t w i c e .  The cells 

were, combined i n  a c o n i c a l  c e n t r i f u g e  t u b e  and p e l l e t e d .  The 

s u p e r n a t a n t  f l u i d  was removed and t h e  s l u r r y  o f  cel ls  a g i t a t e d  

i n  a t u b e  mixer  ( V o r t e x ) .  C e l l  f u s i o n  was done a t  37 C by 

. a d d i n g  1 m l  o f  50% PEG-8000 i n  DMEM s l o w l y  o v e r  1 minute  w i t h  

a p a s t e u r  p i p e t t e , %  used  a l s o  t o  s t i r  t h e  c e l l '  p e l l e t .  The ce l l  

p e l l e t  was s t i r r e d  f o r  a n  a d d i t i o n a l  m i n u t e ,  An a d d i t i o n a l  1 

m l  o f  DMEM was added o v e r  1 minute  w i t h  s t i r r i n g ,  t h e n  7  m l  o f  

DMEM was s t i r r e d  i n ' o v e r  t h e  n e x t  4 m inu te s .  The s u s p e n s i o n  

was c e n t r i f u g e d  a$ d e s c r i b e d  above and t h e  s u p e r n a t e  

d i s c a r d e d .  The p e l l e t  'was r e suspended  i n  160 m l  o f  H A T  medium 

(80% DMEM, 20% FCS, 1 . 6  mM thymidine ,  1 0  mM hypoxan th ine ,  0 . 0 4  

mH a m i n o p t e r i n ,  5 mM 4 - (  2 -hydroxye thy l  1 - 1 -  

piperazineethanesulfonic a c i d  (HEPES), pH 7 .01 ,  f o r t i f i e d  w i t h  ' ' 

thymocytes  Cobtained from two 4  t o  6-week o l d  mice, and washed 

as  d e s c r i b e d  f o r  t h e  s p l e e n  ce l l s  a b o v e ) .  A l i q u o t s  (200 u l )  o f  -, 

t h e  s u s p e n s i o n  were t h e n  d i s p e r s e d  i n t o  ' e igh t  96-well  c u l t u r e  

p l a t e s  and i n c u b a t e d  a t  37 C .  The app rox ima te  r a t i o  o & s p l e e n  

ce l l s  t o  myeloma cel ls  a t  f u s i o n  was 4 : l .  



Ten to 14 days post-fusion, the media was removed from 

the wells, and replaced with 200 ul of HT (DMEH, 20% FCS, 1.6 

mM thymidine, 10 mM hypoxanthine). The plates were re- 

incubated for approximately 2 ,days, after which the hybridoma 

culture fluids were -screened individually for secretion of 

desired antibodies by both an antibody-trapped and a plate- 

trapped indirect ELISA as described below. Hybridomas that 

tested positive for desired antibody secretion we subjected P 
to a minimum of two cycles of limiting dilutions apd 

rescreening t,o ensure monoclonality and stability of the cell 
, 

lines, Clones which still tested positive were cryo-preserved 
* 

in freezing buffer (DMEM, 20% FCS, 10% dimethylsulfoxide) at - 

70 C f0.r 24 hours, then transferred to liquid nitrogen for 

long-term storage. 

~scites flhid collection. App~oximately lo6 cells were 

collected from culture media and injected intraperitoneally 

into 4 to 8 month old mice treated 1 to 2 weeks previous with 

Pristane (Sigma). The ascites fluid was collected after 7 to 
I 
i 12 > ays, depending on the rate of tumour development. 

Isotyping of monoclonal antibodies. The sub-isotypes or sub- 

classes of antibodies were determined by ELISA. The reagents 

and test antibodies were in kit form (CalBiochem) and used 

according to the manufacturers recommendations. \ 

Ouchterlony assay. The double-diffusion immunoassay'was 

performed in 0 . 7 7  agar in PBS (Stollar & ~evin'e, 1963). 
\ 



b i c a r b o n a t e ,  2 mM L-glutamate, 1 mH pyruvate ,  35 m g / m l  

gentamycin s u l f a t e )  p l u s  10-20% h e a t - t r e a t e d  (60 C, 30 
& 

minutes )  FCS. NS-1 myeloma c e i l s  were h a r v e s t e d  a t  a  log.  phase 

o f  growth. The s p l e e n s  of  immunized mice were macerated 

through c h e e s e c l o t h  i n  DMEM (no  FCS) and t h e  ce l l  suspens ion  

c o l l e c t e d  with a  p a s t e u r  p i p e t .  The NS-1 and s p l e e n  c e l l s  were 

c e n t r i f u g e d  a t  800 g  f o r  10 minutes;  t h e  p e l l e t e d  c e l l s  were 

resuspended i n  DMEM, and t h e  wash repeated twice .  The c e l l s  
v 

were combined i n  a c o n i c a l  c e n t r i f u g e  tube  and p e l l e t e d .  The 

s u p e r n a t a n t  f l u i d  was removed and t h e  s l u r r y  of  cells a g i t a t e d  

i n  a tube  m i x e r . ( V o r t e x ) .  C e l l  f u s i o n  was done a t  37 C by - 

adding  1 m l  of  50% PEG-8000 i n  DMEM s lowly  over  1 minute with 

a  p a s t e u r  p i p e t t e ,  used a l s o  t o  stir  t h e  c e l l '  p e l l e t .  The c e l l  

p e l l e t  was s t i r r e d  f o r  an  a d d i t i o n a l  minute .  'An a d d i t i o n a l  1 

m l  o f  DMEM was added over  1 a n u t e  w i t h  s t i r r i n g ,  t h e n  7 m l  o f  

DMEM was s t i r r e d  i n  over  t h e  n e x t  4 minutes .  The suspens ion  
* 

was c e n t r i f u g e d  a s  d e s c r i b e d  above and t h e  s u p e r n a t e  

d i s c a r d e d ,  The p e l l e t  was resuspended i n  160 m l  o f  H A T  medium 

(80% DMEM, 20% FCS, 1 . 6  mM thymidine,  10 mM hypoganthine,  0 . 0 4  

mM aminop te r in ,  5 mM 4 - (  2-hydroxyethyl 1-1- 

piperazineethanesulfonic a c i d  (HEPES),  pH 7.01,  f o r t i f i e d  with ' 

thymocytes ( o b t a i n e d  from two 4  t o  6-week o l d  mice, and washed 

a s  d e s c r i b e d  f o r  t h e  s p l e e n  c e l l s  a b o v e ) .  A l i q u o t s  ( 2 0 0  u l )  of  

t h e  suspens ion  were t h e n  d i s p p r s e d  into ' e ight  96-well c u l t u r e  

p l a t e s  and incuba ted  a t  37 C .  The approximate r a t i o  o f  s p l e e n  

cel ls  t o  mye1,oma c e l l s  a t  f u s i o n  w4s 4 : l .  



Ten to 14 days post-fusion, the media was removed from 

the wells, and replaced with 200 ul of HT (DMEM, 20% FCS, 1.6 

mM thymidine, 10 mM hypoxanthine 1 . The plates were re- 
incubated for approximately 2 days,\ after which the hybridoma 

culture fluids were screened individually for secretion of 

desired antibodies by both an antibody-trapped and a plate- 

trapped indirect ELISA as described below. Hybridomas that 

tested positive for desired antibody secretion were subjected 

to a minimum of two cycles of limiting dilutions and 

rescreening to ensure monoclonality and stability of the cell' 

lines. Clones which still tested positive .were cryo-preserved 

in freezing buffer (DMEM, 20% FCS, 10% dimethylsulfoxide) at - 

70 C for 24 hours, then transferred to liquid nitrogen for 

b 
long-term storage. 

Ascites fluid collection. A ximately lo6 cells were 

collected from culture media injected intraperitoneally 

into 4 to 8 month old mice treated 1 to 2 weeks previous Lith 1, 
Pristane (Sigma). The ascites fluid was collected after 7 to 

12 days, depending on the rate of tumour development. 

Isotyping of monoclonal antibodies. The sub-isotypes or sub- 

classes of antibodies were determined by ELISA. The reagents 

and tes't antibodies were in kit form (CalBiochem) and used 

according to the manufacturers recommendations. 1 

Ouchterlony assay. The double-diffusion immunoassay was 

performed in 0.7% agar in PBS (Stollar & Levine, 1963). 



Antigen (40 ul of virus at 200 ug/ml) was pipetted into wells 

adjacent to wells containing 40 ul of serially diluted 

antibody solutions in PBS. 

ELISA. Three forms of indirect ELISA were used, antibody- 

trapped, plate-trapped and liquid-phase competition assays 

< (Tremaine et al., 1985bl. For the antibody-trapped assay, 
L ,- 

rabbit immunoglobulins were diluted 1:100 in PBS, and 100 ul 

was incubated ip' each well of a Linbro microtitre plate (Flow 

Laboratories) ouernight at 4 C. Plates were washed with tap 

wate0r, between each successive binding step. The plates were - 

blocked for 2 hours at 37 C with 200 ul of 1% ovalbumin in 

PBS-tween. 1f- the sample was to contain plant extract, 0.1% 

soluble polyvinylpyrrolidone was included in the blocking 

buffer (Clark et al., 1986). The sample antigen was added in 
, 

100 ul of blocking bufferand incubated 2 hours at 37 C or 

overnight at 4 C. For plate-trapped assays, antigen in the 

desired buffer was added directly to microtitre plates and 

incubated overnight at 4 C. The remainder of the assays were 

identical for both antibody- and plate-trapped ELISAs. 

Antibody was added in 100 ul of blocking buffer and incubated 

2 hours at 37 C. The antibody dilution used was selected to 

give maximum absorbance relative to'background with 30 uglml 
8 

antigen. Rabbit, immunoglobulins were diluted 1:100. Monoclonal 

antibodies DG5, DG8, SB3, SB7,,SB8, and SB9 were obtained in 

culture fluid and used diluted 1:l with PBS. Ascites fluid 



e 
containing DG3 was dilwted 1:2000;  DG4 was diluted 1:4000 and 

all others were diluted 1:5000. 

Liquid-phase competition assays were done as described by 

Tremaine et al. (1985a) and Huller et, al. (1986). Antigen 

and murine mahoclonal antibody were incubated together in PBS- 

tween overnight at 23 C. The concentration .of monoclonal 

antibody was adjusted to' ive approximately 75% saturation by P 
plate- or antibody-trapped ELISAs. The resulting mix was added 

(100 ul per well) to microtitre plates with saturating 

amounts of homologous antigen bound to rabbit immunoglobulins 

coated in the wells (Antibody-trapped 1 iquid-phase competition 

assay), or to microtitre plates with saturating amounts of 

antigen bound directly to the wells (pl$te-trapped liquid- 

phase competition assay). The plates were then incubated 2 

hours at 37 C. 1n this way, a relative measure of the free 

murine antibody versus murine antibody bound to the competing 

antigen was obtained. 

In all cases, the quantity of antibody bound was detected 

by incubating the plates for 2 hours with 1 0 0  ul per well of 

either goat antimouse-(IgG + IgM) or goat antirabbit-(IgG + 

IgM) conjugated to alkaline phosphatase (Kirkegard & Perry Lab 

1nc.1. Colour was developed was based on the' conversion o f p -  

nitrophenol phosphate to p-nitophenol (Sigma 1 in 10% 
\ 

die thanolaiine-HC~ , pH 9.8. Absorbance values were determined 

with a microtitre plate reader (Bio-Tek) and the reported 

values are the difference between readings at 4 0 5  and 4 9 5  nm. 



Each a n t i g e n  was t e s t e d  on one p l a t e  wi th  'all a n t i b o d i e s .  

Each experiment c o n s i s t e d  o f  two t o  three  d u p l i c a t e  p l a t e s  and 

t h e  experiments were repeated three  times wi th  t h e  e x c e p t i o n  

o f  tests with guanidine-HC1 disrupted v i r u s  p r o t e i n s ,  t h e s e  

were o n l y  .performed t w i c e .  



. , 

~eneral characterization of 'the monoclohal antibodies. The 

fusion and screening processes 'yielded a number of hybridomas 

that were stabl-e upoa successive recloning and limiting 

D 
dilutions. Antibodies in subclasses IgG, IgM and IgA were 

* 

obtained +'( ~ijbles 1 and 2 1 .  Each of the antiE&dies was tested 
- * 

s, 

\ for its, abhlity to cause the formation of visible precipitln 

lings in the Ouchterlony double-diffusion assay. A total of 
$ 

four antibodies (SB5, DG7, DG8 and DG11) gave obvious 

'- precipitdn lines. 

. Tables 1 and* 2 summarize data from antibody-trapped and 

te-trap~d indirect ELISAs. Both homologous and 
f i  P 

erologous assay results are presented to indicate the 

sgiecificity gf the antibodies in each form of assay. 

Monoclonal antibodies SB2, SB5, DG7, D G 9  and DGll exhibited 
.. 

the greatest selectivi'ty as indicated by much higher assay 

yields in homologaus ELISAs compared to heterologous 

assays. The ability to discriminate between these comoviruses 

was particularly .evident in antibody-trapped ELISAS .- With the 

exception of antibodies SB2 and DG4, the recognition of 

antigen and.the ability to discriminate between the viruses 

was diminished severely in plate-trapped ELISAs. 

, The selectivity of several monoclonal antibodies was 
... 0 

examined, and confirmed by liquid-phase competition assays. 
- 

The soluble phase most closely approximates the native virus 



TABLE 1. Characterlzatlon of monoclonal antibodies 
produced against CPMV. 

1 
MONOCLONAL ISOTYPE OUCHTERLONY ELISA RESULTS 
ANTIBODY L 

ANTI BODY-TRAPPED~ PLATE-TRAPPED~ 
i 

CPMV CPSMV CPMV CPSMV 

' 1. The ELISA a b s o r b a n c e  r e a d i n g s  a b o v e  b a c k g r o u n d  were  g r o u p e d  a s  
f o l l o w s :  > 2 . 5 3 ,  + + + + + + ;  2 . 0 4  - 2 . 5 3 ,  +++++;  1 . 5 4  - 2 . 0 3 ,  ++++;  
1 . 0 4  - 1 . 5 3 ,  + t i ;  0 . 5 4  - 1,.03, tt; 0 . 0 4  - 0 . 5 3 ,  + a n d  < 0 . 0 4 ,  - .  

2. P l a t e s  were  c o a t e d  w i t h  homologous  r a b b i t  imrnunog lobu l ln s ;  
b a c k g r o u n d  = 0 . 0 8 0 .  

3 .  Dackground = 0 . 0 9 5 .  



condition (Muller et al., 19861, as binding to polystyrene 

plates or antibodies can induce distortion of the antigen 

(Tainer et al., 1984). Liquid-phase competition assays 

revealed that in this form of assay, antibodies SB2, 'SB5, DG4 

and DGll were very selective (Figure 1). Antibodies SB4, DG7 

and D G 9  demonstrated similiar selectivity for immunizing 

antigen in this assay (data not shown). These'data are 

consistent with the plate- and antibody-trapped ELISAs. These 

results confirm the isolation of hybridomas secreting 

monoclonal antibodies highly selective ,for each of the ' 

immunizing comoviruses. Results obtained with rabbit 
e 

immunoglobulins are presented for comparison. 

Recognition d f  viral' antigens in plant extracts. One of the 

major incentives for the preparation of monoclonal antibodies 

was to develop an assay system that was capable of 

discriminating between serologically related viruses in 

extracts of infected plants. Table 3 demonstrates the ability 

of the panel of monoclonal antibodies to recognize the 

appropriate viral immunogen in diluted extracts (1:100) of 

virus-infected cowpeas. Undiluted extracts. give a 
I 

proportionally higher absorbance value, but for the purposes 

of comparison, the diluted values are presented. The non- 

specific retention of monoclonal antibodies in sample wells 

containing extracts f,rom uninfected plants is very low, 

suggesting that the antigens recognized by the antibodies are 

not of host origin. Only antibody DG6 produces an 



TABLE 2. Characterization of monoclonal antibodies 
produced against CPSMV. 

MONOCLONAL ISOTYPE OUCHTERLONY ELISA R E S U L T S ~  
ANTI BODY 

A N T I  RODY-TRAPPED~ PLATE-TRAPPED~ 
CPMV CPSMV CPMV CPSMV 

1. For the ranges of ELISA absorbances, refer t o  Table 1. 

2. Antigen was trapped with homologous rabbit immunoglobulins; 
background = 0.050. 



Figure 1. Liquid-phase competition assays demonstrate the 
specificity of monoclonal antibodies for the indicated 
immunogen. Rabbit antibody data are presented for 
comparison. Antibody is incubated with soluble antigen; the 
antibody remaining unbound at this time is then allowed to 
react with antigen bound to the microtitre plate. The 

c, relative ELISA absorbance is therefore a direct reflectipn 
of the amount of unbound antibody after the initial 
incubation period. Soluble competing antigen: CPMV (el;  
CPSMV ( 0 1 .  All assays represented are antibodyLtrapped 
E L I S A s .  



0.0.1 0.10 1.0 10 100 0.01 0.10 1.0 10 100 

Soluble Antigen Concentration (pg/ml) 



+ 

unacceptable, high background value in plant extracts, whereas 

reasonable relative signal and backgroun8,values are found in 

assays of purified virus (Table 2 1 .  This high backgmmd in 
. 

healthy plant extracts suggests that antibody DG6 may be 

against a plant protein contamination of isolated virus. No 

further characterization of this antibody was performed. 

Sensitivity of virus antigen recognition. The presence of 

antigen in plant samples is routinely assayed via an antibody- 

trapped ELISA. To evaluate the utility of these monoclonal 

antibodies for such assays, the limits of detection for the 

antibody-trapped ELISA were determined. Virus was diluted in 

tissue extracts from healthy plants and the mixture assayed 

(Figure 2 ) .  As anticipated, the sensitivity of ELISA was 

highly dependent on the particular antibody employed. Under 

these assay conditions, monoclonal antibodies SB2,  SB5 and 

- DGll enabled detection of 0.05 ug/ml or more of virus, but 

antibody DG4 did not detect virus at less than 5 ug/ml. 
% 

(However, if DG4 was employed in a plate-trapped ELISA, the 

sensitivity was found to increase significantly to 0.05 ug/ml 

(data not shown). SB4 and DG9 were of intermediate 

sensitivity with detection limits of approximately 0.5 ug/ml. 

Recognition of altered conformations of viral antigens. 

During screening and recloning of hybridomas, the secreted 
Y 

pantibodies were tested for their ability to recognize the 

antigen in either an antibody-trapped or a plate-trapped 



TABLE 3. Detection o f  viral antigens in plant extracts 
by antibody-trapped indirect ELISA assays. 

~ONOCLONAL HEALTHY cPnv CPS~V 
ANTIBODY CONTROL 

SB1 0.058 

SB2 0.095 

SB3 0.063 

504 0.060 

585 0.060 

587 0.057 

4 SB8 0.070 

589 0.066 

INFECTED INFECTED 
MONOCLONAL HEALTHY CPMV CPSMV 
ANTIBODY CONTROL 

DG3 0.077 

DG4 0.071 

D65 0.088 

D66 0.133 

067 0.064 

DGB 0.064 

DG9 0.064 

DG11 0.069 

INFECTED INfECTED 



indirect ELISA (Tables 1 and 2 ) .  Significant differences 

between the recognition of antigen in the antibody-trapped t 

versus plate-trapped ELISAs were evident. Binding of several 

monoclonal antibodies to antigen was reduced substantially in 

a plate-trapped ELISA relative to an antibody-trapped ELISA. 

Antibody from hybridomas SB4, SB5, DG3, DG7, DG9, and DGll 

exhibited striking decreases in binding. Conversely, binding 

of SB1, SB3 and S B ~ '  increased, although the differences were 
9 

not as pronounced. Liftle or no change was observed with 

assays using other antibodies (SB2, SB7, SB8, DG4, DG5 and 

DG8 1 .  

The physical binding of antigen to the polystyrene plate 

in a plate-trapped type of immunoassay can cause pronounced 

alteration in particle structure and antigenic character 

(Friguet et al., 1984; Halk, 1986; Muller et al., 1986). Thus, 

antibodies SB4, SB5, DG3, DG7, DG9 and DGll were specific for 

epitopes that were sensitive to the integrity of the virus 

particle; the distortion of virus structure that occurred upon 

binding to the plate modified or concealed the respective 

antigenic determinants and thereby reduced recognition of the 

epitope by antibody. It was also evident that antibodies SB1, 

SB3, and SB9 recognized epitopes that were normally shielded 

from antibody binding in the intact particle, but were more 

accessible as a result of particle deformation on binding to 

the microtitre plate. 

Antibody DG5 bound' to CP with similar avidity in both 



a n t i b o d y -  and  p l a t e - t r a p p e d  ELISAs ( T a b l e  2 ) .  However, D G 5  

bound t o  CPMV o n l y  i n  a n  a n t i b o d y - t r a p p e d  ELISA ( b u t  w i t h  

.lesser a f f i n i t y  compared t o  CPSMV). In a p l a t e - t r a p p e d  ELISA, 

DG5 d i d  n o t  r e c o g n i z e  CPMV. These o b s e r v a t i o n s  s u g g e s t e d  t h a t  

DG5 r e c o g n i z e d  a n  e x t e r n a l  e p i t o p e  o f  CPSMV. CPMV d i s p l a y e d  a n  

e p i t o p e  o f  similiar c o n f i g u r a t i o n ,  b u t  more l a b i l e .  These 

r e s u l t s  may have a r i s e n  from d i f f e r e n c e s  i n  t h e  p r i m a r y  amino 

a c i d  sequence  t h a t  formed t h e  e p i t o p e  d i r e c t l y  a n d / p r  

de t e rmined  t h e  h i g h e f - o r d e r  s t r u c t u r e  o f  t h e  e p i t o p e  ( A 1  

Moudal la l  e t  a l . ,  1985; Motte e t  a l . ,  1 9 8 7 ) .  

R e c o g n i t i o n  o f  v i r d s  p a r t i c l e s  w i t h  a l t e r e d  c o n f o r m a t i o n  

was examined f u r t h e r  by i n c r e a s i n g  t h e  s e v e r i t y  o f  p r o t e i n  

d e n a t u r a t i o n  c o n d i t i o n s .  When v i r i o n s  were i n c u b a t e d  w i t h  SDS 

p l u s  urea.,  t h e  a f f i n i t y  o f  t h e  monoclonal  a n t i b o d i e s  d e c r e a s e d  

w i t h  some n o t a b l e  e x c e p t i o n s  ( 'Tables  4 and 5 ) .  SB2 c o n t i n u e d  

t o  b i n d  s t r o n g l y  t o  t h e  t r e a t e d  v i r u s  p a r t i c l e s .  The b i n d i n g  

o f  a n t i b o d i e s  SB9 and DG4 i n c r e a s e d  s i g n i f i c a n t l y  upon 
4 

d e n a t u r a t i o n  o f  CPMV-SB i n  SDS p l u s  u r e a .  These d a t a  s u g g e s t  

t h a t  t h e  e p i t o p e s  r e c o g n i z e d  by SB9 and DG4 were s h i e l d e d  by a  

r e l a t i v e l y  s t a b l e  s t r u c t u r e  i n  t h e  i n t a c t  v i r i o n .  

Gel f i l t r a t i o n  was used  t o  a s s e s s  t h e  s t a t e  o f  v i r i o n  

d i s r u p t i o n  induced  by e x p o s u r e  t o  SDS p l u s  u r e a .  T h i s  

t r e a t m e n t  o f  e i t h e r  CPMV o r  CPSMV c a u s e d  a  d r a m a t i c  change i n  

t h e  e l u t i o n  p r o f i l e  t o  components o f  lower  mo lecu la r  weigh t  

( F i g u r e  3 ) .  I n t a c t  v i r i o n s  y i e l d e d  a s i n g l e  peak (maximum 

a b s o r b a n c e  i n  f r a c t i o n  201, w h i l e  v i r u s  t r e a t e d  w i t h  SDS p l u s  



P 

Figure 2. Sensitivity of monoclonal antibodies in antibody- 
trapped ELISA. A )  CPMV was serially diluted in plant extract 
and assayed by ELISA. The antibodies tested were: SB2 (el; 
SB (I) and SBS ( 0 1 .  B) Serial dilutions of CPSMV in plant 
e d ract were assayed by.ELISA. The antibodies tested were: 
D G 4  (el; D G 9  (I) and D G l l  ( 0 1 .  The inset axis refers to 

. . 
antibody D G 4 .  
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TABLE 4. Monoclonal antibody binding to altered 
virus conformations in plate-trapped ELISAs. 

MONOCLONAL 
ANTI BODY 

DENATURANT 

SDS +UREA GUANI DI NE 
CPMV CPSMV CPMV CPSMV 

1. For  t h e  r a n g e s  o f  ELISA a b s o r b a n c e s ,  r e f e r  t o  
Table 1; background = 0.095. 



TABLE 5. Honoclonal antibody bindinget~~altered 
virus conformat ions in plate-trapped 'ELISAS, 

MONOCLONAL' 
ANTIBODY 

DGll 

1. For  the 

DENATURANT 

SDS+UREA GUANIDINE 
CPMV CPSMV CPMV CPSMV 

\ ranges cf ELISA absorbances, ~ , e f e r  to 
Table 1; background = 0.085. 



urea produced a-range of molecular weights suggested by the 

broad Oistribution of protein containing-fractions, with the 

maximum occurring at fraction 5 5 .  This behavior implied 

extensive aggregation of the proteins: Wu & Bruening ( 1971 1 

showed .that the large *capsid protein (VP37) was prone to 

v aggregation,,even in the presence of 8M urea. The integrity of 

virions disrupted by exposure to SDS plus urea was also 

analyzed by equilibrium-density gradient centrifugation 

(Figure 4 ) .  The treated virus particl& yielded a single low 

density band suggesting that the disrupted virus particles 

were devoid of nucleic acid. 

Individual column fractions were tested for the ability 

to bind antibodies. Antibody S B 2  recognized protein fractions 
.. - 

representing all molecular weight fractions of CPMV (Figure 
P 

3 A ) .  Rabbit antibodies R91 also. recognized the entire spectrum 

of fractions, in keeping with the polyclonal nature of this 

preparation. Antibodies SB4 and SB5 were specific for intact 

virions, and failed to recognize any of the column fractions. 

An identical p8ttern emerged from analysis of CPSMV treated 
- ,  

-. with SDS plus urea. Antibody DG4 and polyclonal rabbit serum . . 
bound to all column fractions while antibodies DG7, DG9 and 

DGll did not recognize any of the column fracti'ons (Figure 

38'). Neither SB2 nor D G 4  exhibited reactivity in heterologous 

assays of column fractions. 

Guanidine is a more powerful protein denaturant than is' 

urea-SDS, and is particularly effective in dissociating 

y-, 



Figure 3. CPMV ( A )  and CPSMV (B) were&enatured with SDS 
plus urea and the products subjected to gel filtration 
through Sephadex G200 equilibrated with urea. Aliquots of 
the individual fractions were assayed by plate-trapped ELISA 
utilizing monoclonal antibodies. ( A ) :  SB2 (el, SB5 (.I) and 
rabbit antibodies from pool R94 (V). (B): DG4 ( 8 ) ;  DGll (0) 
and rabbit antibodies from pool R90 ( v ) .  Background was < 
0.100. Protein was also determined in each fraction by 
calibration to a B ~ A  standard. The indicated points 
correspond to the el tion of molecular weight st ndards: 1) 8 a blue dextran, 2 X 10 ; 2) yellow dextran, 2 X 10 ; 3 )  
vitamin B12. 
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nucleoprotein complexes (Cox, 1968). Only monoclonal 

antibodies SB2 and DG4 recognized immunogen after guanidine 

8 treatment (Tables 4 and 5 ) .  The ability of these antigenic 

determinants to withstand extensive protein denaturation 

suggests that contiguous epitopes are involved (.Sober et al., 

1988). SB2 clearly reacted with VP37 subunit 'or•’ CPMV with 

little or no recognition of denatured CPSMV proteins (Table 

Epitopes were further examined by immuno-blots of 
e 

denaturing polyacrylamide gels (Figure 5). Antibodies SB2 and 
I 

DG4 reacted in hom~logous assays with VP37. Antibodies SB4, 

SB5, DG7, DG9 and DGll did not yield a detectable signal. 

Selectivity of monoclonal antibodies for denatured virus. 

Many of the selected antibodies were able to distinguish 

between CPMV and CPSMV in plant sap (Table 3 ) .  The degree of 

virus disruption had a marked influence on the ability of some 

monoclonal antibodies to differentiate between viruses (Figure 

6 ) .  Antibody SB1 discriminated between CPMV and CPSMV only if 

virus structure was modified. Structural perturbation 

increased the accessibility of a CPMV epitope, while binding ) 

to CPSMV remained unchanged. Antibodies SB4 and DG3 lost their 

power of differentiation upon denaturation of the virus. 

Antibody DG3 was of particular interest. With increasing 

degrees of perturbation, the ability to recognize CPSMV 

particles diminished, while binding to CPMV-pas enhanced. In 
, . /' 

SDS plus urea, both viruses bound this antibody equally. These 



F i g u r e  4 .  S e p a r a t i o n  o f  CPMV-SB v i r a l  components by 
e q u i l i b r i u m  g r a d i e n t  c e n t r i f u g a t i o n .  A )  S e p a r a t i o n  o f  n a t i v e  
v i r u s  (T=top ,  M=middle, and B=bottom) . B) S e p a r a t i o n  of 
v i r u s  h e a t e d  i n  t h e  p r e s e n c e  o f  u r e a  and SDS ( D = d i s s o c i a t e d  
v i r u s ) .  





TABLE 6 .  Reactivity of monoclonal antibody 
SB2 in plate-trapped ELISAs with virus 

proteins disrupted with guanidine-LiC1. 

PROTEIN SAMPLE (0.3 pg/ml )  ELISA RESULTS'- 

CPMV - DISRUPTED VIRUS +++++ + 

- LARGE SUBUNIT ,(VP37) t t t  
.. 

- SMALL SUBUNIT (VP23) t 

CPSMV - DISRUPTED VIRUS - d 

- LARGE SUBUNIT - 
/- 

- SMALL SUBUNIT 

' *  Y 1. For  the ranges of ELISA absorbances, re" fe r  
to Table 1; background = 0.132. 



Figure 5. ~mmunoblots of capsid proteins. Viral structural 
proteins from CPMV and CPSMV were denatured and resolved by 
discontinuous polyacrylamide gel electrophoresis. 
Representative lanes were stained for total protein while 
the remaining lanes were transferred to nylon membranes in a 
Western blot. Lanes 1 and 2 contain CPSHV and CPMV 
respectively, and were stained with Coomassie Brilliant 
Blue. The large (VP37) and small (VP23) subunits are 
visible. The two electrophoretic forms of VP23 are clearly 
evident. Lanes 3 and 4 contain CPSMV and CPMV respectively 
and were incubated with monoclonal antibody SB2. Lanes 5 and 
6 were CPSMV and CPMV incubated with monoclonal antibody 
D G 4 .  





d a t a  s u g g e s t e d  t h a t  CPMV and CPSMV s h a r e  a common e p i t o p e  t h a t  

is mod i f i ed  o r  s h i e l d e d  by n e i g h b o r i n g  g r o u p s  i n  t h e  i n t a c t  

v i r u s  p a r t i c l e s  o f  CPMV. However, as t h e  d e g r e e  o f  

d e n a t u r a t i o n  o f  t h e  v i r u s  p a r t i c l e  i n c r e a s e d ,  t h e  a n t i b o d y  

e x h i b i t s  p r e f e r e n t i a l  b i n d i n g  t o  CPSMV. 

R e c o g n i t i o n  o f  s e p a r a t e d  v i r a l  components.  The p a n e l  o f  

f i f t e e n  monoclonal  a n t i b o d i e s  were t e s t e d  f o r  t h e i r  a b i l i t y  t o  

d i s t i n g u i s k r ,  i n  homologous b i n d i n g  a s s a y s ,  u n f r a c t i o n a t e d  

v i r u s  and t h e  i n d i v i d u a l  d e n s i t y  components.  The v a s t  m a j o r i t y  

o f  monoclonal  a n t i b o d i e s  bound t o  t h e  u n f r a c t i o n a t e d  v i r u s  and 

t h e  v i r u s  components w i t h  e q u a l  a f f i n i - t y  ( d a t a  n o t  shown) .  

However, a subgroup  o f  monoclonal  a n t i b o d i e s  d e m o n s t r a t e d  

d i s t i n c t  p r e f e r e n c e s  i n  t h e i r  b i n d i n g  p a t t e r n s  f o r  i n d i v i d u a l  
6 

v i r u s  components .  I n  comparing b i n d i n g  a f f i n i t i e s  o f  a n t i b o d y  

t o  t o p  component v e r s u s  middle  o r  bot tom components,  t h e  

c o n c e n t r a t i o n  a t  h a l f  maximal abso rbance  was s h i f t e d  1 t o  2 

l o g  u n i t s  ( F i g u r e  7:  SB5; F i g u r e  8: D G 4 ,  DG9 & D G 1 1 ) .  

Homologous p l a t e - t r a p p e d  ELISAs u t i l m  a n t i b o d i e s  SB5, DG9 

and D G l l  y i e l a e d  g r e a t e r  abso rbance  v a l u e s  f o r  midd le  and 

bot tom components t h a n  f o r  t o p  component. I n  c o n t r a s t ,  p l a t e -  

t r a p p e d  ELISAs w i t h  a n t i b o d y  DG4 d i s p l a y e d  enhanced s i g n a l  

s t r e n g t h  f o r  t o p  component on  a  molar b a s i s .  No d i s t i n c t i o n  i n  

b i n d i n g  a f f i n i t i e s  were obse rved  f o r  any o f  t h e  v i r a l  

components i n  a n t i b o d y - t r a p p e d  ELISAs w i t h  a n t i b o d y  D G 4 .  The 

d a t a  i n d i c a t e d  t h a t  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  



Figure 6. Comparison of antibody cross-reactivity with virus 
of a1 tered conformations. Shaded bars were ' ELISA results 
obtained with CPMV antigen, and the open bars were obtained 
with CPSMV antigen. These values were derived from Tables 1, 
2, 4 and 5. The absorbance values indicated are net 
absorbances; the background absorbances was less than \ 

< 0.100. 
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Figure 7.  A comparison of affinity ELI assays and liquid 
phase competition assays using m0n0cl antibodies against 
CPMV. Affinity assay (left panel): Each CPMV component is 
se-rially diluted and assayed by plate-trapped ELISA. Liquid- 
phase competition assay (right panel): The monoclonal 
antibody is incubated with the indicated antigen; the 
antibody remaining unreacted at the end of the reaction 
period is allowed to bind to whole virus preparation bound 
to microtitre plates pre-coated with homologous polyclonal 
antibodies. Antigen: top component ( 0 ) ;  middle component (MI 
and bottom component ( @ I .  Standard deviation = =/- 10 %. 





- 
recognition of middle versus bottom components by this group 

of monoclonal antibodies. The concentration of virus component 

at one-half maximum absorbance. was constant for top, middle 
, 

and bottom components with antibody SB2 Fn plate- or *antibody- - 
trapped ELISAS. This was consistent with the previous 

\ 

conclusisn that the epitope recognized by SB2 was displayed on 

the virus surface and was not appreciably altered by subtle 

virus conformational changes. 
1 

ossiwlities that the rabbit immunoglobulins used . 

preferentially bound one component, or that the 

virus components exhibited differential binding to the 

. polystyrene microtitre plates were Individual 
I 

'\ / - J  
virus components were allowed to bind directly to microtitre 

! plates, and then c h a 1 , l e W w i  th the' rabbit immunoglobulins; 

, the bound r a b ~ t  antibody G a s  then quantitated. The reiults 
-r 

* 

for 'all three virus components were co-linear .(Figure 9), 
I 

suggesting that the virus components bound to the pl'ates and 
\ 

to the rabbit immunoglobulins with equal affinities. 

As previously noted, binding of antigen to polystyrene 

a .  
plates altered the c and subsequently, the 

antigenic properties Ts minimize the influence of 

b ' \ these factors on measure ent of antibody specificity, 
b 

phase competition assays were performed, utilizing the 
19 

fractionated viral components as competing antigens. 

Recognition of unfractionated PHV in an antibody-trapped 6;; 
ELISA by antibody SB5 was more sensitive to inhibition by 



Figure  8 .  A comparison o f  a f f i n i t y  ELISA and l i q u i d  phase 
cornpetion a s s a y s  u s i n g  m o n o c l o n a l ~ a n t i b o d i e s  a g a i n s t  CPSMV. 
A f f i n i t y  a s s a y  ( l e f t  p a n e l ) :  Each CPSMV c o m p o n ~ n t  is ' , 

s e r i a l l y  d i l u t e d  and assayed  by p l a t e - t r a p p e d  ELISA. Liquid-  
phase c o m p e t i t i o n  a s s a y  ( r i g h t  p a n e l ) :  The monoclonal 
a n t i b o d y  is incuba ted  wi th  t h e  i n d i c a t e d  a n t i g e n ;  t h e  
a n t i b o d y  remaining u n r e a c t e d  a t  t h e  end o f  t h e  r e a c t i o n  
p e r i o d  is  al lowed t o  b ind  f o  whole v i r u s  p r e p a r a t i o n  bound 
t o  m i c r o t i t r e  p l a t e s  pre-coated  wi th  homologous p o l y c l o n a l  
a n t i b o d i e s .  Antigen: t o p  component (0); middle component (-1 
and bottom component ( + I .  S tandard  d e v i a t i o n  = + / -  10 %. 
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midd le  o r  bo t tom components t h a n  by t o p  component ( F i g u r e  7). 

T h i s  was i n  a c c o r d  w i t h  t h e  d i m i n i s h e d  a f f i n i t y  f o r  t o p  

component n o t e d  i n  s i m p l e  a f f i n i t y  a s s a y s .  S i m i l a r l y ,  b i n d i n g  

o f  DG4 t o  CPSMV-DG i n  a 1 iqu id-phase  c o m p e t i t i o n  a s s a y  was 

i n h i b i t e d  a t  lower  molar c o n c e n t r a t i o n s  o f  t o p ,  t h a n  middle  o r  

bot tom components ( F i g u r e  81,  r e f l e c t i n g  a g r e a t e r  a f f i n i t y  

f o r  empty c a p s i d s .  These o b s e r v a t i o n s  c o r r o b o r a t e  t h e  r e s u l t s  

o f  t h e  a f f  i n i t y  a s s a y s .  L iqu id-phase  c o m p e t i t i o n  a s s a y s  w i t h  

DG4 were a n a l y z e d  by p l a t e - t r a p p e d  ELISA, because  DG4 bound " 

u n f r a c t i o n a t e d  CPSMV a t  100- fo ld  ' l ower  c o n c e n t r a t i o n  i n  

a n t i b o d y - t r a p p e d  compared t o  p l a t e - t r a p p e d  ELISAs ( F i g u r e  2B) . 

None o f  t h e  v j r u s  components e x h i b i t e d  p r e f e r e n t i a l  

i n h i b i t i o n  o f  t h e  b i n d i n g  o f  monoclonal a n t i b o d i e s  DG9 and 

DGll t o  CPSMV i n  a n t i b o d y - t r a p p e d ,  1 iqu id -phase  c o m p e t i t i o n  

ELISAs, a l t h o u g h  d i f f e r e n c e s  had been o b s e r v e d  i n  t h e  a f f i n i t y  

a s s a y s  ( F i g u r e  8 ) .  I t  h a s  been  demons t r a t ed  t h a t  DG9 and DGll 

d i d  n o t  r e c o g n i z e  t h e  d i s s o c i a t e d  v i r u s  ( T a b l e s  2 & 5 ) .  These 

o b s e r v a t i o n s  s u g g e s t e d  t h a t  t h e  b i n d i n g  o f  t o p  component, b u t  

n o t  middle  and bot tom components,  t o  t h e  ELISA p l a t e s  caused  

d e f o r m a t i o n  oE t h e  v i r a l  component.  Th i s ,  i n  t u r n ,  imp l i ed  

t h a t  e n c a p s i d a t i o n  o f  R N A  s t a b i l i z e d  v i r i o n  c o n f o r m a t i o n a l  

i n t e g r i t y .  S t r ~ ~ t u r a l  d i f f e r e n c e s  induced  by a n t i b o d y  b i n d i n g  
& 

t o  a  s o l i d  s u p p o r t  have been d e m o n s t r a t e d  i n  o t h e r  s e r o l o g i c a l  

a s s a y  sys t ems  ( T a i n e r  e t  a l . ,  1984;  Koenig & Tor rance ,  1 9 8 6 ) .  
P 

Through t h e  e x p e r i m e n t s  d e s i g n e d  t o  e v a l u a t e  a n t i b o d y  

r e c o g n i t i o n  o f  a 1  t e r e d  v i r u s  c o n f o r m a t i o n ,  SB2 p r o v i d e d  a  



Figure 9. A comparison of affinity ELISA and liquid phase 
competition assays using rabbit antibodies against either 
CPMV or CPSMV. Affinity assay (left panel): Each CPMV and 
CPSMV component is serially diluted and assayed by plate- 
trapped ELISA. Liquid-phase competition assay (right panel): 
The monoclonal antibody is incubated with the indicated 
antigen; the.antibody remaining unreacted at the end of the 
reaction period is allowed to bind to whole vires 
preparation bound to microtitre plates pre-coated with 
homologous palyclonal antibodies. Antigen: top component 
( 0 ) ;  middle component (I) and bottom component ( * I .  Standard 
deviation = + / -  10 %. 
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negative control with no differentiation between top, middle 

or bottom components in the affinity or the liquid-phase 

competiti'on assay, using either plate- or antibody-trapped 

Early reports of double-diffusion assays (Bruening & 
t 

Agrawal, 1967) suggested that rabbit antisera did not 

distinguish between virus fractions. These observations were 

supported by simple dilution curves (Fig re 9). However, 4 \ 
liquid-phase competition assays revealed a difference in 

affinity: top > middle, bottom. Differences between dilution 

curves and competition assays have been observed in other 

protein systems (Muller et al., 1986) and have been attributed 

to extensive deformation of the antigen caused by antibody- 

antigen binding (Getzoff et al., 1987). Formation of the 

antigen-antibody complex results in conformational changes to 

the structure of the antigen, exposing new antigenic sites on 

the viral top component. It has be.en documented that 

immunizing antigens can dissociate when injected into the 

an'imal (Van Regenmortel, 1982.), and antibodies are produced 

against epitopes not identified in the native structure of the 

antigen. These antibodies can result in multiple p ~ r s e l  
J 

lines in Ouchtelony assays (Van Regenmortel & Lelarge, 1973). 

Recognition of dissociated viral components by monoclonal 

ahtibodies. Monoclonal antibodies SB2 and DG4 have been shown 

to recognize antigenic determinants after the unfractionated 

virus was dissociated by heating in the presence of SDS plus 



urea (Figures 4 & 5, respectively). The individual top, middle 

and bottom components were dissociated by this procedure and 

evaluated for their ability to bind monoclonal antibodies. 

Neither antibodies SB2 nor DG4 demonstrated a differential 
r-" 

affinity for any one of the three ddssociated viral 

components. This supported the understanding that, upon the 

encapsidation of RNA, there was no alteration in the primary 

structure of the capsid proteins. Although these data did not 

preclude proteolytic cleavage remote from these epitopes, it 

was more probable that differences in secondary and tertiary 

structure occurred as a consequence of RNA encapsidation. 

Effect of ribonuclease treatment on the antigenicity of virus. 

Th'e direct participation of RNA in defining antigenic sites 

was evaluated. There was no alteration in the specificity of. 

the monoclonal antibodies as a result of ribonuclease 

treatment. This was consistent with RNA being completely 

shielded within the protein shell. Dissociated virus particles 

were also subjected to ribonuclease treatment. Nuclease 

digestion did not alter the antigenicity of the dissociated 

virus (Table 71, suggesting the RNA did not participate 

directly in any of the antigenic determinants recognized by 
,- -- ~--\ 

the panel of monoclonal antibodies. A1 ternatively, the protein 

subunits may have bound RNA very tightly and protected short 

segments of RNA from nuclease attack. The latter regions, if 

they occurred, could be part of the quaternary structure of an 



a n t i g e n i c  determinant.  The present  data d i d  n o t  d i s t i n g u i s h  

between t h e s e  possibilities. 



1 
Table7 . Effect of Ribonuclease A1 treatment on the 

antigenicity of comoviruses. 

Antibody: SB2 R9 1 DG4 R90 

i) undissociated virus: 

virus + BSA + + + + + +  + + + + +  + +  + + + + + +  

virus + RNase + + + + + +  + + + +  + +  + t + + +  

i i )  dissociated virus: 
* 

>> TE + RNase; >> PBS + + - + + 

>> TE;  >> PBS - - - + + 

>> TE + RNase; >> PBS/urea + t + t + t t t t t  

>> T E ;  >> PBS/urea + + t + + + + t t + 

>> TE + t t + +  + + + + + +  + + t t  

)> PBS + + + +  + + +++  + + + 

>> PDS/urea + + +  + +  t t t t  

1. Unfraction&i?d intact CPMV at 30 pg/ml was treated with either 
BSA or Ribonuclease A 1  at 1 mg/ml. Virus was dissociated with 
SDS plus urea and then dialysed against the indicated buffer. 
See text for buffer composition and assay conditions. 

indicates a dlalysis step. 

2. The ELISA absorbance readings above background were grouped as 
follows: >2.53, + + + + + + ;  2.04 - 2.53, + + + + + ;  1.54 - 2.03, 
++++; 1.04 - 1.53, t t t ;  0.54 - 1.03, ++;  0.04 - 0.53, + and 
<0.04, - .  Background = 0.090. 



DISCUSSION: 

Monoclonal a n t i b o d i e s  f r e q u e n t l y  form t h e  c o r n e r s t o n e  of  

ELISAs: A s  f o r  many o t h e r  v i r u s  groups,  monoclonal a n t i b o d i e s  

a g a i n s t  two comoviruses  p rov ide  a  means o f  d i s t i n g u i s h i n g  

between two s e r o l o g i c a l l y  r e l a t e d  v i r u s e s ,  and o f f e r  i n c r e a s e d  
d 

s e n s i t i v i t y  i n  e v a l u a t i o n  o f ' c r u d e  p l a n t  e x t r a c t s  (Dekker e t  

1 1988; Massalski & Harr ison ,  1987; Torrance e t  a l . ,  1986) .  

Monoclonal a n t i b o d i e s  have been used s u c c e s s f u l l y  f o r  t h e  

a n t i g e n i c  a n a l y s i s  of many v i r u s e s  ( I c e n o g l e  e t  a l . ,  1981; 

Koenig & Torrance,  1986; Tremaine e t  a l . ,  1 9 8 5 a ) .  While 

v i r t u a l l y  t h e  e n t i r e  s u r f a c e  of  an  a n t i g e n  is a v a i l a b l e  a s  a  

p o t e n t i a l  e p i t o p e  (Benjamin e t  a l . ,  1984; Muller  e t  a l . ,  

4986 1 ,  monoclonal a n t i b o d i e s  permi t  unique topograph ic  
e 

k t u r e s  t o  be examined and compared i n d i v i d u a l l y .  

Treatment o f  comoviruses  w i t h  SDS p l u s  u rea  o r  gua'nidine- 

l i t h i u m  c h l o r i d e  compromised t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  

p a r t i c l e .  However, t h e  a b i l i t y  o f  the  s u b u n i t  p r o t e i n s  t o  

r e a s s o c i a t e  d i f f e r s  d r a m a t i c a l l y ;  depending on t h e  method o f  

v i r u s  d i s s o c i a t i o n .  Denaturat-ion w i t h  SDS p l u s  u r e a  y i e l d s  

p r o t e i n  a g g r e g a t e s  i n t e r m e d i a t e  between i n d i v i d u a l  p r o t e i n  

s u b u n i t s  and i n t a c t  v i r i o n s .  The a g g r e g a t e s  e l u t e d  as a  s i n g l e  

broad peak from g e l  d i l t r a t i o n ,  and c o n s i s t e d  o f  both  VP23 and 

VP37, a s  i n d i c a t e d  b y  g e l  e l e c t r o p h o r e s i s  ( d a t a  n o t - s h o w n ) .  I n  

c o n t r a s t ,  guan id ine - l  i t h i u m  c h l o r i d e  al lowed i n d i v i d u a l  

p r o t e i n  s u b u n i t s  VP23 and VP37 t o  be r e s o l v e d  by g e l  

f i l t r a t i o n .  



Several monoclonal antibodies recognized virions 

denatured with SDS plus urea, but failed to bind to particles 

treated with guanidine-lithium chloride. Antibodies SB2 and 

DG4 recognized epitopes not direct.1~ involved in the 

interaction between subuni ts .'  oreo over, the data indicated 
e 

that the sites of SB2 and DG4 binding are defined by linear 

amino acid sequences. 

The ability of monoclonal antibodies to exhibit 

differential binding in antibody- and pelate-trapped ELISAs is. 

a scenario seen with many virus groups (Dekker et al., 1987; 

McCullough et al., 1985; Tremaine et dl., 1985b). It has been 

postulated that the native conformation of the antigen is 

altered upon binding to the polystyrene plate in a plate- 

trapped ELISA. Antibody-trapped ELISA procedures, where the 

antigen is bound to a primary, homologous antibody coat, are 

preferable for studying thehantigen in a conformation more 

closely related to its native structure (Altschuh et al., 

1985). The preferred reactivities of antibodies SB4, SB5, DG6, 

DG7, DG8, DG9, and DGll in antibody-trapped compared to plate- 

trapped ELISAs is demonstrative of this observation. The 

influence that ant4igen conformation exerts on cross-reactivity 

must be recognized in designing experimental protocols where 

serologically related viruses may be encountered. Present data 

and data from other plant virus studies demonstrated that the 

assay system can influence the ability of monoclonal 

antibodies to distinguish between viruses (Altschuh et al., 



1985; Dore et a1 . , 1987 1. 

Using the sum of the information presented above, A 

antibodies were classified in accordance with characteristics 

of th-r antigen binding properties. Based on observations of 
I 

whether the antibody reacted preferentially with native or 

disrupted virions, the antibody recognition sites were 

classified as either external or internal sites (i.e..sites 

not exposed in the intact, native conform%kion of the virion) 

(Table 8). Within the group of external antigenic 

determinants, some were stable and unaffected by conditions of 

protein denaturation. Others were labile; recognition of these 

sites was lost by modification of virus structure. These 

epitopes were likely defined by discontinuous amino acid 

sequences. It is expected that within any panel of monoclonal 

antibodies, many will be specific for discontinuous sites 

(Barlow, 1986). This was clearly demonstrated by monoclonal 

antibodies elicited against tobamoviruses (Altschuh et al., 

19851, potexviruses (Koenig & Torrance, 1986) and now for 

these representative comoviruses. 

Antibody DG5 has unique characteristics. DG5 bound to a 
t 

stable, external epitope on CPSMV, but recognized a labibe, 

external epitope on CPMV, indicating the two viruses share an 

external epitope with partial structural homplogy. 
0 

The cross-reactivity of a number of monoclonal antibodies 

suggested many antigenic sites are conserved. All antibodies 

that recognized internal epitopes were cross-reactive, while 



TABLE 0 .  Summary of antibody binding activity. 

EPI TOPE MONOCLONAL ANTIBODY 
ANTI -CPMV ANTI -CPSMV 

STABLE : S B 2 ,  S B 7 ,  S B 8  . D G 3 ,  DG4, DG5 

LABILE: S B 4 ,  S B 5  DG7, DG8, DG9, B G l l  

INTERNAL: S B 1 ,  S B 3 ,  SB9 



a n t k b o d i e s  a g a i n s t  exposed  sites r e p r e s e n t e d  b o t h  c r o s s - '  
J 

r e a c t i v e  and  non-cr -oss - reac t ive  a n t i b o d i e s .  T h i s  p a t t e r n  is - 
1. 

similar  t o  many nimal  v i r u s  sys t ems  where t h e  s u r f a c e  4 
a n t i g e n s  tend .  t o  bk v a r i a b l e  i n  a n  a t t e m p t  t o  oveycome t h e  

h o s t ' s  immune sys tem,  w h i l e  t h e  i n t e r n a l  o r  s t r u c t u r a l  

a components- a r e  more h i g h l y  conse rved  (Sheshbe rpda ran  e t  a l . ,  
C ,  

1983. Van Wyke e t  a l . ,  1 9 8 4 ) .    he c o n s e r v a t i o n  o f  t h e s e  
5 

r e g i o n s  w i t h i n  p l a n t  v i r u s e s  m a y , r e f l e c t  i m p o r t a n t  f u n c t i o n a l  

p" 
\ .. 

r o l e s  i n  v i r u s  s u r v i v a l .  
d 

Characteristic o f  many comovi ruses ,  empty v i r i o n  s h e l l s  

o f  CPHV c a n  be assembled  devo id  o f  v i r a l  R N A .  Morpholo$ical ly ,  
' >  

a P 'e*ty v i r i o n s  anno't  be  d i f f e r e n t i a t e d  from middle  and bot tom'  

components.  ~ l h e  a f f i n i t y  o f  . t h i s  pane l  o f  monoclonal  

a n t i b o d i e s  f o r  t h e  s e p a r a t e d ' v i r a l  components was a s s e s s e d  t o  2 
d e t e r m i n e  i f  R N A  e n c a p s i d a t i o n  a l t e r e d  t h e  t h ree -d imens iona l  

p r o f i l e  o f  t R e  v i r u s  p a r t i c l e  and c o n s e q u e n t l y ,  t h e  a n t i g e n i c  . 

/ s t r u c t u r e  o f  t h e  v i r a l  c a p s i d .  A n t i b o d i e s  SB5 .and DG4 had a 
h, 

' gred t ; r  a f f i n i t y  f o r  ~ ~ ~ - b o n t a i n i n ~  v i r i o n s  and empty v i r a l  

s h e l l s ,  r e s p e c t i v e l y .  I n c o r p o r a t i o n  o f  R N A  i n t o  t h e  c a p s i d  
* .  

- m o d i f i e d  t h e  s u r f a c e  a n t i g e n i c i t y  o f  t h e  v i r i o n .  R ibonuc lease  

d i g e ; t i o n  had no e f f e c t  on t h e s e  o b s e r v a t i o n s .  A s  e x p e c t e d ,  
1 

, t h e  RNA d o e s  n o t  d i r e c t l y  d e f i n e  t h e  a n t i g e n i c  s i t es .  
2 m 

L 
" One p o s s i b i l i t y  t o  a c c o u n t  f o r  d i f f e r e n c e s  i n  t h e  

e 
a n t i g e n i c  behav io r .  o f  d i f f e r e n t  v i r a l  c e n t r i f u g a l  components 

wouldl be  the. a s s o c i a t i o n  o f  v i r a l  c a p s i d  p r o t e i n  p r o c e s s i n g  

r 

w i t h  t h e  e h c a p s i d a t i o n  o f  R N A .  F u r t h e r  m o d i f i c a t i o ~  o f  i n t a c t  
, "  

a 
a?' 





response to RNA encapsidation. A 1  though these are novel 

observations for the bonoviruses, simil iar traits have .been 

. demonstrated in related virus systems. Artificially induced * 

empty capsids of picornaviruses (Frassen et al-., 1984) showed 

definite modification of their antigenic determinants 

4 (Icenogle et al,, 1981; Meloen et al., 1979; , ombaut et al., 

1982). Circular dichroism analysis of the isometric plant 

virus turnip yellow mosaic virus provided clear evidence that 

encapsidation of R N A  was associated with conformational 
\ 

changes within the protein shell (Tamburro et al., 

The monoclonal antibodies produced against 
Ll  

recognized external epitopes specific for the immunizing 

virus, and internal epitopes, some of which were present on 

both of the viruses. The majority of the monoclonal antibodies 

recognized antigenic determinants formed by discontinu.ous 

amino acid sequence. The specificity of these monoclonal 

antibodies was utilized to distinguish between these related 
& 

viruses without interference or background signal from the 

other. Two monoclonal antibodies, one each specific for CPMV 

and CPSMV, exhibited differential binding between fractionated 

top, and middle and bottom viral components. Therefore, 

encapsidation of viral R N A  by the capsid polypeptides of both 

CPMV and CPSMV apparently alters the three-dimensional 

conformation of the viral particles. 



INTRODUCTION: 
3 .  

McKinney ( 1 9 2 9 )  d e m o n s t r a t e d  t h a t  i n f e c t i o n  o f  a p l a n t  

w i t h  one s t r a i n  o f  a v i r u s  c a n  induce  r e s i s t a n c e -  i n  t h e  p l a n t  

a g a i n s t  i n f e c t i o n  by a n o t h e r  s t r a i n  o f  t h e  same v i r u s .  T h i s  

--&. 
o b s e r v a t i o n  has  l e a d  t o  many s t u d i e s  and numerous t h e o r i e s  t o  

e x p l a i n  t h e  phenomena o f  a c q u i r e d  r e s i s t a n c e ,  c r o s s - p r o t e c t i o n  

and i n t e r f e r e n c e  ( r e v i e w s  by:  Dodds & H a m i l  t on , '  1976; F r a s e r ,  

1987; Hamilton,  1980; Z a i t l i n ,  1 9 7 6 ) .  

The t e r m i n o l o g y  p e r t a i n i n g  t o  t h e s e  b i o l o g i c a l  phenomena 

h a s  been  i n c o n s i s t e n t .  T h e r e f o r e ,  t h e  terms are d e f i n e d  as  

t h e y  a p p l y  i n  t h i s  work. I n  many examples  i n f e c t , i o n  o f  a  p l a n t  

w i t h  one s t r a i n  o f  a v i r u s  ( i n d u c e r  v i r u s )  p r o t e c t $  t h e  same 

p l a n t  a g a i n s t  i n f e c t i o n  by a n o t h e r  s t r a i n  o f  t h e  same v i r u s ;  

o r  a g a i n s t  i n f e c t i o n  by a d i f f e r e n t  v i r d s  ( c h a l l e n g e r  v i r u s )  

(Hami l ton ,  1 9 8 0 ) .  T h i s  i s  known a s  a c q u i r e d  r e s i s t a n c e ;  t h e  

p l a n t  h a s  g a i n e d  r e s i s t a n c e  a g a i n s t  t h e  c h a l l e n g e r  v i r u s  a s  a 
r 

r e s u l t  o f  p r i o r  i n f e c t i o n  by t h e  i nduce r  v i r u s .  I f  t h e  i n d u c e r  
4 

and c h a l l e n g e r  v i r u s  c a n  be used r e c i p r o c a l l y ,  t h e  te,rm c r o s s -  

p r o t e c t i o n  b e s t  d e s c r i b e s  t h e  phenomenon (Hami l ton ,  1980):  

P r o t e c t i o n  is a measure  o f  t h e  d e l a y  o f  symptoms e l i c i t e d  

by t h e  c h a l l e n g e r  v i r u s .  "he e x t e n t  of  p r o t e c t i o n  c a n  be 

e x p r e s s e d  a s :  1)  a d e c r e a s e  i n  t h e  number o f  l e s i o n s  

(Thomson, 195,9); 2) a  d e c r e a s e  i n  t h e  mean s i z e  o f  t h e  



lesions (Davis and Ross, 1968); 3 )  a decrease in the 

concentration of challenger virus in the infected plant 

(Zaitlin, 1976); or 4 )  a delay or total prevention in the 

expression of symptoms by the challenger virus (Fulton, 1951). 

The response initiated by an inducer virus can 1ea.d to 

either local or systemic acquired resistance. Local acquired 

resistance refers to tissue primarily inocu1aTyd with the 
I 

inducer virus showing varying degrees of residance to 

subsequegt inoculation by the same or a different virus 
1 .  

(Ross, 1961a). Systemic acquired resistance is the same 

phenomenon as the former, only manifested systemically (Ross, 

l96lb). 

In systems exhibiting either acquired resistance or 

cross-protection the challenger virus is .inoculated af ter the 

inducer virus has initiated replication in the primary 

inoculated leaves. If the symptoms caused by the challenger 

virus are suppressed when it is co-inoculated with the inducer 

>virus, the phenomenon is described as interference. The 

biological system studied herein is interference. The majority 

of systems studied are representative of either acquired 

resistance or cross-protection; however, there is no reason to 

assume some of the molecular mechanisms which characterize the 

former cannot apply also to the phenomenon of interference. 

Initial studies of acquired resistance were conducted 

with different strains of the'same virus (Fulton, 1951; Thung, 

19321, hoflever acquired resistance has since been demonstrated 

6 4  



fl 

u s i n g  two d i f f e r e n t  v i r u s e s  ( F u l t o n ,  1975; K a s s a n i s  e t  d l . ,  
I 

1 9 7 4 ) .  I n  g e n e r a l ,  t h e  e x t e n t - o f  p r o t e c t i o n  a g a i n s t  t h e  

c h a l l e n g e r  s t r a i n . w a s  a c c e p t e d  as  a  r e f l e c t i o n  o f  t h e  

r e l a t e d n e s s  o f  t h e  two v i r u s  s t r a i n s  (Hami l ton ,  1980 1 .  I n i t i a l  
, ? 

s t u d i e s  examined t h e  b i ~ l o g i c a ~ p r o p e r t i e s  o f  t h e s e  mixed 

i n f e c t i o n  e x p e r i m e n t s .  The o p t i m a l  c o n d i t i o n s  f o r  *many v i r u s  

d u e t s  e x c b i t i n g  a c q u i r e d  immunity- were d e t e r m i n e d  based  on  

symptom e x p r e s s i o n  ( F u l t o n ,  19511, a n d ' f r o m  t h e s e  s t u d i e s  
II 

t h e o r i e s  of  c r o s s - p r o t e c t i o n  were f o r m u l a t e d  t o  e x p l a i n  t h e  

b i o l o g i c a l  o b s e r v a t i o n s .  I t  was n o t  u n t i l  r e c e n t l y  t h a t  some 

o f  t h e  under1  y i n g  mo lecu la r  mechanisms r e s p o n s i b l e  f o r  t h e s e  

o b s e r v a t i o n s  have become u n d e r s t o o d  (Hemenway ~t a1 . ,. 1988; 

Loesch-Fr i e s  e t a 1  . , 1987 1 . , 
~ e t a b o l i c  s t r e s s  i n  t h e  p l a n t  As a  r e s u l t  o f 6  i n d u c e r  

v i r u s  r e p l i c a t i o n  h a s  been s u g g e s t e d  a s - t h e  c a u s e  f o r  t h e *  - 
dec reased '  i n f e c t i v i t y  o f  t h e '  c h a l l e n g e  v i r u s  4Hamil t on ,  1980 1 .  

A 1  though s t r e s s  h a s  been a c c e p t e d  as a n  u n d e r l y i n g  c o n d i t i o n  

i n  i n o c u l a t e d  p l a n t s ,  l i t t l e  o r  no d i r e c t  e v i d e n c e  h a s  been 
' 

p r e s e n t e d  t o  i n d i c a t e  s t ress  was s p e c i f i c a l l y  r e s p o n s i b l e  f o r  

a c q u i r e d  r e s i s t a n c e  a g a i n s t  t h e  c h a l l e n g i n g  v i r u s .  I n  some 

case ;  o f  mixed i n f e c t i o n s  a s y n e r g i s t i c  i n c r e a s e  i n  t h e  

a c c u m u l a t i o n  o f  e i t h e r  o r  b o t h  v i r u s e s  h a s  been r e p o r t e d  

(Goddman & Ross,  1 9 7 4 ) .  Fu r the rmore ,  m e t a b o l i c  stress has  n o t  

been  c o o r d i n a t e d  w i t h  t h e  obse rved  s p e c i f i c i t y  o f  t h d  

i n d u c e r / c h a l l e n g e  v i r u s  m m b i n a t i o n .  



- 
a 

I n h i b i t o r s  induced  b y  v i r u s  i n f e c t i o n  have been  

i m p l i c a t e d  i n  p r o t e c t i n g  t h e  i n f e c t e d  p l a n t  from f u r t h e r  

i n f e c t i o n  (Hami l ton ,  1 9 8 0 ) .  Acquired r e s i s t a n c e  o r  s y s t e m i c  

r e s i s t a n c e  was induced  i n  t obacco  p l a n t s  c o n t a i n i n g  t h e  & 

g e n e .  I n f e c t i o n  o f  t h e s e  p l a n t s  w i th  n e c r o s i s - i n d u c i n g  
0 

v i r u s e s  r e s u l t e d  i n  t h e  s y n t h e s i s  o f  p a t h o g e n e s i s - r e l a t e d  (PR) 

o r  "b"  p r o t e i n s  (Van Loon & Van Kammen, 1 9 7 0 ) .  PR-p ro t e in s  

have s i n c e  been  found t o  accumula t e  i n  r e s p o n s e  t o  a  v a r i e t y  

o f  s t i m u l i  ( G i a n i n a z z i  & Kqssanis ,  1974; Van Loon, 19771, i n  

many d i f f e r e n t  p l a n t s  (Van Loon, 1 9 8 5 ) .  Some PR-p ro t e in s  have 

been l o c a l i z e d  t o  t h e  i n t e r c e l l u l a r  s p a c e s  s u r r o u n d i n g  v i r u s  

induced  l o c a l  l e s i o n s  (Antoniw & White, 1986; C a r r  e t  a l . ,  

1 9 8 7 ) .  Some o f  t h e  genes cod ing  f o r  PR-p ro t e in s  have been 

i d e n t i f i e d  and c h a r a c t e r i z e d  ( C o r n e l i s s e n  e t  a l . ,  1987; 

P f i t z n e r  & Goodman, 19871, and a t  l e a s t  one 0 5  t h e s e  genes  

c o n t a i n e d  t h e  c o n s e n s u s  s equence  o f  a h e a t  fhock  p r o t e i n  

r e g u l a t o r y  e l emen t  ( P f i t z n e r  e t  a l , ,  1 9 8 8 ) .  T h e  b iochemica l  

a c t i v i t y  o f  some PR-p ro t e in s  h a s  be& i , d e n t i f i e d  as  a c i d i c  and 

b a s i c  1 ,3-B-glucanases  (Kauffmann e t  a l . ,  1987)  and  c h i t i n a s e s  

( H o o f t  van  H u i j s d u i j n e n  e t  a l . ,  1 9 8 7 ) .  These enzymes have been- 
7 

i d e n t i f i e d  'as components o f  d e f e n c e  r e a c t i o n s  i n  p l a n t s  

i n f e c t e d  w i t h  f u n g i  ( D a r v i l l .  & Albersheim,  1 9 8 4 ) .  
* 

~ n o t h e ' r  i n h i b i t o r ,  u n r e l a t e d  t o  PF-pro te ins ,  ha$  been 
" 

i d e n t i f i e d  i n  h y p e r s e n s i t i v e  $nd '$ysOtemi-c t i s s u e s  o f  t obacco  

mosa ic  v i r u s .  ( T M V )  i n f e c t e d  tobacco  C q n t a i n i n g  t h e  gene  
, * , I .  . .- 

. '  * ,  + 

( S e l a  e t  al., 1966). The a n t i v i r a l  f a c t o r  (AVF) is a 22 kDa 
I .  

R 
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p h o s p h o g l y c o p r o t e i n  a c t i v a t e d ,  i n  p l a n t s  c o n t a i n i n g  t h e  'K 

gene ,  from a p r e c u r s o r .  A l l  s p e t i e s  s y n t h e s i z e d  t h e  

p r e c u r s o r  i r r e s p e c t i v e  o f  whether  t hey  c o n t a i n  t h e  & gene 

(Mozes e t  a l . ,  1978; S e l a  e t  a l . ,  1 9 7 8 ) .  Mozes e t  a l .  ( 1 9 7 8 )  

s u g g e s t e d  AVF i n t e r f e r e s  w i t h  t h e  r e p l i c a t i o n  o f  T M V .  

Although PR-p ro t e in s  and AVF a r e  a s s o c i a t e d  w i t h  t h e  

a c q u i r e d  r e s i s t a n c e  induced  by n e c r o s i s  i n d u c i n g  v i r u s e s ,  

t h e r e  is no e v i d e n c e  t o  i n d i c a t e  t hey  are t h e  p r imary  c a u s e  o f  

r e s i s t a n c e .  The e x p r e s s i o n  o f  PR-pro te ins  and AVF may be p a r t  
Y 

I - 
o f  t h e  l a r g e r  p l a n t  r e s p o n s e  t o  pa thogen  i n v a s i o n ,  and no t  a 

s p e c i f i c  r e s p o n s e  t o  a n  i n d u c e r  v i r u s .  

D i f f e r e n t  i s o l a t e s  o f  t obacco  s t r e a k  v i r u s  (TSV), a n  

i l a r v i r u s ,  d i f f e r  i n  t h e i r  a b i l i t y  t o  c r o s s - p r o t e c t  i n  

c l e v e l a n d u  ( F u l t o n ,  1 9 7 8 ) .  TSV h a s  a s s R N A  
4 

t r i p a r t i t e  genome and s e d i m e n t s  i n t o  t h r e e  components d u r i n g  

e q u i l i b r i u m  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n .  A f t e r  examining 

a l l  p o s s i b l e  c o m b i n a t i o n s  o f  middle  and bo t tom components o f  

d i f f e r e n t  s t r a i n s ,  t h e  e x t e n t  o f  ~ ' ~ m ~ t o r n  e x p r e s s i o n  e l i c i t e d  

by t h e  c h a l l e n g e r  v i r u s  was found t o  be d e t e r m i n e d  by t h e  
b 

bot tdm R N A  component o f  t h e  i n d u c e r  v i r u s .  T h i s  i n d i c a t e d  a 

v i r a l  f u n c t i o n  was d i r e c t l y  i n v o l v e d  i n  overcoming t h e  

a c q u i r e d  r e s i s t a n c e  e s t a b l i s h e d  by t h e  c h a l l e n g e  v i r u s .  

I t  was p o s t u l a t e d  t h a t  t h e  RNA-dependent R N A  po lymerase  
b 

o f  t h e  i n d u c e r  v i r u s  may b i n d  J& R N A  o f  t h e  c h a l l e n g e r  v i r u s  

a,nd e i t h e r  n o t  be a b l e  t o  r e p l i c a t e  i t ,  o r  n o t  r e p l i c a t e  i t  



f a i t h f u l l y  (Gibbs ,  1969). I n  e i t h e r  cases t h e  genome o f  t h e  

c h a l e n g e r  v i r u s  would be t i g h t l y  bound t o  a ' non - func t iona l  

RNA-protein complex and be u n a v a i l a b l e  f o r  r e p l i c a t i o n .  There  

i s  no e v i d e n c e  p r e s e n t l y  t o  s u p p o r t  o r  r e j e c t  t h e  i&olvement  

o f  t h i s  mechanism i n  a c q u i r e d  immunity. R e c e n t l y  a c o r e  amino i 
I 

a c i d  sequence  was found i n  t h e  RNA-dependent R N A  po lymerases  
. . 

of  many u n r e l a t e d  R N A  v i r u s e s  (Zimmern, 1 9 8 8 ) .  
i 

Pseudorecombinants  o f  R N A s  o f  two s t r a i n s  o f  t o b a c c o  r a t t l e  

v i r u s  have de 'monstra ted t h a t  h e t e r o l o g o u s  R N A  c a n  be 

r e p 1  i c a t e d  (Robinson ,  l97,7 1 .  

P a l u k a i t i s  and  Z a i t l i n  ( 1 9 8 4 )  proposed  a mechanism t o  

e x p l a i n  c r o s s - p r o t e c t i o n  between two c l o s e l y  r e l a t e d  v i r u s e s .  

They s u g g e s t e d  plus-qens,e RNA-of t h e  i n d u c e r  v i r u s ,  produced 

d u r i n g  v i r u s  r e p l i c a t i o n ,  may h y b r i d i z e  t o  minus-sense R N A  o f  

t h e  c h a l l e n g e r  v i r u s .  Format ion  o f  a  s t a b l e  R N A  d u p l e x  would 

p r e v e n t  r e p l i c a t i o n  o f  t h e  c h a l l e n g e r  v i r u s .  The e x i s t e n c e  o f  
, 

such  h y b r i d  s t r u c t u r e s  i s  n o t  q u e s t i o n e d ,  b u t  d e m ~ n s t r a t i o n ~ o f  

t h e  mechanism v i v o  was m a r g i n a l l y  s u c c e s s f u l  (Hemenway,et  

a l . ,  1 9 8 8 ) .  The an t i - sense  R N A  o f  p o t a t o  v i r u s  X ( P V X )  c o a t  
t 

p r o t e i n  gene was e x p r e s s e d  i n  t r a n s g e n i c  t obacco  p l a n t s .  The 

t r a n s f o r m e d  p l a n t s  were r e s i s t a n t  t o  i n o c u l a t i o n  by PVF a t  low 

v i r u s  c o n c e n t r a t i o n s .  Hemenwpy e t  a l .  ( 1 9 8 8 )  pos tu l . a t ed  t h a t  

h i g h e r  l e v e L s  o f  e x p r e s s i o n  o f  endogenous a n t i s e n s e  
L. 

t r a n s c r i p t s  were r e q u i r e d .  A l i  Reza ian  e t  a l .  (X988) . 

t r a n s f o r m e d  t o b a c c o  p l a n t s  w i t h  , r e g i o n s  o f  t h e  cucumber mosa ic  . , 

L. 

v i r u s  (CMV)  genome such  t h a t  a n t i - s e n s e  t r a n s c r i p t s  were . . 



produced .  Excess  l e v e l s  o f  endogenous a n t i - s e n s e  t r a n s c r i p t s  

were p r e s e n t  i n  t h e  l e a v e s ,  y e t  t h e  t r a n s g e n i c  p l a n t s  were 

s u s c e p t i b l e  t o  i n f e c t i o n  by CMV. Two p o s s i b l e  e x p l a n a t i o n s  

c o u l d  have a c c o u n t e d  f o r  t h e  n e g a t i v e  r e s u l t s :  1) v i r a l  R N A  

bound t r a n s l a t i o n a l  f a c t o r s  d u r i n g  u n c o a t i n g  making i t  

u n a v a i l a b l e  f o r  RNA d u p l e x  f o r m a t i o n  w i t h  a n t i - s e n s e  

. t r a n s c r i p t s ;  2 )  a n t i - s e n s e  t r a n s c r i p t s  were e x p r e s s e d  i n  t h e  

n u c l e u s  b u t  v i r u s  r e p l i c a t i o n  o c c u r r e d  i n  t h e  cy top la sm.  

However, two o t h e r  r e c e n t  d i s c o v e r i e s  i n d i c a t e d  t h a t  t h e  

r e p l i c a t i o n  o f  some p l a n t  v i r u s e s  c a n  be r e g u l a t e d  by t h e  

f o r m a t i o n  o f  a n t i - s e n s e  R N A  h y b r i d s  ( A l i  Reza ian  & Symons, 

1986; Hi l lman  e t  a l . ,  1987 1 .  

CMV i s  a  t r i p a r t d t e  s s R N A  v i r u s  which a l s o  e n c a p s i d a t e s  a 

f o u r t h  subgenomic R N A  c o d i n g  f o r  t h e  v i r a l  c o a t  p r o t e i n ,  

d e r i v e d  'from t h e  3'-end o f  RNA3. CMV i s  a l s o  a s s o c i a t e d  w i t h  a 

s a t e l l i t e  R N A  ( s a t - R N A )  which r e q u i r e s  CMV-encoded 

p o l y p e p t i d e s  f o r  i t s  r e p l i c a t i o n .  Sat-RNRs a s s o c i a t e d  w i t h  

p l a n t  v i r u s e s  a r e  c h a r a c t e r i z e d '  by t h e i r  l a c k  o f  e x t e n s i v e  
\ 9 

n u c l e o t i d e  homc(logy w i t h  t h e  genome o f  t h e  p a r e n t  v i r u s  

(Francki . ,  1985 1 .  However, A 1  i Reza i an  and  Symons ( 1986 1 %und 

' L C  

t s h o r t  complementary sequences  between t h e  sat-RNA and t h e  

c o a t  p r o t e i n  gepe  on RNA3 and 4 formed s t a b l e  a n t i - s e n s e  

hybrj ids in yitro. T h i s  may be t h 6  mechanism by which v i r a l %  
k 

c o a t  p r o t e i n  s y n t h e s i s  i s  r e g u l a t e d .  There  a r e  many examples  + 

t o  i l l u s t r a t e  t h e  r e g u l a t i o n  o f  p r o t e i n  s y n t h e s i s  by t h e  



h y b r i d i z a t i o n  o f  a n t i - s e n s e  R N A s  w i t h  c e l l u l a r  m R N A s  ( P e s t k a  * 
e t  a 1  . , 1984; Me1 ton ,  1985 1 .  

V i r a l  sat-RNAs are o f t e n  r e s p o n s i b l e  for modera t ing  t h e  

symptoms induced  by t h e  a s s o c i a t e d  v i r u s  ( F r a n c k i ,  1985). 
i 

Animal v i r u s e s  a l s o  have symptom-modulating R ' N A s  a s s o c i a t e d  

w i t h  i n f e c t i o n ,  known as  d e f e c t i v e  i n t e r f e r i n g  R N A  ( D I  R N A )  

( L a z z a r i n i  e t  a l . ,  1 9 8 1 ) .  Hi l lman  e t  a l .  ( 1 9 8 7 )  have 

i d e n t i f i e d  D I  R N A s  a s s o c i a t e d  w i t h  tomato bushy s t u n t  v i r u s  

(TBSU) which modu la t e s  t h e  symptoms induced  by t h e  v i r u s .  The 

01 R N A s  a s s o c i a t e d  d i t h  TBSV are a p p r o x i m a t e l y  400  b a s e s  i n  
4 .  

l e n g t h  and have s l i g h t l y  d i f f e r e n t  n u c l e o t i d e  s e q u e n c e s .  These 
f 

sat-RNAs a r e  composed o f  b l o c k s  o f  s equence  homologous t o  t h e  

p a r e n t  v i r u s  genome. The D I  p a r t i c l e s  a p p e a r  t o  b6 g e n e r a t e d  

from t h e  genome o f  TBSV, u t i l i z i n g  a  l i n e a r  copy c h o i c e  
, 

p a t t e r n ,  o f  r e p l i c a t i o n  by t h e  v i r a l  RNA po lymerase  u t i l i z e d  i n  

t h e  s y n t h e s i s  o f  other D I  R N A s  ( K i r k g a a r d  & B a l t i m o r e ,  1 9 8 6 ) .  
1 

The D I  R N A s  may i n t e r f e r e  w i t h  v i r a l  r e p l i c a t i o n  by 

c o m p e t i t i o n  f o r  t h e  components o f  t h e  v i r a l  r e p l i c a t i o n  

machinery ( B a r r e t t  & Dimmock, 19861, o r  by forming  a s t a b l e  - 
a n t i - s e n s e  R N A  h y b r i d  w i t h  t h e  v i r a l  genome. 

D e  Zoe ten  and F u l t o n  (1976) p o s t u l a t e d  a d i f f e r e n t  

mechanism f o r  c r o s s - p r o t e c t i o n  w i t h  two s t r a i n s  o f  T M V .  They 

t h e o r i z e d  t h a t  t h e  R N A  o f  t h e  c h a l l e n g e r  v i r u s  was 

e n c a p s i d a t e d ,  b e f o r e  i t  was r e p l i c a t e d ,  b y  t h e  c o a t  p r o t e i n  of 

t h e  i n d u c e r  v i r u s .  H e t e r o l o g o u s  e n c a p s i d a t i o n  h a s  been 

demons t r a t ed  i n  mixed v i r u s  i n f e c t  ions (Dodds & H a m i l  t o n ,  



1 9 7 4 ) .  However, when c r o s s - p  e n t s  were 

r e p e a t e d  u s i n g  a  mutan t  o f  t h e  i n d u c i n g  s t r a i n  o f  TMV 

d e f e c t i v e  i n  c a p s i d  p r o t e i n  p roduc t ion ,  c r o s s - p r o  t e c t i o n  was 

s t i l l  observed .  ( S a r k a r  & Smitamana, 1981; Z a i t l i n ,  1976). T h i s  

s u g g e s t e d  t h a t  genomic masking was n o t  t h e  p r i n c i p l e  mechanism 

o f  c r o s s - p r o t e c t i o n .  

However, t h e r e  is c o n s i d e r a b l e  e v i d e n c e  from o t h e r  

sys t ems  w i t h  two c l o s e l y  r e l a t e d  v i r u s e s  t h a t  t h e  c o a t  p r o t e i n  

o f  t h e  i n d u c e r  v i r u s  b i n d s  t o  t h e  R N A  o f  t h e  c h a l l e n g e r  v i r u s ' ,  

t h e r e b y  p r e v e n t i n g  i t s  r e p l i c a t i o n  (Z innen  & Ful  t on ,  1986 1 .  

T-obacco p l a n t s  i n i t i a l l y  i n o c u l a t e d  w i t h  sunn-hemp mosaic  

v i r u s  (SHMVI were r e s i s t a n t  t o  subsequen t  s y s t e m i c  i n o c u l a t i o n  

by a n e c r o t i z i n g  s t r a i n  o f  SHMV (SHMV-n), o r  R N A  i s o l a t e d  

from SHMV-n. These  p l a n t s  were s u s c e p t i b l e  t o  i n f e c t i o n  by t h e  

common s t r a i n  o f  TMV (TMV,-C), b u t  t h e  s e v e r i t y  o f  i n f e c t i o n  

was d e c r e a s e d  i f  TMV-C R N A  was e n c a p s i d a t e d  i n  SHMV c o a t  

p r o t e i n .  Sherwood and F u l t o n  ( 1 9 8 2 )  made similar o b s e r v a t i o n s  

u s i n g  two s t r a i n s  o f  TMV. Dodds e t  a l .  ( 1 9 8 5 )  used t h e  mi ld  

s t r a i n  o f  CMV (CMV-S) t o  p r o t e c t  a g a i n s t  s econda ry  i n f e c t i o n  

b y  t h e  s e v e r e  s t r a i n  o f  CMV (CMV-P). Acquired r e s i s t a n c e  was 

induced  i n  l e a v e s  i n o c u l a t e d  wi th  CMV-S and s y s t e m i c a l l y  
r 

i n f e c t e d  l e a v e s ;  n e i t h e r  t h e  accumula t ion  o f  CMV-P v i r i o n s  r o r  

t h e  dsRNA r e p l i c a t i v e  form of  CMV-P c o u l d  be d e t e c t e d .  The 

a c q u i r e d  r e s i s t a n c e  was overcome when p r o t e c t e d  p l a n t s  were 

c h a l l e n g e d  w i t h  R N A  o f  CMV-P. Both dsRNA and v i r i o n s  o f  CMV-P 



were d e t e c t e d ,  b u t  o n l y  i n  l e a v e s  i n o c u l a t e d  w i t h  t h e  

c h a l l e n g e  v i r u s .  

R e c e n t l y ,  t h e  gene  encod ing  TMV c o a t  p r o t e i n  h a s  been 

e x p r e s s e d  i n  t r a n s g e n i c  t obacco  p l a n t s  (Abel e t  a l . ,  1986; 

Nelson e t  a l . ,  1 9 8 7 a ) .  Approximately  50% o f  t h e  t r a n s f o r m e d  . 
'+, 

p l a n t s  e x p r e s s i n g  t h e  c o a t  p r o t e i n  gene were r e s i s t a n t  t o  

i n f e c t i o n  by TMV, and t h e  remainder  e x h i b i t e d  a  d e l a y  i n  

d e v e l o p i n g  s y s t e m i c  symptoms compared t o  p l a n t s  n o t  e x p r e s s i n g  

t h e  TMV c o a t  p r o t e i n  g e n e .  R e g i s t e r  and Beachy (1988) 

t r a n s f e r r e d  t h e  gene  c o d i n g  f o r  TMV c o a t  p r o t e i n  t o  tobacco  

p l a n t s ,  and examined t h e  e a r l y  s t a g e s  o f  TMV i n f e c t i o n  o f  

p r d t o p l a s t s  i s o l a t e d  from t r a n s f o r m e d  p & a n t s .  T h e i r  

o b s e r v a t i o n s  s u g g e s t e d  t h a t  t h e  e x p r e s s i o n  o f  t h e  TMV c o a t  

p r o t e i n  gene i n  t h e  t r a n s f o r m e d  p l a n t s  p r e v e n t e d  u n c o a t i n g  o f  - 
t h e  i n f e c t i n g  v i r u s .  The p r o t e c t i o n  c o u l d  be overcome w i t h  

i n f e c t i o n  by i s o l a t e d  TMV R N A .  

A l f a l f a  mosa ic  v i g u s  ( A M V )  is a S i t r i p a r t i t e  s s R N A  v i r u s  . 

w i t h  a  r e p l i c a t i v e  s t r a t e g y  s i m i l a r  t o  v i r u s e s  i n  t h e  

i l a r v i r u s  g roup ,  t h e  b i o l o g y  o f  which is d i s t i n c t  from T M V .  I n  

t h e  a b s e n c e  o f  RNA4, t h e  c o a t  p r o t e i n  o f  AMV is r e q u i r e d  t o  

i n i t i a t e  i n f e c t i o n  by t h e  v i r a l  R N A ,  and t o  c o n t r o l  v i r a l  

t r a n s c r i p t i o n  (Houwing & J a s p a r s ,  1 9 8 6 ) .  T r a n s g e n i c  p l a n t s  

e x p r e s s i n g  AMV c o a t  p r o t e i n  gene were r e s i s t a n t  t o  i n f e c t i o n  

by AMV,  and  deve loped  s y s t e m i c  symptoms s lower  t h a n  non- 

t r a n s f o r m e d  p l a n t s  ( L o e s c h - F r i e s  e t  a l . ,  1987; Turner e t  a l . ,  

1 9 8 7 ) .  The p r o t e c t i o n  c o u l d  be overcome w i t h  i n f e c t i o n  e i t h e r  

a 



by i s o l a t e d  AMV RNA, o r  by TMV. T r a n s g e n i c  p l a n t s  e x p r e s q i n g  

t h e  c o a t  p r o t e i n  gene o f  TSV ( a n  i l a r v i r u s )  were r e s i - s t a n t  t o  
\ 

i n f e c t i o r i  by TSV b u t  n o t  AMV (Van Dun e t  a l . ,  1988). However, 

AMV RNA i n f e c t e d  t h e  t r a n s f o r m e d  p l a n t s  b u t  n o t  t he '  - ' 

#" 
non t r ans fo rmed  p l a n t s ,  d e m o n s t r a t i n g  t h a t  h e t e r o l o g o u s  c o a t  

p r o t e i n  c a n  m a i n t a i n  v i r u s  r e p l i c a t i o n  b u t  c a n n o t  inducSe , 

t ' 

a c q u i r e d  r e s i s t a n c e ,  even  between two s imilar  v i r u s e s .  P l a n t s  

t r a n s f o r m e d  w i t h  a mutant.AMV c o a t  p r o t e i n  gene accumula ted  
.. . 

, L 

c o a t  p r o t e i n  R N A  t r a n s c r i p t s  a t  a l e v e l  s i m i l a r  t o  p l a n t s  

t r a n s f o r m e d  w i t h  w i ld - type  c o a t  p r o t e i n  gene;  however, c o a t  

p r o t e i n  was n o t  e x p r e s s e d .  These p l a n t s  were s u s c e p t i b l e  t o  - 
- 

i n f e c t i o n  by A M V ,  i n d i c a t i n g  t h a t  v i r a l  c o a t  p r o t e i n  and n o t  

t h e  t r a n s c r i p t  .of  t h e  gene is r e s b o n s i b l e  f o r  i n d u c i n g  

a c q u i r e d  immuriity (Van D u n ' e t  a l . ,  1988). 

P o t a t o  v i r u s  X (PVX) ' i s  t h e  type member o f  t h e  p o t e x  

v i r u s  f a m i l y .  The PVX,.ssRNA genome i s  e n c a p s i d a t e d  i n  a  l ong ,  

f l e x u o u s ,  rod-shaped v i r i o n  a s sembled ' f rom 5' t o  3' and 

d i s a s s e m b l e d  frqm 3 '  t o  5 '  ( i /~ok  & Abou- Ha ida r ,  1981); b o t h  

assembly-  and d i s a s s e m b l y  b e i n g  opposi t te  t o  t h a t  o f  TMV 

p a r t i c l e s  (Shaw e t  a 1  : , 1986 1 .  ~ r a n s ~ e ' n i c  t obacco  p l a n t s  

~ x p r e s s i n g .  e i th 'er  t h e  c o a t  p r o t e i n  gene o f  PVX, o r  a n  a n t i s e n s e ,  ' 

t r a n s c r i p t  o f  t h e  c o a t  p r o t e i n  gene were c o n s t r u c t e d .  Both 

t y p e s  o f  p l a n t s  e x h i b i t e d , a  d e l e y  and r e d u c t i q o n  i n  s y s t e m i c  

symptom development  a f t e r  i n o c u l a t i o n  w i t h  PVX (Hemenway e t  

a l . ,  1988). Unl ike  g r e v i o u s  examples ,  i n o c u l a t i o n  w i t h  PVX R N A  
i 



d i d  n o t  b r e a k  r e s i s t a n c e .  T h e  d a t a  f r d m  t h e  above t h r e e  

examples  s u g g e s t s  t h a t  t h e  mechanism by which coat p r o t e i n  

i n d u c e s  r e s i s t a n c e  is l i k e l y  t o  d i f f e r  i n  e a c h  case. A s i n g l e  

h y p o t h e s i s  c a n n o h e c o n c i l e  t h e  v a r i a t i o n  o b s e r v e d  i p  eadh 

sys t em.  However, c o a t  p r o t e i n  p l ayed  a n  e s s e n t i a l  r o l e  i n  
w 

e s t a b l i s -  a c q u i r e d  r e s i s t a n c e  a g a i n s t  t h e s e  t h r e e  v i r u s e s .  

V i r o i d s  a r e  small (250-400 b a s e s ) ,  un -encaps ida t ed ,  

h i g h l y  i n f e c t i o u s  s s R N A  mo lecu le s ,  which c a n  induce  a c q u i r e d  

immunity a g a i n s t  o t h e r  v i r o i d s  (Fernow, 1 9 6 7 ) .  A mild  s t r a i n  

o f  p o t a t o  s p i n d l e  t u b e r  v i r o i d  (PSTV) p r e v e n t e d  t h e  

development  o f  s e v e r e  symptoms i n  p l a n t s  i n o c u l a t e d  two weeks 

l a t e r  w i th  a s e v e r e  s t r a i n  o f  PSTV. N i b l e t t  e t  a l .  ( 1 9 7 8 1 , .  
'i 

d e m o n s t r a t e d  t h a t  a v i r o i d  c o u l d  jinduce a c q u i r e d  r e s i s t a n c e  

a g a i n s t  s u b s e q u e n t  i n f e c t i o n  by a h  u n r e l a t e d  v i r o i d .  R e c e n t l y ,  
,- 

.5 
i n t e r f e r e n c e  was d e m o n s t r a t e d  be tweeh  two s t r a i n s  o f  PSTV, and 

\ -  1 
*- 

between PSTV and hop s t u n t  v i r o i d  c o - i n o c u l a t e d  t o  p l a n t s  a s  a 

c D N A  d imer  (Branch  e t  a l . ,  1 9 8 8 ) .  

I n  p l a h t s ,  i r iduct ion o f  a c q u i r e d  r e s i s t a n c e  a g a i n s t  
-.. 

f u r t h e r  i n f e c t i o n  was n o t  r e s t r i c t e d  t o  v i r u s e s  a l o n e  (Kuc, 

1 9 8 3 ) .  I n ' d c u l a t i n g  t h e  r o o t s  or i n f e s t i n g  t h e  s o i 1 ; o f  c o t t o n  

p  a n t s  w P a  mi ld  s t r a i n  o f  ~ e r t & i l l - i u ~  a l b o - a t r u m  p r o t e c t e d  

* ins t  s u b s e q u e n t  i n f e c t i o n  by a s e v e r e  s t r a i n  o f  t h e  fungus  

( S c h n a t h o r s t  h Hath re ,  1 9 6 6 ) .  C o t t o n  s e e d l i n g s  p r e v i o u s l y  

exposed  t o  s p i d e r  mites e x h i b i t e d  r e s i s t a n c e  t o  i n f e c t i o n  by 

V e r t i c i l l i u m  Q a h l i a ~  (KaPban e t  a l . ,  1 9 8 7 ) .  A c u l t i v a r  o f  

t o b a c c o  r e s i s t a n t  t o  TMV i n f e c t i o n  was i n o c u l a t e d  w i t h  TMV on 



t h e -  t h r e e  t o  f o u r  lower  l e a v e s ,  and s u b s e q u e n t l y  t h e  upper 

l e a v e s  became p r o t e c t e d  a g a i n s t  b l u e  mold c a u s e d  by 

? e r o n o s ~ o r a  m a c i ~  (Ye & Kuc, 1988). 
- - - 

L i t t l e  r e s e a r c h  h a s  been  done t o  i n v e s t i g a t e  t h e  
4 

i n d u c t i o n  o f  a c q u i r e d  res&tance by comov i ruses .  Two r e l a t e d  

5 s t r a i n s  o f  squash  mosa ic  v i r u s  (SMV) were a b l e  t o  induce  

r e w r o ~ a l  c r o s s - p r o t e c t i o n  i n  c a n t a l o u p e ,  b u t  o n l y  

u n i d i r e c t i o n a l  a c q u i r e d  r e s i s t a n c e  was o b s e r v e d  i n  pumpkin 
L 

( A l b e r s i o  e t  a l . ,  1 9 7 5 ) .  The d i f f e r e n c e  was a t t r i b u t e d  t o  a 

h i g h e r  m u l t i p l i c a t i o n  r a t e  o f  t h e  mild  i n d u c e r  s t r a i n  i n  

pumpkin t h a n  i n  c a n t a l o u p e .  

A s  p r e v i o u s l y  n o t e d ,  one v i r u s  c o u l d  i n t e r f e r e  w i t h  t h e  

r e p l i c a t i o n  o f  a n o t h e r  when t h e  two v i r u s e s  were c o - i n o c u l a t e d  

o n  a h o s t  p l a n t  (Ponz & Bruening ,  19861,  There  are 

c o n s i d e r a b l y  fewer  examples  o f  t h i s  phenomenon t h a n  o f  induced 

a c q u i r e d  r e s i s t a n c e .  I n  a l l  r e p o r t e d  examples  o f  t h i s  

phenomenon, t h e  mi ld  p r o t e c t i n g  o r  i n d u c i n g  v i r u s  d i d  n o t  

i n d u c e  d e t e c t a b l e  symptoms on  t h e  t e s t  p l a n t .  The U 2  s t r a i n  o f  
1 '  

TMV d i d  n o t  induce  symptoms on  p i n t o  bean; however, U2 co-  

i n o c u l a t e d  w i t h  t h e  TMV s t r a i n  U 1  i n t e r f e r e d  w i t h  t h e  

i n d u c t i o n  o f  U 1  induced  l o c a l  l e s i o n s  (Wu & Rappaport ,  1 9 6 1 ) .  

The i n t e r f e r e n c e  between r e l a m c o m o t r i r u s e s ,  CPMV and CPSMV, 

c o - i n o c u l a t e d  on  h o s t s  r e s i s t a n t  t o  CPMV h a s  been examined 

h e r e .  

The SB s t r a i n  o f  CPMV was i n f e c t i o u s  when i n o c u l a t e d  on  



4 

Vi- unauicu1aPU c v .  BE-5, b u t  was n o t  i n f e c t i o u s  on 

c u l t i v a r s  Black  and  A r l i n g t o n  ( B e i e r  e t  a l . ,  1 9 7 7 ) .  However, 
d 

E a s t w e l l  e t  a l .  (1983) conf i rmed  v e r y  law l e v e l s  o f  CPMV R N A  ' 

r e p l i c a t i o n  i n  t h e  l a t t e r  two c u l t i v a r s .  CPSMV r e p l i c a t e d  i n  
5 , 

a l l  t h r e e  c u l t i v a r s  w i t h  s e v e r i t y  o f  symptom i n d u c t i o n  be ing :  

A r l i n g t o n  > Black > BE-5 ( B e i e r  e t  a l . ,  1 9 7 7 ) .  Only two 

c u l t i v a r s  o f  cowpGas have e x h i b i t e d  r e s i s t a n c e  t o  t h e  
f 

-JJ , e x c e p t i o n a l ? y  v i r u l e n t  CPSMV-DG ( R i o s  & Das Neves, 1982 1 
P 

. - 
; . 

I -  . , Y  The r e s i s t a n c e  t o  v i r u s  i n f e c t i o n  d e m o n s t r a t e d  by some 
1 

I- 

p l a n t s ' h a s  been  s t u d i e d .  Cucumber c v .  Elem accumula t ed  one-  
&.+ 

t e n t h i x t h e  l e v e l  o f  CMV t h a n  t h e  n e a r l y  i s o g e n i c  c u l t i v a r  Be t  

Alpha (Nachman e t  a l . ,  1 9 7 1 ) .  R e s i s t a n c e  t o  bean common mosa ic  

v i r u s  i n  two c u l t i v a r s  o f  beans  h a s  been examined (Zaumeyer & 

Meiners ,  1 9 7 5 ) .  A gene (Tm-L) h a s  been i d e n t i f i e d  i n  tomatoes  

which r e g u l a t e s  r e s i s t a n c e  t o  some s t r a i n s  o f  TMV ( F r a s e r  & 

Loughl i n ,  1980 1 .  R e c e n t l y ,  two p o i n t  m u t a t i o n s  were i d e n t i f i e d  

i n  t h e  genomes o f  r e s i s t a n c e  b r e a k i n g  TMV s t r a i n s  (Meshi e t  

) a l . ,  1 9 8 8 ) .  The m u t a t i o n s  r e s u l t e d  i n  amino a c i d  changes  i n  

t h e  130 and 180 kDa v i r a l  p r o t e i n s .  These amino a c i d  changes  

a l t e r e d  t h e  n e t  c h a r g e  o f  t h e  v i r a l  p r o t e i n s ,  s u g g e s t i n g  a n  

e l e c t r o s t a t i c  i n t e r a c t i o n  between t h e  v i r a l  p r o t e i n s  and a  

h o s t  r e s i s t a n c e  f a c t o r .  

The most v i s i b l e  and most s t u d i e d  r e s p o n s e  o f  p l a n t s  t o  

v i r u s  i n f e c t i o n  i s  t h e  h y p e r s e n s i t i v e  r e s p o n s e  (HSR) 

( L o e b e n s t e i n  & S t e i n ,  1985; Ponz & Bruening,  1 9 8 6 ) .  The H S R  is  

c h a r a c t e r i z e d  by t h e  a p p e a r a n c e  o f  n e c r o t i c  l o c a l  l e s i o n s  a t  



-f 

t h e  s i t e  o f  i n f e c t i o n ,  and o f t e n  l o c a l i z a t i o n  af t h e  v i r u s  a t  

t h e  i n f e c t i o n  s i t e ,  However, t h e  a r e a  i n  which t h e  v i r u s  is 

l o c a l i z e d  and  t h e  n e c r o t i c  r e g i o n  do n o t  n e c e s s a r i l y  c o i n c i d e .  
+ 

P l a n t  b r e e d e r s  have o f t e n  used  t h e  HSR as a p h e n o t y p i c  g e n e t i c  

marker i n  r e s i s t a n c e  b r e e d i n g  programs ( P a t e l ,  1982) .  The <-'- 
i n h e r i t a n c e  o f  t h e  t r a i t  o f t e n  f o l l o w s  s i m p l e  Mendel ian 

c== 

g e n e t i c s .  However, r e s i s t a n c e  based  o n h 3 e  HSR is o f t e n  

overcome by s p o n t a n e o u s  m u t a t i o n s  i n  t h e  v i r u s  ( d e  J a g e r  & 

Wesse l ing ,  1981 1 o r  by e n v i r o n m e n t a l  stress ( W e s t s t e i  jn ,  

The HSR c o u l d  be  induced  by b a c t e r i a  and f u n g i  (Ponz & 

Bruening,  1986)  as  w e l l  a s  by non-pa thogenic  chemica l  a g e n t s  

and s t r e s s  . ( L o e b e n s t e i n  & S t e i n ,  1 9 8 6 ) .  A number o f ' t h e  
* 

p h y s i o l o g i c a l  and b iochemica l  changes  i n  p l a n t  t i ssues  

a s s o c i a t e d  w i t h  t h e  HSR were e l i c i t e d  by e t h e p h o n  t r e a t m e n t  o f  
,r 

t h e  t i s s u e s  (Van Loon, 1 9 7 7 ) .  Ethephon is c o n v e r t e d  i n t o  t h e  

growth r e g u l a t o r  e t h y l e n e  i n  p l a n t s .  Large  amounts o f  e t h y l e n e  

were d e t e c t e d  a t  a t ime  c o i n c i d i n g  w i t h  t h e  a p p e a r a n c e  o f  

n e c r o s i s  i n  v i r u s  i n f e c t e d  h y p e r s e n s i t i v e  p l a n t s  (Van Lnon, 

1 9 8 3 ) .  Ecker and  Davis  (1J387) r e c e n t l y  d e m o n s t r a t e d  t h a t  

e t h y l e n e  r e g u l a t e s  p l a n t  d e f e n s e  g e n e s .  T h e r e f o r e ,  t h e  HSR is  
. :I 

- 
p r o b a b l y  a g e n e r a l  d e f e n s e  r e s p o n s e  o f  p l a n t s  a g a i n s t  

p a t h o g e n i c  o r  e n v i r o n m e n t a l  s t r e s s .  

The HSR was a s s o c i a t e d  w i t h  numerous p h y s i o l o g i c a l  and 

b i o c h e m i c a l  a l t e r a t i o n s  i n  t h e  p l a n t  t i s s u e .  S e v e r a l  



s t r u c t u r a l  changes  were s e e n  i n  mesophyl l  cells s u r r o u n d i n g  

t h e  n e c r o t i c  a r e a ;  t h e s e  ce l ls  had smaller v a c u o l e s ,  and more 

c y t o p l a s m  and r ibosomes  ( L o e b e n s t e i n  & S t e i n ,  1 9 8 6 ) .  

L i g n i f i c a t i o n ,  and  t h e  d e p o s i t i o n  o f  s u b e r i n  ( F a u l k n e r  & 

Kimmins, 1975)  and  c a l l o s e  (Wu & Dimitman, 1970)  were among 

t h e  b a r r i e r  s u b s t a n c e s  found i n  t h e  n e c r o t i c  r e g i o n  r e s u l t i n g  

i n  a g e n e r a l  t h i c k e n i n g  o f  t h e  ce l l  wall and b l o c k i n g  o f  the .  

p lasmodesmata .  T h e s e  mechanica l  b a r r i e r s  were once  t h o u g h t  t o  

l o c a l i z e  v i r u s  i n f e c t i o n  (Esau ,  19671, b u t  were l a t e r  

c o n s i d e r e d  t o  be t h e  b o r d e r s  o f  t h e  n e c r o t i c  l e s i o n  (Wu, 

1 9 7 3 ) .  I n c r e a s e d  membrane p e r m e a b i l i t y  was o b s e r v e d  e a r l y  i n  

t h e  H S R  (Ruz ic ska  e t  a l . ,  1 9 8 3 ) .  An i n c r e a s e  i n  o x i d a t i v e  

enzyme a c t i v i t i e s  (Wagih & C o u t t s ,  1982)  and t h e  a p p e a r a n c e  o f  

t h e  PR-pro te ins  (Van Loon, 1983)  c o i n c i d e d  w i t h  t h e  f o r m a t i o n  

o f  n e c r o t i c  l o c a l  l e s i o n s .  

The r e s i s t a n c e  o f  cowpeas t o  i n f e c t i o n  by CPMV was shown 

t o  c o r r e s p o n d  t o  t h e  a p p e a r a n c e  o f  t h e  H S R  on  some r e s i s t a n t  

v a r i e t i e s  (Robe r t son ,  1 9 6 5 ) .  B e i e r  e t  a l .  ( 1 9 7 7 )  a s s a y e d  o v e r  

1000 l i n e s  o f  cowpeas f o r  s u s c e p t i b i l i t y  t o  i n f e c t i o n  by CPMV- 

SB. S i x t y - f  i v e  c u l t i v a r s ,  i n c l u d i n g  Black  and  A r l i n  qn* were 
found t o  be immune t o  i n f e c t i o n  by CPMV-SB a t  100 t i m e s  t h e  

c o n c e n t r a t i o n  o f  v i r u s  r e q u i r e d  t o  u n i f o r m l y  i n f e c t  

< u s c e p t i b l e  v a r i e t i e s  and t h e  v i r u s  c o y l d  n o t  be t r a n s f e r r e d  

t o  t h e s e  c u l t i v a r s  by g r a f t  i n o c u l a t i o n .  The immunity 

a s s o c i a t e d  $i t h  Arl i n g t o n  w a s  u n i q u e .  P r o t o p l a s t s  were made 

from 5 4  o f  t h e  immune cowpea l i n e s  and o n l y  ~ r l k n ~ t o n  



p r o t o p l a s t s  r e t a i n e d  s i g n i f i c a n t  r e s i s t a n c e  t o  v i r u s  i n f e c t i o n  
- I 

(Be i t r  e t  a l . ,  1979; K i e f e r  e t  a l . ,  1 9 8 4 ) .  The immune f a c t o r  

i n  A r l i n g t o n  was i n h e r i t e d  as a s i n g l e  dominant  t r a i t  ( K i e f e r  

e t  a l . ,  1 9 8 4 ) .  Sande r son  e t  a l .  ( 1 9 8 5 )  d e m o n s t r a t e d  t h a t  a 

c o n s t i t u e n t  o f  A r l i n g t o n  ex t rac t s  i n h i b i t e d  t h e  c l e a v a g e  o f  

CPMV-SB  tran translation p r o d u c t s .  F u r t h e r  c h a r a c t e r i z a t i o n  o f  

t h i s  f a c t o r  i n d i c a t e d  t h a t  i t  was p r o t e i n a c e o u s  and  was h i g h l y  

s p e c i f i c  f o r  t h e  24  kDa p r o t e a s e  encoded by CPMV-SB ( c l e a v a g e  

o f  t h e  t r a n s l a t i o n  p r o d u c t s  o f  CPSMV-DG were n o t  i n h i b i t e d )  

(Ponz e t  a l . ,  1988a;  Sande r son  e t  a l . ,  1 9 8 5 ) .  

Bruening  e t  a l .  ( 1 9 7 9 )  obse rved  t h a t  i n  mixed i n g e c t i o n s ,  

CPMV-SB i n t e r f e r e d  w i t h  t h e  r e p l i c a t i o n  o f  CPSMV-DG. The 

e x t e n t  of i n t e r f e r e n c e ,  a s s a y e d  by t h e  number o f  l o c a l  l e s i o n s  

' tormed on i n o c u l a t e d  l e a v e s ,  was dependen t  on  t h e  

c o n c e n t r a t i o n  o f  CPMV-SB a p p l i e d .  The two v i r u s e s  had t o  be 

c o - i n o c u l a t e d  and mixed i n o c u l a t i o n  o f  CPMV-SB c a p s i d  p r o t e i n  
0 

w i t h  CPSMV d i d  n o t  c a u s e  i n t e r f e r e n c e .  However, c o - i n o c u l a t i o n  

w i t h  CPMV-SB R N A  and CPSMV-DG r e s u l t e d  i n  i n t e r f e r e n c e ,  u n l e s s  

t h e  CPMV-SB R N A  had been p r e v i o u s l y  i r r a d i a t e d  w i t h  u l t r a -  

v i o l e t  1 i g h t  . T h e r e f o r e ,  b i o l o g i c a l 1  y  a c t i v e  CPMV-SB R N A  was 

r e q u i r e d  f o r  t h e  i n t e r f e r e n c e  r e s p o n s e .  I n f e c t i o u s  CPMV-SB (^ 

p a r t i c l e s  c o u l d  n o t  be r e c o v e r e d  from t h e  mixed i n o c u l a t e d  

p l a n t s ,  c o n s e q u e n t l y  CPSMV-DG was n o t  f a c i l i t a t i n g  t h e  

r e p l i c a t i o n  o f  CPMV-SB i n  t h e  immune p l a n t s .  

Ponz e t  a l .  ( 1 9 8 8 b )  r e p o r t e d  t h a t  A r l i n g t o n ,  b u t  n o t  BE- 



5, was immune t o  t o b a c c o  r i n g s p o t  v i r u s  (TobRV1, a n e p o v i r u s .  

However, t h e  i n h i b i t o r  o f  t h e  2 4  kDa p r o t e a s e  o f  CPMV found i n  

A r l i n g t o n  ( S a n d e r s o n  e t  a l . ,  1985) d i d  n o t  i n h i b i t  t h e  

p r o t e a s e  o f  TobRV. Fu r the rmore  c o - i n o c u l a t i o n  o f  A r l i n g t o n ,  
8% '' 

b u t  n o t  BE-5, w i t h  TobRV and CPSMV-DG i n t e r f e r e d  w i t h  t h e  

r e p l i c a t i o n  o f  CPSMV-DG. The most e f f e c t i v e  y o t e c t i o n  a g a i n s t  

CPSMV-DG r e p l i c a t i o n  was n o t  by c o - i n o c u l a t i o n ,  b u t  w i t h  a 

15  minute  d e l a y  o f  CPSMV-DG. i p f e c t i o n  f o l l o w i n g  i n o c u l a t i o n  o f  

TobRV. 'Thus, t h e  c o n d i t i o n s  f o r  i n t e r f e r e n c e  between TobRV .and 
0 

CPSMV-DG were s i m i l a r  i n  s e v e r a l  r e s p e c t s  cdmpared t o  t h e  

i n t e r f e r e n c e  between CPMV-SB and CPSMV-DG, b u t  d i f f e r e d  i n  t h e  

t i m i n g  o f  t h e  i n o c u l a t i o n s  (Ponz e t ' a 1 . , " 1 9 8 8 b ) .  

Viclna y n s u i c u l a t g  c v .  TVu 470 was i s  a l s o  immune t o  CPMV- 

SB, w i t h  immunity b e i n g  d e t e r m i n e d  by a s i n g l e  dominant  gene - 
( S t e r k  & de  J a g e r ,  1 9 8 7 ) .  However, p r o t o p l a s t s  from TVu 470, .  

1 i k e  Black,  were s u s c e p t i b l e  & l t i f e c t i o n  by CPMV-SB. Because 

o f  t h e  d i f f e r e n c e  i n  s u s c e p t i b i l i t y  o f  p r o t o p l a s t s  t o  CPMV-SB 

from A r l i n g t o n  compared t o  Black and  TVu 470, t h e  mechanism o f  

r e s i s t a n c e  t o  t h e  v i r u s  i n  s e e d l i n g s  may a l s o  d i f f e r .  S t e r k  

and de  J a g e r  ( 1 9 8 7 )  jobserved i n t e r f e r e n c e  between CPMV-SB and 

CPSMV-Vs c o - i n o c u l a t e d  on  TVu 470. CPMV-SB a l s o  i n t e r f e r e d  

w i t h  t h e  r e p l i c a t i o n  o f  SHMV and CMV when c o - i n o c u l a t e d  on TVu 

470, and CPMV-SB i n t e r f e r e d  w i t h  SHMV when c o - i n o c u l a t e d  on 

A r l i n g t o n  ( S a a i j e r - R i e p  & de  J a g e r ,  1 9 8 8 ) .  The r e p l i c a t i o n  o f  

n e i t h e r  SHMV nor  CMV were im'peded when c o - i n o c u l a t e d  w i t h  

CPMV-SB on  TVu 1948, a  l i n e  o f  cowpea a l s o  immune t o  CPMV-SB, 



but immunity was found to be a single gene recessive trait . 

(Patel, 1982). Therefore, interference by CPHV-SB may be 
C\ 

dependent on the mechanism of immunity the plant has against 

CPMV-SB *infection. . . 

The spread o'f comoviruses from primary inoculated cells 

to neighboring cells is postulated to be dependent on the 58 

KDa polypeptide encoded by RNA2. When RCMV RNAl is inoculated 

independently of RNA2 viral RNA replication is restricted to 

the primary inoculated cells and does not spread throughout 
1 .' 
the primary inoculated leaves. However, co-inocu2ation of RCMV 

RNAl and TMV facilitates the spread O•’"RCMV RNAl Throughout 

the primary inoculated leaves (Malyshenko et al., 1988); 

suggesting that the putative 30 KDa transport protein of T M V ,  

initiated the spread of RCMV RNA1. 
e 

Interference between CPMV-SB and CPSMV-DG is examined in 
3 - 

three cultivars of V i s n  tgmuiculatg: 1) BE-5, susceptible to 

CPMV-SB in both seedlings and protoplast; 2) Black, immune to 

CPMV-SB in seedlings and susceptible to CPMV-SB in 
- 

protoplasts; 3 )  Arlington, immune to CPMV-SB in both seedlings 
d 

and protoplasts. Replication of both viruses is examined 

independently by seroZogica1 and nucleic acid hybridization 
e 

assays. 
\ 



METHODS : 

V i r u s  and p l a n t  stocks. The same % t r a i n s  o f  CPMV and CPSMV, 

and t h e  same c u l t i v a r s  o f  Via= W u l a b  were used as 

d e s c r i b e d  above.  SHMV was i s o l a t e d  from a n a t u r a l  i n f e c t i o n  

( p r o v i d e d  by G ,  B r u e n i ~ g ) .  Seeds  o f  Chinese Red X I r o n  (CRXI), " 
b 

a n  i n d i c a t o r  p l a n t  f o r  CPMV and CPSHV (Bruening e t  a l . ,  19791, 
4 

were o b t a i n e d  from G. Bruening.  

Cowpeas were grown a t  23 C with f l u o r e s c e n t  l i g h t i n g  
.-- 

d u r i n g  a 16 hour d a i l y  l i g h t  period.  P r i o r  t o  i n o c u l a t i o n  t h e  

p l a n t s  were p laced  i n  t h e  d a r k  f o r  approximate ly  1 hour .  

Leaves d u s t e d  wi th  carborundum were i n o c u l a t e d  wi th  v i r u s  o r  

v i r a l  RNA d i l u t e d  i n  i n o c u l a t i o n  b d f f e r  ( 0 . 0 5  M potassium 

phosphate ,  pH 7 . 0 ) .  The i n o c u l a t e d  l e a v e s  were r i n s e d  wi th  a  
, 

s p r a y  o f  d i s t i l l e d  water ,  and r e t u r n e d  t o  t h e  da rk  f o r  t h s z t y  
$" 

minutes  p r i o r  t o  resumpt ion  o f  normal l i g h t  c y c l e .  
2' '+ '$*-< .i2 && 

2%- 4 q 
ELISAS. q e  p r e p a r a t i o n  of  monoclonal a n t i b o d i e s  a g a i n s t  CPMV 

and CPSNV h a s i b e e n  d e t a i l e d  i n  Chapter  1. Monoclonal 

a n t i b o d i e s  a g a i n s t  SHMV were p repared  and sc reened  i n  a  

similar manner. I n f e c t e d  p l a n t  t issue was assayed  f o r  v i r u s  

c a p s i d  p o l y p e p t i d e s .  P r e p a r a t i o n  and a n a l y s i s  of  p l a n t  
/ 

e x t r a c t s  f o r  d e t e r m i n a t i o n  o f  virus c a p s i d  p o l y p e p t i d e s  h a s  

been d e s c r i b e d  i n  Chapter  1. Monoclonal a n t i b o d i e s  SB2, SB5 

and DGll were used i n  ELISA a n a l y s i s .  

Viral RNA a n a l y s i s  from p l a n t  extracts. P l a n t  e x t r a c t s  were 

p repared  t o  examine t h e  r e p l i c a t i o n  of  v i r a l  R N A .  A d i s k  o f  



t issue (approx imate ly  100 mg) was t a k e n  wi th  a # l o  c o r k  b o r e r  

and s t o r e d  a t  -20 C o r  used f r e s h .  Each d i s c  was homogenized 

i n  425 u l  o f  g r i n d i n g  b u f f e r  (0.2.M g l y c i n e ;  0 . 1  M sodium 

phoSphate; 0 . 6  M sodium c h l o r i d e ;  1%' SDS; 1% 2- 

mercap toe thano l ) .  The so ' lu t ion  was e x t r a c t e d  w i t h  a n  e q u a l  

volume o f  phenol and b r i e f l y  c e n t r i f u g e d  t o  s e p a r a t e  t h e  

phases .  The aqueous phasq was recovered  and e x t r a c t e d  wi th  

200 u l  each o f  phenol and chl-oroform; and t h e n  twice  wi th  400 

u l  o f  ch loroform.  

The e x t r a c t e d  aqueous phase was d i l u t e d  wi th  1 . 5  volumes , 

o f  10X SSC ( 0 . 1 5  M t r i s o d i u m  c i t r a t e ;  1 . 5  M sodium c h l o r i d e ,  

pH 7 . 2 )  and b o u n d ' t o  Gene-Screen (GS) h y b r i d i z a t i o n  membrane 

( N e w  England Nuclear )  accord ing  t o ' t h e  m a n u f a c t u r e r ' s  

i n s t r u c t i o n s ,  u s i n g  a s l o t - b l o t t e r  ( S c h l i e c h e r  & Schuell;) .  

B r i e f l y ,  GS was soaked f o r  10 minutes  each  i n  d i s t i l l e d  water  

and 10X SSC. One- f i f th  o f  t h e  p l a n t  e x t r a c t  was a p p l i e d  t o  t h e  

membrane and d i l u t e d  1:10 and 1:100 wi th  lOXSSC i n  t h e  s l o t -  

b l o t t e r .  The sample was drawn through t h e  GS under vacuum 

provided  by a  w a t e r - t a p  a s p i r a t o r .  Each wel l  was washed with 

200 u l  o f  10X SSC under vacuum. Nucle ic  a c i d  was c o v a l e n t l y  

bound t o  GS by c r o s s - l i n k i n g  with U V  i r r a d i a t i o n  as d e s c r i b e d  

below. 

E x t r a c t i o n  o f  RNA from v i r u s .  RNA was e x t r a c t e d  from v i r u s  by 

m o d i f i c a t i o n  of  t h e  procedure  d e s c r i b e d  by Daubert  e t  a l .  

(1978). A l l  s o l u t i o n s  and g lassware  used i n  t h i s  procedure  



were a u t o c l a v e d .  Vi rus  was d i l u t e d  wi th  d i s t i l l e d  water t o  1 

m x m l  i n  a f i n a l  volume o f  1 . 9  m l  and 0 . 1  m l  o f  20% SDS ~ B D H  

Chemicals)  was added. The s o l u t i o n  was hea ted  a t  80 C f o r  90 

seconds,  t h e n  c o o l e d  i n  a n  ice-water  b a t h  t'o lower t h e  

t empera tu re  o f  t h e  d i s s o c i a t e d  v i r u s  s o l u t i o n  below 20 C. The 

s o l u t i o n  was a d j u s t e d  t o  pH 8, by adding  0 . 4  m l  o f  b u f f e r  (1 M 

T r i s - H C 1 ;  40 mM EDTA, pH 8 . 0 ) .  A l l  subsequent  man ipu la t ions  

were done a t  room. t empera tu re  u n l e s s  o t h e r w i s e  i n d i c a t e d .  

The s o l u t i o n  c o n t a i n i n g  t h e  v i r a l  RNA was e x t r a c t e d  wi th  

two volumes o f  water s a t u r a t e d  phenol,  c o n t a i n i n g  0.1% 8- 

hydroxyquinol ine  ( p h e n o l ) .  Fol lowing a g i t a t i o n  f o r  5 minutes ,  

1 m l  o f  a  s o l u t i o n f : o f  ch lo ro fo rm and isoamyl a l c o h o l  ( 2 4 : l )  
e 

was added and t h e  mix tu re  was c e n t r i f u g e d  a t  10,000 g  f o r  15  

minutes  a t  4 C .  The aqueous phase was removed and e x t r a c t e d  

t h r e e  more times wi th :  1) 2 m l  o f  phepol and 2 m l  of  

ch loroform and isoamyl a l c o h o l ;  2 ) .  1 m l  o f  phenol and 3- m l  o f  

ch lo ro fo rm and isoamyl a l c o h o l ;  and o f  ch loroform and 

isoamyl a l c o h o l .  Ope-tenth volume 3 M sodium a c e t a t e  (pH 5 . 0 )  

and 2 .5  t o  3 volumes o f  95% e t h a n o l  were added. The R N A  was - 

al lowed t o  p r e c i p i t a t e  o v e r n i g h t  a t  -20 C .  

The p r e c i p i t a t e  was c o l l e c t e d  by c e n t r i f u g a t i o n  a t  10,000 

g f o r  15 minutes  a t  -10 C, .and d r i e d  vacuo. The RNA was 
J 

* 
d i s s o l v e d  a t  4  C i n  0 .4  m l  of  TEN (10  mM T r i s - H C 1 ;  1 mM EDTA; 

10 mM sodium c h l o r i d e ,  pH 7 . 6 )  per  1 mg of  o r i g i n a l  v i r u s  

c o n c e n t r a t i o n .  The RNA was f u r t h e r  p u r i f i e d  on a 1 m l  s p i n -  

column of  Sepharose  CL-2B-300 ( P h a r m a c i a ) .  The m a t r i x  was 



@ packed in a 1 ml disposable syringe and equilibrated with at 

least 4 applications of 0.2 ml TENp The column was centrifuged 

at 2,000 g for 2 minutes between additions o'f buffer, and 

sample (~aniatis et al., 1982). The purified RNA was 

precipitated as above. 

The integrity and purity of the RNA was determined by 

electrophoresis in a 1% agarose gel containing electrophoresis 

buffer (50 mM boric acid; 5 mM sodium borate; 10 mM sodium 

sulfate) plus 1 mM of methylmercuric, hydroxide (Alfa 

~hemibals) (Bailey & Davidson, 1976). Electrophoresis was -- i 

performed in a ventilated fume hood. The gels were stained for -i i 

15 mindtes in 14 mM 2-mercaptoethanol plus 0.3 ug/ml of 
'4 \ 

ethidium bromide and visualized by UV light. c 
I 
, - 

The concentration of RNA was calculated using 
+yT 

absorptivity values for 1 mg/ml of 25 at 260 nm (Davis et al,, 

'. 
UV irradiation of viral RNA. Up to 125 ug of purified viral 
- - RNA was dissolved in 200 ul of sterile.disti1led water .a@ - 

-! ir 

J 

placed on a wax membrane (Parafilm) over,a plate of glass. The 

RNA was irradiated at a distance of 10 cn with 1200 uw/cm2 of 
-/ UV light source (254 nm) for 5 minutes. Degraded RNA fragments 

with a poly(A) tail were removed from the total RNA population 

by purification on an oligo-dT cellulose (Type 7; Pharmacia) - 
column (Maniatis et al., 1982). 

Labeling of virus RNA. Vira.1 RNA was 5'-terminal labeled with 



p o l y n u c l e o t i d e  k i n a s e  (PNKase.1 ( ~ e g r u k  e.t a1. ,*'.1980 1. Up d o  2 

ug o f  p u r i f i e d  v i r a l  RNA w a s  p a r t i a l l y  degraded i n  10 u l  of , 
'3 

h y d r o l y s i s  b u f f e r  ( 5  mM sodium-carbonate;  4 5  mM sodium 

b ica rbona te ;  2 mM ;EDTA) f o r  1 .5  minutes  a t  90 C .  The s o l u t i o n  

was coo led  i n  i ~ e  and t h e  r e a c t i o d  mixture was assembled in 
H 

' 'c. 

t h e  s t a t e d  o r d e r :  8 u l  o f  d i s t i l l e d  water; 5 u l  o f  P N K ~ S ~  
' i 

b u f t e r  (100 mM T r i s - H C 1 ,  pH 7.6;  100 m ~ ' d i t h i o t h r e i t o 1 ;  100 i M  
pa 

magnesium c h l o r i d e ;  40% g l y c e r o l ) ;  1 2  U o f  PMKase; 50 u C i  

g a m m a - 3 2 ~ - ~ ~ ~ .  The mixture  w e s  i ncuba ted  f o r - 4 F m i n u t e s  a t  37 

C, and s topped wi th  t h e  a d d i t i o n  bf  1 u l  o f  20% SDS and 

h e a t i n g  f o r  5 minutes  a t  65 C. The l a b e l e d  R N A  was recovered  
% 

ffriom t h e  r e a c t i o n  mixture  by p u r i f i c a t i o n  on a  spin-column o f  

Sephadex G-50-coarse (Pharmac ia ) .  

I s o l a t i o n  o f  M13. B a c t e r i a  c o n t a i n i n g  recombinant ' 

b a c t e r i o p h a g e  M13mpll (Messing, 1983) were grown i n  0 . 5  m l  YT 

medium (5 g / l  y e a s t  extract;  5 g / l  ' t ryptone;  5 g / l '  sodium 

c h l o r i d e )  a t  37 C o v e r n i g h t ,  w i th  a e r a t i o n .  The b a c t e r i a l  
8 

c u l t u r e  was d i l u t e d  wi th  10 m l  of  YT and grown f o r  3  t o  5 

hoursaGrowth  was s topped by r a p i d  c h i l l i n g  i n  an ice-water  

. b a t h  f o r  30 seconds .  The b a c t e r i a  were removed from t h e  

s o l u t i y n  by c e n t r i f u g a t i o n  a t  .7.000 g  f o r  10 minutes  a t  4 C .  
V I 

Phage was p r e c i p i t a t e d  from 8  m l  of  t h e  s u p e r n a t e  with t h e  
Ws" 

. 1 F  a a d i t i o n  of  2 m l  each  o f  2 .5  M sodium c h l o r i d e  and 40%'-...-': 
'r 

4 
p o l y e t h y l e n e  glycol-6000 ( P E G ) .  The p r e c i p i t a t i n g  s o l u t i o n  was 

I 

mixed by i n v e r s i o n  and l e f t  t o  s t a n d  f o r  1 hour a t  4 C .  The 

p r e c i p i - t e d  phage were p e l l e t e d  a t  10,000 g  f o r  15 minutes  a t  
1 

- - 
2- 

86 



4 C. The p e l l e t  was s o l u b i l i z e d  i n  2 mM Tris-HC1 (pH 7 . 5 )  a t  4 

C, and r e - p r e c i p i t a t e d  w i t h  PEG/sodium c h l o r i d e .  The phage 

were s t o r e d  a t  4 C a s  a PEG p r e c i p i t a t e .  

I n f e c t i o n  o f  b a c t e r i a  w i t h  M13. B a c t e r i a  (JM105 o r  JM109; 

Yanisch-Perron e t  a l , ,  1985)  yere grown in 0*.5 m l  YT 

o v e r n i g h t .  From t h e  o v e r n i g h t  c u l t u r e  50' u l  and 250 u l  were 

, ' - - t r a n s f e r r e d  t o  0 . 5  m l  and 25 m l  o f  YT, r e s p e c t i v e l y .  The 25 m l  
. . - . . 

c u l t u r e  was grown f o r  6--8 hour s ,  and t h e  0 . 5  m l  c u l t u r e  was, 
. Y 

grown t o  t u r b i d i t y .  From t h e  . 0 . 5  m l  c u l t u r e  50 u l  Were" a g a i n  

- 1  
. . d i l u t e d  w i t h  0 . 5  m l  o f  YT t h e  b a c t e r i a  i n c u b a t e d  f o r  1 . 5  

2- - " - 
2 

---*, 
s' ; 
+ " _ h o u r s .  The b a c t e r i a l  c u l t u r e  was d i l u t e d  w i t h  f o u r  volumes o f  

€ 

YT and s p l i t  i n t o  f o u r  e q u a l  p a r t s .  Each f r a c t i o n  ws 
B 

i n o c u l a t e d  w i t h  phage from e i t h e r :  1) a  s t a b  from a n  M13 

p l aque ;  o r  2 )  a PEG p r e c i p i t a t e .  The b a c t e r i a  akd were 

- h c u b a t e d  f o r  3 h o u r s .  From t h e  l a t t e r  c u l t u r - e a a n d  t h e  

p r e v i o u s l y  i n o c u l a t e d  2 5  m l  c u l t u r e  0 . 2  m l  .an$ 2  m l ,  

r e s p e c t i v e l y ,  were t r a n s f e r r e d  t o  100 m l  d l  YT and i n c u b a t e d  

o v e r n i g h t .  

P l a smid  i s o l a t i o n .  P l a smids  and t h e  r e - p l i c a t i v e  form (RF),  o f  

b a c t e r i o p h a g e  M13 were p u r i f i e d  from b a c t e r i a l  h o s t s  by a n  I 

a l k a l i - l y s i s  p r o c e d u r e  (Bi rnboim & Doi l ey ,  19791, mod i f i ed  by 

D'. Schaef  f e r  and K .  C .  E a s t w e l l  ( personab  communica t ion ) .  
> 

e 

S i n g l e  b a c t e r i a l  c o l o n i e s  c o n t a i n i n g  r ecombinan t  DNA were 
a 

grown i n  100 m l  o f  YT media ( p l u s  35 ug/ml a m p i c i l l i n  f o r  

p l a s m i d  D N A ) .  The c u l t u r e s  were p l a c e d  o n  i c e  f o r  1 hour  o r  
d Xr P 



o v e r n i g h t .  The cells were c o l l e c t e d  by c e n t r i f u g a t i o n  a tde7000  

, g  f o r  10 minu te s  at 4  C, and r e suspended  i n  25  m l  o f  wash 

b u f f e r  (10  mM T r i s - H C 1 ;  20 mM sodium c h l o r i d e ,  pH 7 . 5 ) .  The 

ce l ls  were a g a i n  c o l l e c t e d  by c e n t r i f u g a t i o n ,  t h e  p e l l e t  

r e suspended  i n  15 '  m l  TES (10 mM T r i s - H C 1 ,  p ~  7 .5 ;  5 0  mM 

EDTA; 4 5  mM sodium hydroxide ;  20% s u c r o s e )  and d i l u t e d  w i t h  35 " 

m l  o f  l y s i s  b u f f e r  ( 0 . 1 8  M sodium and  1% SDS) p r i o r  

t o  bei'ng i n c u b a t e d  f o r  40 minu te s  w i t h  a g i t a t i o n .  The 

ce l l s  were t h e n  p l a c e d  i n  a n  i ce -wa te r  b a t h  f o r  40 minu te s ,  

w i t h  a g i t a t i o n .  The ce l l  d e b r i s  was p r e c i p i t a t e d  &om t h e  

s o l u t i o n  by t h e  r a p i d  a d d i t i o n  o f  2 5  m l  i c e - c o l d  3M sodium . 
a c e t a t e ;  0 . 3  M a c e t i c  a c i d  and i n c u b a t e d  i n  i ce -wa te r  f o r  a 

f u r t h e r  20  m i n u t e s .  The p r e c i p i t a t e d  ce l l  d e b r i s  kis removed 

by c e n t r i f u g a t i o n  a t  7,000 g  f o r  30 minu te s  a t  4 C .  

The sup ; rna te  c o n t a i n i n g  t h e  p l a smid  was. r e c o v e r e d  and 

e x t r a c t e d  wi th  one-ha1 f , volume e a c h  o f  phenol  and  c h l o r o f o r m .  

The p h a s e s  were s e p a r a t e d  by c e n t r i f u g a t i o n  a t  7,000 g f o r  1 0  

minu te s  a t  4 C .  The aqueous  l a y e r  was removed and t h e  D N A  

p r e c i p i t a t e d  w i t h  a n  e q u a l  volume o f  i s o p r o p a n o l .  The - I 

p r e c i p i t a t e d  D N A  was p e l l e t e d  a t  7,000 g f o r  30 minu te s  a t  

room t e m p e r a t u r e ,  r e - d i s s o l v e d  w i t h  a  minimal volume o f  TEN, 

and t h e  i s o p r o p a n o l  p r e c i p i t a t i o n  r e p e a t e d .  The p lasmid  was 

, t h e n  f u r t h e r  p u r i f i e d  on a  Sepha rose  CL-2B-300 spin-column and 

s t c r e d  as  a n  e t h a n o l  p r e c i p i t a t e .  t 

The i n t e g r i t y  and p u r i t y  o f  t h e  p l a smid  was d e t e r m i n e d  by 

e l e c t r o p h o r e s i s  i n  a g a r o s e  g e l s  ( M a n i a t i s  e t  a l . ,  1982). 
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01190- l abe l ing  of DNA. P lasmid  and r e s t r i c t i o n  enzyme 

f r a g m e n t s  were l a b e l e d  t o  h i g h  s p e c i f i c  a c t i v i t y  a c c o r d i n g  t o  
J 

t h e  p r o c e d u r e  d e s c r i b e d  by F e i n b e r g  and V o g e l s t e i n  (1983). 

P l a s m i d s  were d e n a t u r e d  by b o i l i n g  i n  d i s t i l l e d  water f o r  3 

m i n u t e s  and  t h e n  k e p t  a t  37 C .  R e s t r i c t i o n  enzyme f r agmen t s  

were r e s o l v e d  i n  low g e l l i n g  t e m p e r a t u r e  a g a r o s e  by /- 

e l e c t r o p h o r e s i s ,  s t a i n e d  w i t h  e t h l d i u m  bromide and v i s u a l i z e d  

by U V  l i g h t .  The d e s i r e d  bands  were e x c i s e d .  The DNA i n  t.he 

g e l  m a t r i x  was d i s s o l v e d  and t h e  DNA d e n a t u r e d  by b o i l i n g  i n  

water f o r  7 m i n u t e s  and d i l u t e d  1: 3 wi th  d i s t i l l e d  water p r i o r  

t o  l a b e l i n g .  The l a b e l e d  D N A  was removed from t h e  r e a c t i o n  

m i x t u r e  by p u r i f i c a t i o n  on  a  Sepha rose  G-50-coarse s p i n -  . 

c o  1 umn . 

E l e c t r o p h o r e t i c  t r a n s f e r .  N u c l e i c  a c i d s  i n  a g a r o s e  and 

d e n a t u r i n g  agarose-methylmercury  hydrox ide  g e l s  were 

e l e c t r o b l o t t e d  t o  G S  ( B i t t n e r  e t  a l . ,  1 9 8 0 ) .   on-denaturing 

a g a r o s e  g e l s  and t h e  t r a n s f e r  membrane were soaked  i n  

e l e c t r o b l o t t i n g  b u f f e r  (EBB: 0 . 0 2 5  M sodium phospha te ,  pH 6 . 5 )  

f o r  15 minu te s ,  w h i l e  u n s t a i n e d  agarose-methylmercury  

h y d r o x i d e  g e l s  were soaked  f o r  15 minu te s  e a c h  i n :  1) EBB p l u s  

1 4  mM 2 ~ m e r c a p t o e t h a n o l ;  and 2 )  EBB.  E l e c t r o b l o t t i n g  was done 

f o r  6 t o  16  h o u r s  w i t h  2 5 0  mA o f  d i r ec t "Ccur ren t  a t  4 C .  The GS 

, membrane w i t h  bound n u c l e i c  a c i d  was washed i n  EBB f o r  5 

m i n u t e s .  

UV i r r a d i a t i o n  o f  f i l t e r s .  N u c l e i c  a c i d  bound t o  t h e  G S  



membrane was c r o s s - l i n k e d  t o  t h e  membrane by Uv 

(Church & G i l b e r t ,  1 9 8 4 ) .  The membrane was 

o f  g l a s s  w i t h  the* n u c l e i c  a c i d - c o a t e d  s i d e  f a c i n g  up. The 

membrane was c o v e r e d  w i t h  S a r a n  Wrap and  i r r a d i a t e d  f o r  10 

m i n u t e s  a t  a d i s t a n c e  o f  1 5  c m  w i t h  1200 uw/cm2 of  UV l i g h t  

( 2 5 4  nm) (Church & G l l b e r t ,  1 9 8 4 ) .  The membrane was a i r  d r i e d  

and baked f o r  1 tp 3 h o u r s  a t  90 C .  

cDNA c l o n i n g  o f  CPMV and  CPSMV. Complementary DNA ( c D N A )  

s y n t h e s i s  was based  on  t h e  p r o c e d u r e  d e s c r i b e d  by G r u n s t e i n  

and Hogness (19751,  and mod i f i ed  by D t A l e s s i o  e t  a l .  ( 1 9 8 7 ) .  

Up t o  2 ug o f  p u r i f i e d  CPMV a n d  CPSMV R N A  i n  7 . 5  u l  o f  

d i s t i l l e d  wa te r  was d i l u t e d  w i t h  a n  e q u a l  volume o f  40 mM 

methylmercury h y d r o x i d e .  The s o l u t i o n  w a s  k e p t  a t  room 

t e m p e r a t u r e  f o r  10 minu te s ,  t h e n  immersed i n  l i q u i d  n i t r o g e n  

u n t i l  f r o z e n .  The r e a c t i o n  m i x t u r e  f o r  f i r s t  s t r a n d  cDNA 

s y n t h e s i s  ( 5 0  mM T r i s - H C 1 ,  pH 8 . 0 ;  75 mM p o t a s s i u m  c h l o r i d e ;  3 
i9 

mM magnesium chlsor ide;  10 mM d i t h i o t h r e i t o l ;  5 uM e a c h  dATP, 

dTTP, dCTPp and dGTP; 70 ug/ml o l i g o  ( d T )  12-18; 10,000 U / m l  M- 

MLV r e v e r s e  t r a n s c r ' i p t a s i  ( ~ e t h e s d a  Research  L a b o r a t o r i e s  1 ; 1 

uCi a l p h a - [  3 2 ~ 1 - d ~ ~ ~ )  was added i n  a  t o t a l  volume o f  5 0  u l  t o  

t h e  s o l u t i o n  b e f o r e  i t  thawed. The m i x t u r e  was i n c u b a t e d  a t  37 

C f o r  1 hour  and t h e  r e a c t i o n  s t o p p e d  b y  immersion i n  a n  i c e -  ' 

wate r  b a t h .  

For  c D N A  c l o n e s  t o  be g e n e r a t e d  by c l o n i n g  r e s t r i c t i o n  

enzyme f r agmen t s ,  t h e  second s t r a n d  c D N A  s y n t h e s i s  was c a r r i e d  



o u t  i n  t h e  p r e s e n c e  o f  RNase H (Gub le r  & Hoffman, 1983). To 

t h e  f i r s t  s t r a n d  c D N A  m i x t u r e  w e r e  added t h e  componen&s o f  t h e  

second  s t r a n d  s y n t h e s i s  s o l u t i o n  a t  4 C i n  o r d e r ,  f o r  a f i n a l  

c o m p o s i t i o n  o f :  25 mM T r i s - H C 1 ,  pH8.3; 100 mH po ta s ium , 

c h l o r i d e ;  5  mM magnessium c h l o r i d e ;  5 mM d i t h i o t h r e i t o l ;  250 

uM e a c h  dATP, dTTP, dCTP and dGTP; 250 U / m l  DNA po lymerase  1 

(Promega 1 ; 8 . 5  W / m l  RNase H ( B e t h e s d a  Resea rch  L a b o r a t o r i e s  .. 

i n  a t o t a l  volume o f  350 u l .  The m i x t u r e  was i n c u b a t e d  f o r  2  

h o u r s  a t  16  C .  The r e a c t i o n  was s t o p p e d  by p l a c i n g  on  ice and 

a d d i n g  12  u l  o f  0 . 5  M EDTA (pH 8.0 ' ) .  The c D N A  was p u r i f i e d  

from t h e  o t h e r  components o f  t h e  r e a c t i o n  by p a s s i n g  t h e  

r e a c t i o n  m i x t u r e  t h r o u g h  a spin-column o f  Sepha rose  CL-2B-300 

and  s t o r e d  o v e r n i g h t  as  a n  e t h a n o l  p r e c i p i t a t e  a t  -20 C .  

T,he p r e c i p i t a t e d  c D N A  was c o l l e c t e d  by c e n t r i f u g a t i o n  and 

d i g e s t e d  wi th  r e s t r i c t i o n  enzymes a c c o r d i n g  t o  t h e  i 
m a n u f a c t u r e r s  s p e c i f i c a t i o n s  (Be thesda  Resea rch  ~ a b o r a t o r i e s ;  

t 
Promega) .  R e s t r i c t i o n  enzyme f r agmen t s  were 1 i g a t y d  between 

p r o m o t e t s  f o r  t h e  DNA-dependent R N A  po lymerases  SP6 and T 7 ,  i n  

t h e  p l a smid  v e c t o r s  pGEM2 and pGEM4Z (promega)   p el ton e t  a l . ,  

1984). The v e c t o r  had been l i n e a r i z e d  w i t h  t h e  a p p r o p r i a t e  

r e s t r i c t i o n  enzyme and d e p h o s p h o r y l a t e d  w i t h  c a l f  i n t e s t i n a l  

p h o s p h a t a s e  (Boerhinger-Hannheim) (Maxum & G i l b e r t , - 1 9 8 0 ) .  The 

l i n e a r i z e d  d e p h o s p h o r y l a t e d  v e c t o r  was p u r i f i e d  from low g e l  

t e m p e r a t u r e  a g a r o s e  (Burns  & Beacham, 1983 1 . R e s t r i c t i o n  
.\ 
1. 

f r a g m e n t s  o f  C ~ N A  and t h e  1 i n e a r  i z e d  and d e p h o s p h o r y l a t e d '  

v e c t o r  were mixed a t  a  2 t o  1 molar r a t i o  and l i g a t e d  (Crouce  



e t  a l . ,  1 9 8 3 ) .  ~ o l i  s t r a i n s  JM105 o r  JM109 were t r a n s f o r m e d  , 

w i t h  t h e  l i g a t i o n  p r o d u c t  (Peacock e t  a l . ,  1 9 8 1 ) .  

For  c D N A  c l o n e s  t o  be g e n e r a t e d  by t a i l i n g  w i t h  t e r m i n a l  

t t r a n s f e r a s e ;  t h e  f i r s t  s t r a n d  c D N A  s o l u t i o n  was t r e a t e d  as 

d e s c r i b e d  above,  b u t  RNase H was o m i t t e d  from t h e  second  

s t r a n d  c D N A  s y  t h e s i s  b u f f e r  . The p r e c i p i t a t e d  d o u b l e - s t r a n d e d  4 -3- 

DNA was c o l l e c t e d  by c e n t r i f u g a t i o n ,  d r i e d ,  and d i s s o l v e d  i n  

20 u l  o f  TE ( 1 0  mM T r i s - H C 1 ;  0 . 5  mM EDTA, pH 7 . 5 ) .  To t h i s  

s o l u t i o n  were added t h e  f o l l o w i n g  components o f  t h e  RNase H 

r e a c t i o n  iri o r d e r ,  f o r  a f i n a l  compos i t i on  o f :  20 mM T r i s - H C 1 ,  

pH 7 .5 ;  10 mM magnesium c h l o r i d e ;  20 mM po ta s s ium c h l o r i d e ;  

0 . 1  mM EDTA; 0 . 1  mM d i t h i o t h r e i t o l ;  20 U / m l  RNase H, i n  a  

t o t a l  .volume o f  100 u l .  The m i x t u r e  was i n c u b a t e d  f o r  20 

m i n u t e s  a t  37 C, t h e n  p l a c e  o n  ice and t h e  r e a c t i o n  s t o p p e d  

w i t h  1 u l  o f  0 . 5  M EDTA (pH 8 . 0 ) .  The c D N A  s o l u t i o n  was 

e x t r a c t e d  w i t h  phenol  and  ch lo ro fo rm,  and e t h a n o l  

p r e c i p i t a t e d .  The c D N A  was t a i l e d  wi th  t e r m i n a l  

d e o x y n u c l e o t i d y l  t r a n s f e r a s e  (Land e t  a l . ,  1981 i n  a  r e a c t i o n  

t h a t  c o n t a i n e d  100 mM p o t a s s i u m  c a c o d y l a t e  (pH 7 .21 ,  2 mM 

c o b a l t  c h l o r i d e ,  1 mM d i t h i o t h r e i t o l  and 0 . 1  mM dCTP, i n  a 

f i n a l  volume o f  20 u l .  A f t e r  p r e - i n c u b a t i o n e o f  t h e  m i x t u r e  

f o r  5  minu te s  a t  37 C, 30 U o f  t e r m i n a l  d e o x y n u c l e o t i d y l  

t r a n s f e r a s e  ( B e t h e s d a  Resea rch  L a b o r a t o r i e s )  were added and 

i n c u b a t i o n  c o n t i n u e d  f o r  a n o t h e r  5 minu te s  a t  37 C .  The 

r e a c t i o n  was s t o p p e d  w i t h  t h e  a d d i t i o n  o f  1 u l  o f  0 . 5  M 

d i sod ium EDTA (pH 8.0) and 6 u l  o f  5 M sodium c h l o r i d e ,  



f o l l o w e d  by h e a t i n g  a t  65 C f o r  5 minu te s .  The t a i l e d  cDNA was 

pheno l  and c h l o r o f o r m  e x t r a c t e d ,  and s e p a r a t e d  from t h e  

r e a c t i o n  m i x t u r e  by p a s s a g e  th rough  a spin-column o f  Sepha rose  

CL-2B-300. The p u r i f i e d  DNA was c o n c e n t r a t e d  by e t h a n o l  

p r e c i p i t a t i o n .  

T a i l e d  CDNA and p o l y ( G )  - t a i l e d  pUC9 v e c t o r  ( P h a r m a c i a )  

were mixed i n  a molar  r a t i o  o f  1:l i n  10 mM T r i s - H C 1  (pH 7 .51 ,  

1 m M  EDTA (pH 8 . 0  1, 10 mM ammonium s u l f a t e  and  80 mM p o t a s s i u m  - 
c h l o r i d e ,  i n  a  t o t a l  volume o f  20 u l  . The D N A  f r a g m e n t s  were 

h e a t e d  i n  a  wa te r  b a t h  f o r  5 minu te s  a t  65 C .  The h e a t  s o u r c e  

was t h e n  removed, and t h e  sample  c o o l e d  i n  t h e  water b a t h  f o r  

3 h o u r s  a l l o w i n g  t h e  DNA f r a g m e n t s  t o  a n n e a l .  Competent  

b a c t e r i a  were t;ansformed w i t h  t h e  r ecombinan t  p l a s m i d s .  

S c r e e n i n g  o f  CPMV and CPSMV l i b r a r i e s .  The c D N A  l i b r a r i e s  o f  

CPMV and CPSMV d e s c r i b e d  above and  t h o s e  g e n e r a t e d  from 

r e s t r i c t i o n  enzyme f r a g m e n t s  o f  CPMV and CPSMV c D N A s  
& 

p r e v i o u s l y  c l o n e d  i n t o  t h e  b a c t e r i o p h a g e  v e c t o r  M13mpll were 

s c r e e n e d  f o r  c l o n e s  hybr id ; -z ing  s p e c i f i c a l l y  t o  a s i n g l e  R N A  

, o f  t h e  b i p a r t i t e  v i r a l  genome o f  e i t h e r  CPMV o r  CPSMV. ( T h e  

l a t t e r  M13 l i b r a r i e s  were p r o v i d e d  by K . C .  E a s t w e l l . )  C o l o n i e s  . 

and p l a q u e s  c o n t a i n i n g ~ s e q u e n c e s  homologous t o  CPMV o r  CPSMV 

were i d e n t i f i e d  by h y b r i d i z a t i o n  w i t h  5 ' - t e r m i n a l  l a b e l e d  

v i r a l  R N A .  

Bacterial cel ls  c o n t a i n i n g  c D N A  l i b r a r i e s  - i n  p l a s m i d s  

were grown o v e r n i g h t  a t  37 C on  YT media p l u s  35 ug/ml 

a m p i c i l l i n .  The c o l o n i e s  were r e p l i c a  p l a t e d  o n t o  0 . 4 5  um 



n i t r o c e l l u l o s e  (NC: S c h l e i c h e r  & ~ c h u e l l ) ,  and t h e  NC w i t h  

bound b a c t e r i a l  cel ls  was l a y e r e d  o v e r  a . p l a t e  o f  s e l e c t i o n  

media and  grown f o r  6 t o  8 h o u r s  a t  37 C .  The c D N A  l i b r a r i e s  

i n  M13mpll were a m p l i f i e d  i f l  J M ~ O ~  o r  JM105, and  p l a q u e s  were 
- 

l i f t e d  o n t o  NC. Bacteria i n  t h e  c o l o n y  and  p l a q u e  l i f t s  were 

l y s e d  and  t h e i r  DNA bound t o  t.he NC ( G r u n s t e i n  & Hogness, 

1 9 7 5 ) .  F i l t e r  p a p e r s  (Whatman 3MM) were soaked  w i t h  e a c h  o f  

t h e  f o u r  d i s r u p t i o n  b u f f e r s :  1) 10% SDS; 2 )  0 . 5  M sodium 

hydrox ide ,  1 . 5  M sodium c h l o r i d e ;  3) 0 . 5  M T r i s - H C 1 ,  1 . 5  M 

sodium c h l o r i d e ,  pH 8 . 0 ;  and 4 )  25 mM sodium phospha te ,  2  mM 

EDTA, pH 7 . 4 .  The NC d i s k s  were p l a c e d  s e q u e n t i a l l y  on e a c h  o f  

t h e  f o u r  b u f f e r  soaked  f i l t e r  p a p e r s  f o r  10 minu te s ,  t h e n  a i r  
8 

d r i e d  and baked i n  a  vacuum oven  f o r  2 

p r e - h y b r i d i z a t i o n ,  b a c t e r i a l  and phage 

washing t h e  f i l t e r s  i n  wash b u f f e r  ( 5 0  

h o u r s  a t  95 C .  P r i o r  t o  

d e b r i s  was removed by 

mM T r i s - H C 1 :  1 M sodium 

c h l o r i d e ;  1 mM EDTA, pH 8 . 0 )  f o r  1 hour a t  room t e m p e r a t u r e ,  

w i t h  moderate  a g i t a t i o n .  

S u b c l o n i n g  o f  r e s t r i c t i o n  enzyme f r a g m e n t s .  Recombinant 

M13mpll RF and pUC9 plasmihs c o n t a i n i n g  s e q u e n c e s  homologous 

t o  t h e  genomes o f  CPMV and CPSMV were d i g e s t e d  w i t h  s u i t a b l e  

r e s t r i c t i o n  enzymes. R e s t r i c t i o n  enzyme f i ag .me i t s  were 

r e s o l v e d  by e l e c t r o p h o r e s i s  i n  low g e l  t e m p e r a t u r e  a g a r o s e  and 

t h e  de ' s i r ed  bands r e c o v e r e d  (Burns  & Beacham, 1 9 8 3 ) .  The " 

p la smid  v e c t o r s  pGEM2 and pGEM4Z were l i n e a r i z e d  w i t h  t h e  

a p p r o p r i a t e  r e s t r i c t i o n  enzyme and d e p h o s p h o r y l a t e d .  Recovered 



r e s t r i c t i o n  enzyme f ragments  and l i n e a r i z e d ,  dephosphoryla tea  

v e c t o r  were ndxed a t  a  r a t i o  o f  1 : 2 ,  and l i g a t e d .  Competent 
w 

b a c t e r i a  were t ransformed wi th  t h e  l i g a t i o n  p r o c h c t .  ~ a c t e r i a  

c o n t a i n i n g  c l o n e s  complementary t o  CPMV and CPSMV were 

i d e n t i f i e d  by allowing r e p l i c a t e d  NC t o  h y b r i d i z e  wi th  5 ' -  

t e r m i n a l l y  l a b e l e d  v i r a l  R N A  as d e s c r i b e d  above.  

The o r i e n t a t i o n  o f  t h e  c l o n e s  i n  t h e  t r a n s c r i p t i o n  

v e c t o r s  was de termined by h y b r i d i z i n g  t r a n s c r i p t s  g e n e r a t e d  by 

SP6 and T 7  DNA-dependent R N A  polymerase r e a c t i o n  t o  

e l e c t r o b l o t s  o f  g e l s  c o n t a i n i n g  p o s i t i v e  Sense v i r a l  R N A .  
- 

A recombinant  plasmid con ' ta in ing  a sequence homologous t o  

185 R N A  c loned piom C o s t a r i a  c o s t a t &  ( k i n d l y  provided by D r .  

Debashish B h a t t a c h a r y a )  was d i g e s t e d  with r e s t r i c t i o n  enzyme . 

(Eco R l ) .  The d e s i r e d  1 . 9 1  k i l o b a s e  fragment was subcloned t o  

pGEM4Z ( a s  d e s c r i b e d  a b o v e ) .  

DNA sequencing .  D N A  i n s e r t s  i n  pUC9, pGEM2 and pGEM4Z 

were sequenced by t h e  d i d e o x y r i b o n u c l e o t i d e  method (Sanger  e t  

a l . ,  1977) .  Components o f  t h e  sequencing  r e a c t i o n  were 

o b t a i n e d  a s  a  package and c o n d i t i o n s  f c r  t h e  sequencing  

r e a c t i o n s  were a c c o r d i n g  t o  t h e  m a n u f a c t u r e r ' s  i n s t r u c t i o n s  

(Promega);  e x c e p t ,  r e a c t i o n s  w i t h  t h e  l a r g e  fragment  o f  D N A  

polymerase were incuba ted  a t  4 2  C .  D N A  sequence w a s  ana lyzed  

wi th  *the P u s t e l l  sequence a n a l y s i s  program ( I B I ) .  

S y n t h e s i s  o f  SP6 and T7 t r a n s c r i p t s .  SP6 and T7 t r a n s c r i p t s  

o f  c loned  f ragments  were s y n t h e s i z e d  u s i n g  a  p r o t o c o l  modif ied 



from Melton et al. ( 1 9 8 4 ) .  All solutions and plasticware used 

in the reaction were sterilized. Recombinant plasmids were 

linearized with a suitable restriction enzyme to permit the 

synthesis of either plus or minus sense RNA transcripts. 
'* 

Up to 1 ug of linearized DNA was dissolved in 3 ul of 

distilled <water and denatured by heating at 65 C for 10 

minutes. The reaction components were then added in order: 2.0 

ul of 100 mM dithiothreitol; 4 ul of ribonucleotide \ 

triphosphates (2.5 uM each of ATP, GTP and UTP; 20 uM CTP, pH 

7.0); 4 ul o f 5 X  transcription buffer (200 mM Tris-HC1, pH 

7,,5; 30 mM magnesium chloride; 10 mM spermidine; 50 mM sodium 

chloride); 10-56 uCi a l p h a - 3 Z ~ - ~ ~ ~ ;  10 U of SP6 (Promega) or 

5 U T7 DNA-dependent RNA polymerase (Promega or New England 

Biolabs). The reaction mixture was incubated for 1 hour at 

-/ 37 C. The DNA template was degraded by the addition of RNase- 

free DNase 1 (Promega) at a concentration of 1 U/ug DNA, and 

the reaction incubated for 15 minutes at 37 C. The reaction 

was stopped by heating for 5 minutes at 65 C. The labeled 

transcripts were recovered from the reaction mixture by 

purification on a Sephadex-GSO-coarse spin-column. 

Hybridization of nucleic acids. All hybridization procedures 

were modifications of the protocol outlined by the 
Z1 

manufacturer of GS. Hybridization membranes with bound-nucleic 

acids were pre-hybridized and hybridized in 1 ml hybridization 

buf fer/3 cm2 GS (50 mM Tris-HC1, pH 7.5; 1 M sodium chloride; 

serum albumin; 0.2% polyvinyl-pyrrolidone (molecular weight 



40,000); 0.2% ficoll (molecular weight 400,000); 0.1% sodium 

pyrophosphate; 1% SDS; 50% deionized formamide; 10% I w l v )  . 
, 

dextran sulfate; 0.1 mg/ml of sonicated salmon sperm DNA). 

hybridizations were incubated for 12 to 18 hours in heating 

baths with agitation. For hybridization the labeled probe was 

added to the predhybridization solution at 500,000 cpm/ml. The 

specific conditions for hybridization and washing varied 

depending on the hybrids being formed: 

A )  DNA:DNA hybridizations. Pre-hybridization and 

hybridization were performed at 50 C. The filters were washed 

with: two washes in 2X SSC, 5 minutes each at room 

temperature; three washes in 2X SSC and 1% SDS, 20 minutes 

each at 65 C; and three ;ashes in 0.1X SSC and 0'. 1% SDS, 20 

minutes each at room temperature. 

B) DNA:RNA hybridizations. Pre-hybridization and 

hybridization were done at 55 C. The filters were washed with: 

two washes in 2X SSC, 5 minutes each at room temparature; 

three washes in 2X SSC and 1% SDS, 20 minutes each at 65 C; 

three washes in 0.1X SSC and 0.1% SDS, 20 minutes each at 50 

C; three washes in 0.1X SSC and 0.1% SDS, 20 minutes each' at 

room temperature. 

C )  RNA:RNA hybridizations. Pre-hybridization and 

hybridization were incubated at 60 C. The filters were washed 

with: two washes in 2X SSC, 5 minutes each at room 

temperature; three washes in O.1X SSC and 0.1% SDS, 20 minutes 

each at 65 C; three washes in 0.1X SSC and 0.1% SDS, 20 



minutes  each a t  room tempera ture ;  2X SSC and 1 ug/ml R N a s e  A 

. (Sigma) f o r  10 minutes  a t  room tempera ture ;  and 0.1X SSC and 

0 .1% SDS f o r  40 minutes  a t  50 C .  

The d r i e d  membranes were au to rad iographed  on XAR-5 o r  XK 

f i l m  (Kodak). 



RESULTS : 

cDNA synthesis. RNAs purified from CPMV and CPSHV were 

denatured with methylmercury hydroxide and used as templates 
I 

fir the synthesis of cDNA. Methylmercury hydroxide reacts 
, 

v 

- reversibly with the N-H bonds of uridine and guanidine , 

involved in Watson-Crick base pairing, thereby effectively 
a "  - ---\.- qj 

denaturing the RNA molecule (Bailey & Davidson, 1976): 1 
t 

Compounds with reactive sulfhydryl groups (eg. 2- 

mercaptoethanol and dithiothreitol)' completely reverse the 

denaturation process (~im<son, 1964 1 .  Methylmercury hydroxide 
* 

has been used as a denaturant of RNA for agarose gel 

electrophoresis (Bailey & Davidson, 1976; ~ehrach 8t al., 
* 

1977). for vitro translation of mRNA (Moore & Sharp, 1984) 
+ 

and for cloning of yeast dsRNA (Skipper, 1983). 

Approximately 20% of the cDNA synthesized per reaction 

co-electrophoresed with viral RNA in an agarose-methylmercury 

hydroxide gelQ, indicating that near full-length cDNAs were 

being synthesized. Electrophores;~ of cDNA digested with 

various restriction enzymes produced multiple, distinct bands 

n agarose gels (data not shown). T 
Viral RNA cloning. Clones with sequence complementary to 

RNAl and RNA2 of CPMV, and RNAl of CPSMV were identified in 
iB 

the cDNA libraries majntained in H13mpll. The libraries were , 

screened by hybridizaqion of 5'-terminal labeled viral RNAs to 
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p l a q u e  l i b t s .  C lones  were s e l e c t e d  which h y b r i d i z e d  t o  o n l y  
- 

one o f  t h e  v i r a l  R N A s  o f  e i t h e r  CPMV o r  CPSMV, b u t  n o t  b o t h .  
, 8 

These s e q u e n c e s  were s u b c l o n e d  i n t o  t h e  m u l t i b l e  c l o n i n g  . E - 
r e g i o n  o f  t h e  t r a n s c r i p t i o n  vecto'r pGEM2 (Mel ton  e t  a l . ,  

1984). Three d i s t i n c t  c l o n e s  were i d e n t i f i e d :  1) pGZSB1, a 310 . 
t 

D 

base  Sau 3AI f ragment  o f  CPMV R N A l  c l o n e d  i n t o  t h e   am H I  s i t e  

- o f  pGEM2; 2 )  pG2SB2, a 342 b a s e  Taq I f ragment  o f  CPMV RNA2 

c l o n e d  i n t o  t h e  Acc -I s i t e - o f  t h e  v e c t o r ,  and 3 )  pG2DG1, a 740 
Y 

b a s e  Taq I f r agmen t  o f  CPSMV R N A l  c l o n e d  i n t o  t h e  Acc I s i t e  

u o f  t h e  v e c t o r .  

A c l o n e  homologous t o  CPSMV RNA2 w a s  s e l e c t e d  from t h e  

p lasmid  c D N A  l i b r a r y ,  c o n s t r u c t e d  by c l o n i n g  r e s t r i c t i o n  

f r agmen t s  g e n e r a t e d  from t h e  c D N A  o f  t h e  v i r a l  R N A  i n t o  

pGEM4Z. The c l o n e  o f  CPSMV RNA2, pG4ZDG2, was a n  845 base  Bgl 
B 

I1 r e s t r i c t i o n  enzyme f ragment  c l o n e d  i n t o  a homologous, 

r e s t r i c t i o n  enzyme s i t e  i n  t h e  m u l t i p l e  c l o n i n g  r e g i o n  o f  t h e  

\ v e c t o r .  

The SP6 and T7 DNA-dependent R N A  po lymerases  were used t o  
L. 

g e n e r a t e  R N A  t r a n s c r i p t s  complementary t o  t h e  c l o n e s .  These 

t r a n s c r i p t s  we6e h y b r i d i z e d  t o  e l e c t r o b l o t s  03' t h e  genomes o f  

I CPMV and CPSMV t o  d e t e r m i n e  t h e  o r i e n t a t i o n  o f  t h e  c l o n e  and 

t o  c o n f i r m  t h a t  e a c h  c l o n e  h y b r i d i z e d  t o  a s i n g l e  R N A  o f  

e i t h e r  CPMV o r  CPSMV ( F i g u r e  1 0 ) .  C lones  pG2SB1, ~ G ~ S B Z ,  
P 

pG2DG1 and pG4ZDG2 were t r a n s c r i b e d  w i t h  R N A  polymerase  T7, , 

SP6, T 7  and T7, r e s p e c t i v e l y ,  t o  g e n e r a t e  R N A  complementary t o  

p o s i t i v e - s e n s e  v i r a l  R N A .  



. -- 
Ffgure 10 .  Minus s e n s e  t r a n s c r i p t s  o f  v i r a l  c l o n e s  ( A ) ,  
pG2SBI; ( B ) ,  pG2SB2; ( C ) ,  pG2DG1; (Dl ,  pG4ZDG21 were 
hybridized t o  the  genomes o f  CPMV ( l a n e  1 )  and CPSMV ( l a n e  
2 ) .  Lane 3:  RNA e x t r a c t e d  from uninfec ted  BE-5 cowpeas, 





1 

The sequence o f  each  c l o n e  was determined by t h e  chain 

t e r m i n a t i o n  method (Sanger  e t  a l . ,  1977) u s i n g  p r imers  . , 

conplernentary t o  t h e  SP6 and T7 prornoteys'*in ppEH2 and p ~ ~ h 4 ~  
. .  6 , .  . 

( F i g u r e  11). Clones  o f  CPHV R N A l  and RNAZ. herd ~ a l  Agned k i t h  

t h e  pub l i shed  sequences  o f  t h e  v i r a l  genome (Lomonossoff & 

Shanks, 1983; Van Wezenbeek e t  a l . ,  1983). Clones  pG2SB1 and 

pG2SB2 corresponded t o  b a s e s  3547 t o  3857 o f  CPMV R N A l  and 

1622 t o  1964 of  CPMV RNA2, r e s p e c t i v e l y .  The n u c l e o t i d e  

sequences  a t  t h e  5'-end and 3'-end o f  t h e  CPSMV c l o n e s  were 

de termined.  However, t h e  l a t t e r  c l o n e s  c a n n o t  be l o c a l i z e d  on 

t h e  CPSMV genome as t h e  complete  sequence o f  t h e  CPSMV genome 

is unknown. The sequences  o f  t h e  CPSMV c l o n e s  were compared i n  

b l o c k s  o f  7 n u c l e o t i d e s  t o  t h e  sequence of  t h e  genome o f  CPMV, 

and analyzed  f o r  r e g i o n s  o f  50% o r  g r e a t e r  homology. Regions 

o f  homology were n o t  found. The l a t t e r  was n o t  unexpected 

because CPSMV c l o n e s  were p u r i f i e d  on t h e  b a s i s  t h a t  they  d i d  

n o t  h y b r i d i z e  t o  CPMV. 

R e p l i c a t i o n  o f  CPMV i n  cowpea seedlings. A s  a f o u n d a t i o n  f o r  

f u r t h e r  s t u d i e s ,  t h e  accumula t ion  of CPMV R N A  was de termined 

i n  t h e  s u s c e p t i b l e  cowpea v a r i e t y  BE-5 i n o c u l a t e d  wi th  250 

ug/ml i n t a c t  CPMV ( F i g u r e - 1 2 ) .  The accumula t ion  o f  p o s i t i v e -  

s e n s e  v i r a l  RNA was de termined i n  p l a n t  e x t r a c t s  a t  v a r i o u s  

t ime i n t e r v a l s  p o s t  i n f e c t i o n  ( p . i . 1 .  I n  BE-5, t h e  q u a n t i t y  o f  

v i r a l  RNA r ecovered  from i n o c u l a t e d  p l a n t s  i n c r e a s e d  

d r a m a t i c a l l y  between 2 days  and 5  days  p .  i .  The v i r a l  RNA 

c o n t e n t  o f  t h e  i n o c u l a t e d  l e a v e s  con t inued  t o  i n c r e a s e  up t o  



F i g u r e  11. P a r t i a l  sequences o f  CPMV and CPSMV c l o n e s .  

Sp6 promoter  

CPMV R N A ~  ' 5 ' -GATCTCTTGTGATAGCACACATTCCTGGGAAGCAC4AGATTGTGGGTGTT 
(pGZSB1) CATGTTGCTGGTATTCAAGGTAAGATAGGATGTCCTTCCTTATTGCCACC 

ATTCGAGCCAATAGCACAAGCGCAACGTGCTGAGGAATACTTT-.. . 

. . . -  ATCTTCTGGAGTGGCTATGGTAGCACGACTCAAACAAGGAGTTTACATCC 
ATTACCCACAAAAACAGCGCTAGTGGAGACCCCCTCCGAGTGGCATTTGG 
ACACACCATGTGACAAAGTTCCTAGCATTTTAGTTCCCACG-3' 

T7 promoter  +-- 
+ T7 promoter  

CPHV R N A ~  5 ' -CGAGTTTTGTTGTCCAACGCTATGGCTCGTGGTGnTCTGTTATTGGATGA 
(pG2SB2) GTATCTCTATGATGTGGTCAATGGACAAGATTTTAGAGCTACTCTCGCTT 

TTTTGCGCACCCATGTTATAACAGGCAAAATAAAGGTGACAGCTACCACC 
AACATTTCTGACAACTCGGCT.TGTTGTTTGATGTTGCCCATAAATAGTCG 
TGTGACCGGTAAGTATBGTACTGATGTTTATCTGCTCTCAAGACT 
CCATGACGTGGAACCCAGGGTGCAAAAAGAACTTCTCGTTCACATTTAAT 
CCAAACCCTTGTGGGGATTCTTGGTCTGCTGACATGATAAGT-3' 

Sp6 promoter  t--- 

4 Sp6 promoter  

CPSMV RNAl 5'-CGACCCCAAAAAATTTGATTTGGGTGATGGTTCACGTAGTGGCCATCGCC 
(pG2DC1) TCnATAGACGGTTTTTCCCCCTTTGACGTTGGACTCCACGTTTCTTTAAT 

ACTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTA 
ATTCTTTTGATTTATAAGGGATTTTGCCGATTTCCCnACCACCATCAAAC 
ACGATTTTCGCCTGCTGGGCAAATCC- . . .  

. . . -  CGGATAACAATTTCACACAGAAACACCTATCACCATAATTACCCCAAGCT 
TGGCTACnGGTCGTACACCGTCTTAATACCACCTCTATAGnTCACGCAAA 
TCGTTTTCCGGTGACCGTTTTCCCACACCTTTTGTATATATACTTGT-~" 

T7 promoter  4- 
+ Sp6 promoter  

CPSHV RNA2 ~'-TTGTTCCACTTCAACTCCTTACTGATCCGGACCACCGGGCAGTTTCTGTA 
(pC4ZDC2) TTGAGCAGCAGTCCAGTAGCAAATTTGCTACGCACACCGGCTTCGAAGTG 

TGGAAACCTGCATGTTAAAGTTGTTATGACTGGAGAGTTACTA- . . .  
. . . -  AAACTCGTAGAAAACATAGAGTGAATCCAGAATACTTGGATCCCTGTTAG 

GCAGTTGCCCAATCTGGACAGACACAGCAGGTTTGGAATAAGATC-3' 
T7 promoter  b 

1 .  Clones of CPHV RNAl and RNA2 cor respond t o  bases 3547 to  3856 and 
1622 t o  1963, o f  t h e  r e s p e c t i v e  v i r a l  RNAs. 



Figure 1 2 .  R e p l i c a t i o n  o f  CPMV R N A l  ( A )  and RNA2 (B) i n  
inocu la ted  and secondary l e a v e s  o f  Blackeye-5 cowpeas. CPMV 
R N A l  and RNA2 were assayed f o r  with minu4s s e n s e  s s R N A  

- t ranscr ibed  from pGZSB1 and pG2SB2, r e s p e c t i v e l y .  The second 
column represented a 1/10 d i l u t i o n  o f  t h e  f i r s t  column. 
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F i g u r e  13. R e p l i c a t i o n  o f  CPMV R N A l  ( A )  and R N A 2  (B) i n  ' . 
i n o c u l a t e d  1,eXves o f  Black and A r l i n g t o n  cowpeas. CPMV R N A l  
and R N A 2  were probed,.with minus s e n s e  s s R N A  t r a n s c r i b e d  from 
pG2SB1 and pG2SB2, r e s p e c t i v e l y .  The second column 
r e p r e s e n t e d  a 1 /10  d i l u t i o n  o f  t h e  f i r s t  column. E x t r a c t s  
from u n i n f e c t e d  p l a n t s  d i d  n o t  h y b r i d i z e  t o  t h e  p robes .  



BLACK 

m 
2 DAY. P.I. - 

0 

6 D A Y 8  P.I. - 



1 4  d a y s  p. i. No e s t i m a t i o n s  were performed after 14 days  p. i ,  

because  o f  t h e  r a p i d  o n s e t  o f  senescence ,  Viral RNA was found 

t o  accumulate  i n  secondary  l e a v e s .  

The accumula t ion  o f  CPHV R N A s  were a l s o  as sayed  i n  t h e  

immune cowpea c u l t i v a r s  Black and A r l i n g t o n  ( F i g u r e  13).  Viral 

RNA r e p l i c a t i o n  was d e l a y e d  c o n s i d e r a b l y  r e l a t i v e  t o  t h e  

r e p l i c a t i o n  i n  BE-5. A n e t  accumula t ion  o f  v i r a l  RIA was n o t  
' 

detected u n t i l  a f t e r  5  days  p.  i .  ( F i g u r e  1 3 ) .  Viral R N A  was 

n o t  d e t e c t e d  i n  secondary  l e a v e s  ( d a t a  n o t  shown)., The v i r a l  

R N A  p r e s e n t  a t  2 days  p . i .  was a p p a r e n t l y  r e s i d u a l  inoculum. 

The amount o f  RNA r ecovered  cont int ied t o  d e c l i n e  t o  t h a t  

i l l u s t r a t e d  f o r  5 days  p. i ,  Trials where  a l l  three cowpea 

c u l t f v a r s  were i n o c u l a t e d  wi th  75 ug/ml CPHV gave p a r a l l e l  
4 

r e s u l t s  ( d a t a  n o t  shown).  Viral R N A  was v i s u a l i z e d  i n  RNA 

p r e p a r a t i o n s  e x t r a c t e d  1 4  days  p . i .  from BE-5, Black and 

A r l i n g t o n  cowpeas i n f e c t e d  w i t h  CPHV ( F i g u r e  1 4 ) .  Eas twe l l  et 

a1 . ( 1983 1 d e t e c t e d  t h e  double-s t randed RNA repl icativ'e form 

o f  CPMV WAS i n  Black and A r l i n g t o n  cowpeas. 

The accumula t ion  of minus s e n s e  v i r a l  R N A s ,  t h e  

r e p l i c a t i v e  forms o f  t h e  v i r a l  genome, was n o t  examined due 

t o  t h e  s e n s i t i v i t y  o f  t h e  a s s a y  employed. C o n d i t i o n s  f o r  t h e  

a n a l y s i s  o f  v i r u s  r e p l i c a t i o n  were op t imized  t o  examine t h e  

r e p l i c a t i o n  of t h e  v i r a l  genome i n  s i n g l e  p l a n t s  a t  v a r i o u s  

times p . i . ,  whereas p r e v i o u s  exper imen t s  examining t h e  

accumula t ion  o f  minus s e n s e  v i r a l  R N A s  r e q u i r e d  50 g o f  t i s s u e  

p e r  sample (Eastwell e t  a l . ,  1 9 8 3 ) .  
i 



The accumula t ion  o f  CPMV c a p s i d  p o l y p e p t i d e s  was examined 

a t  v a r i o u s  time i n t e r v a l s  p . i .  i n  BE-5, Black and A r l i n g t o n  
i 

s e e d l i n g s  i n o c u l a t e d  wi th  75 ug/ml and 250 ug/ml o P i n t a c t  
Q 

CPMV ( ~ i $ u r e  151, ar i n o c u l a t e d  w i t h  50 ug/ml and 250 ug/ml o f  

i s o l a t e d  CPMV RNA ( F i g u r e  1 6 ) .  P l a n t  e x t r a c t s  were assayed  by 

a n  an t ibody- t rapped  ELISA u s i n g  monoclonal a n t i b o d i e s  SB2 and 

SB5. Monoclonal a n t i b o d y  SB5 bound o n l y  i n t a c t  v i r u s  c a p s i d ,  
t 

whi le  monoclonal a n t i b o d y  S B 2  bound i n t a c t  and d i s s o c i a t e d  

c a p s i d  p o l y p e p t i d e s  (Chapter  2 ) .  Therefore ,  c a p s i d  

p o l y p e p t i d e s  would -. have been d e t e c t e d  by monoclonal an t ibody  

SB2 i f  they  were t r a n s l a t e d  b u t  n o t  assembled t o  form a n  

i n f e c t i o u s  v i r u s  p a r t i c l e .  CPMV c a p s i d  p o l y p e p t i d e s  d i d  n o t  

accumulate  i n  e i t h e r  Black o r  A r l i n g t o n  cowpeas. The 
- 

absorbances  r ecorded  u s i n g  monoclonal a n t i b o d y  S B 5  were 

g r e a t e r  compared t o  v a l u e s  r ecorded  u s i n g  monoclonal an t ibody  . 4 

S B 2  because S B 5  had a g r e a t e r  a f f i n i t y  f o r  a n t i g e n  t h a n  S B 2  

(Chap te r  2 ) .  I n  some o f  t h e  CPMV i n f e c t e d  p l a n t s ,  c a p s i d  
P 

p o l y p e p t i d e s  were d e t e c t e d  2 days  o r  l e s s  p . i . ,  and were 

presumed t o  be t h e  i n o c u l a t i n g  v i r u s .  Res idual  inoculum was 

a l s o  observed i n  n u c l e i c  a c i d  h y b r i d i z a t i o n  exper imen t s  

( F i g u r e  1 3 ) .  Viral c a p s i d  p r o t e ' i n s  were n o t  d e t e c t e d  i n  c rude-  

s a p  e x t r a c t s  of  Black and A r l i n g t o n  examined by polyacrylamide  

g e l  e l e c t r o p h o r e , s i s  (as  d e s c r i b e d  by Evans, 1985?. 

Symptoms were n o t  observed on Black and A r l i n g t o n  cowpeas 

i n o c u l a t e d  w i t h  CPMV. Sap expressed  from i n f e c t e d  Black and 

A r l i n g t o n  s e e d l i n g s  was i n o c u l a t e d  t o  BE-5 and t h e  i n d i c a t o r  



Figure  14. Analys is  by dena tur ing  agarose  g e l  
e l e c t r o p h o r e s i s  of  CPMV r e p l i c a t i o n  1 4  days p . i .  i n  
d i f f e r e n t  v a r i e t i e s  of cowpeas. Lanes 1, 2 and 3: 5 .0  ug RNA 
e x t r a c t e d  from uninfec ted  Blackeye-5, Black and Ar l ing ton  
cowpeas, r e s p e c t i v e l y .  Lane 4 :  0 . 5  ug  of  RNA e x t r a c t e d  from 
BE-5 cowpeas i n f e c t e d  with CPMV. Lanes 5  and 6: 1.0 ug of  
RNA e x t r a c t e d  from Black and Arl ington cowpeas i n f e c t e d  with 
CPMV. Lane 7: 0.2 ug of  RNA e x t r a c t e d  from CPMV. 
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Figure 15.  Accumulation o f  CPMV i n  Blackeye-5 ( A  & Dl, Black 
(B & El, and Arlington (C & F) cowpeas determined by 
antibody-trapped ELISA, us ing monoclonal an t ibod ie s  SB2 ( * I  
and SB5 Ir). Plants  were inoculated with 75 ug/ml ( A X )  or 
250 ug/ml (D-F) o f  CPHV. Each point  represents  an average o f  
s i x  t e s t  p lan t s .  Background < 0 . 1 0 0 .  

M 





\ 

Figure 16 .  Accunulation of+$Pnv i n  Blackeye-5 (A,-B) and 
Black (C-Dl cowpeas determined by antibody-trapped ELISA, 
u s i n g  monoclonal a n t i b o d i e s  SB2 ( a )  and SB5 ( . I .  P l a n t s  were 
inocu la ted  with ' 5 0  ug/ml ( A  & C )  and 250 ug/ml (B & Dl of  
CPMV ssRNA. Each p o i n t  r e p r e s e n t s  an average o f  six test  

4 
>v 

p l a n t s .  Background .< 0 . 1 0 0 ,  - 
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cowpea C R X I .  The i n d i c a t o r  p l a n t s  were assayed  for v i r u s  

i n f e c t i o n  on  t h e  b a s i s  o f  a n  ant ibody- t rapped ELISA (Tab le  9 ) .  
- - 

I n f e c t i o u s  CPMV was n o t  t r a n s m i t t e d  from e i t h e r  Black o r  

A r l i n g t o n  cowpeas. Furthermore,  CPMV cou ld  n o t  be p u r i f i e d  

from e i t h e r  Black A r l i n g t o n  by 

r e c o v e r  CPMV from BE-5. 

t h e  procedure  
. .4 

used 

Modulation of  symptom e x p r e s s i o n  i n  co - inocu la ted  p l a n t s .  The 

symptoms induced i n  Black and A r l i n g t o n  cowpeas co - inocu la ted  

wi th  CPMV and CPSMV were d i f f e r e n t  from t h e  symptpms induced 

i n  t h e s e  cowpeas s i n g u l a r l y  i n o c u l g i e d  wi th  CPSMV. I n i t i a l l y ,  
B 

v a r i a t i o n s  i n  symptoms were used t o  assess t h e  e x t e n t  o f  

i n t e r f e r e n c e  i n  t h e  r e p l i c a t i o n  o f  CPSMV when co- inocu la ted  

wi th  CPMV. I n o c u l a t i o n  of Black o r  A r l i n g t o n  s e e d l i n g s  wi th  a 

minimum of  1 . 0  ug/ml o f  CPSMV r e s u l t e d  i n  100% of  t h e  
% 

i n o c u l a t e d  p l a n t s  deve lop ing  symptoms. Large areas o f  n e c r o s i s  

were v i s i b l e  3 t o  4 days  p . i . ,  fol lowed 6 t o  8 days  p . i .  by 

v a s c u l a r  n e c r o s i s  and c o l l a p s e .  Symptom.expression was 

a c c e l e r a t e d  by i n c r e a s i n g  t h e  t empera tu re  i n  t h e  growth 

chamber above 2 5  C .  Vascular  c o l l a p s e  i n  A r l i n g t o n  s e e d l i n g s  
$ a 

was u n i v e r s a l  and i r r e v o c a b l e ;  however, approx imate ly  5% of  

t h e  c o l l a p s e d  Black cowpeas developed secondary  l e a v e s  wi th  

c h l o r o t i c  l e s i o n s  a f t e r  2 1  days  p . i . .  I o c u l a t i o n  o f  Black and P 
A r l i n g t o n  cowpeas wi th  CPMV d i d  n o t  r e s u l t  i n  v i s i b l e  symptom 

e x p r e s s i o n . .  

Co- inocula t ion  of  Black and A r l i n g t o n  cowpeas wi th  CPMV 

and CPSMV r e s u l t e d  i n  a 2 t o  3 ,day d e l a y  i n  t h e  appearance  o f  



- 

Table 9.  B i o - a s s a y -  of sap f r o m  Blackeye-5 ,  B l a c k  a n d  A r l i n g t o n  
cowpcas i n o c u l a t e d  w i t h  CPMV. 

I N O C U L U M ~  ASSAY ANTIBODY-TRAPPED E L I S A ~  
PLANT 

SB2 SB5 
/ 

b - H e a l t h y  BE-5 BE-5 - 

H e a l t h y  B l k  BE-5 

H e a l t h y  A r l  BE-5 

CPMV i n f e c t e d  BE-5 BE-5 

CPMV i n f e c t e d  B lk  BE -5 

CPHV i n f e c t e d  A r l  BE-5 . 
CPHV p u r i f i e d  v i r u s  BE -5 ++t + + +  

v-' 

CRXI - - 

CRXI - - 

H e a l t h y  A r l  

CPMV i n f e c t e d  BE-5 CRXI 

CPMV i n f e c t e d  B lk  CRXI 

CPMV i n f e c t e d  Arl CRXI - - 

CPMV p u r i f i e d  v i r u s  CRXI +++ + t + t  

1. B l a c k e y e - 5  (BE-51, B l a c k  (BLK) a n d  A r l i n g t o n  (Arl )  cowpeas  
were i n i t i a l l y  i n o c u l a t e d  w i t h  7 5  ug/ml  o f  CPMV-SB. 
F o u r t e e n  d a y s  p o s t  i n o c u l a t i o n ,  0 . 2  mg. o f  p r i m a r y  l e a v e s  
were p u l v e r i z e d  i n  a n  e q u a l  vo lume ( w / v )  o f  i n o c u l a t i o n  
b u f f e r  ( 5 0  mm p o t a s s i u m  p h o s p h a t e ,  pH 7 . 0 1 ,  a n d  b l o a s s a y e d  
f o r  CPHV i n f e c t i v i t y  o n  BE-5 a n d  a n  i n d i c a t o r  p l a n t .  
C h i n e s e  Red X I r o n  (CRXI) .  

2 .  I n f e c t i o n  o f  BE-5 a n d  CRXI was a s s a y e d  b y . a n t i b o d y  t r a p p e d  
ELISA u s i n g  m o n o c l o n a l  a n t i b o d i e s  SB2 a n d  SB5. A b s o r b a n c e  
a t  405  nm was d e t e r m i n e d :  0 . 0 0 0 - 0 . 1 0 0  = -; 0 . 1 0 1 - 0 . 2 5 0  = +; 
0 . 2 5 1 - 0 . 5 0 0  = tt; 0 . 5 0 1 - 1 . 0 0 0  = tt+; > 1 . 0 0 1  = ++++. 

Background  < 0 . 1 0 0 .  



Figure 17'. Co-inoculated Black cowpeas with infected (a) and 
uninfected (b) secondary leaves, twelve days p.i. Primary 
inoculated leaves of plants with uninfected secondary leaves 
show distinct necrotic lesions. Seedlings were co-inoculated 
with 75 ug/ml CPMV apd 7.5 ug/m1 CPSMV. 





CPSMV, symptoms on  a l l  t h e  i n o c u l a t e d  p l a n t s .  An a v e r a g e  o f  

25% of  t h e  c o - i n o c u l a t e d  p l a n t s  deve loped  d i s t i n c t  n e c r o t i c  

l e s i o n s  and grew symptomless  s e c o n 9 a r y  l e a v e s .  The r ema inde r  

o f  t h e  p l a n t s  d e v e l o p e d  large areas o f  n e c r o s i s  and  s u f f e r e d  

v a s c u l a r  c o l l a p s e  by 9 t o  10 d a y s  p .  i .  ( F i g u r e  17). 
I 

I n t e r f e r e n c e  was c o n s i d e r e d  t o  be comple t e  i n  p l a n t s  t h a t  

deve loped  symptomless  s e c o n d a r y  l e a v e s .  The  d i s t i n c t  n e c r o t i c  

l e s i o n s  which formed o n  t h e  l a t t e r  p l a n t s  a p p e a r e d  t o  restrict 

f u r t h e r  m i g r a t i o n  o f  CPSMV i n  t h e  p l a n t .  

d i m 1  c o n d i t i o n s  f& i n t e r  f e r e n c c .  Expe r imen t s  were 

conduc ted  t o  d e t e r m i n e  t h e  o p t i m a l  c o n d i t i o n s 2 f o r  i n t e r f e r e n c e  

o f  CPSMV r e p l i c a t i o n  by CPMV. P l a n t s  were v i s u a l l y  a s s a y e d  f o r  

symptom development  a n d / o r  by ELISA f o r  v i r u s  r e p l i c a t i o n  

1 4  d a y s  p . i .  u n l e s s  o t h e r w i s e  s t a t e d .  (No t  a l l  o f  t h e  

f o l l o w i n g  e x p e r i m e n t s  were conduc ted  i n  b o t h  Blakk and 

A r l i n g t o n  cowpeas due t o  a s h o r t a g e  o f  A r l i n g t o n  cowpea 

s e e d s .  

B l a c k  and A r l i n g t o n  cowpeas were c o - i n o c u l a t e d  w i t h  75 

ug/ml o f  CPMV and 7 . 5  ug!ml o f  CPSMV a t  v a r i o u s  stages o f  

p l a n t  developmenfA. I n i t i a l  o b s e r v a t i o n s  i n d i c a t e d  o p t i m a l  

i n t e r f e r e n c e  would be o b s e r v e d  i f  p l a n t s  were i n o c u l a t e d  when 

t h e  s econda ry  l e a v e s  had grown t o  a l e n g t h  greater t h a n  2 c m  

( T a b l e  1 0 ) .  However, 47% o f  t h o s e  p l a n t s  w i t h  u n i n f e c t e d  

s e c o n d a r y  l e a v e s  a t  1 4  d a y s  p . i .  succumbed t o  v a s c u l a r  

c o l l a p s e  by 2 1  d a y s  p . i .  When p l a n t s  were i n o c u l a t e d  b e f o r e  

t h e  s econda ry  l e a v e s  had formed o r  b e f o r e  t h e  s e c o n d a r y  l e a v e s  





were g r e a t e r  t h a n  1 cm i n  iength, a l l  t h e  p l a n t s  wi th  

u n i n f e c t e d  secondary  l e a v e s  a t  14 days  p . i .  s u r v i v e d  t o  2 1  

days p . i . .  Therefore ,  Black and A r l i n g t o n  cowpeas were 
1 

i n o c u l a t e d  a f t e r  t h e  secondary l e a v e s  had formed, b u t  b e f o r e  
C 

t h e y  were l o n g e r  t h a n  1 c m .  

Black cowpeas were i n o c u l a t e d  wi th  75 ug/ml o f  CPMV and 

v a r i o u s  c o n c e n t r a t i o n s  o f  CPSMV t o  de termine  t h e  r a t i o  of  

CPMV:CPSMV most e f f i c i e n t  f o r  i n t e r f e r e n c e .  A c o n c e n t r a k i o n  o f  

CPSMV was chosen t h a t  r e s u l t e d  i n  v a s c u l a r  c o l l a p s e  o f  100% o f  

t h e  s e e d l i n g s  s i n g u l a r l y  i n o c u l a t e d  wi th  CPSMV because t h e  

d i s t i n c t i o n  between s u c c e s s f u l  and u n s u c c e s s f u l  i n t e r f e r e n c e  

was d e f i n e d  a s  t h e  p r o p o r t i o n  of  co - inocu la ted  p l a n t s  which 

developed u n i n f e c t e d  secondary  l e a v e s  compared t o  p l a n t s  which 

s u f f e r e d  v a s c u l a r  c o l l a p s e .  C o n c e n t r a t i o n s  o f  less t h a n  7 . 5  

ug/ml o f  CPSMV d i d  n o t  r e s u l t  i n  u n i v e r s a l  v a s c u l a r  c o l l a p s e  

o f  i n o c u l a t e d  Black s e e d l i n g s  (Tab le  11). S i m i l a r l y ,  

i n o c u l a t i o n  wi th  7 . 5  ug/ml o f  CPSMV was r e q u i r e d  t o  induce 

v a s c u l a r  c o l l a p s e  i n  100% i n o c u l a t e d  A r l i n g t o n  s e e d l i n g s  ( d a t a  

n o t  shown).  P r e v i o u s l y  pub l i shed  exper iments  wi th  A r l i n g t o n  

s e e d l i n g s  had i n d i c a t e d  a r a t i o  o f  75 ug/ml o f  CPMV t o  7 . 5  

ug/ml o f  CPSMV was t h e  op t ima l  r a t i o  f o r  i n t e r f e r e n c e  

(Bruening  e t  a l . ,  1979) .  Consequentl 'y, a r a t i o  o f  75 ug/ml 

CPMV t o  7 . 5  ug/ml of  CPSMV was determined t o  be t h e  most 

s u i t a b l e  f o r  i n t e r f e r e n c e  f o r  f u r t h e r  exper imen t s  (Tab le  11). 
J 

The e f f e c t  o f  t h e  time i n t e r v a l  between i n o c u l a t i o n  o f  

Black and A r l i n g t o n  cowpeas wi th  CPMV and CPSMV was e v a l u a t e d  
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(Tab le  12)'. p i a n t s  were i n i t i a l l y  inocu la ted ,  w i t h  75 ug/ml o f  , 

CPHV fol lowed by i n o c u l a t i o n  wi th  7.5 ug/ml o f  CPSMV a t  

v a r i o u s  times. The r e s u l t s  i n d i c a t e d  t h a t  p l a n t s  have t o  be 

co - inocu la ted  f o r  op t ima l  i n t e r f e r e n c e .  Bruening e t  a l .  (1979) 

conducted sim-ilar exper iments  wi th  A r l i n g t o n  s e e d l i n g s ,  b u t  

had observed a  more g r a d u a l  d e c r e a s e  i n  t h e  e f f i c i e n c y  o f  

i n t e r f e r e n c e  wi th  r e s p e c t  t o  an  i n c r e a s i n g  i n t e r v a l s  between 

CPMV and CPSMV i n o c u l a t i o n .  I n  t h e  p r e s e n t  exper iment  w i t h  - 

Black s e e d l i n g s ,  t h e  l e a v e s  i n i t i a l l y  i n o c u l a t e d  wi th  CPMV 

were thoroughly  r i n s e d  w i t h  d i s t i l l e d  water  and b l o t t e d  d r y  i 

w i t h  paper  towel p r i o r  t o  i n o c u l a t i o n '  w i th  CPSMV, e n s u r i n g  

t h a t  r e s i d u a l  CPHV was n o t  co - inocu la ted  w i t h  CPSMV. T h i s  

combined w i t h  d i f f e r e n c e s  i n  t h e  r e sponse  o f  

Black and A r l i n g t o n  cowpeas t o  v i r a l  i n o c u l a t i o n ,  may accoun t  

f o r  t h e  d r a m a t i c  d e c r e a s e  i n  i n t e r f e r e n c e  when CPMV and CPSMV 

a r e  s e q u e n t i a l l y  i n o c u l a t e d  i n  Black s e e d l i n g s ,  even  w i t h  a 

b r i e f  t ime d e l a y .  

Co- inocula t ion  w i t h  v a r i o u s  components o f  CPMV and CPSMV. 

Top, middle and bottom components of  CPMV were f r a c t i o n a t e d  by 

e q u i l i b r i u m  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n ,  and co- inocu la ted  

i n d i v i d u a l l y  w i t h  CPSMV t o  B l a c k  and A r l i n g t o n  cowpeas. Only 

t h e  bottom component ( c o n t a i n i n g  R N A 1 )  of  CPMV i n t e r f e r r e d  

w i t h  t h e  r e p 1  i c a t i o n  o f  CPSMV. Ne i the r  middle ( c o n t a i n i n g  

RMA2)  nor  t o p  (empty c a p s i d )  components of  CPMV were a b l e  t o  

a t t e n u a t e  t h e  r e p l i c a t i o n  o f  CPSMV i n  B l a c k  o r  A r l i n g t o n  

cowpeas (Tab le  13). 
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The bottom component o f  -CPMV i n t e r f e r b e d  more e f f i c i e n t l y  
a 

1 _ 
wi th  t h e  r e p l i c a t i o n  o f  CPSMV t h a n  u n f r a c t i o n a t e d  v i r u s .  The 

I 

a v e r a g e  number o f  n e c r o t i c  l o c a l  l e s i o n s  fbrmed *on t h e  pr imary 
I 

l e a v e s  o f  A r l i n g t o n  seed1 i n g s  co - inocu la ted  wi th  CPMV-bottom 

component and CPSMV was one- tenth  t h e  "number o f  l e s i o n s  when 

p l a n t s  were c o - i n o c u l a t i o n  wi th  u n f r a c t i o n a t e d  CPMV and CPSMV 

(Tab le  1 3 ) .  Therefore ,  R N A l  o f  t h e  bottom componeht o f  CPMV 

determined t h e  e x t e n t  o f  i n t e r f e r e n c e  wi th  CPSMV r e p l i c a t i o n  

i n  co - inocu la ted  p l a n t s .  d. 

The e f f i c i e n c y  o f  p u r i f i e d  CPMV RNA r e l a t i v e  t o  CPMV 

v i r i o n s  i n  i n t e r f e r i n g  wi th  t h e  r e p l i c a t i o n  o f  CPSMV i n  Black 

s e e d l i n g s  was de termined (Tab le  1 4 ) .  P l a n t s  were i n o c u l a t e d  

wi th :  1) 75 ug/ml o f  CPMV and e i t h e r  7 . 5  ug/ml o r  l . O ' u g / m l  o f  
I 

CPSMV; o r  2 1  15 ug/ml o f  CPMV RNA and e i t h e r  1 . 5  ug/ml o r  0 .2  

ug/ml o f  CPSMV RNA. I n  a p a r a l l e l  experiment ,  Black cowpcas 

were i n o c u l a t e d  wi th  t h e  same molar c o n c e n t r a t i o n s  o f  CPSMV 

and CPSMV RNA; 100% o f  t h e  i n o c u l a t e d  p l a n t s  e x h i b i t e d  

v a s c u l a r  c o l l a p s e  (Tab le  14, exper iments  1 & 2 ) .  I n  co- 

CPMV R N A  i n t e r  f e r r e d  more e f f i c i e n t l y  

i n t e r f e r r e d  wi th  CPSMV. 

An exper iment  was conducted t o  de te rmine  whether i s o l a t e d  

CPSMV and CPSMV RNA were e q u a l l y  s u s c e p t i b l e  t o  i n t e r f e r e n c e  
i 

by CPMV R N A .  P u r i f i e d  CPMV RNA ( 1 5  ug/ml)  and 1 . 0  uglml o f  

CP'SMV were co - inocu la ted  on Black cowpeas. This  r a t i o  
t 

r e p r e s e n t s  a  25 : l  molar r a t i o  o f  CPMV:CPSMV. I n t e r f e r e n c e  was 

observkd i n  25% of  t h e  i n o c u l a t e d  p l a n t s  ( d a t a  n o t  shown) . t 



Table 13 . Co-inochlation of Black and Arlington cowpeas with 
CPSMV and fractionated 'components of CPMV. 

, 
m 

I NOCULUM l LOCAL SURVIVING . TOTAL NUMBER - 0  PERCENT 
LESION PLANTS OF PLANTS SURVIVING 
NUMBER INOCULATED 

CPMV-top comp. / 
CPSMV ND 0 

CPMV-middle comp./ 
CPSMV ND 0 

CPMV -bo t tom comp . / 
CPSMV ND 2 4 3 6 

Arllnqton 

CPMV/CPSMV 4 

CPMV-top comp. / 
CPSMV 18 

CPMV-middle comp. / 
CPSMV 18 0 

CPMV-bottom comp. / 
CPSMV 0.4 2 4 

1. Unfractionated CPMV and CPSMV were inoculated at 75 ug/ml 
and 7.5 ug/ml, respectively. Fractionated viral components 
were inoculated at 37.5 ug/ml. Plants were swayed 14 
days post infection. 

2. ND= not determined. 



T a b l e  9.  Bio-assay  o f  s a p  from Blackeye-5,  B lack  and  A r l i n g t o n  
cowpeas  i n o c u l a t e d  w i t h  CPMV. 

ASSAY ANTIBODY -TRAPPED E L I S A ~  
PLANT s?F.ZP SB5 

H e a l t h y  BE-5 BE-5 - - 

H e a l t h y  Blk BE-5 - - 

H e a l t h y  A r l  BE-5 - - 

CPMV i n f e c t e d  BE-5 BE-5 +++ ++++ 

CPHV i n f e c t e d  BZk BE -5 

CPMV i n f e c t e d  , A r l  BE-5 

CPMV p u r i f i e d  v i r u s  BE-5 

H e a l t h y  BE-5 CRXI - - 

H e a l t h y  Blk 

H e a l t h y  A r l  

CRXI 

CRXI 

CPMV i n f e c t e d  BE-5 CRXI 

CPMV i n f e c t e d  Blk CRXI 

CPMV i n f e c t e d  A r l  CRXI - - 

CPMV p u r i f i e d  v i r u s  CRXI +++ ++++ 

1. Blackeye-5 (BE-5), B lack  (BLK) and A r l i n g t o n  ( A r l )  cowpeas 
were i n i t i a l l y  i n o c u l a t e d  w i t h  75 ug/ml o f  CPMV-SB. 
F o u r t e e n  d a y s  p o s t  i n o c u l a t i o n ,  0 . 2  mg o f  p r i m a r y  l e a v e s  
were p u l v e r i z e d  i n  a n  e q u a l  volume ( w / v )  o f  i n o c u l a t i o n  
b u f f e r  (5OOmm p o t a s s i u m  phospha t e ,  pH 7 . 0 1 ,  and  b i o a s s a y e d  
f o r  CPMV i n f e c t i v i t y  on  BE-5 and a n  i n d i c a t o r  p l a n t ,  
C h i n e s e  Red X I r o n  (CRXI).  

2 .  I n f e c t i o n  o f  BE-5 and CRXI was a s s a y e d  by a n t i b o d y  t r a p p e d  
ELISA u s i n g  monoclonal  a n t i b o d i e s  SB2 and SB5. Absorbance 

, 0.101-0.250 = +; a t  405 nm was d e t e r m i n e d :  0 .000-0.100 = - ' 
0.251-0.500 = ++; 0.501-1.000 = +++; > 1 . 0 0 1  = ++++. 
Background < 0 . 1 0 0 .  



compared t o  90% o f  t h e  p l a n t s  c o - i n o c u l a t e d  w i t h  15 ug/ml of 4 .' 
CPMV RMA and  0.2 ug/ml o f  CPSMV R N A .  T h e r e f o r e ,  c o - i n o c u l a t i o n  

o f  p u r i f i e d  CPMV.RNA and  CPSMV RNA y i e l d e d  more e f f e c t i v e  
< 

i n t e r f e r e n c e  t h a n  c o - i n o c u l a t i o n  o f  CPMV R N A  and i n t ac t  CPSMV. 

The p u r i f i e d  CPSMV RNA may have been less i n f e c t i o u s  t h a n  

e n c a p s i d a t e d  CPSMV R N A  on a  molar  b a s i s  (Beier & Bruening,  

1976)  and  c o n s e q u e n t l y  less e f f e c t i v e .  However, ia t h e  p r e s e n t  

s t u d y ,  a s i g n i f i c a n t  d i f f e r e n c e  i n  i n f e c t i v i t y  between 

p u r i f i e d  y i r a l  RNA and  v i r u s  was n o t  obse rved  ( d a t a  n o t  

, shown) .  

Accumulat ion o f  v i r a l  R N A s  and  c a p s i d  p o l y p e p t i d e s  w i t h i n  

i n d i v i d u a l  c o - i n o c u l a t e d  cowpeas,  Black s e e d l i n g s  were 

i n o c u l a t e d  w i t h  75 ug/ml CPMV and 7 . 5  ug/ml CPSMV. P l a n t s  were 

i n d i v i d u a l l y  t a g g e d  a t  t h e  t i m e  o f  i n o c u l a t i o n ,  and  t h e  same 

p l a n t s  were sampled a t  v a r i o u s  t i m w  p . i . .  A t  14 d a y s  p . i .  t h e  

p l a n t s  were c l a s s i f i e d  a s  e i t h e r  hav ing  u n i n f e c t e d  seconda ry  

l e a y e s  ( i e .  i n t e r f e r e n c e )  o r  i n f e c t e d  s e c o n d a r y  l e a v e s  ( i e .  

v a s c u l a r  c o l l a p s e ) .  R e p l i c a t i o n  o f  v i r a l  R N A  i n  b o t h  g r o u p s  o f  

p l a n t s  was a n a l y z e d  by ' n u c l e i c  a c i d  h y b r i d i z a t i o n  u s i n g  p r o b e s  

t 
complementary t o  p o s i t i v e - s e n s e  v i r a l  R N A s  ( F i g u r e  1 8 ) .  P l a n t  

e x t r a c t s  were a l s o  probed  w i t h  a n  RNA t r a n s c r i p t  complementary 

t o  1 8 s  R N A  c l o n e d  from C o s t a r i a  c o s t a t a .  P rob ing  t h e  p l a n t  . 

e x t r a c t s  f o r  s equence  t r a n s c r i b e d  from t h e  p l a n t  genome a 

9 .  
conf i rmed  t h a t  e a c h  e x t r a c t  c o n t a i n e d  a p p r o x i m a t e l y  t h e  same 

amount o f  n u c l e i c  a c i d .  For  comparison,  t h e  r e p l i c a t i o n  o f  

CPSMV i n  B l a c k  and ~ r l i n g t o n  s e e d l i n g s  i n  t h e  a b s e n c e  o f  CPMV 



was a l s o  a n a l y z e d  ( F i g u r e  19). P l a n t s  were i n o c u l a t e d  w i t h  7 . 5  

ug/ml o f  CPSMV and  ind i " idua1  p l a n t s  were sampled as o u t l i n e d  

above .  

I n  Black and A r l i n g t o n  s e e d l i n g s  s i n g u l a r l y  i n o c u l a t e d  

w i t h  CPSMV, b o t h  v i r a l  R N A ~ w e r e  a c t i v e l y  r e p 1  i c a t i n g  by 4 

d a y s  p . i .  I n  c o - i n o c u l a t e d  Black  cowpeas which had e i t h e r  

i ~ f e c t e d  o r  u n i n f e c t e d  s e c o n d a r y  l e a v e s ,  CPSMV r e p l i c a t i o n  was 

d e t e c t a b l e  by 4 o r  6 d a y s  p . i . ,  r e s p e c t i v e 1 , y .  CPMV r e p l i c a t i o n  

i n  b o t h  g roup  o f  p l a n t s  was s imilar  and  r e f l e c t i v e  o f  CPMV 

r e p l i c a t i o n  i n  s i n g u l a r l y  i n o c u l a t e d  Black s e e d l i n g s  ( F i g u r e  
i 

13). Although symptom e x p r e s s i o n  was d e l a y e d  i n  a l l  mixed 

i n o c u l a t e d  Black  s e e d l i n g s ,  t h e  p a t t e r n  o f  CPSMV r e p l i c a t i o n  

i n  p l a n t s  w i t h  i n f e c t e d  s e c o n d a r y  l e a v e s  p a r a l l e l e d  CPSMV 

r e p l i c a t i o n  i n  s i n g u l a r l y  i n o c u l a t e d  p l a n t s .  The o n s e t  o f  

a c t i v e  CPSMV r e p l i c a t i o n  i n  p l a n t s  w i t h  u n i n f e c t e d  seconda ry  

l e a v e s  r e l a t i v e  t o  p l a n t s  w i t h  i n f e c t e d  s e c o n d a r y  l e a v e s  was 

d e l a y e d  by 4 d a y s .  Thus, n o t  o n l y  h a s  symptom e x p r e s s i o n  been 

d e l a y e d ,  b u t  r e p l i c a t i o n  o f  t h e  CPSMV genome h a s  a l s o  been 

d e l a y e d  by a n  i d e n t i c a l  p e r i o d  o f  t i m e .  

P r imary  i e a v e s  o f  c o - i n o c u l a t e d  Black  and A r l i n g t o n  

s e e d l i n g s  were a s s a y e d  f o r  CPSMV- and CPMV-protein 

a c c u m u l a t i o n  a t  v a r i o u s  times p . i .  ( F i g u r e  2 0 ) .  Pr imary  l e a v e s  

o f  p l a n t s  w i t h  u n i n f e c t e d  o r  i n f e c t e d  s e c o n d a r y  l e a v e s  were 

a s s a y e d  s e p a r a t e l y  by a n  a n t i b o d y - t r a p p e d  ELISA u s i n g  

monoclonal  a n t i b o d i e s  SB2 and D G 1 1 .  CPMV c a p s i d  p r o t e i n  was 

d e t e c t e d  i n  n e i t h e r  Black nor  A r l i n g t o n  s e e d l i n g s .  I n  



< 
Figure  18. Comparison o f  t h e  accumula t ion  o f  CPMV and CPSMV 
p l u s  s e n s e  s s R N A  i n  t h e  'primary co- inocu la ted  l e a v e s  of 
Black cowpeas. Samples A,C,E,G and I ,  r e p r e s e n t  p l a n t s  wi th  
u n i n f e c t e d  secondary  l e a v e s ;  samples  B,D,F,H and J ,  
r e p r e s e n t  p l a n t s  w i t h  i n f e c t e d  secondary  l e a v e s .  CPSMV R N A l  
( A , B ) ,  CPSHV RNA2 (C,D) ,  CPHV R N A l  (E,F), CPHV RNA2 ( G , H )  
and 18s  r R N A  were a s sayed  f o r  wi th  minus s e n s e  s s R N A  
t r a n s c r i b e d  from pG2DG1, pG4ZDG2, pG2SB1, pG2SB2 and pG4218, 
r e s p e c t i v e l y .  The second and t h i r d  columns a r e  1 /10  and 
1/100 d i l u t i o n s  o f  t h e  f i r s t  column, r e s p e c t i v e l y .  





Figure 19. Accumulation of CPSMV plus sense ssRNA in prim ry 
inoculated leaves of Black (A,C) and Arlington ( B , D )  

sense ssRNA transcripts from pG2DG1 and pG4ZDG2, 

t 
cowpeas. RNAl (A,B) and RNA2 (C,D) were assayed with minus 

respectively. The second and third columns are 1/10 and 
1/100 dilutions of the first column, respectively. 





A r l i n g t o n  s e e d l i n g s  w i t h  u n i n f e c t e d  s e c o n d a r y  l e a v e s ,  CPSMV 
& 

p r o t e i n  a c c u m u l a t i o n  i n  t h e  i n o c u l a t e d  l e a v e s  was d e p r e s s e d  

and  d e l a y e d  by 2  d a y s  p . i .  compared t o  p l a n t s . t h a t  deve loped  

i n f e c t e d  s e c o n d a r y  l e a v e s .  However, no d i f f e r e n c e  was o b s e r v e d  

i n  t h e  a c c u m u l a t i o n  o f  CPSMV p r o t e i n  between Black  s e e d l i n g s  

w i t h  i n f e c t e d  o r  u n i n f e c t e d  seconda ry  l e a v e s .  The a c c u m u l a t i o n  

o f  CPSMV p r o t e i n  i n  s i n g u l a r l y  i n o c u l a t e d  B l a c k . a n d  A r l i n g t o n  

cowpeas m i r r o r e d  t h e  p a t t e r n s  and c o n c e n t r a t i o n s  o f  CPSMV 

p r o t e i n  a c c u m u l a t i o n  i n  c o - i n o c u l a t e d  p l a n t s  w i t h  i n f e c t e d  

s e c o n d a r y  l e a v e s .  

By 1 4  d a y s  p . i .  c o - i n o c u l a t e d  Black s e e d l i n g s  had e i t h e r  

c o l l a p s e d  o r  deve loped  symptomless  s econda ry  l e a v e s .  .pn126 

Samples o f  s e c o n d a r y  l e a v e s  from b o t h  c l a s s e s  were a s s a y e d  f o r  

t h e  p r e s e n c e  o f  CPMV and CPSMV.RNA by h y b r i d i z a t i o n  wi th  

p r o b e s  complementary t o  p o s i t i v e - s e n s e  v i r a l  R N A  ( F i g u r e  21). 

CPMV R N A s  were n o t  d e t e c t e d  i n  samples  from e i t h e r  c o l l a p s e d  

o r  symptomless  l e a v e s .  CPSMV R N A s  were d e t e c t e d  i n  a l l  t h e  
\r 

e x t r a c t s  from c o l l a p s e d  l e a v e s ,  b u t  n o t  i n  e x t r a c t s  from 
f 

-symptomless s e c o n d a r y  l e a v e s .  The seconda ry  l e a v e s  from b o t h  

g r o u p  o f  p l a n t s  were s i m i l  i a r l y  a n a l y z e d  f o r  t h e  a c c u m u l a t i o n  

o f  v i r u s  by ELISA ( d a t a  n o t  shown).  The r e s u l t s  were i d e n t i c a l  
d. 

t o  t h o s e  o b t a i n e d  w i t h  n u c l e i c  a c i d  h y b r i d i z a t i o n  a n a l y s i s .  
' \  

T h e r e f o r e ,  i n  t r i f o l i a t e s  CPSMV is  
1 

l o c a l i z e d  i n  x 

I t  was o b s e r v e d  t h a t  on t h e  p r imary  i n o c u l a t e d  l eaves -q f  

Black and A r l i n g t o n  s e e d l i n g s  which had u , n i n f e c t e d  seconda ry  



Figure 20. Comparison of virus accumulation in Black ( A )  and 
Arlington (B) cowpeas which produced uriinfected ( U )  or 
infected (SI) second'rary leaves. Plants were co-inoculated 
with 75 ug/ml CPMV add 7.5 ug/ml CPSHV. Virus was assayed 
for by antibody-trapped ELISA using monoclonal antibodies 
SB2 (CPHV in U ( 0 )  and SI ( m )  plants) and DGll (CPSMV in U 
(0) and SI ( 0 )  plants). Black ( A )  and Arlington (44  cowpeas 
were inoculated with 7.5 ug/ml of CPSHV for comparison JC). 
Each point represents an average of the same five test 
plants, identified at the time of initial inoculation. 
Background 
< 0.100. 
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l e a v e s  d i s t i n c t  n e c r o t i c  l e s i o n s  developed whi le  t h e  r e s t  02- 

t h e  l e a f  w a s  symptomless.  T h i s  was i n  c o n t r a s t  t o  t h e  l a r g e ,  
I 

e ~ f r r e g u l a r l y  shaped n e c r o t i c  areas found on  t h e  pr imary I 
< -17c 

i n o c u l a t e d  l e a v e s  of  p l a n t s  wi th  i n f e c t e d  secondary  l e a v e s  * 
( F i g u r e  1 7 ) .  I n o c u l a t e d  pr imary l e a v e s  of  co - inocu la ted  Black 

cowpeas were sampled 1 4  days  p . i . ,  and ana lyzed  f o r  v i r a l  RNA 

r e p l i c a t i o n  a s  o u t l i n e d  above ( F i g u r e  22). Samples of  pr imary 
0 

l e a v e s  were c o l l e c t e d  from: A )  n e c r o t i c  t i s s u e  o f  p l a n t s  wi th  

i n f e c t e d  secondary  l e a v e s ;  B )  n e c r o t i c  l = s i o n s  o f  p l a n t s  wi th  
r 

u n i n f e c t e d  secondary  l e a v e s ;  and C) symptomless t i s s u e  o f  

p l a n t s  w i t h  u n i n f e c t e d  secondary  l e a v e s .  CPMV R N A s  were n o t  

d e t e c t e d  i n  any o f  t h e  p l a n t  e x t r a c t s .  CPSMV R N A s  were 

d e t e c t e d  i n  samples  A and B, b u t  n o t  i n  sample C. S i m i l i a r  

samples  from co- inocu la ted  Black and A r l i n g t o n  cowpeas were 

c o l l e c t e d  and ana lyzed  f o r  v i r a l  p r o t e i n  accumula t ion  by a n  

ant ibody- t rapped ELISA. I d e n t i c a l  r e s u l t s  were. o b t a i n e d  (Tab le  

1 5 ) .  Thus, i n t e r f e r e n c e  by CPMV i n  t h e  replication,of CPSMV 

conf ined  t h e  l a t t e r  v i r u s  t o  d i s t i n c t  a r e a s  i n  co - inocu la ted  

primary l e a v e s .  

Requirement o f  i n f e c t i o u s  CPMV RNA f o r  i n t e r f e r e n c e .  P u r i f i e d  

CPMJ R N A  was rendered  n o n - i n f e c t i o u s  by U V  i r r a d i a t i o n .  The 

i r r a d i a t e d  R* was examined by d e n a t u r i n g  a g a r o s e  g e l  

e l e c t r o p h o r e s i s  and f o l d  t o  be degraded t o  l e n g t h s  o f  

approximate ly  1 0 0 0  tf 2 0 0 0  b a s e s  ( d a t a  n o t  shown). The 
4 

degraded R N A  was as sayed  f o r  i n f e c t i v i t y  on Blackeye-5 



F i g u r e  21. Comparison o f  t h e  accumula t ion  of  p l u s  s e n s e  
CPSMV R N A l  ( A )  and RNA2 (B) between, symptom-free (1-6) and 
c o l l a p s e d  (7-12) secondary  l e a v e s  o f  Black cowpeas co-  
i n o c u l a t i o n  wi th  CPMV and CPSMV. R N A l  a& RNA2 were assayed 

- 

f o r  wi th  minus s e n s e  s s R N A  t r a n s c r i b e d  from pG2DG1 and , 
pG4ZDG2, r e s p e c t i v e l y .  Each p l a n t  sample was probed-withe a 
minus s e n s e  s s R N A  t r a n s c r i p t  o f  18s  r R N A  ( C ) ,  ' t o  e n s u r e  'a 
uniform c o n c e n t r a t i o n  o f  a l l  samples .  P l a n t s  were a s sayed  1 4  
days  p . i . .  The second and t h i r d  columns are 1 /10  and 1/100 , 

d i l u t i o n s  o f  t h e  f i r s t  column, r e s p e c t i v e l y .  6,- 





F i g u r e  22. Comparison o f  t h e  accumula t ion  o f  p l u s  s e n s e  
CPSMV R N A l  ( A )  and RNA2 (B) i n  pr imary l e a v e s  o f  Black 
cowpeas co - inocu la ted  wi tb  CPMV and CPSHV. Samples 1-7: 
r e p r e s e n t  pr imary l e a v e s  of  s e e d l i n g s  w i t h  i n f e c t e d  
secondary  l e a v e s .  Samples 8-14: r e p r e s e n t  n e c r o t i c  l e s i o n s  
on pr imary  l e a v e s  o f  s e e d l i n g s  w i t h  u n i n f e c t e d  secondary  
l e a v e s .  Samples 15-21: r e p r e s e n t  symptom-free r e g i o n s  on 
pr imary l e a v e s  of  s e e d l i n g s  w i t h  u n i n f e d t e d  secondary  
l e a v e s .  Samples 22-23: r e p r e s e n t  hea l thy" 'p lant  t i s s u e .  R N A l  
and R N A 2  were a s sayed  f o r  w i t h  minus sense  SSRNA'  t r a n s c r i b e d  
from pG2DG1 and pG4ZDG2, r e s p e c t i v e l y .  Each p l a n t  sample was 
probed wi th  a minus s e n s e  s s R N A  t r a n s c r i p t  o f  18s  r R N A  (C), 
t o  e n s u r e  a uniform c o n c e n t r a t i o n  o f  a l l  samples .  P l a n t s  
were$assayed  1 4  days  p . i . .  The s.econd and t h i r d  columns a r e  
1 /10  and 1 / 1 0 0  d i l u t i o n s  o f  t h e  f i r s t  column, r e s p e c t i v e l y .  





cowpeas.  R e s i d u a l  b i o l o g i c a l  a c t i v i t y  was n o t  o b s e r v e d  i n  t h e  

i r r a d i a t e d  RNA. Fur the rmore ,  i n t e r f e r e n c e  was n o t  obse rved  

when i r r a d i a t e d  CPMV RNA was c o - i n o c u l a t e d  w i t h  CPSMV R N A  on  

Black s e e d l i n g s  ( T a b l e  16). Othe r  i n v e s t i g a t o r s  have a l s o  

r e p o r t e d  t h a t  t h e  genome o f  t h e  i n t e r f e r i n g  v i r u s  had t o  be 
u 

b i o l o g i c a l l y  a c t i v e  (Bruen ing  e t  a l . ,  1979; S a a i j e r - R i e p  & de  

J a g e r ,  1988; S t e r k  & de  J a g e r ,  1987 1 ,  

P a l u k a i t i s  and  Z a i t l i n  ( 1 9 8 4 )  s p e c u l a t e d  t h a t  r e p l i c a t e d  

p o s i t i v e  s e n s e  R N A  o f  t h e  i n t e r f e r i n g  v i r u s  would h y b r i d i z e  t o  

minus s e n s e  R N A ' O ~  t h e  c h a l l e n g i n g  v i r u s .  To i n v e s t i g a t e  

f u r t h e r ,  CPMV R N A  was degraded  by U V - i r r a d i a t i o n ,  and t h e  R N A  

was s e p a r a t e d  i n t o  p o l y ( A 1 - t a i l e d  and non-po ly (A1- t a i l ed  

f r agmen t s  by o l igo-dT c e l l u l o s e  chromatography .  The  

f r a c t i o n a t e d  CPMV R N A  was mixed w i t h  CPSMV R N A  and a n n e a l e d  as  

d e s c r i b e d  above f o r  t h e  a n n e a l i n g  o f  dCTP t a i l e d  c D N A  w'ith 

dGTP t a i l e d  v e c t o r : -  The m i x t u r e  was c o - i n o c u l a t e d  on  Black 

cowpeas ( T a b l e  16). N e i t h e r  t h e  p o l y ( A ) - t a i l e d  nor  t h e  non- 

p o l y ( A 1 - t a i l e d  f r a c t i o n  o f  CPMV R N A  i n t e r f e r r e d  w i t h  t h e  

r e p l i c a t i o n  o f  CPSMV RNA. The r e s u l t s  i n d i c a t e d  t h a t  n e i t h e r  

s m a l l  f r a g m e n t s  o f  CPMV R N A  no r  f r a g m e n t s  e n r i c h e d  f o r  5 ' o r  

3' t e r m i n i  c o u l d  i n t e r f e r e  w i t h  CPSMV r e p l i c a t i o n  i n  Black 

cowpeas.  The genome o f  t h e  i n d u c i n g  v i r u s  was r e q u i r e d  t o  be 

b i o l o g i c a l l y  a c t i v e  ( T a b l e  16) i n  c o n t r a s t  t o  t h e  o b s e r v a t i o n  

t h a t  CPMV r e p l i c a t i o n  was maximal a f t e r  i n t e r f e r e n c e  had 

a l r e a d y  been e s t a b l i s h e d .  

Sequence o f  t h e  3 ' - t e r m i n a l  o f  CPSMV R N A .  I f  t h e  mechanism o f  



Table 15. Distribution of CPHV and CPSHV in primary infected 
leaves of Black and Arlington cowpeas co-inoculated with CPHV and 
CPSHV. 

LEAF  SAMPLE^ NUMBER OF P9SITIVE TOTAL NUMBER 
TEST PLANTS 

OF PLANTS 
ASSAYED 

- 
CPMV CPSMV 

Black 

systemically infected leaves 0 42 42 
I 

co-inoculated leaves- 
necrotic lesions 

co-inoculated leaves- 
"heal thy" areas 0 7 3 9 

1 

Arlinston 

systemically infected leaves 0 P 

co-inoculated leaves- 
, necrotic lesions 

co-inocula ted leaves- 
"heal thy" areas 

1. Plants were co-inoculated with 7.5 ug/ml CPSHV and 75 ug/ml 
CPMV. Tissue was sampled 14 days post'infection. 

2. Plant samples were assayed for CPHV and CPSHV by antibody- 
trapped ELISA using monoclonal antibodies SB2 and DG11. 
respectively. A positive result represents a-value greater 
than uninfected controls ( < 0.100 ) . 



Table 16. Effects of UV-irradiation on the ability of CPMV ssRNA 
to interfere with the replication of CPSMV ssRNA in Black 
cowpeas. 

I NOCULUM~ SURVIVING~ TOTAL NUMBER PERCENT 
PLANTS OF PLANTS SURVIVING 

INOCULATED 

CPSMV 

CPSHV/CPMV; UV- 

CPSMV/CPMV; UV+ 
unfract iona ted 

CPSMV/CPHV; UV+ 
non-binding to 
01 igo-dT-cellulose 

CPSMV/CPMV; UVt 
bound to 
oligo-dT-cellulose 2 10 

1. CPSHV and CPMV ssRNA were inoculated at 0.5 ug/rnl and 10 
ug/ml, respectively. 

2. Plants were assayed 14 days post infection. 



interference postulated by Palukaitis and Zaitlin (1984) 

applied to the present system, regions of homology would be 

x 
expected between the 3'-termini of CPMV and CPSMV genomic 

RNAs. The 3'-termini of CPSMV RNAl and RNA2 were cloned, their 

nucleotide sequences elucidated and compared with the 

sequences at the 3'-termini of CPMV RNAl and RNA2 (Figure 23). 

To ensure that the 3'-termini of the CPSMV RNAs were 

represented in the clones, oligo-d(T) primed cDNA was tailed 

with deoxycytidine using terminal deoxynucleotidyl transferase 

and ligated to deoxyguanidine tailed vector. Clones specific 

to either RNAl or RNA2 were selected by hybridization to 

electroblots of the viral RNA. 

The 3'-terminal 70 nucleotides of CPSMV RNAl and RNA2 

share 67% homology compared to 81% homology between the 3'- 

terminal 70 nucleotides of CPMV RNAl and RNA2 (Lomonossoff & 

Shanks, 1983; Van Wezenbeek et dl., 1983) and RCMV RNAl and 

RNA2 (Shanks et al., 6986) RNAs. There is a sequence of 

homology common to both RNAs of all three viral genomes: 

Ux(U/A)xxxUiU/A)UU (Figure 2 3 ) .  

Interference as a genetic trait of the plant. An experiment 

was conducted to determine if subsequent generations of Black 

cowpeas which exhibit interference carry a predisposition to 

CPMV interference in the replication of CPSMV. Black cowpeas 

were co-inoculated with 75 ug/ml of CPMV and 7.5 ug/ml of 

CPSMV. At 21 days p.i., samples from plants with visually 



Figure 23. Comparison of the 3'-terminal sequences of RNAl and 
RNA2 of CPSMV. 

A. 3'-terminal sequences of RNAl and RNA2 of CPSMV. The sequences 
have been aligned to maximize regions of homology. 

RNAl CAGCUUUAGCUGUGUAACGGGCUAGUUUAGAAUUAAUUUAUAAAAAUGUGC 
I l l  1 1 1 1  I  I I l l  1 1 1 1 1 1 1  1 1 1 1 1  I  5 1 

RNA2 UCCUCAGUCCUGAAUAACCUGGCA UUUUCGCCCAAUUUAU AAAAU UAU 

RNAl AAUGU AAGUGAUUAUGUGACCUUU AAGUGUUCAGGUGUUCUU CUUUUpolyA 
I  I  I  I  I  I  1 1  1 1 1 1 1  I l l  1 1  I I  1 1 1 1  1 1  1 1 1 1 1  101 

RNA2 AAUGUGUGAUUGUUGUGUGA UUUCUAG UAACAUGUUAUUACUUUUpolyA 

B. 3'-terminal sequences of the genomes of three comoviruses. The 
sequences have been a1 igned to maximize regions of homology. 
The 10 nucleotides situated adjacent to the polyA tract share 
a reglon of homology (Ux(UA)xxxU(UA)UU). 

CPMV RNAl AACAACAAAAAUAUGUGUUUUUAUU-polyA 
1 1 1  1 1 1 1  1 1 l l l l l l l  

CPMV RNA2 GACACAAAAAGAUUUUAAUUUUAUU-polyA 

RCMV RNAl UAU GUGAUAAAGUUUGUGUUUAUU-polyA 
I l l  I 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1  

RCMV, RNA2 UAUUGCUUUAAAGUU AUGUUUAUU-polyA 

CPSMV RNAl AAGUGUUCAGGUGUUCUU CUUUU-polyA 
I  I  I  I  I l l 1  1 1 . 1 1 1 1 1  

CPSMV RNA2 CUAG UAACAUGUUAUUACUUUU-polyA 



h e a l t h y  s e c o n d a r y  l e a v e s  were a n a l y z e d  by ELISA f o r  CPSMV. 

P l a n t s  t e s t i n g  n e g a t i v e  were r e p o t t e d ,  and r e t e s t e d  4 weeks 

l a t e r  f o r  CPSMV. I n i t i a l l y ,  o f  t h e  127 p l a n t  c o - i n o c u l a t e d ,  4 4  

p l a n t s  had u n i n f e c t e d  seconda ry  l e a v e s .  A f t e r  t h e  second  

s c r e e n i n g  4 0  p l a n t s  were m a i n t a i n e d  and grown t o  s e e d .  S i x t y -  

e i g h t  Black s e e d l i n g s  which were t h e  f i r s t  g e n e r a t i o n  from 

p l a n t s  t h a t  were n o t  o f  t h o s e  s y s t e m i c a l l y  i n f e c t e d  by CPSMV, 

were c o - i n o c u l a t e d  w i t h  CPMV and CPSMV ( a s  a b o v e ) .  S i x t e e n  

p l a n t s  had u n i n f e c t e d  seconda ry  l e a v e s  21 d a y s  p . i .  The f i r s t  

g e n e r a t i o n  s e e d l i n g s  were a n a l y z e d  f o r  CPMV r e p l i c a t i o n  by 

ELISA 1 4  d a y s  p . i . .  CPMV was n o t  found . i n  any o f  t h e  68 

s e e d 1  i n g s .  T h e r e f o r e ,  a  p r e d i s p o s i t i o n  t o  i n t e r f e r e n c e  was n o t  

c a r r i e d  th rough  t o  s u r v i v i n g  g e n e r a t i o n s .  

C o - i n o c u l a t i o n  o f -  p l a e t s  w i t h  CPMV, CPSMV and S H M V .  S a a i j e r -  

Riep  and de  J a g e r  ( 1 9 8 8 )  demons t r a t ed  t h a t  CPMV i n t e r f e r e s  

w i t h  t h e  r e p l i c a t i o n  o f  SHMV i n  A r l i n g t o n  s e e d l i n g s .  The two 

v i r u s e s  were c o - i n o c u l a t e d  a t  a p p r o x i m a t e l y  t h e  same 

c o n c e n t r a t i o n  f o r  o p t i m a l  i n t e r f e r e n c e .  An expe r imen t  was 

conduc ted  t o  d e t e r m i n e  t h e  e f f e c t  o f  SHMV on  t h e  i n t e r f e r e n c e  

phenomena between CPMV and CPSMV ( T a b l e  17 1 , 

Black and A r l i n g t o n  cowpeas were i n o c u l a t e d  w i t h  t h r e e  

d i f f e r e n t  c o n c e n t r a t i o n s  o f  SHMV, 7 5  ug/ml of  CPMV and 7 . 5  
\ 

i 
ug/ml o f  CPSMV. R e p r e s e n y t i v e  p l a n t s  from e a c h  g r o u p  were 

a s s a y e d  1 4  d a y s  p .  i .  f o r  t b e  p r e s e n c e  o f  SHMV and CPMV by 

e l e c t r o n  microscopy  a n d / o r  by , an t ibody- t r apped  ELISA u s i n g  

monoclonal  a n t i b o d i e s  s p e c i f i c  f o r  SHMV and CPMV. SHMV was 
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d e t e c t e d  i n  a l l  a s s a y e d  p l a n t s j  CPMV was n o t  d e t e c t e d  i n  any  

o f  t h e  a s s a y e d  p l a n t s .  ~ n t e r f e r e n c e  by CPMV i n  t h e  r e p l i c a t i o n  

o f  CPSMV was n o t  a f f e c t e d  b y  SHMV i n  Black cowpeas, e x c e p t  

when a  h i g h  c o n c e n t r a t i o n  (200 ug /ml )  o f  SHHV was c o y  

i n o c u l a t e d .  I n  A r l i n g t o n  cowpeas, however, t h e  p r e s e n c e  o f  

SHMV p r e v e n t e d  CPMV i n t e r f e r e n c e  o f  CPSMV r e p l i c a t i o n ,  even  a t  , 

a low c o n c e n t r a t i o n  ( 5  u g / m l )  o f  SHMV. 

Acqui red  s y s t e m i c  r e s i s t a n c e  induced  by CPMV. H i s t o r i c a l l y ,  

r e s e a r c h  on mixed v i r u s  i n f e c t i o n s  has  examined t h e  a b i l i t y  o f  

a n  i n d u c i n g  v i r u s  t o  p r o t e c t  a  p l a n t  a g a i n s t  s u b s e q u e n t  

i n f e c t i o n  by a c h a l l e n g e  v i r u s  ( F r a s e r ,  1987; H a m i l  t o n ,  1980 1 .  
< \  

, Exper iments  were conduc ted  t o  d e t e r m i n e  i f  p r imary  i n o c u l a t i o n  

w i t h  CPMV would induce  immunity a g a i n s t  CPSMV i n f e c t i o n  o f  t h e  

s econda ry  l e a v e s .  
I . 
1 The p r imary  l e a v e s  o f  Black cowpeas w e r e , i n o c u l a t e d  w i t h  

,- -1 

/ 
75 ug/ml and 250 ug/ml o f  CPMV, and t h e  s e c o n d a r y  l e a v e s  

/ 

c h a l l e n g e d  w i t h  e i t h e r  1 ug/ml o r . 7 . 5  ug/ml o f  CPSMV ( T a b l e  

18 . For compar i son ,  CPSMV was i n o c u l a t e d  on t h e  s econda ry  

l e a v e s  o f  p r e v i o u s l y  u n i n f e c t e d  p l a n t s .  I n  a l l  examples  o f  

s e q u e n t i a l  c o - i n o c u l a t  i o n ,  t h e  symptoms indpced  i n  s econda ry  

l e a v e s  by CPSMV i n f e c t i o n  were n o t i c e a b l y  r educed  compared'  t o  

s i n g u l a r  i n f e c t i o n  o f  s econda ry  l e a v e s  by CPSMV. 

+ 
I n t e r f e r e n c e  i n  BE-5 cowpeas.  BE-5 cowpeas were s u s c e p t i b l e  

t o  i n f e c t i o n  by b o t h  CPMV and CPSMV ( B e i e r  e t  a l . ,  1977)  

( F i g u r e  2 4 ) .  When BE-5 s e e d l i n g s  were c o - i n o c u l a t e d  w i t h  200 



7 
I 

ug/ml o f  CPMV and 5 .8  ugiml o f  CPSMV, b o t h  v i r u s e s  accumula t ed  

i n  p r imary  i n o c u l a t e d  t i s s u e  and  seconda ry  l e a v e s  (Figures 24 

and 25). However, when p l a n t s  were c o - i n o c u l a t e d  w i t h  40  ug/ml 

o f  CPMV R N A  and 1.2 ug/ml o f  CPSMV R N A ,  t h e  r e p l i c a t i o n  o f  

CPSMV i n  p r imary  i n o c u l a t e d  l e a v e s  was d e p r e s s e d  ( F i g u r e  2 4 ) .  

The p r imary  l e a v e s  o f  some o f  t h e  p l a n t s  i co - inocu la t ed  w i t h  

p u r i f i e d  v i r a l  RNAs e x p r e s s e d  symptoms c h a r a c t e r i s t i c  o f  o n l y  

CPMV i n f e c t i o n .  other c o - i n o c u l a t e d  p l a n t s  e x p r e s s e d  symptoms 

t y p i c a l  o f  i n f e c t i o n  by b o t h  v i r u s e s .  Samples o f  p r imary  and 

s e c o n d a r y  l e a v e s  were c o l l e c t e d  from bo th  g r o u p s  o f  p l a n t s  and 

a n a l y z e d  by ELISA f o r  CPMV and CPSMV ( F i g u r e  2 5 ) .  CPSMV was 

e i t h e r  n o t  d e t e c t e d  o r  d e t e c t e d  a t  a  g r e a t l y  r educed  
Q 

c o n c e n t r a t i o n  i n  b o t h  t h e  p r imary  and t h e  s e c o n d a r y  l e a v e s  o f  

p l a n t s  which e x p r e s s e d  o n l y  symptoms c h a r a c t e r i s t i c  o f  CPMV 

i n f e c t i o n .  Both CPMV and CPSMV were d e t e c t e d  i n  a l l  t h e  l e a f  as 

samples  c o l l e c t e d  from p l a n t s  e x p r e s s i n g  symptoms 

c h a r a c t e r i s t i c  o f  i n f e c t i o n  by b o t h  v i r u s e s .  



Table 18 .  Challenge by CPSMV of secondary leaves of plants with 
prlrnary leaves infected by CPMV. 

I N O C U L U M ~  NUMBER OF PLANTS 
EXHIBITING VARIOUg 

PRIMARY SECONDARY SYSTEMIC SYMPTOMS 
LEAF LEAVES 

ExDerimentu ? 

------ 1 ug/ml CPSMV 19 0 1 2 

75 ug/ml CPMV 1 ug/ml CPSMV 9 3 6 0 
k 

250 ug/ml CPMV 1 ug/ml CPSHV 6 3 7 2 

------ 
Ir 7.5 ug/ml CPSHV 15 1 3 0 

75 ug/ml CPMV 7.5 ug/ml CPSMV 7 7 4 2 

250 ug/ml CPMV 7.5 ug/ml CPSMV 8 4 4 3 

Exnerimentu 
------ 1 ug/ml CPSMV 8 2 0 0 

------ 7.5 ug/ml CPSMV 12 1 0 0 

-- 15 ug/ml CPMV , ,. 

ssRNA 1 ug/ml CPSMV 6 3 2 18 

15 ug/ml CPMV 
ssRNA 7.5 ug/ml CPSMV 7 3 8 2 

1. The primary leaves were inoculated with CPMV, and the 
first set of trifollates, approximately 2-3 cm in length, 
were challenged with CPSHV. 

2. Symptoms induced by challenge of secondary leaves with 
CPSMV were catagorized: A, total vascular collapse; 0 ,  > 5 
necrotic local lesions per challenged leaf; C, < 5 necrotic 
local lesions per challenged leaf; D, no visible sign of 
necrotlc local lesions on challenged leaves. 



F i g u r e  24. Comparison of  v i r u s  accumulat ion-in BE-5 cowpeas 
s i n g u l a r l y  a n d p o - i n o c u l a t e d  wi th  CPMV and CPSMV v i r u s  or  
RNA.  BE-5 was co- inocu la ted  wi th :  ( A )  200 ug/ml CPHV v i r u s  
and 5 . 8  ug/ml CPSMV v i r u s ;  ( B )  40 ug/ml CPMV SSRNA and 1 . 2  
ug/ml CPSMV s s R N A .  Viral c a p s i d  p r o t e i n s  of CPMV ( @ I  and 
CPSMV (a) were e s t i m a t e d  by ELISA. For comparison, BE-5 was 
i n o c u l a t e d  with:  ( C )  200 ug/ml of CPMV v i r u s  (v)  o r  40 
ug/ml of  CPMV s s R N A  ( v ) ;  ( D l  5 .8  ug/ml of CPSMV v i r u s  (4)  o r  
1 . 2  ug/ml o f  CPSMV s s R N A  (A). Each p o i n t  r e p r e s e n t s  an 
ave rage  o f  s i x  test p l a n t s .  Background < 0.100. 
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Figure 2 5 ,  Accumulation of CPSMV and CPMV in secondary 
leaves of BE-5 cowpeas co-inoculated with CPSHV (a and CPMV 
( W .  (A), secondary leaves of plants singularly inoculated 
with either CPSMV or CPMV ssRNA; (B), secondary leaves of 
plants co-inoculated with CPSMV and CPMV; (C), secondary 
leaves of plants co-inoculated with CPSMV and CPMV ssRNA; 
(Dl, primary leaves of plants singularly inoculated with 
either CPSMV or CPMV ssRNA; (El, primary leaves of plants 
co-inoculated with CPSMV and CPMV ssRNA exhibiting only 
symptoms characteristic of CPMV infection; (F), secondary 
leaves of'plants co-inoculated with CPSMV and CPMV ssRNA 
exhibiting only symptoms characteristic of CPMV infection. 
(Plant sample numbers from (El and (F) represent the same 
plant.) Plants were as3ayed fourteen days post infection by 
antibody-trapped ELISA using monoclonal antibodies SB2 and 
DG11. Background < 0 . 1 0 0 .  





DISCUSSION:  

The r e p l i c a t i o n  o f  CPMV was examined i n  t h e  

M o p e r a t i o n a l l y "  immune cowpeas Bylack and A r l i n g t o n .  Low l e v e l s  

o f  CPMV RNA a c c u m u l a t i o n  were d e t e c t e d  i n  t h e  p l a n t s ;  however, 

t h e  concomi t an t  a c c u m u l a t i o n  o f  v i r a l  c a p s i d  p o l y p e p t i d e s  was 

n o t  d e t e c t e d .  Beier k t  a l .  ( 1 9 7 7 )  i n e n t i f i e d  s i x t y - f i v e  

v a r i e t i e s  o f  Viuna y n s u i c c l a t a ,  i n c l u d i n g  Black and A r l i n g t o n ,  

a s  " o p e r a t i o n a l l y  immuneff t o  i n f e c t i o n  by CPMV when i n o c u l a t e d  

- w i t h  a  v i r u s  c o n c e n t r a t i o n  one hundred t i m e s  t h a t  r e q u i r e d  t o  
F '  

u n i f o r m l y  i n f e c t  a s u s c e p t i b l e  v a r i e t y  ( i e .  250 u g / m l ) .  P l a n t s  

t h e  b a s i s  o f  symptom development  and t h e  
t 

i n f e c t i o u s  v i r u s  i n  i n o c u l a t e d  p l a n t s .  The 

d e f  i n j t i o n ' o f  f f o p e r a t i o n a l  immunity" was modi"•’ied t o  e x c l u d e  

v i r u s  r e p l i c a t i o w a t  low l e v e l s  n o t  d e t e c t a b l e  by t h e s e  

c r i $ e r i a  (Ponz e t  a l . ,  1 9 8 8 a ) .  E a s t w e l l  e t  a l . ,  ( 1 9 8 3 )  

i d e n t i f i e d  low l e v e l s  o f ' t h e  d o u b l e - s t r a n d e d  R N A  r e p l i c a t i v e  

form o f  CPMV (Shanks  e t  a l . ,  1985) i n  i n f e c t e d  B l a c k  and 

A r l  i n g t o n  s e e d 1  i n g s .  d 1 

N e i t h e r  i n f e c t i o u s  v i r u s  nor  v i r a l  c a p s i d  p o l y p e p t i d e s  
-k - 

were d e t e c t e d  i n  e i t h e r  h a c k  o r  A r l i n g t o n  s e e d 1  i q g s  
3 

i n o c u l a t e d  w i t h  CPMV. CPMV R N A  was t r a n s l a t e d  a s  a  s i n g l e ,  

l a r g e  p o l y p e p t i d e '  p r e c u r s o r ,  and c l e a v e d  i n t o  s m a l l e r ,  

f u n c t i o n a l  p o l y p e p t i d e s  by a 2 4  kDa p r o t e a s e  encoded on  v i r a l  
i, 

R N A l  (Ve rve r  e t  a 1  ., 1 9 8 7 ) .  The s p e c i f i c i t y  o f  t h e  2 4  kDa 
8 

p r o t e a s e  was modulated by a  32  kDa p r o t e i n ,  a l s o  encoded on  

v i r a l  R N A l  (Vos e t  a l . ,  1 9 8 8 ) .  The 2 4  kDa and 3 2  kDa 



p o l y p e p t i d e s  t o g e t h e r  c l e a v e d  between Gln and Met amino a c i d  

r e s i d u e s ;  t h e  same c l e a v a g e  s i t e  r e q u i r e d  t o  separate 60 kDa 

c a p s i d  p o l y p e p t i d e  i n t e r m e d i a t e  from t h e  p r e c u r s o r  p o l y p e p t i d e  

encoded by R N A 2  (Vos e t  a l . ,  1 9 8 8 ) .  E x t r a c t s  o f  A r l i n g t o n  

p r o t o p l a s t s  c o n t a i n  a s p e c i f i c  p r o t e i n a c e o u s  a g e n t  which 

i n h i b i t s  c l e a v a g e  o f  t h e  RNAZ p o l y p e p t i d e  p r e c u r s o r  i t  t h e  

Gln-Met c l e a v a g e  s i t e  ( S a n d e r s o n  e t  a l . ,  1 9 8 5 ) .  T h e r e f o r e ,  i t  

would have been uneppec ted  t o  d e t e c t  CPMV 2 3  kDa and 37 kDa 

c a p s i d  p o l y p e p t i d e s  )n A r l i n g t o n  s e e d l i n g s .  I t  was n o t  
1 

d e t e r m i n e d  i f  ~ k / - 6 0  kDa p o l y p e p t i d e  p r e c u r s o r  o f  t h e  c a p s i d  

p r o t e i n s  was p r e s e n t  i n  p l a n t  e x t r a c t s .  However, t h e  6 0  kDa 

p o l y p e p t i d e  c o u l d  have been  unknowingly d e t e c t e d  i n  ELISA of  

i n o c u l a t e d  cowpeas because  monoclonal  a n t i b o d y  SB2 bound a n  

e p i t o p e  on t h e  c o a t  p r o t e i n  o f  CPMV composed o f  c o n t i g u o u s  

amino a c i d  r e s i d u e s .  SB2  bound t h e  e p i t o p e  whether  t h e  v i r u s  

was i n  a  n a t i v e  o r  d e n a t u r e d  c o n f i g u r a t i o n .  

G e n e t i c  c r o s s e s  between A r l i n g t o n  and Blackeye-5 
B 

s e e d l i n g s  i n d i c a t e d  t h a t  t h e  i n h i b i t o r  o f  CPMV r e p l i c a t i o n  i s  

i n h e r i t e d  as  a s i n g l e  dominant  c h a r a c t e r  ( K i e f e r  e t  a l . ,  

1 9 8 4 ) .  Many t r a i t s  o f  t h e  immunity i n  Black  cowpeas behaved i n  

p a r a l l e l  f a s h i o n ,  s u g g e s t i n g  t h  t a  s i n g l e  dominant  c h a n a c t e r  t 
f o r  CPMV r e s i s t a n c e  may a l s o  be \ p r e s e n t  i n  Black cowpeas.  

b 

However, i t  c a n n o t  be d i s c o u n t e d  t h a t  t h e r e  a r e  s e p a r a t e  gene  

f u n c t i o n s  c o n f e r r i n g  immunity a g a i n s t  CPMV i n f e c t i o n  i n  Black  

s e e d 1  i n g s .  More d e t a i l e d  a n a ' l y s i s  r e v e a l e d  a  number o f  

a d d i t i o n a l  f a c t o r s  t h a t  d i s p l a y e d  complex p a t t e r n s  oE h e r e d i t y  



t h a t  may have c o n t r i b u t e d  t o  immunity i n  A r l i n g t o n  s e e d l i n g s  

(Ponz e t  a l . ,  1 9 8 8 a ) .  

Exper iments  were performed t o  c h a l l e n g e  h y p o t h e s e s  

e x p l a i n i n g  t h e  i n t e r f e r e n c e  i n  t h e  r e p l i c a t i o n  o f  CPSMV when 

CPMV and CPSMV are c o - i n o c u l a t e d  i n  cowpeas immune t o  

i n f e c t i o n  by CPMV. The e f f i c i e n c y  of  i n t e r f e r e n c e  d e c l i n e d  

r a p i d l y  a s  t h e  t ime  between CPMV and CPSMV i n o c u l a t i o n  was 

i n c r e a s e d .  T h i s  s u g g e s t e d  t h a t  CPMV d i d  n o t  induce  a 

p e r s i s t e n t  d  e mechanism i n  t h e  p r imary  i n o c u l a t e d  l e a f  

w h i c h  l a t e r a f l y  d i f f u s e d  i n  t h e  l e a f  and i n t e r f e r e d  wi th  
\ 

CPSMV r e p l i c a t i o n  a t  a n  a d j a c e n t  s i t e .  However, Black and 

A r l i n g t o n  cowpeas i n o c u l a t e d  w i t h  CPMV e x h i b i t e d  a c q u i r e d  

s y s t e m i c  r e s i s t a n c e  a g a i n s t  subsequen t  s econda ry  * i n f e c t i o n  by 

CPSMV. Symptoms induced  by s y s t e m i c a l l y  i n o c u l a t e d  CPSMV were 

a t t e n u a t e d  b u t  n o t  d e l a y e d ,  compared t o  symptom e x p r e s s i o n  i n  

p r i m a r i l y  u n i n f e c t e d  cowpeas ( T a b l e  18). The p r o t e c t i v e  e f f e c t  

o f  a c q u i r e d  s y s t e m i c  r e s i s t a n c e  was minor r e l a t i v e  t o  t h a t  o f  

i n t e r f e r e n c e .  

The d i r e c t  involvement  o f  c a p s i d  p r o t e i n s  i n  t h e  
I 

/ 

p r o t e c t i b n  o f  p l a n t s  by secor /dary v i r u s  i n f e c t i o n  h a s  been 
< 8 ;  

i m p l i c a t e d  by c lass ical  c r o s s - p r o t e c t i o n  e x p e r i m e n t s  (Dodds e t  

d l . ,  1984;  H o r i k o s h i  e t  a l . ,  1 9 8 7 ) .  Hor ikosh i  e t  a l .  ( 1 9 8 7 )  

p r o v i d e d  e v i d e n c e  t h a t  t h e  c o a t  p r o t e i n  o f  brome mosa ic  v i r u s  

( B M V )  i n h i b i t e d  t r a n s c r i p t i o n  o f  BMV R N A  & v i t r ~ .  Moreover, 

t h e y  were a b l e  t o  demo,ns t ra te  t h a t  t h e  c o a t  p r o t e i n  d i d  n o t  

r e a c t  w i t h  t h e  r e p l i c a s e  l e x  d i r 6 c t l y ,  b u t  r a t h e r  formed a 



s t a b l e  complex w i t h  t h e  R N A ,  t h u s  b l o c k i n g  t r a n s c r i p t i o n .  I f  

t h i s  s i t u a t i o n  r e f l e c t s  i n t e r f e r e n c e  o r  c r o s s - p r o t e c t i o n  

y i v o ,  a c c u m u l a t i o n  o f  t h e  c o a t  p r o t e i n  o f  t h e  i n d u c i n g  v i r u s  

would be r e q u i r e d .  T h i s  h a s  n o t  been o b s e r v e d  i n  Black o r  

Arl i n g t o n  cowpeas i n f e c t e d  w i t h .  CPMV. 

R e s u l t s  i n v o l v i n g  t r a n s g e n i c  p l a n t s  e x p r e s s i n g  t h e  c o a t  

p r o t e i n  gene have echoed t h e  c e n t r a l  r o l e  o f  t h e  c o a t  p r o t e i n  

i n  p r o t e c t i n g  p l a n t s  a g a i n s t  s u b s e q u e n t  v i r u s  i n f e c t i o n  

(Hemenway e t  a l . ,  1988; Loesch-Fr ies  e t  7; Nelson e t  

a l . ,  1987; Turner  e t  a l . ,  1987; Van Dun e t  ale., 1 9 8 7 ) .  The 

p r e s e n c e  o f  a c t i v e l y  e x p r e s s e d  c o a t  p r o t e i n  gene o f f e r e d  

r e s i s t a n c e  t o  PVX, AMV and TMV (Hemenway e t  a l . ,  1988; Loesch- 

F r i e s  e t  dl., 1987; Nelson e t  a l . ,  1987, r e s p e c t i v e l y ) .  I n  

sys t ems  examining p r o t e c t i o n  a g a i n s t  AMV and TMV t h e  

p r o t e c t i n g  e f f e c t  o f  t h e  c o a t  p r o t e i n  was n u l l i f i e d  i f  t h e ,  

c h a l l e n g e  inoculum c o n s i s t e d  o f  i s o l a t e d  R N A ,  r a t h e r  t h a n  

i n t a c t  v i r i o n s .  These d a t a  s u g g e s t e d  t h a t  t h e  u n c o a t i n g  o f  t h e  

v i r a l  R N A  was b l o c k e d .  R e s i s t a n c e  was overcome i n  t r a n s g e n i c  

p l a n t s  e x p r e s s i n g  t h e  c o a t  p r o t e i n  o $  PVX when i n o c u l a t e d  w i t h  
9 

. i s o l a t e d  R N A .  I n  t h i s  c a s e ,  a p p a r e n t l y  c o a t  p r o t e i n  was n o t  

i n v o l v e d  i n  b l o c k i n g  u n c o a t i n g  o f  t h e  i n o c u l a t i n g  v i r u s ;  

however, c o a t  p r o t e i n  may have r e g u l a t e d  a n  e a r l y  e v e n t  i n  

v i r u s  r e p l  i c a t i ; n .  Fu r the rmore ,  i t  was d e m o n s t r a t e d  t h a t  t h e  

g e n e t i c  background o f  t h e  t r a n s g e n i c  p l a n t s  i n f l u e n c e d  t h e  

e f f i c i e n c y  o f  t h e  g z o t e c t i o n  o f f e r e d  by t h e  e x p r e s s i o n  o f  ! t h e  

c o a t  p r o t e i n  gene ( N e l s o n  e t  a l . ,  1 9 8 7 ) .  The. induced  



r e s i s t a n c e  t o  v i r u s  i n f e c t i o n  i n  t r a n s g e n i c  s y s t e m i c  h o s t s  f o r  

TMV was e f f e c t i v e l y  overcome by i n o c u l a t i o n  w i t h  i s o l a t e d  TMV 

R N A  r a t h e r  t h a n  i n t a k t  v i r i o n s .  I n  c o n t r a s t ,  TMV R N A  'was much 

less e f f i c i e n t  i n  e s t a b l i s h i n g  a n  i n f e c t i o n  i n  t r a n s g e n i c  

p l a n t s  w i t h  a  l o c a l  l e s i o n  h e r i t a g e .  

T o g e t h e r ,  t h e s e  d a t a  s u g g e s t e d  t h a t  i n  s y s t e m s  where t h e  

c o a t  p r o t e i n  g e n e  i s  e x p r e s s e d  i n  t r a n s g e n i c  p l a n t s  e i t h e r  

u n c o a t i n g  o f  t h e  v i r a l  R N A  was b l o c k e d  ( T M V  a n d  A M V )  o r  a n  

e a r l y  e v e n t  i n  v i r a l  r e p l i c a t i o n  was r e g u l a t e d  by t h e  c o a t  
r 

p r o t e i n  (PVX).  A s  n o t e d  a b o v e ,  t h e s e  h y p o t h e s e s  c a n n o t  be  

ex- tended t o  CPMV/CPSMV a s  c o a t  p r o t e i n  d i d  n o t  a c c u m u l a t e d  i n  

i n o c u l a t e d  p l a n t s  a n d  i n o c u l a t i o n  w i t h  i s o l a t e d  R N A  was a t  

l e a s t  e q u a l l y  a s  e f f e c t i v e  a s  i n o c u l a t i o n  w i t h  i n t a c t  v i r i o n s  
, 

f o r  e s t a b l i s h i n g  i n t e r f e r e n c e  ( T a b l e  14). F u r t h e r m o r e ,  t h e  

n u c l e i c  a c i d  f r e e  t o p  component  o f  CPMV when c o - i n o c u l a t e d  
' d% 

w i t h  CPSMV d i d  n o t  i n t e r f e r e  i n  t h e  r G p l i c a t i o n  o f  CPSMV. Thus 

CPMV d o e s  n o t  f o l l o w  e m e r g i n g  p a t t e r n s  o f  c r o s s - p r o t e c t i o n  o r  

i n t e r f e r e n c e  d e m o n s t r a t e d  i n  o t h e r  p l a n t  s y s t e m s .  T h i s  

c o n c l u s i o n  r e i n f o r c e s  t h e  un ique*  n a t u r e  o f  v i r u s - v i r u s  

i n t e r a c t i o n s  o f  CPMY/CPSMV compared t o  o t h e r  s y s t e m s .  

Two p o s s i b l e  mechanisms o r  a  c o m b i n a t i o n  t h e r e o f  a r e  

e n v i s i o n e d  t o  e x p l a i n  t h e  e f f e c t  of CPMV on t h e  r e p l i c a t i o n  o f  

CPSMV: 1) CPMV i n d u c e d  a l o c a l  p l a n t  d e f e n c e  mechanism i n  t h e  

a r e a  o f  i n i e c t i o n ;  2 )  t r a n s c r i p t i o n  o r  t r a n s l a t i o n ,  o f  CPMV PNA 

d i r e c t l y  a f f e c t e d  CPSMV r e p l i c a t i o n .  

I n  c o - i n o c u l a t e d  p l a n t s  CPMV may h a v e  i n d u c e d  t h e  



f o r m a t i o n  o f  t h e  n e c r o t i c  l o c a l  l e s i o n s  a s s o c i a t e d  w i t h  

i n t e r f e r e n c e .  I n  mixed i n o c u l a t e d  p l a n t s  w i t h  u n i n f e c t e d  

s e c o n d a r y  l e a v e s ,  CPSMV was l o c a l i z e d  i n  t h e  n e c r o t i c  l o c a l  

l e s i o n s  formed on t h e  p r imary  i n o c u l a t e d  l e a v e s .  More 

e x t e n s i v e l y  n e c r o s i s  was obse rved  on p r imary  l e a v e s  s i n g u l a r l y  

i n o c u l a t e d  w i t h  CPSMV, b u t  no symptoms were a s s o c i a t e d  w i t h  

s i n g u l a r  i n o c u l a t i o n  by CPMV. T h e r e f o r e ,  n e c r o s i s  was 

a p p a r e n t l y  induced  by CPSMV, b u t  c o - i n f e c t i o n  w i t h  CPMV 

r e t a r d e d  t h e  r e p l i c a t i o n  o f  CPSMV. 

I n i t i a l l y  i t  was assumed t h a t  CPMV R N A  h y b r i d i z e d  w i t h  a 

complementary sequence  i n  CPSMV RNA. R e c e n t l y ,  i t  was 

demons t r a t ed  t h a t  a s a t e l l i t e  R N A  of  CMV c o n t a i n s  a n t i - s e n s e  

r e g i o n s  complementary t o  t h e  v i r a l  c o a t  p r o t e i n  gene  ( R e z a i a n  

& Symons, 1986). A r o l e  f o r  t h e s e  a n t i - s e n s e  R N A  r e g i o n s  i n  

t h e  r e g u l a t i o n  o f  v i r a l  c o a t  p r o t e i n  s y n t h e s i s  was $ 

h y p o t h e s i z e d . '  I n  t h e  p r e s e n t  sys t em i t  was d e m o n s t r a t e d  t h a t  

i n t e r f e r e n c e  was p r i o r  t o  s i g n i f i c a n t  r e p l i c a t i o n  

o f  p u s i l i v e  s e n s e  R N A  o f  t h e  i n d u c i n g  v i r u s .  However, i t  c o u l d  

n o t  be d i s c o u n t e d  w i t h  c e r t a i n t y  t h a t  a r e g i o n  o f  t h e  genome 

o f  t h e  i n d u c i n g  v i r u s  i n  t h e  inoculum d i d  n o t  h y b r i d i z e  t o  t h e  

c h a l l e n g e  v i r u s  and i n t e r f e r e  w i t h  i t s  r e p l i c a t i o n .  I n  co-  

i n o c u l a t e d  cowpeas, CPMV R N A  had n o t  accumula ted  t o  a  

s i g n i f i c a n t  c o n c e n t r a t i o n  th roughou t  t h e  p l a n t  a t  t h e  time 

when i n t e r f e r e n c e  was e s t a b l i s h e d .  Eggen and Van Kammen (1988) 

s u g g e s t e d  r e p l i c a t i o n  o f  CPMV was c o n c e n t r a t e d  a t  t h e  membrane 

bound r e p l i c a s e .  A s i g n i f i c a n t  c o n c e n t r a t i o n  o f  CPMV R N A  a t  



the localized site of viral replication may have precipitated 

the formation of RNA-RNA hybrids with CPSMV RNA, thus 

preventing or delaying the replication of CPSMV. 
1 

Alternatively, an RNA-RNA hybrid could have been formed with 

the inoculating RNA of CPMV. However, interference was not 

observed when plants were co-inoculated with CPSMV RNA and 

either poly(A)+ fragments of CPMV RNA or biologically inactive 

(ie. UV-irradiated) CPMV RNA. Furthermore, duplex formation 

between CPMV and CPSMV would likely reduce the amount of CPMV 

available for replication (as well as reducing CPSMV), but no 

effect on CPMV replication is observed. 

Alternatively, translation product(s1 ~f CfPMV may be 

required to initiate the interference response. It was 

demonstrated that co-inoculation of CPSMV with CPMV RNAl but 

not CPMV RNA2 was sufficient for interference. Eggen and Van 

Kammen ( 1988 1 suggested that the 170 kDa precursor poly-peptide 

translated from RNAl binds to the cytoplasmic membrane forming 

a membrane-bound replication complex (replicase). Viral RNA - 

would bind to the replication complex prior to transcription 

of the RNA. CPSMV- RNA may form an abortive complex with the 

CPMV replicase to sequester the infecting CPSMV RNA and retard 

the replication of CPSMV. Eventually, in some plants, residual 

CPSMV replication saturated the CPMV replicase and normal 

CPSMV replication resumed after a time delay. The plants would 

exhibit vascular collapse, as did plants singularly inoculated 

i 
with CPSMV. However, in a minority of the co-inoculated plants 

9 



CPSMV replication would be delayed sufficiently to allow the 

defence response of the plant to confine the.virus at the site 

of inoculation. 

For many positive-sense single-stranded RNA viruses, the 

replicase recognition sequence was located at the 3'-terminal 

of the viral RNA (Ahlquist e t  al., 1984; Ali Rezaian et al., 

1984). Furthermore, Morch et al. (1977) demonstrated 

experimentally the competition for specific nucleotide binding 

sites by the replicase. The replicase of turnip yellow mosaic 

virus could be effectively inhibited in vitro by the addition 

of RNA transcripts homologous to the 3'-end of the viral 

genome. Transcripts from other regions of thy genome were not 
Y 

inhibitory. The replicase of CPMV and 

CPSMV RNA is unknown, although a homologo s region has been ti 
identified at the 3' terminal of the RNAs k three comoviruses 
(Figure 2 3 ) .  

It has been demonstrated that Arlington extracts 

contained an inhibitor of the proteolytic processing of the 

gln-met cleavage site of the CPMV RNA2 polyprotein (Ponz et 

al., 1988a; Sanderson et al., 1985). The CPMV RNAl polypeptide 

contains similar Gln-Met cleavage sites that' presumably would 
, . 

also be cleaved. The successful replication of viral RNA 

required processing of the RNAl polyprotein, the process would 

have been aborted because of the protease inhibitor in immune 

cowpeas (Sanderson et al., 1985). 

The level of CPMV replication was not increased in co- 



i n o c u l a t e d  B l a c k  a n d -  A r l i n g t o n  cowpeas ,  t h u s  I t  was assumed 

t h e  p r o t e a s e  o f  CPSMV c o u l d  n o t  b e  s u b s t i t u t e d  f o r  t h e  

i n h i b i t e d  p r o t e a s e  o f  CPHV. I t  h a s  n o t  b e e n  d e t e r m i n e d  w h e t h e r  

t h e  24 kDa p r o t e a s e  a n d  t h e  3 2  kDa p r o t e i n  o f  CPSMV can 

f a i t h f u l l y  c l e a v e  t h e  p r e c u r s o r  p o l y p e p t i d e  t r a n s l a t e d  from 

CPMV R N A 2 .  However, Goldbach  a n d  K r j  i t  ( 1982 d e m o n s t r a t e d  

t h a t  t h e  32 kDa p r o t e i n  a n d / o r  t h e  2 4  kDa p r o t e a s e  o f  CPMV 

c o u l d  n o t  c l e a v e  t h e  p r e c u r s o r  p o l y p e p t i d e  t r a n s l a t e d  f rom 

CPSMV R N A 2 .  

An a l t e r n a t i v e  mechanism t o  e x p l a i n  t h e i i n t e r f e r e n c e  o f  

CPSMV r e p l i c a t i o n  by CPMV is t h e  n o n - s p e c i f i c  c l e a v a g e  o f  t h e  

CPSMV p r e c u r s o r  p o l y p e p t i d e  by t h e  24  kDa p r o t e a s e  o f  CPMV. 

Goldbach  and  K r i j t  (1982) o b s e r v e d  t h a t  t h e  2 4  kDa p r o t e a s e  o r  

a c o m b i n a t i o n  o f  t h e  2 4  kDa p r o t e a s e  and  t h e  3 2  kDa p r o t e i n  o f  

CPMV c a u s e d  a n  " i r r e g u l a r "  c l e a v a g e  i n  t h e  p r e c u r s o r  

p o l y p e p t i d e  t r a n s l a t e d  f rom CPSMV RNA2. I t  was n o t  d e t e r m i n e d  

i f  a s i m i l a r  c l e a v a g e  s i g h t  e x i s t e d  i n  CPSMV RNA1. Such a n  

" i r r e g u l a r N  c l e a v a g e  o f  CPSMV p r e c u r s o r  p o l y p e p t i d e ( s 1  would 

c e r t a i n l y  have  d e l a y e d  t h e  e x p r e s s i o n  o f  CPSMV symptoms.  
r ' 

However, w h e t h e r  t h e r e  would b e  enough CPMV p r o t e a s e  t o  

i n t e r f e r e  t h e  r e p l i c a t i o n  o f  CPSMV s u f f i c i e n t l y  t o  a l l o w  

t h e  p l a n t  n e c r o s i s  t o  l i m i t  v i r u s  s p r e a d ,  would a g a i n  be  

d e t e r m i n e d  by a  p r o b a b i l i t y  d e p e n d e n t  o n  t h e  e n v i r o n m e n t  i n  

t h e  s p e c i f i c  i n f e c t i o n  s i t e .  

I n  c o n c l u s i o n ,  i t  h a s  b e e n  o b s e r v e d  t h a t  CPMV i n t e r f e r e d  

i n  t h e  r e p l i c a t i o n  o f  CPSMV when c o k i n o c u l a t e d  t o  cowpeas  



r e s i s t a n t  t o  i n f e c t i o ~  by CPMV (Black  and A r l i n g t o n ) .  The 

i n t e r f e r e n c e  phenomenon was a l s o  obse rved  i n  BE-5 cowpeas, a 

c u l t i v a r  s u s c e p t i b l e  t o  CPMV i n f e c t i o n ,  when t h e  r a t i o  o f  co-  

, i n o c u l a t e d  i n d u c i n g  v i r u s  (CPMV): c h a l l e n g e  v i r u s  (CPSMV) was 

i n c r e a s e d  e i g h t - f o l d .  By a l l  measures  (RNA and  p r o t e i n )  CPMV 

c a n  i n h i b i t  CPSMV r e p l i c a t i o n  i n  c u l t i v a r s  s u s c e p t i b l e  o r  

immune t o  CPMV, b u t  i n  e i t h e r  c a s e ,  t h e  e x t e n t  o f  CPMV 

r e p 1  i c a t i o n  is u n a f f e c t e d  by CPSMV. A 1  though ,  v i r a l  c o a t  

p r o t e i n  was d e m o n s t r a t e d  a s  t h e  c e n t r a l  component i n  

e s t a b l i s h i n g  c r o s s ~ p r o t e c t i o n  i n  o t h e r  v i r a l  sy s t ems ,  t h e  

a c c u m u l a t i o n  o f  CPMV c o a t  p r o t e i n  was n o t  o b s e r v e d  i n  Black 

and A r l i n g t o n  cowpeas.  The p r e c i s e  mechanism r e s p o n s i b l e  f o r  

t h e  i n v r f e r e n c e  phenomenon c o u l d  n o t  be e l u c i d a t e d  a t  

p r e s e n t .  However, i t  was p g s t u l a t e d  t h a t  CPMV i n t e r f e r r e d  i n  

t h e  e a r l y  s t a g e s  o f  CPSMV r e p l i c a t i o n .  D e t a i l e d  a n a l y s i s  o f  

t h e  i n t e r f e r e n c e  r e s p o n s e  r e q u i r e d  f u r t h e r  e x p e r i m e n t s  u s i n g  

t r a n s g e n i c  cowpeas e x p r e s s i n g  e i t h e r  a n t i - s e n s e  t r a n s c r i p t s  o r  

v i r a l  p r o t e i n s  encoded by s p e c i f i c  r e g i o n s  o f  t h e  CPMV genome. 
9 
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The r e s u l t s  from Tables  1, 2, 4,  5 and 6 p r e s e n t e d  as 

num&ical v a l u e s  w i t h  s t a n d a r d  d e v i a t i o n s .  

O u t l i n e  o f  Statistical Methods. 

r e p l i c a t e d  f o u r  t i m e s  p e r  experiment ,  and each  exper iment  was ' 

r e p e a t e d  a minimum o f  t h r e e  t imes .  The mean v a l u e  o f  t h e  

r e s u l t s  f o r  each  p o i n t  was de termined p e r  exper iment .  A mean 

was c a l c u l a t e d  from t h e  mean v a l u e s  de termined from homologous 

exper iments ,  and t h e  s t a n d a r d  d e v i a t i o n  was c a l c u l a t e d  f o r  t he  

mean v a l u e s  o b t a i n e d  from i n d i v i d u a l  exper imen t s .  



TAgLE 1. Characterization of monoclonal antibodies 

produced against CPHV-SB. 

MONOCLONAL A~TIBODY-TRAPPED~ PLATE-TRAP BED^ 
ANTIBODY CPMV CPSMV CPHV CPSMV 

1. Plates were coated with  homologous rabbit 
kmmunoglobulins. Background = 0.080. Standard deviation 
= + / -  8.5 % 

2. Background = 0.095. Standard deviation = + / -  9.0 %. 



TABLE 2 .  Character iz  i o n  of monoclonal a n t i b o d i e s  

produced a g a i n s t  CPSHV-DG . 

H O ~ O C L O N A L  ANTIBODY - T R A P P G D ~  PLATE-TRAPPED~ 
ANTIBODY CPMV CPSMV CPHV CPSMV 

DGll 0 . 0 5 9  2 .914  0 .094  0 . 3 7 8  
M 

1 .  P l a t e s  were coated  with  homologous r a b b i t  
immunoglobulins. Background = 0 . 0 5 0 ,  Standard d e v i a t i o n  
= +/- 6 . 5  % 

2 .  Background = 0 .080 ,  Standard d e v i a t i o n  = + / -  9 . 0  %, 
7a 



TABLE 4 ,  Honoclonal antibody binding to altered virus 

conformations in plate-trapped ELISAs .  

HONOCLONAL 
ANTIBODY 

ABSORBANCE~ 

DENATURANT 

SDStUREA GUANIDINE 
CPMV-SB CPSMV-DG CPMV-SB CPSMV-DG 

SB9 0.419 0.552 0.120 0.103 

1. Backgroud = 0.095. Standard deviation = + / -  10 % 



TABLE 5 .  Monoclonal antibody binding t o  a l t e r e d  v i rus  

conformations i n  plate-trapped ELISAs. 

MONOCrnNAL 
ANTIBODY 

A B S O R B A M C E ~  

DENATURANT 

SDS+UREA GUANI DINE 
CPMV-SB CPSMV-DG CPHV-SB CPSHV-DG 

D G l l  0.071 0.075 0.108 0.091 

1 .  Backgroud = 0.085, Standard dev ia t i on  = + / -  10 % 



TABLE 6. Reactivity ofnmonoclonal antibody 
SB2 in plate-trapped ELISAs w i t h  virus 
proteins disrupted with guanidine-LiC1. 

PROTEIN SAMPLE (0.3 ug/ml) ABSORBANCE 

CPHV-SB - DISRUPTED VIRUS 3.000 

- LARGE SUBUNIT (VP37) 0.897 

- SMALL SUBUNIT (VP23) 0'. 183 

CPSMV-DG - DISRUPTED VIRUS 0.103 

- LARGE SUBUNIT 0.124 

- SHALL SUBUNIT 0.132 

BUFFERED BLANK 0.132 

1. Standard deviation = + / -  12 %. 


