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Summary. - T h e  g e n o m i c  R N A  (7.5 k b )  and  t w o  s u b g e n o m i c  R N A  
species (2.5 k b  a n d  1.1 k b )  w e r e  detected b y  Northern hybridization 
in  leaves infected w i t h  an  A n d e a n  strain o f  potato v irus  S (PVSA).  
T h e  single-stranded R N A s  contain a substantial poly-(A) tract as 
s h o w n  b y  ol igo (dT)-cellulose chromatography a n d  b y  an  increased 
mobi l i ty  o n  agarose gels fo l lowing  digestion w i t h  RNase H i n  the  
presence o f  ol igo (dT) 1 2. i 8.  In rabbit reticulocyte lysates, the  1.1 k b  
R N A  directed the  synthesis  o f  the  34 k D  v irus  coat protein w h i c h  
was  n o t  translated eff ic iently  f r o m  f u l l  length  g e n o m i c  R N A  
isolated b y  sucrose gradient fractionation. 

Key words: PVS (Andean); subgenomic RNAs; in vitro translation; 
carlavirus 

Introduction 

In vitro translation o f  Amer ican  h o p  latent v irus  (AHLV).  H e l e n i u m  virus 
S (HelVS), a n d  potato virus S (PVS), all m e m b e r s  o f  t h e  carlavirus group, h a v e  
recently b e e n  described (Mackenzie  etal., 1989; Foster a n d  Mills, 1991; 1990a). 
R N A  extracted f r o m  these  pur i f ied  viruses, acts as a template for  the  synthesis 
o f  viral coat protein w h e n  translated  in vitro. HelVS R N A  was  s h o w n  to  
contain t w o  s u b g e n o m i c  R N A s  o f  3.3 k b  and  1.5 in  addition to genomic  R N A  
(7.4 kb) .  T h e  smaller s u b g e n o m i c  R N A  was  an  ef f ic ient  template f o r  the  
synthesis  o f  capsid protein (Foster and  Mills, unpub l i shed) .  A 1.3 k b  subge ­
nomic R N A  was detected in R N A  from purified PVS particles, encoding a 34 
k D  coat protein (Foster and Mills, 1990a). T o  date, n o  evidence has been 
reported to  support a role for subgenomic R N A s  in infected tissue. 

In this paper w e  report o n  the viral R N A  components found in tissue infected 
with an Andean strain o f  PVS. Evidence is presented that viral coat protein is 
translated from a polyadenylated subgenomic R N A  present in virus-infected 
tissue. 

*Whom reques ts  fo r  reprints  should b e  addressed t o  Botany Depar tment ,  University of Leicester, 
Leicester L E I  7RH,  U .  K. 
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Materials and Methods 

Virus purification and RNA extraction. Potato  v i r u s  S ( A n d e a n  strain)  ( P V S A ) ,  i s o l a t e d  f r o m  
b r e e d e r s '  l i n e  CE7260/12 f r o m  t h e  N e t h e r l a n d s  (Rose,  1983), w a s  p u r i f i e d  f r o m  sys temica l l y  
i n f e c t e d  l e a v e s  o f  C. quinoa as  d e s c r i b e d  (Foster  a n d  Mills,  1990 b). T h e  R N A  w a s  extracted f r o m  
p u r i f i e d  v i r u s  essent ia l ly  a s  r e p o r t e d  b y  S h i e l d s  a n d  W i l s o n  (1987). 

Total cellular nucleic acid extraction. Systemica l ly  i n f e c t e d  l e a v e s  o f  C. quinoa w e r e  h a r v e s t e d ,  
g r o u n d  t o  a p o w d e r  i n  l i q u i d  n i t r o g e n  a n d  s u s p e n d e d  i n  10 v o l u m e s  ( w / v )  o f  h o m o g e n i z a t i o n  
b u f f e r  (0.1 m m o l / 1  N a C l ,  5 0  m m o l / 1  Tr is-HCl  p H  9 , 5 0  m m o l / 1  E D T A ,  2 % SDS (w/v) ,  0.1 m g / m l  
protease  K ) .  T h e  s u s p e n s i o n  w a s  a l l o w e d  t o  s t a n d  at r o o m  t e m p e r a t u r e  f o r  15 m i n  b e f o r e  a d d i t i o n  
o f  p h e n o l -  c h l o r o f o r m -  i s o a m y l a l c o h o l  (24:24:1). T h e  s lurry  w a s  ag i tated  f o r  15 m i n  p r i o r  t o  
c e n t r i f u g a t i o n  (5000 g,  15 m i n ) .  T h e  a q u e o u s  p h a s e  w a s  re-extracted w i t h  c h l o r o f o r m :  i s o a m y l a l ­
cohol  (25:1) be fore  precipitation w i t h  0.1 v o l  N a C l  (5  mol /1)  a n d  2.5 v o l  e thanol  at - 2 0 ° C .  Tota l  
nucle ic  acid ( N X )  w a s  recovered by  centrifugation,  resuspended i n  sterile disti l led water and  
stored at  - 2 0  ° C .  

Isolation of poly (A)+ RNA. Total  cellular nuc le i c  acid w a s  extracted as  above .  Prior t o  e thano l  
precipitation t h e  salt concentrat ion w a s  increased t o  0.5 mol /1  b y  addit ion o f  5 mol /1  N a C l .  T h e  
so lut ion w a s  t h e n  shaken w i t h  1 gram o f  o l igo  (dT)-  ce l lu lose  (Collaborative Research,  T y p e  2 )  
before fractionation b y  c o l u m n  chromatography a s  described by  Maniat is  et al. (1982). C o l u m n  
fractions w e r e  assessed  for  R N A  content  e i ther b y  e th id ium bromide  staining o r  b y  A260 reading. 
Fractions containing R N A  were  poo led ,  e thanol  precipitated a n d  resuspended i n  sterile disti l led 
water. 

RNA gel electrophoresis. R N A  samples  w e r e  initially e lectrophoresed under  non-denaturing 
condit ions  i n  1 % agarose ge l s  i n  a T B E  s y s t e m  (Maniatis  et al., 1982) containing 2.5 / / g / m l  ethi­
d ium bromide  i n  b o t h  ge l  and  running buffer.  Accurate  molecular  we ight  m e a s u r e m e n t  a n d  R N A  
samples  for  transfer t o  nitrocel lulose  w e r e  run  o n  denaturing formaldehyde  agarose g e l s  a s  desc­
ribed by  M e i n k o t h  and  W a h l  (1984).  

RNA transfer and Northern hybridization. R N A  w a s  transferred t o  nitrocel lulose  and  hybridized 
with c D N A  a s  described b y  Perbal (1984). 

cDNA synthesis. Viral R N A  w a s  u s e d  as  template  f o r  c D N A  product ion incorporating ( 3 2 P )  T T P  
(29.6 T B q / m m o l ;  A m e r s h a m )  (Maniatis  et al., 1982) us ing  either r a n d o m  fragments  o f  calf  t h y m u s  
D N A  or synthet ic  o l igo  (dT)i2- i s  (Nicgene ,  Belfast)  as  primers (Taylor  et al., 1976). 

RNA fractionation by sucrose density gradient centrifugation. P o l y  ( A ) +  R N A  f r o m  infected  t i ssue  
was  s i ze  fractionated o n  sucrose  gradients as  described b y  Harbison  et al. (1984). 

RNase H digestion. R N A  samples  (1  / / g )  w e r e  incubated at 45°C for  15 m i n  w i t h  1 / / g  o l igo  
(dT)i2-i8, c o o l e d  t o  r o o m  temperature and  digested w i th  1 un i t  R N a s e  H (Amersham)  i n  2 0  
mmol /1  Tris-HCl p H  7.5, 10 m m o l / 1  MgCl2, 0.1 m m o l / 1  dithiothreitol  for  3 0  m i n  at  37 ° C .  T h e  
reaction mixture  w a s  extracted w i th  pheno l ,  ch loroform and  R N A  ethanol  precipitated. 

In vitro translation. Translation mixtures  conta ined  6 6 %  (v /v )  ret iculocyte lysáte (P a n d  
S Biochemica l s ) ,  82 m m o l / 1  KC1,0.4 m m o l / 1  M g C ^ ,  8 m m o l / 1  creat ine  p h o s p h a t e ,  40  m o l  e a c h  o f  
essential  a m i n o  ac ids  e x c e p t  m e t h i o n i n e ,  37  M B q / m l  L - ( 3 5 S ) - m e t h i o n i n e  (29.6 T B q / m m o l ;  
A m e r s h a m )  1 unit///1 H u m a n  p lacenta l  r i b o n u c l e a s e  i n h i b i t o r  (HPRI) ( A m e r s h a m )  a n d  40// g / m l  
R N A .  A l l  i n c u b a t i o n s  w e r e  a t  30°C i n  a standard reaction v o l u m e  o f  5 0  f i \ .  Translation products  
were separated o n  12.5 % polyacrylamide ge l s  (Laemmli ,  1970) a n d  visual ized by  autoradiography. 

Immunoprecipitation. Ant i serum t o  P V S  (Bioreba A G )  w a s  u s e d  for  impiunoprecipitat ion 
essentially as  described b y  M a y o  and R e ddy  (1985).  
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Results 

Northern transfer and hybridization of RNA from infected leaves 
T o  d e t e r m i n e  w h e t h e r  s u b g e n o m i c  R N A  m a y  b e  present  i n  in fec ted  p lant  

material,  total nuc le ic  acid a n d  p o l y  ( A ) +  R N A  w e r e  isolated f r o m  hea l thy  a n d  
i n f e c t e d  leaves  a n d  analysed  b y  agarose g e l  e lectrophoresis  a n d  Northern  
hybr id izat ion  u s i n g  viral  c D N A  as t h e  probe.  G e n o m i c  R N A  (7.5 k b )  w a s  
e v i d e n t  i n  b o t h  total a n d  po ly  ( A ) +  R N A  s a m p l e s  w h e n  s ta ined  w i t h  e t h i d i u m  
b r o m i d e  (Fig. 1 A ) .  G e n o m i c  R N A  w a s  a lmost  exclus ive ly  se lected f o r  b y  o l igo  
(dT)-cel lulose chromatography,  w i t h  o n l y  s m a l l  quant i t ies  o f  h o s t  R N A  species  
present.  

W h e n  total N A  a n d  p o l y  ( A ) +  s a m p l e s  w e r e  analysed  u s i n g  Northern  hybr i ­
dization with c D N A  t o  viral R N A ,  three bands were detected in  both  samples 

M H 1 2 3 4 5 1 2  3 4 5 1 2 M 
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I 42-Skb 

k *1-1 kb 

E 

Fig. 1A Fig. I B  Fig. 1C 

Fig. 1A. Agarose  gel  analysis o f  R N A  f r o m  healthy and infected leaves .  ( M )  E. coli r ibosomal  R N A  
markers (1.5 kb & 3.1 kb); ( H )  healthy  C. quinoa poly  (A)+ R N A ( 2 ^ g ) ;  lanes  1 & 2 P V S A  infected 
C. quinoa poly  ( A ) +  R N A  (4  ̂ g  & 8 ng)\ lanes  3 , 4  & 5 P V S A  infected  C. quinoa total  nucle ic  acid 
(10 f i g ,  15 n g, 2 0  f i  g). Pos i t ion o f  P V S A  g e n o m i c  R N A  (7.5 kb) i s  indicated. 

Fig. IB. Northern blot  hybridization o f  R N A  f r o m  infected leaves.  R N A  i n  agarose ge l  s h o w n  i n  
Fig.  1A was  transferred t o  nitrocel lulose and hybridized w i th  viral c D N A  probes.  Lanes  1 - 5  as  for  
Fig.  1A. Pos i t ions  and s i ze s  o f  R N A  species  are indicated. 

Fig. 1C. R N a s e  H digest ion.  Poly  ( A ) +  R N A  digested w i th  R N a s e  H i n  t h e  presence  o f  o l igo  
(dT)i2-i8- Lane 1 digested ( A ) +  R N A ;  lane 2 control  undigested poly (A)+ R N A ;  lane  3 E. coll ribo­
somal  R N A  markers. 
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Fig. 2 A  Fig.  2 B  Fig. 2 C  

Fig. 2A. In vitro t rans lat ion  o f  p o l y  (A)+ R N A  f r o m  h e a l t h y  a n d  i n f e c t e d  p lants .  (H) h e a l t h y  p l a n t  
po ly  A +  R N A ;  (M)  1 4 C - p r o t e i n  m o l e c u l a r  w e i g h t  m a r k e r s  (as f o r  F i g .  2 C ) ;  (I) i n f e c t e d  p l a n t  p o l y  
(A)+ R N A .  

Fig. 2B. T i m e c o u r s e  t rans lat ion  o f  i n f e c t e d  p l a n t  p o l y  ( A ) +  R N A .  E q u a l  v o l u m e s  w e r e  r e m o v e d  a t  
the  t i m e s  i n d i c a t e d  ( m i n )  a n d  separated  o n  12.5 % p o l y a c r y l a m i d e  gels.  

Fig. 2C. I m m u n o p r e c i p i t a t i o n .  L a n e  1, p r o d u c t s  i m m u n o p r e c i p i t a t e d  w i t h  P V S  a n t i s e r u m ;  l a n e s  
2 & 3, c o n t r o l  translat ions;  l a n e  4 p r o d u c t s  i m m u n o p r e c i p i t a t e d  w i t h  p r e - i m m u n e  antisera;  l a n e  5, 
1 4 C-markers  ( A m e r s h a m ) ,  (1) p h o s p h o r y l a s e  b (M.W. 92,500), (2) b o v i n e  s e r u m  a l b u m i n  (69,000), 
(3) o v a l b u m i n  (46,000), (4) c a r b o n i c  a n h y d r a s e  (30,000), (5) l y s o z y m e  (14,300). 
(V) c o r r e s p o n s d s  t o  t h e  in vitro t rans lat ion  o f  R N A  o b t a i n e d  f r o m  p u r i f i e d  v i r u s  particles.  
T h e  p o s i t i o n  o f  t h e  3 4  K coat  p r o t e i n  a n d  31 K re lated  p e p t i d e  i s  i n d i c a t e d  o n  al l  f i g u r e s .  

(Fig. IB). T h e  s izes  o f  t h e s e  b a n d s  w e r e  d e t e r m i n e d  as approximately  7.5 k b ,  
2.5 k b  a n d  1.1 k b  w i t h  all three  b i n d i n g  w e l l  t o  o l igo  (dT)-cel lulose,  suggest ing  
a terminal  p o l y  ( A )  tract. T h e  increase i n  m o b i l i t y  o f  R N A  d iges ted  w i t h  R N a s e  
H i n  t h e  presence  o f  o l igo  (dT)1 2_i8  w a s  a s s u m e d  t o  correspond  t o  t h e  loss  o f  t h e  
terminal  p o l y  ( A )  tract a n d  w a s  es t imated  at approximately  100-300 bases  i n  
length  (Fig. 1C). Mock inocu lated  C. quinoa d i d  n o t  conta in  R N A  species  
detectable b y  c D N A  hybridizat ion.  

In vitro translation of poly (A)+ RNA from healthy and infected plants 
T o  d e t e r m i n e  w h e t h e r  t h e  translation products  o f  p o l y  (A)+ R N A  f r o m  

infected p lants  d i f f e r e d  f r o m  t h o s e  o f  R N A  extracted f r o m  p u r i f i e d  v i r u s  
particles, p o l y  (A)+ R N A  w a s  isolated f r o m  hea l thy  a n d  i n f e c t e d  plants, tran­
slated in vitro and the  products analysed by ge l  electrophoresis. Poly  (A) +  R N A  
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f r o m  healthy plants produced  a range o f  products u p  to  51 kD, w i t h  o n e  m a j o r  
product  at 23 kD. In contrast, poly  ( A ) +  R N A  f r o m  infected  plants, containing 
three viral R N A  species, produced  a range o f  products similar to  those  s e e n  f o r  
R N A  extracted f r o m  pur i f ied  v irus particles, (Fig. 2C, Lane V )  w i t h  n o  plant 
products b e i n g  produced  i n  detectable quantit ies (Fig. 2 A ) .  

T imecourse  experiments  o f  poly ( A ) +  R N A  f r o m  infected  plants revealed 
peptides o f  34 k D  a n d  31 k D  synthesized shortly after initiation (Fig. 2B). T h e  
34 k D  pept ide  w a s  s h o w n  to  b e  t h e  v irus coat protein b y  its co-migration i n  gels 
w i t h  PVS coat protein (data n o t  presented) a n d  b y  its specific immunoprecip i-
tation w i t h  antiserum to  PVS virus particles (Fig. 2C). T h e  co-precipitated 
product  o f  31 k D  possibly arose b y  a n  internal initiation c o d o n  or  early termina­
tion within the coat protein gene.  Small quantities o f  a larger 44 k D  peptide also 
immunoprecipitated (not visible o n  this exposure), confirming the result 
obtained for viral R N A  from both ordinary and Andean strains (Foster and 
Mills, 1990a; Mackenzie et al., 1989). 

1 2 3 4 5 

i 

• 
• 

Fig.  3 
In vitro translat ion o f  g r a d i e n t  fract io­
nated poly  ( A ) +  R N A .  Poly  ( A ) +  R N A  
from infected leaves  w a s  fractionated o n  
sucrose  density  gradients and  translated 

in vitro. Lanes  1 , 2  & 3 fractions contai­
n ing  s u b g e n o m i c  R N A s ;  lanes  4 & 5 frac­
t ions  containing g e n o m i c  R N A .  
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In vitro translation of gradient fractionated poly (A)+ RNA 
Poly (A)+ f r o m  i n f e c t e d  leaves  w a s  fract ionated o n  sucrose  dens i ty  gradients  

a n d  translated  in vitro. Grad ient  fractions conta in ing  l o w  m o l e c u l a r  w e i g h t  
R N A  directed t h e  synthes i s  o f  t h e  34  k D  a n d  31 k D  pept ides  (Fig. 3, Lanes  1 a n d  
2). A s  R N A  s i z e  increased i n  later fractions, 40 k D  a n d  44  k D  pept ides  appeared  
in  addi t ion  t o  t h e  34  k d  a n d  31 k D  (Fig. 3, L a n e  3). Fractions conta in ing  
g e n o m i c  R N A  (7.5 k b )  d irected t h e  synthes i s  o f  large m o l e c u l a r  w e i g h t  
products  f r o m  50 k D  u p  t o  190 k D  (Fig. 3, L a n e s  4 a n d  5). G e n o m i c  R N A  also 
directed t h e  synthes i s  o f  trace a m o u n t s  o f  t h e  4 4  k D ,  4 0  k D ,  34  k D  a n d  31 k D  
peptides.  T h i s  m a y  b e  caused  b y  translation o f  artificially p r o d u c e d  subge-
n o m i c  R N A  m o l e c u l e s  p r o d u c e d  b y  e t h a n o l  precipitation and/or  t h e  reticulo­
cyte lysate as described for other plant viruses (Dougherty and Hiebert, 1980; 
Bendena  et al., 1985). 

Discussion 

In this paper, w e  demonstrate that leaves infected with an A n d e a n  strain o f  
PVS contain 2 subgenomic  R N A  species (2.5 kb and 1.1 kb) i n  addition to  t h e  
7.5 kb genomic  R N A .  Digest ion with  RNase  H in  the  presence o f  ol igo (dT)12_i8 

suggests that genomic  R N A  possesses  a substantial poly (A)  tract. Subgenomic  
R N As  were also able t o  bind t o  ol igo (dT)-cellulose and may  have a similar 
length poly (A)  tract at or near the  3'terminus.  In vitro translation products o f  
poly (A)+ R N A  isolated from infected plants were similar t o  those  obtained 
from viral R N A ,  with t h e  3 4  k D  coat protein and 31 k D  related peptide synthe­
sized early in t imecourse experiments.  Sucrose gradient fractionation o f  poly 
(A)+  R N A  from infected tissue revealed a 1.1 kb subgenomic  R N A  probably 
encoding the  coat protein and 31 k D  peptide. Fractions containing the  2.5 kb 
subgenomic R N A  produced 44  k D  and 40 k D  products in  addition t o  smaller 
quantities o f  t h e  3 4  k D  and 31 k D  products. 

Sequence  data reported for an A n d e a n  strain o f  P V S  (Mackenzie  et al., 1989) 
predicted a 42 k D  o p e n  reading frame (ORF) with the  33 k D  coat protein (initia­
ting from an internal A U G  codon)  immediately upstream o f  a 3'  proximal 11 
kD product. A subgenomic  R N A  o f  1.2 kb would  therefore b e  t o o  small t o  
include the  first A U G  for the  42  k D  peptide, but  would  expose  t h e  A U G  for t h e  
coat protein. This  agrees wel l  with our estimate o f  1.1 kb for the  subgenomic  
R N A  which  encodes  t h e  coat protein for an  A n d e a n  strain in vivo and with  t h e  
reported 1.3 kb encapsidated subgenomic  R N A  encoding the  34  k D  coat 
protein o f  an ordinary strain o f  P V S  (Foster and Mills, 1990a). F r o m  sequence  
data, a triple g e n e  block, o f  25 k D ,  12 k D  and 7 k D  was identified 5' t o  the  coat 
protein gene.  Extensive homology  was f o u n d  be tween  these  proteins and t h e  
corresponding proteins o f  the  triple g e n e  block o f  t h e  potexviruses (Guilford 
and Forster, 1986; Dolja  et al., 1987; Abouhaidar and Lai, 1989). If, by analogy 
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t o  potexviruses,  P V S  u s e s  a s u b g e n o m i c  R N A  to  express t h e s e  proteins,  a 2.4 
k b  R N A  w o u l d  b e  required.  T h e  2.5 k b  s u b g e n o m i c  R N A ,  reported h e r e  m a y  
there fore  b e  u s e d  f o r  th is  p u r p o s e  in vivo. T h e r e  w a s  n o  direct exper imenta l  
e v i d e n c e  f o r  t h e  product ion  o f  t h e s e  prote ins  in vitro, b u t  detect ion  w o u l d  h a v e  
b e e n  un l ike ly  partially d u e  to  p e p t i d e  size, b u t  also, i f  h o m o l o g o u s  t o  s e q u e n c e  
predicted  prote ins  (Mackenzie  et al., 1989) d u e  to  l o w  m e t h i o n i n e  content.  

T h e  e v i d e n c e  presented  h e r e  f o r  t h e  existence  o f  po lyadeny lated  s u b g e ­
nomic  R N A s  in vivo, reinforces the  overall similarity in  g e n o m e  organisation 
between  P V S  and members  o f  the potexvirus group already suggested from 
sequence  information (Mackenzie  et al., 1989; Rupasov  et al., 1989). 
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