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1 The genome of rice yellow mottle virus (RYMV) is a 
single-stranded positive-sense RNA that is not poly- 

\ adenylated, and has an M, of 1.4 x lo6. We present here 
the 4550 nucleotide (nt) sequence of RYMV RNA, and 
its predicted genomic organization. The RYMV genomic 
RNA contains four open reading frames (ORFs). The 
first (nt 80 to 553) encodes a protein containing 157 
amino acids with a predicted M, of 174K. No function 
has yet been attributed to this product. ORF2 (nt 608 to 
3607) encodes a polyprotein of 999 amino acids, with a 
predicted M, of 110.7K. The first 134 amino acids of 
ORF2 are predicted to be the genome-linked protein, 

VPg, followed by the viral protease, the helicase and the 
RNA-dependent RNA polymerase. O W 3  is within the 
boundaries of ORF2 and is predicted to encode a 
polypeptide with 126 amino acids and an M, of 13.7K. 
No function has yet been attributed to this protein. 
ORF4 (nt 3447 to 4166), which overlaps the 3' terminus 
of OW2,  encodes a 26K protein. This polypeptide has 
been identified as the RYMV coat protein. The data 
presented here confirm that RYMV belongs to the 
sobemovirus group and thus is a member of the picorna- 
like family of plant viruses. 

Introduction 

Rice yellow mottle virus (RYMV) causes a severe disease 
of rice in Africa. It was first reported in Kenya (Bakker, 
1974), subsequently in many western and eastern African 
countries (Hull, 1988), and more recently in Madagascar 
(J. L. Notteghem, CIRAD, personal communication). 
The virus infects a number of rice types (Oryzae spp.) 
causing symptoms that include yellowing or orange 
discoloration of the leaves, reduced tillering, stunting of 
the plants and sterility of the flowers (Bakker, 1974; 
Attere & Fatokun, 1983). The virus is naturally trans- 
mitted by several species of beetles, most commonly 
Sesselia pusilla and Chaetocrzenza pulla and is also 
mechanically transmissible. Purified preparations of 
RYMV consist of isometric particles of 25 to 28 nm in 
diameter (Bakker, 1974; Fauquet & Thouvenel, 1977) 
that are resolved as two components in isopycnic caesium 
sulphate sedimentation gradients (Hull, 1988). 

t Present address: Institut de Biologie Moléculaire des Plantes, 12 
rue Zimmer, 76084 Strasbourg, France. 

Sequence data presented in this paper have been assigned the 
accession no. L20893 in the GenBank database. 

It has been proposed that RYMV is a member of the 
sobemovirus group, of which southern bean mosaic virus 
(SBMV) is the type member (Matthews, 1982). Viruses in 
the sobemovirus group are characterized by isometric 
particles of 28 nm in diameter, a single coat protein of M ,  
approximately 29K, mechanical and beetle transmiss- 
ibility, and narrow host range. The genome of sobemo- 
viruses is a single-stranded messenger-sense RNA of M, 
1 . 4 ~  lo6. The 5' terminus of the RNA has a genome- 
linked protein (VPg) and the 3' end is not polyadenylated 
(Sehgal, 1981; Francki et al., 1985; Hull, 1988). 

In this report, we present the complete nucleotide (nt) 
sequence of RYMV RNA. Similarity of genome organiz- 
ation and sequence comparisons of the proteins predicted 
to be encoded by RYMV with those of SBMV and other 
plant RNA viruses confirm that RYMV is a member of 
the sobemovirus group and extend our knowledge of 
sobemovirus sequences. 

Methods 
Virus purijîcatioii and viral RNA preparatim. RYMV was obtained 

from infected rice fields in the Ivory Coast. The virus was routinely 
propagated in the rice variety IR8 and purified as previously described 
by Fauquet & Thouvenel.(1977). Viral RNA was isolated by treating 
the virus with SDS and proteinase K (Dougherty & Hiebert, 1980), 
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followed by alkaline phenol-chloroform extraction and ethanol 
precipitation (Hari et al., 1979). 

Cloning of RYMV cDNA. The genome of RYMV consists of one 
single-stranded, positive-sense linear RNA molecule (Hull, 1988). To 
synthesize the first strand cDNA, 2 pg of RNA was primed with 0.5 pg 
of random primers (promega) and the first strand cDNA was 
synthesized using avian myeloblastosis virus reverse transcriptase 
(AMV RT) (Promega) and [a-32P]dCTP (NEN). The second strand 
cDNA was produced by using a mixture of RNase H and DNA 
polymerase I (Gubler & Hoffman, 1983). The cDNA was treated with 
T4 DNA polymerase followed by phenol-chloroform extraction and 
ethanol precipitation. The cDNA molecules were size-selected using a 
Push Column (Stratagene) and the largest fragments were ligated into 
the SmaI restriction site of the plasmid Bluescript II KS +/- 
[pBS(KS), Stratagene]. 

Screening the cDNA library. Approx. 45 bacterial colonies were 
selected following transformation and were screened by hybridization 
(Sambrook et al., 1989). The probes used for this purpose were either 
[a-32P]dCTP-labelled first strand cDNA from RYMV genomic RNA 
or an a-32P-end-labelled 20-mer degenerate oligonucleotide deduced 
from sequencing the N-terminal amino acids of RYMV coat protein 
(CP).. The oligonucleotide was labelled with [Y-~'P]~ATP using T4 
polynucleotide kinase (promega). Plasmid was purified from selected 
cDNA clones and sequenced as described below. 

Poly(A) tailing andjrst  strand cDNA synthesis of the 3' terminus of 
RYMV RNA. Viral RNA was polyadenylated with [a-35S]ATP 
(Amersham) and poly(A) polymerase (Pharmacia LKB) as described 
by Smith et al. (1988). An oligonucleotide, 5' d[AATTCGCGGCCG- 
C(T)15] 3', containing a Not1 restriction site was used to prime the 
synthesis of the first strand cDNA of the poly(A)-tailed RNA. AMV 
RT and a Promega cDNA synthesis system kit were used according to 
the manufacturer's instructions. 

First strand cDNA synthesis of the 5' terniinils of RYMV RNA and dC 
tailing. To synthesize the first strand cDNA of the 5' terminus of 
RYMV RNA, a 30-mer oligonucleotide, 5' d(GCGCTCTGAGACT- 
ATCGCGGCCGCTATCAA) 3', corresponding to the sequence near 
position 700 of the antisense strand of the RNA was used as primer. 
The 5' RACE system (BRL) for rapid amplification of cDNA ends was 
used for the synthesis, purification and dC tailing of the first strand 
cDNA. 

PCR aniplification of t h e j h t  strand cDNAs. For some of the cloning 
reactions, the first strand cDNA was used as a template for PCR 
amplification. Reaction mixtures (100 p1) contained 10 mM-Tris-HC1 
pH 8.3, 50 mM-KCl, 1.5 mM-MgCl,, 0.001 % (w/v) gelatin, 0.2 mM- 
dNTP (dATP, dCTP, dGTP and dTTP), 100pmol of each primer, 
10 p1 (half volume) of the first strand reaction mixture and 2.5 units of 
AmpliTaq DNA polymerase (Perkin-Elmer Cetus). After denaturation 
of the DNA at 95 "C for 3 min, the reaction mixtures were subjected to 
13 cycles of 1 min at 94 "C, 2 min at 45 "C and 2 min at 72 "C. In some 
cases, the annealing temperature was lowered to 37 "C for the first three 
cycles of the programme. The second strand primer specific for and 
homologous to nt 2890 to 2905 of the RNA was used for the 
amplification of the cDNA at the 3' terminus of the RNA. The 
oligonucleotide used to synthesize the second strand cDNA of the 5' 
terminus of the RNA was the anchor primer provided by the 
manufácturer (BRL). After PCR amplification, the products were 
ethanol-precipitated (Sambrook et al., 1989), digested with suitable 
restriction enzymes and inserted into the plasmid pBS(KS). Cloned 
cDNAs were screened for insert size by digestion with the cor- 
responding enzymes. Inserts of the predicted length were subjected to 
DNA sequence analysis. 

Subcloning. The complete nucleotide sequence of the genome was 
first derived by sequencing the cDNA fragments obtained by the 
Gubler & Hoffman (1983) cloning procedure and PCR-based cloning. 
Oligonucleotides with suitable restriction sites were subsequently 
designed for sites along the genome and used to clone specific viral 
sequences. The oligonucleotides (as reported in Fig. 2) used included 
the sequences of nt 4435 to 4450, 3554 to 3579,2281 to 2302, 1093 to 
11 17 and 695 to 724, complementary to the RNA, to prime the first 
strand cDNA synthesis. Oligonucleotides with the same polarity as the 
RNA and corresponding to nucleotide sequences at positions 1 to 15, 
586 to 611, 1086 to 1111, 2281 to 2302 and 3443 to 3457 served as 
second strand primers. The first strand cDNAs were synthesized using 
either AMV RT (Promega) or Superscript (BRL). The second strand 
cDNAs were synthesized in all cases by PCR as described above. After 
PCR, the fragments were digested with suitable restriction enzymes and 
inserted into pBS(KS) prepared for this purpose. Clones were screened 
for insert size and those with the expected insert sizes were sequenced. 

Plasmid preparation, cDNA sequencing and analysis. Plasmids were 
prepared by centrifugation in CsCl (Sambrook et al., 1989), or by a 
'miniprep' method that included phenol-chloroform extraction 
(Serghini et al., 1989). Magic Maxiprep DNA preparation kits 
purchased from Promega were also used. Exonuclease III treatments of 
DNA sequences were used to subclone internal sequences of some 
cloned cDNAs and fragments resulting from the deletions were 
subjected to sequencing using the T7 and reverse pBS(KS) primers 
(Stratagene). The cDNA clones obtained by PCR amplification were 
sequenced using specific oligonucleotides designed from previously 
determined RYMV sequences. Single-stranded DNA produced by 
denaturation with NaOH was sequenced by the dideoxynucleotide 
method (Sanger et al., 1977) using Sequenase version 2.  O or T7 DNA 
polymerase (US. Biochemical Corp. and Pharmacia) and deoxy- 
adenosine 5'-[a-35S]thiotripho~phate (Amersham) as the labelled 
nucleotide. 

Sequencing of the N-terminal region of RYMV coat protein. RYMV 
CP was purified by first treating 10 pg of virus at 80 "C in Laemmli 
sample buffer (625 m-Tris-HC1 pH 6.8, 10 % glycerol, 2 % SDS, 5 % 
2-mercaptoethanol, 0.001 YO bromophenol blue). The CP was frac- 
tionated by SDS-PAGE (Laemmli, 1970) as previously described (Qu 
et al., 1991). After electrophoresis, the CP was transferred to 
Immobilon-P PVDF membrane (Millipore) as described by Matsudaira 
(1987) and the protein was subjected to microsequencing as previously 
described (Qu et al., 1991). 

Results 
Characterization of R Y M V  CP and RNA 

RYMV CP migrated on SDS-PAGE as a double protein 
band of estimated M, 28K and 29K (Fig. la ) .  RYMV 
RNA isolated from purified virus was resolved as a single 
component of M, approx. 1.4 x lo6 when subjected to gel 
electrophoresis (Fig. lb ) .  This M, is similar to those of 
the genomes of other sobemoviruses (Hull, 1988). 

The purified RNA was tested for infectivity by 
inoculating rice plants (variety IR8) with different 
concentrations of RNA 18 days after planting. All plants 
inoculated with RNA at concentrations of 50 ng/ml or 
greater developed systemic symptoms typical of RYMV 
infections. 

Since many viral RNAs are polyadenylated at the 3' 
terminus, we investigated whether RYMV RNA contains 
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Fig. 1. Analysis of RYMV CP and RNA. (a) SDS-PAGE analysis of 
RYMV CP. Lane 1, M,  markers; lane 2, RYMV CP. (b) Denaturing 
agarose gel electrophoresis of purified RYMV RNA. Lane 1, size 
markers; lane 2, RYMV RNA. 

a poly(A) tail. A primer extension reaction using AMV 
RT (Sambrook et al., 1989) with oligo(dT),,.,, was 
performed. RNA isolated from cassava common mosaic 
potexvirus (CCMV; Costa et al., 1972) was used as a 
positive control. No primer extension product was 
produced when RYMV RNA was used as the template 
in contrast to the result with CCMV RNA as template 
(data not shown), indicating that RYMV RNA is not 
polyadenylated. This result agrees with what is known 
about sobemovirus genomes (Hull, 1988). 

Cloning arid sequencing of R YMV R N A  

The cloning method using hexadeoxynucleotides to 
prime first strand cDNA synthesis resulted in the 
isolation of three cDNA clones that hybridized with the 
first strand cDNA probe. However, no clone hybridized 
with end-labelled degenerate oligodeoxynucleotides de- 
rived from the 5' sequence of the CP gene. After DNA 
sequence analysis, it was found that sequences of the 
clones overlapped and covered the regions of the genome 
later designated nt 599 to 3105. Sequence alignments and 
comparison with the nucleotide sequence of SBMV 
RNA (Wu et al., 1987) and protein amino acid sequence 
(Hermodson et al., 1982; Wu et al., 1987) were used to 
determine the sense RNA strand of the cDNA in the 
overlapping clones. An oligonucleotide was designed to 
pair with a region where great sequence similarity was 
found between the genomes of SBMV and RYMV. This 
oligonucleotide (later identified as nt 2890 to 2905) was 

of the same polarity as RYMV RNA and was used to 
prime the synthesis of the second strand cDNA of the 3' 
terminus of RYMV RNA by PCR. The cloning of the 
PCR fragments derived from the 3' terminus of the RNA 
yielded cDNA of 1600 bp. The cloning of the 5' terminus 
of the genomic RNA using the 5' RACE system (as 
described in Methods) resulted in cloned cDNA frag- 
ments whose sizes were estimated, as predicted, to be 
750 bp. The purified cDNA clones were sequenced, and 
the overlapping sequences were compiled. Every nucleo- 
tide of RYMV RNA was sequenced at least once on each 
strand of the cDNA from each of at least two clones 
from independent cDNA synthesis reactions. 

The complete nucleotide sequence of RYMV RNA is 
shown in Fig. 2. The RYMV RNA sequence was 
searched for potential protein-coding sequences in both 
negative- and positive-strand orientations. No open 
reading frame (ORF) larger than 240 nt could be found 
in the negative orientation but four major ORFs were 
found in the positive-sense strand. The deduced amino 
acid sequences of the possible translation products of 
RYMV RNA that exceed 80 residues in length are shown 
in Fig. 2. The RYMV RNA sequence contains 4450 nt, 
and is slightly longer than that of SBMV strain C 
(4194 nt), the only other sobemovirus genomic RNA 
sequenced to date. The base composition of RYMV 
RNA shows a high guanine content (28.67 %), followed 
by cytosine (26.29 %), uracil (23.21 %) and adenine 
(21.82%). The G S C ,  content is therefore 55%. The 
calculated M,. of the RNA is 1.47 x lo6, in good 
agreement with the mass estimated by gel electrophoresis 
(Fig. lb). 

Coding capacity oj- R Y M V  RNA 

The RYMV genome is compact and most of the 
predicted ORFs overlap each other (Fig. 3). The 
exceptions are ORFs 1 and 2, between which there is an 
intergenic region of six nucleotides. In total, only 330 of 
the 4450 nt are in non-coding regions. 

The first AUG is located at base 80 and is a potential 
start codon for the first ORF (Fig. 2), which ends at the 
opal UGA codon at nucleotide 553. ORFl encodes a 
protein containing 157 amino acids with a calculated M,. 
of 17.8K. Sixteen amino acids downstream of the UGA 
codon, and in the same reading frame, is a UAG amber 
stop codon at nt 599. This could extend the protein ' 

encoded by ORFl to 172 amino acids with a calculated 
M,. of 19.5K. Our preliminary data on the ir? vitro 
translation of RYMV RNA show two proteins with Mrs 
estimated at 18K and 19K on SDS-PAGE analysis 
(M. Ngon a Yassi, unpublished). This result supports the 
hypothesis that the ORFl could encode two polypeptides 
which possess common N-terminal sequences but two 
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5 V Q O W  E L W S D L A  I R I N R G li I O c7 II I. R Ij jl 1 . . . . .  - ........ 
2980 2990 3000 3010 3020 3030 3040 3050 3060 

UAUULGCCGCUACUACUGCUVVAUGRRCUCVGVVVUC~GCUCUUL~UG~CCCUUAVCCA~AGGAGVVGCCCffiAUUG~VGRRAVC 

3070 3080 3090 3100 3110 3120 3130 3140 3150 
CGGCUCCUACUGULCCUCAUCCRCURACUCGCGCAVACGCVGCVV~VGGCVGAGCUULUCGGCVCGCCGVGGUGCAVAGCVAVGGGCGA 

3160 3170 3180 3190 3200 3210 3220 3230 3240 
UGACUCUGUGWLGGGGUGGAVVGAGGGGGCC~VC~GUACGCCGCGCUAGGUCAULCCVGCAAGGAGVACUACCCAUGU~GACCAG 
9 S V E G W I E G A Q S X Y A A L G H T C K E Y Y P C K T R  

3250 3260 3270 3280 3290 3300 3310 3320 3330 
GGGCCGGGARCUCCUGWVLUVCARCVVCVGVVULCAVCUGAUULG~GGGGVCAVGCVGAGCVULCVVCVVGGCCG~GCGVVGVVUCG 

G R H ' L  L E F N I C S H L I R R G H A E L T S Ii P K I. I R 

I S R Y Y C F M N S V F Q L S D G T L I Q Q E L P G L ~ K S  

G S Y C T S S T B S R T R C L N A E L I G S P ~ ~ C I A M ~  

. . . .  - . . .  
3340 3350 3360 3370 3380 3390 3400 3410 3420 

CUUUCUGUCWLGCAAGULUGAGGAVVVVGARGAVCVGUGGGVVGAGCQCCAULCGVGCGGGGUGUGGAGCCGWLVCWULCGAUAVCVGCG 
F L S S X H E  D F E D L W V E L H T C G V W S ' R I E R Y L R  

3430 3440 3450 3460 3470 3480 3490 3500 3510 
U G G G A V A G G C C G A G U C U C C U L ~ G A V G G C U L G G ~ G G G ~ G ~ C ~ C U C ~ C ~ G G G G C A G C ~ G ~ ~ ~ A G W U L G ~ G C C G ~ C  
G I G R V S H K D G Q E G Q E N Q L Q P G A A R X E E E P T  

3520 3530 3540 3550 3560 3570 3580 3590 3600 
GCCCACGUGGUCCGUCGGCGGAGCCCULGCWCARCG~CUCCAGVGGCCULGGCCVCCCGGAVAVCVffiGACGGVV~VG~CCAC~AV 
P T W S V G G A P A S T G S S G P G L P V I W V G S W T T I  

R P R G R S A E P Q L P R A P V A Q A S R I S G T V P G P L  
3610 3620 3630 3640 3650 3660 3670 3680 3690 

CUUCUARULCCUGGCCGCUCERCUCCGUVGAGUUCCVAGCG~CUUCAAGCGGAGUVCCA~VCGGCA~VGC~CWLULUACGAWGVG 

N A R K G K X T L I S N Q G ~ Q G X R K S R  

F .  
S S N T W P L H S Y E F L A D F X R S S T S A D A ~ T Y O C  

3700 3710 3720 3730 3740 3750 3760 3770 3780 
UGCCGUUUARUCUGCCUCGGGVGUGGAGVCVVGCGCGVUGVVACVCULUGVGG~GCCAAULCGGUGG~VGVCGVUUACCVCCCUGAGG 
V P F N L P R V W S L A R C Y S N W K P T R W D V V Y L P E  

3790 3800 3810 3820 3830 U3840 3850 3860 3870 
UGAGCGCULCGGUAGCUGGWUAVCGA~VGVGVVVVCVCVACGACVAVGCUGA~CCAVCCCAAGGVA~CGGGCARGAVGAG~GWL 
V S A T V A G S  I E M C F L Y D Y A D T I  P R Y T G K N S  R 

3880 3890 3900 3910 3920 A3930 3940 3950 3960 
CGGCGGGCUUCGUULCCUCVAGCGVVUGGVACGGCGCGGAGGGCUGC~CVUACVGAGU~VGGCVULGCAC-VGCCGUGG"CGCCV 
T A G F V T S S V W Y G A E G C H L L S G G S A ~ ~ * " V A  

3970 3980 3990 4000U 4010 4020 4030 4040 4050 
CGAUGGAUUGCUCUCGAGUCGGCVGG~CGCGUVACVAGCVCVAVACCVAGUAGCGVGGAVCCCAACGVCGVAAAULCULVACVGCULG 
S M D C S R V G W K R V T S S I P S S V O P N V V N T I L P  

4060 4070 4080 4090 4100 4110 4120 4130 4140 
CUAGGCUAGCUGUGCGAUCGVCWLV~CCGACGGVVAGV~VACGCCGffiG~CUCVACGV~VVGCVAGVAVGGUCCVGCGGGAVC 
A R L A V R S S I K P T V S D T P G K L Y V I A S M V L R D  

4150 4160 4170 4180 4190 4200 4210 4220 4230 
CGGUUGAUCCARULCUUGVGAGCCGOACCCAGUAGA~VAGGVAVUGG~CUL~~GAUWLVCULCGGAUUGGCUACGAGAVCGAC 
P V D P T L l 1 T . A G P S R V R Y N H Q . .  

4240 4250 4260 4270 4280 4290 4300 4310 4320 
UUACCCVGAARAGGAUGUUWLGCGUUCUUG~ffiCGGCCCARVCCVACGAGAVGAVACVffiVGA~UAV~~~ACGVGAGGAGVVGCACVUL 

4330 4340 4350 4360 4370 4380 4390 4400 4410 
CGCUUCARCCCRAAGCGACCULVG~CUGGA~GVGCUVACCULGAVGGVWVCGGAGCUACVGGGCGGACCVVVCAC~CCGARUVC 

4420 4430 4440 4450 
CCULCUCWUCCGAGAGARUUCUCGGWLUGGGUGGGGGAG 

Fig. 2. Sequence of the 4450 nt of the RYMV RNA and deduced amino 
acid sequences of the four predicted ORFs. The numbers represent the 
nucleotides. Nucleotide differences between the sequences of cDNAs 4, 
5 and 6 within the CP gene are given above the sequence using bold 
characters. Amino acids described in the text are underlined. 

different C termini due to readthrough of the UGA stop 
codon. In this case, the ORFl protein would be 13 
residues shorter than the SBMV ORFl protein which 
contains 185 amino acids and has an M,  of 21K (Wu et 
al., 1987). RYMV and SBMV ORFl proteins do not 
share extensive sequence homologies. The function of the 
ORFl protein is not known for either SBMV or RYMV. 

The second ORF initiates at nucleotide 608, and is the 
largest ORF encoded by RYMV RNA. Unlike SBMV, 
ORF2 of RYMV does not overlap with ORF1, and 
though its initiation codon is six nucleotides downstream 
of the ORFl termination signal, it includes a strong 
initiation motif, according to the models proposed by 
Kozak (1989). ORF2 includes 3000nt (bases 608 to 
3607) and encodes a polypeptide with 999 amino acids 
and a calculated M,  of 100.7K. This polypeptide is 
presumed to contain the VPg, a protease and the 
polymerase by comparison with the sequences of pro- 
teases and polymerases of other RNA viruses (Nicklin et 
al., 1986; Wellink & van Kammen, 1988; Koonin, 1991). 

The ORF2 polyprotein is the most conserved poly- 
peptide between RYMV and SBMV. The N-terminal 
third of the RYMV and SBMV ORF2 proteins (amino 
acids 1 to 303 of both polypeptides) show 50 % sequence 
similarity. In this region are found sequences that are 
highly conserved in the proteases of the picorna-, poty- 
and comoviruses and with cellular proteases (Gorbalenya 
et al., 1988; Fig. 4). This region is therefore thought to 
contain a serine protease, because the catalytic site 
involves a serine, instead of a cysteine, as is the case for 
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Fig. 3. Genome organization of RYMV with the predicted ORFs 
indicated. The numbers indicate the nucleotide positions in the genome. 

cysteine proteases of picorna-, poty- and comoviruses 
(Gorbalenya et al., 1988). 

The internal region of the predicted polymerases of 
RYMV contains motifs similar to the well conserved 
GXXXXGK and DXXG domains (nt 1587 to 1610 and 
nt 1676 to 1687, respectively) thought to be associated 
with a purine NTP binding side or with helicase activity 
(Hodgman, 1988; Gorbalenya & Koonin, 1989; Stan- 
way, 1990; Fig. 2). Between nucleotides 2120 and 3137 is 
located a third conserved motif also identified as an 
NTP-binding site in the picornavirus and SBMV poly- 
merases (Wu et al., 1987; Fig. 2). 

The C-terminal regions of both polymerases (RYMV 
amino acid residues 510 to 940 and SBMV residues 458 
to 887) share 50 YO sequence identify and 78 YO sequence 
similarity. This domain contains the four most conserved 
blocks, DXXXXD, GXXXTXXXN, GDD and K, 
identified in the polymerases of positive-sense RNA 
viruses (Poch et al., 1989; Fig. 2). It has been suggested 
that these blocks are characteristic of the proteins 
associated with the replication of viral RNA and could 
function as an active binding and/or recognition site of 
an RNA-dependent RNA polymerase (Kamer & Argos, 
1984). 

ORF3 (nt 2092 to 2470) is initiated within the C- 
terminal region of ORF2. It encodes a 126 amino acid 
protein with a calculated M,  of 13.7K. The ORF3 
protein is smaller than the SBMV ORF3 product which 
is 18.3K. The SBMV and RYMV ORF3 polypeptides 
share two conserved regions. The first region includes the 
N-terminal 49 amino acids of both proteins and shows 

* * 
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51 % sequence identity. The second block, RYMV amino 
acids 79 to 103 and SBMV residues 59 to 83, contains 
only 21% sequence identity; however, the area is 
surrounded by many other similar amino acids. The 
function of this ORF is not known. 

The AUG at position 3447 is likely to be the initiation 
codon for the fourth ORF because it is in the context 
ACAAAGAUGGC, which is similar to the consensus 
sequence for translation initiation in plants (AACAAU- 
GGC) described by Lütcke et al. (1987). ORF4 ends at a 
stop codon at nt 4166. At 36nt downstream is a 
UGAUGA (double stop codon) in frame with the ORF4 
coding sequence. Considering that the RYMV CP is 
released as a doublet when subjected to SDS-PAGE 
(Fig. 1 a), it is possible that ORF4 encodes two proteins 
with the same N terminus but two different C termini, 
due to leaky termination. ORF4 is predicted to encode a 
protein of 239 amino acids when the first stop codon is 
used and a protein of 251 amino acids when the second 
stop codon is used, encoding proteins of 26K and 27K, 
respectively. The ORF4 protein has been identified as the 
CP by comparison with the N-terminal amino acid 
sequence of the RYMV CP. 

The N-terminal first 22 amino acid sequence of the 
RYMV CP contains the sequence RKGKKTNSNQG- 
QQGKRKSRR (amino acids 3 to 22), which is identical 
to the bipartite nuclear targeting motif (Dingwall & 
Laskey, 1991). 

Computer alignment of the CP sequence of SBMV 
strain C with that of RYMV shows 50% similarity 
between the two sequences and 26% identical amino 
acids. Comparison of the sequence with the known 
structure of SBMV CP (Hermodson et al., 1982) suggests 
that these homologies play a significant role in virus 
structure (Fig. 5). The homologous sequences are 
arranged such that the a-helix and /?-sheets of the SBMV 
CP appear to be conserved in RYMV CP. Thus, the 
tertiary structure of RYMV is likely to be similar to that 
of SBMV. When the RYMV CP sequence was compared 
with CP sequences of several other small spherical 

SBMV LGFGARVYHE-GMDVLMVPHHV-31-RIDFVLVKVPTA-52-PTAKGWSGTPLYTREG-IVG~TG~ 
I I  I I I  I I I I  I I  I I  I I  I I I I I I I I  I I l I I  I 

RYMV LGLGTRVRTPTGRDLLMTNHHI-29-HIDCAFYEVPPK-52-TTCSGWSGSPLYHK-GCWGLHIG~ 

H-- x---D----K---A- y-----G-CG-------G---G------- C o n s  -G-G- - - - - - - - - - - - - - - -  - - -  
s s  P S 

Fig. 4. Alignment of the amino acid sequence surrounding the catalytic sites (*) of the putative protease of RYMV ORF2 with the 
homologous sequences of SBMV and the consensus sequence (Cons) obtained from several picornaviruses, cowpea mosaic virus 
proteases and selected cellular proteases as described by Gorbalenya ef al. (1988). The vertical bars indicate amino acids identical 
between SBMV and RYMV. Hyphens (-) represent gaps to allow maximal alignment; x and y represent the variable numbers of amino 
acids. The leucine (L) residue at the left is encoded by RYMV nt 1097 to 1099 (see Fig. 2). The serine (S) change in the catalytic site 
of RYMV and SBMV proteases in comparison to cellular and cysteine proteases of the other virus is shown in bold. 
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RYMV MARKGKKTNSNQGQQGKRKSRR--PRGRSAEPQLQRAPVAQASRISG~PGPLSS-NTWPLHS~FLADFKRSSTS~ATTYDCVPFNLPRVWSLARCYS 
A: :::T::N.:::::R :RR : ::::.:. .:AP:AQ::: :: .P:::SS :.:L:: E. ::. ::T::.::::. PF : W L::: : 

SBMV LAQAIQNTLPNPPRRKRRAKRRAAQVPKPTQAGVSMAPIAQGTMVXLRPPMLRSSMDVTILSHCELSTELAVTDTIWTSELV-MPFTVG-TW-LRGVAQ 
A R  domain I\ arm domain ß B A L  ß C A  I a -  

RYMV MWKPTRW---DWYLPEVSATVAGSIEMCFLYDYADTIPSDTGXMSRTAGFVTSSVWYGAEG-CHLLSG--GSARNAWASMDCSRVG-----WKRVTS- 

SBMV NWSKYAWVAIRYTYLPSCPTTTSGAIHMGFQYDMADTLPVSVNQLSNLKGYVTGPVWEGQSGLCFVNNTKCPDTS~ITI~DTNEVSEKRYPFKTATDY 
:W:::.W : YLP. ::T :G:I:M:F:YD ADT P: ::: S:::G.VT::VW.G:.G C: .:: ::: A: :: D:::V: .K: :T: 

A k ß D -  L ß E d ! a  !a L-1 L ß F l  L a C A  L ß G d  da L 
RYMV SIPSSVDPNWNTILPARLAV-RSSIKPTVSDTPGKLYVIASMVLRDPVDPTLN 

: :::V :N::N. PARL:: ::::::: :.::G:LY:::::.L::P::::LN 

Fig. 5. Alignment of the deduced amino acid sequences of the CPs of RYMV (ORF4 amino acids 1 to 239) and SBMV-C (ORF4 amino 
acids 9 to 259). Sequence identities are shown in the middle line. Colons (:) indicate residues that have the same polarity; hyphens 
(-) represent gaps to allow maximal alignment. The known structural domains of SBMV C (i.e. R, arm, S), and Ca2+ binding sites (Ca) 
are also represented below the sequences. The secondary structure of SBMV (a-helices and P-sheets) is also indicated. The R domain, 
arm and S domain are represented according to the SBMV coat protein structure as defined by Hermodson et al. (1981). 

1 o. 

Fig. 6. Predicted folding of the 5’ UTR of the RYMV genomic RNA 
sequence using the STAR 100 computer program. The box between nt 
30 and 35 represents sequences complementary to sequences found in 
the maize mitochondrial 5s ribosomal RNA (rRNA) (Chao et al., 
1983), the wheat mitochondrial 18s rRNA (Spencer et al., 1984) and 
the soybean chloroplast 18s rRNA (de Lanversin & Pillay, 1988). 
Sequences in the grey background have been identified by alignment of 
the 5’ UTR nucleotide sequences with those complementary to 
sequences near the 3’ terminus of the maize mitochondrial 5s rRNA. 

viruses from different groups, sequence homologies were 
primarily found in the S domain of the CPs. The highest 
similarity score was between RYMV and tobacco 
necrosis virus (TNV). This result agrees with the 
proposals of Meulewaeter et al. (1990) and Dolja & 
Koonin (1991) that CPs of sobemoviruses and the CP of 
the necrovirus TNV are phylogenetically related (Fig. 
Sa). 

5 ‘  

U c G  
U G  

U:A 
80-U G Eil G:C G u-70 

U:A 

50 

G U  
G:C 
G:C-40 
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U:A 
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G:C 
u u  

A:U 
G U  
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10-G U 

G:C-30 
G:C 
C:G 
U:A 
C:G 

20-U A 

A A  
U G  

Fig. 7. Computer-predicted secondary structure of the S’-terminal 147 
nt of RYMV RNA. The analysis was made with the software STAR 
100. Long, extended lines indicate continuity of the sequence regions; 
numbers correspond to the nucleotide position relative to the 3’ 
nucleotide. 

The non-coding region at the 5’ terminus of RYMV 
RNA contains 79 nt. Within this region, at residues 30 to 
37, the sequence 3‘ CGAAAGCA 5’ is partially comp- 
lementary to sequences at the 3’ end of the 18s or the 5s 
ribosomal RNA of plant organelles (Fig. 6). Further- 
more, this region is predicted to possess two stem and 
loop structures with predicted AG of - 132.3, 56.7 kJ for 
the stem-loop at the 5’ region, and - 152.9, 74.8 kJ for 
the internal one, based on the algorithms of Abrahams et 
al. (1990), using the STAR 100 program. 
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B w  
PLRV 
BYDV-MAV 
TNV 
SBMV-C 
RYMV 
TBSV 
CNV 
TCV 

TNV -1 

CarMV 
TCV 

I CarMV BYDV-MAV A 
Fig. 8. Relationship of RYMV with other small icosahedral viruses on the basis of amino acid sequences of coat proteins (a) and their 
putative polymerases (b). The computer program DNA Star was used to make a pairwise multiple alignment of all viruses based upon 
their amino acid sequences. (a) Amino acid sequences of BWYV strain F, PLRV, barley yellow dwarf virus (BYDV-MAV; Ueng et 
al., 1992), TNV, SBMV C, RYMV, tomato bushy stunt virus (TBSV; Hopper et al., 1984), cucumber necrosis virus (CNV; Rochon 
& Treinaine, 1989), turnip crinkle virus (TCV; Carrington et al., 1989) and carnation mottle virus (CarMV; Guilley et al., 1985). 

The 3’ untranslated region of RYMV RNA contains 
245 nt. Using the same computer program and al- 
gorithm, the last 147 nt of the RNA show a structure 
with a AG of 532.1,105 kJ with a pseudoknot domain (nt 
-92 to -147, relative to the 3’ nucleotides) and a 
stem-loop domain (nt -1 to -91, relative to the 3’ 
nucleotides) (Fig. 7). 

B Discussion 
The genome of RYMV, a virus that infects rice in Africa, 
has been characterized by cDNA cloning and sequence 
analysis. RYMV is the second sobemovirus whose 
genome has been sequenced, the first being SBMV strain 
C (Wu et al., 1987). The genomic organization of RYMV 
RNA as shown in Fig. 3 is very similar to that of SBMV 
strain C (Wu et al., 1987). With the exception of ORF1, 
RYMV proteins are highly homologous to their counter- 
parts in SBMV. 

It is probable that the nucleotide sequences partially 
complementary to the 3’-terminal sequences of 18s or 5s 
rRNA in the 5’ untranslated regions (UTR) of both 
RYMV (Fig. 6) and SBMV RNA (Wu et al., 1987) are 
involved in ribosomal binding and translation of ORFl. 
This hypothesis is supported by the observation that, 
first, the context sequences surrounding the AUG 
initiation codons of ORFl in both RYMV and SBMV 
strain C are weak in comparison with the consensus 
sequences for initiation of translation of eukaryotic 
mRNAs as proposed by Kozak (1989) and Liitcke et al. 
(1987). These authors predicted conserved A or G 
residues at position - 3 relative to the first nucleotide of 
the initiation codon, and G at position -t. 4. Both RYMV 
and SBMV C have nucleotides U at - 3 and A at + 4. 
Second, within this region, the sequence ACAAUUG is 
repeated twice. This sequence is also found in the 5‘ UTR 
of tobamoviruses (Avila-Rincon et al., 1989) and in those 

4 

8 ’  

of the leader sequences of chloroplast mRNAs (Danon & 
Mayfield, 1991). Third, this region contains an AUU 
codon in the loop at nucleotide positions 26 to 28, which 
could act as a ribosome entry sequence, as is the case in 
the 5’ UTR of tobacco mosaic virus RNA (Tyc et al., 
1984). Computer-assisted folding of the first 121 nt of the 
RYMV RNA using the STAR 100 computer program 
shows a stem-loop structure similar to that of the 5’ 
UTR of the mRNA of the chloroplast psbA gene (Danon 
& Mayfield, 1991). In this case, the sequence comp- 
lementary to the 18s rRNA in RYMV and SBMV C 
RNA might act as a ribosome binding site to allow 
efficient initiation of translation of ORFl. How the viral 
RNA might gain access to the ribosomes of either the 
chloroplast or mitochondria, if at all, is unknown. 

The last 90 nt of the RYMV genome are predicted to 
form a stem-loop domain. It should be noted that the 
folding of the last 120 nt of SBMV C RNA (Wu et al., 
1987) also shows a conserved structure, similar to that of 
RYMV (data not shown). The sequence immediately 
upstream of this region (nt 91 to 147 from the 3’ 
terminus; Fig. 7) is similar to the upstream pseudoknot 
domain in tobacco mosaic virus RNA (Avila-Rmcon et 
al., 1989), whereas in SBMV C RNA, there is only one 
pseudoknot predicted. 

By analogy to SBMV C (Gorbalenya et al., 1988), the 
viral VPg could be included in the N-terminal 134 amino 
acids of the putative polyprotein. In this region, there are 
two conserved blocks in both RYMV and SBMV, of 14 
residues (positions 34 to 47 in RYMV and 38 to 52 in 
SBMV) for the first segment, and of nine amino acids 
(positions 81 to 90 in RYMV and 61 to 70 in SBMV) for 
the second block. In the second domain, a conserved 
tyrosine at RYMV position 83 and SBMV position 63 
could form a phosphodiester bond with the 5‘ nucleotide 
of the genome, as proposed by Tobin et al. (1989) in the 
case of the poliovirus VPg. 
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Based upon computer-assisted painvise comparisons 
(DNA Star), the predicted RNA-dependent RNA poly- 
merase of RYMV is closely related to its counterpart of 
SBMV, followed by those of the luteoviruses potato 
leafroll virus (PLRV) and beet western yellows virus 
(BWYV). These findings support the suggestion that 
these viruses are phylogenetically related to each other at 
the polymerase level (Miller et al., 1988; Mayo et al., 
1989; Koonin, 1991; Fig. 8b). 

The direct significance of the nuclear targeting motif 
located at the N-terminal first 26 amino acids of the 
RYMV CP sequence is not known. However, as in 
RYMV, SBMV C also contains a bipartite nuclear 
targeting motif at the N-terminal first 28 amino acids of 
its mature CP (residues 6 to 28; Hermodson et al., 1982). 
This finding may explain the observation that, in 
sobemovirus infections, virus particles have been found 
in nuclei of infected cells (Francki et al., 1985). It would 
be interesting to investigate whether the virus CP enters 
the nucleus as a CP subunit, in which case it is probable 
that the particles found in nuclei might be empty, or 
whether the particles assemble in the cytoplasm before 
entering the nuclei. 

The necrovirus TNV CP sequence (Meulewater et al., 
1990) is more closely related to that of SBMV C (34% 
identity) than is the RYMV CP (26 YO identity). Sequence 
alignment and comparison predicts that the tertiary 
structure of RYMV and TNV CPs (Meulewater et al., 
1990) could be identical to that of SBMV C as described 
by Hermodson et al. (1982). RYMV, SBMV C and TNV 
all lack a P domain and have identical Ca2+ binding sites 
(Meulewater et al., 1990; Fig. 5). 

Most of the results discussed here are based upon 
sequence analysis of RYMV RNA and comparisons with 
viruses that have been more thoroughly studied. A full- 
length cDNA clone for RYMV has recently been 
obtained in our laboratory (C. Brugidou et al., un- 
published), and it will be interesting to investigate the 
possibility of translation and/or replication enhance- 
ment by both the 5’ and the 3’ UTRs of RYMV RNA. 
Other experiments involving the in vitro transcription 
and translation of sequences that include the ORF2 
polyprotein should be performed to confirm the activity 
of a protease in this sobemovirus. 
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