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The sequences of the 5’ terminal 1140 and 3’ terminal 1546 nt of tomato ringspot virus CTomRSV) RNA1 have been 
determined. These sequences share a high degree of nucleotide sequence similarity with the previously determined 
TomRSV RNA2 sequence. Eighty-eight percent of the 5’terminal907 nt of TomRSV RNA1 and RNA2 contain identical 
nucleotide residues; the first 459 nt are identical at all positions, whereas the next 447 nt are identical at only 75.8% of 
the nucleotide positions. The region of similarity includes not only the 5’ nontranslated leader but also sequence 
probably encoding polyproteins. The 3’terminal 1533 nt of TomRSV RNA1 and RNA2 are identical and are noncoding. 
The sequences common to RNA1 and RNA2 account for almost 35% of the total genomic sequence. It is possible that 
the similar sequences at both ends of TomRSV RNA1 and RNA2 are a result of recombination between these two 
genomic RNA components. o 1991 Academic press. inc. 

Recombination, involving the exchange of genetic 
information between genomic RNA molecules of RNA 
viruses, appears to play a number of important func- 
tions during the evolution and life cycle of RNA viruses 
(for reviews see 7, 2). The importance of nonhomolo- 
gous RNA recombination in the generation of evolu- 
tionary diversity can be seen in the modularity of viral- 
encoded genes. In addition, many RNA viruses pro- 
duce defective-interfering RNAs which may be a result 
of recombination. Homologous RNA recombination 
has been observed among the picornaviruses (3), cor- 
onaviruses (4), and bromoviruses (5) and is suspected 
to occur in the tobraviruses (6). It has been suggested 
that homologous recombination in the picornaviruses 
and coronaviruses is important for repairing defective 
genomes. In addition, coronaviruses undergo site-spe- 
cific recombination to express downstream genes 
from leader-primed subgenomic transcripts (see 7). 

Tomato ringspot virus (TomRSV) is a member of the 
nepovirus group (8). Nepoviruses consist of 28-nm 
spherical particles composed of 60 copies of a single 
coat protein species and two separately encapsidated 
genomic RNAcomponents. Nepoviruses share similari- 
ties in genomic structure and translational strategies 
with the plant coma- and potyviruses as well as the 
animal picornaviruses (9). Previously, we reported that 
the 3’ termini of TomRSV RNA1 and RNA2 share an 

’ Sequence data from this article have been deposited with the 
EMBUGenbank Data Libraries under Accession Numbers M27935 
and M73822. 

2 To whom requests for reprints should be addressed. 

extended region of nucleotide sequence similarity, as 
determined by restriction enzyme cleavage maps and 
hybridization analysis (10). We report that extensive 
nucleotide sequence similarity also exists between the 
5’termini of RNA1 and RNA2. The possibility that these 
repeated sequences may facilitate replication of 
TomRSV RNA, perhaps through recombination, will be 
discussed. 

Two cDNA clones derived from TomRSV RNA1 (see 
Fig. 1) were used to determine the 5’ and 3’ terminal 
sequences of TomRSV RNAl. Clone J27, which has 
been previously described (IO), was used to sequence 
the 3’ terminal 1546 nt of TomRSV RNA1 and clone 
25P6 was used to sequence the 5’ terminal 1108 nt. 
25P6 was obtained in essentially the same manner as 
J27 except that random priming was used for first- 
strand cDNA synthesis. Subcloning, sequencing, se- 
quence assembly, and analysis were essentially as de- 
scribed previously (1 I). 

Clone 25P6 was found to hybridize to both TomRSV 
RNA1 and RNA2 in Northern hybridization studies (12) 
(data not shown). However, the restriction enzyme 
map of 25P6 matched that of the RNA1 -specific clone 
B54 (10) (Fig. 1) but was distinct from that of the 
RNA2-specific clone 035 (see 7 7). To confirm that 
25P6 was derived from RNAl, the region 5’ to the 
HindIll site of B54 was partially sequenced in one direc- 
tion and was found to be identical to the corresponding 
region obtained from 25P6 (data not shown). The 5’ 
terminal sequence not encoded by 25P6 was deter- 
mined by dideoxynucleotide sequence analysis using 
TomRSV RNA as a template and a specific oligonucleo- 
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FIG. 1. Genomic location and restriction enzyme maps of clones used to determine the 5’ and 3’ terminal nucleotide sequences of TomRSV 
RNAl. 

tide primer (S’GCCTICGATGGCAACC 3’) complemen- 
tary to nucleotide positions 115-l 30 as described pre- 
viously (I I). The sequencing gel obtained from this ex- 
periment terminated with two strong stop points in all 
four lanes which likely correspond to the first and sec- 
ond nucleotides of TomRSV RNA1 (each denoted N in 
Fig. ZA). 

Nucleotide sequence comparison of the 5’termini of 
TomRSV RNA1 and RNA2 revealed that within the first 
907 nt, 88.8% of the nucleotide positions are identical. 
The first 459 nt of TomRSV RNA1 and RNA2 are identi- 
cal. This region includes the 5’ noncoding regions of 
RNA1 and RNA2 as well as two potential in-frame 
translation initiation sites at AUGTB and AUG,,, . Begin- 
ning from the first potential in-frame initiation site at 
AUG,B, the N-terminal regions of the TomRSV RNA1 
and RNA2 polyproteins are identical for the first 132 
amino acids, and of the next 145 amino acid residues 
75.3% of the positions are identical (Fig. 3A). It is per- 
haps significant that the second in-frame initiation site 
at AUG,, occurs shortly after the point where the ho- 
mology between the RNA1 and the RNA2 polyproteins 
becomes less than perfect. As described in a previous 
paper (1 I), AUG,,, is in a better Kozak context for the 
initiation of translation than AUG,, (13). Since it is un- 
known whether AUG,, and/or AUG,,, act as initiation 
sites for translation, it cannot be said whether it is the 
conservation of amino acid or nucleotide sequence be- 
tween AUG,, and AUG,,, on RNA1 and RNA2 which is 
most significant. The deduced amino acid sequence of 
the regions beginning shortly after AUG,,, on RNA1 
and RNA2 could be aligned with the deduced amino 
acid sequences encoded by the 5’ terminal region of 
RNA1 of the nepoviruses tomato blackring (TBRV) and 
grapevine chrome mosaic (GCMV) (14, 15) (Fig. 3B). 
The fact that these regions of similarity are present only 

at the N-termini of the TBRV and GCMV RNAl-en- 
coded polyproteins but are present at the N-termini of 
both TomRSV RNA1 - and RNA2encoded pofyproteins 
suggests that a large portion of coding and noncoding 
sequences at the 5’ terminus of TomRSV RNA1 have 
been duplicated and are now present at the 5’ terrnini 
of both RNA1 and RNA2. The function of this coding 
region in RNA1 is unknown, however, it has been sug- 
gested that it may have a role in proteofytic prmessing 
of the viral-encoded polyprotein (75). It is interesting 
that in vitro translation studies of cherry feafroll virus 
(CLRV) RNA2 (16) another nepovirus with a large 
RNA2 component ( 17) resulted in proteolytic process- 
ing of the RNA2 polyprotein in the absence of RNAl- 
encoded protease. It is possible that a subgroup of 
nepoviruses with large RNA2 components, which 
would include TomRSV and CLRV (181, may encode 
another protease on RNA2 which is involved in proteo- 
lytic processing. However, it is possibtethirt proteotytic 
processing of the CLRV RNA2 polyprotein may not be 
due to a specific viral-encoded protease. 

The 3’ noncoding regions of TomfZ@V RNA1 and 
RNA2 are almost identical for 1533 nt (excluding the 3 
poly(A) tail sequence) with only three nucleotide differ- 
ences at positions 703, 720, and 770 as shown in Fig. 
2 B. These sequences are preceded by 13 and 17 nt of 
noncoding sequence which are unique to RNA1 and 
RNA2, respectively (UAAAUCCUCWUUG and tJ&JG- 
UUGGCUUCCUGAA, underlined nuclsotides indicate 
stop codons for the large ORFs of RNA1 and RNA2, 
respectively). When we first reportedthesequence sim- 
ilarity at the 3’termini of TomRSV RPVAl and RNA2 ( ICI), 
we proposed that extensive 3’ terminel identity be- 
tween RNA1 and RNA2 may be characteristic for other 
nepoviruses with large RNA2 components. This has 
been confirmed for the nepovirus CLRV (19) which 
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(A) 
MSSICFAG 8 

1 NNAGCGAAAAAUCUGGUGAUAUUCCAACUUCUUCUCUC~UUCACACUUCCAUUGUGUCGUUUUGUUUUCUUUUCWUUGAUGUCCUCCAWUGUUUCGCC~ 

GNHARLPSKAAYYRAISDRELDREGRFPCGCLA 41 
101 UGGCAACCACGCCAGGUUGCCAUCGAAGGCUGCUUACUAUC~GCUAUUUCCGAUAG~AGCU~ACCGC~~GUCGCUUCCCUUGCG~UGUCUAGCA 

QYTVQAPPPAKTQEKAVGR SAD LQ KG NVA P L K KQ15 
201 CAGUAUACUGUGCAAGCCCCCCCUCCUGCCAAGACACAGGGC 

RCDVVVAVSGPPPLELVYPARVGQHR L D Q P SK G108 
301 AACGCUGCGAUGUUGUGGUCGCAGUCUCUGGACCUCCUCCUUU~AGUUGGUCUACCCUGCCC~GUA~GC~CAUAGGUUG~CC~CCUUC~~ 

PLAVPSAKQTSTAMEVVLSAEEAALTA PWLLCS 141 
401 UCCCUUGGCAGUUCCCUCUGCCAAGCAAACCUCCACUGCAUUCUCUGCUCC 

YKSGVSSPPPPMTQRQQFAAIKRRLVQKGQQI I R 175 
501 UACAAGAGUGGAGUUUCWCCCCCCCCCCCCCCAUGACGCUC 

EL I RA RKAAKYAA FAA RK KAAAVAAQK ARA EA P 208 
601 GCGAGCUCAUCCGAGCUCGCAAGGCGGCUAAGUAUGCCGCCUCC 

RLAAQKAAIAKILRDRQLVSLPPPPPPSAARLA 241 
701 GCGCCUCGCGGCCCAAAAGGCCGCAAUUGCCAAGAUCCUUC~~UCGGC~UU~UUUCCCUUCCCCCUCCUCCUCCUCCUUCUGCUGCCA~UU~CA 

AEAELASKSASLQRLKAFHRANRVRPVLNNSFPS275 
801 GCUGAGGCCGAAUUGGCCUCCAAAUCAGCCUCAGCCUCUCUUCAGAGGCUC~GGCCUUUCAUAG~CC~CCG~UUCGCCCGG~W~C~UUCWUUCCCU 

P P LAC K P D PA L LE R L R LAT P S RC TVAT K R Q RD F 308 
901 CCCCCCCUWGGCGUGCAAGCCAGAUCCCGCUCUUCUUGAGCGGUUGA~CUUGCUACGCCUUCACGCUGCACCGUUGCCACU~~CAGCG~AUUU 

VVAPLATQ IRVAKCASHQEAYDSCRSILIEEWP 341 
1001 UGUUGUCGCCCCCCUUGCCACCCAAAUUAGAGAGUGGCC~GUGUGCUUCCCAUCA~~GCAUAUGAUUCUUGUCGCUCCAUUCWAUUGAGGAGUGGCCA 

ESRYLFGPLSFVG 
1101 GAGAGUAGGUAUCUUUUCGGACCUCUCUCUUUUGGGAG.................. ../ ca. 5,400 nucleotides /............... 

(B) 

1 UAAAUCCUCUUUGAGGCGAGUAGCUGCCGUUAGCAGCUUCC~GGU~CCUCUU~UUAGCUUUU~UAG~GUUAUCCAGCCUU~GC~GCU~CA 

101 CCGGUCCUGAUGGACUACCAGGARAGCACCUGGUUUGGAA 

201 UGACUCAUGUUUUGUUUAUUUACAUGAUGGCAUAAAGAGUU~CGGCUCAUAUGGUGCUCAUUACGUUC~GUGUU~GGAUCC~UAGCCUU~CUG 

301 UGGUGCCAUGUGAGGAAAUCCACGUUAUCUCUGAUUGUCUAGACUAGUCUAGGAGAC~U~UCCUAUGUG~UGAGUCCCACUCUGGC~~CA 

401 CGCAGUGCCUUWAUUUGUUUGAGGUUAUCAAACAUCAUACG 

501 AGAAAGGUUCCAUGAGGACUUGGGUUGCCUAACCCCCACU~CCCCCACUU~UCUCUUCAUAGAUCAUUC~CAGUGUGUCGA~CUAUG~WUUGACACCUU~G 

601 GGAAGCGAGAGUUCUCGUAUGGAUAUCACUCU~U~UGGUACUUACCAUGCCAUGUUUAGAGU~UCAUCGCCUCGACGGUGUGAUACUUUCCUU~G 

701 UU~UAGUCAAACGAUAGUUYCGUUGAUCGUUGAUCGUAUGU~GCGU~AGCGAGUUCG~CG~CUGAUUACC~GA~UA~ACGCUAUUGUUCCAGGCGUUUC 
T C A 

801 UUAUGGGCAUAAGCUGUAUUGGUWCGCCAUGCCAUGCAGCACCUCCCGUUACUUGUGUACUUUCUAG~CUCCCGGCCUUCCUUCCGGUAC~UAC 

901 CUAGUGAAGCAAGUAAUUGCGUUGAGGCAUAAGAGUAGCAUGUUCCUACUU~G~~~UAUGUCGUGUUUUCCACACGUUAGUGUUGC~UGCUGUA 

1001 AUGGCACUGCAGUGCAGGAGGUUCCCAGCCACUUUUUCU~GAUUCU~UCGUACGUCAC~UUGUGUGUGUAUCGUUGAC~AG~GUAGC~UCCU 

1101 CUACCACGCGAGUCUGGAAGUGAUUACCAGGGCCUAAGAUGGCCAGCACA~GUACGAUU~WUAGCUGU~UGUAGUGGUAUGUU~GUUGAGACUA 

1201 ACUUACCCGUACGAGUUAAACUCUAAGAUGGAUG~UGUGUGUUCUGCCAUCUUAGAG~GUAGAUGUGUUUUUACC~UCUGA~CGAGCCGUU~UUCGGU 

1301 GCWUAAUACGUCAAUGAUAUACUCGUGCAGUUGCAGCUGCACGAGUAUGUUGGUACA~CAGUCUACUCG~UA~GUCGAGUUACCCUCAC~UA~ 

1401 GAUUACUCUCUCAAUCUUAACUACUACUGC~G~CGUUGUUUUCGCAG~UUUUGUUGGUCCGUUUGUGUUU~CGCUGCUUUGC~UUUUCUUUUUUG 

1501 UUUUAUUGCUUUCGUAGUGUCGAACUUUGUCCAAGUUCAUAAAAGC 
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(A) 

(B) 

RNA1 
RNA2 

RNA1 
RNA2 

RNA1 
RNA2 

RNA1 196 
RNA2 195 

RNA1 261 
RNA2 260 

TomRSV RNA1 138 
TomRSV RNA2 138 
TBRV RNA1 189 
GCMV RNA1 189 

TOmRSV RNA1 200 
TomRSV RNA2 199 
TBRV RNA1 255 
GCMV RNA1 255 

66 
66 

131 
131 

** ****** * * **** ******** * ** ******** *********** * x** 

AALTAPWLLCSYKSGVSSPPpPMTQRQQFAAIKRRLVQKGQQ~IRELIRARKAAKYAlbFAARKKA 
AAITAPWLLRPCK-GEAPPPPPLTQRQQFAALKKRLAVKGQQIIREHIRARKAAKYAAIAKAKKA 

** ** ** ************ ****** *******X******R****** ** x**** 
AAVAAQKARAEAPRLAAQKAAIAKILRDRQLVSLPPPPPPS~RL~~A~SKSASLQRL~FH 
AALfLAVKAAQEAPRLAAQKISKILRDRDRDVAALPPPPPPS~RL~EABLASKAESLRRLKAFK 

**** ** *** ** 
RANRVRPVLNNSFPSPP 
TFSRVRPALNTSFPPPP 

* A  ** A  Ah* h h ***A -  * 

LLCSYKSGVSSPPPPMTQRQQFAAIKRRLVQKGQQIIREL----IRARKRRKYAAF~K 
LLRPCK-GEAPPPPPLTQRQQFAALKKRLA~GQQIIREH----fffARKAAICYARI~K 
KLNKAKALGEAHRSAVARAQAKAEVL REFEPSPQQIQRALEAQIFADRLSRKYAALTARVRAKRA 
KLTKANALGAAHRSAVATAQAKAEVLREFEPSPAHIQIAVKAHIFAEKLSRKYADLTAQVRaRRA 

** A * * h * **A P. * n * h 

AAQKARAEAPRLAAQKAAIAKILRDRQLVSLPPPPPPSAARLAAERELASKSASLQRLKAF 
AAVKAAQEAPRLAAQKAAISKILRDRDVAALPPPPPPSAaRIrAAEAELASKAESLRRLKAF 
AARELREKELFLETQDLLNAPLLPPM~VGIE~Y-RKVRCPF 
AARDLRAKEIYLEIVDLLGAPLLSIPQQIKIKGKYLR--RSVAAEVEVPHTRN~AELVPY 

FIG. 3. (A) Alignment of the N-terminal regions of the TomRSV RNA1 and RNA2 polyproteins. Asterisks indicate amino acidscommon to both 
sequences. Numbering to the left of each line refers to amino acid positions in TomRSV RNA1 and RNA2 polypm@ins. {B) Alignment of the 
N-terminal regions of TomRSV RNA1 and RNAE, and TBRV and GCMV RNA1 polyproteins. Asterisks indicate amino acids common to al four 
sequences, while a carat (A) indicates that three of four amino acids at that position are identical. Numbering to the left of each line refers to 
amino acid position in each nepovirus polyprotein. 

shows 3’ noncoding sequence identity between RNA1 In summary, the total amount of duplicated se- 
and RNA2 for a length which is similar to that found in quences between TomRSV RNA1 and RNA2 as well as 
TomRSV. However, very little sequence similarity is de- within RNA2 (see 11) accounts for almost 35% of the 
tectabJe between the 3’ noncoding regions of TomRSV total genomic sequence. The extensive amount of nu- 
and CLRV (19). The 3’ noncoding regions of the two cleotide sequence identity at the 5’ and 3’ termini of 
RNA components for several other nepoviruses are TomRSV RNA1 and RNA2 may be required for recogni- 
also identical but much shorter (less than 300 nt) (74, tion by a highly selective replicsee. It is slso possible 
15). Extensive sequence similarity at the 3’termini has that RNA recombination is responsible for maintaining 
also been reported for members of the tobravirus nucleotide sequence identity at the 5’ and 3’termini of 
group (20, 21) and includes both potential coding se- RNA1 and RNA2. RNA recombination has been postu- 
quences and noncoding sequences. lated to explain the duplication of 820 nt at the 3’ter- 

FIG. 2. Nucleotide sequence and deduced amino acid sequence of the 5’(A) and 3’(B) regions of TomRSV RNA1 (A) The first two nuolaotides 
which could not be determined from the sequencing gel are each represented by an N. The second in-frame AUG which is a potential initiation 
site for translation is underlined. Nucleotides are numbered on the left beginning at the first N. Amino acids are numbered on the right snd begin 
at the first M. Numbering in (B) begins at the termination codon (WA) for the RNAl-encoded long ORF as determined from clone J.27. Three 
nucleotide substitutions in the 3’ noncoding region of RNA2 (I 7) compared to RNA1 are shown below the sequence of RNA1 
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mini of RNA1 and RNA2 of the tobravirus tobacco rattle 
virus (TRV) strain PLB (6). However, after several pas- 
sages of a pseudorecombinant consisting of RNA1 
from TRV strain TCM and RNA2 from strain PLB, which 
differ at their 3’termini in 39 of 820 nt, a recombinant 
RNA molecule was not detected. Not only was RNA 
recombination in this system not detected experimen- 
tally, but the viability of a pseudorecombinant consist- 
ing of heterologous 3’ termini in RNA1 and RNA2 sug- 
gests that in this system precise 3’terminal sequences 
in RNA1 and RNA2 are not essential for replication. It 
has been suggested that the high frequency of homolo- 
gous recombination in the animal picornaviruses is im- 
portant for removing deleterious mutations introduced 
by the poor fidelity of the RNA replicase (22). Since it 
has been suggested that the picornavirus replicative 
machinery may not function efficiently in trans, nonde- 
fective genes, located on different RNA molecules 
which possess errors in genes involved in replication, 
can only be utilized after genetic recombination with an 
RNA molecule which encodes functional replicative 
genes (23, 24). It is possible that, in TomRSV, replica- 
tion begins in cis with RNA1 and that vans replication 
of RNA2 occurs only following disassociation and 
reassociation of the initial negative-strand transcript 
with the corresponding region in RNA2. A similar mech- 
anism involving recombination could account for the 
sequence conservation observed between the 5’ ter- 
mini of RNA1 and RNA2. Such a mechanism has re- 
cently been proposed for leader-primed generation of 
subgenomic RNAs in coronaviruses (see 7). The size of 
the duplicated sequences in TomRSV may be the mini- 
mum required to facilitate efficient replication through 
RNA recombination between RNA1 and RNA2. Alterna- 
tively, the entire length may not be required for recom- 
bination but may serve other important functions in ad- 
dition to a postulated role in recombination. We are 
planning further experiments to determine the biologi- 
cal significance of the repeated sequences between 
TomRSV RNA1 and RNA2 and whether they are in fact 
involved in RNA recombination during replication. 
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