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The RNA1 of tobacco rattle virus (TRV) has been cloned as
cDNA and the nucleotide sequence determined of 2 kb from
the 3'-terminal region. The sequence contains three long open
reading frames. One of these starts 5' of the cDNA and prob-
ably corresponds to the carboxy-terminal sequence of a 170-K
protein encoded on RNA1. The deduced protein sequence
from this reading frame shows homology with the putative
replicases of tobacco mosaic virus (IMV) and tricornaviruses.
The location of the second open reading frame, which en-
codes a 29-K polypeptide, was shown by Northern blot
analysis to coincide with a 1.6-kb subgenomic RNA. The
validity of this reading frame was confirmed by showing that
the cDNA extending over this region could be transcribed and
translated in vitro to produce a polypeptide of the predicted
size which co-migrates in electrophoresis with a translation
product of authentic viral RNA. The sequence of this 29-K
polypeptide showed homology with two regions in the 30-K
protein ofTMV. This homology includes positions in the TMV
30-K protein where mutations have been identified which af-
fect the transport of virus between cells. The third open
reading frame encodes a potential 16-K protein and was
shown by Northern blot hybridisation to be contained within
the region of a 0.7-kb subgenomic RNA which is found in
cellular RNA of infected cells but not virus particles. The
many similarities between TRV and TMV in viral mor-
phology, gene organisation and sequence suggest that these
two viral groups may share a common viral ancestor.
Key words: subgenomic RNA/tobacco mosaic virus/tobacco rattle
virus/transport protein/viral evolution

Introduction
Tobacco rattle virus (TRV) is a soil-borne agent which infects
a wide range of plants (Harrison and Robinson, 1978), including
potato, in which it is an important pathogen. The genome con-

sists of two RNA species (RNA1 and RNA2) which in strain
SYM (Kurppa et al., 1981), are 6.8 kb and 3.9 kb in length
(Robinson et al., 1983). RNA1 translates in vitro to produce two
polypeptides of mol. wt 140 000 and 170 000 (Fritsch et al.,
1977). It is likely that the latter is produced by translation through
the termination codon of the 140 000-dalton protein (Pelham,
1979). A third peptide of mol. wt 30 000 (approximately) is also
encoded by RNA1, but is translated principally from a 1.5-kb
subgenomic RNA, RNA4 (Robinson et al., 1983).
RNA2 encodes the coat protein which is translated from a

subgenomic RNA, RNA3 (Robinson et al., 1983), and it now
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seems unlikely that RNA2 encodes other functions, as sequence
analysis ofTRV (strain CAM) shows only a single open reading
frame (A.Siegel, personal communication). It is clear at least that
viral RNA replication, symptom production and cross-protection
between strains of TRV (Harrison and Robinson, 1978) are all
RNA1 functions as these effects may all be produced in NM-
type infections which occur naturally and which lack RNA2 (Har-
rison and Robinson, 1978).
As a step towards understanding the biology of TRV RNA1,

a relatively simple pathogenic agent, we are characterising the
gene products by sequencing. Here we present the entire coding
sequence of the subgenomic RNA region of RNA1 and an addi-
tional 600 nucleotides immediately 5' of that region. The deduced
protein sequences identify three products from this region, two
of which have significant homology with gene products in tobacco
mosaic virus (TMV). The gene product from the 5' region has
homology also with products of alfalfa mosaic virus (AMV) and
brome mosaic virus (BMV). The third gene product has no
homology with gene products of these viruses and is synthesised
on a subgenomic RNA which is not encapsidated in virus par-
ticles.

Results
Characterisation ofthe cDNA from the 3' region of TRV-RNAJ
From several cDNA clones of TRV-RNA1 a set of six were
isolated which were determined, by restriction enzyme analysis
and by cross-hybridisation, to form an overlapping set covering
6.8 kb, which is close to the length of RNA1 (Robinson et al.,
1983). One of these clones, 25B, included 2.0 kb of sequence
at one end of this overlapping set of clones. This end was iden-
tified at the 3' end of the RNA1 by showing hybridisation to
fragments of RNA1 which had been labelled at the 3' terminus.
It was also shown (Boccara, unpublished) that this clone hybridis-
ed to RNA isolated from VS virion particles which are enriched
for subgenomic RNAs (Robinson et al., 1983). A second cDNA
clone, 543B, was mapped by hybridisation and restriction en-
zyme sites to the 3' region of 25B and extended the 3' sequence
in 25B by 200 bp.
Given the length of the overlapping set of cDNAs and the

hybridisation results with 25B and 543B, it was concluded that
these clones cover the sequence close to the 3' terminus of RNA1
and include the sequence of the 3'-terminal subgenomic RNA.
Sequencing of the cDNA clones
The nucleotide sequence of the cDNA clones 25B and 543B was
determined using the dideoxy chain termination method on M13
templates generated by cloning either random fragments or
specific restriction fragments. The DNA sequence equivalent of
the viral strand and the deduced polypeptide sequences are shown
on Figure 1. The sequence contains three long open reading
frames. The first is a continuation of a reading frame initiated
outside 25B and finishes at nucleotide 609. A second long open
reading frame commences at ATG in position 846 and continues
to position 1604, corresponding to a polypeptide of 252 amino
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170K PROTEIN
N T R M T S S U L N D R V K F L N T E A A Y D F V E I D M S K F U K S A N R F H
AACACGAGAATGACATCGAGTGATTTAAACCATCGAGTGAAGTTCTTAAATACGGAAGCGGCTTACGACTTTGTTGAGATAGACATGTCTAAATTCGACAAGTCGGCAAATCGCTTCCAT
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L Q L Q L E I Y R L F C L D E W A A F L W E V S H T Q T T V R U Q N G M M A H
TTACAACTGCAGCTGGAGATTTACAGGTTATTTGGGCTAGATGAGTGGGCGCCTCCTTccTGGGAGGTGTCGCACACTCAAACTACTGTGAGAGATATTCAAAATGGTATGATGCGCCAT

130 140 150 160 170 180 190 200 210 220 230 240

I W Y Q Q K S G D A D T Y N A N S D R T L C A L L S E L P L E K A V M V T Y G G
ATTTGTACCAACAAAGAGTGGAGATGCTGATACTTATAATGCAAATTCAGATAGMAACATGTGTGCACTCTTGTCTGAATTACCATTGGAGAAAGCAGTCATGGTTACATATGGAGGA

250 260 270 280 290 300 310 320 330 340 350 360

D D S L I A F P R G T Q F V D P C P K L A T K W N F E C K I F K Y D V P M F C G
GATGACTCACTGATTGCGTTCCTAGAGGAACGCAGTTTGTTGATCCGTGTCCAAAGTTGGCTACTAAGTGGmcAATTCGATCAGA=TAAGTACGATGTcCCCATGTTTTGCGGG
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K F L L K T S S C Y E F V P D P V K V L T K L G K K S I K D V A T F S R D L H L
AAGTTCTTGCTTAAGACGTCATCGTGTTACGAGTTCGTGCCAGATCCGGTAAAGTTCTGACGAAGTTGGGGAAAAGAG;TATMAAAGATCTGGCAACATTTAGCCGAGATCTACATCTC
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GCTGAATGATTCCAATAGAGCTCTTGGGAACTACATGGTGGTATCCAAACTGTCCGAGTCTGMCAGACCGGTATrTGTACAAAGGTGArrCTGTTCATGCGCTTTGTGCGCTATGGAA

610 620 630 640 650 660 670 680 690 700 710 720

GCATATTAGAGT00TACAGCTCTGTGTACATTATTCCGAGAC0A0004 GATAAGGAATTGAACCCGGCT0AGGTTGATTGGAMMGAGCACAGAGAGCTGTGTCAAACTTTTACGACTG
730 740 750 760 770 780 790 800 810 820 830 840

29K PROTEIN - t0 20 30
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GTAATATGGAAGACAAGTCATTGGTTACCrGAAGAAGAAGAeCTGAAGTCTCAAATTCTCAAATCTAGGGGCCATTGAATGTTGTGGACGGTAGGAGGAGAGAcGACGAATATT
850 860 870 880 890 900 910 920 930 940 950 960
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TTCACAGAAGAAGAGAAACTGTCCTAAATCATGTTGGTGGGAAGAAGAGTGAACACAAGTTAGACGrrTTTTGACCAAAGGGATTACAAAATGATTAAATCTTACGCGTMTCTAAAGATAG
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TAGGTGTACAACTAGTTGTAACATCACATCTACCTGCAGATACGCCTGGGTTCATTCAAATCGATCTGTTGGATTCGAGACTTACTGAGAAAAGAAAGAAAGGAAAGACTATTCAGAGAT
1090 1100 3320 1120 1130 1140 1150 1160 1170 1180 1190 1200

120 130 140 150
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TCAAAGCTCGAGCTTrGCGATAACTGTTCAGTTGCG;CAGTACAAGGTTGAATACAGTAmrCCACACAGGAGAATGTACTCGATGTCTGGMAGGTGGGTrGTATTTCTGAGGGeCGTTCCGG
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
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C D G T Y P F S I E V S L I W V A T D S T R R L N V E E L N S S D Y I E G D F T

TCTGTGACGGTACATACCCTTTCAGTATCGAAGTGTCGCTAATATGGGTTGCTACTGATTCGACTAGGCGCCTCAATGTGMGAAACTGAACAGTTCGGATTACATTGAAGGCGATTTTA
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
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D Q E V F G E F M S L K Q V E M K T I E A K Y D G P Y R P A T T R P K S L L S S

CCGATCAAGAGGTTmeGGTGAGTTCATGTCTTTGAAAcMGTGGAGATGMAAGACCTTGAGGeGAAGTATGATGGTeeTTACAGACCAGCTACTACTAGACCTAAGTcATTArTGTCAA
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 2360

240 250 16K PROTEIN - 10
e D V K R A S N K K N S S a t T C V L K G C V N E V T V L G H E

GTGAAGATGTTAGAGAGCGTCTAATAAGAAAAACTCGTCTTAATGCATAAAGAAATTATTGTCAATATGACGTGTGTACTCAAGGGTTGTCTGAATGAAGTCACTGTTCTTGGTCACG
1570 1580 1590 1600 1610 1620 16~3-0 1640 1650 1660 1670 1680

20 30 40 50
T C S I G H A N K L R K Q V A D M V G V T R R C A E N N C G W F V C V V I N D F

AGACGTGTAGTATCGGTCATGCTAACAAATGCGAAAGCAAGTTGCTGACATGGTGGGTGTCACACGTAGGTGTGCGGAAATAATTGT'GGATGGTTTGTCTGTGTTGTTATCAMTGATT
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

60 70 80 90
T F D V Y N C C G R S H L E K C R K R V E T R N R E I W K Q I R R N Q A E N M S

TrACTTTGATGTGTATAATrCTTCTGGCCGTAGTCACCTTGAAAAGTGTCGTAACGCGTTGAAACAAGAAATCGAGAAATTGGAAACAAATTCGACGAAATCAAGCTGAAAACATCT
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100 110 120 130
A T A K K S H N S K T S K K K F K E D R E F G T P K R F L R D D V P F G I D R L

CTG,CGACAGCTMAAAGTCTCATAATTCGAACACCTCTAAGAAGAAATTCAAAGAG;GACAGAGAATTTGGGACACCAAAAGATTrTTTAAGAGATGCATGTTCCTTCGGCATTGATCGTT
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

140
F A F*

TGTTGCmTrTGATrTMATTTTATATTGTTATCTGTrCTGTGTATAGACTGTTTGAGATTrGGCGCTTGGCCGACTCATTGTCTTACCATAGGGGAACGGACTTTGTTTGTGCTTGTTAT
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

TTmTATrrGArTTAMTTAArCTCAATGATCTGAAAGGCCTCGAGGCTAAGAGArTAT TGGGGC= TGAAAAAAAAAAACCCCCCCCCCCCCCCCCCCCCCC
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270

Fig. 1. The nucleotide sequence of the 3' terminus region of TRV RNA1.
TheLJ[DNA sequence is shown as the equivalent of the viral RNA strand,
numbered from the beginning of the cDNA. The three largest polypeptide
sequences deduced from this sequence are shown using the single letter
amino acid code and numbered from the initiating methionine.

acids (mol. wt 28 826). A third long open reading frame starts
from a methionine (ATG) codon at position 1629. This reading
frame terminates at position 2054 and encodes a protein of 141
amino acids (mol. wt 16 337). In subsequent discussion the
putative products of these reading frames are described as the
29-K and 16-K proteins.
The sequence to the 3' of the gene for the 16-K protein con-

tains no long open reading frames. At the 3' terminus the
oligo(dA) and oligo(dG) sequences are those added to the RNA
3' end and plasmid vector during the cDNA cloning.

Transcription in vitro of the 29-K sequence with SP6 RNA
polymerase and in vitro translation
To confirm the validity of the open reading frames and compare
the protein product with the product ofTRV subgenomic RNAs,
the cDNA sequence was transcribed into RNA and translated
into protein in vitro. The transcription was carried out following
insertion of the cDNA sequence between nucleotide 589 (Bgll
site) and the 3' end of the cDNA clone (Sall site in pUC9
polylinker) into plasmid pSP65 and using SP6 RNA polymerase
(Melton et al., 1984). The RNA product of this reaction was
translated in a rabbit reticulocyte lysate containing 35S-labelled
methionine and the products, analysed by SDS electrophoresis,
are shown in Figure 2. The products of the reaction containing
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Fig. 2. In vitro translation of viral RNA and RNA synthesised in vitro from
viral cDNA. The RNA samples were translated in vitro in the presence of
[35S]-methionine and fractionated by electrophoresis in SDS-polyacrylamide
gels. The radioactive proteins were detected by fluorography. The RNA
samples were (a) no RNA, (b) RNA transcribed in vitro from a cDNA
clone of ribulose biphosphate carboxylase, (c RNA transcribed in vitro from
a fragment of 25B extending over the 29-K protein reading frame, (d TRV
RNA isolated from virus particles. The size markers were lactoglobulin (18
K), carbonic anhydrase (30 K), ovalbumin (46 K) and bovine serum
albumin (69 K). The product of viral RNA which co-migrates with the
product of RNA transcribed in vitro from 25B is indicated (*).

the RNA product of the 25B (Figure 2c) include two components
of mol. wt 50 000 and 28 000 which are also produced in the
absence of exogenous RNA (Figure 2a) and a third peptide with
an apparent mol. wt of 35 000, corresponding to the predicted
29-K polypeptide. This polypeptide co-migrated with a product
of TRV RNA (Figure 2d) which was identified previously as the
product of a subgenomic RNA encoded by RNA1. The trans-
lation products ofTRV contained also a smaller peptide (apparent
mol. wt 32 000) which is probably the coat protein product of
RNA2 (Robinson et al., 1983). The migration of these proteins
in SDS-polyacrylamide gels is slower than predicted from the
nucleotide sequence, but is similar to that shown by Robinson
et al. (1983) for the products of the subgenomic RNAs in virus
particles of TRV (strain SYM).

In these experiments the efficiency of transcription and transla-
tion of DNA into protein was low, as indicated by the prominence
of the endogenous translation products in Figure 2c. This is likely
to be a result of the techniques used rather than an intrinsic feature
of the RNA because a polypeptide production from a construc-
tion in pSP65 containing the sequence for ribulose bisphosphate
carboxylase small subunit from wheat was similarly inefficient
(Figure 2b, Douglas Bradley, unpublished).
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Fig. 3. Northern blot analysis of subgenomic RNAs. Total cellular RNA (5 yg)
from TRV-infected tissue (cell) or virion RNA (vir) (50 ng) was fractionated by
electrophoresis in a 1.2% agarose gel and hybridised with one of three different
subcloned fragments (a, b, c) from 25B as shown in the diagram. 50 ng of
cucumber mosaic virus RNA was fractionated on the same gel and detected after
blotting by hybridisation with a cloned CMV probe. The size values of CMV
RNAs are those given by Gould and Symons (1983).

Subgenomic RNA in the 3' region of RNAJ
Translation in vitro of virion RNA showed no evidence for the
production of the putative 16-K protein. In order to detect any
subgenomic RNA which is not encapsidated and which might
serve as translation template for the 16-K protein, Northern blot
analysis was carried out using fragments of 25B as probe. With
virion RNA this showed genome length RNA and a single abun-
dant subgenomic species of length 1.6 kb (Figure 3a-c).
However, in total cellular RNA from infected tissue, two
subgenomic RNAs were observed; the 1.6-kb species and a
0.7-kb RNA (Figure 3c). The identification of these as
subgenomic RNAs, rather than degradation products of genome
RNA, is based on two criteria. First, the two RNAs showed
specific hybridisation to regions of 25B, as would be predicted
for the subgenomic mRNAs of the 29-K and 16-K proteins. Thus
the 1.6-kb mRNA showed hybridisation only with probes ex-

tending 3' of the start of 29-K open reading frame (Figure 3b,c).
The 0.7-kb mRNA hybridised only with the probes containing
the sequence of the 16-K open reading frame (Figure 3c). Se-

cond, the failure to detect subgenome length RNAs with a probe
extending to the 5' of the 29-K reading frame (Figure 3a) con-
firmed the lack of degradation in the RNA preparations.
Homology between the proteins of TRV and TMV
There are now several examples where similarity has been
detected between proteins of viruses from different taxonomic
groups (Murthy, 1983; Cornelissen et al., 1984; Cornelissen and
Bol, 1984; Haseloff et al., 1984). The dot matrix computer pro-
gram DIAGON has been used to detect any such similarities
involving the TRV polypeptides deduced from the nucleotide
sequence in the 3' region of RNA1. The program compares all
possible combinations of 31 adjacent amino acids on two
sequences and registers homology on a matrix diagram if the pro-
portional match between the sequences is greater than a pre-set
score. This score is influenced by the type of amino acids involv-
ed in the match and accounts for perfect matches and matches
of amino acids with similar charge or shape.
The 29-Kprotein. DIAGON comparisons were made of the TRV
29-K protein sequence with proteins of similar mol. wt from
TMV, AMV and BMV, but only with TMV were extensive
matches recorded (Figure 4). At the score of 340 and consider-
ing two random sequences of the same length and the same amino
acid composition, matches would be registered at a frequency
of 10-4. In fact, for the comparison between TMV 30-K and
TRV 29-K sequences, matches were detected at six times this
frequency and were grouped in four regions (Figure 4). Detail-
ed inspection of the matches indicated that in only two of the
four regions were there matches of identical amino acids in the
TRV and TMV sequence. These two regions of similarity are
included between amino acids 78 and 170 of the TRV protein
and 69 and 160 of the TMV protein. Sequences from these
regions of TRV and three different strains of TMV are aligned
in Figure 5 and show that the homology in this region is almost
as great between TRV and TMV as between different strains of
TMV. Thus, there are 25 conserved residues between the vulgare
strain ofTMV (Goelt et al., 1982) and the cowpea strain (Meshi
et al., 1982). This compared with respectively 24 and 25 con-
served positions between TRV and these two strains. Sequence
is available for part of this region in a third strain of TMV,
cucumber green mottle mosaic virus (Meshi et al., 1983), and
shows 15 identical positions with TMV (vulgare strain) and 10
with TRV.
The 5'polypeptide of25B. The translation products ofRNA from
TRV strain SYM include a polypeptide of mol. wt 170 000
(Robinson et al., 1983) which is translated from the 5' ofRNA1
(Pelham, 1979). It seemed likely therefore that the polypeptide
product of the open reading frame at the 5' end of 25B included
the C-terminal part of this peptide. The protein sequence of the
5' polypeptide was compared with the 183-K polypeptide pro-
duct of TMV and the products of RNA2 in AMV and BMV.
Extensive homology was observed in all three of these cases in
a region which has been reported previously to be similar bet-
ween AMV, BMV and TMV (Figure 6) (Cornelissen and Bol,
1984; Haseloff et al., 1984). There were 71 amino acid mat-
ches with TMV, 52 with BMV and 58 with AMV. In the same
regions the TMV protein showed 53 amino acid matches with
AMV and 51 with BMV. The AMV and BMV proteins showed
79 matches.
The 16-Kprotein. The protein sequence of the 16-K protein was
compared, using the DIAGON program, to the gene products of
RNA3 from cucumber mosaic virus (Gould and Symons, 1982),
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TRV 29KT TRV 29K 0 TRV29K*
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Fig. 4. Dot matrix comparison of TRV 29-K protein sequence with protein sequences from other plant RNA viruses. The dot matrix comparison of TRV
29-K protein sequence with the 30-K protein sequence of TMV, the 32-K protein sequence of AMV and the 3A protein of BMV was carried out using the
DIAGON program of Staden (1982). The span length of each comparison was 31 amino acids and the score limit below which matches are not recorded, was
340.

TRV 29K 78 IV V Q L S H L-- A D[T F I Q D L L D S Rl
Cc-TMV 30K 82 V L G- -

V GQW
L L P K G T P G S A E I L L D S R

L

TMV 30K 69 L AL-- V V T GENLP D N R G V S V CL J

TRV 29K 131 9 Y E] jE I S EN V L j K G 1 I S E G Y LIE V

CGMMV 30K * S V R F I Y V A A DA D PWS L F VV L S jflTL E V
Cc-TMV 30K 120 F IS FY S A D A L K E I S C N V I D LPVKD G F T P LS E I
TMV 30K 118 F K VIV N A AMK_ N QEILL.N I RINVK M S A F C L.P L S L E F

0 0

Fig. 5. The sequence of the 29-K protein of TRV aligned with sequences of the TMV 30-K protein. The sequences aligned are those from the two strongest
homologies shown in Figure 4. The position of the N-terminal amino acid in each alignment is indicated. Positions where two or more sequences have the
same amino acid are boxed. The sequences are TRV 29-K protein and the 30-K proteins of TMV strains vulgare (Goelet et al., 1982) (TMV), cowpea
(Zimmem, 1983) (Cc-TMV) and cucumber green mottle virus (Meshi et al., 1983) (CGMMV). The sites of mutations in TMV strains LS1 and NI2519 (see
Discussion) are indicated (*).

AMV 505 S[ F - H FS I - D A E A F D0S F H F S K F D K S Q N E HHIH L I E R F K Y INE f L F L - wF N
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TRV 1359 K P AIED F FEG DDS

F
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L
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AMV R R I S KIN GVK F F NEVDFF R R TGI DS LPDVL G NTEI L A C LIC H V YEDDP N V K FRVALG D D S L G r v E E L
F H REISY PH G M S VSFF R R T G D FT Y F G N T LV MA IA Y A SD LSDC D C -- A I S G D D S LII S K V K P
GH R \T T LDY T A KTC IWYURK S G DV TTF IG N TV I A C L A SMWL P E KI I K-- G AF6 D S LL Y K C
S I1V DI G'1 M A HNiW Y U UK S G V N D R C L L E K A V M - -TY GG D D S L PA H r

- P R 1E F - T S L F NM EKA MFP SN VF I C S K F LV ET M P T T S GN KV L P I L I L NALI FU
- V LIDIT D M -- SLF MEE1 KJ V M D PSN ICSK F ETE M N L S - - - - P LEIOIR L A K R K ILRFDO
ENIHV U H S 'IL M W N F E A K L F K Kf;YG YFCG lV H D RLIC I NYY - - - -3D P L K L IS K L G A K IIKIHH L
IfVI2JP C P K K L.K Y...F.C.GIKjI0JY S S C Y E F V - - - - - L K K SKV A T I

Fig. 6. The sequence of the protein in the 5' reading frame of 25B aligned with protein sequences from other plant viruses. The protein sequences of the
183-K protein of TMV and the protein products of RNA2 of AMV and BMV are shown aligned to the sequence deduced from the 5' reading frame of 25B.
The position of the N-terminal amino acid in each sequence is indicated by the numbers at the beginning of each sequence. Positions where two or more
sequences have the same amino acid are boxed.

the products of open reading frames in TMV (Goelet et al., Discussion
1982), ofBMV RNA3 (Ahlquist et al., 1984), ofAMV (Barker
et al., 1983) and of cowpea mosaic virus (Lomononosoff and The nucleotide sequence of the 3' region of TRV RNA1 con-
Sharks, 1983; van Wezenbeck et al., 1983). In no case was tains three long open reading frames. These correspond to the
significant homology found. coding sequence for two proteins identified previously by in vitro
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Fig. 7. A genetic map of TRV RNA1. The size and approximate position
of the genes for the 140-K and 170-K readthrough proteins is as inferred
from earlier translation analysis and from the termination codon in the
sequence of 25B. The location of the other genes and subgenomic RNAs is
described in this paper.

translation of viral RNA, and an additional 16-K protein which
is translated from a non-encapsidated mRNA (Figure 3). A revis-
ed genetic map for TRV-RNA 1 (strain SYM) incorporating this
new information is in Figure 7. The positions of the subgenomic
RNAs in this map can be assigned only approximately from the
data presented here. However, the position shown for the 1.6-kb
mRNA is consistent with hybridisation data and fits well with
the observed size of in vitro translation product from this RNA
(Figure 2). Other locations for the 5' end of this RNA would
require that translational initiation occurs at an internal
methionine, or would not allow production of a protein of the
observed size. The location of the 0.7-kb mRNA as shown in
Figure 7 is consistent with the hybridisation data, the position
of the 16-K open reading frames and predicts that the 0.7-kb RNA
is 3' co-terminal with the 1.6-kb RNA.
The 5' ends of the subgenomic RNA species also delimit the

possible position of the origin of packaging which must be located
within the 1.6-kb subgenomic RNA region but outside the 0.7-kb
region. The internal location of this feature suggests a similar
mode of viral RNA packaging to that of TMV.
The sequence located 3' of the 16-K protein termination codon

contains no long open reading frames. Based on comparison of
the distance of the 3' terminus from the start of the 16-K and
29-K open reading frames with the length of the subgenomic RNAs
it is likely that the 3' of the sequence presented here is close to
the 3' end of RNA1. The presence of the oligo(A) sequence is
consistent with the cDNA sequence extending to the end of
RNA1, since presumably the poly(A) polymerase would extend
from a terminal 3' OH residue. The products ofRNA hydrolysis
would produce a 3' phosphate residue such that degraded RNA
would not serve as a substrate for this enzyme. However, the
terminal nucleotides differ from the CCC(OH) sequence deter-
mined by direct RNA sequencing on TRV strain CAM (Gugerli
et al., 1978) and further analysis will be necessary to show
whether this sequence includes the true 3' terminus of TRV
RNA1.
This sequence analysis of RNA1 suggests that a maximum of

four TRV-encoded proteins are necessary for pathogenesis. These
are the 140-k and 170-K proteins (Pelham, 1979) and the 29-K
and 16-K proteins described here. However, in TMV a larger
number of gene products may be produced by translational in-
itiation at sites within the three main open reading frames (Goelet
and Kam, 1982; Hunter et al., 1983; Sulzinski et al., 1985) from
specific subgenomic RNAs. The Northern blot analysis (Figure
3) suggests that this strategy is not used with TRV, as multiple
discrete subgenomic length RNA species are not detected. If pres-
ent they are certainly at a much lower abundance than in TMV
(Goelet and Karn, 1982).
Sequence homologies between TRV and other viruses (Figures

5 and 6) imply particular functions for two open reading frames
on TRV RNA1. As the gene products ofAMV and BMV RNA2

are implicated in viral RNA synthesis (Kiberstis et al.,1981;
Nassuth and Bol, 1983) it seems likely that the related 170-K
protein has a similar role. The 29-K protein of TRV is related
to the 30-K protein of TMV which, based on studies with two
mutant strains of TMV, is thought to have a role in the cell-cell
transport of virus (Ohno et al., 1983; Zimmern and Hunter,
1983). In both of these mutants there are single base changes
within the conserved TMV/TRV region. As a result of this, the
mutant LS1 has a serine at position 153 which is proline in all
other strains of TMV, and in TRV. The second mutant strain
Ni 2519 is changed from arginine to glycine at amino acid 144.
The analysis of TMV does not show conclusively that the 30-K

protein is a transport protein as other mutations responsible for
the viral phenotype may be located in unsequenced regions of
the viral genome. However, the clear homology between TMV
and TRV in the mutated regions supports the idea of the postulated
functional importance of those regions. By analogy with TMV
this suggests a role for the 29-K protein of TRV in the cell to
cell movement of the virus. This is the first report of homology
between TMV and other groups of virus in genes not associated
with the replicase function.

Precisely how the 29-K/30-K proteins might mediate viral
transport is unknown. However, the occurrence of such a pro-
tein in TRV, where systemic spread of infection occurs in non-
encapsidated RNA (NM) strains, suggests that a direct 29-K pro-
tein/viral RNA interaction is involved. The conclusion that the
30-K protein of TRV (CAM strain), which is equivalent to the
29-K protein and encoded by RNA2 (Bisaro and Siegel, 1980),
would contradict this but is now known to be invalid as RNA2
encodes only coat protein (A.Siegel, personal communication). It
will be possible now to prepare 29-K protein in large quantities
using microbial expression systems and assay for specific pro-
tein/RNA binding in vitro.

It is interesting that the shared homology between TRV 29-K
protein overlaps with the 'LAGLI' and other peptide regions
shared between the TMV 30-K protein and the protein encoded
by the 4th intron of the yeast mitochondrial apocytochrome b
gene (Zimmern, 1983). However, no homology is detected bet-
ween the yeast gene and the TRV 29-K protein and this must
call into question the functional significance of the homology with
the TMV 30-K protein.
Although sequence homologies do not suggest a function for

the 16-K protein product of RNA1, other observations suggest
a role in nematode transmissibility. In discussing the high degree
of sequence and antigenic variation between coat proteins of dif-
ferent tobravirus strains, Harrison and Robinson (1986) suggest
that the variation rules out a role of coat protein in deternmining
vector transmissibility and specificity. This function is therefore
encoded by default by RNA1 and consequently may be mediated
by the 16-K protein. None of the other RNAl-encoded genes,
on present knowledge, is likely to play a role in vector
transmission.
These analyses of the 3' end of the TRV RNA1 suggest that

tobraviruses represent an intermediate viral form between the
tricornaviruses and tobamoviruses. The resemblance with tri-
cornaviruses is based on the split genome organisation and the
homologies between the sequence of the peptide encoded in the
5' segment of the clone 25B with the protein product of RNA2.
A stronger resemblance to the tobamovirus group is based upon
the rod-like virion structure, from the similar behaviour ofTMV
mutant PM2, which produces no coat protein (Siegel et al., 1962),
and TRV NM strains, and from the polypeptide sequences and
gene organisation in the region covered by clone 25B. Thus, the
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5' open reading frame of 25B, which presumably constitutes the
3' end of the gene for the TRV 170-K protein, is in the same
relative position (Figure 7) on RNA1 as its TMV homologue,
the gene for the 183-K protein. The 29-K gene is immediately
3' of this and also in the same relative position on the genome
as the 30-K TMV homologue. The resemblance with TMV also
extends to the strategy of translation of the 29-K/30-K proteins
which are both derived from subgenomic RNAs and of the 170-K/
183-K protein which is likely to result from translation through
the 140-K/120-K protein termination signal of TRV and TMV
(Pelham, 1979). However, the reading frames of the 29-K and
170-K proteins do not overlap in TRV as is the case in TMV,
and this would seem to be another example, besides the gross
genome organisation where genes are more widely separated in
TRV than in TMV.
The extension in this report of observed homologies between

genes of different viral group (Cornelissen and Bol, 1984; Cor-
nelissen et al., 1984; Haseloff et al., 1984) to include an addi-
tional viral group (tobravirus), and another gene (29-K/30-K)
gives additional support to the view that these genes had a com-
mon evolutionary origin. This does not necessarily distinguish
whether the common ancestral forms were in an archaic virus
or were cellular genes (Haseloff et al., 1984). However, given
the additional similarities in viral structure and gene organisa-
tion shared by tobamoviruses and tobraviruses it is likely that
these two classes of virus have diverged from a common viral
ancestor. In the course of this evolution the gene located 3' to
the 29-K/30-K gene has changed in one or both of these viral
classes, perhaps by recombination of RNA molecules (King et
al., 1982).

Materials and methods
Preparation of RNA
TRV strain SYM (Kurppa et al., 1981) was propagated in Nicotiana clevelandii.
RNA was isolated from purified and fractionated virion particles and was pro-
vided by D.Robinson (Scottish Crop Research Institute). Total cellular RNA was
isolated from N. tabacum var Samsun NN at 10 days post-inoculation by the
method of Apel and Kloppstech (1978).
Construction of cDNA clones
TRV RNAI was polyadenylated in vitro using poly(A) polymerase (Bethesda
Research Laboratories) and cDNA synthesis primed with oligo(dT) was accor-
ding to Maniatis et al. (1982), but in the presence of 4 mM sodium pyrophosphate.
The DNA/RNA hybrid product of this reaction (1 jg) was fractionated on a 5 ml
sucrose gradient in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA by
centrifugation at 50 000 r.p.m. for 2 h. The largest molecules of cDNA (-30%
of the preparation) were recovered by ethanol precipitation and tails of oligo(dC)
were added with terminal transferase (14 U, BRL). The reaction was carried out
according to Maniatis et al. (1982).
The vector plasmid (20 itg) was cut with PstI and tailed with oligo(dG) accor-

ding to Maniatis et al. (1982). The tailed vector (50 ng) and cDNA (50 ng) were
annealed in 100 mM NaCl, 10 mM Tris-HCl, pH 7.8, 1 mM EDTA from 65°C
to4°C overnight and transformed into calcium-treated (Maniatis, 1982) Escherichia
coli strain MC1022 (Casadaban and Cohen, 1980). Clones containing the largest
inserts (1.3-2.3 kb) were identified and selected for further investigation. Plasmid
DNA was prepared from these clones by the method of Hansen and Olsen (1978).
DNA sequencing
DNA fragments from TRV RNA1 cDNA clones were transferred to the mp
derivatives of M13 (Messing, 1983) and the nucleotide sequence determined by
the dideoxy termination method of Sanger et al. (1977). Most of the sequence
was generated by shotgun sequencing of random fragments from the cDNA in-
serts (Anderson, 1981). Specific restriction fragments were cloned in M13 vec-
tors and sequenced to ensure that the sequence was determined on both strands.
The sequence data was compiled using the computer programs of Staden (1982).
Transcription in vitro with SP6 RNA polymerase and in vitro translation
ABgII/Sall restriction fragment from cDNA clone 25B was transfefred into the
BamHI/SalI sites of pS65 (Melton et al., 1984). The derivative plasmid (20 ug)
was linearised by digestion with HindaI which cuts 3' of the insert relative to

the SP6 promoter, extracted with phenol, precipitated with ethanol and transcribed
with SP6 RNA polymerase. The reaction (50 jil) contained 40 mM Tris-HCI,
pH 7.5, 6 mM MgCl2, 10 mM dithiothreitol, 4 mM spermidine, 0.5 mM of each
of the four ribonucleoside triphosphates, 5 jig template DNA, BSA 1 mg/ml,
20 units RNasin (BRL), 7.5U SP6 polymerase (New England Nuclear) and
0.5 mM m7GpppGOH (Ahlquist and Janda, 1984). The RNA was processed as
described by Krieg and Melton (1984) and translated in vitro in a rabbit reticulocyte
lysate containing [35S]methionine (Jackson and Hunt, 1983). The radiolabelled
proteins were fractionated by polyacrylamide gel electrophoresis in the presence
of SDS (Laemnili, 1971) and detected by fluorography (Bonner and Laskey, 1974).
Gel electrophoresis of RNA hybridisation analysis
RNA was fractionated by electrophoresis in agarose gels containing formaldehyde
as described by Rave et al. (1979). The gels were blotted onto nitrocellulose and
hybridised with nick-translated probes, as described by Baulcombe and Buffard
(1983).
Protein sequence comparisons
The DNA sequences of the viral strand were translated and the protein sequences
compared using the dot matrix DIAGON program (Staden, 1982) run on a VAX
computer.
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Note added in proof
The nucleotide sequence ofTRV (strain CAM) RNA2, referred to in this paper,
is now published [Bergh,S.T., Koziel,M.G., Huang,S.-C., Thomas,R.A.,
Gilley,D.P. and Siegel,A. (1985) Nucleic Acids Res., 13, 8507-8518].
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