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Nucleotide Sequence of the 3’-Terminal Region of
Potato Virus T RNA*

Motoyasu OCHI**, Satoshi KASHIWAZAKI***, Kazuyuki HIRATSUKA',
Shigetou NAMBA** "' and Tsuneo TSUCHIZAKI**

Abstract

The partial sequence of the capillovirus potato virus T (PVT) RNA containing the
3’-terminal 2392 nucleotides, excluding the poly(A) tail, was determined from cloned cDNA.
The sequence contains three open reading frames (ORFs) which encode putative proteins
(in the 5'—3 direction) of M;>29,000 (>29K; ORF 1), M, 40,451 (40K; ORF 2) and M, 23,596
(24K; ORF 3), followed by an untranslated region of 188 nucleotides upstream of the 3’
poly(A) tail. The 5-proximal ORF 1 encodes a product with significant homologies to the
C-terminal portions of the putative polymerase proteins of “alpha-like” supergroup of plant
RNA viruses, including apple chlorotic leaf spot virus (ACLSV; closterovirus subgroup A),
carlavirus, potexvirus and tymovirus. The PVT 24K protein shared several blocks of
conserved amino acids with the coat proteins of filamentous viruses, 7.e. ACLSV, beet
yellows virus (BYV; closterovirus subgroup B), citrus tristeza virus (CTV; closterovirus
subgroup C), potexvirus and carlavirus. The PVT 40K protein had homologies with
putative movement proteins encoded by several plant viruses (e.g. ACLSV 50K protein).
PVT and ACLSV showed a similar arrangement of three ORFs in the 3’'-terminal region
of their genomes. However, this arrangement differs significantly from that of BYV. The
sequence represented here is the first report on the group capillovirus which was estab-
lished recently. These results support a close relationship of PVT with ACLSV which is
currently classified in the closterovirus subgroup A.

(Received December 27, 1991)

Key words: potato virus T, RNA, nucleotide sequence, capillovirus, closterovirus,
“alpha-like” supergroup.

INTRODUCTION

The potato virus T (PVT) particle is a flexuous filament 640 nm long and 12 nm in diameter. The
virus is composed of a single-stranded RNA of M, 2.2X10° (ca. 6.5 kb) and a single coat protein of M,
27K3Y. PVT, apple stem grooving virus (ASGV) and citrus tatter leaf virus?® have been excluded from
the closterovirus group and placed in the new capillovirus group based on the accumulating evidence of
differences between these viruses and definitive closteroviruses®?428:293137  Closteroviruses still consti-
tute a diverse virus group which is divided into three subgroups, A (e.g., apple chlorotic leaf spot virus
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Tokyo, April 3, 1991. Sequence data from this article have been dep051ted with the DDBJ/ EMBL/GenBank
Data Libraries under Accession No. D 10172.
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(ACLSYV)), B (e.g., beet yellows virus (BYV)) and C (e.g., citrus tristeza virus (CTV)) based on the modal
particle lengths and biological characteristics®. Sequence analysis of the ACLSV'¥, BYV® and CTV?3?
RNAs have revealed considerable diversity in their genomic organization.

At present, very little is known about the molecular organization of PVT and other capilloviruses.
To assess more precisely the taxonomic position of capilloviruses, we determined the nucleotide
sequence of the 3'-terminal portion of PVT RNA, and compared the deduced translational products and
the genomic organization with those of other plant viruses. The sequence represented here is the first
report on the capillovirus group.

MATERIALS AND METHODS

Virus purification and RNA preparation. A PVT isolate, kindly provided by Dr. T. Nishio,
Yokohama Plant Protection Station, Yokohama, Japan, was propagated in Chenopodium quinoa by
mechanical inoculation. Systemically infected leaf tissue was homogenized in a blender with liquid
nitrogen and mixed with 5 volumes of 0.06 M phosphate buffer, pH 7.2, containing 0.1% 2-
mercaptoethanol, 0.19% ascorbic acid and 0.01 M EDTA. The sap was centrifuged at 9,000 X g for 5 min.
The supernatant was mixed with 1/6 volume of carbon tetrachloride and centrifuged at 9,000 X g for 15
min. The clarified extract was stirred with 6% (W/V) polyethylene glycol (3, 6,000), 0.1 M NaCl and 1%
Triton X-100 at 4°C for 1.5 hr, and then centrifuged at 17,000 X g for 15 min. The pellets were suspended
in 0.01 M phosphate buffer, pH 7.2, and centrifuged at 10,000 X g for 10 min. The supernatant was
concentrated by a 209% sucrose cushion centrifugation at 170,000 X ¢ for 1.5 hr. Virus suspension was
loaded on top of a 20-509% cesium sulfate density gradient and centrifuged at 150,000 X g for 5 hr. The
opalescent virus band was collected, recentrifuged at 170,000 X g for 2 hr, and the pellet was resuspended
in distilled water. Viral RN A was isolated from purified virus preparation by incubation with 0.424 SDS
and 1mg/ml proteinase K, followed by two phenol-chloroform (1:1 v/v) extractions and subsequent
ethanol precipitation.

c¢DNA synthesis and cloning. Double-stranded cDNA was synthesized using reverse tran-
scriptase and an oligo (dT) primer for the first strand synthesis and Escherichia coli DNA polymerase
I, RNase H and T4 DNA polymerase for the second strand synthesis. Synthesis of the first strand was
monitored by incorporation of [*?P]dCTP, followed by electrophoresis in a 1.0% alkaline agarose gel.
The cDNA product was electrophoresed in a 1.0% agarose gel. The fragments greater than 1.3 kb were
recovered from excised gel pieces using Nal and glass powder, and finally cloned into Smal-cleaved
Bluescript II KS+.

Screening of ¢cDNA clones. Recombinat plasmid DNAs were prepared on a small scale for dot
blot hybridization with the viral RNA probe labelled with photobiotin (Bresatec, USA). The size of
DNA inserts were estimated by agarose gel electrophoresis after digestion with Poull (Pvull site; 532
and 977 of Bluescript II KS+). A recombinant plasmid containing a 2.4 kb insert was selected and
designated pdT11. To confirm that pdT11 had a PVT ¢DNA insert, the viral RNA was electrophoresed
in a 1.094 agarose gel, transferred to a nylon membrane with the capillary blot procedure and hybridized
with a photobiotin-labelled pdT11.

Deletion of ¢cDNA. DNA insert of pdT11 was cut out with Pv«Il and ligated again in inverted
orientation into Smal-cleaved Bluescript II KS+ (named pdT11C). DNA insert of each clone (pdT11 and
pdT11C) was digested with Sacl and BamHI, unidirectionally deleted with exonuclease III followed by
mung bean nuclease and Klenow fragment, and re-ligated to get subclones, using a commercial kit
(Takara Shuzo, Japan). '

Determination of the nucleotide sequence. Single-stranded DNAs were prepared with
superinfection of helper phage M13K07 for sequencing. Annealing of DNA teinplates and fluorescent-
dye-labelled primers (Applied Biosystems, USA) was carried out at 60°C for 10 min. The dideoxynu-
cleotide chain termination reaction with 7zg DNA polymerase (Promega, USA) was made at 70°C for
10 min according to a commercially provided protocol. DNA sequence was determined by an automated
DNA sequencer (370A; Applied Biosystems, USA).
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Sequence analysis. Nucleotide and amino acid sequence data were analyzed and compared
with those of other plant viruses from the GenBank database (R. 66.0) and the SWISSPROT database
(R. 15.0), except for those of ACLSV' BYV® and CTV?®?, using a Hitachi Software Engineering
DNASIS system (Version 7.01; Hitachi, Japan).

GUUGAUCAARGRAGAGGGCACUGAAUCUGAUUAUGARGCUUUCGAUAGAUCACAGGAUGCARUCAUUCUAGGUCUUGAARUAGARUGUCUG 90

VDQEEGTESDYEA ATFUDI RSOQDATITIULGTULETITET CTL 30
AAAUUGUUUGGAUGGGAUCAAGACCUGAUCGRUGAUUACAGAAAGCUGAAACUUUGGAUGGGAUGUAGGUUGGGGGCAAUUGCAAUUAIG 180
K L FGGWDOQDZ LTIUDDTYR®RIE KILI KT LWMGC CRULGATIA ATIM 60
AGRUUCACAGGUGAAUUUGGAACAUUCUUUUUCAACACAAUUGCAARACAUCGCAUUCACAUGUUUGAGGUAUAAUAUCACCAGAGACACU 270
R F TGEFGGTVFVFFNTTIANTIGBATFTU CLRYUNTITRTUIDT 90

GUGAUUGCGUUUGCAGGAGAUGACAUGUAUGCAUCCGGAARACUCGARAUCAGGARAGRUAGAGARGACCUGCUGGCCCAUCUAACUUUA 360
vVIiAaAVFAGDIDMYA ASGI KT LETIRIE KDTR REDILTLA AHTLTTL 120
AAGGCAAAAGUACAGUUCACAGAAARGCCARUGUUCUGUGGGUGGUACRUCAAGAAGAUGGGAAUUGUGAAGGAGCCAAGAUUGGUACUY 450
K A KV QFTEI KZPMTPFOCGWYTIZ KI KMGTIVI KEUZPRTIULUVL 150
GAGAGGUGGUUGAUAGCUGAAAGAAAGAAGGUGAUAGAUCAAUGCUUCAUCAACUACUCAAUCGAGGUAUCUUAUGGAUACAGAUUAGGU 540
ERWILTIAERIEKI KVYVYTIDOGQUCFTINYSTIEVSYOGGYRTLG 180
GAGUACCUCUGGGAGUAUUUUGAUAAUUUAGAGGAUUUCCAAGCARUAGUGAGAUUGGUGAUARAGARGAAGAAGCAACUGCCACCAGCU 630
EY L WEYFDNULETDTFOQATIVRTULVTII KT KI KT KO QTLUPUPA 210
AURAGAAGGAUUUUUGAARACAAGCAAUGGAGUUGAUUUCAGUGGAGAAGUUCAGGAGACRAUGGGACGAGAGGGAGAGCAUCACGGRUCC 720
I RRTIUVPFETSNGV VDV FSGEVQETMGG GEGEUHUHG s 240
M E LI s VEI XV FRIRAQWETETRESTITGFP 22
UGUGGACUCUGGUGCAAUCUACACUAACUCCGCGUUUCACAAUCUGARGACCAAAUGGCACGUUUACAAGUCUGAGUGCAGUAUUGGUCY 810
¢C ¢ L WCNULH ’ 248
VDSGATIVYTNSATFHIUNULIEKTI KWHYVYZXSETCSTIGHIUL s2
UGAUUUGCCCGAUAACGGRAAAAUAAUAUCARAGGACAUCCCCCUCUUUGAUCARGAGGAGAUUGAUAACAUCAUGAAAGACGAUARACA 900
DL PDNOGIZ KTITISI KDTIUZPLT FDUGQETETIUDIUSNIMTIE KTUDTDIKDQ 82
GGUAUUCGUCCAUCUGGGAGCCUUUGUGUUCGGACUUGUUGCACACUUUCCUGUCGAUGAGGAAGUGGARGGAUUAGUCUCUAUCAUUGA 990
VFVHLGAFVYVV FGLVAHYFUPVDETEVYVESGILUVs I ITD 112
CAAACGUCGGACUGAUCUAAGGAGGGCAACCCUAGCUUGCAGGARAAUUAAAUUUGUGAAUGGAAGAUGCGCUUUCAUGAUGARACCAAA 1080
K RRTDUILRRATULACRIEKTIIKT FVNSGRU CATFMMTIEKPN 142
CUUUUCAGUCAGGAAGGAGGAUUUAAGGCAUGGUGACACUUUUUGUGCCGCURUCAARAUCARARACCUUGGCUUUGAAGGUGGGUUCUU 1170
F s VRXEDILIRDGGDT FOCAATII KTII KNILGTF FETG GG GTFF 172
UCCAUUUUCAGCAUGUGGCGGAGUGAUUUACAGAACCUCARAUGUGAGUUUUGCACATGCUGUUGACAAAACCUUUGCUUCUAGGACUGU 1260
P F S ACGGVYIYRTSNVSFAHAVD KTV FASURTV 202
UCAUGAUUUGGUGGGUACUGAUAUACUCUCUUUGGAUCAACUGGACCARGCCACUCUGGAGGACCUUGAGGAAGUGAGRAGGAGCCCCAU 1350
HDULV GGTDTIULSULDQLDOQATULETDTZLETEVRIRSESUPI 232
UCUAAGGUUAACCGCUCCUGAUGAGAGAGUARUGAUAGAAAGAGGGAAUUGCUUCCAGAAGAAACCGGCAAUAAGGAGGAGAAGUUUUGG 1440
L RL TAUPUDEWURVMTIEURGUNWTF QU X K?PATIIRTR RIRTSTFG 262
GAAAAGGAGACCCCAAAAAAGUUCGUCAGUUAGGUCGGCGAGUUUGCCUCGAUUUUCAUGUUCUGAGAGGUUAGAAAGGGGCUUUGAAUC 1530
K RRPOQI K S S 85 VRSASLPRTFS®SCSEHRTILEIRTGTFE S 292
AGAGAGUCUGGCUGGAUUAGUGCUAGAUCAGAARUAUGGACCCARCAACUUUUGUGCAGAUARGAGACGAAGUCCUGAAUCUGACAGUGG 1620
E s L AGLVLDOQI KYGPNDNVPFCADI KRR RSUPESDS g 322
M DPTTU ¥ VQ I RDEVILNTLTYUV 18
CAGCUUACAGCAGUCAAUGGGACGCUCARGCCACUCAGGCUCUGAAGGAUGGGGCARRGGAACAGAUGUUGCGAUUCCUCUUCGGARGAR 1710
s LQ Q S MG@GR S S HSGGSEGWGI KOGTDVATIZPTILZRIEKNDN 35

A A Y S S QWDGOQOQATOA ALTEKDG GA AT KEO QMLTZ RTFLTFSGR a8
UCGCARUAUCUUCAGCGAGUAGAAACACCAUCUGECCUGACACGEAGAUCGCGUCGGAGGAUCUCCAGAUAGGUAUGUCAGCGGCUUCAG 1800
R N I F S E 358
I A I S SASRNTTIWEPDTETIH ASTETDTULGOQIGMSA AHABAS 78
CGGAUCCACCUCCRGUGGCUGCUGCUCCEAUAAGCCUUACAUUUAGGGUARAUUUUAAUUCUUAUGUCARAAUGCURAUAGCUUUGUCCA 1890
A GPPPVAAATPTISTLTT FRVYVNTFNSTYVI EKMTLTA ATLS 108
ACACUUCAACAARUUCCUUUGUARAGARAARACACUCAGACARAUGUGUAUGCCUUUUGCARRAUAUGCUUAUGGAUACUUAUCUGRAR 1980
N TS TNSTFV KNI KTILRGQMCGCMZPTFA AT KTYA ATYGCYTLSE 138
UGGGECUAUGCAACUUGGGCAUAUGAGARARUGCCCAAACUUUGUCGARAGGCUARRUGGGUUGCUUUCGAUUUUGCAUCUGGGUUGUUGA 2070
M GYATWATYTET KMPT XKTLTG CRTIEKABAIKWYATFDTFA ASTGTLL 168
UUGAUACRACARUGCAGUUGAAUGAUGAUGAAAAGACCEUCAUUCARGGUCUGGGAGCUAGGUUAUUCARAACUCAACAGUCCAUUCRAA 2160
I DTTMOQUILNDUDTETZ KTV VTIOQOGTILGARTLTEFZE ETGQOQSTIRQ 198
UUGCUGAUUCCACAAUGGACGGUGAAGCUAUCARUCGUGARAUUUGACUGAGAARGAGGACARGAGUUGGUCGUUUGUUARRUCCGGCAU 2250
I ADSTMDGEA ATINT RTEI 213
AAUUGGUCGCAGUCUUGAGGEUUGACUGGCCCUCAUTUGAAUAAAUUUAAAAUCUGCAUAAUUGAUCGCAGUCUAGGGRAGUUGAUAUGCU 2340
CCCECCEAUGUUCUUARUCUAGGGUUUGCAUGGUUUUUCARGUUUUURRAGE (A) n 2392

Fig. 1. Nucleotide sequence of the 3'-terminal 2392 nucleotides of PVT RNA deduced from cDNA. The
predicted amino acid sequence of the three ORFs is shown below the nucleotide sequence. The
nucleotide sequence identical to a putative polyadenylation signal is underlined. Of the sequence, 89.
59% was determined on both strands of cDNA and 97.8% of the total sequence was read from at least
two independent overlapping subclones.
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Fig. 2. Comparison of the genome organization of the 3’-terminal region of PVT RNA with those of apple
chlorotic leaf spot virus (ACLSV)', beet yellows virus (BYV; closterovirus subgroup B)®, potato
virus S (PVS; carlavirus)®® and potato virus X (PVX; potexvirus)'”. The positions of ORFs (boxed)
and the size of their putative products are shown. The ORFs presumed to encode the coat protein
(CP) are hatched.

RESULTS AND DISCUSSION

Nucleotide sequence

Recombinant plasmids, pdT11 and pdT11C, which showed specific hybridization to the viral RNA
(data not shown), were used for sequence analysis. The pdT11 contained a poly(A) tract at one end of
its cDNA insert, indicating that the cDNA was derived from the 3’-terminal region of PVT RNA. The
analysis of both recombinant plasmids provided the sequence of the 3'-terminal 2392 nucleotides
upstream of the poly(A) tail of the PVT genome as shown in Fig. 1.

Gene organization of the 3’-terminal region

Three potential open reading frames (ORFs) were identified in three different reading frames of the
positive strand of pdT11 in the 3’-terminal region of the PVT genome (Fig. 2). The deduced amino acid
sequences of the proteins encoded by these ORFs are shown in Fig. 1. No other ORFs encoding products
of more than 11K were found in the complementary strand. The 2392 nucleotide sequence starts with an
incomplete ORF which terminates with an UAA codon at position 745. This ORF potentially encodes a
protein of at least 248 amino acids (M, >29K). The ORF 2 starts from an AUG codon at position 656 and
ends with an UAG codon at position 1730. The ORF 3 starts from an AUG codon at position 1566 and
ends with an UAG codon at position 2205. ORF 2 overlaps by 89 nucleotides with ORF 1 and by 164
nucleotides with ORF 3. The putative translation products of ORF 2 and ORF 3 have a M. 40,451 (358
amino acids; M, 40K) and M, 23,596 (213 amino acids; M, 24K), respectively.

These data suggest that PVT greatly differs from carlavirus, potexvirus and BYV (the closterovi-
rus subgroup B) in the gene organization (Fig. 2). The PVT RNA has a 3 poly(A) tail as has been shown
for the capillovirus ASGV RNA based on its chromatographic behaviour on oligo (dT) cellulose®*”. The
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PVT 9-101 E_SDYEAFFRFS_Q"(uaa) F 7[clE_F G[T|E F FW (18aa) I AFA[GDDMYA
ACLSV 1637-1730 E s|p|Y¥ T A F|D|V|S Q| (43aa) E_T|G s TPLLNT (18aa) L CFA[GD DM CA
PVS 141-23¢ E s|p|Y E & F|D|A[S 0| (43aa) F S|GlE A s|T[F L F|N 7| (182a) L CFAlcDDMCA
PVX X3 1240-1333 A N|D|Y T A F(D|Q|S Q| (43aa) LEGQGPTFDANT(l8aa)QVY_A_GDDSAL
WCIMV 1075-1167 S N|D|F T A F|D|0|s 0| (43aa) L s|G|E G P|T|E D A|N T| (18aa) 0 VY A|G D D|M - S
TYMV-type 1576-1668 A N|D|Y T A F|{D|Q|S Qf(43aa) L T|G|E P G{T|Y D D[N T|(17aa) I MV S|GDD|SLI
BYV U 5-44 - -|-|- - - -[-[-]- - - KSGASNTWIGN'E‘(lBaa)LFVSGDDSLI
TMV vulgare 1384-1483 E L|D|I S K ¥|D|k|s o} (49aa) K s|G|p v T|T|E 1 6|~ T|(18aa) GAFCclcDD{S L L
BMV 463-562 _&ADLSKFDKSQ(4933)R1GDAFT’-:_EGNT(lBaa)AI_ESGDDSLI
AlMV 528-629 QIDFSK:‘DKSQ(4933)R_’I‘_GDALTYLGNT(20aa)VVASGDDSLI
Sindbis 2270-2371 E T|D|T A s F|D|X|S Q| (49aa) K s|G|M F L|T|L E v|N T| (203a) AAF I[GD D[N II

Fig. 3. Alignment of the conserved sequences of PVT ORF1 protein with the replication-associated proteins
of RNA viruses belonging to the “alpha-like” supergroup: the 216.5K protein of ACLSV'), partial
replication-associated protein of PVS?, the 166K protein of PVX X3'?, the 147K protein of white
clover mosaic virus (WCIMV)'"Y, the 206K protein of turnip yellow mosaic virus-type (TYMV)??, the
ORF1 polypeptide of BYV-U®, the 183K protein of tobacco mosaic virus vulgare (TMV)*®, the 2a
protein of brome mosaic virus (BMV)?, the 2a protein of alfalfa mosaic virus (AIMV)® and the nsP4
protein of Sindbis virus*®. The numbers in front of the sequence indicate the position of the amino
acids in each ORF. The numbers (in parenses) within the sequences indicate the number of amino acid
residues. Highly conserved amino acids are boxed; the other amino acids identical with the sequence
of PVT are underlined.

arrangement of the three ORFs found in the 3’-terminal region of the PVT genome closely resembles
that in the genome of ACLSV'? (Fig. 2). The ACLSV genome also has a 3’ poly(A) tail and is almost
similar in size to the PVT genome!?. The genome of BYV, in contrast, is devoid of a poly(A) tail*'® and
is quite different from PVT and ACLSYV in their size*'¥ (Fig. 2). In addition, BYV differs greatly from
PVT and ACLSV in its genomic organization® (Fig. 2).

The 3’ non-coding region of PVT consisted of 188 nucleotides upstream of the poly(A) tail (Figs. 1
and 2). It contained a putative polyadenylation signal AAUAAA?® at 97 nucleotides upstream from the
poly(A) tail. The signal is typical for eukaryotic mRNAs and was also found in ACLSV'¥, white clover
mosaic virus (WCIMV)'Y, papaya mosaic virus (PMV)Y, potato virus M?*® and Helenium virus S'?.

ORF 1

To assess functions of the putative ORF products of PVT, we searched for amino acid sequence
homologies between these proteins and other viral proteins in databases. The putative amino acid
sequence of ORF 1 (Fig. 1) is apparently homologous to the core of the RNA polymerases (replication-
associated proteins) of positive strand RNA viruses (Fig. 3). These proteins are, the 216.5K protein of
ACLSV', the ORF1 polypeptide (at least 41K) of potato virus S (PVS)?¥, the 165K protein of potato
virus X (PVX)!?, the 147K protein of WCIMV!?, the 206K protein of TYMV?”, the ORF1 polypeptide
(at least 25K) of BYV?, the 180K protein of tobacco mosaic virus (TMV)'®, the 2A protein of brome
mosaic virus (BMV)?, the 90K protein of alfalfa mosaic virus (A1MV)® and the nsP4 protein of Sindbis
virus®® (Fig. 3). The sequence homologies between the PVT >29K protein and the corresponding
regions of other viruses shown in Fig. 3 were 46% (ACLSV), 49% (PVS), 34% (PVX), 35% (WCIMV),
32% (TYMV), 28% (BYV; lacking N-terminal sequence), 30% (TMV), 30% (BMV), 30% (AIMYV) and
329% (Sindbis), respectively. The homologous regions of these viral proteins contain the sequence
DxxxxD (48-54 amino acids) GxxxTxxxNT/S (21-24 amino acids) GDD. This signature sequence is
thought to form the core of the RNA-dependent RNA polymerases of positive strand RNA viruses and
designated polymerase domain™!®1618),

From this analysis, the product of the incomplete ORF 1 of PV T seems to represent the C-terminal
portion of the viral polymerase. This putative PVT polymerase was also found to be a close relative of
the polymerases of Candresse’s “group 1” viruses (containing ACLSV (closterovirus subgroup B), carla-,
potex- and tymo-viruses) of the “alpha-like” supergroup of plant RNA viruses™®?*®_ As shown in Fig.
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PVT 40K 62-115 (13aa) FY-H FGLV (1l0aa) GL-VS--I RR
ACLSV 50K 63-118 (l4aa) YV- SISID (9aa) GW-CY--V RW
BYV 64K 263-329 (25aa) LLLKVPTINMHDS (7aa) LRYLESYF SN
TMV 30K 44-90 (10aa) CL-- VVTGEW (9aa) VS-vC--L RM
TRV-SYM 29K 49-98 (12aa) KI-- QLVVTS (9aa) IQ-ID--L RL

CPMV-VGNM 58K 206-265 (20aa) AI-HIGAIEIIIQ (l0aa) GG-FL- -LVDSLH
CaMV-C ORF1 92-150 (l9aa) MV-H VKILLK (l10aa) IK-IA--LIDDRI
Fig. 4. Alignment of conserved domains of putative virus movement proteins. Amino acid sequences of
movement proteins of PVT, ACLSV*¥, and BYV?¥, TMV!®, TRV-SYM®, CpMV-VGNM?*) and
CaMV-C*™ are aligned. The three conserved motifs, “L/IPL/V”, “G” and “D” are boxed. Identical
residues between PVT and ACLSV are shown by underlines. The numbers are as in Fig. 3.

Table 1. Percent amino acid sequence homology between coat proteins of several filamentous viruses®

PVT ACLSV BYV CTV PVS PVX WCIMV PMV
PVT — 30> 27 28 25 28 28 30
ACLSV e 28 25 24 28 25 27
BYV — 30 22 27 26 29
CTV — 23 26 25 26
PVS — 30 36 27
PVX — 36 43
WCIMV — 34

PMV —

a) The sources of sequence data were: PVT (this paper), ACLSV**, BYV® CTV3®2 PVS?»® PVX! WCIMV'™ and
PMV?Y. Sequence identities were analyzed by the MAXIMUM MATCHING program of DNASIS as described
in MATERIALS AND METHODS.

b) Bold letters show homology above 309.

3, the putative PVT polymerase was similar to those of ACLSV, PVS, PVX, WCIMV and TYMV which
belongs to Candresse’s “group I” viruses” in the distribution of common amino acids (AF in the position
14 and 15 of PVT; E in the position 66 of PVT) and in the amino acid number between consensus amino
acid residues (43 aa) (Fig. 3). However, comparing to this similarity, the putative PVT polymerase was
not closely related to respective proteins of “group II” viruses®*” (containing BYV, TMV, BMV and
A1MYV in Fig. 3) belonging to the same supergroup, i.e. in the distribution of common amino acids (SK
in the position 467 and 468 of BMV; K in the position 471 of BMV; KS or RT in the position 523 and
524 of BMV; G in the position 532 of BMV) and in the amino acid number between consensus amino acid
residues (49 aa) (Fig. 3). The putative BYV polymerase was reported to be a close relative of the
~polymerases of tricornaviruses which belongs to Candresse’s “group II” (containing tricorna-, tobamo-,
tobra- and hordei-viruses) of “alpha-like” supergroup?. According to Koonin’s phylogeny, Candresse’s
both “group I” and “group II” are included in the polymerase supergroup III (tobamo-, tobra-, hordei-,
tricorna-, alpha-, rubi-, furo-, potex-, carla- and tymo-viruses and BYV, ACLSV and hepatitis E virus).
However each of them was on different branches of the same phylogenic tree”??.
ORF 2
The putative PVT 40K protein (ORF2) showed partial homologies with the 50K protein of ACLSV
(279%)", the 64K protein of BYV (26%)*¥, the 30K protein of TMV (28%)'?, the 29K protein of tobacco
rattle virus-SYN (269, tobravirus)®, the 58K protein of cowpea mosaic virus-VGNM (28%; CPMV,
comovirus)*? and the ORF1-encoded protein of cauliflower mosaic virus-C (27%; CaMV, caulimovirus)'®
(Fig. 4). Recently, putative cell-to-cell movement proteins (MPs) have been shown to possibly be
‘classified into two families (I and II)*®. Alignment of the sequences of PVT 40K protein showed
homologies with those of family (I} MPs (MPs of tobamo-, tobra-, caulimo- and como-viruses, ACLSV
and geminiviruses with bipartite genomes). This protein exhibited three conserved motifs centered at
conserved L/IPLV, G, and D residues, of which LPL, G and D are also reported as characteristic motifs
for the family (I) MPs?® (Fig. 4).
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PVT 39-176 EQM---LRFLF-GRIAISSAS (l17aa) GMS (25aa) LI-A------- LSNTSTNS- - -
ACLSV 35-159 EQI---LESIF-ANIAIQGTS (13aa) SMED (12aa) LIKA------- FKTTSSDP- - -
BYV 24-170 DKLRKNFEECL-KLKGVPEDN (llaa) ATIG (12aa) KASFGGGKELYLTHGELNSFLG
CTV 55-191 ALNRDLFLTLKGKHPNLPDKD (l2aa) AVKS (12aa) TREGVEVDLSDKLWTDVV-FN-
PVS 114-235 EQM-AQITADI-AGLGVPTEH (l2aa) ASVS (12aa) TGA-------- VPLDSIIA---
PVX 57-177 EDL-SEIEAIW-KNMKVPTDT (l2aa) ADVG (l12aa) NG--------- ISRARLAA- - -
WC1IMV 41-152 AEI-EAITKTWAETFKIPNDV (12aa) ADVG (12aa) AG--------- VSRKQLAQ- - -
PMV 39-152 EQL-KSVSTLM-VAAKVPAAS (l2aa) YDNG (12aa) E---------- ISLAQLAS- - -
pPVT - --FVKNK-T- -[LROMCMPFAKYAYG - YLSE - MGY - ATWA - - YEKMPKLC - -RKAK

ACLSV - --NI-NKMT--FRQVCEAFAPEARN-GLVK-LKYKGVFTNLFTTMPEVG- - SKYPEL!
BYV SQKLLEGK - PNKLR
CTV S - KGIGNR - TNALRVWGRT - - NDALY - LAFCRQNRNLSYGG - RPLDAGI PAGYHY - - LCA

PVS - --IMKNRAG- -[LRKVCRLYAP- - VV-WNYM- LVQNRPPSD - WQA - MGFQWNARF - - AR
PVX - --AIKEVCT- -LRQFCMKYAP- - VV-WNWM- LTNNS PPAN - WQA - QGGFKPEHKF - - AlA
WC1MV - - -AIKIHCT- - IRQFCMYFAN- - IV-WNIM- LDTKTPPAS - WSK - LGYKEESKF - - AGFDF|

PMV - - -IVKASGTS -LRKFCRYFAP- -II-WN-L-RTDKMAPAN-WEA - SGYKPSAKF - - A

SALT BRIDGE
Fig. 5. Alignment of amino acid sequences of PVT ORF3 protein with homologous regions of the coat
proteins of ACLSV'¥, BYV®, CTV?®?, PVS?*®, PVX!® WCIMV and PMV*»3%  Segments poten-
tially involved in salt bridge formation together with three conserved motifs, S, LRQ and AFDF are
indicated. These are commonly observed in the coat proteins of rod-shaped and filamentous viruses®.
Identical residues between PVT and ACLSV are shown by underlines. Gaps (—) were inserted to
maximize the alignment. The numbers are as in Fig. 3.

ORF 3

The PVT 24K protein displayed partial homologies with the published coat protein sequences of
ACLSV™, BYV®, CTV?®* PVS?* PVX!Y WCIMV'™) and PMV*3:3% (Table 1). They share three small
blocks of conserved amino acids, S, LRQ and AFDF (Fig. 5), of which R in LRQ and AFDF are also
present in the coat proteins of filamentous viruses®?**%, These conserved amino acids were suggested to
be important acting as a salt bridge for maintaining the correct tertiary structure of the coat proteins
and/or playing a role in the interaction with the viral RNAs (Fig. 5)>*%. Based on these characteristics,
we presumed that ORF 3 of the PVT genome encodes the coat protein. This putative product showed
around 30% homology, including the above salt bridges, with the coat proteins of ACLSV, carla-, potex-
and poty-viruses. The PVT putative coat protein showed slightly higher homology with ACLSV (Fig.
5) than CTV, BYV, potex- and carla-viruses (Table 1).

Relationship to closterovirus

The sequence represented here is the first report on the group capillovirus which was established
recently?®. Notwithstanding some level of homology in the coat protein with BYV (27%) and CTV
(289)°?, significant differences of PVT to BYV in the genomic organization (Fig. 2) and the amino acid
sequence of the putative viral polymerase (Fig. 3) suggest that PVT- capillovirus may be evolutionarily
distinct from BY V-closterovirus (subgroup B). This supports the current classification of these viruses
in separate groups (capillovirus and closterovirus).

It is surprising that all the amino acid sequence motifs described for the three kinds of proteins
(putative viral polymerase, MP, and coat protein) of ACLSV-closterovirus (subgroup A) are preserved
also in PVT sequences. In addition, the extensive homologies in the genomic organization between PVT
and ACLSV suggest their close evolutionary relationship. The genome size of CTV-closterovirus
(subgroup C)*? was quite different from PVT, and the CTV genome was supposed to be devoid of a
poly(A) tail'®. These molecular data indicate the heterogeneous properties of viruses within the
closterovirus group. After this work was completed, V.V. Dolja together with E, Koonin independently
made a preliminary analysis of our amino acid sequences of the PVT putative polymerase and the
movement and coat proteins. Sequence database screening (program SMART, SWISSPROT, release 18)
showed, completely in line with our conclusions, that the putative RNA polymerase of PVT belongs to
“alpha-like” supergroup of polymerases (or the polymerase supergroup III), and that most close relatives
of the PVT 40K and 24K proteins are the 50K protein and the coat protein of ACLSV, respectively
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(Dolja, personal communication). The alignments of these proteins (program OPTAL) are statistically
significant giving the scores of 11.3 SD for the capsid protein alignment and 7.8 SD for the movement
protein alignment (All the methods used for analysis are described appropriately in the paper by Koonin
et al ®®). These results suggest that ACLSV and PVT should be classified in the same group, although
the total sequence of PVT should be compared to that of ACLSV.

Note added in proof )

During the processing of this paper, Dr. N. Yoshikawa et /. (Iwate University, Japan) reported the
sequence data of ASGV genome at the annual meeting of the Phytopathological Society of Japan,
Morioka, May 28, 1992. The data showed the complete differences in the genome organization of PVT
and ASGV. ASGV genome has two open reading frames that encode a large polyprotein containing
polymerase and coat protein and another protein coding viral serine protease. These data and our own
data suggest that PVT should be excluded from the capillovirus group and that PVT and ACLSV
(which is greatly different in many characteristics from subgroup B and C of closteroviruses) could be
classified into a new virus group.
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mx B =B

BEEHR R B - PENE - BT - 25  Potato virus T RNA @ 3" SRERHEIR O H A

Capillovirus 7' )V — 7@ potato virus T (PVT) RNA @ 3 Kixd 2,392 HHE O 2 HE L T2, ARSI 5 Kk
HIDBEWZCKFEOEE LZORF1(A 7% &b 2487 3 VEEQOK)LLE), ORF2(358 7 2 VE ;40K), BL U
ORF3Q2137 3 /8, 24K) 23 —F L, 3KEHZIZ 188 HE L D 7 2 FEEIERFEEL & poly (A) BT ohiz, 29K ¥
>R 27’813, alpha-like supergroup @3 5, £V A5 —¥ 7N —7 11 KBT 2 HEEHEY RNA 7 4 VA (beet yellows
virus (BYV; closterovirus subgroup B), tobacco mosaic virus, tricornavirus) DX ) X 7 —¥ ¥ > X7 B D C-FKig
CEEO7 S VBEINEY b, KUAT—EIN—F1IZET 271 LA (apple chlorotic leaf spot virus (ACLSV;
closterovirus subgroup A), carlavirus, potexvirus) DZiLICELIL Tz, 24K 7 > 82781, DHR7A VA
(ACLSV, BYV, citrus tristeza virus (CTV; closterovirus subgroup C), potexvirus, carlavirus) D5 > V7 &
CHEOT I BB T oy 2B F LT, 40K & o827 EE, TEYY A4 VA D cell-to-cell movement & /¥
Br#EEINAETEELL T, £/2PVT X, ACLSV & 3 KENIZ BT ORF OREHIEELIL THE D, poly
(AYD72WwBYV ki3 E -7 B> Twiz, Capillovirus 7V —7OEEGTFHESICEAL T, KRESRIITH 5,
DL EA 5, BRAE closterovirus subgroup A i3SI N T3 ACLSV 1%, BEFEE L L A PVT IEML, sub-
group BBIUCOVANAERRLZZ ENHALRY, ACLSVIZD LA PVT LRI V—72FEKT 2 &
216N 5, FOHEICOVTREFRNOLESH 39,
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