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The nucleotide sequence (5669 residues) of the genomic RNA of cucurbit aphid-borne yellows luteovirus (CABYV) is
presented. Analysis of genome organization and sequence homologies indicate that CABYV is.a member of luteovirus
Subgroup 2 (other sequenced members: beet western yellows virus, potato leafroll virus, and barley yellow dwarf virus,
RPV isolate) and appears to be most closely related to beet western yellows virus. © 1994 Academic Press, Inc.

Recent outbreaks of a severe yellowing disease of
cultivated cucurbits in France have been attributed to a
small isometric virus which is not mechanically transmit-
ted, but which is efficiently transmitted in a persistent
manner by the aphids Myzus persicae and Aphis gossypii
(7). The virus, designated cucurbit aphid-borne yellows
virus (CABYV), is widespread in cucurbits throughout the
Meditereanean basin and has also been detected in Asia
and Africa (H. Lecoq, unpublished observations) and in
North America (2). Serological analysis and nucleic acid
hybridization experiments, along with virion morphology
and the aforesaid vector transmission studies, indicated
that CABYV is a member of the luteovirus group (7).

Sequence comparisons (3-5) have made it clear that
luteoviruses can be divided into two major subgroups,
which have been referred to (4) as Subgroup 1 (se-
quenced members: barley yellow dwarf virus (BYDV),
PAV, and MAV isolates (6-7) and Subgroup 2 (se-
quenced members: beet western yellows virus (BWYV
(3)), potato leafroll virus (PLRV (8-10)) and BYDV, RPV
isolate (77)). Recently, it has been suggested that soy-
bean dwarf virus may belong to a third subgroup (72).
Among the features distinguishing Subgroups 1 and 2
are the following: (i) Members of Subgroup 2 have a 5'-
proximal open reading frame (ORF) encoding an approxi-
mately 29-kDa species, P1 (see Fig. 1A for ORF nomen-
clature), which is lacking in Subgroup 1, while the latter
possess a short 3’-proximal ORF absent in the subgroup
2 members; (ii) the region of overlap between ORF 2 (P2)
and ORF 3 in the Subgroup 2 viruses is much longer
than in Subgroup 1 (Fig. 1A); (iii) the “core polymerase”
domain on ORF 3 of the Subgroup 2 viruses displays

Sequence data from this article have been deposited with the EMBL
Data Library under Accession No. X76931.
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clear sequence affinity with the polymerase domain of
southern bean mosaic virus while the same region of
the Subgroup 1 viruses is related to the polymerase do-
main of the carmoviruses (see Ref. 5 for a review); (iv)
there is considerable sequence homology in coding re-
gions among the members of each subgroup &xcept for
ORF 1 of Subgroup 2. Intersubgroup sequence homology
also exists but is less extensive, essentially being limited
to the cluster of genes nearer the 3’-terminus, i.e. the
coat protein (ORF 4), ORF 5, and ORF 6. Finally, it should
be noted that, despite the aforesaid differences, the
members of Subgroups 1 and 2 have certain features in
common with respect to gene expression, including (a)
the expression of ORF 3 as a ORF 2-3 fusion protein (P2/
3) due to translational frameshift in the region of overlap
between ORF 2 and ORF 3 (73— 16), (b) expression of the
cluster of three 3’-terminal genes from a single subgeno-
mic RNA (77), and (c) expression of ORF 6 as an ORF 4-
6 fusion protein (RT protein) due to translational read-
through of the coat protein (ORF 4) termination codon (3,
16, 17, 18).

In this paper we describe the nucleotide sequence of
5669 residues for the genomic RNA from CABYV, ob-
tained by characterization of cloned cDNA, and analyze
its relatedness to other luteoviruses. Purified RNA from
CABYV (isolate N) virions consists of a single RNA spe-
cies of about 5600 nt, as judged by its mobility during
electrophorsis under denaturing conditions in an aga-
rose gel (data not shown). Sequence analysis of various
luteoviruses has revealed highly conserved sequence
domains in the coat protein cistron, making it possible
to designluteovirus-specific primers as an aid to diag-
nosis and classification (79, 20). We have synthesized
a 25-mer, 5'-ATTCATGGTAGG(C/A)CTTGAG(T/C)ATTCC
(oligo 1), complementary to residues 3784-3808 of the
final CABYV sequence. This region encodes the amino
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Fig. 1. Luteovirus genome organization. (A) Genetic organization of
Subgroup 1 and Subgroup 2 luteoviruses. Open reading frames (ORFs)
are indicated by hollow rectangles. ORFs in the map of the Subgroup
1 luteovirus (no ORF 1) have been numbered so that they correspond
to the numbering of ORFs in Subgroup 2. The approximate site of
frameshift between ORF 2 and ORF 3 is indicated by a slanted arrow
and the approximate site of the resulting fusion between the ORF
2 and ORF 3 polypeptides (P2/3) is indicated by a black circle. The
suppressible termination codon at the end of the coat protein (CP)
cistron is indicated by an asterisk. RT, readthrough. (B) Position of long
ORFs (hollow rectangles) in CABYV RNA (above) and the structure of
cloned cDNA inserts (stipled rectangles) analyzed to determine the
sequence (below). In the lower part of the figure, the numbered black
squares (not to scale) represent some of the synthetic oligonucleotides
used to prepare cDNA clones, to prime the polymerase chain reaction
(PCR), or for direct sequence determination. In the latter case, the
extent of sequence determined by primer extension is indicated by a
horizontal line. The poly(A) tract enzymatically added to the 3’-end of the
viral RNA and subsequently amplified by PCR using oligonucleotides 5
and 4 is represented by a thin line. H, HindlIl.

acid sequence G(I/M)LK(A/S)YHE, which is perfectly or
almost perfectly conserved in the coat protein of other
Subgroup 2 viruses. Direct RNA sequence analysis using
this primer to initiate reverse transcription (27) provided
readable sequence of about 200 residues (Fig. 1B). For
unknown reasons, attempts to produce and clone (22)
long double-stranded cDNA fragments using oligo 1 to
prime cDNA synthesis failed. However, use in the cloning
protocol of another primer (oligo 2; complementary to
residues 3655—3678) produced clones with suitably long
cDNA inserts, one of which, pCA13 (Fig. 1B), was chosen
for further analysis. The approximately 3700 residue
cDNA insert of pCA13 was sequenced (23) on both
strands principally by characterizing sets of 5’- and 3'-
terminal nested deletions generated with a Pharmacia
Double-Stranded Nested Deletion kit according to the
supplier's instructions and whose extremities were then
sequenced with the universal and reverse M13 primers.
Some sequence data were also generated using syn-
thetic primers designed to anneal to appropriate internal
sequences in the insert.
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To determine if the pCA13 insert extended to the 5'-
terminus of the viral RNA, the sequence of the viral RNA
was determined directly by reverse transcriptase-directed
primer extension using oligo 3, which is complementary
to residues 30—48 of the final RNA sequence (Fig. 1B).
The resulting sequence was identical to that obtained by
analysis of pCA13 up to a point 53 residues from the 5'-
terminus of the cloned insert. At this point the two se-
quences diverged, with the sequence ladder obtained by
primer extension ending with a strong-stop signal six resi-
dues upstream. The sequence determined by primer ex-
tension displays extensive homology with the 5'-terminal
sequences reported for other luteoviruses (see below),
providing additional evidence that the sequence obtained
by primer extension corresponds to the authentic 5'-ex-
tremity. The presence of an “alternate” unrelated 5'-termi-
nal sequence on pCA13 brings to mind observations with
Scottish isolates of PLRV, in which the 5’-terminal 14 resi-
dues whigh displayed aimost perfect sequence homology
with an exon of tobacco chloroplast DNA ORF 196 (24).
PCR experiments provided direct evidence for the exis-
tence of small amounts of host RNA-viral RNA chimers
in the viral RNA preparation, indicating that rare recombi-
nation events can occur between host and viral RNAs (24).
The 53-residue “alternate” 5’-terminal sequence found in
pCA13 did not display significant homology with se-
quences in databases but residues 1-36 were perfectly
complementary to residues 4045-4080 from the CABYV
coat protein cistron. Thus, in the case of pCA13, the alter-
nate 5’-terminal sequence may be a cloning artifact.

Luteovirus RNAs are not 3’-polyadenylated. Conse-
quently, CABYV RNA was treated with Escherichia coli
poly(A) polymerase under conditions similar to those
used to 3’-polyadenylate BWYV RNA (3) but when the
resulting 3’-polyadenylated RNA was used as template
for cDNA synthesis and cloning by conventional tech-
niques (22, 25), using oligo(dT) or oligo(dT)-tailed pUCS to
prime cDNA synthesis, no clones containing long cDNA
inserts were obtained. Therefore, a PCR-based method
was used to generate clones containing the 3’-terminal
region of the RNA. cDNA was prepared from the poly(A)-
tailed CABYV RNA using the oligonucleotide 5’-GCC-
AAGCT,s (oligo 5) to prime cDNA synthesis. The cDNA
was then subjected to PCR using oligo 5 and oligo 4
(equivalent to nucleotides 3396—3415, Fig. 1B). The re-
sulting 2274-bp PCR product was digested with Hindlll,
which produced fragments of about 1800 and 500 bp.
The two fragments were purified and the larger was
cloned into Hindlll-cleaved pBS(—) (Stratagene) and the
smaller into Hindlll/Smai-cleaved pBS(—) to produce
pCA36 and pCAS, respectively (Fig. 1B). The insert of
each clone was completely sequenced on both strands
using the universal direct and reverse primers and prim-
ers specific for internal insert sequences. Sequence data
were also obtained for subclones of the pCA36 insert.
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1 A TAGC [CAACCAACPATIRATTTTCAGAC 1681 AAAATCCATGTOCATTY AAGTC
< CRF1)M QI E S V KQQLTIFRTP a SEIKQVIMDIKTIDVHSIEZKR QV
- c GNQTGNNGQNRCPFNREASG
61 CTACOOCACCCACGAGCATAAACATCGCAAG TTAAACG TAGCTAACTTTCTGATCAATC -
TRRTSINDRKLNVANTFLTINH 1741 AACT ll‘ﬂl— TEAGGTOROX
R V Q A LADEK L} S RRRGKR
121 c PSLGGGQ S H E E T E VAQTRAQEHK
a (RF2)M A PTYFAFFLLVC
< SFFLAINGTNTLLRLTFULARTLSTEP 1801
a SSKNSQPTSQVSSMPSTPGN
181 CICTGCTCATCAGTGAGCAGT TR TCAGGEGACTRIGTTTA! c FEELATDFSSFFDAQYTWENHQQ =
a LCSSVSSYQGT N LI PLEPR N
< LLISEQLSGD VYTPGA s K R 86 TCACAAAGTC TCTOOOOCAGTTTTACCACK
a K A G K K P Q DSTKSDPSPSFTT
241 GCATCATACTOGCTOGAT TOCACTGACA TTGORE TGO TOOCA! c GEEAPGFDKVGSLPQFYHA
a ASYWLDSTDTIAVPPSHPQUVAQ
< I I LARFHRHCGAPLPSSSAV 1921 CTRAX AAAATCTGCAAACAGCACT
a L NKREK A R I GE KSANSTQKW
301 TTRATCTACGACTGEONIEOCTC TCCATTTTTOCTOOOXGACATTACT ] KQKKSSNUWG D K ICKQHPEHM
a LIYDCPPQKMLRDFSSRDTIT
< DLRLPASKDVARFFLARIHYS 1981 TIC muummmm
a VISQRASGG P S S AQ LNT*
361 CIAGACCTX AACGAAMCCAGACRACCCTTTTCAGAGGCTATGCAG c DLTKGTFGWPQFGA K A ELKSL
a LELWERGYNETROQAFSEANMNQ
c RALGERTIQRNQTSLFRGYAETE 2041 TX AAGOIGAX XXOCTCATCTC
c RLQAARWLE R A Q SVKIPSSE
421 AATTTGCA TOGTGTTCC TCAATTTCACACAGK
a NLQNLLMSGVYVRQFHTGLES SHIL 2101 AN
c FAKFINVWCSSISHRLGETFT c EREHVIERCCRAYQAAKTNG
481 CTx( AAACRCAGK TCTC CACAGX 2161 GOOCGATGX TTCCTXC TICAAAC
a LHEHVILQTAAYTLGW ’l‘ S LIWATA c PMATRGDR L S W DNFLQDFKRQ
c PRNFTNGSIFVDLSNLGHSL
2221 AGGIGTOCTCTOGTTOGAAATAGACCAG TGTACATAGCTTACGGCA
S41 \TCGAGATGCTTACACTOGCCTASCTT c AVLSLEMDAGIGVPYTIAYGHEK
a CATWYLLSKYTIEMLTLASTL
< CDLVLAQQVHDRERDAYTRLAL 2281 AGCCAACCCAC. CAAGARACTC TOGTCTCA
2 < PTHRGWVEDIKTIKTL L P I LARLT
601 TRCATATOCACS sees GACTTGCCAATT
a YISTVYMVKMAAWTIPFPGODTLGPTI 2341 CCTTCAACOGTTNC TTAICEX
c HIHRIYGEDGGLDFWRLANTF [ FNRLQKMLEVRYVDLSPAEL
661 TOCCTT SCCTTTC TOGAGOGCTCTGTGGTACAAA 2401 TCTGTGACCCTATIC XGCACRAGC
a S L L K A G LSMVRGVSRALWYK c V R RGLCDPIRVFVEKGETPHTE KDQQ
e PSKSWPFNGERCLEGSVVQEK
2461 AACCA, TGACCAAT

721 ACGAGCTRCAAOK AGAGGGTTATCTTTCATTCAAAATTCCACRGAAC
RSYNAEKSVEG‘{LSFKKFQN
Q

a
e
781 COCCCCAAAAACTOGGT y Ve ATCOXGGTRTGCT
APFKNSVLQVQYKDGSHAGYA

841 ACTIGTGTCACGCTG TRCAATOGAACGAATGGAC TTCTCACCGIC TR TCATG TORC TG TC
a TCVTLYNGTNGLLTAYHVAV

901 CCAGGTACCAAAGTOG TC T ACCAGGAACGGAAACAAGG TTCCTCTCTCTGAA'
a PGSKVVSTRNGNE KVPLSETFHR

961 TCX TTCTOCTGCTAGOEEE TOOMOCAAACTGGGAA
a S IMESEKRDLVLLAGPPNGUWE

1021 GECACCCTAGOCTGCAAACCAGTTCAG TTOCAATC TGCUCAGAACCTTTGCAAATCAANG
a GTLACKAVQFQSAQNTLGCEKSEK

1081 GOCTOCTTCTATGCTTRAGAC ATCCAATI
4 ASPFYAYDGEGERGWNISSHNARIY®

1141 ATTOOGGAGIECAAAACCCATGCATC TG TG TTGAGCAA TACGGATOC TGGTCACAGTGRC
a I AEGKTHASVLSNTDAGHSG

1201 AX CAATGGCAGANC AC TAA
lTPYFNGRTVLGVHVGGAKDE

1261 AACTTCAATTACATGGEOCCCCATACIX TCACAAGCCCCAGCTACGAA
4 NPNYMAPIPPVYGLTSPSISYE

1321 TTTCAGACCAGEOCOCCCAAGEACECTG CTCATT
aFETTAPQGRLF’!‘QEEIEELI

1381 ACGTOCATAA TOGCGCATOGOMGATTICATCAAATG
aEEFSFSEITSIHGHRRFHQH

1441 CACGACTORCAGCGACATCAA GGAAACGAGCAGGIEXG
a HDSQRHQADYE S GNGQAA
c (CRF 3) K R VGKRAGGG
1501 GOGACCROCGAAACAACTECACCIGATOOCACCOOOGOGG TTOAGIGCAC

a ATAETTAPDATTP A V GRTSGD
¢ DRRNNRTRCHPRGWAUHEKTG®WR RR R
1561 T

a AQSPAAPSSPRVNTYTPPNK
c TVSCCSLFPEGQHVHTSERQT
1621 CEOGAAAACGCACTGCTTCTGCAGTR

a RENRTASAVSPTTSA S TDTL
c GKPHCFCSIPHHQC YRHFV

c AKLDEGR‘{RLIHSVSLVDQL

2521 TOGTAGOOUEGGTTT TR T TOCARAATCAAAACAAGIDIGACATAGCG T TG TGCAGAGTCG
c VARVLFQNQNEKRETIALWRVYV

2581 TTOCCTOCAAACCSG T TTTAGC T TG TC TACSGATGAGCAAG TEGOGGAGTTCATGCAGA
c PSKPGFGLSTDEQVAETFMNMQTI

2641 TTCTCTOMGONCAAG TOGGEC TAACGCC TTUGGATC TGATCACCGAGTAGRAGAGCOCATA.
c LSAQVGLTPSDLTITEWRAHM

2701 TCATAGC TTTCRGACTGRCTES
c IATODCSGFDOMWSVSDWLLEDD
2761 COCTEAG -

TAAACGAGACCACEOROG!
HBVRNRLTLDLNETTRRLRS

2821 ATATC TTOCTCTGOCTTIC T™RGGC
< WLYCISNSVLCLSDGTLLARQ

2881 AGAGAGTOX ACCTACAATAGTOATG XGAA
c RY POV AX SO YN SEFNSET

2941 TTACCACTSC
< RVMAAYHCGAEWANANGODDA

3001 AGCTTECIC CTCCAGOGTTACAAATCLCTX A
c LESACSNLERYKSLGFKVEETE

3061 AGTOCTCAAAACTASAA TTC TG TTCTCACATC TTTGAGAAACACGACC TOGOCATTONGG T

< SSKLEFCSHIFEXEDLAIPYV
3121 TOAKC CAAAATCCTC X AT
< NKAKMLYKLIHGYEPECGNUV
3181 TOGRAGTCCTGATT TCOCTGCTTTICTIRTICT CIC
c EVLINYTLA A CFSILNETL R S D
3241

c PSLVETLHQWLVAPVQPQKTI

3301 ACTAGOCAAGCACACAC TGCAAGK T
-

3361 GAGTCTOGT TACCAAGAG TOCACACAATRGAT TATAAGTTTCTCGCAGGATTTTCRAGCD

3421 GICTATIGTCTGCAATACCCATCACCG TRATORGACTX TR

3481 AGCACACGTOGTIX TGTOGOGGCTAGAARTCA yYeeel

a ORF4/6) M N TV AARNQNAG

b ORFFS)M Q G
L]

Fia. 2. Nucleotide sequence of CABYV RNA. The amino acid sequences of the long ORFs identified in Fig. 1 are written beneath the sequence,
which is presented as DNA. The nucleotide sequence has been assigned the accession number X76931 in the EMBL Data Library.

Finally, the junction between pCA8 and pCA36 was char-
acterized by primer extension from oligo 6 (Fig. 1B) using
viral RNA as template. The complete sequence, obtained
by combining the results from analysis of pCA13, pCAB,
and pCA36, was 5669 residues (Fig. 2).

The position of long ORFs on the CABYV RNA plus-
strand (no long ORFs were present on the minus-strand)
is shown in Fig. 1B and Fig. 2. Note that the CABYV
sequence possesses an ORF 1 counterpart and a long
sequence overlap between ORF 2 and ORF 3, character-
istics of luteovirus Subgroup 2.

The 5’-noncoding region of CABYV RNA is 20 residues
with the first eight residues, 5’-ACAAAAGA, identical to
the 5’-terminal sequences of BWYV and PLRV. The 5'-
noncoding region of BYDV(RPV) does not contain the
aforesaid octomer. The intergenic region separating the
end of ORF 3 from the beginning of the coat protein
cistron contains 199Tesidues, compared to 202, 196, and
185 nucleotides, respectively, for the intergenic regions
of BWYV, PLRV, and BYDV(RPV). It is interesting to note
that a second copy of the 5’-terminal consensus se-
quence is present near the 3’-terminus of ORF 3 in CA-
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PARRDRVVVVNE
GEGEETI SALRGATAWLWSTP

ATTOGGEEACCACCEIGEGAAGACTACAACGAAGA AN CGOCCACGACCTRAATAGAGGA
a- IGGPPRGRRQRRNRRRPNRG
LGDHRAEDDNEETADALTIEE

CAGGCGAAACATTTGTAT ARTCTCAR
PGETFVFSKDNLT
b AELEEEAQAKHLYFQRT!SR

GECAGTTOCACAGGAAG TATCACC T TORGOCCG TCTCTTTCAGAGAGACCAGCATTCAGC
GSSTGSITFGPSLSESPAPS
AVPQEVSPSGRLFQRAQHSA

a

b

3781 e XCTACK ATC XAGCTGGRGTTCATC
a SGILKAYHEBEYXIINVQLEFTI
b LEYSRPTMNIRSSWSSWSSS
384
a
b

1 TOMCAGEOCTCTTOCACCTOC TOGGGTTCCATK TOOCACTOCRMG
S EASSTS S G 5 I S Y ELDPHCK
PRPLPPPRVPSLMSWTPTAS

3901 c;-rvrwmrnu \TAAATT XTCACCA CAGACGT
a Qs T INKFGITKSGLRR
b L A P SNPRLINLESPRVDCDV

3961 TOGACOX AACCCAAGACCAGTICAAG
a WTAKQINGMEWHDATEDRQTFK
b GPLSRSTGWNGMMQPKTSS SR

4021 ATCCTCTATAAAGGGAATGGATCTTCC TURGTTORAGCAGCT TCAGAATCACCATCAAG
a I LYKGN G SSSVAGSFRITIK
b S SIKGM LPRLRAASESTPSS

4081 TOX TAGAACCC
aCQVQNPK'VDGSSPPPPSPS
b ARSRTRNR R

4141 CCAACOUCACCACC TOCACCACCOCC TCAGCC TCAACCOCAGCC TTGAGACCAGSTTTT
a PTPPPPPPPQPQPQPCARQRTF

TCACKC

201 AACCCACA,
a WGYEGNPQNEKTILTAENSRNI

4261 GATTOOIXX LTOCAAATCTACAAG TG AKG
a DSRPLNFUVQMYKWEDETKTUWDK

4321 GTCAACTTOCAAGCE
aVNLQAGYSRNDRRCKETYLT

4381 ATTOCAX TTGAMK CCTAGTC
a I PADKGKFHVYLEADGETFUVYV

4441 AN XACCT e X ool
a KHIGDELDGS SWLGNTIAYDVS

4501 CAAAGAGGTTCCAASTACEGAAT TACAAACCC TG TAAAATCACAAATTACCAATCTRAT
a QRGWNVGNYEKGCKTITNYQSN

4561 ACCTTTTIGTGCAGEACATOOCGACGCAACA ACTOE
a TVFVAGHPDATMNGE KSFDTA

4621 (OGGOGTTGAAGTCGA OGCTTCCTTOGAA] —_

a RAVEVDWFASFELECDDETESG

4681 AGCTOGGCTATATACCCOCCTOMCATACAGAAGGATTCTTOG TATAAT TACACCGTCTCA.
a SWAIYPPPIQKDSSYNYTVS

4741 ™ SGTATCAATCCACGAA.
AYGNYTEKYCEHGAISVSIDE

480 AT LCTAGTOACT
ADNNGNSPRRKPRRGVHAHST

4861 CCTGAACCATCTTTTTCAGGGGATCATAG TCRAAAGACARCACT TTAACACTOCTTOGCTT
a PEPSF SGDDSQRQDFNTPSL

4921 CAAGAGCGAGGTTOUGA ATCOGA AACCTTCTT
EERGSDALESEEKKEEDNLL

4981 GATC XOOGAC
aDLEEENIPDVDDDDLHKGXS

5041 CCTOCCTORGAAGCOGGAC TAGTCTAC CGTCTTOX
aRASEAGTAEDDRASTSSRLR

5101
a GNLKPXKGLPKPQPTRTTITETF

5161 AATOCTGGACK TXCGATCTAGCACK TCCAAA
a NPGPDLTIEVWRPDLAPGYSK

5221 GOIGACGTOOOAX POCGACAGTOCTUX T
a ADVAAATVLAGGS SVHEGRDM

" 5281 cTo TCTOCTCA

ALERREAKVHDSRKXHGILSS

5341 ACTTCCTCTCTTACTRGCGGAGCAT TCAGORCAC
a TS SLTSGALKIKLSAQSET KTLA

5401 ACATTCACAAC TOGUGAGGAG TGCAATATCAACCACT TAAAAACTCAATGCGTTCGACT
a TLTTGERVQYQRLEKNSMGST

5461 GTTGCAGCTGAGTAIX yiee AAACCTOCTAAAGAGTTCCTACT
aVAAEYLEKVLADKTS'

5521 ACTCTCAAG TAGGIGOCACTOCAA TACGCIGCAAGCTCAATCOGGARACTCAAGAACS

5581 CGTTRACGACTCX AAC A ¥

5641 CAGEEGEATTOCOCCTARGTTTOGTGT 5669

Fic. 2—Continued

BYV (residues 3293—-3300), as is also the case in BWYV
and PLRV (26). In PLRV and BWYV, the 5’-terminus of
the subgenomic RNA responsible for expression of the
ORF 4, 5, and 6 gene cluster has been mapped to the
first A of this sequence (26; V. Ziegler-Graff, personal
communication). A virus-specific RNA species of about
2.3-kb which presumably corresponds to this subgeno-
mic RNA is readily detected in CABYV-infected Cheno-
podium quinoa protoplasts and run-off transcription ex-
periments (data not shown) have shown that its 5'-ex-
tremity also corresponds to the first residue of the
ACAAAAGA repeat.

The 3’-noncoding region of CABYV is 161 residues.
The RNAs of CABYV and BWYV display considerable
sequence homology in this region with, in particular, per-
fect identity for the 3’-terminal eight residues. No particu-
lar homology was detected between the CABYV 3'-non-
coding region and the corresponding regions of PLRV
and BYDV(RPV).

Table 1 shows the degree of homology between the
deduced amino acid sequences of ORFs 1-6 of CABYV
and their counterparts in the other Subgroup 2 viruses.
The sequences were aligned with the program GAP (27).

The alignments reveal extensive homology between ORFs .

2-6 of CABYV and the corresponding ORFs of the other
Subgroup 2 members, with, generally, the closest homol-
ogy being with BWYV. The CABYV and BWYV P1 se-
quences displayed highly statistically significant homol-

ogy, as tested by Monte Carlo comparisons of the Quality
(27) of the alignment with the Quality values produced for
alignments of CABYV P1 to random sequences of the
same length and amino acid composition as the BWYV
P1 sequence. Similar tests with the P1s of BYDV(RPV)
and PLRV revealed marginal statistical significance for the
CABYV-BYDV(RPV) alignment and no significance for the
CABYV-PLRV alignment. We regard the similarity be-
tween the P1s of CABYV and BWYV as of particular taxo-
nomic importance in view of the low degree of relatedness
among the P1s of the other Subgroup 2 luteoviruses.

TABLE 1

AMINO ACID SEQUENCE COMPARISONS BETWEEN THE ORFs oF CABYV
AND THE CORRESPONDING ORFs oF OTHER SUBGROUP 2 LUTEOVIRUSES
'Y

BWYV® PLRV? BYDV(RPV)®
ORF 1 25 18 16
ORF 2 38 30 34
ORF 3 64 56 58
ORF 4 67 58 65
ORF 5 45 51 45
ORF 6 40 28 30

Note. Numbers are the percentage of identical amino acids in the
sequences aligned using the UWGCG program GAP (27).

¢ Ref. 3.

® Ref. 10.

°Ref. 11.
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~@———— PROLINEHINGE ————9» [ LUTEOVIRUS HOMOLOGY
CABYV VDGSSPPPPSPSPTPPPPPPPQPQPQPCAQ. .. ..... RFWGYEGNPQNKILTAENSRNIDSRPLNFVOMYKW.E 66
BWYV — VD. .EEPGPSPGPS KYRFIVYTGVPVTRIMAQSTDDAISLYDMP.SQRFRYIE 59
PLRV _ VDSGSEPGPSPQ. .....c.... HERFIAYVGIPMLTIQARENDDQIILGSLG.SQRMKYIE S9

BYDV(RPV) VD..AEPGPSPGPSPDPPPPPSPSPEPAPAK..... EERFIVYSGVAHTIISAQSTDDSIIVRDIP.DQRFRYVE 67 -
BYDV(MAV) VD.SSTPEPSPQPQ....PEPKPDPQPTPEPR. ...QKRFFEYVGTPYVVIQTRESSDSIAVKAMN.DQSFQYIE 65
BYDV(PAV) VD.SSTPEPKPAPEPTPTPQPTPAPQPTPEPTPAPVPKRFFEY IGTPTGTISTRENTDSISVSKLG.GQSMQYIE 73

Consensus VD PPP PPP /RF YG I I Q E

CABYV DEKWDKVNLQAG . YSRNDRRCMETYLTI PADKGKFHVYLEADGEFVVKHIGDELDGSWLGNIAY . DVSQRGWNVG 139

BWYV DENMNWTNLDSRWYSQNSLKAIPMII.VPVPQGEWTVEISMEGYQPTSSTTDPNKDKQDGLIAYNDDLSEGWNVG 133 - |
PLRV DENQNYTNISSEYYSQSSMQAVPMYY . FNVPKGQWSVDISCEGYQPTSSTSDPNRGRSDGMIAYSNADSDYWNVG 133 = '

BYDV(RPV) [NENFYWFQIAAQWYSNTNTKAVPMFV.FPVPIGEWSVEISTEGYQATSSTTDPNKGRIDGLIAY . DNSSEGWNIG 140 !
BYDV (MAV) [NETSEQRTVKAWWNSNNSVQAQAAFI.FPIPAGEYSVNISCEGLQSVDHIGGNRDGYWIGLIAYQSQSGDYWGVG 139 = {
BYDV (PAV) (NEKCETKVIDSFWSTNNNVSAQAAFV.YPVPEGSYSVNISCEGFQSVDHIGGNEDGYWIGLIAYSNSSGDNWGVG 147 H

Consensus |*E = s G v EG G IAY W G

CABYV NYKGCKITNYQSNTVFVAGHPDATMNGKSFDTARAVEVDWFASFELECDDEEGSWATYPPPIQKDSSYNYTVSYG 214

BWYV IYNNVEITNNKADNTLKYGHPDMELNGCHFNQGQCLERDGDLTCHIKTTGDNASFFVVGPAVQKQSKYNYAVSYG 208 i
PLRV EADGVKISKLRNDNTYRQGHPELEINSCHFREGQLLERDATISFHVEAPTD.GRFFLIGPAIQKTAKYNYTISYG 207

BYDV(RPV) |AGSNVTITNNKADNSWKYGHPDLEINSCHFNQNQVLEKDGIISFHVKATEKEANFFLVAPPVQKTSKYNYAVSYG 215
BYDV (MAV) |NYVGCDITNLLGTNTWRPGHEDLELNSCKFTDGQIVERDAVISFHVKARGADPKFYLMAPKTMKADKYNYVVSYG 214 = 3
BYDV (PAV) |NYKGCSFKNFLATNTWRPGHKDLKLTDCQFTDGQIVERDAVNS FHVEATGKDASFYLMAPKTNKTDKYNYVVSYG 222 = 3
Consensus GH D F ED s * P K YNY SYG

1
CABYV NYTEKYCEWGAISVSIDEDNNGNEP. .. .RRIPRRG.VMAWST...... PEPSFSGDDS...... QRQ..cc0nn 265
BWYV AWTDRMMEIGMIAIALDEQ.GSSGSV.KTERPKRVGHSMAVSTWETIKLPE. . .KGNSEGYETS.QRQ. . ... Ds 272
PLRV DWTDRDMELGLITVVLDEHLEGTDSAYRLRRPLREGHTYMVSPNE. . . . PEGKPVGNKPRDETPIQTQ. . ... ER 273
BYDV (RPV) |[AWTDRDMEFGLITVTLDEK.RGSGS. . PTRKSLRAGHAGVTTTTDLVALPE. . .MENS .GIETS.ETPSAPVTSS 282
BYDV(MAV) |GYTDKRMEFGTISVTVDESDVEAERYSRHTSTVRRTE. . ... NRDYGWMNVLPPY.NPD. .QVPEQEDEQPVVDK 281
BYDV (PAV) |GYTNKRMEFGTISVTCDESDVEAER ITRHAETPERSKHILVSER. YA. . EPLPTIVNQGLCDVKTPEQEQTLVD. 293
*

Consensus T EGI DE

CABYY. oooeien DFNTPSLEERGSDALESEEKKEEDNLLDLEEE. . . .NIPDVDDDDLWKGISRASEAGTAEDDRASTSSR 330
BWYV K....TP.PTAS..GG.SDTLDVE. . .EGGLPLPVEEE..... IPDFVGDNPW. . . SDLSTKNSQEEEAMSSESG 328
PLRV K..ooon PDQTPS. .DDVSDAGSVN. . . SGGSTESLHLE. . ... Bovn:Binns scomisie e LNSDSTYDATVDGT 317
BYDV(RPV) K....APLPTVS......... DSE...SEDDPLSAA........ PR VG o o camies « sootormets < sioimisars FGG 309
BYDV (MAV) EMDAGSPIDTASLTSDTEAEKAFDLKEEELTRAILEYEAATVSIPDAAPDIL............ PSKSEMSSKPI 344
BYDV(PAV) EDD....RQTVSTESDI....ccovcvvenee ALLEYEAATAEIPDAEEDVL............ PSKEQLSSKPM 337 b
Consensus TS 2 *
[ CABYV/BWYV/PLRV HOMOLOGY —
CABYV LRGNLKPKGLPKPQPT. . . . RTITEFNPGPDLIEVWRPD . LAPGYSKADVAAATVLAGGSVHEGRDMLERRE. . . 397
BWYV LRPQLKPPGLPKPQPI. .. .RTIRNFDPTPDLVEAWRPD.VNPGYSKADVAAATIIAGGSIKDGRSMIDKRN. .. 395
PLRV DWPRIPPPRHPPEPRVSGNSRTVTDFSPKADLLENWDAEHFDPGYSKEEVAAATI IAHGSIQDGRSMLEKREENV 392
BYDV(RPV) TR....... LLIDTDI....KTI....PDPDVADAF....VNSAHVGVDPWA. ......... EVRAF. .KR.... 349
BYDV (MAV) DRD...GRSLPKSQ.. - TKEVLGTYQGQNITS....DDVPPV.......... IAEKL..REVNR 386 P
BYDV(PAV) BUS .. .QNIIPKPK...ovvsnen saiin EPEVLGTYQGQNIYP....EDVPPM.......... ARQKL. .REAAN 379 i
Consensus * * D* * B I * e« + -
CABYN . ° cissssmmesdisias s o AKVMDSRKKW.-o. . ......... GILSS..TSSLTSGALK.KLSAQSEK. .LATLT 435 H
BNV e o vieai el s ot KAVLDG....... REKSW....o « corviocsieiesd G..SSLA.SSLTGGTLKAS. .AKSEK. .LAKLT 431 ]
PLRV KNKTSSWKPPLPKAVSPAIAKLRSIRKSQPLEGGTLKKDATDGV . SSIGSGSLTGGTLK . . RKATFEENLLQTLT 464
BYDVARPV) o acoois vioos AoedQovoanns REDPR . o0 sreiais s wiamie GP.SSVASSSLSGGSLRGSLRPKTED. . . PKDS 384
BYDV (MAV) APSTLLYDRQ.PKQPKNPLTRFVLSNK. ....0v0vuu.nnn TSTASPGSQSSTAG. . .t v vvvvvennnnns MT 428
BYDV (PAV) APSTLLYERRTPKKSGNFLSRLVEANRS............ PITPTA-B.SVEBTTEN. . coivnoiv s stoimisriin ois MT 423
Consensus ST * LA
CABYV TGERVQYQRLKNSMGSTVAAEYLEKVLADKTS . ... ......... 467
BWYV TSERARYERIKRQQGSTRASEFLESLLAGEDPDSRF......... 467
PLRV TEQRLWYENLKKTNPPA. ATQWLFKYQPPPQVDRNLAEKPFQGRK 508
BYDV(RPV) SKSKSR. .. .KWSLGSLR: . ivconiingvas o isess sl ssinle 398
BYDV (MAV) REQASEYTRIRKSLGLTAAKQYKASLDDT......vv0vueunnn 457
BYDV(PAV) REQLREYTRERNSSGITAAKAYKAQFQ.....0ovvuveueunan. 450
Consensus K *

Fia. 3. Amino acid sequence homologies in the luteovirus readthrough (RT) domain (ORF 6). The positions of the proline hinge, the luteovirus
homology subdomain, and the CABYV/BWYV/PLRV homology region are indicated. Residues which are identical or similar (R and K, S and T,D
and E, Y and F) in all six sequences are identified in the consensus sequence. Positions in which the three viruses transmitted by M. persicae
(CABYV, BWYV and PLRV) have identical or similar residues which are different from the other luteoviruses are indicated by asterisks in the
consensus sequence. The alignment was generated with PILEUP (27).

Detailed analysis of the amino acid sequences of CA- BWYV and‘PLRV, the site of the frameshift has been
BYV ORFs 2 and 3 reveals the presence of the consensus mapped to a “slippery” heptanucleotide located a few
sequence motifs found in other luteoviruses (see Ref. 5 residues upstream of a pseudoknot (75, 76). A slippery
for a review). In particular, ORF 2 contains the putative heptanucleotide GGGAAAC (residues 1482-1488) fol-
active site residues for a chymotrypsin-like protease lowed by a pseudoknot is also present near the begin-
while ORF 3 contains the well characterized “core” RNA ning of the ORF 2—ORF 3 overlap in CABYV.
polymerase sequence motifs present in the RNA-depen- As noted above, ORF 6 of the luteoviruses is expressed
dent RNA polymerases of all plus-sense RNA viruses as an ORF 4-0RF 6 fusion protein (RT protein) by transla-
(see Ref. § for a recent compilation). As noted above, tional readthrough of the coat protein UAG termination
ORF 3 of luteoviruses is expressed as an ORF 2—-0ORF 3 codon. The sequence context in the vicinity of the “leaky”
translational fusion protein by a —1 frameshift in the UAG is identical for all the luteoviruses . . . AAAUAGGU-

region of sequence overlap between the two ORFs. In AGAC . . . (termination codon underlined). The RT pro-
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tein or degradation products thereof can be detected in
association with partially purified virus particles (18, 28)-

and it has been suggested that the RT domain itself,

which is subject to partial proteolytic degradation in the
course of virus purification (78), is probably exposed on
the virion surface where it may contain determinants im-
portant in virus—vector interactions.

Multiple sequence alignment of the RT domain of all
luteoviruses reveals considerable homology (Fig. 3). The
region immediately downstream of the coat protein termi-
nation codon is very rich in proline. This “proline hinge”
(Fig. 3) may serve as a loose tether joining the coat
protein moiety (presumably- anchored in the virion cap-
sid) to the rest of the RT domain. The rest of the RT
domain can be divided into two parts: the C-terminal
distal region in which there are a large number of posi-
tions absolutely conserved homology among all the se-
quenced luteoviruses (the “Luteovirus Homology Subdo-
main”; Fig. 3) and the C-terminal proximal region, which
displays much less overall homology.

CABYV, like BWYV and PLRYV, is efficiently transmitted
by M. persicae but this.aphid is not an efficient vector for
BYDV(RPV), BYDV(MAV), and BYDV(PAV) (29). Evidently,
comparisons between the CP and RT domain sequences
of these two classes of virus could identify “M. persicae-
specific” sequence motifs. This analysis reveals that
such motifs are more abundant in the RT domain than
in the CP. Thus, the aligned coat protein sequences of
the aforesaid luteoviruses contain only two positions with
the same amino acid in CABYV, BWYV, and PLRV but
absent from the other luteoviruses (data not shown). The
C-terminal portion of the RT domain, on the other hand,
contains a high content of such vector-specific residues
with, in particular, a region about 70 residues from the
C-terminus (bracketed in Fig. 3) in which 17 of 44 resi-
dues are identical exclusively in CABYV, BWYV, and
PLRV. It will be interesting to determine if this region is
of particular importance in conferring specificity on the
aphid transmission process.
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