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Sequence of Subterranean Clover Stunt Virus DNA: Affinities with the Geminiviruses
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The nuclectide sequences of seven circular, single-stranded DNA components of one isolate of subterranean clover stunt
virus {(SCSV) have been determined. Each component, of about t kb, appears to encode a single open reading frame in the
same sense as the encapsidated DNA. Notably, the proteins encoded by two SCSV components are related. Each has a
consensus nucleotide binding motif and shares about 40% amino acid identity with the other and with the putative replication
proteins of banana bunchy top virus and coconut foliar decay virus. The noncoding regions of the five other SCSV components
share a highly conserved noncoding sequence of about 160 nucleotides. All seven components were found to contain a
sequence capable of forming a stable stem—loop structure in the nencoding region which contains a conserved 9-nucleotide
sequence in the loop, very similar 1o that of the geminiviruses. In addition, the putative replication proteins of SCSV are
similar to those of the geminiviruses. We suggest that the SCSV-like viruses and the geminiviruses share a common ancestor

and that this ancestor was mere like SCSV in particle structure and genome organisation.

INTRCDUCTION

Subterranean clover stunt is an obligalely aphid-trans-
mitted viral disease of Trifolium subterraneum L. (subter-
ranean clover) and several other pasture and grain le-
gumes in Australia (Grylls and Butler, 1956; Smith, 1966},
It is transmilted in a persistent manner but dogs not
appear to replicate in the aphid vector (Grylls and Butler,
1959), It is found throughout Australia and can cause
yield losses of up to 65% {Grylls and Butler, 1956). The
symptoms of infection include stunting, leaf distortion,
yellowing of younger leaves, and reddening of older
leaves (Grylls and Butler, 1858} Virus-like particles asso-
ciated with the disease were found to be isometric, 17—
19 nm in diameler and construcied from coat protein
subunits of 19 K {Chu and Helms, 1988). Each particle
appears 10 encapsidate one circular, single-stranded
DNA molecule of about 1000 nucleotide residues and a
short complementary primer sequence {Chu and Helms,
1988). The genome of the virus, subterranean clover stunt
virus (SCSV), is composed of several distinct circular
molecules {Chu and Helms, 1988).

SCSV was suggesled (o be a representative of a new
group of plant DNA viruses (Chu and Helms, 1988) that
may include banana bunchy top virus (BBTY; Harding st
al, 1991} and coconut foliar decay virus (CFDV; Rohde
et af, 1990). BBTV is transmilted by aphids and CFDV is
transmitted by a leaf hopper. BBTV and CFDV have circu-
lar single-stranded DNA genome components and small
isgmetric particles of 17-20 nm. Six DNAs have been

The nuyclealide sequences repotted in his paper Nave teen depos-
ited with GenBank under Accession Nos. U18730 to U16736.
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identified in BBTV (Burns ef a/, 19931 The sequences of
one DNA component each of BBTV and CFDV have been
reported {Harding af af, 1893; Rohde et &/, 1930). The
oy other group of plant viruses with circular single-
stranded genomes are the geminiviruses {Francki et al,
1991). However, the DNA components of geminiviruses
are larger {about 2.7 kb} and they have a unigue geminate
particle structure (for reviews, see Davies and Stanley,
1989; Lazarowitz, 1992).

We report here the sequence of seven DNA compo-
nents derived from one isolate of SCSV. The genome
organisation and seqguence, although distinctive, show
distant similarity to geminiviruses, indicating commen
ancestry. SCSV may provide clues to the evolution of
both viral groups.

MATERIALS AND METHODS
Cloning of SCSV DNA

The recombinant DNA technigques used were generally
as described in Sambrook et a/. (1988). The F isolate of
SC8V (Chu et af, 1993), previously isolated from a field-
infected subterranean clover plant {Chu and Helms,
1988), was used for the sequencing. Full-length clones
of the SCSV genome components were created from the
replicative form {RF) DNA of the F isolate as described
in Chu et al. (1993). Additional clones required to com-
plete the sequencing were created using the polymerase
chain reaction (PCR) with SCSV-specific primers comple-
mentary to known sequences flanking the gaps and RF
DNA as the template. The PCR mixture contained 2 mAf
MgClI, 50 mM Tris—HCI, 560 mM KCI, 10 mM DTT, 0.5 mM
dNTPs, and 0.2 units of Cetus Amplitaqg. After addition of
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the DNA and primers the mixture was subjected to 30
cycles of denaturation for 45 sec at 95°, annealing for 45
sec at 60° and extension for 2 min at 72°. The PCR
products were either digested with restriction endonucle-
ases (New England Biolabs) or end-filled with T4 DNA
polymerase (New England Biolabs) and ligated into the
Promega pGEM3Z and 5Z plasmids at appropriate sites.
Recombinant plasmids were electroporated into Esche-
richia coli NM5B22 using the Bio-Rad Gene Pulser. Clones
were analysed by restriction endonuclease digestion and
agarose gel electrophoresis using £coRl-restricted SPP-
1 bacteriophage DNA (Bresatec) as size markers. The
identity and orientation of the M13 clones were deter-
mined by hybridisation (Sambrook et af,, 1989} to probes
derived from purified virion DNA. Probes for the virion
strand were prepared by synthesising cDNA from the
endogenous primer using the Klenow fragment of DNA
polymerase | (New England Biolabs) and [a-**PldCTP.
Probes for the complementary strand were prapared by
end-labelling linear breakdown products in the prepara-
ticns of viral DNA with T4 polynucleotide kinase (New
England Biolabs) and [y-2PJdATP.

Clones representing component 7 were obtained by
PCR using back-to-back primers. Adjacent primers
matching SCSV DNAs give rise t0 1-kb PCR products
since the DNAs are circular. The primers were based on
the sequence of one of a few randem small clones from
the original fietd isolate of SCSV (unpublished data}, from
which the F isolate was derived. The sequence of this
clone did not correspond to any of the six components
which had been found at that stage.

Sequencing of SCSV DNA

The dideoxynucleotide chain-termination method
{Sanger et al, 1977) was used 10 sequence either M13
single-stranded DNA templates (Sambrock et a/, 1989)
or dsDNA templates prepared by the CTAB method (Del
Sal et a,, 1989) from the clones described in the previcus
saction. The U.S. Biochemicals Sequenase |l DNA se-
quencing kit was used. Sequence analysis was carried
out using the University of Wisconsin Genetics Computer
Group Sequence Analysis Software Package (Devereaux
et al, 1984).

Colony hybridisation

A SCSV library in £. coli NM522, generated by cloning
SCSV RF DNA digested with Ecod 71l inte pGEMSZ, was
spotted onto a plate covered with a nitrocellulose filter
and a replica plate. The plates were incubated overnight
and the DNA was extracted from the colonies as in Sam-
brook st al. (1989). Probes were made using primer ex-
tension from viral DNA with random hexamers as primers
with the Klenow fragment of DNA polymerase | (New
England Biolabs) and [w-**P]JdNTPs, ard by end-labelling
component-specific primers with polynuclectide kinase
{New England Biolabs) and [y-**P]dATP. Hybridisations

were carried out using Hybond N+ membranes and Hy-
baid tubes and ovens according to the methods in the
Hybond manual.

RESULTS
Number of genome components

Seven components of the F isolate of SCSV have been
identified. More than 20 restriction endonucteases were
used to create the full-length clones of these compo-
nents. Some partial-length clonas were also created with
Saw3Al, Hpall, and HinPl digests (Chu et a/, 1993). Given
the small size of the DNAs, however, there may have
been other viral components present which did not con-
tain sites for any of those enzymes and would, therefore,
have been missed. Three approaches were taken 1o de-
termine whether more components were prasent in the
F isolate.

The first approach, using back-to-back primers based
on a random SC8V library obtained from the original field
isolate and which led to the discovery of component
7, has been described. Second, a more comprehansive
library was constructed from the RF DNA (Chu er al,
1993), using the 4-base restriction enzyme HinPl, and
sequenced. HinP| was chosen because its sites oc-
curred at least once in all of the companents. No novel
3C3V-specific sequences were found. Finally, & unique
Eco471l site is present in the highly conserved region
shared between all of the cemponents except those two
which encode presumptive replication proteins. Other
SCSV components might be expected to contain this
common region. The RF DNA was, therefore, digested
with this enzyme, end-labelled with [e-*PJdCTP using
the Klenow fragment of DNA polymerase |, and electro-
phoresed on a 4% polyacrylamide gel. The band corre-
sponding tc approximately 1 kb was extracted and
cloned into the EcoRV site of pGEMbBZ. The clones were
prabed with *P-labelled DNA from all known SCSV com-
ponents. No new components were identified amongst
the 134 clones screened.

Sequence of SCSV and identification of ORFs

Figure 1 contains the sequence for seven components
of the F isolate of SCSY determined in both orientations
with an average of sevenfold redundancy from clones
described in Chu et al (1993) and the other clones de-
scribed in this paper.

A few nucleotide variations were found between differ-
ent clones of the same DNA compenent in the F isolate.
In component 4, position 132, in the noncoding region,
there was a G rather than an A in one clone, and in
position 588, in the coding region, there was a T instead
of C in another clone, which changes the encaded amino
acid from Pro to Arg. In component 7, position 775, in
the coding region, there was an A rather than G in one
clone, which changes the encoded amino acid from Gly
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Component 1

TAGTATTACCCCCGTGCCGGGATCAGAGACATTTGACCAATAGT TGACTAGTATAATAGC CCTTGGATTAAATGACACGTGGACGCTCAGGATC TG TGATGC TAGTGAAGCGCTTARGCT

M
GAACGRATCTGACGGAAGAGCGTTCACACTTAGATCTAGTTAGCGTACT TAGTACGCGTTGTCT GGG TCTATARA TAGAGTGC T TC TGAACAGATTGTTCAGAATTTCATAGCGAGATG

D 8§ 6 DG Y NT Y S Y EEGAGTDA AT K KEVILYXTIOGTITIMTILOGCCTIVG IV VL W
GATTCTGGTGATGGTTACAATACATACTCATATGAAGAAGGTGCTGGAGATGCGAAGAAGGAAGTTTTATATAAAATAGGTATTAT TATGT TATGTATTGTAGGGATTGTAGTTTTATGG

v L I I L ¢ ¢ A V PR Y AU X S TMH¥DAWILS S § 8 I M KRIXKMMASEKTITGT P F
GITTTAATTATATTATGTTGTGCTGTTCCTCGCTATGC TAAATCAACGATGGACGCTTSGTTATCTTCGTCTTC TATTATGAAGAGGAAGATGGC TTCAAGGATTACTGGTACTCCGTTT

EETOGUP HREU RURWAET RRTEA ATNU QNWNNDNVYVNRF 58 *
GRAAGARACTGGTCCTCATCGTGAARGARGATGGGCTGAARGAAGAACTGAAGCGACGAACCAGRAT AATAATGATARTGTAAMATAGATT TAGT TGATATGTTGTAATTTTATATGGATTA

AMGAGAATTATTATTATTCTGTTCTTCGTC PGTGTT T T T TAAGC TP T T T CTG TG TT TTAATGGCOTCTGCAGAGAGAAAGGAATAAT TG TAAGG TAGACGACCATGTAGTGGATTACAGT

TGTCTTTACTTCGCCTCGAAGAAAGACACATTTCAAGTTETGAGTGTTAT TGC TTT TG AGGAAGCTTCCTCGAAGCAGCGTATAACT TTAATTTGAATTTGGTTTTGGCGCGTTAGTGAA

ATTGCGGECTOTAAACGTGTCAAGT TGTGAGTGGCTGAAATAAGAT AATAGATATATTAT TATTGTTTTAAT TTARTTCCGCGAAGCGATATGT TAAGTGAT ARATGAAACGAAGCGTTTT

GATGACGTCATATGTCTCCGTGCCTACGTAGCACGGEGCT

Component 2 (replication protein)

= M A R R Y C F T™L N ¥ A T
TAGTATTACCCGACCTTGCCACACCTCCTTGGARCACT TTCTCTCTCTAGAAAGTGTGAGACTT TCTCTCTC TAAGC TTATATGGC TAGAAGGTACTGTT TTACATTAAATTACGCTACT 120
E I ERETUVPF L S5 L F S QDETLNTYV FVV GGDETATTSGQQIE KEHEULOGQGEGF V 5 F K
GAGATAGAGAGAGAAACATTCCTCTCCCTCTTCTCTCARAGACGAATTAAACTATTTCGTTGTCGGCGACGAAACTGCAACTACTGGACAGARACACCTCCAGGGATTTGTATCGTTCAAG 240
N K I R L G &G L K XK K F G NZRWAHWETIAU®RTGS D 8 N R D Y C C K ETTUL I § E
ARCAAMATTCGTCTTGGTGGAT TGAAGARGARATTTGGTAATCGAGCTCACTGGGARATTGCGAGAGGCAGCGATTCTCAGAATCGCGAT TATTGC TEGTAAAGAAACCCTAATTTCTGAA 360
I &4 I P VM K G S NKIRIEKTMETITYEET DT PETEMMMT GQTILIEXDIDUPUDT®ATLURTCIEKWATZEKK
ATTGGGATTCCGGTCATGAAGGGETTCGAACAAGCGGAAGACGATGGAGATTTATGARGAGGATCCCGAAGAAATGCAAT TGARGGATCCAGATACTGCTCTTCGATGTAAGGCGARGAAR 480
L XK E E Y ¢ s C Y D F g KL RP W OTIETLUHAAILDMYM®BAEUPU DU DT RGSETITIWYVY & &
TTGAARGAGGAATATTGTTCCTGTTATGAT TTTCAGAAACTCCGTCCATGGCARATTGAGCTTC ACGAGGAT TTAATGGCGGAACCAGATGATCGGAGTATCATCTGGGTCTATGGTTCA €00
D ¢ ¢ £E @ K TS F A XK EULTIUZ RY G WV F Y T™AOGOGI K TOQQD VL Y MY A QD P ER N
GACGGAGGAGAAGGAAAGACGAGCTTCGCGAAGGAATTAATCAGGTATGGATGGTTT TATACAGCCGGAGGGAAGACCCAGGACGTATTATATATGTATGCTCAAGACCCAGAGAGGAAT 720
I AF DV P RCS S EMMU©NYQAMEMTLI KXINIERVWYPFPFASTI K Y RPVVDILUCTITRK
ATTGCGTTTEATGTTCCCAGETETTC TTCGGAGATGATGAACTATCAGGCGATGGAGATGTTGAAGRACAGAGTTT TTGCAAGTACAAAATATAGGCCTGTAGATCTTTGTATTAGGAAG 840
L vV HL I VF ANUVVAZPDU®PT® RTISET DU RTLUYI I NGL *
TTAGTTCATTTAATTGTGTTTGCCARCGTGGCACCTGACCCCACGOGCATAAGTGAGGACAGAC TTGTAATTATC AAT TGTTGAATAAAAGAATATATAT TATTGTTTTAATTTAATTCC 960
GCGRAGCGGTAGCCGGTCATAACACTGTTGCCCTTGGAACACTATATATAGCAAGGTCGGLT 1022
L it —
Component 3
R
TAG'I‘ATTACCCCCGTGCCGGGATCAGAGACATT'ICACCAATAGT’I‘GACTATGMTM’I‘AGCCCTTGGATTAGATGACACGTGGACGCTCAGGATCTG’I‘GA TGCTAGTGAAGCGCTTAAGC 12¢
TGARCGAATCTCACGGAAGAGCGGACATACGCACATGGATTATGGCCCACATGTCTAAAGTGTATCTCTTTAC AGCTATATTCATGTGACGTAAGATGCTTTACTTCGCCTCGAAGTAAA 240
GTAGGAAATTGC TCGCTAAG T IATTC TTTTCTGAAAGAAATTAATTTAATTC TAAATTARATTAAATGAGTGGCTATAAATAGATGT TTCGTCT TCGTTGTTT TACRACGARGCTTAGAA 360
MALRYFSHLPEELKEKIMNEHLKEIKKKEFLENVIKR
TCTTGTGTTAATGGCETTAAGGTATT TCTCTCATC T TCCTGAAGAAC TGAAGCAGAAGATTATGAACGAGCACTT GAAGGAAATTAAGAAGAAGGAATTTCTAGACAATGTAATTAAAGC 480
ACAVFEGLTKKESVEEDDILRFSGFLEGLSAYYAEATKKK
TGCGTGTGCTGTGTTCGAAGGT TTAACARAGAAGGAGTCTGTTGAAGAAGACGACATACTACGCTTC TCTGGGTTTC TEGAAGGTCTGT! C'fI‘GC ATATTATGCAGAGGCGACGARGAAGAR 600
CLVRWKKSVAINLKWRVMEEMHYKLYGFADMEDLYCSELG
GTGTITAGTTAGATGCAAGAAGAGCGTTGCAATAAATCTCAAATGGAGAGTTATGGAGGAGATGCAT TACAAGCTTT ATGGATTTGCAGACATGGAAGATTTATATTATTCAGAGTTAGS 720
FPNYGEDDVAYHDGAIVNCKQLEVVFDDLGIEFMSIVIDR
GTTTCCTAATTACGGTGAAGACGATGTAGC TTATCACGATGETGCAATTCTARMA T TGTAAGCAATTAGAAGT TGTATTTG ATGATTTAGGTATTGAGTTTATGTCTATTGTAATTGATAG 840
G S I K I E L *
AGGTTCTATTAAGA’I‘AGAA'I‘TATGAGA’I‘GTAATTG’KEATTAATGAAMGAGTTGTTA'I'I‘AT’I‘C'I'!"IGAA’I“I‘ACTCCGCGAAGCGGTGTGTTATG’I‘T’I“TTG‘I TGGAGACATATGACGTC 960
ATATGTCTCGCCGACAGGCTGGCACGGGGCT 981

FIG. 1. Sequence of SCSV. The sequence of each component is listed separately, with the deduced amino acid sequence of each ORF shown
above. Known or possible functions encoded by a component are indicated in brackets. The stem—loop sequence is marked by the arrows, the
potential TATA boxes and polyadenylation signals are underlined, and *denotes the translation stop coden. The amino acids comprising the
nucleotide binding motif in the putative gene products of components 2 and § are shown in bold italics.

to Asp. In the variable positions the sequences presented
in Fig. 1 show the nucleotide most commonly found. It
is possible that some of these differences were artefacts
of PCR. )

Figure 2 containg a linear representation of the SCSV
genome organisation showing the relative positions of
the ORFs, gene regulation signals, and a highly con-

served common region. In addition to an AAUAAA-like
polyadenylation signal, all components have a down-
stream UG-rich sequence: UG-rich sequences are found
associated with many polyadenylation signals and may
be required for efficient termination (Gil and Proudfoot,
1984; Conway and Wickens, 1985). The possible TATA
boxes and polyadenylation signals are appropriately

120

240
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Component 4

TAGTATTACCCCGTGCCGGGATCAGAGACATT TGACTAAATGTTGACTTGGAATAATAGCCCTTGGATTAGATGACACCTGGACGCTCAGGATC TGTGATGCTAGTGARGCGCTTARGCT
GRACGAATCTGACGGAAGAGCGGACARACGCACATGGAC TATGGCCCACTGCTTTATTAARGAAGTGAATGACAGCTGTCTTTGC TTCAAGACGAAGTARAGAATAGTGGARRACGCGTA

M A D W F H
AAGAATAAGCGTACTCAGTACGCTTCGTGGC T TIATAAATAGTGCTTCGTCTTAT TCTTCGT TGTATCATCAACGAAGAAGTTAAGCTTTGTTCTGCGTTTTARTGGCGGACTGGTTTCA

5 A LETCTHE®RVY {CDPF S DI K AGS S QQDPF F CCDS HMRSEGRTL S EPRERKWV L
CAGTGCGCTTAAGACATGTACTCATGTCTGTGATTT TTCAGATAT TAAGGCGTCTTCACAACAGEGATTTC TTC TG TTEGTGATAGTATGCGAGGTAAATTATC TGAACCTAGGAAGGTGTT

L v §CFVSFT®GSTFTYGS NRNTVIERTEGE VYV QLGH G QDTDG GV VREPTIGT YT
GTTAGTTAGTTGTTTTGTAAG T TTTACTGGTAGT T TTTATGGAAGTAAT AGGAATG TTAGAGGTCAAGT TCAGTTGGG TATGCAGCARGATGATGECGT TG TTCGTCCAATAGGATATAT

P I 6 G Y L YHDODVY G ¥ ¥ Q G E XK TV F-NULDTIESDT YT LU KUPUDETDTFWIXRIPEFT
TCCTATTGGGGGTTAT TTGTATCATGATGATTATGGATATTATCAAGGAGAGAAGACGTTCAATCTGGACATCGAGTCAGATTATCTGAAGCCTGATGAAGAT TTTTGGAAGAGATTTAC

I NI Vv N DKOGUL DD RTCCDUWVE XK CY VYV VYV HTM®RTIEK V *
AATTAATATTGTARATGATAARGGATTAGATGATAGETGTGATGTARAATGTTATGTAGT TCATACGATGCGTATTAAGGETGTAATTGTTAT TAT CAATARAAGAATTT TTATTGTTATT

GTGTTATTPGGTAATTTATGCTTATAAGTAATTCTATGATTAATTCTGAATTAATAAGACTAATGAGGATAATAAT TGAAT T TGAT TAAAT TAACTCTGCGAAGCTATATGTCTTTCACG

TGAGAGTCACGTGATETCTCCGCGACAGGCTGGCACGBEGCT

Component 5 (coat protein}
o |
TAGTATTACCCCGTGUCGGGEGTCAGAGACATTTGACTARATATTGAC TTGEAATART AGCCC TTGGATTAGAT GACACGTGGACGC TCAGGATC TGTGATGC TAGTGARGCGCTTARGCT

GAACGAATCTGACGGAAGACCCTCATGGTCCACATCTCTARACAATAATGC T TTACAGCTGTATTGATTTCACTT TACGCGCTTTACTTTAATTGC TTTAAGT ARAGTAAGATGCTTTAC
TTTGCTCGCGACGAAGCAAAGTGATTGTAGCTGCAGRAATTGATGCTTTAATTACCGEGTAACACGG M TGAT TG TGGGTATARATATGTTCTGTTCGT T TTC T TCGTTGTCATTTTACA

M vV A VR WGRUEXKGLRS Q R R XY s RTIAYXK PP S 8 KV YV S HV E S V L
ACGAAGATGGTTGCTETTCGATGGGCAAGAAAGGETCTGAGGTC TCAAAGGAGAAAATATTCGCGAATTGCTTACARACCTCCTTCGTCTAAGGTTGTAAGTCATGTGRAGTCTGTTC TG

N XK R D VT GAMZEVYV KEKEPF ADG S5 R Y S5 H¥ KXV ML I ATULTMAPUGETLVNY
AATARGAGAGATGTTACTGGAGCCGAGETTARGCCATTCGCTCATCCTTCARGGTATAGTATGAAGAACCTAATSTTGAT TGCAACATTAACTATGGC TCCTGGAGAATTAGT TAATTAT

L T VvV K §8 N 8 p I A N W S 8§ 8 F § N P S L MV KE 5V QDTUVTTIUVGG G EKLE
CTTATTGTGAAGAGTAATTCGCCTAT TGCGAATTGRAGTTCGTCTTTCAGT AATCCTT CGTT GATGG TGARAGAGTCTGTTCAAGATACAGTTACGATTGTTGGAGGAGGAAAGCTTGAG

S 8 & T A G KDV T K S F RKXKVF V KLSGUS 3G I §8 ¢ T HL ¥ L I I ¥ S5 S8 D A& MK
TCTTCTGGTACTGCTGGTARAGATGTAACTAAGTCTT TTAGGAAGT TTGT TAAGCTGEGTTCAGGTAT TAGTCAGACCCAGCATTTGTATT TAATTAT T TATTCCAGTGATGCGATGAAG

I T L ET®RMY I DV *
ATCACACTCGAGACGASAATGTATAT TGATGTATAAT TG TGATGAT TAATGAATARAGAGTTCTTT TTAT TCTT TGAAT TACTCCGCGAAGCGETETGT TATGTTTTTGTTGGAGACATA

TGACGTCATATGTCTCCGCGACAGGC TCGCACGGGGLT

Componant 6 (replication protein)
e M P TR Q S T S WV F TILWNUV FESGETIU®PTITULTPF
CAGTATTACCGCACCTCGCTTACCCTCCTCGCTTCCCTGGGCCCACTATGCCTACTAGACAAAGCACTAGTTGGETGTTCACACTTAACTTTGAGGGCGAAAT TCCTATTTTGCCCTTTA

N E § vV Q Y A C W Q HEUZRVYVY G HD EL @G F I QF KBS RMNTTULRZGATZ RKTYTIVF¥N
ATGRARGCGTTCAGTACGCTTGTTGGCAGCATGAGAGAGTGGGACACGATCATTTACAGGGATTTATACAAT T TAAATCCCGCAACACTACATTGCGTCAGGC TARGTATATTTTTAATG

G L N P AL EI ARDVYEUEKAOQULVYAMEKETD S8RV AGZPWETYOGULFTII KT RS®G S
GACTGRATCCTCATCTGGAAATTGCTAGCGATCTAGAGAAGGLGCAATTGTACGCGATGAAGGAAGATAGTAGAGTAGC TGGTCCC TGGGAGTATGGGT TGTT TATTAAGAGAGGATCGL

H XK R X L M g RVF EEDGEZ EMWMIE K TIADP SL Y RROCILSGSRI KMAETEUQRTUCLCSES S
ATAAGCGTARGCTGATGGAGAGATTTGAAGARGATGGAGAAGAGATGAARATTGUTGATCCCTCTCTCTATAGGCGTTGTCTATCARGGAAGATGGCTGAAGARCAACGTTGTTCTTCTG

EWNYDTLRGEPW®SQEETYVMHLILETETE?®DJTYRTTITIWYJYG®PAGNTIEG GE ST
AGTGGAATTATGACTTACGCCCTTGGCAAGAAGAAGTGATGCATTTGTTAGAGGAAGAACCAGATTATAGAACGATAATC TGGGTGTATGGACCTGCTGGTAATGAAGGCARATCTACAT

F A RKEL S8 L KDGWSG YL P GG KTOQTDMMHETLYVY T AIEUPIEKDNUNWVYVFDTIFPR
TTGCAAGACATCTETCATTGAAAGATGG T TGGEGTTATCTGCCTGGAGCARAGACACARGATATGATGCATCT TG TGACTGCTGAGCCTAAGAATAATTGGGTATTTGACATACCCAGAG

v 5§ 8 E Y VNY GV I EQV KDHNURUVMY NTUE EKYEUPCVHMRUDIDWNUHZPUV HV IV
TTAGTTCAGAGTATGTGAATTATGETGTAATAGAACAGGTTAAGAATAGGGTAATGGTGAATACTAAGTATGAGCCATG TG TAATGCGGGATGATAATCATCCTGTTCATGTAATTGTGT

F A N VL PDLGI KULSSEDHZRTII KTIULTIZ RTC*
TTGCAAATGTACTCCCAGATTI TGGGAARATTAAGTGAAGATAGAATAALAT TAATTCET TOT TGAAAACTCTGCGARGGCAGARGTTATAAARARAATGTGTTTTGAGAGAAGTCCCACA

TCGGGTAGTTCGCGAMACAGCGTGAGGGAAGCGAGCAATATAAGCCGAGGTGCGTAT

Compenent 7

TAGTATTACCCCGTGCCOGGATCAGAGACATT TGACTAAATATTGAC TTGGAAT AATAGCCCT TGGATTAGATGACACGTGGACGC TCAGGATCTGTGATGC TAGTGAAGCGCTTAAGCT
GAACGAATCTGACGGAAGAGCGGACATACGCACATGGATTATGGCCCACATGTC TAAAGTGTATCTCTTTACAGC TATATTGATGTGACGTARAGATGC TTTACTTCECTTCGAAGTAARG
TAGGARATTGCTCGCTAAGTTATTCTT TTCTGAAAGAAATTARTTTAATTC TAATTAAA TTAAATGAGTGGCTATAAATAGTGTCGATGCTGCCTCACATCGTATTCTTCTTCGCATCGT

M v s F s F PETIYODV Ss$DEDVILV S D S R RIDV AV EVYV EEIKVQ
CTGTTCTGGTTT TAAGCGATGG TCAGTTTTAGT T T TCCTGAGATATACGATGTGAGCGACGATGTTCTTGTAAGLGATAGCAGRAGAAGTGTAGCTGTTGAGGTCGAAGAGAAGGTTCAA

v I NV K VvV L R LY I EA YV DEUDZ RVY GV KV M F RUL CYRYERURETLIZ KTITTILUL G
GIGATTAACGTGAAGGTACTGAGGT TGAT TCAAGC TG TTGATGAAGATAGAGTTGGAGTGAAGG TTATGTT TCGTC TCTGTTACAGATACAGACGAGAACTGAAGAT TACGTTGTTGGGT

C K M EL WT S5 L K S 5 6 K Y¥Y 8 VvV Q 8 L L ¢ R ELWNUGTIOCV S NVYCTIGTIUDMTF
TGTAAGATGGAGC TATGGACTTCETTGARGTCTTCAGGCAAGTAT TCAGTTCAATC TTTG TTGCAGAGEAAGCTTAATGETATATGTCTTAGTARTTACTG TATAGG TATTGATATGTTT

vV $ NV K EL I NRTCXKXW I T S V Q G Vv NP I CCULJYHMZDEE *
GTAAGTAATGTTAAAGAGTTGATTAATAGATCTARATGGAT TACATC TG T TCAAGGTGTTAATCCTATATG T TGT TTGTATCATATGGACGAAGAGTAATT AATAGTAATTATGATTAAT

TATGAGATAAGAGT TGTTATTAATGCTTATGAGGAATAAAGRATGATTAATATTGT ' TAATT T TATTCGCGAAGCGGTGTGTTATGT TTTTGTTGGAGACATCACGTGACTCTCACGTGA

TGTCTCCGCGACAGGCTGGCACGGGUHOT
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Length
Component (bases)
1 d 1 ¥ LiF] 14 o 10m

5' 3

2 o 280 "k Yo1022
replication
3 1] L 161 ld T oo
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FIG. 2. Genome organisation of SCSV. The components are repre-
sented in finear form starting at the first nucleotide of the conserved
S-nucleotide sequence in the stem-loop. The numbers in the apen
boxes indicate the sizes of the putative protein products. Known or
possible functions encoded by a component are indicated below that
component number, M, common region; L, open reading frame; O,
conserved stemn—loop sequence; W, TATA box; A, polyadenylation
signal.

placed with respect to the largest ORF in each compo-
nent. These ORFs are all read from the virion or + strand.
Component 5 has been identified as encoding the coat
protein by comparison with N-terminal amino acid se-
quence of protein purified from viral particles (Chu et
al, 1993). Compecnents 2 and 6 both encode proteins
containing consensus nuclectide binding motifs,
GXGK(T/S) (Walker et al, 1982), see Fig. 1. Additiona$
ORFs (not shown) were detected using FRAMES; of
these, the only ORF with the potential to encode a protein
greater than 10K is on component 6, starting at position
937 in the same orientation as the major ORF. This ORF
does not appear to have appropriate consensus TATA
box or polyadenylation signal sequences.’

Sequence relationships between the SCSV
components

All components contain a sequence in the nonceding
region which can form a hairpin structure with a GC-rich
stem and an AT-rich lcop. This sequence will be referred
to as the stem~loop sequence, although the existence
of the structure has not been proven The sequence
within the loop contains a conserved 9-nucleotide se-
guence, 5'-(T/CIAGTATTAC-3' (Fig. 3). Components 1, 3,
4, 5, and 7 also share sequence surrounding the stem-—
foop sequence, called the common region (see Fig. 2).
This extended region of sequence matching varies in
size between 153 and 260 nucleotides and is greater
than 95% similar in pairwise comparisons. The common

region shown in Fig. 2 is the largest sequence which is
shared among all five components. Components 2 and
6 may lack a similar region due 1o the large size of their
coding regions.

Components 2 and 6 have similar base ratios, codon
usage (data not shown), and ORF sizes, distinct from
other components. The putative gene products of these
two components were found to share 43% amino acid
identity using GAP. The other components, despite some
having similar ORF sizes and base ratios, were not found
to share significant nucleotide or amino acid similarity
using GAP.

Seguence relationships with other viral genomes

The SCSV conserved stem—loop sequence is very sim-
ilar to that of geminiviruses; this structure is involved in
viral replication {Lazarowitz ef a/, 1992; Schneider et af,
1992; Heyraud et g/, 1993). The loop seguence of the
geminiviruses has eight of nine matches with the se-
quence from SCSV components 1-5 and 7, see Fig. 3.
BBTV and CFDV have similar conserved loop sequences
(Fig. 3; Harding et af,, 1993; Rochde et a/, 1990). Bipartite
geminiviruses also have regicns of about 200 bases in
each component which are highly conserved between
the DNA components of any one virus but not between
viruses {Davies and Stanley, 1989). As in SC3V, this com-
mon region encompasses the conserved stem—loop se-
quence.

The protein sequenceés encoded by the major SCSV
ORFs were compared with amino acid sequences in the
SwissProt database using FASTA. No significant
matches were found when any of the sequences were
compared individually. The amine acid sequences of the
putative products of components 2 and 6, the proposed
replication proteins, were found to share about 40% ho-
mology with the equivalent proteins of BETV {Harding et
al, 1993) and CFDV (Rohde et a/., 1980). A profile of these
replication proteins was constructed with PROFILEMAKE
and compared to the SwissProt database with PRO-
FILESEARCH. The best matches occurred with the repli-
cation proteins of the bipartite geminiviruses. A subse-
quent alignment, created with PILEUP, of the SCSV-like
viruses' (SCSV, BBTV, and CFDV) and representative
geminivirus replication proteins revealed homgology not
only around the nuclectide binding motif, but also at the
positions of three cther motifs identified by Koonin and
llyina {1992) in replication proteins involved in rolling-
circle replication (Fig. 4).

DISCUSSION

The seven DNA compenents seguenced may repre-
sent the complete genome of the F isolate of SC8V. We
were unable to detect the presence of additional compo-
nents. However, the search was not exhaustive. Infecti-
vity studies will be required to ascertain the number of
gssential genome components.
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SCSV components 1 AGCACGGGGCT | TAGTATTAC | CCCCGTGCC

3 GGCACGGGGCT | TAGTATTAC | CCCCGTGCC

4,57 GGCACGGGGCT | TAGTATTAL | CCCGTGCC

2 GCAAGGTCGGCT | TAGTATTAC | CCGACCTTGC

[ GCGAGGTGCGTAT | CAGTATTAC | CGCACCTCGC
CFDV AGCCGQOGRGAT | TAGTATTAL | CCCCGCEGCT
BBTV AGCGCTGGGGCT | TATTATTAC | CCCCAGCGCT
Geminiviruses ACMV GGGGCCAACCGTA | TAATATTAC | CGGTTGECCCC

BCTV GGGCCATCCGTTA | TARTATTAC | CGGATGGCCC

MSV GCAGGAAAAGAAGGCGCGCAC | TAATATTAC | CGCGCCTTCTTTTCCTGS

FIG. 3. Comparison of the stem—ioop sequences of SCSV, BBTV, CFDV, and three representative geminiviruses, African cassava mosaic virus
[ACMV), best curly top virus (BCTV), and maize streak virus (MSV). The conserved 9-nucleolide sequences are boxed. The complameantary sequences

which make up the stems are underlined.

Each DNA component of SC8V is predicted to have
unidirectional transcription expressing a single ORF. The
only ORF which has been firmly identified is that of com-
ponant B, the coat protein gene (Chu et al, 1993). The
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FIG. 4. Alignment, created using PILEUP, of the replication proteins
of the SC8V-like viruses and two representative geminiviruses, African
cassava mosaic virus (ACMV; bipartite) and maize streak virus (MSV;
Nigerian isolate fusion protein; monopartite). The conserved motifs
identified by Koonin and llyina {1892} are indicated with * and the
nucieotide binding motifs are in bold.

ORFs cf components 2 and 6 both appear to encode
replication proteins since they are homologous 1o the
replication proteins of geminiviruses, as shown in Fig. 4.
The relatedness of components 2 and 6 is no greater
than either of them with the correspending BBTV and
CFDV genes, suggesting that they may have come from
two different viruses in the SCSV-like group.

SCSV shares close similarity with BBTV and CFDV and
maore distant similarity with the geminiviruses. It does not
appear to share sequence or noncoding region second-
ary struciural features with chicken anemia virus {Todd
el al, 1990) or psittacine beak and feather disease virus
(Ritchie et al, 1989), which had been suggested 1o be
related to the SCSV-like viruses.

BBTV and CFDV have several circular single-stranded
DNAs and small iscmetric particles of 17-20 nm (Ran-
dles and Hanold, 1989; Harding ef a/, 1991). BBTV and
CFDV DNAs each contain a stem—loop structure with
closely related loap sequences (Fig. 3). Their replication
proteins (Rohde et a/, 1990; Harding et a/, 1993} share
about 40% identity with SCSV. Virus fransmission is Him-
ited to the insect vectors; SCSV and BBTV by aphids and
CFDV by a plant hopper. The viral genes appear to be
expressed unidirectionally.

These three viruses appear to form a distinct group
which may include faba bean necrotic yeliows virus
(FBNYV; Katul ef a/, 1993}, milk-vetch dwarf virus (MDV;
Isogai et a/, 1992), and porcine circovirus (PCV; Tischer
et al, 1982). FBNYV is an aphid-transmitted virus of le-
gumes which appears to have 18-nm isomstric panicles
and multiple 1-kb circufar single-stranded DNA compo-
nents {(Katul et af, 1993). MDV is aphid iransmiticd,
causes a yellowing disease, and contains single-
stranded DNA 1 kb in size (Isogai et g/, 1992). PCV has
17-nm icosahedral particles, made up of 8 36K protein,
which contain a 1.7-kbh circular single-stranded DNA
(Tischer ef al, 1982). It was reported by Rohde et a/
{1990) that PCV ORF4 shares seguence homology with
the replication protein-encoding ORF or CFDV.

The SCSV-like viruses also appear 1o be related to the
geminiviruses. Beth groups have circular singie-stranded
DNA genomes and a single stem—locp sequance in the
noncoding region (Fig. 3). The loop contains a highly
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conserved 9-nucleotide, nearly palindromic sequence,
5-TA(G/A/TITATTAC-3', which is involved in the initiation
of replication (Lazarowitz et al/, 1992; Heyraud et al,
1993). The presumptive replication proteins of SCSV
compoenents 2 and 6, BBTV, and CFDV show closest
similarity with those of geminiviruses. The conservation
of metifs identified by Keonin and llyina (1992) and the
overall similarity to the geminivirus replication proteins,
see Fig. 4, suggest that SCSV-like viruses may also repli-
cate using a similar rolling-circle mechanism.

There are a number of other similarities betwean the
SCSV-like viruses and geminiviruses. Both monopartite
geminiviruses and SCSV have primer seguences associ-
ated with the encapsidated DNA {Donson et al, 1984;
Chu and Helms, 1988). The highly conserved noncoding
common region of the SCSV components 1, 3, 4, 5, and
7 is similar to that of biparite geminiviruses. Small spher-
ical particles have been found in preparations of African
cassava mesaic virus and chloris striate mosaic virus
(see Stanley, 1985}, in addition t¢ the normal geminate,
or "twinned," particles. These appear to be associated
with defective minicircles and thus mimic SCSV-like vi-
ruses in gencme size and particle structure. Finally,
CFDV and monocot infecting geminivirus are transmitted
by refated vectors, that is, leaf hopper species (Bock,
1974, Francki and Hatta, 1980; Julia, 1982).

The SCSV-like viruses and the geminiviruses appearto
share a common heritage. A single recombination event
between an SCSV-like coat protein-encoding DNA com-
ponent and the complementary strand of a replication
protein-encoding compeonent could give rise to a virus
with many similarities to a monopartite geminivirus. The
unique geminate particle structure of geminiviruses
might be derived from a basic spherical unit in response
to encapsidation of a larger DNA component. We suggest
that the common ancestor of the geminivirus group and
the SCSV-related viruses may have been more like the
latter in genome organisation and particle structure.
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