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Summary. The sequence of the single-stranded RNA genome of Indian citrus
ringspot virus (ICRSV) consists of 7560 nucleotides. It contains six open reading
frames (ORFs) which encode putative proteins of 187.3, 25,12, 6.4, 34 and 23 kDa
respectively. ORF1 encodes a polypeptide that contains all the elements of a
replicase; ORFs 2, 3 and 4 compose a triple-gene block; ORF5 encodes the capsid
protein; the function of ORF6 is unknown. Phylogenetic analysis of the complete
genome and each ORF separately, and database searches indicate that ICRSV,
though showing some similarities to potexviruses, is significantly different, as in
the presence of ORF6, the genome and CP sizes, and particle morphology. These
differences favour its inclusion in a new virus genus.

*

Indian citrus ringspot virus (ICRSV) is associated with a serious disease of citrus,
especially Kinnow mandarin, in India [10]. The virus has flexuous filamentous
particles 650 nm in length, with an ssRNA genome of about 7500 nucleotides
and a capsid protein (CP) of 34 kDa. Two open reading frames (ORFs) have been
identified at the 3end of the genome, encoding the CP and a 23 kDa polypeptide
of unknown function [11].

Here we report the complete sequence and genome organisation of an isolate
(K1) of ICRSYV, the same as used previously [11], and the results of phylogenetic
analysis of the putative viral proteins. The virus was propagateéhaseolus
vulgaris cv. Saxa; purification and viral RNA extraction was as described [11].

*Present address: The Sanger Centre, Wellcome Trust Genome Campus, Hinxton,

Cambridge CB10 1SA, U.K.
**The GenBank accession number of the sequence reported in this paper is AF406744.
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A step by step walking strategy was used to clone the region of the genome
upstream of the’3end previously sequenced (pICR7; [11]). The cDNA extending
past the known sequence was synthesised using the ICRSV-specific primer ICR-
CLN(-) (5-AGT GCA GCG GCAAAT GTG AG-3) and the Universal Riboclone
cDNA Synthesis System (Promega) according to the manufacturer’s instructions.
Double-stranded cDNA was cloned in tkeoRI site of pPBLUESCRIPT KS-
plasmid, and recombinant plasmids were used to transform comgetenti
DH5u cells. cDNA clone pICR10 was sequenced using both universal and virus-
specific primers. This served as the basis for the next steps of walking along the
genome, performed using the primers ICR-CLN2(}45G TTC GCG TCC
TGT GAT TG-3) and ICR-CLN3(-) (5ACG TTG CCG CGT TCA GTG-3.

An additional clone (pICR23), corresponding to an upstream region of RNA
later uncovered, was obtained by RT-PCR using the specific primers ICR19-
1950FW (5-ACA TGC CTC GCG CAAACT C-3) and ICR18-990FW (5GTC

CCA TAT CAT TGA GTG CG-3). PCR-amplified fragments were purified and
then cloned using the PCR-Script Amp cloning kit (Stratagene), according to the
manufacturer’s instructions.

For determining the’send of the sequence, the specific primer ICR19-1470RV
(5-GTG CCA CCT ACG TAT TTC TG-3 was used to prime cDNA synthesis;
the first-strand was tagged with poly(A) and then used as template for a RACE-
PCR (rapid amplification of cDNA ends [2]) using ICR19-1470RV, RACE-
ADTTT (5-GAC TCG AGT CGA CAT CGA (T)7-3) and RACE-ADP (5GAC
TCG AGT CGA CAT CGA-3) as primers. The amplified fragments were then
directly sequenced.

The cloning strategy is shown in Fig. 1. The cDNA clones and the PCR
fragment corresponding to the&nd were sequenced in both orientations and used
to assemble the complete sequence. Sequences were assembled with the PC/Gene
program (IntelliGenetics, Mountain View, CA) and ORFs were generated with the
ORF Finder Tool at the National Center for Biotechnology Information (NCBI)
website (http://www.ncbi.nlm.nih.gov).

The assembled sequence consisted of 7560 nt, excluding-pgay8A) tail,
in good agreement with the 7500 nt estimate obtained by gel electrophoresis [11].

Analysis of the sequence showed the presence of six ORFs on the positive
strand (Fig. 1), a buntranslated region (UTR) of 78 nt and alBTR of 40 nt,
followed by a poly(A) tail. No significant ORFs were found on the negative
strand. The putative polypeptides encoded by the different ORFs are: ORF1 (nt
79-5055), 1658 amino acids (aa); ¥B7.3 kDa; ORF2 (nt 5063-5740), 225 aa,

M, 25kDa; ORF3 (nt 5718-6047), 109 aa; W2 kDa; ORF4 (nt 5974-6156),

60 aa, M 6.4kDa; ORF5 (CP; nt 6179-7156), 325 ag, 3 kDa, and ORF6 (nt
6856—7524), 222 aa, M3 kDa. This genome organization resembles that of other
filamentous viruses, particularly those in the ger@aalavirus andAllexivirus,
which possess ORFs 1 to 6, though their ORF6 is about half the size of ICRSV
ORF6 (Fig. 1).

Functional domains in the amino acid sequences derived from the ORFs were
sought using the Conserved Domain Database (CDD) [5] at the NCBI website.
ORF1 contained a viral helicase 1 and an RNA-dependent RNA polymerase 2
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Fig. 1. Comparison of the genome structures of ICRSV, CGRMV, PVX, PVM and ShV-X.
For ICRSV, the cloning strategy is also indicated. Boxes with the same pattern represent
comparable ORFs. For virus names in full, see text

(RdRp) domain. The conserved motifs I-IV of the putative methyltransferase
domain of “Sindbis-like” viruses [8] were located in the N-terminal region (aa
61-230). The NTP-binding helicase motif GxxxxGKS/T (x stands for any aa
residue), and the other five motifs reported in nucleic acid helicases [12] were
found in the central part (aa 930-1160). The conserved blocks for the RARp [4]
were in the region between aa 1350 and 1585. The highly conserved GDD motif
was located at aa 1534—-1536. The ORF1 protein was thus similar to the RdRps of
potexviruses, allexiviruses, and, to a lesser extent, other filamentous viruses. The
above information indicates that ICRSV ORF1 encodes the replicase.

The three partially overlapping ORFs 2, 3 and 4 formed a triple gene
block (TGB), a common feature of several groups of plant viruses including
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foveaviruses [3, 15], carlaviruses and potexviruses [9]. The TGB is considered
to be involved in cell-to-cell movement [6]. The ORF2 protein contained a viral
helicase 1 domain that covers almost the entire sequence; the NTP-binding heli-
case motif GXGKS/T was identified at aa 30—-34. The ORF3 and ORF4 proteins
contained large domains present in proteins of plant viruses in a number of
families, according to the CDD.

ORF5 encoded the CP, and ORF6, encoding a putative protein of unknown
function, showed limited similarity with nucleic acid-binding regulatory proteins
in allexi- and carlaviruses, as reported by [11].

The conserved motif ACTTAA, found in potex- and carlaviruses at 32—65 nt-
(A), from the 3-end, is present in ICRSV at nt 7526—7531. This motif is thought
to play a role in the synthesis of negative-sense viral RNAs [14].

To clarify the relationship of ICRSV with other viruses, phylogenetic analyses
were performed using the complete nucleotide sequence and the amino acid
sequences of each ORF.

The following filamentous RNA viruses were included in the analysis. Allexi-
viruses: Garlic virus A (GarV-A, Acc. No. AB010300), Garlic virus B (GarV-B,
U89243), GarV-C (AB010302), Shallot virus X (ShV-X, M97264); capilloviruses:
Apple stem grooving virus (ASGV, D14995), Cherry virus A (CVA, X82547);
carlaviruses: Potato virus M (PVM, D14449), Blueberry scorch virus (BBScV,
L25658), Garlic latent virus (GarlLV, Z268502); foveaviruses: Apple stem pit-
ting virus (ASPV, D21829), Rupestris stem pitting associated virus (RSPaV,
AF057136), Cherry green ring mottle virus (CGRMV, AF017780, tentative mem-
ber); potexviruses: Potato virus X (PVX, X55802), Strawberry mild yellow edge
virus (SMYEV, D12517), WCIMV (X16636), Narcissus mosaic virus (NMV,
D13747), Cymbidium mosaic virus (CymMV, AF016914), Cassava common
mosaic virus (CsCMV, U23414), Papaya mosaic virus (PapMV, D13957), Potato
aucuba mosaic virus (PAMV, S73580), Plantago asiatica mosaic virus (PIAMV,
Z21647), Clover yellow mosaic virus (CIYMV, D29630), Banana mosaic virus
(BaMV, D26017), Foxtail mosaic virus (FoMV, M62730); trichoviruses: Apple
chlorotic leaf spot virus (ACLSV, M58152), Cherry mottle leaf virus (CMLYV,
AF170028); vitiviruses: Grapevine virus A (GVA, X75433), Grapevine virus B
(GVB, X75448); and the unclassified Citrus leaf blotch virus (CLBV, AJ318061)
and Banana mild mosaic virus (BanMMV, AF314662).

Figure 2 shows a phylogenetic tree generated by multiple alignment of the
full nucleotide sequences using ClustalW [13], and displayed using TreeView [7].
The tree shows that ICRSV clusters with the potexviruses, though as an outlier.
Overall homology with the two nearest potexviruses (NMV and PAMV) is about
47%. The next most related genusexivirus.

The BLAST programs [1] available at the NCBI website were used to search
for homologies in DNA and protein databases. TH¢™R and 3UTR of ICRSV
did not show significant homology to the corresponding regions of other viruses,
except for a weak similarity of th¢ BTR to potexviruses.

The putative aa sequences of each of the six ORFs of ICRSV were then
analysed in relation to similar sequences in other viruses for which data are
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Fig. 2. Unrooted phylogenetic tree based on full nucleotide sequences of selected filamentous

RNA viruses (see text for details), using the program ClustalW with gap open penalty of 10 and

gap extension penalty of 5, and 1000 bootstrap replications. Branch lengths are proportional

to estimated divergence. All bootstrap values exceeded 90%, except those indicated. For virus
names in full, see text

available, using three approaches. Trees were constructed using ClustalW (Fig. 3a,
b and c), overall percentage homologies were calculated (Table 1) and BLAST
searches were conducted to detect regions of close homology.

ORF1. This clearly clustered with potexviruses (Fig. 3a). Percentage homol-
ogy with potexviruses fell within the same range as homologies between individual
potexviruses (Table 1) but homology with allexi-, carla- and foveaviruses was
well below the range found within each genus. Similarity searches with BLAST
confirmed this indication, since the highest scores were detected with WCIMV,
SMYEV, NMV, PVX, PAMV and other potexviruses, followed by allexiviruses.
Thus it appears that ICRSV ORF1 is most similar to that of potexviruses.

ORF2. This ORF also clustered with ORF2s of potexviruses, though sequence
divergence within the genus is high (not shown). According to percent homologies,
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it could fall within the potexviruses (Table 1). BLAST searches gave similar
results, with closest affinities to potexviruses (PapMV, Lily virus X, Cactus virus
X), followed by some foveaviruses (ASPV, CGRMV) and carlaviruses (Chrysan-
themum virus B, PVM).

ORF3. Phylogenetic analysis of this ORF did not indicate any specific
taxonomic position; it clustered with carla-, potex- and foveaviruses, while allexi-
viruses formed a separate homogeneous cluster (not shown). Percentage homolo-
gies (Table 1) also indicated that only allexiviruses were clearly different. BLAST
search results however showed highest similarity with a carlavirus (GarLV) and
an allexivirus (GarV-B).

ORF4. Similarly, the taxonomic position of ORF4 was not evident from
phylogenetic trees (not shown). Individual species within each genus showed
such divergence that clustering was poor (low bootstrap values). Percentage ho-
mology (Table 1) fell well within the range between individual potexviruses, but
this criterion also did not exclude the carla- and foveaviruses. Using BLAST
searches, highest similarity, though with low scores, was with CUdI@virus)
and WCIMV, CymMV and PVX Potexvirus). ORF4 of allexiviruses showed
essentially no homology with the ORFs at the same location of ICRSV and of the
other three genera. This is indicated as blanks in Table 1.

ORF5. Phylogenetic analysis (Fig. 3b) confirmed the similarity to potexviruses
found by [11]. Thisis also apparentfrom Table 1, and BLAST searches showed that
the closest sequences were the CPs of WCIMV, CymMV, PAMYV, all potexviruses.
However, the size of the ICRSV CP (34 kDa) is much larger than that of potex-
viruses (18-27 kDa), and homology was limited to the C-terminal part of the
protein. When the N-terminal 133 amino acids were analysed with the BLAST
search, no significant similarities were found. However, using the Fasta3 program
(at the website http://lwww.ebi.ac.uk) with a PAM70 matrix, a limited similarity
with a conserved domain @ phaherpesvirus glycoprotein 1 was detected.

ORF6. This had counterparts only among carla- and allexiviruses. Phyloge-
netic analysis (Fig. 3c) showed that this ORF does not cluster close to these genera,
and Table 1 indicates that though some similarity exists with viruses in these two
genera, percentage homology is less than that between individual members of each
genus. The ICRSV ORF6 protein is much larger than in allexi- and carlaviruses,
and any homology is confined to the C-terminal half.

The above analysis indicates that ICRSV could almost fit into the genus
Potexvirus, although ORF3 is also compatible wiBloveavirus and ORF4 with
CarlavirusandFoveavirus. The presence of ORF6, however, makes ICRSV clearly
distinct from the genuBotexvirus.

Other characteristics of ICRSV also separate it from potexviruses. The genome
size (7.6 Kb) is in the range of vitiviruses (7.4—7.7 Kb), larger than potexviruses
(6—7 Kb) and smaller than carla- (8.3—8.5Kb), allexi- (8.1-8.8 Kb) and fovea-
viruses (8.4-9.3 Kb). The size of the CP (34 kDa), on the other hand falls outside
that of viti- and potexviruses (18-27 kDa) but is in the range of carla-, allexi- and
foveaviruses (31-36 kDa, 28-36 kDa and 28-44 kDa respectively). In overall



The genome of Indian citrus ringspot virus 2223

genome organization, ICRSV is similar to carla- and allexiviruses, due to the
presence of ORF6. It should also be noted that ICRSV differs from carla- and
potexviruses in possessing more flexuous particles that display a clear helix [11],
a morphology closer to that of fovea-, allexi- and capilloviruses. No biological
data on ICRSV, such as host range or natural means of transmission, are available,
that might give further clues to the taxonomic placement of this virus.

We conclude that although ICRSV is most similar to members of the genus
Potexvirus, it differs from them significantly. Constitution of a new genus to
accommodate ICRSV should be considered.
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