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Summary. The complete genomic sequence of variant USA6b of Little cherry
virus-2 (LChV-2), has been determined and is 15045 nucleotides in length, coding
for 11 open reading frames (ORFs). The sequence shares 77.2% identity with
a previously published, ca. 6 kb partial replicase sequence of LChV-2 (variant
USA6a). Both LChV-2/USA6a and LChV-2/USA6b were obtained from the same
tree infected with little cherry disease, and would suggest a mixed infection. LChV-
2/USA6b is more closely related to the partially determined genomic sequence of a
Canadian isolate of LChV-2, strain LC5 (92.9% identity). LChV-2/USA6b has an
unusual genomic organization compared to other members of the Closteroviridae.
The LChV-2/USA6b genome is potentially ambi-sense, with a negative sense
ORF0 at the 5′ terminus, from which an 18.1 kDa protein of unknown function can
be expressed in vitro. The N-terminal region of the LChV-2/USA6 ORF1a trans-
lation product does not code for a papain-like protease motif. ORF1 codes for a
novel motif, of unknown function, also present in isolates of the Grapevine leafroll
associated virus-3, (genus Ampelovirus) as well as viruses of the family Flexi-
viridae. ORF3 lacks an AUG start codon, but could potentially be expressed via
read-through of the ORF2 stop codon. At the 3′ end, there is a re-organization
of encoded genes compared with other members of the Closteroviridae including
separation of the coat protein and coat protein duplicate genes by 4 other genes
as found for LChV-2/LC5.

Introduction

The family Closteroviridae comprises a large and diverse group of flexuous,
filamentous, single-strand RNA viruses infecting plants (for review see [16]),
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comprised of the 3 genera of which several members have been fully or par-
tially sequenced. Members of the Closteroviridae with monopartite genomes that
are transmitted by aphids include Beet yellows virus (BYV) [2], Citrus tristeza
virus (CTV) [17], Beet yellow stunt virus (BYSV) [18] and Grapevine leafroll-
associated virus-2 (GLRaV-2) [48]. The genus Crinivirus (essentially bipartite
genomes, transmitted by whiteflies) includes Lettuce infectious yellows virus
(LIYV) [19], Sweet potato chlorotic stunt virus (SPCSV) [25], Cucurbit yellow
stunting disorder virus (CYSDV) [8, 29], and Cucumber yellows virus (CuYV)
[13]. The genus Ampelovirus (monopartite, mealybug-transmitted species) [30],
includes Little cherry virus – LC5 (LChV-2/LC5) [47], Pineapple mealybug wilt-
associated virus-2 (PMWaV-2) [35], GLRaV-3 [27], and GLRaV-1 [28]. Little
cherry virus-1 (LChV-1) [15] is an unassigned species in the family Clostero-
viridae. Conserved among members of the Closteroviridae are a common core
set of encoded proteins involved in replication [16], a papain-like protease (P-
PRO), methyltransferase (MET), helicase (HEL), and RNA dependent RNA poly-
merase (RdRp). Also conserved are proteins for virus movement/encapsidation
[3, 36, 16], consisting of a small hydrophobic protein, coat protein (CP), duplicate
coat protein (CPd) and a heat shock 70 homolog (HSP70).

Members of the Closteroviridae show a high degree of sequence heterogeneity
between virus isolates, perhaps more so than most other plant virus families.
Sequence comparisons between two isolates of CTV showed an identical genome
organization with 89% identity throughout the ten 3′ ORFs, but only 60–70% iden-
tity throughout ORF1, dropping to 35% in some less conserved regions [32]. These
findings were confirmed by comparisons of 5 complete CTV and several partial
genomic sequences [44]. Comparisons of 75 clones corresponding to GLRaV-1
open reading frames (ORFs) 3, 6 and 7, coding for the heat shock 70 homolog,
coat protein and coat protein duplicate, were found to be particularly variable
with 1916 nucleotide changes recorded over ca. 4450 nt of genomic sequence
[28]. The Closteroviridae are also associated with defective RNAs. A number
of LIYV defective RNAs have been characterized, consisting of 3′ deletions of
RNA1 or RNA2, and RNA1/RNA2 molecules with extensive internal deletions
[45]. Several classes of defective RNAs are associated with CTV. Small (2–5 kb)
defective RNAs consisting mainly of the 5′ and 3′ termini with extensive internal
deletions [4], and large (12 kb) infectious defective RNAs which correspond to the
5′ portion of the viral RNA consisting of the intact replicase genes with varying
deletions in the 3′ termini [34]. Replication of CTV defective RNAs, requires
minimal sequences corresponding to ca. 1000 and 270 nt of the 5′ and 3′ termini,
respectively [33].

Two distinct viruses associated with little cherry disease have been identified
[9, 15, 42] for which the species names Little cherry virus-1 (LChV-1) and Little
cherry virus-2 (LChV-2) have been proposed [42], and accepted by the ICTV
Closteroviridae study group [31]. The partial sequence of a Canadian isolate of
LChV, strain LC5 [47], which was given the name Little cherry virus 3, shares 77%
identity with a previously published partial sequence of LChV-2 [42] (referred
to here as variant USA6a). The amount of genomic sequence heterogeneity is
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similar to that observed between isolates of CTV, and would indicate that both
are strains of the same virus. LChV-1 is an unassigned species in the family
Closteroviridae, is monopartite, and has no known vector. LChV-2 can be vectored
by the apple mealybug (Phenacoccus aceris) [39] and has been classified as a
member of the genus Ampelovirus. Both LChV-1 and LChV-2 have been detected
in Europe and NorthAmerica [9, 42]. Limited comparisons between the conserved
helicase and RNA-dependent RNA polymerase domains have shown that LChV-
2/USA6a and LC5 are closely related to another mealybug transmitted virus,
GLRaV-3 [39, 42, 47]. We present here the complete genomic sequence of LChV-
2, variant USA6b, which shares 77.2% identity to LChV-2/USA6a, and 92.9%
identity to LChV/LC5. These comparisons indicate that all 3 viruses are variants of
LChV-2.

Materials and methods

Cloning, sequencing and sequence analysis

Little cherry disease isolate USA6 is the same as described in [42]. DsRNA and silica
capture RNA preparations are as described [14, 41]. Isolates WH, AL4, AL1 and AL5
originated from different sweet cherry varieties from Germany, while UK1/3 originated from
the United Kingdom. All were maintained at Dossenheim research field plots. Isolates H2
(P. serrulata ‘Tai-Haku’), H9 (P. serrulata ‘Kanzan’), MZ2 (P. serrulata ‘Hatasakura’) were
from a botanical garden and a nursery in Germany. Isolates 340-02, 1044-01, 1275-01, 1312-
03 and 2030-01 were maintained at the Center for Plant Health in Sidney. 2030-01 and
1312-03 are sweet cherry isolates from Canada and the United Kingdom, respectively. 1275-
01 (P. serrulata ‘Tai-Haku’). 1044-01 (P. serrulata ‘Kiku Shidara-Sakura’) and 340-02 (P.
serrulata ‘Shidara Zakura Perdula’) were from a botanical garden and nursery in Canada.
Complementary DNA clones spanning ca. 5900 nt of sequence obtained during the initial
characterization of LChV-2/USA6a but corresponding to a different LChV-2 variant (USA6b),
were sequenced and analyzed in this study. A ca. 500 nt cDNA fragment corresponding to
the coat protein gene was obtained by DOP-PCR using the DOP7 primer [41]. Sequences
between this clone and 5′ sequences were amplified by RT-PCR using specific primers and
cDNA primed with random hexamers from viral RNA template prepared by silica capture
(clone LCVPCP10). Sequences 3′ of the coat protein gene, were obtained by Uneven PCR
[7]. The 5′ and 3′ end terminal sequences were obtained by RACE using viral specific
primers and poly (A) tailed viral dsRNA or silica capture RNA as template, essentially as
described previously.Additional clones used for sequencing were generated by RT-PCR using
virus specific primers and either purified dsRNA or viral RNA prepared by silica capture.
PCR fragments were amplified using either TaKaRa LA TaqTM (TaKaRa Biomedicals) or
ProofSprinter (AGS-Hybaid) enzyme mixes according to the manufacture’s protocol. PCR
products were cloned into pBluescript SK (Stratagene) modified into a T-overhang vector
[12].

LCV26212, used for in vitro translation assays was amplified and cloned as described
above by RT-PCR using the viral specific primers LCV261U/LCV262L (Table 1). The 5′
terminal 607 bp of 9 additional LChV-2 isolates (MZ2, H2, H9, UK1/3, 340-02, 1044-01,
1275-01, 1312-03 and 2030-01) were sequenced from amplified fragments using primers
LCV01U/LCV607L.

Automated cycle sequencing was performed at ZMBH, Ruprecht-Karls University
in Heidelberg, Germany. Sequences were assembled and analyzed using the Lasergene
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Table 1. List of primers

Primer Sequence (5′–3′)

LCV25R3 TATCTACCTCCCCATTGTCCTCTATTA
LCVUSA5RAC YGTAACTCTGGGAAAGCCGAATCTAAG
LCV224U TTCTTTTAAATAATCTTCTCATCT
LCV225L TGTCCATCCCATCAACTAA
LCV261U TTTTGTATTTCTGTCCTTTTTCCCCCACTT
LCV262L CTGGCGTCCTGATCTATGTTAGCAGAA
O1M1U ATATTATATATTTTTAAGTAGGCACAGACCTTTCAAAAGAACG
O1M1L CGTTCTTTTGAAAGGTCTGTGCCTACTTAAAAATATATAATAT
ONEG1U AAAGAAAGAGAACAAAAAGTAAAGAAGATTATTTAAAACAAA

ACT
ONEG1L AGTTTTGTTTTAAATAATCTTCTTTACTTTTTGTTCTCTTTCTTT
LCV01U CCTTTTCAAACTTTCTCTTTATTG
LCV607L AATTCTCCATACATACATAGTCTCAAGGTTA

Nucleotides altered by in vitro mutagenesis are indicated by underlines

Bio-computing Software (DNASTAR Inc.). Sequence comparisons were made with the fol-
lowing viruses; BYSV (accession # U51931), BYV (accession # X73476), CTV (acces-
sion # U16304), GLRaV-1 (accession # AF195822), GLRaV-2 (accession # AF039204),
GLRaV-3 (accession # AF037268), LChV-1 (accession # Y10237), LChV(LC5) (accession
# AF416335), LIYV (accession # U15440, U15441), PMWaV-2 (accession # AF283103),
Grapevine virus A (GVA) (accession # X75433), Grapevine virus B (GVB) (accession #
X75448), Blueberry scorch virus (BBSV) (accession # L25658), Papaya mosaic virus (PMV)
(accession # D13975), Shallot virus X (ShVX) (accession # M97264), Grapevine rupestris

Table 2. Percent amino acid sequence similarities between the conserved LChV-2 putative
translation products and sequences encoded by the closteroviruses GLRaV-1, -2, -3,
PMWaV-2, BYV, CTV, BYSV, LChV-1, LChV-3 and LIYV. MET, methyltransferase
domain, HEL, helicase domain, POL, RNA-dependant RNA polymerase. HSP70, heat
shock 70-like protein, CP, coat protein, CPd, coat protein duplicate and NA, not
available. Note that GLRaV-1 has 2 coat protein duplicates. For the coat protein sequence

alignments, the first 120 amino acids of the LChV-1 CPd sequence were not included

MET HEL POL HSP70 P54 CP CPd

GLRaV-3 32.0 42.9 39.2 40.3 19.4 26.3 24.4
PMWaV-2 36.5 36.6 33.5 38.8 19.4 26.6 20.5
GLRaV-1 NA 40.1 35.4 39.2 13.5 26.9 19.8/19.0
BYV 25.5 33.1 30.1 27.6 20.2 19.0 19.7
CTV 27.0 30.5 30.7 29.9 18.3 18.1 18.5
GLRaV-2 24.1 32.6 29.4 28.5 17.9 20.8 18.7
BYSV NA 29.7 30.1 28.7 16.9 18.1 21.4
LChV-1 21.0 31.0 27.2 31.5 15.6 9.5 8.3
LIYV 20.6 32.2 25.1 31.6 13.5 20.5 21.6
LChV-2 LC5 NA 98.0 97.7 97.1 95.4 96.3 93.6
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stem pitting associated virus (GRSPaV) (accession # AF026278), Apple stem pitting virus
(ASPV) (accession # D21829), Apple chlorotic leaf spot virus (ACLSV) (accession
# M58152), Cherry green ring mottle virus (CGRMV) (accession # AF017780), and Cherry
necrotic rusty mottle virus (CNRMV) (accession # AF237816). DNAStar was used for
sequence analysis including the coding prediction method of Borodovsky [5]. Percent val-
ues listed in Table 2 are “Similarity Index” values as determined by DNAStar running
CLUSTALW.

Site-directed mutagenesis and in vitro translations

The QuikChangeTM Site-Directed Mutagenesis Kit (Stratagene) and the TnT r© Coupled
Wheat Germ Extract System (Promega) were used to obtain the in vitro translation results.
Clones O1M103 and ONEG103 were synthesized by mutating clone LCV26212 with the
primers O1M1U/O1M1L and ONEG1U/ONEG1L, respectively. In vitro translations were
conducted according to the manufacture’s suggestions with 35S-methionine (Amersham) used
as label. Translation products were analyzed by SDS-PAGE, and molecular weight values
determined using the Broad Range pre-stained SDS-PAGE standard (BioRad).

Results

Nucleotide sequence and analysis of LChV-2

Multiple overlapping cDNA clones were generated spanning the entire length of
the LChV-2 genome with most areas covered by more than one clone. Sequencing
revealed very high heterogeneity (ca. 20%) between some clones. At least two
distinct sequences were observed, one corresponding to LChV-2/USA6a, and the
second corresponding to the LChV-2/USA6b. However, other sequence variants
were at times observed including what appeared to be recombinant USA6a/USA6b
sequences (data not shown). Clones used for sequence determination are depicted
in Fig. 1A. Two different primers (LCV25R3 and LCVUSA5RAC, Table 1), were
used in separate 5′ RACE experiments to amplify and clone, sequences 5′ of
the methyltransferase domain. From the sequence analysis, clone RE519 has an
in-frame UAA stop codon at position 3129 (UAA3129) resulting in premature
truncation of ORF1a. Four other clones (RE505, RE508, LCV2M1 and USA4,
data not shown) contained the sequence CAA at this position resulting in a Q
residue in place of the stop codon, therefore, in the final sequence CAA was used
instead of UAA. Clones RE505 and RE508 contained an extraA residue at position
2958 resulting in a shift in readings frame and premature truncation of ORF1a.
The unusual organization of the LChV-2 5′ open reading frames (ORFs) 0 and 1a
(see next section), was confirmed by sequencing the 5′ most 607 nucleotides of
9 additional LChV-2 isolates. Nucleotide sequence identity between USA6 and
the other LChV-2 isolates ranged from 95.7–97.0%. Isolate MZ2 was the most
divergent and with an extra codon in the 3′ end of ORF0 compared to the other
isolates (data not shown).

Comparison of 5944 nucleotides of LChV-2/USA6a genomic sequence (ac-
cession number AF333237) [41] with the corresponding sequence from LChV-
2/USA6b (nucleotides 875–6818) indicate only 77.2% similarity. Within this
region, sequence heterogeneity was not uniformly distributed. The 3′ ca. 3000 nt
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Fig. 1. A Schematic representation of the genomic organization of LChV-2 and selected
overlapping cDNA clones. Boxes represent the LChV-2 ORFs with the one negative sense
ORF positioned below the other positive sense ORFs. ORFs are consecutively numbered
from 0 to 9. Horizontal lines below the genomic organization represent clones used for
sequence determination. MET, methyltransferase domain; HEL, helicase domain; POL, RNA-
dependent RNA polymerase domain; CPd, coat protein duplicate; CP, coat protein; HSP70,
cellular heat shock protein 70 homologue; NF, novel motif. B Borodovsky coding sequence
probability analysis for all 6 reading frames (RF). The threshold value for calling a region
coding, is 0.5 while regions likely to be coding with have a value near 1. Method of Borodovsky
based on a context of 96 bases and the data file at lo 4.mat which corresponds to Arabidopsis

thaliana, low GC content, 4th order

(corresponding to the conserved helicase and RNA-dependant RNA polymerase
domains of ORF1a and ORF1b) were more highly conserved (82.8%) then the
5′ ca. 2900 nt (71.4%).

From 2 separate 5′ RACE experiments 6 clones were sequenced 3 of which
contained an additional C as the penultimate nucleotide. It is likely that this C is
due to an extra unpaired G at the 3′ terminus of the RNA minus strand as reported
for CTV [17] and LChV-1 [15]. The 5′ end sequence would then be CUUUU.
From 2 separate 3′ RACE experiments, 4 clones were sequenced, 2 of which
ended with a C residue and the other 2 with a T residue.
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The LChV-2/USA6b RNA genome is 15045 nt (accession number AF531505)
in length and codes for 11 ORFs (Fig. 1A). The nucleotide sequence of LChV-
2 USA6b is very similar to the partially determined sequence of LChV-2/LC5
sharing 92.9% similarity. LChV-2 has a 5′ non-coding region of only 5 nt in length
and a 254 nt 3′ non-coding region.

Analysis of LChV-2 ORFs

The first ORF from the 5′ end, ORF0, is in the negative sense and potentially
codes for a 150 amino acid polypeptide with a calculated Mr of 18.1 kDa (p18).
No similarity match was detected between this polypeptide and protein sequences
available through EMBL/Genbank. To confirm the presence of ORF0 at the 5′ end,
this region was cloned and sequenced from 9 additional LChV-2 isolates. ORF0
was conserved in all the other LChV-2 isolates. Amino acid sequence identity of
the ORF0 translation product of LChV-2 USA6b and the other isolates ranged
from 91.4 to 96.0%. The entire LChV-2/USAb sequence, in all 6 reading frames
were analyzed using the coding prediction method of Borodovsky (Fig. 1B). The
threshold for calling a region a coding region is 0.5 while regions likely to be
coding will have a value near 1. Values of over 0.5 and up to 1 were recorded for
ORF0 indicating that this ORF likely contains coding sequence. All other ORFs,
except for ORF4, which encodes a very small product, could also be identified as
coding using this method.

In the positive sense, ORF1a begins at AUG540 and codes for a putative
translation product of 1640 amino acids with a calculated Mr of 182.4 kDa (p182).
The start codon is in a good context for translation initiation with a G and a C in
the +4 and +5 positions, respectively, and pyrimidines in the −1 and −3 positions
[24]. This start codon is conserved in the 9 additional LChV-2 isolates partially
sequenced. Upstream ofAUG540 are 3 in-frame stop codons, the closest at position
449 and it is therefore unlikely that ORF1a is expressed from a non-AUG start
codon 5′ of AUG540. The p182 has 94.3% amino acid sequence similarity with
the partially determined N terminal 1112 amino acids encoded by the LChV-
2/LC5 ORF1a and only 80.6% amino acid sequence similarity with the partially
determined N-terminal 1528 amino acids of the ORF1a translation product from
LChV-2/USA6a [42]. Alignments between the LChV-2/USA6a and 6b sequences
revealed that the N-terminal region 460 amino acids (amino acids 113–570) and C-
terminal 540 amino acids (amino acids 1130–1640) are highly conserved (91.3%
and 94.2%, respectively), while the middle 560 amino acids are poorly conserved
(<60%). The N-termini of p182 contains the 6 motifs comprising the conserved
methyltransferase (MET) domain, characteristic of the Sindbis-like supergroup
of positive-strand RNA viruses [2, 43]. Similarities between a ca. 380 amino
acid sequence fragment containing the LChV-2 MET domain, with comparable
sequences encoded by PMWaV-2, CTV, BYV, LIYV, LChV-1 and GLRaV-2,
are shown in Table 2. Located within the C-termini of the p182 are the 7 motifs
comprising the conserved helicase (HEL) domain associated with the Superfamily
1 helicase of positive-strand RNA viruses [10, 11]. Similarities between the
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Fig. 2. Alignment of a conserved block of 40 amino acids located within the putative
replicase proteins of the ampeloviruses LChV-2 and GLRaV-3, trichovirus Apple chlorotic
leaf spot virus (ACLSV), vitiviruses Grapevine virus A (GVA) and Grapevine virus B
(GVB), potexvirus Papaya mosaic virus (PMV), carlavirus Blueberry scorch virus (BlScV),
foveaviruses Apple stem pitting virus (ASPV), Grapevine rupestris stem pitting associated
virus (RSPaV), and unclassified flexiviruses Cherry green ring mottle virus (CGRMV) and
Cherry necrotic rusty mottle virus (CNRMV). Invariant residues are indicated by an∗. In the
consensus sequence, invariant residues are in capital letters, lower case letters indicate amino

acids conserved in at least 7 of the 13 sequences

HEL domains encoded by LChV-2, LChV-1, GLRaV-1, -2, -3, PMWaV-2, LIYV,
CTV, BYV and BYSV are shown in Table 2. Unlike for BYV, CTV, LChV-1,
LIYV, GLRaV-2 and PMWaV-2, for which the complete or near complete ORF1a
sequence is available, the LChV-2/USA6b p182 does not encode a papain-like
proteinase (P-PRO). In Entrez searches using BLASTP, the center ca. 560 amino
acids of p182, gave significant matches with comparable sequences from several
viruses of the family Flexiviridae, including members of the genera, Tricho-,
Fovea-, Potex-, Carla- and Allexiviruses, in addition to LChV-2/LC5 and GLRaV-
3 of the genus Ampelovirus. Closer analysis revealed a conserved block of ca.
50 amino acids between these viruses (Fig. 2), which has not been previously
identified.

ORF1b overlaps the 3′ end of ORF 1a by 47 nucleotides, coding for a polypep-
tide of 526 amino acids with a predicted Mr of 60.0 kDa (p60). The p60 contains
the 8 conserved motifs common to RNA-dependent RNA polymerases (RdRp) of
positive strand RNA viruses [21, 22]. The p60 is 93.0% identical to the partial
amino acid sequence (468 amino acids) of the ORF1b translation product from
LChV-2/USA6a [42] and is 97.7% identical with the LChV-2/LC5 sequence.
Similarities to other closterovirus RdRp sequences are shown in Table 2. ORF1b
is coded for in a +1 position relative to ORF1a consistent with the ORF 1a/b
organization reported for CTV, BYV, BYSV, GLRaV-1, -2, -3, LChV-1, PMWaV-
2 and LIYV. Therefore, ORF1b could potentially be expressed by a +1 ribo-
somal frame-shift mechanism as originally proposed for BYV [2]. Alternatively,
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ORF1b could also initiate at AUG5446, which is 14 nt upstream of the ORF1a
UAA stop codon. This AUG is conserved in LChV-2 USA6a, USA6b and LC5
sequences.

Immediately following the ORF1b UAA stop codon, ORF2 codes for 121
amino acids (p14). This ORF is conserved in the LC5 sequence with the putative
translation products sharing 92.6% identity. In both the USA6b and LC5 sequences
ORF2 does not contain an AUG start codon. Translation of the ORF could be
initiated by a read through of the ORF1b stop codon, or by initiation at a non-
AUG start codon. Located within this region a small ORF coding for a putative
P5 protein was identified in the LC5 sequence [47] however, this ORF is not
conserved in the USA6b sequence.

ORFs 3, 4, 5, 6, 7 and 8 are similar to the corresponding ORFs encoded
by LC5. They code for a coat protein duplicate, a p6 membrane bound hy-
drophobic protein, a HSP70 homolog protein, a p54 movement associated pro-
tein, a p22 of unknown function and a coat protein gene. Amino acid sequence
similarities between the USA6b and LC5, p6 and p22 products are 94.6% and
96.3%, respectively. Sequence similarities between the other translation prod-
ucts as well as those from other members of the Closteroviridae are shown in
Table 2.

ORF9 codes for a putative 226 amino acid polypeptide with a calculated Mr
of 25.5 kDa (p26), beginning at AUG14111. LC5 also codes for an ORF9, which
has only been partially sequenced. The USA6b ORF9 translation product contains
an additional 22 N-terminal amino acids. The partial 133 amino acid translation
product encoded by LC5 ORF9 shares only 71.4% identity with the USA6b p26
making it the least conserved between USA6b and LC5.

Genomic organization

Figure 3 compares the genomic organization of LChV-2 with those of the
ampeloviruses GLRaV-3, PMWaV-2 and GLRaV-1, LChV-1 LIYV (crinivirus)
and BYV (closterovirus). LChV-2, as depicted, is an ambisense RNA virus.
Typical of the Closteroviridae, the ORF1a translation product codes for a con-
served P-PRO domain followed by a MET domain at the C-terminus. The LChV-2
genome lacks the P-PRO domain, instead, this region is replaced with the separate,
negative sense ORF0. In common with the other fully-sequenced member of
the genus Ampelovirus, GLRaV-3, the LChV-2 ORF1a contains a conserved NF
domain of ca. 50 amino acids of unknown function present in several potex-,
allexi-, fovea-, tricho- and carlaviruses. For GLRaV-3, -1, PMWaV-2, LChV-1
and BYV, the CP and CPd genes are clustered together, 3′ of the conserved gene
block coding for a p5–p7 (hydrophobic protein), HSP70-like and p46–p64. By
comparison, the LChV-2 CPd and CP genes are separated with the CPd located
5′ of the p6 (hydrophobic protein). Furthermore, one of the two small, poorly
conserved 3′ encoded genes normally found 3′ of the CP/CPd cluster, would
appear to be positioned 5′ of the LChV-2 CP gene. Finally, the p14, located 3′ of
the POL gene, lacks an initiating AUG start codon.
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Fig. 3. Genomic organization comparisons between LChV-2 and the other ampeloviruses
GLRaV-1, -3 and PMWaV-2, crinivirus LIYV, closterovirus BYV and the unclassified
LChV-1. Boxes represent open reading frames (ORFs). The LChV-2 negative sense ORF is de-
picted below the positive sense ORFs. Conserved domains or homologous genes are indicated
by identical patterns. Poorly conserved ORFs are represented by open boxes. P-PRO, papain-
like protease; MET, methyltransferase; HEL, helicase; POL, polymerase; p6, small hydropho-
bic protein; HSP70, cellular heat shock 70 homologue; CP, coat protein; CPd, coat protein

duplicate; p54, 54 kDa protein; NF, novel motif

Expression analysis of the ORF0 p18 product

To test whether the p18 could be expressed in vitro, clone LCV26212, containing
a 722 base pair fragment corresponding to LChV-2 nucleotides 42–737, was used
as a template for in vitro transcription/translation using either the T3 (antisense) or
T7 (sense) RNA polymerases. LCV2612 includes both putative AUG start codons
for ORF0 and ORF1a. Initiation at the putative ORF1a AUG codon in the positive
sense would result in synthesis of a truncated polypeptide of 7.6 kDa. Initiation at
the putative ORF0 AUG codon in the negative sense would result in the synthesis
of a fusion product with the pBluescript II lacZ fragment resulting in synthesis
of a 34.1 kDa polypeptide. In vitro transcription/translation of the positive sense
RNA from LCV26212 resulted in the synthesis of a ca. 7 kDa polypeptide (Fig. 4)
in agreement with that expected for translation from the ORF1a AUG codon.
In vitro transcription/translation of the negative sense RNA from LCV26212
resulted in the synthesis of a ca. 31-kDa polypeptide, in agreement with that
expected for translation from the ORF0 AUG codon. When the putative ORF1a
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Fig. 4. In vitro translation analysis. a In vitro translation of ORF1a. M (marker), 1 clone
O1M103 genomic positive sense transcript in which the ORF1a AUG start codon at position
540 has been mutated to the stop codon UAG. 2, clone LCV26212, wild-type sequence
genomic positive sense transcript. The two additional bands of ca. 29 and 34 kDa in both
1 and 2 are non-specific bands observed in the in vitro translation experiments using the
T3 polymerase. b In vitro translation of ORF0. 1, clone LCV26212 genomic negative sense
transcript. 2, clone ONEG103 genomic negative sense transcript in which the ORF0 AUG
codon at position 458 has been mutated to the stop codon UAA. Indicated molecular weights

are in kDa

AUG start codon was mutagenized to the stop codon TAG (clone O1M103) and
the ORF0 AUG codon to the stop codon TAA (clone ONEG103), both the 7 kDa
and 31 kDa products were abolished in the in vitro transcription/translation assays,
respectively.

Discussion

LChV-2 USA6b and USA6a were obtained from the same tree infected with
little cherry disease, indicating a mixed infection of at least 2 different LChV-2
strains. A heterogeneous population of sequence variants were observed, some
more closely related to either USA6a or USA6b, and some which appeared to
be recombinants between USA6a/USA6b. The tree infected with little cherry
disease was graft inoculated to Canindex at the Dossenheim research station in
1988. The original innoculum, sent as Prunus serrulata ‘Shirofugen’ to Germany
in the early 1950s from Davis California for use as a woody indicator for the
detection of Prune dwarf (PDV) and Prunus necrotic ringspot viruses (PNRSV),
probably contained a mixed population of LChV-2 at that time. The possibility
that the isolate became mixed infected in Germany is unlikely as the isolate
is surrounded by healthy controls which have never displayed symptoms nor
tested positive by PCR. Considering the relatively long life span of a typical
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cherry tree, the possibility for mixed infections, heterogeneous sequence variants
in infected trees may not be uncommon. During the sequencing of LChV-1
[15], we also observed a variant sequence of LChV-1 with only ca. 80% sim-
ilarity to the published sequence obtained from the same infected tree (unpub-
lished data). Genetic variations in CTV isolates have been well documented in
a number of studies, as well as, recombination between variant CTV sequences
[20, 32, 43]. In a study of 5 California CTV isolates, one isolate was found
to contain 2 predominant sequence variants which could have arisen by mixed
infection. Each of these 2 predominant sequences were more closely related to
CTV isolates obtained elsewhere, than to each other. This is similar to what is
observed with LChV-2. LChV-2/USA6b is more closely related to LChV-LC5
from Canada then to LChV-2/USA6a. The amount of sequence heterogeneity
between USA6a, USA6b and LC5 is similar to that observed between isolates
of CTV.

Compared to other members of the Closteroviridae, the LChV-2 5′ terminus
contains a truncated ORF1a lacking a P-PRO domain and presence of a negative
sense ORF0 of unknown function. Attempts to clone alternative sequences 5′
of the MET domain were unsuccessful even when using primers designed to
conserved P-PRO sequences. Instead, ORF0 and lack of an ORF1a encoded
P-PRO, was confirmed by partially sequencing 9 isolates of LChV-2 obtained
from Germany, Holland, Canada and the UK. It is unlikely that the LChV-2 5′
sequences are derived from a defective RNA (dRNA). Both the CTV and LIYV
have been associated with dRNA molecules. These RNAs are chimeric molecules
consisting of sequences derived from the 5′ and 3′ ends of the viral RNA with
large internal deletions [6, 33, 45], very different from what is observed in the
LChV-2 sequence.

The P-PRO domain is considered an essential and characteristic feature of
the Closteroviridae [16]. Complete sequences of LChV-1, CTV, BYV, LIYV and
GLRaV-1 and the near complete sequence for PMWaV-2, all code for one or
more P-PRO domains. The BYV P-PRO has been shown to self cleave from
the 1a polyprotein in vitro [2, 49] and is associated with BYV induced mem-
branous vesicle aggregates thought to be important for virus replication [2, 49].
Autocatalytic cleavage by the P-PRO domain, releases the P-PRO domain from
the rest of the ORF1a translation product and is essential for RNA replication
[38]. Mutation studies of the BYV P-PRO showed that in the absence of P-PRO
expression, insertion of an artificial start codon immediately upstream of the MET
domain (mutant N-ATG-∆ALL), restored RNA replication to the same basal levels
produced by functional P-PRO in the absence of the N-terminal sequences [37].
A possible interpretation of these results given by the authors is that, the P-PRO
domain has no additional function for RNA replication other then to release the
N-terminal sequences required for RNA amplification. The LChV-2 sequence
contains a start codon immediately upstream of the MET domain, similar to the
BYV N-ATG-∆ALL mutant, and could also be sufficient for basal levels of RNA
replication. This is supported by the in vitro experiments that demonstrate that the
ORF1a AUG can function as a start codon.
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LChV-2 is mealybug transmitted virus as are GLRaV-3 and PMWaV-2 and
could therefore be classified in the genus Ampelovirus. GLRaV-1 might also be
transmitted by mealybugs, and is also classified in the genus Ampelovirus. Amino
acid sequence comparisons between the putative viral encoded MET, HEL, POL,
HSP70, CP and CPd products of these 4 viruses reveals the close relationship
between LChV-2, GLRaV-1, GLRaV-3 and PMWaV-2, in comparison to other
members of the Closteroviridae (see Table 2). However, LChV-2 has several
unique genomic features that differentiate it from all known members of the
Closteroviridae: the presence of a negative sense ORF0 at the 5′ end and the lack
of an ORF1a encoded protease motif. LChV-2 is a single stranded RNA (ssRNA)
virus [9]. All known plant ssRNA viruses are either of positive or negative sense
with the exception of the tospoviruses and tenuiviruses which have ambisense
genomes [23, 46]. Genomic sequence analysis, computer analysis of the coding
potential of ORF0, and in vitro expression data suggests that LChV-2 may be
the first identified member of the Closteroviridae with an ambisense ssRNA
genome.

A novel, ca. 40 amino acid, domain was identified in the LChV-2 p182 which
was also located in the GLRaV-3 ORF1a translation product, but is not encoded
by PMWaV-2 or any of the other sequenced member of the Closteroviridae. Not
only is this domain not characteristic of the Closteroviridae, but is also not specific
of the Ampeloviruses. More surprisingly, the domain can be found in translation
products of selected members of new plant virus family Flexiviridae of which
a few have been identified here. The significance of this domain is unknown,
as it does not correspond to any known conserved amino acid motif. That it is
only conserved among some members of the Flexiviridae and Closteroviridae
suggests that it is not essential for replication, but raises questions as to the origin
and function of this domain.

ORF1b contains the RNA dependent RNA polymerase (RdRp) domain and is
in a +1 position relative to ORF1a, typical of all other sequenced members of the
Closteroviridae. It has been postulated that ORF1b is expressed as a read-through
product during translation of ORF1a by a +1 ribosomal frame-shift mechanism
[1, 9]. Alternatively, the LChV-2 ORF1b could be expressed from the AUG codon
at position 5446. Whether or not thisAUG can function as a start codon for ORF1b
expression is unknown. It is in a relatively poor context for translation initiation
[24], which is perhaps not significant, as it is generally assumed that the RdRp is
expressed at low levels. What is interesting is that this AUG is conserved in all
three LChV-2 sequences, USA6a, USA6b and LC5.

ORF1b is followed directly in-frame by ORF2, separated by a UAA stop
codon. Analysis of the ORF2 sequence by the method of Borodovsky indicates
that this region had a high probability of containing coding sequence (Fig. 1).
Expression via read-through of an UAA stop codon has not been reported. How-
ever, conservation of this ORF in both USA6b and LC5 would further indicate
that this ORF is expressed. Either via read-though of the UAA stop codon or
initiated from a non-AUG start codon. In the published sequence for LC5 [47],
the authors identified a small ORF coding for a p5 in place of the ORF2 identified
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here. This small ORF is not conserved in the USA6b sequence and is likely not
expressed.

Evidence for RNA recombination among the Closteroviridae is extensive
from defective RNAs produced by CTV [6] and GLRaV-3 [26], and recombi-
nation between strains of CTV [32]. The genomic organization of LChV-2 is
also suggestive of several recombination events. Loss of the 5′ P-PRO sequences
and addition of the negative sense ORF0 could also have arisen by one or more
recombination events. For the closteroviruses BYV, GLRaV-2, BYSV and CTV,
the CPd is coded immediately 5′ of the CP gene. For LIYV (genus Crinivirus)
GLRaV-3 and PMWaV-2 (genus Ampelovirus) and the unclassified LChV-1, the
order of these two genes is reversed. The LChV-2 CPd is coded for 5′ of the CP
and is separated from the CP (ORF8) by the p6 (ORF4), HSP70-like product
(ORF5), p54 (ORF6) and the p21 (ORF7). Furthermore, CTV, GLRaV-1, -2, -3,
BYV, BSYV, PMWaV-2, LIYV and LChV-1, code for 2 poorly conserved ORFs
3′ of the CP/CPd with putative translation products of between 18 and 25 kDa,
whereas LChV-2 codes only for a p24. It is probable that the p21 corresponds
to the second of these 2 products, however, in LChV-2 it is positioned 5′ of the
CP. It has been suggested that Closteroviridae genomes consist of two, conserved
gene blocks [16]. The first, comprising the ORFs1a/1b replicase genes, which are
conserved among all the Sindbis-like supergroup viruses. The second, a 5-gene
block, consisting of a small p6 hydrophobic protein, an HSP70-like protein, a
p54–61 protein, followed by 2 structural proteins in that order. These 5 genes
have been shown to be required for the cell-to-cell movement of BYV [3, 36].
All 5 products are conserved in the LChV-2 genome but not their order, with
the addition of a sixth gene (p21) inserted within the cluster indicating that this
gene block does not need to be absolutely conserved. The BYV p20, which may be
analogous to the LChV-2 p21, is not required for cell-to-cell movement [3] further
suggesting that genes required for movement do not necessarily need to be grouped
together. Only the order of the p6, p60 (HSP70-like) and p54 is maintained, these
possibly may represent a core group of dedicated movement proteins.
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