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The 5«-terminal genomic region (8597 nt) of little
cherry virus (LChV), a mealybug-borne clostero-
virus, was cloned from double-stranded RNA, and
its sequence determined to complete the 16934 nt
sequence of the monopartite LChV RNA genome. In
the 5« to 3« direction, the sequence encompasses
ORF 1a, encoding the conserved replicative
domains of methyltransferase and helicase, and
ORF 1b, encoding RNA polymerase. ORFs 1a and
1b partially overlap (in 0/M1 configuration), and
the LChV replicase is probably expressed by ribo-
somal frameshifting as a fusion product with a
molecular mass of 318 kDa. The N-terminal part of
the ORF 1a product contains a papain-like cysteine
proteinase (PCP) domain with a predicted cleavage
site between Gly-619 and Ser-620. The PCP and
the upstream protein domains can be aligned with
the equivalent parts of the leader proteins encoded
by the whitefly-transmitted lettuce infectious
yellows and sweet potato sunken vein clostero-
viruses. Phylogenetic reconstruction based on
the aligned RNA polymerase sequences clearly
suggests that the aphid-transmissible and whitefly-
transmissible closteroviruses represent two distinct
evolutionary lineages, with the mealybug-trans-
missible LChV being the most remote member of
the ‘whitefly’ lineage.

Little cherry disease (LCD) is distributed worldwide in
ornamental and sweet cherry and has a great impact on the
fruit quality of infected trees. In infected phloem cells,
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characteristic vesicles and elongated virus-like particles were
detected by electron microscopy, thus indicating the as-
sociation of LCD with a clostero-like virus (Raine et al., 1975,
1979 ; Ragetli et al., 1982). This hypothesis was supported by
the extraction of a high molecular mass double-stranded RNA
(dsRNA) from LCD-affected sweet cherry (Hamilton et al.,
1980 ; Legrand & Verhoyen, 1986 ; Jelkmann, 1995 ; Eastwell &
Bernardy, 1996). Recently, the sequence of the 3«-terminal
8337 nucleotides of the dsRNA replicative form associated
with a German isolate of little cherry virus (LChV) was
obtained and shown to encompass six open reading frames
(ORFs) coding for proteins of 70 kDa (a homologue of HSP70
heat shock proteins), 61 kDa, 46 kDa (coat protein, CP),
76 kDa (diverged CP duplicate), 21 kDa and 27 kDa, which is
typical for closteroviruses (Keim-Konrad & Jelkmann, 1996).
Here we report the complete 16934 nucleotide sequence of
LChV determined from cDNA clones obtained from the
dsRNA template.

The field sample UW1, which was the source of the dsRNA
used as a template for obtaining the 5«-terminal cDNA clones,
had been described previously (Jelkmann, 1995 ; Keim-Konrad
& Jelkmann, 1996). The 5«-terminal sequence was obtained
from a total of 39 recombinant plasmids. To avoid errors due
to the blunt-end cloning strategy used to obtain the cDNA
from dsRNA, all sequences were covered by at least two
independent cDNA clones. A few one-base ambiguities
detected between individual clones were resolved by analysing
at least one additional cDNA clone. As isolate UW1 was no
longer available in 1996, the 5«-most sequence of the genome
was determined for the two isolates 3}7 ‘Roth ’ and UW2.
Both extended the sequence of the 5«-proximal cDNA clone
(p109) for 17 nt. These were identical in the two isolates. As
the anchor ligation method (Keim-Konrad & Jelkmann, 1996)
failed to yield PCR products, tailing of the dsRNA with rATP
followed by applying a 5«}3« RACE protocol (Boehringer
Mannheim) was used. The 5«-terminal residue determined from
the minus strand of LChV dsRNA is a C. Genomic RNAs of
other closteroviruses start with an A or G (Agranovsky et al.,
1994 ; Klaassen et al., 1995 ; Karasev et al., 1995), as is
characteristic for the residues next to the 5«-m7G cap in
eukaryotic messengers. However, Karasev et al. (1995)
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Fig. 1. (a) Schematic representation of the genome organization of LChV.
Diagonal plot comparisons of the putative ORF 1ab fusion products of
LChV with those of BYV (b), LIYV (c) and SPSVV (d). Local similarity
searches were performed using the program ALIGN-2 from the GENEBEE
package (Brodsky et al., 1990). Only segments with similarity levels
exceeding 6 SD are shown. PCP, papain-like cysteine proteinase; MT,
methyltransferase ; HEL, NTPase/helicase ; POL, RNA-dependent RNA
polymerase. Protein sequences were extracted from the databases, except
for SPSVV (personal communication from H. J. Vetten).

reported an extra unpaired G at the 3« terminus of the citrus
tristeza virus (CTV) genomic RNA minus strand. If the same
was true for LChV, the 5«-terminal sequencewould beGUUUU
…instead of CGUUUU…, which is remarkably similar to the
5« end of the beet yellows virus (BYV) genome.

The 5«-terminal 8597 nucleotides of the LChV genome
were determined in this study. Together with the 3«-terminal
8337 nucleotides determined in previous work (Keim-Konrad
& Jelkmann, 1996) this completes the sequence of the
monopartite RNA genome of LChV, which consists of
16934 nt (EMBL accession no. Y10237). With respect to its
monopartite genome size, LChV is intermediate between BYV
(15480 nt ; Agranovsky et al., 1994) and CTV (19296 nt ;
Karasev et al., 1995), and is the second largest plant virus
sequenced to date. As the previous electrophoretic size
estimations of the LCD-associated dsRNA of ca. 15 kbp (Keim-
Konrad & Jelkmann, 1996) and 12±6 kbp (Eastwell & Bernardy,
1996) both differ from the complete LChV sequence de-
termined in this study, we analysed the LChV dsRNA by

agarose gel electrophoresis using BYV dsRNA as a size
marker. The European and USA LChV isolates used in this and
previous studies (Jelkmann, 1995 ; Keim-Konrad & Jelkmann,
1996) showed a prominent band of high molecular mass
dsRNA with an electrophoretic mobility indistinguishable
from that of BYV (data not shown), thus suggesting an
anomalously fast migration of LChV dsRNA in the gels.

The first AUG in the LChV sequence (starting at position
77) is in an optimal context for translation, with G at the ­4
and ®3 positions (Kozak, 1986), and is thus likely to be the
initiator codon for ORF 1a. This ORF (terminated by the UGA
stop codon at position 6981) encodes a polypeptide of 2301 aa
(M

r
259330). ORF 1b (nt 6951–8495) overlaps the last 10

triplets of ORF 1a and encodes a polypeptide of 515 aa (M
r

59118) (Fig. 1a). ORFs 1a and 1b encode the conserved
domains of methyltransferase (MT), RNA helicase (HEL) and
RNA-dependent RNA polymerase (POL) (Fig. 1a) identified
by database screening with FASTA. The LChV ORFs 1a and
1b are found in 0}­1 configuration. A similar layout of the
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Fig. 2. Alignment of the putative leader proteins of LChV, SPSVV and LIYV (significance score 14 SD, Doolittle distance 214).
Non-conserved amino acids are indicated by numbers. Residues identical in two or more sequences are highlighted in bold.
Exclamation marks (!) indicate the predicted catalytic Cys and His residues. Consensus 1 shows identical or similar positions in
the proteins of LChV, SPSVV and LIYV; consensus 2 shows similar positions in the aligned C-terminal 85 amino acid portions in
the proteins of BYV, CTV, LChV, SPSVV and LIYV. Within a consensus, similar amino acids are indicated as follows: U, a bulky
aliphatic residue (I, L, V, M) ; !, an aromatic residue (F, Y, W); &, a bulky hydrophobic residue (aliphatic or aromatic) ; B, a
negatively charged residue (D, N, E, Q); ­, a positively charged residue (K, R) ; s, S or T ; x, any residue. A slash (/) denotes a
predicted scissible bond. According to the standard code (see Dougherty & Semler, 1993), the residues surrounding the PCP
cleavage site are designated as P2, P1/P«1, P«2, P«3, P«4, P«5 and P«6 (VG/SAMNEN in the LChV sequence).

5«-proximal replication-associated genes is seen in the other
closterovirus genomes so far sequenced, and it has been
suggested that closterovirus replicases are expressed by ­1
ribosomal frameshifting (reviewed in Agranovsky, 1996). If
frameshift occurs at the ORF 1a stop codon, a 1ab fusion
protein consisting of 2807 aa (M

r
317548) would be produced.

Pairwise comparisons of the putative 1ab fusion protein of
LChV with those of the aphid-transmissible closteroviruses
BYV (Fig. 1b) and CTV (not shown) revealed three regions of
similarity corresponding to the MT, HEL and POL domains.
The similarity regions were more extended and showed higher
SD values when the LChV 1ab product was compared with
those of the whitefly-transmissible lettuce infectious yellows
virus (LIYV) and sweet potato sunken vein virus (SPSVV) (Fig.
1 c, d).

Starting four nucleotides after the UAA stop codon of ORF
1b is ORF2 (nt 8503–8602), which codes for a small hydro-
phobic protein of 36 aa (4 kDa) containing the N-terminal
stretch of non-polar amino acids (data not shown) predicted to
form a transmembrane helix in the equivalent proteins of BYV,

beet yellow stunt virus (BYSV), CTV and LIYV (Klaassen et al.,
1995). ORF 2 overlaps the first 11 nucleotides of ORF 3, which
encodes a 70 kDa HSP70 homologue. ORF2 and the down-
stream ORFs 3, 4, 5, 6, 7 and 8 (nt 8603–10456, 10431–11981,
12064–13275, 13284–15275, 15426–15968 and 16008–
16724, respectively, in the complete genome) represent a gene
array typical of closteroviruses (Fig. 1a).

BYV ORF 1a encodes a papain-like cysteine proteinase
(PCP) domain which has been proven to be active in an in vitro
assay (Agranovsky et al., 1994). Related PCP domains have
been predicted in the ORF 1a products of CTV (Karasev et al.,
1995), LIYV (Klaassen et al., 1995) and some other clostero-
viruses (reviewed in Agranovsky, 1996). Comparisons of the
LChV ORF 1a product with those of BYV, LIYV and SPSVV
allow prediction of a similar PCP domain with a cleavage site
between Gly-619 and Ser-620 (Figs 1b–d and 2). Auto-
proteolysis at this site would yield a leader protein of 69 kDa,
the largest among the cleaved leaders of closteroviruses (BYV
66 kDa, CTV 54 and 55 kDa, and LIYV 45 kDa). Previously,
comparisons of the putative leader proteins encoded in
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closterovirus genomes have revealed no statistically significant
similarity among them, apart from the C-terminal PCP domain
(Karasev et al., 1995 ; Klaassen et al., 1995). Our analysis also
failed to identify any related sequences in the LChV and BYV
proteins upstream of their PCP (Fig. 1b). In contrast, pairwise
comparisons of the LChV and LIYV 1ab products revealed an
additional segment of similarity located upstream of the PCP
(positions 199–311 and 127–239 in the LChV and LIYV 1ab,
respectively ; Fig. 1 c). Although this segment was not seen on
the LChV}SPSVV plot (Fig. 1d), some lower SD segments
could be found under less stringent comparison conditions
allowing delineation of the borders of the conserved protein
sequences. An alignment of the three leader proteins within
these borders highlights the strong conservation of the PCP
domains in the LChV, LIYV and SPSVV leader proteins, and
the existence of related amino acid sequences located upstream
of the PCP. These additional conserved domains are in-
terrupted by deletions or insertions of variable length (Fig. 2).
The putative cleavage sites of the closterovirus proteinases are
found in non-conserved amino acid contexts, with the
exception of positions P2, P1 and P«4 at which a bulky
hydrophobic residue, a Gly residue and a negatively charged
residue, respectively, are favoured (Fig. 2). Substantial varia-
bility is seen in the residues located rightward of the scissible
bond (Gly in the BYV and CTV proteins, and Ser, Val and Ala
in the proteins of LChV, SPSVV and LIYV, respectively ; Fig.
2). Similar variability of the P«1 amino acids has been described
for the leader PCP of arteriviruses and coronaviruses, which
have Gly}Gly, Gly}Ala, Gly}Val or Gly}Tyr dipeptides as
cleavage sites (Godeny et al., 1993 ; Dong & Baker, 1994 ; den
Boon et al., 1995).

The recently published phylogenetic tree of the clostero-
viral CP and CPd suggested that the LChV sequences were
most closely related to those of LIYV and SPSVV (Keim-
Konrad & Jelkmann, 1996). Here, we studied the phylogenetic
relationships among closteroviruses by comparing their puta-
tive RNA polymerases. The tentative closterovirus RNA
polymerase tree (Fig. 3) showed branching of BYV, BYSV,
CTV and LIYV compatible with that in the previous POL
reconstructions (cf. Dolja et al., 1994 ; Klaassen et al., 1995).
Further, our analysis suggested that the aphid-transmissible
BYV, BYSV and CTV, on the one hand, and the whitefly-
transmissible LIYV, SPSVV and cucumber chlorotic spot virus
(CCSV) and the mealybug-transmissible LChV, on the other,
represent two distinct evolutionary lineages (Fig. 3). Although
this reconstruction clearly supports a rather recent divergence
of the whitefly- and mealybug-transmitted closteroviruses,
LChV appears to be the most remote member of this lineage
(Fig. 3). Comparisons of the PCP domains of BYV and CTV
versus LChV, LIYV and SPSVV show only limited amino acid
sequence similarity (cf. consensus 1 and 2 ; Fig. 2). This agrees
with the closterovirus grouping suggested by the RNA
polymerase tree and implies evolution of the PCP and the
replicative domains as an entity.

Fig. 3. Cluster dendrogram derived from aligned sequences of the
closterovirus RNA polymerases (ORF 1b products). Multiple alignments
were generated by the program OPTAL allowing calculation of the
adjusted alignment scores as the number of standard deviations (SD) over
the mean of 25 random simulations (Gorbalenya et al., 1989).Trees were
constructed from the alignments using the program PROTPARS in the
PHYLIP package (Felsenstein, 1989), excluding the positions containing
gaps. The number above each node shows the percentage of bootstrap
replicates in which a given node was recovered. Branch lengths are
arbitrary. The related sequence of tobacco rattle tobravirus (TRV)
polymerase was used as the outgroup. Protein sequences were extracted
from the databases, except for cucumber chlorotic spot virus (CCSV;
personal communication from L. P. Woudt) and SPSVV (personal
communication from H. J. Vetten).
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