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Summary. The genome of the Balatonl severe cherry isolate of apple chlorotic
leaf spot trichovirus (ACLSV-Ball) has been cloned and sequenced. The
genomic RNA is 7549 nucleotide long, excluding the poly A tail. The genomic
organization, with three overlapping open reading frames (ORF), is similar to
that of the other sequenced ACLSYV isolates. Sequence comparisons indicate
a high variability between ACLSYV isolates, with overall nucleotide sequence
homology levels between 76 and 82%. The coat protein, encoded internally
inside a larger ORF, is the most conserved protein (identity levels between 87 and
93%) while the central ORF, encoding the putative movement protein, is the
most divergent (77 to 85% identity).

*

Apple chlorotic leaf spot virus (ACLSV) is the type member of the Trichovirus
genus [21] and is known to infect most fruit tree species, including apple, peach,
pear, plum, cherry and apricot [7, 10, 18, 23]. The virus is characterised by
elongated, very flexuous particles of 720 x 12 nm, encapsidating a single
stranded positive sense genomic RNA [19, 31]. ACLSV has a world-wide
distribution and induces a large variety of symptoms in sensitive fruit trees [ 7, 10,
23]. Although more or less symptomless in pome fruits, ACLSV is responsible for
some serious diseases in stone fruits including false plum pox or plum pseudo-
pox [16], plum bark split [8], “viruela” in apricot [24] and “ butteratura” in
apricot and cherry [26]. Complete nucleotide sequences have been reported for
the French P863 isolate, responsible for a plum bark-split disease [12], and for

* The sequence data reported here has been submitted to the EMBL database and has
been assigned the accession number X 99752.
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the Japanese P205 isolate, responsible for the apple topworking disease [29].
These two isolates showed a similar genomic organization with 3 overlapping
open reading frames (ORFs) and have an overall genomic identity level of about
80% [29].

In this paper we report the complete nucleotide sequence of the genome of
a severe ACLSYV isolate orginally obtained from a wild cherry tree showing
severe fruit necrosis symptoms in Hungary (originally collected by JC Desvignes,
CTIFL, Lanxade, France). This isolate (Balaton 1: ACLSV-Ball), causes very
severe symptoms of mottling and pitting on cherry and peach leaves and fruits
[7]. In the GF305 peach seedling indicator, it causes very severe leaf distortion
and discoloration symptoms which are strikingly different from the mild, dark
green mottle caused in this host by the vast majority of ACLSV isolates ([ 7, 23],
our own observations).

ACLSV-Ball was routinely propagated in Chenopodium quinoa under green-
house conditions. Virus and viral RNA purifications were performed as previ-
ously described [9]. Complementary DNA was synthesized from 5 pg of purified
ACLSV-Ball RNA [14] using oligo (dT) as a primer. The cDNA molecules
obtained were then cloned in plasmid Bluescript KS + (Stratagene) as described
previously [ 12]. Screening by restriction enzyme mapping, colony hybridization,
and partial nucleotide sequencing, allowed the identification of cDNA clones
covering approximately 4 kb from the 3’ end of ACLSV-Ball genome.

An oligomer (5CCCCTTCTCTTGATAGATAAT 3'), complementary to
the 5'-terminal region of the 5'-most cDNA clone, was synthesized and used as
a primer for the cloning of upstream region. In this way, cDNA inserts forming
an overlapping set covering 99.5% of the ACLSV-Ball genome were obtained.
Overlapping deletions were prepared from three large independent cDNA clones
(“Erase-a-base” kit, Promega) and used for sequence determination, as described
previously [12]. With the exception of the 5" terminal 41 nucleotides, each base
was sequenced at least once on each strand of the cDNA.

The sequence of the 5'-terminal nucleotides of the Ball RNA was determined
by extending a synthetic primer (AGGCGTTACGTCAATCTG 3', comple-
mentary to nucleotides 38—55) with reverse transcriptase in the presence of
dideoxynucleotides [ 11]. From the deduced sequence, a primer corresponding to
nucleotides 1-20 was synthesized and used in PCR experiments, together with
a primer complementary to nucleotides 422442 (S AGCTACATAAGAATAT-
TTACT 3'). The amplified fragment was cloned and sequenced to confirm the
sequence of the nt 20—41 region.

Compilation and analysis of the nucleotide sequence were performed using
the Microgenie suite of programs (Beckman). Alignments of amino-acid se-
quences were performed using the ClustalV program [15].

The complete nucleotide sequence of ACLSV-Ball genomic RNA is 7549
nucleotides in length excluding the 3" polyA tail. This is only a few nucleotides
shorter than the genome of ACLSV-P863 (7555 nt, [12]) and P205 (7 552 nt,
[29]). It has a base composition of 32% A, 18% C, 23% G, and 27% U, again
very similar to the base composition of the other ACLSYV isolates. Comparisons
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Table 1. Percentage of identity of nucleotide (complete nt sequence, 5’ non coding region (5NCR) and
3'NCR) or amino acid sequence (216 K, 50K, CP, and 28 K proteins) between pairs of ACLSV isolates

Compared completent  5NCR 3'NCR 216K 50K CP 28K
isolates sequence

Ball/P863 76.2% 82.4% 76.8% 84.8% 77.2% 92.7% 83.1%
Bal1/P205 76.5% 79.1% 79.6% 84.4% 79.9% 87% n.a.
Ball/PBM1 76.5% 79.1% 75.1% 84.3% 80% 89.6% 80.3%
P863/P205 79.8% 91.4% 81.2% 88.4% 80.1% 88.6% na.
P863/PBM1 81.5% 93.4% 91.4% 88.5% 84.8% 93.3% 86.4%
P205/PBM1 79.6% 91.4% 85.5% 87.8% 83.8% 87.6% n.a.

n.a. Not applicable since ACLSV P205 does not have a complete 28 K ORF

of the complete nucleotide sequences of ACLSV-Ball with those of P863 [12],
P205 [29] and PBM1 (W. Jelkmann, pers. comm.) showed homology levels of
76.2, 76.5 and 76.5% respectively (Table 1). Thus, there appears to be a high
variability, at the molecular level, between the different ACLSV isolates. The
highest homology was observed between the two plum isolates, P8§63 and PBM 1
(81.5%).

A search for putative open reading frames (ORFs) in the ACLSV-Ball
genome showed that three overlapping ORF's are present on the positive strand
(Fig. 1). The organization and size of these ORFs is similar to those found in the
other ACLSYV isolates.

The ORF1, preceeded by the 148 nt 5’ non-translated region (5'-NTR), starts
at the first AUG (positions 149—151) and ends at a UGA stop codon (positions
5810-5812). It encodes a 1890 amino acid long protein with a calculated
molecular weight of 216.8 kDa (ACLSV 216K ORF). The protein encoded by
this ORF contains the three well-conserved signature sequences found in the
replication-associated proteins of RNA viruses (Fig. 1). The putative methyl-
transferase domain of Sindbis-like viruses [3, 27] is located in the N-terminal
region (amino acids 59-233), the nucleotide binding site or helicase domain
[3, 13] is located in the central part of the protein between positions 1060 and
1301. The polymerase domain [3, 17], characterized by the GDD triplet, is
located in the C-terminal region of the protein (positions 1 643—1 731).

As shown in Table 1, the homology level between the 216 K proteins of the
various ACLSYV isolates varies between 84.3% (Bal-PMB1) and 88.5% (P863-
PMBI1). The Ball protein appears to be the most divergent. The regions
corresponding to the signature sequences, as well as the regions surrounding the
helicase and polymerase domains, are highly conserved, with over 90% of
identity between the various isolates (Fig. 1). Interestingly, multiple alignments
revealed the existence of a hyper-variable region (positions 602—672 in Ball)
downstream from the methyl-transferase domain. In this short region, identity
levels do not exceed 20% between any pair of ACLSV isolates. A plot of the
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Fig. 1. Genome organization of ACLSV Ball (middle) and percentage of fully conserved

aminoacids between all four ACLSV isolates in the three ORF's harbored by the genome (top

and bottom). I -4 Conserved methyl-transferase, protease, helicase and polymerase domains,

respectively. The 28 K ORF isindicated, together with the in-frame CP ORF. The curves plot

the percentages of fully conserved amino-acids in a window of 20 aa along the various ORFs.
A vertical bar indicates the beginning of the CP ORF within the 28 K ORF

identity between the four ACLSV isolates sequenced to date is presented in
Fig. 1. The hyper-variable domain is clearly visible in the plot corresponding to
the 216 K protein. It has previously been reported that the 216 K protein of
ACLSV P863 shares extensive global homology with the corresponding 206 K
replication-associated protein of tymoviruses [12]. Sequence comparisons now
show that the ACLSV hyper-variable region is located, similarly to an hyper-
variable region in the 206 K protein of tymoviruses, between the methyl-
transferase and the protease domains.

In the case of TYMV, mutagenesis studies have allowed the identification of
the active site residues of the papain-like protease as Cys783 and His869 [2].
Statistically significant sequence similarities between the TYMYV proteinase and
similarly located regions of the replication associated proteins of carla-, capillo-
tricho- and furoviruses have been reported [28]. An alignment of the amino acid
sequences around the conserved (catalytic) Cys and His of tymoviral proteins,
with a consensus derived from the four ACLSV sequences available, is shown in
Fig. 2. This alignment indicates a high level of conservation in this region of the
ACLSV 216 K protein (see also Fig. 1), together with a complete conservation of
the putative Cys and His catalytic residues. Although there is conflicting
evidence for proteolytic processing of the 216 K protein of ACLSV [5, 32], these
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TYMV (770) LPS---NHLPQPT--LNCLLSAVSDQTKVSEEHLWESLQT ILPDSQLSNEETNTLGLSTEH
ELV (667) PGY---LEAPYPP--LDCMLVALSAQMPQSPOELWSALNTLMPLSALTSPSLRVLGLGTEE

EMV (763) VPP---SSLSHPK--LNCLLTCFSELSGHSESDLWLSLQSILPDSQLQNPEVSTLGLSTDI
KYMV (796) SPP---TPLPMPK--NNCLLTAVAPSLHINPHRLWTSLQEVLPDSLLSNSEIDSVGMSTDL
OYMV (698) HPR---SSAPFPQ--KHCLLTAVASQLSYTEHQLWEFLCDMLPDSLLTNSEVENFGLSTDH
ACLSV (840) RDFSFESKLRFIKGKxDCLFxSxAEIIHKKPEEXMMFxPHIX~-DRCXSNx--—--- GCSxDD

eee s e * d * %8
TYMV LTALAHLYNFQATVYSDRGPILFGPSDTIKRIDITHTTGPPSEFSPGKRLLGSQP~-SAK (885)
ELV LTALSYYYHFQAETHSDNEIYRFGIQTASTKLCLIRDSGPPAHFTAPDPLRAGSPPSRS (784)
EMV LTALCFIYHSSVTLHAPSGVYHYGIASSSTVYVIHYQPGPPPEFSLSPRLAASAP-RCN (878)
KYMV LTALSHLFNFQAVVHSERGDILFGLQSAKTVIHIYHTNGPPAHYSPPPKIIGSN--SPP (910)
oYMV LTCLSYRLHFECITHTSHSTIPYGIKKASTVIQISYIDGPPKEFKAFIKLAAAAP-GSN (812)
ACLSV AKAICEXYEIKIECEGDCGLXECGXXGLXXGRMLLR--G-~-NHFXVASVRRSSXDSLAN (949)

Fig. 2. Amino acid sequence alignment in the protease domain. The sequence of various
tymoviruses is compared with a consensus sequence derived from the sequence of the four
ACLSYV proteins. TYMV Turnip yellow mosaic virus (accession number P10358), ELV
erysimum latent virus (P35928), EMV eggplant mosaic virus (P20126), KYMV kennedia
yellow mosaic virus (P36304), OYMV ononis yellow mosaic virus (P20127). x Variable
position in the ACLSV 216 K protein. The TYMV catalytic residues are indicated in bold
with a bold asterisk over the alignment. Other fully conserved residues are indicated by an
asterisk. Conserved residues belonging to groups with identical properties are indicated in
italics with a code on top of the alignment: (@ Hydrophobic residues (A, I, L, V, M), a acidic
residues or their derivatives (D, E, N, Q), $ aromatic residues (F, Y, W). The aa position along
the various viral proteins is indicated. For ACLSV, the values given for the consensus are
derived from the Ball protein

homologies indicate that the possible proteolytic maturation of the 216 K
protein should probably be reinvestigated. In this respect, it is noteworthy that
the corresponding region of the BNYVYV replication-associated protein has
recently been shown to possess a proteolytic activity (A. Hehn, pers. comm.).

ORF2 begins at AUG 5725-5727 and ends with an UGA stop codon
(positions 7 104—7 106). It is predicted to encode a 459 amino acid long protein
with a calculated molecular weight of 51.3kDa (ACLSV 50K protein). The
position of the initiation codon of this ORF is the same for isolates Ball, P863
and PBM 1, but it is six nucleotides downstream in ACLSV P205 [29]. Based on
amino-acid sequence comparisons [ 12] and on subcellular localisation [30], the
50K protein is thought to be the cell-to-cell movement protein of ACLSV. As
shown in Table 1, this protein is the least conserved of the three encoded by the
ACLSV genome, with identity levels ranging from 77.2 to 84.8%. Multiple
alignments indicate that this high divergence level is unevenly distributed along
the S0 K protein, the C-terminal half showing a much higher variability, with
only a few blocks of fully conserved residues (see Fig. 1).

ORF3 begins at AUG 6 623-6 625 and ends at a UAA stop codon (positions
7369-7371). It encodes a 248 amino acid long protein with a calculated
molecular weight of 28.1 kDa (28 K protein). An ORF of a similar size is also
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AUG-28K
Ball (6606) UUAAGUCCCAGGCUGAUGAGGUUGAACAUCAAAGGUUAUUCACUGACGAGGAUUUUGAGGAAUU
P863 (6600) UUAGGUCCCAGAAUGAGAAGGUUGAACAUCAAGGCUUAUCAACAGACAGCGAUUUCGAGAAUUU
P205 (6604) UUAGGUCCCAGGAUGAGAGAGUUGAACAUCAAGGAUUAUCGACUGACUCUGAUUUUGAAAAUUU
PBM1 (6597) UUAGGUCCCAGGAUGAUAAAAAUGAAUAUCAAAGCUUAUCAACUGACAGUGAUUUUGAAAAUUU

ke kokok ok ok ok ok * ko kkkk dkkikk * kkkx *k kkk hkhkkk  kk *  kk

CUG-26K
Ball CAUCAAAAGCAGAGGGAGAAGAAGGGCUGGAUCGAGAUCAAUCACGUCAGAGGGUUCAUCUCUCGAUAACA
P863 UCUCAGAAACAAGAGGGGUAAUAAAGCUGGAGUUAAAUCCACUGCUUCAGAAGGGUCAUCAGUUGAUAACA
P205 UCUGA---GGAAAGGCAAAGGAAAAGCUGGAACUGAAUCCAUUACUUCAGAAGGGUCAUCCUUCGAUAACA
PBM1 UCUCAAAAGGAAGGACAAAGGUAAAGCUGGGGCCAAAUCCAUUGCUUCAGAGGGGUCAUCCAUUGACAACA

* ok * * *okok k& *hkk Kk * Akkhkk kk khkkkk * kk khkkk

AUG~CP
Ball UCUCUACUAGAGAAUUUCAGUCUGCUCGAGAAGAUCAGAAGAAGGAGGAUGGCUGCGGUUUUA (6805)
P863 UUUCUUCAAGAGAAUUUCAGUUUGCUCGACAGAACCAGGCGAAGGAGGAUGGCAGCAGUUCUG (6800)
P205 UUUCUGCAAGAGAGUUUCAGUUUGCUAGACAAGAUCAGAAGGCGAAGGAUGGCGGCAGUGCUG (6800)
PBM1 UAUCUCCAAGAGAGUUUCAGUUUGCUAGACAAAAUAAGAAGAAGGAGGAUGGCAGCAGUUCUG (6796)

* hkdk k khkdkhkh hhkhkhkkhkdk khkhk *hk K * * % * * hhkkkAkhkAkhk Kk kK £ g

Fig. 3. Multiple nucleotide sequence alignment of the ACLSV isolates in the region sur-

rounding the 28 K and CP ORFs initiation codons. The position on the sequences is given in

parentheses. Asterisks indicate conserved nucleotides. Important nucleotides mentioned in

the text are in bold and shown on top of the alignment: AUG-28 K Initiation codon for the

28 K ORF, AUG-CP initiation codon for the CP ORF, CUG-26K putative CUG initiation

codon for the 26 K protein (see text). The UGA stop codon interrupting the 28 K ORF in
isolate P205 is also indicated

observed in ACLSYV isolates P863 and PMBI1 ([12], W. Jelkmann pers. comm.).
In the case of ACLSV P205, although an AUG initiation codon is observed in
a similar position, it is followed shortly by an in frame UGA termination codon
[29]. In vitro translation experiments have shown that, in the case of isolate
P863, the coat protein is encoded by the 28 K ORF but that it is translated by
initiation at the second, in-frame AUG, to yield a coat protein of the correct,
22kDa size [5]. As shown in Fig. 3, this second in-frame AUG codon is con-
served in all four ACLSYV isolates (positions 6 791—-6 793 in Ball).

For three of the four ACLSV isolates sequenced to date, the coat protein 22 K
ORF appears to be located in-frame, inside a larger 28§ K ORF. A similar
arrangement of ORFs has also been observed for a carlavirus [20] and for
several potexviruses [ 1]. The biological significance, if any, of this arrangement
of ORFsis not known. However, it is clearly dispensable as it is not conserved in
ACLSYV P205, nor in the case of the majority of carla or potexviruses. Besides the
coat protein itself, a larger 26 kDa protein, serologically related to the CP,
accumulatesin ACLSV P863 infected C. quinoa plants [ 5]. The use of non-AUG
initiation codons such as ACG and CUG has previously been documented in
other viral RNAs [6, 25]. In vitro translation experiments suggest that the larger
26 kDa protein could be the result of initiation at a CUG codon, located in-frame
and upstream of the CP AUG [5]. Interestingly, as shown in Fig. 3, this CUG
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codon is conserved between all four ACLSYV isolates. No function has yet been
ascribed to this potential protein and to date, there is no demonstration, besides
isolate P863, that such a protein also accumulates in plants infected with other
ACLSYV isolates. The coat protein itself appears to be the most conserved of the
ACLSYV proteins (Table 1), with identity levels ranging between 87 and 93.3%.
For the three isolates in which it occurs, the region of the 28 K ORF upstream of
the CP is poorly conserved (see Fig. 1), which explains identity values in the
83—-86% range for the 28 K protein (Table 1).

In conclusion, extensive divergence between the nucleotide sequences of the
four isolates of ACLSV has been observed (Table 1) with homology levels in the
76—82% range. Evidence for a high variability of ACLSV has previously been
obtained by the sequencing of a short 353 nt fragment amplified by PCR in the
region of overlap between the 50 K and 28 K ORFs [4]. Most of the variation
between isolates is observed in three main regions: the hyper-variable segment
downstream of the methyl-transferase domain in the 216 K ORF, the C-terminal
part of the 50 K movement protein ORF, and the N-terminal part of the 28 K
ORF upstream of the CP coding region (Fig. 1). Although it is tempting to
speculate that these regions may be associated with the determination of the very
varied biological properties of ACLSV, the variability observed may, more
simply, reflect less severe evolutionary constraints on these regions. In this
respect, it should be considered that the 216 K hyper-variable region is located in
a region poorly conserved in other plant RNA viruses and which may concei-
vably constitute a kind of linker between the conserved methyl-transferase and
helicase domains. Similarly, the movement proteins of viruses are notorious for
showing low sequence conservation while retaining comparable biological
properties [22].
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