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Abstract

The complete genomic sequence of the recombinant Plum pox virus (PPV) iso-
late BOR-3 was determined. The genomic RNA of BOR-3 is composed of 9786 nu-
cleotides, excluding the poly(A) tail and has an organisation similar to that
reported for the other PPV isolates sequenced. Comparison of the complete BOR-3
nucleotide sequence with other PPV isolates revealed 78.1–95.7% nucleotide iden-
tity with isolates of the PPV-C, -M and -D subgroups. A clear recombination break-
point in the BOR-3 genome was identified around the nucleotide position 8450,
corresponding to the end of the NIb gene. Unexpectedly, a second putative recom-
bination breakpoint, consistent with the existence of an ancient recombination
event, appeared in the 3’ part of the P3 gene around position 2813. Analysis of the
phylogenetic relationship using whole genome sequences confirmed that BOR-3
forms a phylogenetically distinct subgroup.
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Introduction

Plum pox virus (PPV) is the causal agent of the economically important sharka
disease of stone fruit trees in most European countries and sporadically out of Eu-
rope. PPV is a member of the genus Potyvirus of the family Potyviridae. Potyviruses
have a single-stranded plus-sense RNA genome of about 10 kb with a single open
reading frame (ORF). Two main subgroups of PPV isolates have been recognized,
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i.e. PPV-M and PPV-D (Candresse et al. 1998). Recently, a third major subgroup
comprising closely related isolates originating from recombination event between
PPV-M and PPV-D has been identified and named PPV-Rec (Glasa et al. 2004). Ad-
ditional minor subgroups include geographically limited El Amar isolates from
Egypt (PPV-EA) and cherry-adapted isolates (PPV-C).

Hitherto, nine complete sequences of PPV isolates belonging to M, D and C
subgroups were available. In this paper, we report the complete genome sequence
of a representative of the PPV-Rec subgroup, the natural recombinant BOR-3 iso-
late.

Material and methods

The BOR-3 isolate was isolated in 1996 from a five-year-old apricot tree in an
orchard in western Slovakia.

Total RNAs were extracted from lyophylised Nicotiana benthamiana Domin.
leaves using the RNeasy® Plant Mini Kit (Qiagen). Oligo d(T) or pdN6 random
primed cDNA synthesis was carried out using Avian myeloblastosis virus (AMV) re-
verse transcriptase (Promega). Seven overlapping PCR fragments covering the
whole genome were amplified using the proofreading TaKaRa Ex Taq polymerase
(Takara Bio Inc). PCR products were then sequenced directly using a Mega-
BACETM 1000 DNA Analysis System (Amersham Biosciences), or alternatively, af-
ter ligation into the pGEM-T Easy vector (Promega) and transformation into E. coli
JM109 cells.

Complete PPV sequences used in our analyses were obtained from the indi-
cated GenBank entries: PS (AJ243957), SK-68 (M92280), Dideron (X16415), NAT
(NC_001445), SC (X81083), PENN-1 (AF401295), PENN-2 (AF401296), SoC
(AY184478), SwC (Y09851).

Results

The genomic RNA of BOR-3 (accession number AY028309) is composed of
9786 nt, excluding the poly (A) tail. Analysis of the resulting complete BOR-3 se-
quence reveals a genome organisation identical to that reported for the other com-
plete PPV sequences. The 5’NCR and 3’NCR of BOR-3 RNA are of the same length
(146 and 217 nt long, respectively) as that of the previously characterised PPV iso-
lates. Overall nucleotide composition consists of 25.3% T, 20.4% C, 31.2% A and
23.1% G.

The single large open reading frame encodes a polyprotein of 3140 amino acids
with a calculated Mr of 355 kDa. Nine potential cleavage sites for the viral protein-
ases were identified at the expected positions in the predicted amino acid sequence
of the BOR-3 polyprotein. All characteristic motifs of potyviral proteins fundamen-
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tal for viral life cycle and vector transmission are conserved in the BOR-3 genome
(Table 1).

Comparison of the complete BOR-3 nucleotide sequence with other PPV iso-
lates revealed 90.2–90.4% identity with isolates of the PPV-M subgroup (SK-68,
PS), 94.8–95.7% identity with isolates of the PPV-D subgroup (NAT, SC, Dideron,
PENN-1, PENN-2) and 78.1–78.2% identity with isolates of PPV-C subgroup
(SoC, SwC). Detailed data are presented in Tables 2 and 3. Analysis of the phylo-
genetic relationship using whole genome sequences confirmed that BOR-3 forms
a phylogenetically distinct subgroup (Fig. 1).
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Table 1
Conserved sequence motifs, identified in the BOR-3 polyprotein

Motif Function aa position Protein

kitc aphid transmission 360–363 HC

FRNK symptomatology 489–492 HC

CCC aphid transmission 600–602 HC

PTK aphid transmission 618–620 HC

GAVGSGKST NTP binding motif 1253–1261 CI

VLLIEPTRPL NPT binding motif? 1273–1282 CI

KVSAT RNA binding? 1369–1373 CI

VATNIIENGVTL NTP hydrolysis, RNA unwinding 1471–1482 CI

GERIQRLGRVGR ATPse activity, RNA binding 1515–1526 CI

GDD RNA polymerase activity 2643–2645 NIb

DAG aphid transmission 2821–2823 CP

Table 2
Nucleotide sequence identities between the respective genome parts of BOR-3
and the corresponding regions of other fully sequenced PPV isolates from M, D

and C subgroups

5’UTR P1 HC P3 6K1 CI 6K2 NIa-
-VPg

NIa-
-Pro NIb CP 3’UTR Complete

genome

PENN-1

PENN-2

95.2 97.1 96.5 97.3 98.1 96.9 98.7 97.6 96.6 95.8 87.5 93.1 95.7

Dideron 95.9 97.1 95.9 97 96.8 96.8 98.1 96.9 96.4 95.9 87.4 91.7 95.5

SC 93.2 96.2 96.7 96.7 97.4 96.6 98.1 97.2 95.9 95.4 86.5 92.2 95.2

NAT 93.8 96 96.6 95.8 95.5 96.5 98.1 96.7 96.4 95.6 81.8 93.5 94.8

PS 97.3 97.1 97 91.1 84 86 87.4 87 83 85.5 96.4 98.6 90.4

SK-68 95.2 96.9 97.2 90.6 84 85.9 88.7 86.5 82.4 84.9 96.8 97.7 90.2

SoC, SwC 64.3 75 80 76 78.2 78.9 80.5 76.7 77.5 78.2 79.7 92.6 78.1
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Fig. 1. Phylogenetic relationships of 10 PPV isolates, including natural recombinant BOR-3 isolate,
based on multiple alignment of their complete nucleotide sequence. The divergent PPV-SoC

and PPV-SwC isolates were used as outgroup

Table 3
Aminoacid sequence identities between the functional products of PPV-BOR-3

and of other fully sequenced PPV isolates from M, D and C subgroups

P1 HC P3 6K1 CI 6K2 NIa-
-VPg

NIa-
-Pro NIb CP Total

PENN-1,
PENN-2

97.4 99.1 99.1 100 99.5 100 99.5 98.4 97.5 91.8 98

Dideron 96.4 97.6 98.3 100 99.4 98.1 98.4 98.4 97.9 91.2 97.5

SC 94.8 99.3 96.6 98.1 99.1 96.2 99 97.9 96.7 89.1 96.8

NAT 95.1 99.6 96.6 98.1 99.2 98.1 99 98.8 96.9 86.7 96.8

PS 96.8 99.3 94.9 94.2 98.9 88.7 96.9 96.7 97.3 97 97.3

SK-68 97.1 99.8 94.9 92.3 98.3 92.5 97.9 95.5 96.3 97.3 97.2
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Fig. 2. The diversity index (Pi), i.e. the average number of nt differences per site, was calculated
along the genome by using a sliding window of 100 nt moved by steps of 25 nt after alignment

of either eight complete sequences of PPV-M, D and BOR-3 isolates (top graph), or 10 complete
sequences including SwC and SoC (bottom graph). Genomic organisation of PPV is shown

in the mids of graphs. Arrows indicate two recombination breakpoints (discussed in the text)



Discussion

Previously, a clear recombination breakpoint around the nucleotide position
8450, corresponding to the end of the NIb gene was detected in the genome of
BOR-3 and other geographically distinct recombinant isolates (Glasa et al. 2002,
2004). Unexpectedly, detail analyses of available complete genome sequences of
PPV-M, D and C isolates, including BOR-3, revealed the existence of an ancient re-
combination event with a breakpoint located in the P3 gene around position 2813,
which resulted in an exchange of the 5’ part of the genome being switched between
the PPV-D and M subgroups (or between PPV-M and PPV-D). Very high homology
of 2.8 kb portion spanning 5’ NCR-P1-HC-(N-ter)P3 between PPV-D, PPV-M (and
consequently PPV-Rec) isolates clearly indicates that they share an ancestrally
common 5’ region (Fig. 2). Such a hypothesis is also consistent with the large dif-
ferences in diversity and in phylogenetic signal between the upstream and down-
stream regions around the putative crossover as well as with the results of the two
recombination analyses carried out with PHYLPRO and GENECONV.

We conclude therefore, that recombination had an important contribution
to the evolutionary history of Plum pox virus (Glasa et al. 2004).
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