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Summary. The recent observation of the frequent occurrence of natural recombinant Plum pox virus (PPV) isolates has led to the identification of a distinct PPV
subgroup, named PPV-Rec. The diversity, origin and geographical spread of the
recombinant PPV isolates belonging to this subgroup remain, however, relatively
poorly known. In an effort to further our understanding of these isolates, eight PPV
isolates from Serbia, the country from which the first such recombinant (PPV-o6)
originated, were characterized. Depending on the genomic region targeted by
different typing assays, seven of the eight isolates tested presented discrepancies
in their typing behavior. Sequence analysis of the (Cter)NIb-(Nter)CP region
confirmed the recombinant nature of these seven isolates which all presented
an identical recombination breakpoint identical to previously characterized PPVRec isolates. Biological indexing and immunoblot analysis provided indications
that asymptomatic infection of the GF305 peach indicator and migration of the
coat protein as a double-band in immunoblots may represent conserved and
discriminating properties of PPV-Rec isolates. The genetic diversity of PPV-Rec
isolates from former Yugoslavia (Serbia, Bosnia and Herzegovina) was estimated
to be twice as large as that of the PPV-Rec isolates obtained from all other countries
to date (Albania, Bulgaria, Czech republic, Germany, Hungary and Slovakia).
These last results are consistent with the hypothesis that former Yugoslavia is
∗ The nucleotide sequences reported in this manuscript have been deposited in the GenBank

database under accession numbers AY690603-AY690612.
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the center of dispersion of PPV-Rec. Taken together, the results presented here
provide further evidence for the wide distribution and temporal genetic stability
of these natural PPV recombinant isolates and provide for the first time a possible
scenario for their dispersion throughout central and eastern Europe.
Introduction
The Sharka disease poses an important threat to stone-fruit cultivation worldwide.
Plum pox virus (PPV), the causal agent of the disease, is a member of the genus
Potyvirus within the family Potyviridae. PPV has a single-stranded plus-sense
RNA genome of about 10 kb with a single open reading frame encoding a large
polyprotein from which ten functional, mature proteins are released by proteolytic
processing [19].
Until recently, the vast majority of the currently identified PPV isolates was
assigned to either one of two major subgroups, PPV-M and PPV-D [1, 3]. Recently,
a third major subgroup of PPV isolates has been identified and named PPV-Rec
[10, 11]. It corresponds to an ensemble of closely related isolates characterized by
a homologous ancestral recombination event between PPV-M and PPV-D with a
break point located in the 3 part of the NIb gene, similar to that initially reported
for the PPV-o6 isolate [4]. In addition to these major PPV subgroups, two minor
subgroups correspond to PPV isolates able to naturally infect cherry (PPV-C) and
to the geographically limited El Amar isolates from Egypt (PPV-EA) [17, 27]. A
divergent isolate recently discovered on plum in Canada [13] probably represents
a third minor subgroup.
Recombination is one of the key evolutionary processes underlying the high
genetic variability of plant RNA viruses [8]. While inter-specific or inter-generic
recombination seem to have played a significant role in the macro-evolution
of viruses through the exchange of functional modules between unrelated taxa
[7, 16], intra-specific recombination contributes directly to the intra-specific diversity [2, 24].
The PPV-Rec isolates have recently been reported to represent a significant
fraction of PPV isolates in central and eastern Europe [10, 11]. The evolutionary
history and geographical dispersion of these isolates is, however, still unclear.
The first such PPV-Rec isolate to be analyzed was PPV-o6 which was isolated in
formerYugoslavia (Serbia) and characterized in the eighties and early nineties [4].
The aim of the present work was to evaluate the presence and the variability of
PPV-Rec isolates from Serbia using a combination of biological, serological and
molecular techniques. The results obtained provide further evidence for the frequent occurrence of PPV-Rec isolates and tentatively identify former Yugoslavia
as the original center of dispersion of these isolates.
Material and methods
Virus isolates
PPV isolates were collected from naturally infected plum trees (Prunus domestica) in the
summer of 2003, in various locations in Serbia. Two PPV isolates, collected in 2002, from
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plum and nanking cherry (P. tomentosa), were maintained by chip-budding on P. tomentosa
indicator plants (Table 1). The presence of PPV in the various sources was confirmed by
DAS-ELISA. All samples were tested in parallel by DAS-ELISA to detect the presence of
the Ilarviruses Prunus necrotic ringspot virus (PNRSV) and Prune dwarf virus (PDV) and
of the Trichovirus Apple chlorotic leafspot virus (ACLSV) using commercial kits (Loewe
Biochemica).
Typing of PPV isolates
Typing of PPV isolates was performed as described previously [9, 10] using the RT-PCR/RFLP
tests targeting the CP and P3-6K1 genome parts. In addition, RT-PCR with subgroup specific
primers enabling direct discrimination of PPV-M, D and Rec isolates was carried out as
described [22].
Serological typing was also performed using monoclonal antibodies (MAbs) specific to
the PPV-M or the PPV-D groups [3] in triple antibody sandwich (TAS)-ELISA assays as
recommended by the suppliers. For immunoblot analysis, the standardized procedure [1, 21]
was used.
Partial sequencing of PPV isolates and analysis of the sequences
Total RNAs were extracted using the RNA Easy Mini kit (Qiagen). The first strand cDNA was
synthesized using oligo(dT) or pdN6 random primers and the Avian myeloblastis virus reverse
transcriptase (Promega). For all PPV isolates, the cDNA fragment spanning the (Cter)NIb(Nter)CP region was amplified and sequenced using PCR primer P4 (5 -TGCCTTCAAA
CGTGGCACTG-38893−8912 ) in combination with either mD5 (5 -TATGTCACATAAAGG
CGTTCTC-38207−8228 ) for PPV-Rec amplification or mM5 (5 -GCTACAAAGAACTGCT
GAGAG-38350−8370 ) for PPV-M amplification.
The 3 terminal part of the genome spanning (Cter)NIb-CP-3 UTR of Serbia-MI and
Serbia-T isolates were determined from two overlapping PCR fragments amplified using
mD5/P1 and P2/oligo(dT) primers sets (see text above and [26] for the sequence the primers).
In addition, the sequence of a (Cter)HC-(Nter)P3 fragment of these isolates was determined
using HC-RC/P3-RC primers as described previously [11]. All PCR amplifications were
performed using the proofreading TaKaRa Ex TaqTM polymerase (Takara Bio Inc). PCR
products were gel-purified (QIAprep® Spin Miniprep Kit, Qiagen) before being directly
sequenced.
PPV sequences used for comparisons were retrieved from the Genbank database
(www.ncbi.nlm.nih.gov). The unreleased sequences of three Bosnian PPV isolates [15] were
also included in the analysis. Multiple sequence alignments and phylogenetic reconstructions
(neighbor-joining with bootstrap analysis) were performed using the ClustalX program [23].
The trees were visualized using the Treeview v.1.6.1 program [18]. The recombinant sequences
and the location of recombination breakpoints were detected using PHYLPRO v. 1.0 [25].
MEGA2 [14] and DnaSP version 4.00.5 [20] were used to estimate average intra-group and
inter-group nucleotide divergence values.

Results
Analysis of Serbian PPV isolates using various typing assays
Eight PPV isolates collected from naturally infected Prunus trees from distinct
locations in Serbia (Table 1) were analyzed in this study. All isolates reacted
positively with a polyclonal antiserum raised against PPV. Based on additional
serological tests, the Serbia-MI isolate was found to occur in mixed infection with
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Table 1. Origin of the PPV isolates used in this study and accession numbers of the partial sequences determined
Isolate

Original host

Locality

Subgroup

Sequenced region(s)

GenBank
accession
numbers

Serbia-B
Serbia-MI

Central Serbia (Cacak)
Central Serbia
(Milatovici)
Central Serbia (Cacak)

Rec
Rec
Rec

(Cter)NIb-(Nter)CP
(Cter)NIb-CP-5 UTR
(Cter)HC-(Nter)P3
(Cter)NIb-(Nter)CP

AY690603
AY690605,
AY690611
AY690606

Central Serbia (Cacak)

Rec

(Cter)NIb-(Nter)CP

AY690607

Central Serbia (Cacak)

Rec

(Cter)NIb-(Nter)CP

AY690608

Serbia-T

P. domestica
P. domestica cv.
Cacanska rodnaa
P. domestica cv.
Pozegaca
P. domestica cv.
Pozegaca
P. domestica cv.
Stanley
P. tomentosaa

Central Serbia (Cacak)

Rec

Serbia-V
Serbia-K

P. domestica
P. domestica

Central Serbia (Cacak)
Eastern Serbia

Rec
M

(Cter)NIb-CP-5 UTR
(Cter)HC-(Nter)P3
(Cter)NIb-(Nter)CP
(Cter)NIb-(Nter)CP

AY690609,
AY690612
AY690610
AY690604

Serbia-PO2
Serbia-PO3
Serbia-ST

a Maintained

under controled greenhouse condition on P. tomentosa indicator since 2002

PNRSV while the Serbia-B and Serbia-K isolates were in mixed infection with
PDV and with ACLSV, respectively.
Based on the CP typing using subgroup-specific MAbs [3] and RsaI RFLP
analysis of the RT-PCR amplified part of the CP gene [1], all eight Serbian isolates
were classified as PPV-M. However, seven of these isolates typed as PPV-D (PCR
products were cleaved by EcoRI and DdeI) when the RFLP typing assay targeting
the P3-6K1 genomic region [9] was performed.
As expected from these initial results, inspection of their (Cter)NIb-(Nter)CP
sequence and PHYLPRO analysis confirmed that these seven isolates were recombinants between PPV-M and PPV-D and had the same cross-over site around
nt position 8450 as the previously characterized PPV-Rec isolates [11]. The
only isolate analyzed having a typical PPV-M sequence was the Serbia-K isolate
(Table 1), which also typed as PPV-M in all three typing assays performed.
Analysis of partial sequences of the Serbian PPV isolates
The phylogenetic tree presented in Fig. 1, reconstructed from the sequence of
the (Cter)NIb-(Nter)CP region (nt 8384–8858) clearly showed the clustering of
the seven Serbian recombinant isolates with all other previously characterized
recombinant isolates [11].Although the branch lengths were short and the boostrap
support values relatively low, one of the recombinant isolates, Serbia-T, clustered
away from the other Serbian isolates. The only PPV-M isolate analyzed in this
study, Serbia-K, clustered as expected with the classical PPV-M isolates such as
PS and SK-68.
The average pairwise genetic distances (genetic diversity) were calculated
in the same genomic region for all major PPV subgroups detected during this

Fig. 1. Phylogenetic tree of PPV isolates reconstructed from the 475 nt long (Cter)NIb(Nter)CP region (nt 8384–8858). The scale bar represents a distance of 0.1 substitutions per
site. Only bootstrap values >70% are shown. The divergent PPV-SoC, SwC and ElAmar were
used to root the tree. Serbian isolates are highlighted by arrows
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Table 2. Average genetic distances calculated within various groups of PPV isolates
Subgroupa

PPV-D (9 isolates)
PPV-Mb (8 isolates)
PPV-Rec (32 isolates)
PPV-Rec (former
Yugoslavia, 11 isolates)
PPV-Rec (other countries,
21 isolates)

Average divergence

Average NG distance

nt identity

aa identity

dNS

dS

0.024 ± 0.003
0.016 ± 0.003
0.017 ± 0.002
0.022 ± 0.003

0.035 ± 0.010
0.022 ± 0.007
0.024 ± 0.004
0.035 ± 0.007

0.015 ± 0.003
0.011 ± 0.004
0.011 ± 0.002
0.016 ± 0.003

0.049 ± 0.012
0.034 ± 0.010
0.036 ± 0.007
0.042 ± 0.010

0.012 ± 0.002

0.015 ± 0.003

0.007 ± 0.001

0.028 ± 0.008

Using a dataset corresponding to the (Cter)NIb-(Nter)CP (positions 8341–8858), the average
divergence level calculated on nucleotide and amino acid sequence identities are shown, together
with the Nei Gojobori (NG) average rates of non-synonymous (dNS) and synonymous (dS) nucleotide
substitutions. Average values ± standard deviations are given
a The number of PPV isolates in each analysed PPV subgroup is given in parentheses
b The divergent Abricotier Turquie isolate [12] was excluded from the PPV-M subgroup

phylogenetic analysis (PPV-D, PPV-M and PPV-Rec). In addition, in the case
of PPV-Rec, the diversities were also calculated on two groups based on the
geographical origin of the isolates, separating isolates originating from former
Yugoslavia (Serbian and Bosnian isolates) from isolates obtained from all other
countries. The results of these analyses are provided in Table 2. Two results can be
pointed out: first, when excluding the divergent Abricotier Turquie isolate from the
PPV-M subgroup, PPV-M and PPV-Rec appeared to have a similar level of genetic
diversity, which was somewhat lower than that observed for PPV-D isolates.
Second, the genetic diversity measured for PPV isolates from former Yugoslavia
(Serbia, Bosnia and Herzegovina; 11 isolates) was roughly twice as high as that
of all other PPV-Rec isolates (0.022 vs. 0.012) despite the fact that these 21
isolates were obtained from six different European countries (Albania, Bulgaria,
Czech republic, Germany, Hungary and Slovakia). The statistical significance of
this difference was validated (P < 0.0001) in a Mann-Whitney-Wilcoxon nonparametric test (result not shown).
Further analysis of the Serbia-MI and Serbia-T isolates
Two isolates, Serbia-MI and Serbia-T, recovered from different original Prunus
hosts (Table 1), were successfully transmitted by chip-budding to P. tomentosa and
P. persica GF305 indicator plants. Although both isolates exhibited characteristic
symptoms on P. tomentosa – chlorotic mottling, vein chlorosis, leaf malformation
[6], they did not produce symptoms on P. persica GF305 seedlings.
The capsid protein of the Serbia-MI and Serbia-T isolates migrated as a double
band in the SDS-PAGE as revealed by an immunoblot analysis (Fig. 2). In order to
avoid the possibility that this unusual migration pattern was due to the presence of
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Fig. 2. Immunoblot analysis of PPV coat proteins from crude plant sap of infected N.
benthamiana using anti-PPV polyclonal antibodies. Serbia-T (1), Serbia-MI (2) and control
PPV isolates BOJ-3 (PPV-D), CAH-2 (PPV-M), BOR-3 (PPV-Rec) (3–5, respectively) were
analyzed, together with healthy N. benthamiana (6) as a control. M – Prestained SDS-PAGE
Standards (Bio-Rad Laboratories). Arrows indicate the molecular mass of proteins in kDa

a mixed infection by isolates belonging to different PPV subgroups, the samples
used were re-tested by subgroup specific RT-PCR [22], which failed to provide
evidence for any mixed infection (results not shown).
Sequence analyses of Serbia-MI and Serbia-T isolates were extended to the ca.
1500 nt region encompassing (Cter)NIb-CP-3 UTR and to the (Cter)HC-(Nter)P3
region (ca. 600 nt). Complete CP gene comparisons revealed that nucleotide
identity between Serbia-MI and Serbia-T reached 97.9% (aa identity was 97.6%
with a total of eight amino acid differences located mainly in the N terminus of CP).
Comparisons with other PPV-Rec isolates showed complete co-linearity of the
various sequences. The average intra-subgroup divergence reached 1.3%, which
was close to the 1.2% value observed for the PPV-D subgroup (n = 31 isolates).
A reliable calculation for PPV-M was not performed, because when excluding the
highly divergent Abricotier Turquie, only two complete CP sequences of PPV-M
isolates were available in the databases.
As expected from the analysis of other PPV-Rec isolates [11], high sequence
conservation was observed between Serbia-MI, Serbia-T and previously sequenced
PPV-Rec isolates in the highly conserved region spanning the end of HC and the
start of P3 (nt 2388–2933), with nucleotide identity levels reaching 98–99.8%.
Discussion
In the case of PPV, the existence of recombinant isolates has for a long time been
overlooked due to the sole use of typing assays targeting the capsid protein or its
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gene. The identification of recombinant isolates resulting from the recombination
event in the C terminus of NIb between PPV-M and PPV-D was facilitated by an
approach supplementing conventional CP-based typing techniques with methods
targeting other genomic regions upstream of CP, namely P3-6K1 and CI [9, 10].
In this study, analysis of a limited number of Serbian PPV isolates showed that
with the exception of the Serbia-K isolate identified as belonging to PPV-M, all
other isolates could be classified as belonging to the PPV-Rec subgroup.
Despite reproducible positive ELISA results, the Serbia-MI and Serbia-T
isolates did not induce symptoms on peach GF305, which is a generally accepted
woody indicator for PPV. Similar asymptomatic reactions of this indicator to other
recombinant PPV isolates have been reported [10, 15] and this may thus represent
a particular biological feature of this group of isolates. As a consequence, the
effectiveness of GF305 as a woody indicator for the biological indexing of PPVRec may need to be evaluated further.
It has been shown, in immunoblot assays, that the electrophoretic mobility
of the coat protein can potentially be used to distinguish between PPV-M and D
isolates ([1, 5], see also Fig. 2, lanes 3 and 4). As has previously been observed
for other recombinant isolates [21, and our unpublished results], the CP of the
Serbia-MI and Serbia-T isolates migrated as a double band in the SDS-PAGE.
This particular CP mobility pattern of recombinant isolates, possibly due to some
post-translational CP modification, therefore appears to be a typical feature of
PPV-Rec isolates which could be used to discriminate them from PPV-D or PPVM isolates.
One interesting finding of this study is the observation that PPV-Rec isolates
from former Yugoslavia show a molecular diversity that is close to two-fold larger
than that of all other PPV-Rec isolates analyzed together. In theory, older populations are expected to have accumulated more genetic diversity than younger ones
[8]. Although other effects (genetic bottlenecks, bias in populations sampling . . .)
might mask this trend under some circumstances, the results reported here are
consistent with the hypothesis that former Yugoslavia is the original center of
dispersion of the PPV-Rec isolates. This hypothesis is also consistent with the
fact that the first recombinant isolate, PPV-o6, which was characterized over
a decade ago [4] also originated from this region. Further confirmation of this
hypothesis would unfortunately probably require access to a broad range of “old”
PPV isolates from a number of countries.Although in some cases relatively ancient
virus isolates have been retrieved from herbarium samples, the feasibility of such
an approach remains to be evaluated for Plum pox virus.
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