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Abstract To investigate the genetic variation and molec-
ular evolution of potato virus X (PVX), 87 coat protein
(CP) gene sequences were retrieved from GenBank and
analyzed. Of the PVX isolates studied, one recombinant
isolate (X3) was detected from South America population
of the virus. The other isolates belonged to two lineages,
Eurasia and America, with the significant Fgt value (0.60).
Non-synonymous nucleotide diversity to synonymous
nucleotide diversity (o = dN/dS) was less than 1 indicat-
ing that the CP gene has been under negative selection or
neutral evolution. Further analysis showed that all of the
codons in both lineages were under negative selection
pressure. No significant genetic differentiation was found
between Chinese, Indian, Iranian, Japanese, and the UK
populations whereas South America population was dis-
tinctly differentiated from other populations. Different
evolutionary constraints found for the two lineages suggest
that possible mutations and genetic drift were important
evolutionary forces driving the genetic diversification of
PVX population.
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Introduction

Error-prone nature of RNA-depended RNA polymerase,
large population size and short generation time are
important factors in existence of high mutation rate in
RNA viruses [5]. In addition, RNA recombination is a
significant evolutionary factor involved in genetic vari-
ation and evolution of plant viruses [8]. On the opposite
site, viruses maintain their genomic stability by purify-
ing (negative) selection. Negative selection helps virus
populations to eliminate mutants with non-coding vital
genes [6]. Negative, neutral and directional (positive) are
three types of selection which are determined by the
ratio of diversity of non-synonymous sites to synony-
mous sites (o = dN/dS). This ratio is <1, =1 and >1 for
negative, neutrality and positive selection, respectively
[9]. A better knowledge of genetic diversity and how it
is generated in viruses helps us to gain insight into trend
of virus population, develop reliable diagnostic methods
in clean-plant program and to establish best strategy for
virus management.

Potato virus X (PVX) is a damaging plant pathogen and
spread world-wide in potato growing areas, infecting
Solanaceous plants. PVX with flexuous filaments viroins
belongs to the genus Potexvirus in the family Alphaflex-
iviridae. The virus genome is composed of a positive sense,
single-stranded RNA molecule which is polyadenylated at
its 3’ end, and has a methylguanosine cap at its 5" end [17].
Five proteins are encoded by the RNA genome which are
from 5’ to 3’ direction, RNA-depended RNA polymerase
(RdRp; 166 kDa), triple gene block (TGBI1; 25KDa,
TGB2; 12KDa and TGB3; 8KDa) and coat protein (CP;
25 kDa) [25, 40]. It is transmitted mechanically via
infected sap and infected seed potato tubers, but not by
insect vectors [35].
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Based on amino acid sequences of the CP and ability to
induce symptoms on the potato genotypes carrying resis-
tant gene, PVX strains are classified into two types, type X
and type B [32]. Previous studies have shown that the PVX
isolates can be classified into two lineages, Eurasia and
America, which correspond to their geographical origin
[22, 24, 44, 45]. PVX is well-known as a model for
understanding pathogen-host interaction [4, 14, 20] and
efforts in recent years have established good knowledge
about genetic basis of resistance and the genetic system
controlling behavior of the pathogen [2, 21, 32].

It is accepted that PVX strains in respect to the Nx, Nb
and Rx host resistance genes show classical “gene-for-
gene” type resistance interactions [20, 29] and CP is
avirulence (resistance sensitivity) determinants of both the
Nx and Rx-mediate resistances [2] whereas movement
protein is avirulence determinants of Rx-mediated resis-
tance [15]. Currently, more than one-hundred fifty
sequences of the CP gene of PVX and 25 complete gen-
omes are available in GenBank database. Despite world-
wide distribution of this virus, population genetic structure
and molecular evolution are poorly understood and needs
to be further explored.

Although there are several studies on phylogenetic
analysis, selection pressure operating on different genes,
and estimation of genetic variability on different coding
regions of PVX [24, 44, 45], there still remained a lack of
information on evolutionary constraints for the two virus
lineages, molecular diversity patterns, population differ-
entiation and recombination event(s). Here, population
genetic analysis of PVX isolates from different countries
was done based on the CP sequences because conserved
nature of the CP gene makes it a suitable candidate for
such studies. The CP gene in plant viruses is commonly
used for investigation on genetic variation and molecular
evolution [10, 27, 41, 43] and was therefore selected for
this study.

Materials and methods
Virus sequences

Multiple sequence alignment of 87 nucleotide (nt)
sequences of the CPs was performed using the ClustalW
algorithm [38] implemented in MEGAG6 [37] with the
default parameters. For the population genetic analysis,
each country or geographical region with at least five PVX
CP gene sequences was considered as a population,
including Chinese, Indian, Iranian, Japanese, South
America and the United Kingdom (UK) populations.
Table 1 shows the origins, hosts and accession numbers of
PVX isolates used in this study.

@ Springer

Recombination analysis

Recombination detection program RDP4 [23] was applied
to detect and analyze recombination signal in the 87
aligned PVX CP unique sequences using several methods
(Chimaera, Geneconv, MaxChi, RDP, Siscan and 3Seq),
with the default settings, and a P value threshold of 0.05.
First, auto-masking was performed and 30 isolates were
masked. Then, position of the masking isolates was
ascertained by the use of “trees” menu to generate
UPGMA phylogenetic tree. Finally, to find the recombinant
isolates all methods implemented in the program were run
with default settings.

Phylogenetic analysis and population genetic
parameters

Phylogenetic tree were constructed by the neighbor-joining
(NJ) method implemented in MEGA6 without root and
branch support was computed using the bootstrap method
based on 1000 replicates. Genetic distance within and
between lineages of PVX CP were estimated using Kimura
two-parameter method [16] implemented in MEGA®G.
Aligned PVX sequences were assessed using DnaSP
v.5.10.01 [31] to estimate number of haplotypes (H),
number of polymorphic sites (S), total number of mutation
(n), the average pairwise nucleotide diversity (n = Pi),
average number of nucleotide differences (K) and dN/dS.
To identify individual codon positions evolving under
natural selection, alignment of amino-acid coding sequen-
ces was performed in MEGAG6 and four different codon-
based maximum-likelihood algorithms including single
likelihood ancestor counting (SLAC), fixed effects likeli-
hood (FEL), internal fixed effects likelihood (IFEL) and
fast unbiased bayesien approximation (FUBAR) all
implemented in HyPhy software package [28] and avail-
able in Datamonkey server (www.datamonkey.org) were
used with significance level set at P value <0.05.

Neutrality test and tests of population differentiation

Tajima’s D [36], Fu and Li’s D&F [7] statistical tests,
implemented in DnaSP v.5.10.01, were used to examine
the hypothesis of neutral selection operating on the CP
between lineages and populations. Independent statistical
tests of population differentiation (Kg+, Kgt+, Z*, S, and
Fs1), were done using DnaSP v.5.10.01 between geo-
graphical origins of isolates (China, India, Iran, Japan,
South America and the UK). Under the null hypothesis (no
genetic differentiation), Kst* is expected to be near zero,
but if Ks*, Kst* P value is supported by small P value
(<0.05), the null hypothesis is rejected. Z* statistic is a
logarithmic variant of Z statistic and if it is too small and
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Table 1 Origins, hosts and accession numbers of Potato virus X isolates/strains analyzed in this study

Origin Isolate/strain® Host" Accession number
China pWCI8, SL104, Ur2-PVXCP1, Ur2-PVXCP3, Ns, Ns, Potato,  U19790, EF063709, HM036193, HM036195,
Guizhou CPO1, Shandong, -, FX21 Potato, KF225469, AF528555, EU571480, EF423572
Potato, Ns,
Potato
India OOT-5, DEE-58, O-MAS-18, JAL-2, MOD-S1, Potato KR605343, KR605392, KR605379, KR605396,
N-NAL-86, -, O-MAS-26, N-PAR-117, KUF-5, KR605360, KR605372, GU256064, KR605380,
KUF-3, N-NAG-34, PAT-4, O-GEG-44, PAT-38, KR605373, KR605397, KR605330, KR605370,
N-CHA-60, N-MEH-95, KHA-1, SHI-1, O-KOK-37, KR605367, KR605384, KR605366, KR605376,
ptDel-9 KR605369, KR605359, KR605348, KR605382,
JF430080
Iran KER.LA.1, ZA.WE.UR.1, KER.LA.2, KH.SH.1, Potato KF568905, KF568900, KF575175, KF568904,
ARD.GI.1, ARD.GR.2, KER.ZA.2, AZA.ES.TAB.1, KF568897, KF568898, KF568906, KF537623,
Iran FJ461343
Japan BS, BH, OS, TO, -, OG Potato, Potato, ~ AB056719, AB195999, AB056718, AB196001,
Ns, Potato, D87962, AB196000
Potato
Peru GAF225 EuA, GAF225 SA-CIP, SA-CIP, X3, XC, Potato KJ534604, KJ534603, KJI534601, M31541, X12804,
CP4, GAF226, GAF224, - AF172259, KJ534605, KJ534602, M63141
UK Sam-15-PVX, Sam-18-PVX, WARB, Sam-23-PVX, Potato GU144351, GU144349, GU384727, GU144346,
KP, Sam-13-PVX, Sam-12-PVX, -, Sam-14-PVX, X88783, GU144353, GU144354, AF493949,
WATom, COPR, XS, RQTHI, Sam-16-PVX, EX, GU144352, GU384735, M95516, X88788,
EX2, DY AF111193, GU144350, X88782, GU384737,
X88781
Estonia S6l111, PSS1, CP2 Ns 729333, 729334, 729335
USA PVX2.7, PVX2.7b, WS2 Potato HQ450387, HQ450388, X887786
Bolivia Harpenden, HB Potato 723256, X72214
Netherlands X3, N14 Ns, Potato D00344, X88785
South KO1, KO2 Potato AF260640, AF260641
Korea
Spain SP1 Tomato AJ505748
Australia QLD1970, QLD1974, VPRI 31683b Potato GU384733, GU384732, GU384729
Russia Tula, - Potato EU021215, X05198
Colombia PVX-Gooseberry Gooseberry KM659859
Taiwan Taiwan Potato AF272736

Ns non stated

? Names of isolates are written in an order respective to their hosts and accession numbers

® The same host for all isolates in an origin is written only once

- Unknown isolate name

supported by P value (<0.05) the null hypothesis of no
genetic differentiation is rejected [11]. A Snn (the nearest
neighbors of sequences) test statistic value is ranged
between one, when population are distinctly differentiated,
to 1/2 in the case of panmixia [13]. Finally, Fst value
(fixation index) shows the amount of inter-population
diversity and the value ranges between zero (indicating no
differentiation between populations) and one (indicating
full differentiation between populations) [12]. The coeffi-
cient of Fgr was used to estimate the extent of genetic
differentiation between populations [39]. Normally, an
absolute value of Fgr > 0.33 suggests gene flow is

negligible, while absolute value of Fgr < 0.33 indicates
gene flow is frequent [30].

Results

Recombination analysis

One recombination event was detected in CP gene of a
PVX isolate, X3 (Accession number: M31541) with five

independent methods (RDP, MaxChi, Chimaera, Siscan
and 3Seq) [23]. This isolate from Peru appeared to be a
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Table 2 Recombination analysis of potato virus X sequences

Parents
Major/minor

Recombinant isolate/origin

Breakpoints® (begin-end)

RDP-implemented method® (P value)

X3/Peru Xc/Peru x unknown

1-159/314-753, 160-315

R (3.577 x 107%),

M (2.276 x 107%),
C (1.117 x 1079,
S (3.464 x 107",
3s (6.415 x 107%)

 Position in alignment
® R, RDP; M, MaxChi; C, Chimaera; S, Siscan; 3 s, 3seq

recombinant parented by a local isolate Xc (Accession
number: X12804) and an unknown isolate (Table 2).

Phylogenetic positions of populations

The 86 recombinant—free PVX CP gene sequences from
China, India, Iran, Japan, South America and UK were used
to reconstruct the phylogeny tree. The results revealed the
phylogenetic tree with similar topologies based on the
nucleotides and amino acids (Data not shown). In consistent
with a previous studies [18, 24, 44, 45], as shown in Fig. 1,
the 86 recombination-free PVX isolates fell into two well-
defined, namely Eurasia and America lineages. Surprisingly,
Isolates GAF-225EuA and PVX-Gooseberry from South
America were not clustered with America lineages and there
were grouped with Eurasia isolates. All PVX isolates origi-
nated from Asia were clustered with Eurasia lineage and
PVX isolates from Europa, North and South America were
clustered with both lineages suggesting lack of correlation
between isolates’ origins and phylogenetic positions.
Pairwise comparisons showed that the genetic distances
within variants belonging to Eurasia lineage and America
lineage were 0.039 £ 0.003 and 0.120 £ 0.008, respec-
tively, and the genetic diversity between variants from
these two lineages was 0.202 £ 0.012. In details, South
America population had a highest genetic distance
(0.127 £ 0.008), followed by the UK (0.107 % 0.007),
Iran (0.040 &+ 0.005), India (0.039 &£ 0.004), China
(0.035 £ 0.004), and Japan population (0.030 & 0.004). In
addition, the highest and lowest genetic distances between
populations were obtained between South America and
Japan populations (0.171 & 0.011), and China and Japan
populations (0.034 + 0.003), respectively (Table S1).

Population characteristic and polymorphism
The overall nucleotide diversity (m) value for all PVX

isolates was 0.0619 £ 0.005, which was higher than 0.005,
indicating a high genetic diversity in PVX isolates. In
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details, the largest average number of differences (86 nt)
between the sequences from the same group (K) and the
greatest m value (0.127) were obtained for the South
America population whereas the largest number of segre-
gating sites (S) (216), and mutation within the segregating
sites (1) (287) were found for the UK population (Table 3).

The o estimates for Eurasia and America lineages and
each population were smaller than 1 (Table 3). These
results suggested that CP gene of PVX in the both lineages
and all PVX groups were under negative selection. The
results also showed that Eurasia lineage (o = 0.042) was
subjected to a more intense negative selection than
America lineage (o = 0.053). The largest and smallest ®
values were obtained from South America and India, 0.073
and 0.028, respectively. In both lineages, there were no
codons identified as being under positive selection by four
methods (SLAC, FEL, IFEL and FUBAR), using HyPhy
software implemented in Datamonkey sever. These results
indicated that CP gene in both lineages is under strong
negative evolutionary constraints.

Neutrality test on the PVX CP gene

The molecular diversity patterns from segregated sites in
both lineages were calculated using Tajima’D and Fu and
Li D*&F* statistical tests (Table 4). The results showed
that the values of Tajima’D and Fu and Li D*&F* were
significantly negative in the Eurasia lineage indicating that
the population maintained low frequency polymorphism
caused either by genetic hitchhiking, background selection
or recent expansion. When the tests were done using the
“sliding window” option with 100 and 25 as the window
and step size, respectively, no positive values were found
in the subsections of CP gene indicating that demographic
forces are acting on the members of Eurasia lineage. Based
on this, the values were negative across the CP gene
indicating the occurrence of recent PVX population
expansions. In contrast, Tajima’D, Fu and Li D*&F* val-
ues were non-significantly positive in the America lineage
indicating an excess of high frequency polymorphism,
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Table 3 .Ger.letlc . Lineage and population N Hd S n K b dS dN Q)
characterization of potato virus
X coat protein gene from All 86 0999 283 429 58399 0.0861 03033 0.0188 0.0619
different lineages and .
populations Eurasia 72 0999 262 346 29720 0.0428 0.1583  0.0067  0.0423
America 14 1.000 197 254 81.066 0.1197 04286 0.0227 0.0530
Geographic origin
China 8 1.000 75 77 24714 0.0348 0.1288 0.0052  0.0404
India 20 1.000 114 117 27.542 0.0387 0.1484 0.0041 0.0276
Iran 10  1.000 80 88 28.400 0.0399 0.1482  0.0060  0.0405
Japan 6  1.000 55 57  21.667 0.0305 0.1119 0.0050 0.0447
South America 10 1.000 206 253 86.200 0.1271 0.4334 0.0315 0.0727
UK 19 1.000 216 287 75444 0.1067 0.3687 0.0239 0.0648

N, sample size; H, number of haplotypes/isolates; S, number of polymorphic (Segregating) sites; 1 (Eta),
total number of mutations; k, average number of nucleotide differences between sequences; p, nucleotide
diversity; SS, total number of synonymous sites analyzed; NS, total number of non-synonymous sites
analyzed; dS, synonymous nucleotide diversity; dN, non-synonymous nucleotide diversity

Maximum respective values between groups are in bold
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Table 4 Representation of

. Phylogenetic Lineage Tajima’D Fu&Li D* Fu&Li F*
estimated parameters and test
statistics for demographic trends 5 0.0861 ~1.0853 ns ~0.2566 ns ~0.7333 ns
in potato virus X lineages . )
Eurasia 0.0385 —2.0372* —3.2895 —3.3299%:*
America 0.1197 0.0675 ns 0.2998 ns 0.2710 ns

ns not significant

*0.01 < P value > 0.05; ** 0.001 < P value > 0.01; *** P value < 0.001

which suggested that expansion or balancing selection has
occurred.

Differentiation of populations

Analysis of PVX population differentiation showed that
Eurasia and America lineages with significantly three
independent tests were completely distinct. The Fgt value
between the two lineages was 0.60 (> 0.33) indicating a
high genetic differentiation between phylogenetic lineages
of PVX isolates. Among PVX populations, tests of popu-
lation differentiation showed that the South America PVX
population was distinct from the other populations based
on the related Kst*, Z*, Snn and Fgr values, where Kst*
values were not near zero, Z* values were too small, Snn
values were significantly high (mostly near 1.000) and Fgt
values were higher than 0.33. The highest Fgt value (0.54)
was obtained between Japanese and South America popu-
lations, and the lowest Fgt value (0.008) was obtained
when comparing the India and Iran populations (Table 5).

Discussion

In this study, genetic variation and molecular evolution of
86 recombinant-free PVX isolates based on the CP gene
were determined. Recombination is an important source of
genetic variation in plant viruses [9]. Recombination at the
CP gene in many RNA viruses such as Sugercane mosaic
virus [19], Turnip mosaic virus [26], Grpevine fanleaf virus
[41], Banan bract mosaic virus [1] has been detected. In
this study, one recombination event in one virus isolate
(X3) was detected with five methods (Table 2). Recombi-
nant events have not been reported before in PVX isolates.
This might be due to the fact that PVX is not transmitted by
vectors and, therefore, there has been an unlikely event of
being in a mixed infection with a different PVX variant.
Recombination was usually parented by the isolates from
the same geographic region due to more chances to be
exposed each other [33], recombinant isolate (X3) was
parented by a local isolates (Xc) and an unknown isolate
(Table 2).

Phylogenetic analysis of the CP gene sequences showed
that PVX isolates from Eurasia lineage were the most
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common occurring isolates confirming previous results
[24, 44]. The amino acids K at position 20, A at 64, M at
128 and T at 227 were conserved in the CP of all members
of Eurasia lineage and they have been reported to be
avirulent on potato cultivars carrying the Nx resistance
gene as described for the type X of PVX [20, 24].
Accordingly, although members of America lineage were
also conserved in the same positions they possessed A at
position 20 (gap in some isolates), V at 64, I at 128 and A
at position 227, and they are known as being capable of
overcoming the Nx resistant gene. Thus, the phylogenetic
analysis showed clear relationships between the phylogeny
and pathogenicity of PVX isolates on potato cultivars
carrying the resistance genes [20]. However, it was difficult
to find a clear correlation between phylogeny and geo-
graphical origin suggesting that PVX variants have been
spread from one region to other geographical regions.
Because the virus variants from China, India, Iran, Japan
and the UK were placed in several subclades (Fig. 1), it is
suggested that the infections may have resulted from
founder effect (genetic drift), i.e., different PVX genotypes
have been transmitted via propagated material and have
gone through bottlenecks at different places and times.

America lineage seemed to have older isolates compared
to that of Eurasia lineage which is in agreement with
origination of potato from America [34]. The deep-
branching with America variants might also point to lack of
bottlenecks with these isolates whereas with Eurasia iso-
lates it seems that because PVX has spread from America it
has gone through bottlenecks and resulted in founder
effects. Accordingly, Eurasia isolates distantly related to
the main node and bear shorter branches. This finding also
suggests co-evolution of PVX with potato plant.

Isolates GAF-225EuA and PVX-Goosberry within Eur-
asia lineage seems to be the oldest isolates giving rise to
this lineage. This suggests that these isolates as the variants
were produced from America variants after a bottleneck
event.

Comparison of nt sequence diversity (1) among Eurasia
and America lineages (Table 3) showed that the isolates of
Eurasia lineage (m = 0.043) were less diverse than that of
America lineage (m = 0.119) and overall nt sequence
diversity was 0.086. There are three possible explanations
for low genetic diversity between isolates of Eurasia
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Table 5 Genetic differentiation estimates for lineages and geographical populations of potato virus X

Comparisons K Kgrs P value Vi P value Snn P value "Fyr

Eurasia (n = 74) versus America (n = 12) 34212 0.0915 0.000%** 6.9268 0.000%%** 0.967 0.000%%*%* 0.597
China (n = 8) versus India (n = 20) 3.2697 0.0160 0.005%%* 4.7932 0.004%#%* 0.875 0.000%** 0.103
China (n = 8) versus Iran (n = 10) 3.2779 0.0194 0.014%* 3.8530 0.017* 0.713 0.049* 0.101
China (n = 8) versus Japan (n = 6) 3.1598 0.0066 0.159 ns 3.467 0.149 ns 0.607 0.228 ns 0.034
China (n = 8) versus South America (n = 10) 3.7462 0.1124 0.002%* 3.5245 0.001%** 0.861 0.003** 0.525
China (n = 8) versus UK (n = 19) 3.7164 0.0108 0.074 ns 4.7774 0.029%* 0.796 0.008%** 0.129
India (n = 20) versus Iran (n = 10) 3.2953 0.0039 0.204 ns 5.0568 0.255 ns 0.750 0.023* 0.008
India (n = 20) versus Japan (n = 6) 3.2447 0.0211 0.004%%* 4.6140 0.005%%* 1.000 0.000%%** 0.158
India (n = 20) versus South America (n = 10) 3.5405 0.1090 0.000%** 4.6859 0.000%%** 0.933 0.000%** 0.506
India (n = 20) versus UK (n = 19) 3.5789 0.0200 0.003%* 5.5184 0.006%** 0.833 0.000%#** 0.124
Iran (n = 10) versus Japan (n = 6) 3.2340 0.0279 0.005%* 3.5562 0.006%* 0.9375 0.003%#:* 0.150
Iran (n = 10) versus South America (n = 10) 3.7274 0.1124 0.0007%** 3.7622 0.000%** 0.900 0.002%:* 0.504
Iran (n = 10) versus UK (n = 19) 3.7072 0.0180 0.039* 4.8908 0.013%* 0.862 0.003%%* 0.135
Japan (n = 6) versus South America (n = 10) 3.7796 0.1107 0.004%* 3.2934 0.001%* 0.875 0.013* 0.543
Japan (n = 6) versus UK (n = 19) 3.7299 0.0182 0.063 ns 4.5272 0.006%* 0.1000 0.000%** 0.182
South America (n = 10) versus UK (n = 19) 3.9545 0.0683 0.000%** 4.7406 0.000%%*%* 0.8965 0.000%%*%* 0.295

ns not significant

*0.01 < P value > 0.05; ** 0.001 < P value > 0.01; *** P value < 0.001

# K*, Kst*, Z* and Snn are test statistics of genetic differentiation

° Fgr, coefficient of gene differentiation, which measures inter-population diversity

lineage. One is that viruses transmitted by infected prop-
agative materials would not have higher nt diversity than
aphid-borne or seed-borne viruses (Yu et al. 2010). The
second explanation is that frequent gene flow within this
lineage (Table 5) and the other might be due to strong
negative selection (o = 0.042). In regard to higher nt
diversity within the America lineage, it appeared that the
Peruvian and Bolivian PVX isolates have not diversified
recently and mutations have accumulated over a long time
because their isolates appear as a deep-branching cluster
(Fig. 1), which is in agreement with the large number of
segregating sites (206) and the large number of mutations
(253) in this lineage (Table 3). It seems that primarily
originated potatoes growing in Peru and Bolivia [34] have
played a role in this scenario. An isolate from Estonia
(CP2) and another from USA (WS2) were clustered with
Peruvian and Bolivian isolates (Fig. 1) suggesting that the
PVX isolates from South America have been transported to
USA and Europe by human. This may serve as an example
in which human activity has played a role in virus
evolution.

Analysis of nucleotide diversity by “sliding window”
option with 100 and 25 as the window and step size,
respectively, revealed high polymorphism at middle region
and 5’ part of CP gene within Eurasia and America lin-
eages, respectively (Fig.2). This information helps to
select regions of viral genome targeted to design specific

primers for virus detection and the occurrence of mutations
in the primer-targeted sites may limit the suitability of RT-
PCR for viral detection.

The direction and degree of selective constraints oper-
ating on PVX CP were estimated by calculating ® values
[42]. The estimated o ratios were less than one for the both
lineages and the populations (Table 3) suggesting that the
negative selection against amino acid changes serves as a
driving force for PVX evolution which is consistent with
previous results [44, 45]. Overall, the CP gene is going
through negative selection as the o ratio value for the
whole PVX population of 86 recombinant-free isolates was
0.062 indicating that the CP is under functional constraint
due to its crucial role in virulence, cell-to-cell movement
and multiplication [3]. Several studies on viral CP genes in
other RNA viruses have revealed that this protein can be
conserved under negative selection [8, 42].

All the PVX populations examined, except for the South
America population, are non-differentiated from each other
because the Kst* values were near zero and supported by
none or weak significant P-values. No differentiations
between these populations were also confirmed by Z* and
Snn values. To estimate the degree of virus migration
(Gene flow) between geographical origins (two by two),
the statistic Fgt was calculated (Table 5) showing that gene
flow of the PVX populations between Asian and European
countries were fairly frequent (Fst < 0.19). In addition, the
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Fig. 2 Trend of nucleotide diversity along the coat protein gene in
the potato virus X lineages, A: Eurasia lineage and B: America
lineage. The curves were generated by “sliding windows” with 50
and 25 as the window and step sizes, respectively

results showed that gene flow between Asian countries,
India/Iran and China/Japan populations were frequent with
Fst values of 0.008 and 0.034, respectively. A possible
explanation for this result is relatively close distances
between these countries. On the other hand, the highest Fgt
value between South America and Japanese populations
(0.54) could be due to long distances between these geo-
graphic regions, indicative of a correlation between geo-
graphical position and genetic distances. Results from the
PVX population genetic differential analysis agreed with
those of the phylogenetic analysis. For instance, the lowest
Fst was found between China and Japan (Fst = 0.034)
which clustered together in a subclade (Fig. 1).

In agreement with a high genetic diversity between
South America population with other populations
(Table S1), low gene flow values were estimated (>0.29)
(Table 5). No vector transmission is known for PVX and it
can be transmitted by infected propagated materials which
are exchanged frequently between countries. This result is

@ Springer

further emphasizing the use of virus- free plant materials in
preventing the dissemination of PVX.

In conclusion, global PVX isolates analyzed in this
study could be divided into two distinct lineages with lack
of correlation between the phylogeny and the geographical
origin of PVX isolates suggesting that there might have
been a convergent evolution. This study also revealed that
negative selection and genetic drift may be the potential
drivers of the dynamics of PVX molecular evolution in
Eurasia lineage (m = 0.043) whereas negative selection
and recombination may have involved in PVX molecular
evolution in the members of America lineage (1 = 0.12).
To the best of our knowledge, this is the first extensive
study on the genetic variability of global PVX isolates and
first report of a recombination event in the PVX population.
It also seemed that exchange of infected seed potato tubers
have played a role in shaping the PVX population structure.
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