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The analysis of the full length genome of Korean isolates
of Pepper mottle virus (PepMoV) in previous study show-
ed molecular variations and are found to be related to
symptom variation and pathegenicity (Kim et al., 2009,
Virus Res. 144:83-88). To fully understand the mole-
cular variation of PepMoV in Korea, we further assessed
the role of RNA recombination to biological variation
and evolution of PepMoV. Full-length genome of a total
of 17 Korean-PepMoV and 2 American (CA and FL)
isolates were examined for possible detection of genetic
recombination using different recombination detections
programs and detected 5 and 8 tentative recombination
events using RDP3 and Splits Tree4 programs, respec-
tively. Interestingly, tentative recombinants detected such
as isolates 57, 134 and 217 were previously identified as
severe isolates and 205135 and 205136 as differentiating
isolates (Kim et al, 2009, Virus Res. 144:83-88). In
addition, recombination was frequently detected in the
Vb isolate, the first PepMoV isolate reported in Korea,
suggesting significant invelvement in the evolution of
PepMoV in Korea. These initial results of our recombi-
nation analyses among PepMoV isolates in Korea may
serve as clues to further investigate the biological
variations and evolution of PepMoV brought about by
recombination,
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Many studies on sequence analyses of population of vari-
ous RNA plant viruses provide evidences that recombi-
nation may be a major source of biological and evolution-
ary variation (Garcla-Arenal et al., 2003; Wylie and Jones,
2009). Recombination type of genetic exchange can occur
in either segmented or unsegmented viruses when ‘donor’
nucleotide sequence is introduced into a single, contiguous
acceptor RNA molecule to produce a new RNA containing
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genetic information from more than one source (Worobey
and Holmes, 1999).

Pepper (Capsicum annuum) is a staple vegetable in
Korea and Pepper mottle virus (PepMoV) is considered as
a threat to pepper production in the country. PepMoV is a
non segmented RNA virus belonging to the genus Pory-
virus, family Potyviridae (Shukla, 1994). PepMoV is trans-
mitted by aphids in a non persistent manner and infects not
only Capsicum sp. but also Solanum sp. such as tomato (S.
lycopersicum 1.y (Kim et al., 2008; Verhoeven et al., 2002)
and potato (S. fuberosum) (Kim et al., 2009). The acqui-
sition of broad host ranges of PepMoV especially potato
which is recently identified host for PepMoV in Korea
(Kim et al, 2009) is not well understood. Moreover,
PepMoV isolates with significant sequence variation in P1
and 6K2 genes manifested symptom differentiations in
indicator host plants, Nicotiana sp. such as N. tabacum cv.
Xanthi-nc and N. benthaminana, suggesting that these genes
might have significant involvement on host specificity and
pathogenicity (Kim et al., 2009).

In the advent of advanced molecular tools to detect
recombination, many RNA viruses unlocked the key impli-
cated in the RNA genome variability and their evolution
{Gagarinova et al., 2008; Posada and Crandall, 2001) that
understand the formation of new isolates and evaluate the
effectiveness of crop protection strategies. One classic ex-
ample is the Soybean mosaic virus (SMV), another member
of Potyvirus that provided several evidences of RNA re-
combination, Gagarinova et al. (2008) first analyzed re-
combination analysis using RDP3 in SMV full length
sequences and found that a number of significant recombi-
nation events in the two related but belonging to different
pathotypes namely G5 and G7H implying that these two
distinct pathotypes can simultaneously infect a host cell and
exchange genetic materials through RNA recombination.
Furthermore, in recent recombination study of SMV, Seo et
al. (2009) have identified three SMV strains prevalent in
Korea such as G5, G5H and G7H as recombinants and
strongly suggest that recombination plays important roles in
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resistant-breaking of SMV. In addition, they have indicated
that G5H and G7H were found infecting several wild
soybean collected from natural fields in Korea. How-
ever, these isolates cannot infect resistant soybean cultivar
implying that recombination of SMV might occurred in
wild soybean infected with more than two SMV popula-
tions, possibly resulting to resistant breaking recombinants
that may readily infect resistant soybean cultivars.

In our previous study, we have analyzed the genetic
diversity and structure of the PepMoV population in Korea
and results showed relationship between genetic and bio-
logical variation (Kim et al., 2009). In this study, we want to
fully understand the molecular variation of PepMoV in
Korea, by further assessing the role of RNA recombination
in the biological variation and evolution of PepMoV. Here,
we have analyzed a total of 19 PepMoV full-length sequences
including 13 Korean isolates that were previously analyzed
(Kim et al., 2009), 3 new PepMoV isolates (205165,
205187 and 205137), Korean PepMoV-Vb isolate, and 2
American isolates (CA and FL). In addition, included in the
analysis is the full-length sequence of Potato virus Y (PVY)
as an out group. GenBank accession codes for these isolates
were shown in Table 1.

All sequences were aligned using Clustal X (Larkin et al.,
2007) and subjected to recombination detections software.
In this study, we have employed several recombination
detection tools such as RDP3 (Martin 2005), PHYLPRO v.
1.1 (Weiller, 1998), and RAT v. 1.0 (by setting window size
to 400; Etherington et al., 2005) programs to obtain possible
recombination events in different PepMoV sequences. For
RDP3 analysis, we have only accepted recombination
events that were supported by at least 3 different methods
with an associated P value of <1.0x107. Next, all likely
recombinants identified by the RDP3 were checked again
using PHYLPRO v. 1.1 and RAT v. 1.0. Phylogenetic
network analysis was performed by Splits Tree v. 4.1
program (Huson and Bryant, 2006).

In RDP3 analysis, we have identified 5 tentative recombi-
nation events out of 6 detected recombinants (Table 2 and
Fig. 1A). One event (Vb) was not included due to only 2
methods supported recombination event. These tentative re-
combinants were found in isolates (corresponding parental
isolates): 205165 (Vbx743); 205187 (Vbx743), 248 (Vbx
743), CA (FL.x205187), and 134 (57xUnknown or 205135).
Interestingly, RDP3 analysis indicated that Vb isolate may
be true recombinants or one of the parents of 205165,

Table 1. Accession numbers of Pepper mottle virus isolates used for recombination analyses with their corresponding host and symptoms

in different indicator hosts®

b
PepMoV Host Symptoms Accession No. Reference
Isolates No. N. tabacum c¢v. X-nc  N. benthamiana
57 Tomato SM N,Y EU586121 Kim et al., 2009
128 Bell Pepper SM SM, Y EU586122 "
134 Tomato SM N, Y EU586123 "
217 Tomato SM N,Y EU586124 "
248 Bell Pepper MM nosi EU586125 "
731 Potato - N, Y EU586126 "
743 Bell Pepper MM nosi EU586127 "
204040 Bell Pepper MM nosi EU586128 "
205135 Bell Pepper MM SM, Y EU586129 "
205136 Bel! Pepper MM SM, Y EU586130 "
205137 Bell Pepper nt nt EU586131 Kim et al., 2009 Unpublished
205165 Bell Pepper nt nt EU586132 "
205187 Bell Pepper nt nt EUS586133 "
205197 Bell Pepper MM nosi EU586134 Kim et al., 2009
205205 Bell Pepper SM N,Y EU586135 "
205250 Bell Pepper MM nosi EU586136 "
Vb AB126033 Yoon et al., 2003
CA M96425 Vance et al., 1992
FL AF501591 Warren & Murphy, 2003

*Partially adapted from Kim et al. (2009).

*Symptom expressions of 16 Korean PepMoV isolates in infecetd N. tabaccum cv. X-nc and N. benthamiana plants at 4-wks after inoculation.
MM, mild mottle; N, necrosis; SM, severe mottle; Y, yellowing; —, no infection; nosi, no symptoms developed but the virus replication was

readily detected by RT-PCR; nt, not tested.
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Table 2. Recombination in the PepMoV population detected by recombination detection program and PHYLPRO

Recombinant N arental isolate” ¢ .
(or true daughter) Recombination site © thePr sflsgectsgﬁ)aren N RDP3¢ (P value)* PHYLPRO
205165 (Vb) 20-998 Vbx743 GBMCS (3.347x107%) D
205187 (Vb) 165-1958 Vbx743 GBMCS (3.347x 107 ND
248 (Vh) 549-1664 Vbx743 GBMCS (3.374x10™) ND
CA (FL) 526-2177 FLx205187 MCS (2.892x10™) D
134 4221-4890 57xUnknown (205135) GBMC (9.618%1079) ND
*Nucleotide number.

" Parental isolate’ means the most likely isolate among analyzed isolates; Major parentxminor parent.

*RDP3-implemented methods supporting the corresponding recombination sites; G (GENECONV), B (BOOTSCAN), M (MAXCHI), C (CHI-
MAERA), and § (SISCAN). Supported by 3 or more methods with an associated P value of >1.0x 10" implemented in RDP3.

“The reported P-value enclosed is the greatest P-value among the calculated P-values using RDP3-implemented methods and the corresponding

method is shown boldface.

*PHYLPRO v.1.1 program was used to detect recombination site. D, detected; ND, not detected.

205187, and 248 recombinant isolates. These most likely
recombinants were further confirmed by RAT and PHYLPRO
(Fig. 1B and 1C). In RAT analysis all of the 5 tentative
recombinants were also detected, however, in PHYLPRO
analysis, only isolates 205165 and CA isolates were detect-
ed as recombinants, which might have been due to the
small number of samples analyzed (Table 2 and Fig. 1C).
On the other hand, there were 8 tentative recombinants
detected by Splits Treed (Fig, 2). Apparently, not all of the
isolates detected as tentative recombinants (daughters) and
sources (recombinants’ parents) by RDP3 were also detect-
ed by Splits Tree4 (Fig. 2). The isolates that were detected
by Splits Tree4 but not by RDP3 were 57,217, 205135, and
205136. However, isolates that were consistently detected
as recombinants by both tools were 134, 205187, Vb, and
CA.

The molecular variabilities among Korean-PepMoV iso-
lates have shown relationships in their pathogenicity and
host ranges (Kim et al., 2009). For example, the isolates
205135 and 205136 showed symptom differentiations in
different Nicotiana sp., indicator hosts. In addition, isolates
57 and 134 showed consistent severe symptoms in Nicofiana
sp. (Table 1). Interestingly, these two groups of isolates
formed conspicuous reticular network in Splits Tree4 which
further suggest that their genetic and biological variations
could be attributed by recombination (Fig. 2). Moreover,
isolate 205187 has no biological data yet available but
showed positive for recombination in RDP3 and Splits
Tree4 (Fig. 1A and Fig. 2, respectively). The reported parents
of recombinant isolate 134 were isolates 57 and 205135
which were identified as severe and differentiating isolates,
respectively, in previous study (Kim et al., 2009). More-
over, isolate 134 was consistently detected as recombinant
by Splits Tree4 (Fig. 2) and RDP3 at the nucleotide 4221-
4890 region (recombinant site) and is located within the
cytoplasmic inclusion (C1) gene (Fig. 1A). Several studies
have indicated that CI may play a role as one of the

pathogenic determinants in Turnip mosaic virus (Jenner et
al., 2000) and SMV (Seo et al., 2009a, 2009b). Therefore,
our result suggests that CI together with the previously
reported P1 and 6K2 (Kim et al., 2009) may have involve-
ment as pathogenic determinant in the PepMoV patho-
system, However, this would warrant further study.

It has been also demonstrated that recombination is most
likely responsible for the emergence of new variants and/or
strains that is more virulent than previously existing strain.
Choi et al. (2005) reported the first emergence of the
resistance breaking (RB) SMV isolates that were capable of
overcoming all of the known resistance alleles at the Rsv/
locus, as well as distinct resistance genes at Rsv3 and Rsv4.
Similarly, rapid emergence of RB isolates was reported in
Rice yellow mottle virus (RYMV) (Fargette et al., 2002).
One of the speculations of the emergence of RB isolates in
SMV and RYMV in Korean soybean and African rice
cultivars, respectively, can most likely be attributed by
mutation and/or genetic recombination (Garcia-Arenal et
al., 2001; Hajimorad et al., 2003; Harrison, 2002; Roossinck,
1997). In this regard, it is worth mentioning that Seo et al.
(2009b) recently identified 19 ‘clear’ recombination events
in the SMV population and have shown that several RB
strains were identified as recombinants. These results sug-
gesting that recombination might contribute to overcome
host resistance in SMV-soybean pathosystem. Similarly, in
this study those isolates identified as severe (isolates 57 and
134) and differentiating (isolates 205135 and 205136)
isolates were also identified as recombinants. Therefore,
these data provide valuable information to breeders for
keeping track on those PepMoV strains that will possibly
cause breakdown of cultivars’ resistances and in the their
development of resistant cultivars against PepMoV.

In addition, Korean-Vb isolate appeared several times as
either possible daughter or parent of recombinant in RDP3
(Fig. 1A). It also showed noticeable reticular network
formation in Splits Tree4 analysis (Fig. 2) which strongly
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Fig. 1. Recombination events in the PepMoV population by
RDP3. Locations of 5 recombination events identified by RDP3.
(A) Each full-length genome of a recombinant is represented by a
long light gray box and the corresponding isolate name is given to
the right of the box. Each recombination event is demarcated by a
dark grey box below the recombinant genome. The genome map
of PepMoV is shown to scale on the bottom of the figure. (B)
Analyses of recombination events using RAT. The outputs for
each recombinant in panel A are shown, along with contributing
parental sequences (the names are shown on the right of the
graph). The x-axis and y-axis represent the location on the
sequence and the genetic distance of each sequence, respectively.
(C) Graph obtained analyzed by PHYLPRO method with only
two distinct peaks indicates positive for recombination.
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Fig. 2. Phylogenetic evidence for recombination by Split de-
composition network of the PepMoV population. Network tree
was generated using SplitsTree4. Isolates enclosed showed a
reticular network rather than a single bifurcating tree is suggestive
of recombination. Isolates with severe and differentiating isolates
were identified in the previous study (Kim et al., 2009). The
broken branches connecting FL and CA isolates were collapsed
5x.

suggests that Vb isolate may have undergone recombi-
nation and might have been also the source of genetic
changes to other PepMoV isolates. Although, Korean-Vb
isolate was one of the first reported isolate than other
Korean isolates analyzed in this study, however, it is still
unclear if it had first came out or one of the initial geno-
types of PepMoV in Korea. Due to the relative small
number (20) of samples included in our analyses, we treat-
ed all the recombination events detected in this study as
tentative or potential recombinant that will serve as clues
for further investigation of recombination in PepMoV
evolution.

In our knowledge, this is a first report on PepMoV re-
combination analysis and we strongly recommend further
analyses of recombination events using more diverse
PepMoV sequence data. Our present study also reports the
occurrence of natural recombination in PepMoV population
and similar to SMV recombination studies (Gagarinova et
al., 2008; Hajimorad et al., 2003) and it may also give clues
for the appearance of the resistance-breaking strains in
Korea. For this reason, development of infectious clones
especially on those strains that identified as recombinants in
this study are needed, to determine cultivar pathogenicity.
Thus, this data should be considered in formulating control
strategies against PepMoV disease.
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