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Abstract

Porcine circovirus type 2 (PCV2) is the most ubiquitous viral pathogen of pigs and has persistently affected the global
swine industry. Since first being identified in South Korea in 1999, the virus has undergone considerable genetic change and
genotype shifts during the past two decades. These events have contributed to the coexistence of genotypes PCV2a, PCV2b,
and PCV2d in Korean pig populations, which may promote viral recombination. The genotypic and phylogenetic charac-
teristics of PCV?2 strains circulating in pig herds on Jeju Island from 2019 to 2020 were the focus of this study. Genotype-
specific PCR indicated that PCV2d is the dominant viral genotype and that coinfections with PCV2d and PCV2a (75%)
or PCV2a and PCV2b (25%) are common in provincial pig herds. The complete genome sequences of 11 PCV2 strains,
including three PCV2a, two PCV2b, and six PCV2d strains, were determined. A genomic comparison showed that all of
the viruses had the highest nucleotide sequence identity to their corresponding genotypic reference strain. Notably, genetic
and phylogenetic analysis revealed that one PCV2d strain, KNU-1931, exhibited nucleotide sequence variation in the ORF1
gene when compared to other PCV2d strains but showed a high degree of similarity to the PCV2b strains. Comprehensive
recombination analysis suggested that KNU-1931 originated from natural recombination within ORF1 between PCV2b
(the minor parent) and PCV2d (the major parent) strains. Our findings provide information about the frequency of genetic
recombination between two different PCV2 genotypes circulating in the field domestically, illustrating the importance of
continual intergenotypic recombination for viral fitness when multiple genotypes are present.

Introduction

Porcine circovirus type 2 (PCV2) was first identified in the
late 1990s and was initially associated with PCV2 systemic
disease (PCV2-SD) [1]. A number of pathological condi-
tions related to PCV2 infection have been described in the
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last two decades, including PCV2 reproductive disease,
PCV2 lung disease, PCV?2 enteric disease, and porcine der-
matitis and nephropathy syndrome. All PCV2-related mani-
festations are collectively referred to as "porcine circovirus-
associated diseases" (PCVADs) [2, 3].

PCV2 is a small, nonenveloped virus with a circular,
covalently closed single-stranded DNA genome and is a
member of the genus Circovirus in the family Circoviridae
[4]. The PCV2 genome is 1.76—1.77 kb in length and con-
tains four open reading frames (ORFs; ORF1-ORF4). ORF1
is located on the positive strand and encodes the nonstruc-
tural replicase proteins Rep and Rep’, which are responsible
for viral replication, while ORF2 is located on the comple-
mentary strand and codes for the sole structural protein, Cap,
which is associated with immunogenicity [5—7]. ORF3 and
ORF4 are embedded within ORF1 in the antisense orienta-
tion and encode nonstructural proteins that regulate virus-
induced apoptosis [8, 9].

PCV2 is divided into five genotypes (PCV2a, PCV2b,
PCV2c, PCV2d, and PCV2e) based on the ORF2 sequence
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[3, 10-12]. PCV2a, PCV2b, and PCV2d are the prevalent
genotypes in the global pig population [7, 12, 13], while
PCV2c has only been isolated from archived serum samples
in Denmark [14] and feral pigs in Brazil [15]. A retrospec-
tive investigation revealed a new phylogenetic cluster that
has been proposed as genotype "PCV2e" [10].

In South Korea, PCV2 was first identified in 1999 in
pigs with PCV2-SD [16]. PCV2a was the initial predomi-
nant genotype until the early 2000s, but a genotype shift
from PCV2a to PCV2b occurred around 2002 [17]. Fur-
thermore, the continuous countrywide circulation of clas-
sical PCV2a and PCV2b strains resulted in the appearance
of recombinant PCV2 strains via intergenotypic recombi-
nation within ORF1 [18]. A recent molecular epidemiol-
ogy study indicated that a second genotype shift to PCV2d
occurred nationwide before 2012 and that the coexistence of
multiple genotypes (PCV2a, PCV2b, and PCV2d) is com-
mon in Korean swine herds [19]. Interestingly, the authors
of that study also reported the occurrence of a genotype
shift to PCV2d in Jeju Province, the largest island of South
Korea, where the trade of live pigs from the mainland is
not permitted [19]. In addition, infection pattern analysis at
the farm level confirmed that single infections with PCV2d
(57.1%) or dual infections with PCV2d (28.6%) and PCV2a
or PCV2b have been frequent in this province [19]. How-
ever, despite the genotype shift, there is limited information
regarding the incidence of new intergenotypic recombination
of PCV2 in South Korea. Therefore, we aimed to expand our
knowledge of the genetic diversity of PCV2 isolates in pig
herds in Jeju Province from 2019 to 2020 based on complete
genome sequences. This study provides direct evidence of
an emerging novel recombinant strain that originated from a
natural intergenotypic recombination event, and the genome
of this strain is composed of a PCV2d backbone with a par-
tial ORF1 sequence from of PCV2b circulating in South
Korea.

Materials and methods
Collection of clinical samples

Clinical samples (blood, oral fluid, or feces) were obtained
from pigs of different ages from eight commercial farrow-
to-finish farms located in the Hallim district of Jeju Prov-
ince from October 2019 to March 2020. The farms had been
clinically affected by PCVAD-like symptoms, including res-
piratory disorders and wasting and were distributed within
a 5-km radius (Supplementary Fig. S1). Details about the
sample collection are provided in Supplementary Table S1.
The collected fecal samples were diluted 1:10 (w/v) with
phosphate-buffered saline. The fecal suspensions, as well
as the blood and oral fluids, were centrifuged for 10 min
at 4,500 x g in a Hanil Centrifuge Fleta 5 (Incheon, South
Korea). The clarified supernatants and serum samples were
initially subjected to real-time quantitative PCR (qPCR)
analysis for the detection of PCV2 as described previously
[20]. The PCV2-positive DNA samples were subjected to
additional PCR to determine PCV2 genotypes using three
genotype-specific primer sets (Table 1).

Nucleotide sequence analysis

The full-length genomes of 11 PCV?2 strains were ampli-
fied by PCR using specific primer sets (Table 1). The PCR
amplicons were gel-purified, cloned using the pGEM-T Easy
Vector System (Promega, Madison, WI), and sequenced in
both directions using commercial vector-specific T7 and
SP6 primers. The complete genomic sequences of the PCV2
strains were deposited in the GenBank database under the
accession numbers listed in Table 2. We selected ten colo-
nies for sequencing from each pGEM-T cloning experiment
to rule out the possibility of a mixed infection in a single

Table 1 List of primers used in
this study

@ Springer

Primer name

Nucleotide sequence (5'-3")

Purpose

Location (nt)

PCV2C-F GCTGGCTGAACTTTTGAAAGT PCV2 sequencing 497-517
PCV2C-R AAATTTCTGACAAACGTTACA 470-490
PCV2-132-F GAGCGCAAGAAAATACGGGAG PCV2 sequencing 132-152
PCV2-795-R GCTGGTAATCAGAATACTGCG 795-815
PCV2-Realtime-F CCAGGAGGGCGTTCTGACT PCV2 detection 1534-1552
PCV2-Realtime-R CGTTACCGCTGGAAAAGGAA 1613-1632
PCV2ab 2NF GGTTGGAAGTAATCAATAGTGGA PCV2a-specific 1209-1231
PCV2a 2NR GGGGAACCAACAAAATCTC 1467-1485
PCV2ab 2NF GGTTGGAAGTAATCAATAGTGGA PCV2b-specific 1209-1231
PCV2b 2NR GGGGCTCAAACCCCCGCTC 1466-1484
PCV2d 2NF GGTTGGAAGTAATCGATTGTCCT PCV2d-specific 1208-1230
PCV2d 2NR TCAGAACGCCCTCCTGGAAT 1531-1550
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sample, as well as to exclude any contamination that may
have occurred during sample preparation.

Multiple alignments and phylogenetic analysis

The sequences of ORF2 genes and the complete genomes
of 74 global PCV2 strains from the GenBank database were
used to produce sequence alignments and to perform phylo-
genetic analysis. ClustalX 2.0 [21] was used to generate mul-
tiple sequence alignments and determine percent nucleotide
sequence divergence. Phylogenetic trees were constructed
from the aligned nucleotide or amino acid sequences using
the neighbor-joining method and were subjected to boot-
strap analysis with 1000 replicates to determine the percent
reliability value for each internal node of the tree [22]. All
phylogenetic trees were generated using MEGA X software
[23].

Recombination analysis

Recombination events were detected using three methods.
First, whole-genome sequences were aligned and analyzed
using the Recombination Detection Program (RDP 4 ver-
sion 4.95) to simultaneously detect potential recombination
events using eight algorithms (RDP, GENECONYV, BootS-
can, MaxChi, Chimaera, SiScan, 3Seq, and LARD) [24].
A PCV2 sequence was considered recombinant when the
recombination signal was supported by at least four of these
methods with p-values of less than 0.01 to ensure reliability.
Recombination breakpoint detection by at least four methods
was considered confirmation of a putative recombination
event. Second, the potential recombination events and break-
points were verified by similarity plot analysis using SimPlot
version 3.5.1 [25]. Finally, the putative recombination data
were supported by phylogenetic analysis of separate regions
of the parental genome as described above.

Results

Real-time qPCR for PCV2 detection was performed on all
samples obtained from the eight farms. PCV2-positive sam-
ples with low Ct values representing each farm were selected
and used to determine the genotypes of the PCV2 strains cir-
culating on Jeju Island using genotype-specific conventional
PCR (Supplementary Table S1). As expected, PCV2d was
detected in all samples from PCV2-positive farms, confirm-
ing its high prevalence in the provincial herds. Interestingly,
no singly occurring PCV2d infection was discovered at the
farm level. Two or more PCV2 genotypes commonly co-
circulated on all eight farms; dual infections with PCV2a
and PCV2d were identified on six farms, and triple infec-
tions with PCV2a, PCV2b, and PCV2d were found on two
farms (Table 2).

Subsequently, we were able to determine the full-length
genomic sequences of 11 PCV2 isolates: three PCV2a, two
PCV2b, and six PCV2d isolates (Supplementary Table S1).
The complete genome length of PCV2 in this study was
1768 bp (PCV2a) or 1767 bp (PCV2b and PCV2d). The 11
PCV2 strains from Jeju were genotypically cognate, hav-
ing 99.2-99.7%, 99.4%, and 98.9-99.9% sequence identity
within a corresponding genotype and shared 98.5-98.7%,
99.5-99.6%, and 99.0-99.9% identity with PCV2a, PCV2b,
and PCV2d reference strains, respectively (Table 3). The
percent identities of ORF1 and ORF2 of the Jeju isolates to
one another and to the reference strains are summarized in
Supplementary Table S2.

Aligning the genomes of all PCV2 sequences revealed
marked variation between the genotypes but clear similari-
ties within the genotypes (Fig. 1). However, one PCV2d
strain, KNU-1931, showed significant sequence diversity
in the ORF1 gene, specifically in the first 300 nucleotides,
compared with those of other PCV2d strains. This region of

Table2 Summary of PCV2

. . Sample source Year of  Infection pattern Name of isolate Genotype Accession number
isolates and origin/source collec-
tion
Farm A Oral fluid 2019 PCV2a/d KNU-1929 PCV2d MT814841
Serum KNU-1930 PCV2a MT814842
Farm B Feces 2019 PCV2a/d KNU-1931 PCVv2d MT814843
Farm C  Oral fluid 2020 PCV2a/d KNU-2013 PCVv2d MT814844
KNU-2014 PCV2a MT814845
Farm D  Oral fluid 2020 PCV2a/d KNU-2015 PCVv2d MT814846
KNU-2016 PCV2a MT814847
Farm E  Oral fluid 2020 PCV2a/d KNU-2017 PCV2d MT814848
FarmF  Serum 2020 PCV2a/b/d KNU-2018 PCV2b MT814849
Farm G Serum 2020 PCV2a/b/d KNU-2019 PCV2b MT814850
Farm H Oral fluid 2020 PCV2a/d KNU-2020 PCv2d MT814851
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KNU-1931 had significant sequence similarity to Korean
and Chinese PCV2b strains, suggesting a potential natural
recombination event. Phylogenetic analysis of the complete
genome and ORF2 clearly defined the PCV2 strains into
five genotype clusters, and all Jeju isolates were classified
according to the respective genotypes (Fig. 2). However,
the ORF1-gene-based phylogenetic analysis showed distinct
tree topology and unique branches within the PCV2d cluster
(Fig. 2C). Interestingly, the KNU-1931 strain was grouped
with Korean and Chinese PCV2b strains (KU-1202-like),
indicating the emergence of a novel recombinant strain
(Fig. 2C).

Genetic recombination analysis was performed
using the RDP4 package to compare the KNU-1931
isolate and Korean strains to confirm the recombina-
tion event. Eight methods in the RDP4 platform (RDP,

1 300 600

GENECONYV, BootScan, MaxChi, Chimaera, SiScan,
3Seq, and LARD) were utilized to identify recombina-
tion events and breakpoints; the results are summarized
in Table 4. All eight modules indicated that KNU-1931
emerged as a consequence of recombination, with a high
degree of statistical support (average p-value, 9.004 x
1075). These results defined KU-1602 (PCV2d genotype)
and KU-1202 (PCV2b genotype) as the major and minor
parental sequences, respectively (Fig. 3A). Furthermore,
a similarity plot also indicated that KNU-1931 originated
through natural intergenotypic recombination between
PCV2b (KU-1202) and PCV2d (KU-1602) strains circu-
lating in South Korea (Fig. 3B). Two putative recombina-
tion breakpoints were detected at nt 1746 and 299, which
correspond to nt 4 in the origin of replication (ori) and
nt 249 in ORFI, respectively. These data pointed to the
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PCV2 strains, produced using Geneious software version 10.2.4.
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@ KNU-2019/Koreal2020 (MT818850)
| 'A4058/Koreal2009 (JF317565) PCVZb { QIA-1]

KU-1608/Koreal2016 (KXE26235) BPKoreal2012 (KM924369)
BP-2IKorear2012 (KM924366)

V2 Canada/Canada/1998 (AF055392)
‘SNUVRO00032/Korear2013 (KFBT1067))
KU-A201Korear2012 (KX826219)

-2016/Korea2020 (MT818647)
© KNU-2014Korear2020 (WT818845)
| @ KNU-1930/Korear2019 (MT818842)
| Kutoramorearzoto (oxezezto)
N PCV2 CanadalCanadal1998 (AF0S5392) KU-1615/Korear2016 (KX 826218)
It { ku-tetaKorearots (exazszn)

KU-1609/Koreal2016 (KX828215)
|- oK1s8oPMwsireeiDenmarivigeo (Eutassos)

PCV2a

P710-1Koreal2007 (FJ905468)
KU-1204/Koreal2012 (KX828222)
KU-1613/Korea’2016 (KX828216) | PCV2 FranceFrance/1998 (AF055394)
® KNU-1930/Koreal2019 (MT818342) |- Aa1a6iKorear2009 (47317569
KU-1614/Koreal2016 (KX828217) @ KNU-2018/Korea2020 (MT818849)
KU-1609/Koreal2016 (KX828215)

5| SPA-Sp-10-7-54-13/pain/2016 (GU049342)

DK1000PMWSIree/Oenmark109 (EU148505) AdosalKorear2000 (JF317565
5} oKtsreuwseeioenmarictos? (eutasson :| PCV2c KU-1608/Korear2016 (KX828232)
DDK1980PMWSfree/Denmark/1980 (EU148503) @ KNU-2019/Korea/2020 (MT818850)
45950USAZ01S (KT705200) 05,5004 TIUSA2005 (HQT13405)
! 41238Mexicor2014 (KT795287) J PCV2e NMBIUSAI2000 (GU799576)

bars indicate nucleotide substitutions per site.

the country and year of isolation, GenBank accession numbers, and

Table 4 Genetic recombination event in a PCV2 isolate detected using RDP 4 software

PCvad

KU-1202-like

EU148504-like

PCV2a

J PCV2c

PCV2b

genotypes are shown. Red circles indicate the PCV2 strains identified
in this study; a blue circle indicates the recombinant PCV2d strain
identified in this study; a blue square indicates a major parental strain
(PCV2d) identified in 2016; a red square indicates the minor parental
strain (PCV2b) identified in 2012; open circles indicate the recombi-
nant PCV2d strains identified in 2016. An ORF1-based KU-1202-like
phylogenetic cluster containing KNU-1931 is shaded in yellow. Scale

KNU-1931

Detection method

Breakpoints (nt)

Beginning

Ending

Major parent (similarity) Minor parent (similarity)

P-value

RDP
GENECONV
BootScan
MaxChi
Chimaera
SiScan

3Seq

LARD

1746

299

KU-1602 (99.7%) KU-1202 (99.4%)

6.508 x 10~*
1.155 x 107°
2.380 x 1077
1.452 % 1073
5.929 x 1073
1.897x 10712
2.862 x 1077
4.047 x 1077

introduction of the region from ori to the 5’ end of ORF1
of the parental KU-1202 strain into the backbone of the
parental KU-1602 strain. In addition, the minor parental
region (nt 1746-1767 and 1-299) of KNU-1931 showed
higher sequence similarity to KU-1202 (99.3% identity)
than to KU-1602 (95.6% identity), whereas the major

@ Springer

than to KU-1202 (95.9% identity).

parental region (nt 300-1745) of KNU-1931 showed
greater sequence similarity to KU-1602 (99.6% identity)

Lastly, additional evidence of recombination was pro-
vided by statistically incongruent phylogenetic trees con-
structed using the major and minor parental regions, as well
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A KU-1602 - KNU-1202 M KU-1602 — KUN-1931 M KU-1202 - KNU-1931 B Query : KNU-1931 M KU-1602 M KU-1202
Position in alignment Position in alignment
1 300 600 900 1200 1500 1767 1 300 600 900 1200 1500 1767
1.00 T T 1.00 X 7 \ 7 \
\\ y .
N \ / M
| / | \ /
2 N/ A\
£ 7 \ ﬂ \
4 \ \ /
B | J | 2
g 050 il 2095
: 1\ﬂ = 4
£ \_/ \
o
0.00 - 0.90
299 1746 299 1746
% @ KNU-1931 M Ku-1202 W KU-1602 @ KNU-1931 M KU-1202 M KU-1602
TJIChinal2002 (AY181946) BDH/Chinal2008 (HM038017)
KNU-2020/Koreal2020 M KU-1602/Koreal2016 (KX828229)
o1 ® KNU-1931/Koreal2019 (MT814843) 22625-33/USA/2012 (JX535296)
M KU-1602/Koreal2016 (KX828229) KNU-2020/Koreal2020
BDH/Chinal2008 (HM038017) TJIChinal2002 (AY181946)
22625-33/USA/2012 (JX535296) @ KNU-1931/Koreal2019 (MT814843)
SPA-Sp-10-7-54-13/Spain/2016 (GU049342) 1 GX/Chinal2004 (AY556475)
KNU-2018/Koreal2020 M KU-1202/Koreal2012 (KX828220)
PCV2 FrancelFrance/1998 (AF055394) ZD-1-CHN-2014/China/2014 (KU041849)
GXIChinal2004 (AY556475) NMBJ/USA/2009 (GU799576)
ZD-1-CHN-2014/Chinal2014 (KU041849) SPA-Sp-10-7-54-13/Spain/2016 (GU049342)
M KU-1202/Koreal2012 (KX828220) KNU-2018/Koreal2020
NMB/USA/2009 (GU799576) PCV2 FrancelFrance/1998 (AF055394)
PCV1/England/1970 (KJ408798) PCV1/England/1970 (KJ408798)
—_ 300-1745 — 1-299, 1746-1767

Fig.3 Recombination analysis of KNU-1931. (A) Recombination
detection. The x-axis indicates the genomic position, and the y-axis
represents the pairwise identity between KNU-1931 and KU-1602;
KNU-1931 and KNU-1202; or KU-1602 and KU-1202, illustrated
using green, purple, and yellow lines, respectively. The beginning
and end of the recombinant region are shaded red and labeled with
position numbers. (B) Similarity plot analysis of KNU-1931 with
KU-1602 (green) and KU-1202 (purple). The similarity plot was gen-
erated between KNU-1931 (query) and KU-1602 or KU-1202 using
SimPlot v.3.5.1. with the two-parameter Kimura distance model and

as base-by-base comparisons at genetic marker positions.
KNU-1931 clustered with KU-1602 (PCV2d) in the phylo-
genetic tree of the major parental region, whereas its minor
parental portion was more closely related to that of KU-1202
(PCV2b) (Fig. 3C). The base-by-base comparisons indicated
that the nucleotide sequence of KNU-1931 was identical to
that of KU-1202 within the breakpoints but was more similar
to KU-1602 beyond the breakpoints (Fig. 4).

0.02

a window size of 200 bp and a step size of 20 bp. The x- and y-axes
of the graph represent the nucleotide position (bp) and the percent
nucleotide similarity, respectively. A yellow shaded area indicates
the recombination region detected at nt 1746—1767 and 1-299, which
encompass parts of the origin of replication (ori) and ORF1. (C) Phy-
logenetic trees of the major and minor parental regions of KNU-1931.
The major parental region of KNU-1931 was closely related to the
corresponding region of KU-1602, whereas the minor parental region
was most closely related to the corresponding region of KU-1202.

Discussion

PCV2 causes severe financial losses in the global swine
industry and needs to be controlled to improve produc-
tion performance. Since its discovery, PCV2 has exhibited
extraordinary genetic diversity, and it comprises five dis-
tinct genotypes in the current classification system. PCV2
has remained problematic and has continued to evolve
in Korean pig populations since it was first reported in
1999 [16]. Similar to findings in other PCV2-endemic pig-
raising countries, retrospective studies have revealed the
existence of two genotype shifts, the first in 2002 from
PCV2a to PCV2b and the second in 2012 from PCV2b to

@ Springer
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KU-1202 GGATCTGGCCAAGATGGCTGCGGGGGCGGTGTCTTCTTCTCCGGTAACGCCTCCTTGGATACGTCATATCTGAAAACHAAAGAAGTGCGCTGTAAGTATT 1767
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dhhkhkhkhkhhhhhkhkhkhkhhhhhkhhhhhhkhhkhkhhhhhkhkhd hhkk dhhkk dhkhkkdhhkhdhhk *k *hkkkhhkkk dhkhkhkhkkkhhkhkhkhkhkhkhhhkhkhkhkhkhhhkhhkhkhkxkk
KU-1202 ACCAGCGCACTTCGGCAGCGGCAGCACCTCGGCAGCACCTCAGCAGCAACATGCCCAGCAAAAAGAATGGAAGAAGCGGACCCCAACCACACAAAAGGTG 100
KNU-1929% 100
KNU-1931% 100
KNU-2013% 100
KNU-2015% 100
KNU-2017* 100
KNU-2020% 100
KU-1602 100
hhhkhkhkhkhhhhhkhkhkhhhhhhkhhhhhhhhk dhhdhhhhhdhhhhhkhhkhhhhhhkhhkhhhhhhkhkhkhhdh hhkhkh dhhhhhhhhhkhkhkhhhhkhkhkhkhkhhdhh *kxkhkkhhkkkk
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KNU-1931% ................ A.... < Bttt e e 400
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Fig.4 Base-by-base nucleotide comparisons of the recombination
fragment of KNU-1931 (blue) and potential minor (KU-1202; purple)
and major (KU-1602; red) parents. The Jeju PCV2d strains identi-

PCV2d, and that PCV2a, PCV2b, and PCV2d have co-cir-
culated in Korean pig herds [17, 19, 26]. Although single
PCV2d infection was a common occurrence in mainland
South Korea as well as Jeju Province, multiple genotypes
of PCV2 have coexisted in the same swine herd, result-
ing in dual or triple infections [19]. In the present study,
we confirmed that three genotypes of PCV2 comingle and
that PCV2d is the most prevalent genotype in Jeju Prov-
ince of South Korea. Previously, more than 50% (8/14) of
PCV2-positive pig farms in Jeju Province showed single
infections with the PCV2d genotype [19]. However, all
PCV2-positive cases in this study were coinfections with
PCV2d and other genotypes in individual pigs, and single
infections with one PCV2 genotype were found on Jeju pig
farms. This result might reflect the smaller number (n =
8) of farms tested in the current study compared to a prior
study (n = 14). Nevertheless, our data indeed indicate that
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fied in this study are indicated by an asterisk (*). The recombination
areas are shaded in yellow, and the solid boxes indicate the position
of potential breakpoints.

minor genotypes of PCV2 still co-circulate at the farm
level, which could not only contribute to altered patho-
genicity of PCV2 but also facilitate viral recombination.
Genetic changes in viruses, including mutation and
recombination, are the central driving forces of their evolu-
tion. PCV2 exhibits high rates of both nucleotide substi-
tution and recombination [27, 28]. In particular, frequent
intergenotypic and intragenotypic recombination play an
important role in rapid PCV2 evolution and affect viral
classification [13, 29-35]. Our extensive recombination
analysis revealed that strain KNU-1931, identified in this
study, is an intergenotypic recombinant resulting from the
incorporation of a segment of KU-1202 (PCV2b) into the
backbone of KU-1602 (PCV2d). The present analysis iden-
tified two potential recombination breakpoints at nt 1746
and 299, which are located in the distal region of ori and
the proximal region of ORF1. The PCV genome primarily
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consists of two large ORFs, ORF1 and ORF2, located on the
positive and complementary strand, respectively; the former
is considered to be a hotspot of intergenotypic recombina-
tion, while the latter is regarded as a favorable region of
intragenotypic recombination [18, 28, 29, 35-37]. Since ori
is a relatively conserved region of the PCV2 genome, the
possible breakpoint detected by RDP in this study might
extend to this site. Given this probability, the ORF1 gene
of a variant KNU-1931 strain would be a realistic target for
natural intergenotypic recombination between the PCV2b
and PCV2d genotypes simultaneously circulating in South
Korea.

In addition, we identified KU-1202 (PCV2b) and KU-1602
(PCV2d) as the minor and major parental strains of the KNU-
1931 recombinant, and these were isolated in different prov-
inces of mainland South Korea in 2012 and 2016, respec-
tively. Considering this geographic and temporal evidence, a
natural intergenotypic recombination event between PCV2b
and PCV2d might have occurred around 2016 on the main-
land rather than on Jeju Island. Further investigation using
Korean PCV2 sequences from the GenBank database con-
firmed the presence of two homologous recombinants from
2016, KU-1606 and KU-1607, that shared 99.8% nucleo-
tide sequence identity with KNU-1931 in the present study
(Fig. 1) and formed a monophyletic cluster with KNU-1931
in the PCV2d genotype (Fig. 2). These results suggest that the
strain produced by the inter-genotypic recombination between
PCV2b and PCV2d likely emerged in 2016 and then spread
nationwide. Because the importation of live pigs or pork prod-
ucts from the mainland to Jeju Island is prohibited, we con-
sider it likely that such a recombinant variant was introduced
into Jeju pig herds by non-pig transmission sources, including
traffic and humans, from the mainland.

Although vaccination is one of the effective strategies
for control of PCV?2 infection, global epidemics of PCV2d
might be connected with cases of vaccine failure [38—40].
Indeed, despite vaccination having taken place on all eight
farms examined in this study, the animals suffered from
clinical PCVAD under field conditions. Dual heterologous
infection with PCV2a and PCV2b has been shown to induce
more-severe PCVAD than single infections [41]. Thus,
coinfection with different PCV2 genotypes, including the
recombinant PCV2d variant, appears to be associated with
PCVAD in pigs with vaccine-induced immunity. Since an
intergenotypic recombination event could allow the virus
to undergo large-scale genomic changes resulting in novel
variants with unusual traits or phenotypes, including modi-
fied pathogenicity, we cannot exclude the possibility that an
emerging recombinant variant might possess altered viru-
lence and clinical manifestations in field circumstances.
Therefore, further studies should be conducted to provide
fundamental clues regarding the correlations between
recombination and viral pathogenicity and to evaluate the

efficacy of vaccines against the new recombinant variant.
Considering the coexistence of multiple genotypes and the
frequency of intergenotypic recombination, we also need
to improve the diagnostic and sequencing assays that are in
use. Since the identification of recombinant PCV2b strains
with a partial ORF1 of PCV2a after the first genotype shift
[18], this is the first report to describe the existence of
new PCV2d variants resulting from natural intergenotypic
recombination following the second genotype shift in South
Korea. Recombination events are inevitable under condi-
tions of different co-circulating PCV2 genotypes and will
eventually cause antigenic modification, thereby triggering
the emergence of immune-escape variants. Therefore, con-
tinuous monitoring and surveillance of PCV2 evolution are
of paramount importance for preparing effective measures
against the emergence of novel variants or genotypes.
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