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Abstract

Background: Porcine circovirus-associated diseases (PCVAD), caused by porcine circovirus type 2 (PCV2), threaten the pig
industry worldwide. Five genotypes of PCV2 were recently identified: PCV2a, PCV2b, PCV2c, PCV2d and PCV2e. In addition,
a novel porcine circovirus from a case of a sow with dermatitis, nephropathy syndrome and reproductive failure has been
identified based on metagenomic analysis and classified as porcine circovirus type 3 (PCV3). Therefore, the current study

identified in this study share 98.0-99.5% homology.

cases.

was conducted to determine the prevalence and genetic characteristics of PCV2 and PCV3 in clinical samples.

Results: A total of 471 samples (161 tissue samples of lungs and lymph nodes from 34 farms and 310 serum samples
from 47 farms) were tested for PCV2. Among them, 171 samples from 59 farms that had been positive for PCV2 were
genotyped. Another 690 samples (296 tissue samples of lungs and lymph nodes from 91 farms, 108 samples of aborted
foetuses from 26 farms, and 286 serum samples from 47 farms) were tested for PCV3. Based on PCV2 genotyping results,
PCV2d was the most prevalent genotype (107 of 171 samples), and co-infections with combinations of PCV2a, 2b and 2d
were identified in 48 samples from 17 farms. A total of 14 samples from 11 farms were also positive for both PCV2 and
PCV3. For PCV3, 57 samples (9.8%) from 32 farms (23.2%) were positive. Among the 108 aborted foetuses from 26 farms,
only 2 samples were positive for PCV3. Based on sequence comparisons, PCV2d shares 89.6-91.0% and 93.2-94.3%
homology with PCV2a and PCV2b, respectively; 98.6-100% homology is shared among PCV2d strains. The PCV3 strains

Conclusions: Our study concludes that PCV2d has become the most predominant genotype in Korea. PCV3 was also
identified in clinical samples, though no significant association with clinical symptoms was observed in PCV3-positive
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Background

Porcine circovirus (PCV), belonging to the family Circoviri-
dae and the genus Circovirus, is the smallest virus with a cir-
cular, ambisense, single-stranded DNA genome. Two types
of PCVs are known to be infectious to pigs: PCV1 and
PCV2. PCV1 was first detected in 1974 [1]; non-pathogenic
to pigs, PCV1 was found as a contaminant of PK-15 cell cul-
ture [2]. Reported as a new syndrome, post-weaning
multi-systemic wasting syndrome (PMWS), PCV2 was first
identified in 1996 [3, 4]. Unlike PCV1, PCV2 is one of the
most important pathogens in the swine industry because of
its association with numerous types of syndromes and
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diseases in pigs under the umbrella of porcine
circovirus-associated disease (PCVAD) [5, 6], including re-
productive failure [7], porcine respiratory disease complex
(PRDC) [8], porcine dermatitis and nephropathy syndrome
(PDNS) [9], granulomatous enteritis [10, 11], proliferative
and necrotizing pneumonia (PNP) [12], necrotizing lymph-
adenitis, and possibly exudative epidermitis [13].

The capsid protein of PCV2, which is encoded by ORF2,
binds to the host receptor and triggers immune responses
[14, 15]. Recombination mainly occurs within ORF1,
though it can occur in ORF2 [16]. As the range of nucleo-
tide variation is greater for ORF2 than for ORF1 [17-19],
OREF2 genome analysis is mainly used for phylogenetic and
epidemiological markers and is considered similar to PCV2
whole-genome analysis [20, 21]. In 2008, the EU consor-
tium on PCVAD set standardized nomenclature guidelines
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for PCV2 genotypes [22], indicating that the p-distance
cut-off value should be greater than 0.035 [23, 24]. With
this criterion, 5 genotypes of PCV2 have been identified:
PCV2a, PCV2b, PCV2c, PCV2d and PCV2e. Until the early
2000s, PCV2a was the dominant PCV2 genotype world-
wide, and it can be subdivided into four clusters (2A to 2D)
[20, 21]. In contrast, PCV2b, which can be subdivided into
three clusters (1A to 1C), was the dominant strain world-
wide after 2000 [20, 21, 25]. PCV2c has only been detected
in archived swine serum samples from Denmark [25].
PCV2d was first identified in China in 2009 [26]. After
worldwide debate differentiating mPCV2b and
PCV2d, PCV2d was finally proposed as an inde-
pendent genotype that includes the mPCV2b cluster
[21, 23, 27, 28]. PCV2d is currently the most dominant
genotype [21] and is a source of much concern to the
swine industry, which has reported worldwide PCV2 vac-
cine failure [29-32]. In 2016, PCV2e was identified in the
US through diagnostic phylogenetics [33].

Recently, a novel porcine circovirus was identified
through metagenomic analysis from a sow in the US suf-
fering from dermatitis, nephropathy syndrome and re-
productive failure; this isolate was classified as porcine
circovirus type 3 (PCV3) [34]. PCV3 has also been de-
tected in pigs with cardiac and multisystemic inflamma-
tion in the US [35]. Furthermore, PCV3 is being
reported in China [36, 37] and Korea [38] as a new
threat to the swine industry. However, insufficient evi-
dence indicates that PCV3 will be as significant a patho-
gen as PCV2 because PCV3 was detected without any
significant clinical symptoms [39]. As little information
exists on overall porcine circovirus infection in
Korea, this study was conducted to determine the
prevalence and genetic characteristics of PCV2 and
PCV3 in Korea.

Table 1 Primers used in this study
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Methods

Sample information

During a period of 1 year between April 2015 and
March 2016, 471 samples (161 tissue samples of lungs
and lymph nodes from 34 farms and 310 serum samples
from 47 farms) were submitted to Chonbuk National
University-Veterinary Diagnostic Center (CBNU-VDC)
for PCV2 testing. Among the samples, 30 serum samples
from 25 farms and 141 tissue samples from 34 farms
were positive for PCV2 and genotyped. In addition, an-
other set of 690 samples (296 tissue samples of lungs
and lymph nodes from 91 farms, 108 samples of aborted
foetuses from 26 farms, and 286 serum samples from 47
farms) submitted to CBNU-VDC between April 2016
and June 2017 were tested for PCV3.

Nucleic acid extraction and PCR detection of PCV2

Tissue samples were homogenized, mixed with
phosphate-buffered saline (PBS; 0.1 M, pH 7.4) and
centrifuged at 2500 rpm for 10 min at 4 °C. Viral nu-
cleic acid was immediately extracted from the supernatant
using Patho Gene-spin DNA/RNA Extraction Kit (iN-
tRON Biotechnology Inc., Seongnam, Korea) according to
the manufacturer’s instructions. Four sets of primers were
used. One set of primer was used for detection and ORF2
genome sequencing [40], and three were used for subtype
differential PCR [14, 41]. Two microlitres of extracted
DNA and 2x F-Star Taq PCR Master Mix (BIOFACT Co.,
Daejeon, Korea) were mixed with 10 pmol of each
subtype-specific primer (Table 1). The PCR conditions
were as follows: pre-denaturation at 94 °C for 1 min, 35 cy-
cles of denaturation at 94 °C for 30 s, annealing at 60 °C
for 30 s, and extension at 72 °C for 1 min, and a final ex-
tension at 72 °C for 10 min.

Primer name Nucleotide sequence (5' - 3) Product size Purpose Reference

F-PCV2C GCT GGC TGA ACT TTT GAA AGT 1767 bp PCV2 detection and sequencing L. Lietal, 2016
R-PCV2C AAA TTT CTG ACA AAC GTT ACA

PCV2ab 2NF GGT TGG AAG TAA TCA ATA GTG GA 277 bp PCV2a-specific T. Kwon et al, 2017
PCV2a 2NR GGG GAA CCA ACA AAATCT C Hesse et al., 2008
PCV2ab 2NF GGT TGG AAG TAA TCA ATA GTG GA 277 bp PCV2b-specific T. Kwon et al, 2017
PCV2b 2NR GGG GCT CAA ACC CCC GCT C Hesse et al, 2008
PCV2d 2NF GGT TGG AAG TAA TCG ATT GTC CT 343 bp PCV2d-specific T. Kwon et al, 2017
PCV2d 2NR TCA GAA CGC CCT CCT GGA AT

PCV3-1-F TTA CTT AGA GAA CGG ACT TGT AAC G 649 bp PCV3 detection Ku et al, 2016
PCV3-1-R AAA TGA GAC ACA GAG CTATATTCA G

PCV3-genome-2-F TTG CAC TTG TGT ACA ATT ATT GCG 1075 bp PCV3 sequencing Ku et al, 2016

PCV3-genome-2-R ATC TTC AGG ACA CTC GTA GCA CCA C
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Table 2 PCR results for genotyping of PCV2-positive serum and tissue samples

Sample type PCV2 genotype Number of samples Number of farms PCV3 co-infection (samples/farms)
Serum Samples 2a 1 (1730, 3.3%) 1 (1/25, 4%) 1(1/1, 100%) /1 (1/1, 100%)
2b 1 (1/30, 3.3%) 1 (1725, 4%) 0
2d 25 (25/30, 83.3%) 20 (20/25, 80%) 4 (4/25, 16%) /4 (4/20, 20%)
2b, 2d 3 (3/30, 10%) 3 (3/25, 12%) 1(1/3,33.3%) /1 (1/3, 33%)
Tissue Samples 2a 8 (8/141, 5%) 1 (1/34, 2.9%) 0
2b 5 (5/141, 3.1%) 1 (1/34, 2.9%) 0
2d 82 (82/141, 51.3%) 17 (17/34, 50%) 6 (6/82,7.3%) /3 (3/17,17.6%)
23, 2b 1 (17141, 0.6%) 1 (1/34, 2.9%) 1 (171, 100%) /1 (1/1, 100%)
2a,2d 20 (20/141, 12.5%) 3 (3/34, 8.8%) 1(1/20, 5%) /1 (1/3, 33.3%)
2b, 2d 16 (16/141, 10%) 8 (8/34, 23.5%) 0
23, 2b, 2d 9 (97141, 5.6%) 3 (3/34, 8.8%) 0

PCR detection of PCV3

Samples suspected of harbouring PCV3 had already been
tested for porcine reproductive and respiratory syndrome
(PRRS) and PCV2, as they are routinely diagnosed patho-
gens of pigs in the CBNU-VDC. Using 2x F-Star Taq PCR
Master Mix (BIOFACT Co., Daejeon, Korea), a pair of
primers was used to detect PCV3, and another pair of
primers was utilized for ORF2-region genome sequencing,
as described in a previous study [36] (Table 1). The follow-
ing conditions were used for PCR: pre-denaturation at
94 °C for 2 min, 35 cycles of denaturation at 94 °C for
30 s, annealing at 56 °C for 30 s, and extension at 72 °C
for 1 min, and a final extension at 72 °C for 10 min.

Phylogenetic analysis

The ORF2 regions of PCV2 and PCV3 were amplified with
the sequencing primers listed in Table 1. The PCR products
were then sequenced using a commercial sequencing ser-
vice (BIOFACT Co., Daejeon, Korea), and assembly was
completed with SeqMan v5.06 (DNASTAR, Madison, Wis-
consin, USA). A total of 32 sequences were submitted
to GenBank, 27 of which were PCV2 and 5 PCV3
(Accession numbers MF631803-MF631834). A phylo-
genetic tree for PCV2 genotypes was inferred by
using the maximume-likelihood (ML) method with
1000 replicates for bootstrap values based on the
ORF2 scale and utilizing the software MEGA 6.06;
Korean strains detected since 2015 and reference
strains for each genotype were employed [42]. In the
case of PCV3, the same method was used to recon-
struct a phylogenetic tree on the ORF2 scale with all
PCV3 ORF2 sequences in GenBank.

Results

PCR detection of PCV2 and genotyping

PCV2-positive samples were examined by genotyping
PCR (Table 2). Serum samples were positive for
PCV2a (1/30, 1 farm), PCV2b (1/30, 1 farm), PCV2d

(25/30, 20 farms), and co-infection with PCV2b and
2d (3/30, 3 farms). Tissue samples were positive for
PCV2a (8/141, 1 farm), PCV2b (5/141, 1 farm), PCV2d
(82/141 17 farms), PCV2a and 2b (1/141, 1 farm), PCV2a
and 2d (20/141, 3 farms), PCV2b and 2d (16/141, 8
farms), and PCV2a, 2b and 2d (9/141, 3 farms). In
addition, 14 samples from 11 farms were positive for both
PCV2 and PCV3 (Table 2). The age-wise distribution of
PCV2-positive samples revealed that among five groups,
finisher pigs were infected most (24.0%) prevalently,
followed by growing pigs (21.1%), weaning pigs (10.5%),
suckling pigs (4.1%) and sows and gilts (1.2%) (Fig. 1).

Phylogenetic analysis of PCV2 ORF2

The 27 PCV2 ORF2 sequences identified in the current
study were classified into three groups (PCV2a, PCV2b,
and PCV2d), with minor mutant groups. All of the PCV2d
sequences identified in this study belong to the PCV2d-2
clade (Fig. 2).

The ORF2 length of PCV2a and PCV2b is 702 bp,
while that of PCV2d is 705 bp. Korean PCV2a, PCV2b,
and PCV2d exhibit 99.4 + 0.2% (99.1-99.6%), 98.7 + 0.5%
(98.1-99.4%), and 99.5 + 0.3% (98.6—-100%) within-group
homology, respectively. In addition, PCV2d shares 90.4
£02% (89.6-91.0%) and 93.9%0.3% (93.2-94.3%)
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Fig. 2 Phylogenetic trees of PCV2 ORF2 sequences constructed using the maximum-likelihood method based on the generalized time-reversible
(GTR) model with G + I in MEGA 6.06. Bootstrap values were calculated with 1000 replicates. Filled circles indicate the PCV2 strains identified in

this study
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Table 3 Average nucleotide sequence homology within and between PCV2 genotypes

Nucleotide

Nucleotide homology between PCV2 genotypes (%)

homology within

genotypes (%) Genotype PCV2a PCV2b pPCv2d
994+ 0.2 (99.1-99.6) PCV2a - - -
98.7+0.5 (98.1-99.4) PCV2b 91403 (91.0-92.0) - -
99.5+0.3 (98.6-100) PCv2d 904+ 0.2 (89.6-91.0) 93.9+03 (93.2-94.3) -

Homology was determined by the maximume-likelihood method based on the GTR model with G + 1 in MEGA 6.06 software. Bootstrap values were calculated with

1000 replicates. The analysis includes Korean ORF2 sequences isolated after 2015

homology with PCV2a and PCV2b, respectively, and
PCV2a and PCV2b share 91.4 +0.3% homology (91.0-
92.0%) (Table 3).

PCR detection of PCV3 and co-infection with PRRS virus
(PRRSV) and PCV2

Among 286 serum samples from 47 farms, 37 samples
(12.9%) from 20 farms (42.6%) were PCV3 positive. Of 296
tissue samples from 91 farms, 20 samples (6.8%) from 12
farms (6.8%) were positive. The positive rate of PCV3 was
higher for serum samples than for tissue samples. Of 108
samples (26 farms) of aborted foetuses, only 2 samples (2
farms) were positive. The age-wise distribution of
PCV3-positive samples revealed that among five groups,
sows and gilts were infected most (40.4%) prevalently,
followed by weaned pigs (15.8%), growing pigs (8.8%), suck-
ling pigs (5.3%) and finisher pigs (3.5%) (Fig. 2). In addition,
co-infection with PRRSV or PCV2 was identified in 12
serum and 13 tissue samples and in 4 serum and 7 tissue
samples, respectively (Table 4).

Phylogenetic analysis of PCV3 ORF2

The length of all PCV3 ORF2 sequences is 645 bp. Five
PCV3 ORF2 sequences identified in this study were com-
pared with those available in GenBank, and 98.7 + 0.4%
(98.0-99.5%) sequence homology is shared among the se-
quences. However, attempts at full-length sequencing
were not successful. By comparing p-distances of all
PCV3 ORF2 sequences present in GenBank, 3 clades, des-
ignated Clades I, 11, and III, are proposed. Clade II can also
be sub-grouped as Clade IIa and IIb. The Korean PCV3
strains are grouped into all three major clades (Fig. 3).
Average p-distances of 0.0065 + 0.0035, 0.0079 + 0.0045,
and 0.0050 + 0.0026 were calculated for PCV3 Clades I, I,
and III, respectively, and the p-distances between clades
(Clade I/IL: 0.0144 + 0.0027, Clade I/III: 0.0152 +0.0027,
and Clade II/IIl: 0.0155+0.0030) were significant.

Table 4 PCR results for PCV3-positive serum and tissue samples

However, four strains could not be classified into any of
these three clades due to their long p-distances, suggesting
the possibility of new clades or intermediate clades
(Table 5).

Discussion

In the current study, PCV2 isolates detected in samples
from 50 farms of 60 PCV2-positive farms were identified as
PCV2d (Table 2 and Fig. 2), suggesting a major genotype
shift from PCV2b to PCV2d on swine farms in Korea [14].
Detection of PCV2d alone was predominant in both serum
and tissue samples, but co-detection of PCV2a, PCV2b or
PCV2d was more prevalent in tissue samples such as lungs
and lymph nodes than in serum samples. Since it is not
possible to differentiate between PCV2 detected in tissue
samples with current or previous infection and only actively
replicating virus can be detected in circulating blood, PCV2
genotyping in serum samples was concluded to appropri-
ately identify the major genotype causing clinical problems
on farms at the specific time of the current study.

When the age-wise distribution of PCV2-positive cases
was analysed, the highest positive rate was detected in
finishers (24.0%), followed by growing pigs (21.1%).
PCV2-positive rates were also reported in previous stud-
ies to be higher in growing and finisher pigs than in
other groups, suggesting the higher susceptibility of
growing and finisher pigs to PCV2 infection and mater-
nal antibodies interfering with vaccination [43-45]. In
addition, the PCV2-positive rate has increased in suck-
ling and weaned pig populations (Fig. 1). Opriessnig
et al. [46] reported that the current PCV2 vaccines, which
were developed based on PCV2a, can prevent PCV2d
transmission to naive pigs and the vaccinated pigs showed
reduced levels of PCV2d viraemia. Because mass vaccin-
ation with PCV2a-based inactivated vaccines are applied
to 3—4-week-old piglets and sows in Korean farms, it was
concluded that the current PCV2 vaccines reduce clinical

Sample type Number of samples Number of farms PRRS co-infection (samples/farms) PCV2 co-infection (samples/farms)
Serum 37 (37/286, 12.9%) 20 (20/47, 42.6%) 2 (12/37, 32.4%)/10 (10/20, 50%) 4 (4/37, 10.8%)/4 (4/20, 20%)
Tissue 20 (20/296, 6.8%) 12 (12/91, 13.2%) 3 (13/20, 65%)/10 (10/12, 83.3%) 7 (7/20, 35%)/6 (6/12, 50%)

Aborted foetus 2 (2/108, 1.9%) 2 (2/26, 7.7%)
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symptoms and lesions caused by PCV2d but do not pro-
vide sterile immunity against PCV2d infection.

Recently, clinical signs similar to those of PCVAD were
reported from PCV2 negative pigs, and a novel porcine
circovirus, PCV3, was identified from these cases [34].
Another research group reported a case of cardiac and
multi-systemic inflammation due to PCV3 infection [35].
A Chinese research group detected PCV3 in China (34.7%

of individual samples and 68.6% at the farm level were
positive), suggesting the wide distribution of PCV3 in
multiple tissues and the possibility of vertical transmission
[36]. Nationwide surveillance for PCV3 has been con-
ducted in Korea, reporting approximately 72.6% of investi-
gated farms to be positive for this infection [38]. In the
present study, serum and tissue samples from various
farms were tested for PCV3, and 12.9% of serum samples
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Average p- Average p-distance between PCV3 clades (mean + SE)

distance within Genotype Clade | Clade I Clade Il UG UG2 UG3 UG4
clades (mean

+ SE)

0.0065 + 0.0035 Clade | - - - - - - -
0.0079 + 0.0045 Clade Il 0.0144 +0.0027 - - - - - -
0.0050 + 0.0026 Clade Il 0.0152 +£0.0027 0.0155+0.0030 - - - - -
- uG1 0.0136 +0.0025 0.0163 £0.0031 0.0150 £ 0.0019 - - - -
- UG2 0.0132 +£0.0022 0.0127 +£0.0020 0.0134+0.0019 0.0140 - - -
- uG3 0.0148 £ 0.0022 0.0143 £ 0.0020 0.0150+0.0019 0.0155 0.0109 - -
- uG4 0.0308 +0.0024 0.0293 £0.0017 0.0328 +£0.0012 0.0341 0.0295 0.0279 -

The p-distance was determined by the neighbour-joining method based on the GTR model with G +1 in MEGA 6.06 software. Bootstrap values were calculated
with 1000 replicates. The analysis includes ORF2 sequences of 13 PCV3 Clade |, 15 PCV3 Clade II, 6 PCV3 Clade Ill and 4 ungrouped (UG) sequences (UG1 =

KY996344.1, UG2 = CBNU-VDC160714, UG3 = KX898030.1 and UG4 = KY418606.1)

(42.6% at the farm level) and 6.8% of tissue samples
(13.2% at the farm level) were positive. Although the over-
all positive rate was less than that of the previous study by
another Korean research group [38], PCV3 is clearly
prevalent in the Korean swine industry.

Analysis based on age-wise distribution of PCV3-positive
samples revealed the highest prevalence in the group of
sows and gilts (40.4%), whereas the suckling pig group
showed a relatively low positive rate (5.3%) (Fig. 1). In pre-
vious studies, PCV3 has been identified from sows
that experienced abortion, and cardiac and multi-
systemic inflammation [34—36]. Thus, the age suscep-
tibility and physio-pathologic characteristic of PCV3
might have a close relationship with the high positive
rate in the sow and gilt group. Reproductive failures
and stillbirth cases have been reported to be caused by
PCV3 [34, 36, 39]. In our study, however, PCV3 was
detected from only 2 aborted foetuses from 2 farms
(of 108 samples from 26 farms). In fact, the association
of PCV3 with the clinical condition remains controversial.
For example, Franzo G et al. [47] was unable to find statisti-
cally significant relevance of PCV3 co-infection with any
clinical condition, yet Zhai et al. [48] reported that a higher
genome load of PCV3 was detected in cases of severe re-
spiratory disease or diarrhea than in mild cases. Thus, the
relationship between PCV3 infection and clinical symptoms
should be investigated further.

Genotyping PCV2 has been an important issue because
different genotypes of PCV2 have resulted in outbreaks and
vaccine failures in the global swine industry. PCV2 geno-
types are divided by a p-distance cut-off of 0.035 [22].
PCV3 being one of the possible causes of PCVAD outbreak,
it is indeed important to set criteria for genotyping of PCV3
and monitoring trends in genotype distribution. In a previ-
ous study, PCV3 strains were divided into 2 clades (PCV3a
and PCV3b) based on the partial capsid protein gene of
474 bp [36]. In the present study, all PCV3 sequences avail-
able in GenBank were analysed based on the ORF2

sequence, and PCV3 was tentatively divided into three
clades (Clades L, II and III). To define the p-distance cut-off
for genotyping PCV3, more PCV3 ORF2 sequences should
be identified worldwide.

Conclusion

Our study summarized the recent evolution of PCV2 and
PCV3 in Korea. PCV2d is most prevalent in Korea, even
though PCV2a-based vaccines are currently used for regular
vaccination. In addition, a novel porcine circovirus, PCV3,
has recently emerged in Korea. Although no significant as-
sociation was demonstrated between PCV3 infection and
clinical symptoms, continuous surveillance for PCV3 should
be performed in future studies.

Abbreviations

CBNU-VDC: Chonbuk National University-Veterinary Diagnostic Center;
PCV2: Porcine circovirus type 2; PCV3: Porcine circovirus type 3;

PCVAD: Porcine circovirus-associated disease; p-distance: Pairwise distance

Acknowledgements

The authors wish to acknowledge the assistance of the lab technicians and
undergraduate students from the College of Veterinary Medicine, Veterinary
Diagnostic Center, Chonbuk National University.

Funding

The experiments related to the prevalence and genetic characteristics of
porcine circovirus type 2 were carried out with the support by grants from
the Technology Development Program for Bio-industry (315029-3). In
addition, the experiments related to the prevalence and genetic characteristics
of porcine circovirus type 3 were and the Cooperative Research Program for
Agriculture Science & Technology Development (PJ012612) in Rural Development
Administration, Republic of Korea.

Availability of data and materials

All data generated or analysed during the study are included in this published
article. The datasets used and/or analysed during the present research project are
available from the corresponding author upon reasonable request.

Authors’ contributions

SCK conducted the experiments and drafted the manuscript. SN participated in
the sequence and data analysis and helped in drafting the manuscript. SK, JHJ,
KHM and DYJ contributed to the collection and processing of the samples. AK and
CGJ contributed to the data analysis. SIK assisted in designing the study and
critically revising the manuscript. WIK designed the entire study and prepared the
manuscript. All authors read and approved the final manuscript.



Kim et al. BMC Veterinary Research (2018) 14:294

Ethics approval and consent to participate

Animal materials used in the current study were received as routine diagnostic
submissions and were used under the permission of Chonbuk National
University-Veterinary Diagnostic Center (CBNU-VDQ). The authors also confirmed
that ethical approval is not required to use animal materials received for
diagnostic purpose in accordance with the guidelines of Chonbuk National
University-Institutional Animal Care and Use Committee (CBNU-IACUC).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'College of Veterinary Medicine, Chonbuk National University, 79 Gobong-ro,
lksan 54596, Jeonbuk, Republic of Korea. “National Institute of Animal
Science, Rural Development Administration, Cheonan 55365, South Korea.

Received: 26 March 2018 Accepted: 16 September 2018
Published online: 26 September 2018

References

1. Tischer I, Rasch R, Tochtermann G. Characterization of papovavirus-and
picornavirus-like particles in permanent pig kidney cell lines. Zentralbl
Bakteriol Orig A. 1974;226(2):153-67.

2. Tischer I, Mields W, Wolff D, Vagt M, Griem W. Studies on epidemiology and
pathogenicity of porcine circovirus. Arch Virol. 1986,91(3-4):271-6.

3. Clark E. Pathology of the post-weaning multisystemic wasting syndrome of
pigs. Proc Western Can Assoc Swine Pract. 1996;1996:22-5.

4. Harding JC. Postweaning multisystemic wasting syndrome: epidemiology
and clinical presentation. J Swine Health Prod. 1998;6(6):249-54.

5. Opriessnig T, Meng XJ, Halbur PG. Porcine circovirus type 2 associated
disease: update on current terminology, clinical manifestations,
pathogenesis, diagnosis, and intervention strategies. J Vet Diagn Investig.
2007;19(6):591-615.

6.  Grau-Roma L, Fraile L, Segales J. Recent advances in the epidemiology,
diagnosis and control of diseases caused by porcine circovirus type 2. Vet J.
2011;187(1):23-32.

7. West KH, Bystrom JM, Wojnarowicz C, Shantz N, Jacobson M, Allan GM,
Haines DM, Clark EG, Krakowka S, McNeilly F, et al. Myocarditis and abortion
associated with intrauterine infection of sows with porcine circovirus 2. J
Vet Diagn Investig. 1999;11(6):530-2.

8. Kim J, Chung HK, Chae C. Association of porcine circovirus 2 with porcine
respiratory disease complex. Vet J. 2003;166(3):251-6.

9. Rosell C, Segales J, Ramos-Vara JA, Folch JM, Rodriguez-Arrioja GM, Duran
CO, Balasch M, Plana-Duran J, Domingo M. Identification of porcine
circovirus in tissues of pigs with porcine dermatitis and nephropathy
syndrome. Vet Rec. 2000;146(2):40-3.

10. Kim J, Ha Y, Jung K, Choi C, Chae C. Enteritis associated with porcine
circovirus 2 in pigs. Can J Vet Res. 2004,68(3):218-21.

11. Jensen TK, Vigre H, Svensmark B, Bille-Hansen V. Distinction between
porcine circovirus type 2 enteritis and porcine proliferative enteropathy
caused by Lawsonia intracellularis. J Comp Pathol. 2006;135(4):176-82.

12. Drolet R, Larochelle R, Morin M, Delisle B, Magar R. Detection rates of
porcine reproductive and respiratory syndrome virus, porcine circovirus type
2, and swine influenza virus in porcine proliferative and necrotizing
pneumonia. Vet Pathol. 2003;40(2):143-8.

13. Chae C. A review of porcine circovirus 2-associated syndromes and diseases.
Vet J. 2005;169(3):326-36.

14. Kwon T, Lee DU, Yoo SJ, Je SH, Shin JY, Lyoo YS. Genotypic diversity of
porcine circovirus type 2 (PCV2) and genotype shift to PCV2d in Korean pig
population. Virus Res. 2017;228:24-9.

15. Nawagitgul P, Morozov |, Bolin SR, Harms PA, Sorden SD, Paul PS. Open
reading frame 2 of porcine circovirus type 2 encodes a major capsid
protein. J Gen Virol. 2000,81(9):2281-7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

Page 8 of 9

Cheung AK. Homologous recombination within the capsid gene of porcine
circovirus type 2 subgroup viruses via natural co-infection. Arch Virol. 2009;
154(3):531-4.

Fenaux M, Halbur PG, Gill M, Toth TE, Meng X-J. Genetic characterization of
type 2 porcine circovirus (PCV-2) from pigs with postweaning multisystemic
wasting syndrome in different geographic regions of North America and
development of a differential PCR-restriction fragment length
polymorphism assay to detect and differentiate between infections with
PCV-1 and PCV-2. J Clin Microbiol. 2000;38(7):2494-503.

Hamel AL, Lin LL, Sachvie C, Grudeski E, Nayar G. PCR detection and
characterization of type-2 porcine circovirus. Can J Vet Res. 2000;64(1):44.
Mankertz A, Domingo M, Folch JM, LeCann P, Jestin A, Segalés J,
Chmielewicz B, Plana-Durdn J, Soike D. Characterisation of PCV-2 isolates
from Spain, Germany and France. Virus Res. 2000;,66(1):65-77.

Olvera A, Cortey M, Segales J. Molecular evolution of porcine circovirus type
2 genomes: phylogeny and clonality. Virology. 2007;357(2):175-85.

Xiao C-T, Halbur PG, Opriessnig T. Global molecular genetic analysis of
porcine circovirus type 2 (PCV2) sequences confirms the presence of four
main PCV2 genotypes and reveals a rapid increase of PCvV2d. J Gen Virol.
2015;96(7):1830-41.

Segalés J, Olvera A, Grau-Roma L, Charreyre C, Nauwynck H, Larsen L,
Dupont K, McCullough K, Ellis J, Krakowka S. PCV-2 genotype definition and
nomenclature. Vet Rec. 2008;162(26):867.

Chae C: An emerging porcine circovirus type 2b mutant (mPCV2b)
originally known as PCV2d. Vet J 2015, 203(1):6.

Kumar S, Tamura K, Jakobsen B, Nei M. MEGA2: molecular evolutionary
genetics analysis software. Bioinformatics. 2001;17(12):1244-5.

Dupont K, Nielsen E, Baekbo P, Larsen L. Genomic analysis of PCV2 isolates
from Danish archives and a current PMWS case—control study supports a
shift in genotypes with time. Vet Microbiol. 2008;128(1):56-64.

Wang F, Guo X, Ge X, Wang Z, Chen Y, Cha Z, Yang H. Genetic variation analysis of
Chinese strains of porcine circovirus type 2. Virus Res. 2009;145(1):151-6.

Guo U, Lu YH, Wei YW, Huang LP, Liu CM. Porcine circovirus type 2 (PCV2):
genetic variation and newly emerging genotypes in China. Virol J. 2010;7(1)273.
Guo L, FuY,Wang Y, Lu Y, Wei Y, Tang Q, Fan P, Liu J, Zhang L, Zhang F. A
porcine circovirus type 2 (PCV2) mutant with 234 amino acids in capsid
protein showed more virulence in vivo, compared with classical PCV2a/b
strain. PLoS One. 2012;7(7):.e41463.

Eddicks M, Fux R, Szikora F, Eddicks L, Majzoub-Altweck M, Hermanns W,
Sutter G, Palzer A, Banholzer E, Ritzmann M. Detection of a new cluster of
porcine circovirus type 2b strains in domestic pigs in Germany. Vet
Microbiol. 2015;176(3):337-43.

Salgado RL, Vidigal PM, de Souza LF, Onofre TS, Gonzaga NF, Eller MR,
Bressan GC, Fietto JL, Almeida MR, Junior AS. Identification of an emergent
porcine circovirus-2 in vaccinated pigs from a Brazilian farm during a
postweaning multisystemic wasting syndrome outbreak. Genome Announc.
2014;2(2):e00163-14.

Seo HW, Park C, Kang |, Choi K, Jeong J, Park S-J, Chae C. Genetic and
antigenic characterization of a newly emerging porcine circovirus type 2b
mutant first isolated in cases of vaccine failure in Korea. Arch Virol. 2014;
159(11):3107-11.

Xiao C-T, Halbur PG, Opriessnig T. Complete genome sequence of a novel
porcine circovirus type 2b variant present in cases of vaccine failures in the
United States. J Virol. 2012;86(22):—12469.

Davies B, Wang X, Dvorak CM, Marthaler D, Murtaugh MP. Diagnostic
phylogenetics reveals a new porcine circovirus 2 cluster. Virus Res. 2016,217:32-7.
Palinski R, Pifieyro P, Shang P, Yuan F, Guo R, Fang Y, Byers E, Hause BM. A
novel porcine circovirus distantly related to known circoviruses is associated
with porcine dermatitis and nephropathy syndrome and reproductive
failure. J Virol. 2017,91(1):e01879-16.

Phan TG, Giannitti F, Rossow S, Marthaler D, Knutson TP, Li L, Deng X,
Resende T, Vannucci F, Delwart E. Detection of a novel circovirus PCV3 in
pigs with cardiac and multi-systemic inflammation. Virol J. 2016;13(1):184.
Ku X, Chen F, Li P, Wang Y, Yu X, Fan S, Qian P, Wu M, He Q. Identification
and genetic characterization of porcine circovirus type 3 in China.
Transbound Emerg Dis. 2017;64(3):703-8.

Shen H, Liu X, Zhang P, Wang L, Liu Y, Zhang L, Liang P, Song C. Genome
characterization of a porcine circovirus type 3 in South China. Transbound
Emerg Dis. 2017.

Kwon T, Yoo SJ, Park CK, Lyoo YS. Prevalence of novel porcine circovirus 3
in Korean pig populations. Vet Microbiol. 2017;207:178-80.



Kim et al. BMC Veterinary Research (2018) 14:294 Page 9 of 9

39. Zheng S, Wu X, Zhang L, Xin C, Liu Y, Shi J, Peng Z, Xu S, Fu F, Yu J. The
occurrence of porcine circovirus 3 without clinical infection signs in
Shandong Province. Transbound Emerg Dis. 2017,64(5):1337-41.

40. Li'L, Yuan W, Guo H, Ma Z, Song Q, Wang X, Li H. Prevalence and genetic
variation of porcine circovirus type 2 in Hebei, China from 2004 to 2014.
Gene. 2016;586(2):222-7.

41. Hesse R, Kerrigan M, Rowland RR. Evidence for recombination between
PCV2a and PCV2b in the field. Virus Res. 2008;132(1):201-7.

42. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol. 2013;30(12):2725-9.

43, Fraile L, Sibila M, Nofrarias M, Lopez-Jimenez R, Huerta E, Llorens A, Lopez-
Soria S, Perez D, Segales J. Effect of sow and piglet porcine circovirus type 2
(PCV2) vaccination on piglet mortality, viraemia, antibody titre and
production parameters. Vet Microbiol. 2012;161(1-2):229-34.

44, Oliver-Ferrando S, Segales J, Lopez-Soria S, Callen A, Merdy O, Joisel F, Sibila
M. Evaluation of natural porcine circovirus type 2 (PCV2) subclinical
infection and seroconversion dynamics in piglets vaccinated at different
ages. Vet Res. 2016;47(1):121.

45.  Shen H-G, Loiacono CM, Halbur PG, Opriessnig T. Age-dependent susceptibility
to porcine circovirus type 2 infections is likely associated with declining levels
of maternal antibodies. J Swine Health Prod. 2012,20(1):17-24.

46.  Opriessnig T, Xiao CT, Halbur PG, Gerber PF, Matzinger SR, Meng XJ. A
commercial porcine circovirus (PCV) type 2a-based vaccine reduces PCV2d
viremia and shedding and prevents PCV2d transmission to naive pigs under
experimental conditions. Vaccine. 2017;35(2):248-54.

47. Franzo G, Legnardi M, Tucciarone CM, Drigo M, Klaumann F, Sohrmann M,
SegalEs J. Porcine circovirus type 3: a threat to the pig industry? Vet Rec.
2018;182(3):83.

48.  Zhai SL, Zhou X, Zhang H, Hause BM, Lin T, Liu R, Chen QL, Wei WK, Lv DH,
Wen XH, et al. Comparative epidemiology of porcine circovirus type 3 in
pigs with different clinical presentations. Virol J. 2017;14(1):222.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Sample information
	Nucleic acid extraction and PCR detection of PCV2
	PCR detection of PCV3
	Phylogenetic analysis

	Results
	PCR detection of PCV2 and genotyping
	Phylogenetic analysis of PCV2 ORF2
	PCR detection of PCV3 and co-infection with PRRS virus (PRRSV) and PCV2
	Phylogenetic analysis of PCV3 ORF2

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

