Archives of Virology (2020) 165:2003-2011
https://doi.org/10.1007/500705-020-04709-0

ORIGINAL ARTICLE q

Check for
updates

Detection and phylogenetic analysis of porcine circovirus 3 in part
of northern China from 2016 to 2018

Wenyuan Gu'2 - Qiankai Shi' - Leyi Wang? - Jianlou Zhang" - Guangfu Yuan' - Shaojie Chen' - Yuzhu Zuo' -
Jinghui Fan'

Received: 21 July 2019 / Accepted: 20 May 2020 / Published online: 27 June 2020
© Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract

Porcine circovirus 3 (PCV3) is a recently identified virus that is associated with reproductive failure, porcine dermatitis and
nephropathy syndrome, and multi-systemic inflammation. To investigate the molecular epidemic characteristics and genetic
evolution of PCV3 in northern China, a commercial TagMan-based real-time quantitative PCR kit was used to detect PCV3
in 435 tissue specimens collected from pigs with various clinical signs from 105 different swine farms in northern China.
The results showed that 48 out of 105 (45.7%) farms and 97 out of 435 (22.3%) samples tested positive for PCV3. Of the
97 PCV3-positive samples, 80 (82.5%) tested positive for other pathogens. PCV3 was found more frequently in pigs with
reproductive failure than in those with other clinical signs. This study is the first to detect PCV3 in Tianjin. The complete
genome sequences of six PCV3 isolates and the capsid (Cap) protein gene sequences of 11 isolates were determined. Based
on the predicted amino acids at positions 24 and 27 of the Cap protein and their evolutionary relationships, the 17 PCV3
strains obtained from northern China and 49 reference strains downloaded from the GenBank database were divided into four
major groups (3a-3d). An analysis of selection pressure and polymorphism indicated that the PCV3 Cap protein seems to be
evolving under balancing selection, that the population is in dynamic equilibrium, and that no population expansion occurred
during the study period. Our results provide new information about the molecular epidemiology and evolution of PCV3.

Introduction

Porcine circovirus 3 (PCV3) was first discovered in pigs
with multi-systemic disease in the United States [1] in 2016
and has since been shown to be associated with reproductive
failure and porcine dermatitis and nephropathy syndrome
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(PDNS) in swine [2]. To date, PCV3 has been reported in
Brazil [3], South Korea [4], Thailand [5], and several Euro-
pean countries [6, 7]. In China, PCV3 was first detected from
piglets with respiratory dyspnea and sows with reproductive
failure in 2016 [8]. However, in a retrospective study, the
presence of PCV3 in China could be traced back to 1996,
indicating that the virus was present before the first outbreak
[9]. Recently, PCV3 has been reported in sows and liveborn
piglets without signs of clinical infection in China [10], indi-
cating the potential threat of PCV3 in pig herds.

Like PCV1 and PCV2, PCV3 belongs to the family Cir-
coviridae, genus Circovirus, and has a single-stranded circu-
lar DNA genome. The PCV3 genome contains 2,000 nucleo-
tides and has two major open reading frames (ORFs): ORF1
and ORF2 [1, 2]. Studies on PCV2 have shown that ORF1
encodes the replication-associated protein and is relatively
conserved. ORF2 encodes the major structural capsid pro-
tein (Cap), which may be associated with antigenicity and
virulence. Previous studies have shown that Cap is prone to
variation, and the antigenicity and virulence of ORF2 can be
affected by mutation of only one or two amino acids [11-13].
Therefore, ORF2 is commonly used for phylogenetic and
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epidemiological analysis of PCV2. However, PCV3 and
PCV2 have a low level nucleotide sequence identity in the
Cap gene (37%).

It has been reported that the positive rates for PCV3 in pig
populations range from 21.9% to 31.1% and 20% to 42.86%
in southern and central China, respectively, suggesting that
PCV3 is widespread in those areas [4, 14]. In the present
study, we screened for PCV3 in two municipalities and four
provinces of northern China and analyzed the evolution-
ary relationship of the epidemic strains. Our results should
contribute to a better understanding of the circulation and
genetic variation of PCV3 in China.

Materials and methods
Sample collection and pre-treatment

In total, 435 tissue specimens, including lymph nodes,
spleens, kidneys, and lungs, were collected from stillborn
fetuses, piglets, and sows with various clinical signs (diar-
rhea, respiratory disease, reproductive failure, etc.) in two
municipalities (Beijing, Tianjin) and four provinces (Hebei,
Shandong, Shanxi and Liaoning) from December 2016 to
July 2018. Each sample was collected from a different pig.
All samples were sent to the Animal Infectious Disease Lab-
oratory at Hebei Agricultural University, Baoding, China,
for pathogen detection. Among the 435 samples, 310 were
from 60 farms in Hebei, 13 were from five farms in Beijing,
25 were from nine farms in Tianjin, 23 were from 10 farms
in Shanxi, 27 were from nine farms in Shandong, and 37
were from 12 farms in Liaoning. Detailed information about
these samples is provided in Table 1. The tissue samples
were homogenized and stored at —20°C.

DNA extraction and virus detection
DNA from tissue samples was extracted using a MiniBEST

Universal Genomic DNA Extraction Kit (TaKaRa, Dalian,
China) and stored at —20°C. DNA from the 435 tissue

specimens was used for PCV3 detection using a commer-
cial TagMan-based real-time quantitative PCR detection
kit (Beijing Anheal Laboratories Co., Ltd., Beijing, China).
The PCV3 genomic titer of the specimens was calculated
as described previously [15]. Moreover, other pathogens,
including classical swine fever virus (CSFV), porcine repro-
ductive and respiratory syndrome virus (PRRSV), pseudora-
bies virus (PRV), PCV2, porcine parvovirus (PPV), porcine
epidemic diarrhea virus (PEDV), and transmissible gastroen-
teritis virus (TGEV), were also detected using commercial
fluorescence-based quantitative polymerase chain reaction
(PCR) detection kits or reverse transcription PCR (RT-PCR)
detection kits (Beijing Anheal Laboratories Co., Ltd.).

Sequencing and phylogenetic analysis

Three pairs of primers were designed based on a multiple
alignment of currently available sequences from PCV3 iso-
lates. Primers PCV3-F2 (5’-GGAGGGAAAGCCCGAAAC
-3’) and PCV3-R2 (5’-ACCCGCCTAAACGAATGG-3’),
and PCV3-F3 (5-TCCGCATAAGGGTCGTCTT-3") and
primers PCV3-R3 (5’-AGGCATCTTCTCCGCAAC-3’)
were designed to amplify the full genome sequence. Another
pair of primers, ORF-F (5’-ATGAGACACAGAGCTATA
TTC-3") and ORF-R (5’-TTAGAGAACGGACTTGTA
ACG-3), was designed for amplification of the full-length
ORF2. The primers were synthesized by Beijing Sunbiotech
Co. Ltd. (Beijing, China). The PCR products were purified
using a Gel Band Purification Kit (Tiangen Biotech, Beijing,
China) and then cloned into the pMD-19T vector. Competent
Escherichia coli DH5a was transformed with the recombi-
nant plasmids, which were then sequenced by a commercial
company (Sangon Biotech, Shanghai, China). A total of 17
PCV3 sequences, including six complete genome sequences
and 11 complete Cap gene sequences were obtained and
deposited in the GenBank database (Appendix 1). In addi-
tion, 40 complete genome sequences and 49 complete Cap
gene sequences of PCV3 were downloaded from GenBank
and used for phylogenetic analysis. Phylogenetic trees based
on the complete PCV3 genome and the complete Cap gene

Table 1 Rate of detection of PCV3 on different farms and in different samples

Location Farms positive/farms tested (%) Total Samples positive/samples tested (%) Total
2016.12-2017.12 2018.01-2018.07 2016.12-2017.12 2018.01-2018.07
Beijing 172 2/3 3/5 (60.0) 2/8 2/5 4/13 (30.8)
Hebei 15/42 12/18 27/60 (45.0) 36/267 15/43 51/310 (16.5)
Tianjin 2/4 3/5 5/9 (55.6) 4/14 7/11 11/25 (44.0)
Shandong - 4/9 4/9 (44.4) - 11727 11/27 (40.7)
Shanxi - 4/10 4/10 (40.0) - 8/23 8/23 (34.8)
Liaoning - 5/12 5/12 (41.7) - 12/37 12/37 (32.4)
Total 18/48 (37.5) 30/57 (52.6) 48/105 (45.7) 42/289 (14.5) 55/146 (37.7) 97/435 (22.3)
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were constructed using the maximum-likelihood method
(10,000 bootstrap replicates) in the MEGA 7 program.

A similarity plot analysis of the whole genome sequences
of PCV3 and various circoviruses, including unique
sequences of PCV1 (NC001792), canine (NC020904), duck
(NC007220), swan (NC025247), and goose (NC003054)
CVs, four PCV2 isolates (AF055392, EU148503, KJ187306,
AF055394), and five bat CVs (KJ641711, KJ641727,
KJ641716, KJ641724, KJ641723). The analysis was done
using SimPlot version 3.5.1.

The selection pressure over the Cap gene sequence was
analyzed using Tajima’s D, Fu and Li’s F, and Fu and Li’s D
tests of neutrality, which are available in DnaSP version 5.10
[16]. These methods evaluate whether the number of seg-
regating sites in a sequence alignment departs significantly
from the neutral expectation. Selective pressures acting on
each codon of the Cap gene nucleotide sequences were ana-
lyzed using the fixed-effects likelihood (FEL), mixed effects
model evolution (MEME), and single-likelihood ancestor
counting (SLAC) methods [17], which are available on the
Datamonkey web server (http://www.datamonkey.org/) [18].

Results
Detection of PCV3 in northern China

In this study, 435 tissue samples collected from two munici-
palities and four provinces of northern China were tested.
The results showed that 97 out of 435 samples (22.3%)
and 48 out of 105 farms (45.7%) tested positive for PCV3
(Table 1). For the samples collected from December 2016
to December 2017 in Beijing, Hebei, and Tianjin, the PCV3
farm positive rate was 37.5% and the sample positive rate

Table 2 Detection of PCV3 in animals with different clinical signs

was 14.5%. For the samples collected from January 2018
to July 2018 in these districts, the PCV3 farm and samples
positive rates were 65.3% and 40.6%, respectively. This
increase in the positive detection rate of PCV3 may indicate
an increasing threat to pig herds.

Differences in positive detection rates were also observed
between samples from different regions of northern China
(Tables 1 and 2). Samples collected from Tianjin showed a
higher PCV3-positive rate (44.0%, 11/25) than those from
Hebei (16.5%, 51/310), Beijing (30.8%, 4/13), Shandong
(40.7%, 11/27), Shanxi (34.8%, 8/23), and Liaoning (32.4%,
12/37). PCV3 was detected at a higher rate (37.1%; 23/62) in
pigs with reproductive failure than in those with other clini-
cal signs (Table 2), and the mean viral load of PCV3 was
higher in the group with reproductive failure (4.68 + 0.11)
than in the groups with diarrhea (3.88 + 0.07) or respiratory
disease (3.48 + 0.11) (Table 2).

Further analysis showed that coinfection of PCV3 with
other pathogens was common.

The rates of dual infection with PCV3 and PCV2, CSFV,
PRV, PEDV, PPV, PRRSV and TGEV, were 14.43% (14/97),
11.34% (11/97), 7.22% (7/97), 7.22% (7/97), 5.15% (5/97),
2.06% (2/97) and 2.06% (2/97), respectively. The highest
rate of triple infection was with PCV3, PCV2 and PPV
10.31% (10/97). The rate of single infection with PCV3 in
the samples was 17.5% (17/97) (Table 3). These results pro-
vide a further indication of the potential threat of PCV3 to
the swine industry.

Phylogenetic analysis
Sequence analysis showed that the complete genomes of

the six PCV3 strains detected in this study shared 98.6%-
99.4% nucleotide sequence identity with each other and

Location Clinical sign (number positive/number tested) Samples positive/
- - - - - samples tested
PNDS Respiratory disease ~ Diarrhea PMWS Reproductive failure ~ Others (%)
Beijing 0/1 1/3 2/5 0/2 172 0/0 4/13 (30.8)
Hebei 9/42 10/60 14/55 7172 8/34 3/47 51/310 (16.5)
Tianjin 1/4 3/8 477 0/2 3/4 0/0 11/25 (44.0)
Shandong 172 2/5 2/4 2/5 3/8 1/3 11/27 (40.7)
Shanxi 0/2 2/5 1/4 1/7 4/5 0/0 8/23 (34.8)
Liaoning 1/4 2/7 2/6 2/5 4/9 1/6 12/37 (32.4)
Total 12/55 20/88 25/81 12/93 23/62 5/56 97/435
(21.8) (22.7) (30.9) (12.9) 37.1) (8.9) (22.3)
Mean 283+0.14 3.48+0.11 388+0.07 259+0.14 4.68+0.11 1.17+£0.05 3.56 +0.02
viral load
(log,(copies
/ml) *+SE

* Significant values: p < 0.05
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Table 3 Detection of coinfecting pathogens in animals with different clinical signs

Pathogen Clinical sign (number positive/number tested) Samples posi-
- - - tive/ Samples
PNDS Resplratory Diarrhea PMWS Rgproductlve Others tested (%)
disease failure
PCV3 7 4 1 2 2 1 17/97 (17.5)
PCV3+PCV2 5 4 1 1 2 1 14/97 (14.43)
PCV3+CSFV 0 3 0 3 5 0 11/97 (11.34)
PCV3+PRV 0 3 0 0 1 3 7/97 (7.22)
PCV3+PEDV 0 0 7 0 0 0 7/97 (7.22)
PCV3+PPV 0 0 0 0 5 0 5/97 (5.15)
PCV3+PRRSV 0 2 0 0 0 0 2/97 (2.06)
PCV3+TEGV 0 0 2 0 0 0 2/97 (2.06)
PCV3+PCV2+PPV 0 0 0 4 6 0 10/97 (10.31)
PCV3+TEGV+PEDV 0 0 0 0 9 0 9/97 (9.28)
PCV3+PCV2+CSFV 0 0 0 2 2 0 4/97 (4.12)
PCV3+PRRSV+CSFV 0 4 0 0 0 0 4/97 (4.12)
PCV3+PCV2+PEDV 0 0 3 0 0 0 3/97 (3.09)
PCV3+PRRSV+PEDV 0 0 2 0 0 0 2/97 (2.06)
Total 12 20 25 12 23 5 97/435 (22.3)

98.8%-100% nucleotide sequence identity with those of
the other 40 reference strains from various countries. The
alignment of Cap gene sequences showed that the 17 com-
plete PCV3 Cap genes shared 97.2% to 99.7% nucleotide
sequence identity with each other and 97.2%-99.8% nucleo-
tide sequence identity with those of the other 49 reference
strains. No deletions or insertions were found in the Cap
gene region.

A phylogenetic tree based on the complete genome
sequence of PCV3 showed that the PCV3 isolates were
divided into two clusters, designated as 3a and 3b. Five
strains detected in this study (PCV3/CH/HB/CZ-2/2017
MG727537, PCV3/CH/HB/BD/2017 MG727538, PCV3/
CH/HB/CZ-1/2017 MG727539, PCV3/CH/HB/HD/2017
MH101645, and PCV3/CH/Tianjin-1/2018 MH547276)
belong to the 3a cluster, and one strain (PCV3/CH/HB/
SJZ/2017 MG727540) was in the 3b cluster. The strains
PCV3/CH/HB/BD/2017 MG727538, PCV3/CH/HB/
HD/2017 MH101645, and PCV3/CH/HB/CZ-1/2017
MG727539 were found to be closely related to strain 2164/
USA KX458325 (Fig. 2a).

A separate phylogenetic analysis was carried out based
on a multiple sequence alignment of the deduced amino acid
sequences of the 66 PCV3 Cap protein genes mentioned
above. These strains were divided into four different clades,
groups 3a-3d, based on the amino acids present at positions
24 and 27 of the Cap protein, as described previously [9,
19]. Group 3a consisted of strains with alanine and argi-
nine at positions 24 and 27, respectively, group 3b consisted
of strains with alanine and lysine at these positions, and
group 3c consisted of strains with valine and lysine at these
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positions. More importantly, a new group, 3d, was identi-
fied in our study, with valine at position 24 and arginine at
position 27. Of the 17 PCV3 strains identified in the present
study, eight were in group 3a, seven were in group 3c, two
were in group 3d, and none were in group 3b (Figs. 1 and
2b).

Group 3a (24A and 27R) was further divided into three
subgroups (3al, 3a2 and 3a3) on the basis of the molecular
features and variations in the Cap protein. The strains in sub-
group 3al contained the S77T and I150L mutations, except
for the PCV3/CH/HB/CZ-2/2017 MG727537 strain, which
had only the I150L mutation in the Cap protein. Strains with
the N56D mutation clustered in subgroup 3a2; however, the
PCV3/CH/Liaoning-2/2018 MH548438 strain had both
N56D and F104Y mutations. Subgroup 3a3 consisted of the
seven strains with the F104Y mutation. These differences
might be useful for understanding the evolutionary history
of these strains. Notably, the formation of this subgroup was
more pronounced when the amino acid sequence of the Cap
protein was used for analysis (Fig. 1).

Recombination analysis

Similarity plots comparing the whole genome sequence of
PCV3 with those of other circoviruses were made using
SimPlot software. The results showed that only bat circovi-
ruses and PCV2 showed nucleotide sequence similarity to
PCV3. There were three main peaks of sequence similarity
between PCV3 and bat circoviruses, but only one between
PCV3 and PCV2 (Fig. 3). Recombination analysis was also
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Fig. 1 Molecular features of the PCV3 Cap protein. An alignment of
the deduced amino acid sequences of PCV3 Cap proteins was per-
formed using Megalign software (DNASTAR). The major amino acid
mutations are displayed in a box, and based on two amino acid muta-

performed using the RDP software, but no recombination
signal was found.

Neutrality tests and selection pressure analysis

Neutrality tests yielded a negative value for Tajima’s D and
a positive value for Fu and Li’s F, but neither of these values
was statistically significant. However, the value of Fu and
Li’s D was positive and statistically significant (Table 4).
The positive value for Fu and Li’s D indicated that the Cap
gene of PCV3 should be under balancing selection.

The Ka/Ks ratio is a measure of the selection pressure at
the protein level. For the PCV3 Cap gene, the value of Ka/
Ks was 0.1559. No positive or negative selection sites were
detected by the MEME and FEL methods. Only the SLAC
method detected six codons (2.80%) that appear to be under
negative selection pressure (Table 5). In summary, the Cap
protein of the PCV3 isolate from this study has been sub-
jected to balancing selection.

Further mismatch distribution analysis showed that the
mismatch curve for individual sequences contained multi-
ple peaks, showed a multipeak curve, indicating that the

e ]

e e ey o |

A0S

tions at positions 24 and 27 of the Cap protein (A24V and R27K),
each amino acid mutation is labeled in blue, yellow, red or green. Red
boxes indicate the strains identified in this study

population is in dynamic equilibrium and that no population
expansion has occurred recently (Fig. 4).

Discussion

The novel virus PCV3 has been identified and reported
worldwide, and has been found in more than two-thirds
of the provinces in China [8, 20]. In the present study, a
TagMan-based real-time quantitative PCR was used for
detection of PCV3, and 435 tissue samples collected from
two municipalities (Beijing, Tianjin) and four provinces
(Hebei, Shandong, Shanxi and Liaoning) in northern China
between December 2016 and July 2018 were analyzed. The
results showed that 97 (22.3%) samples and 48 (45.7%)
farms were PCV3 positive, demonstrating the wide spread
of the virus in this area. The rate of PCV3 detection was
lower in Hebei province than in Beijing, Tianjin, Shandong,
Liaoning, and Shanxi. One reason for these differences
may be that the rates were calculated without using epi-
demiological tools. Another probable reason is that Hebei
is a pig-exporting province and therefore less affected by
infections. The PCV3 positive rate in 2018 was higher than
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Fig.2 (a) Phylogenetic tree based on complete PCV3 genome
sequences. (b) Phylogenetic tree of PCV3 strains based on the
deduced amino acid sequences of PCV3 Cap proteins. All of the
reference sequences used in this study were obtained from the Gen-
Bank database. The tree was constructed by the maximum-likelihood

that from December 2016 to December 2017, indicating
that the infection rate in northern China has been gradu-
ally increasing. Notably, this is the first time that PCV3 has
been detected in Tianjin, suggesting that the virus has been
circulating in swine herds in this district. More specimens
need to be tested to evaluate the epidemic state of PCV3 in
these regions.

PCV3 has been reported to be associated with repro-
ductive failure, PNDS, diarrhoea, respiratory disease, and
congenital tremors [1-3, 5, 21]. In this study, we examined
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PCV3/CN/Liaoning2018 MK000387
PCVI/CNIChongaing-148/2016 KY075991
PCVYBR/RS8 MF079254

17 MG253679

3¢ (24V and 27K)

PCV3/CN/GDBL1/2017 MF405272
PCV3/CN/GDQG1/2017 MF405275
PCV3/CN/GDSJ1/2017 MF405271
PCV3/CN/GXHJ1/2017 MF405273
PCV3/CNIGXLJ2/2017 MF405274
PCVI/CN/HeBei2/2018 MK178321
PCVITCO/2017 MF162298
PCVITMN/2017 MF162299
PCV3/KU-1607 KY996343
PCV3/KU-1605 KY996341 J
PCV3/CN/Liaoning-232016 KY354055 b
@PCVICHHB-TS/2018 MH636590
@PCVICHITianjin-2/2017 MH579786
PCV3/KU-1601 KY996337
PCVI/CN/Guangxi003/2017 MF374972
PCV3/CN/Liaoning-7/2016 KY354046

GD/YF2017 MG253682
Hainan/2017 MG253684 J

3d (24V and 27R)

method with 10,000 bootstrap replicates using MEGA 7.0 software.
PCV3 strains are identified by virus name, country of origin, isola-
tion year, and GenBank accession no. Black solid circles indicate the
strains identified in this study

the association of various clinical signs with PCV3 detec-
tion, as was also done in 2017 [19]. Positivity for PCV3
was more frequently associated with reproductive failure
(23/67, 34.3%) than with any of the other clinical signs
investigated, and the mean viral load in this group was
higher than in the other groups, suggesting that PCV3
might be an important factor in reproductive failure and a
significant threat to pig production. Further research on the
pathogenesis of PCV3 and coinfection with other viruses
should be performed.
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Fig.3 Similarity plot of the whole genome sequences of 54 differ-
ent circoviruses, including unique sequences of PCV1, canine, duck,
swan, and goose CVs, as well as 40 PCV3 isolates, four PCV2 iso-
lates, and five bat CV isolates. The similarity plot was constructed
using the Kimura two-parameter distance model with a sliding win-
dow of 200 bp and a step size of 20 bp. The vertical and horizon-
tal axes indicate the similarity (%) and the position (bp) of the align-
ment, respectively

Table 4 Neutrality tests of Cap gene sequences

Tajima’s D Fu and Li’s D Fuand Li’s F
Cap gene -1.77257 (p > 2.36103 (p < 0.65338 (p > 0.10)
0.10) 0.02)

Of the 97 PCV3-positive samples, only 17.5% were
infected by PCV3 alone, and 82.5% were positive for other
viruses. In the cases of coinfection, the most commonly
detected coinfecting virus was PCV2 (31/97). PCV2 has
been reported to be the primary causative agent of PCV-
associated disease, and it causes immunosuppression in
infected pigs [22]. The 17.5% single infection rate for PCV3
suggests that PCV3 might also play a similar role in infected
pigs. Further research on the pathogenesis of PCV3 and
coinfection with other viruses should be performed.

The complete genome sequences of the six PCV3 iso-
lates from this study were 98.6%-99.4% identical, and the
sequences of 645-nt fragments from 17 PCV3 isolates from
this study were 97.2%-99.7% identical, indicating that the
PCV3 strains in northern China remained genetically stable

Table5 Codon selection pressure in the PCV3 Cap gene

Fig.4 Mismatch distribution of Cap gene sequences

during the 2-year period of the study. Li et al. used maxi-
mum-likelihood (ML), maximum-clade-credibility (MCC),
and neighbor-joining (NJ) methods to construct phyloge-
netic trees for PCV3 using the full genome sequence, which
revealed the existence of two clades [23]. In this study,
PCV3 strains were also divided into two different clades
using the ML method, PCV3a and PCV3b, based on com-
plete genome sequences. SimPlot and RDP analysis indi-
cated that there has been no recombination between PCV3
and other known circoviruses. Neutrality tests and selection
pressure analysis showed that the Cap protein gene of PCV3
is likely to be subjected to balancing selection. Selection
pressure analysis on the ORF2 sequences of PCV3 in Brazil
was performed by Saraiva et al. [24]. In that study, 17%
of the codons were predicted to be evolving under purify-
ing selection due to negative selection. In this study, six
codons (2.80%) were found to be under negative selection.
These results show that the Cap protein sequence of PCV3
is highly conserved and does not seem to permit high levels
of variation.

Mutations at positions 24 and 27 in the Cap protein have
been speculated to be associated with immune escape,
and on the basis of two amino acid mutations (A24V and
R27K) in the Cap protein, PCV3 strains have been divided
into three groups (3a-3c), as described previously [9, 19].
In current study, based on A24V and R27K mutations, the
66 PCV3 strains were clustered into four groups (3a-3d)
(Figs. 1 and 2b). A new group with the mutation >VRRR?’

Method Number of Positively Codon Neutral sites Negatively Codons
codons selected sites* selected sites™
SLAC 214 0 - 210 (98.13%) 6 (2.80%) 71,75, 96, 129, 176,
203
FEL 214 0 - 214 (100%) 0 -
MEME 214 0 - 214 (100%) 0 -

*Significant values: p < 0.05
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in Cap gene, named 3d, was found in our study, and the
strains PCV3/CH/Tianjin-2/2017 MH579786 and PCV3/
CH/HB-TS/2018 MH636590 were found to belong to this
group. A recent report on the evolutionary history of PCV3
has suggested that amino acids 24 and 27 of the Cap protein
in PCV3 have mutated from **ARRR*’ to **ARRK?’, and
then to 2*VRRK? [9]. Although the number of strains with
the 2*VRRR?” mutation was limited, the discovery might
contribute to our understanding of the evolution of this virus
and should be investigated further.

In conclusion, our research provides evidence of an epi-
demic of PCV3 in part of northern China and analysis of the
genetic evolution of PCV3 strains over a 2-year period. The
results could contribute to future research on the molecu-
lar epidemiology and evolution of PCV3 in China. Further
studies should be performed to determine the pathogenic
characteristics, epidemiological status, and evolutionary
relationships of PCV3 and its association with various clini-
cal signs in pigs.
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Appendix 1
No. Strain name GenBank Col- Col- Gene
accession lection lection type
no. location date
1 PCV3/CH/HB/ MG727537 Hebei 2017 Complete
CZ-2/2017 genome
2  PCV3/CH/HB/ MG727538 Hebei 2017 Complete
BD/2017 genome
3 PCV3/CH/HB/ MG727539 Hebei 2017 Complete
CZ-1/2017 genome
4 PCV3/CH/HB/ MG727540 Hebei 2017 Complete
SJZ/2017 genome
5 PCV3/CH/HB/ MHI101645 Hebei 2017 Complete
HD/2017 genome
6  PCV3/CH/Tian- MH547276 Tianjin 2018 Complete
jin-1/2018 genome
7  PCV3/CH/ MH547277 Liaon- 2018 Full-
Liaon- ing length
ing-1/2018 cap
gene
8 PCV3/CH/Bei- MHS547278 Beijing 2016 Full-
jing-1/2016 length
cap
gene

@ Springer

No. Strain name GenBank Col- Col- Gene
accession lection lection type
no. location date
9 PCV3/CH/Bei- MH547279 Beijing 2018 Full-
jing-2/2018 length
cap
gene
10 PCV3/CH/ MH547280 Shanxi 2018 Full-
Shanxi-1/2018 length
cap
gene
11 PCV3/CH/ MHS548436 Shanxi 2018 Full-
Shanxi-2/2018 length
cap
gene
12 PCV3/CH/Shan- MH548437 Shan- 2018 Full-
dong-1/2018 dong length
cap
gene
13 PCV3/CH/ MH548438 Liaon- 2018 Full-
Liaon- ing length
ing-2/2018 cap
gene
14 PCV3/CH/Tian- MH579786 Tianjin 2017 Full-
jin-2/2017 length
cap
gene
15 PCV3/CH/ MH636587 Hebei 2018 Full-
HB-CD/2018 length
cap
gene
16 PCV3/CH/HB- MH636589 Hebei 2018 Full-
ZJK/2018 length
cap
gene
17  PCV3/CH/ MH636590 Hebei 2018 Full-
HB-TS/2018 length
cap
gene
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