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Abstract

Porcine circovirus type 3 (PCV3), which was first detected in the United States of America in 2015, is a potential
threat to the swine industry. However, the prevalence of PCV3 in Shanxi Province, China, is unclear. In this research,
the prevalence and genetic diversity of PCV3 were investigated in above area. Lung tissue samples (n = 491) from
19 pig slaughterhouses across 11 cities throughout Shanxi Province were analyzed for PCV3 infection by PCR in
2019. The results showed that PCV3 positive rates in slaughterhouses and individuals were 100% (19/19) and
86.76% (426/491), respectively. PCV2 and PCV3 double-positive rates in slaughterhouses and individuals were 100%
(19/19) and 59.27% (291/491), respectively. PCR positive samples were further sequenced and 8 PCV3 isolates were
identified. The nucleotide homology of these isolates with other PCV3 isolates in NCBI database was 97.45–99.90%.
A phylogenetic analysis, based on the complete genomic sequence and ORF2, divided these PCV3 strains into 2
major groups. Based on A24/V and R27/K amino acid mutations of capsid protein, the 8 identified PCV3 strains were
separated to 2 clades. This was the first detailed investigation into the epidemiology of PCV3 in Shanxi Province.
Our findings enabled us to assess the possibility of widespread transmission from this region. Thus, current findings
establish a basis for further studies of genetic variations in PCV3 strains circulating in China.
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Background
Circoviruses are small nonenveloped viruses with a
circular icosahedral structure; they exhibit unique
characteristics among animal viruses based on their
circular, single-stranded DNA genome composed of
2000 nucleotides (nt) (Todd et al. 2001; Rosario et al.
2017). Circoviruses belong to Circoviridae family and
cause infection in different animals, including pigs
and dogs (Segales et al. 2012; Bexton et al. 2015; Tar-
ján et al. 2014). Only 2 circoviruses have been previ-
ously reported in pigs, namely, the closely related
porcine circovirus type 1 (PCV1) and porcine circo-
virus type 2 (PCV2) (Hamel et al. 1998; Allan et al.
2012). PCV1 is considered nonpathogenic to swine
(Chen et al. 2014), whereas PCV2 infection can cause

porcine dermatitis and nephropathy syndrome
(PDNS), reproductive failure, and respiratory and en-
teric manifestations (Gillespie et al. 2009; Opriessnig
and Langohr 2013; Tomás et al. 2010).
In 2015, a new circovirus species was identified in pigs

affected by PDNS, respiratory disease, and multisystemic
inflammation. It was first reported in the United States
and was named porcine circovirus 3 (PCV3) (Phan et al.
2016; Palinski et al. 2017; Klaumann et al. 2018). PCV3
contains a circular genome of 2000 nt, and 3 open read-
ing frames (ORFs) have been identified. ORF1 encodes
the replication-associated protein (Rep); ORF2 encodes
the capsid (Cap) protein; and ORF3 encodes an un-
known function protein (Wen et al. 2018; Fu et al.
2018). Rep drives viral replication. Cap protein, the
major structural protein, is composed of 214 amino
acids (aa) and determines antigenic characteristics of cir-
coviruses (Nawagitgul et al. 2000).
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On a global scale, PCV3 has been reported in several
countries, including China, USA, Italy, Brazil, Korea,
Spain and Russia (Ku et al. 2017; Phan et al. 2016; Stade-
jek et al. 2017; Faccini et al. 2017; Kwon et al. 2017; Ye
et al. 2018; Yuzhakov et al. 2018; Geng et al. 2019). The
nationwide prevalence of PCV3 in the USA was reported
to be 44.2% (Palinski et al. 2017). In Europe, the highest
positive rates were 75% and 65% in Germany and
Poland, respectively (Fu et al. 2018; Stadejek et al. 2017),
whereas a prevalence of 44.2% was reported in Korea
(Kwon et al. 2017). PCV3 has also spread extensively
among swine in Thailand, where a positive rate of 36.7%
was previously reported (Sukmak et al. 2019).
The first case of PCV3 in China was documented in

Guangdong Province in March 2017 (Shen et al. 2018).
Since then, PCV3 cases have been widely identified in
major hog producing provinces, such as Jiangxi, Fujian,
Shandong and Liaoning (Fu et al. 2018; Zheng et al.
2017; Qi et al. 2019; Liu et al. 2019). In China, high posi-
tive rates have been reported in Anhui (20.0%), Jiangsu
(26.7%), Zhejiang (23.3%) and Hunan provinces (45.9%),
and Chongqing City (16.7%) (Liu et al. 2019; Zou et al.
2018).
China plays a major role in global pork production

and has the world’s highest pork consumption rate (Bel-
tran-Alcrudo et al. 2019). Shanxi is a major agricultural
province with several commercial pig farms. Slaughter-
houses near farms can indicate a broader infection rate
in the area where pigs were slaughtered there. Therefore,
in this study, we collected samples from pig slaughter-
houses across Shanxi Province, China, and conducted an
extensive epidemiological investigation and phylogenetic
analyses of PCV3 strains. These findings establish a basis
for further investigation into PCV3 evolution and spread
in China.

Results
In order to analyze the infection, diffusion and distribu-
tion of PCV3 in Shanxi Province, this study collected
491 samples from 19 slaughterhouses in 11 cities. Posi-
tive rates were detected and analyzed by PCR. PCV3
positive rates in slaughterhouses and individuals were
100% (19/19) and 86.76% (426/491), respectively. PCV2
and PCV3 double-positive rates in slaughterhouses and
individuals were 100% (19/19) and 59.27% (291/491), re-
spectively (Table 1). The presence of PCV3 in all 19
slaughterhouses was indicative of its widespread dissem-
ination in Shanxi Province (Fig. 1). These results re-
vealed that PCV3 infection is common in this area.
To analyze genetic relationship of PCV3 strains col-

lected in Shanxi Province, 8 PCV3 positive samples were
randomly selected for further investigation. Complete
sequences of PCV3 genome were amplified and se-
quenced. Their genomes were 2000-2003 nt in length.
The 8 isolates were identified as PCV3 strains for the
complete genomic sequences exhibited 97.45–99.90%
identity with other PCV3 isolates available in NCBI data-
base while 95.97–100% identity of ORF2. Furthermore,
these 8 Shanxi PCV3 strains shared 98.65–99.45% nt
identity among themselves.
Neighbor joining phylogenetic tree analysis based on

the complete genome revealed a close evolutionary rela-
tionship between PCV3/CN/SX08/2019 and PCV3‐USA‐
MO2015 (KX778720) isolates and PCV3/CN/SX04/2019
and PCV3/CH/GX/2242/2018 (MH823219) isolates.
PCV3/CN/SX08/2019 isolate from China and the first
isolate (PCV3‐USA‐MO2015) from USA were clustered
together. PCV3/CN/SX04/2019 was clustered with
PCV3/CH/GX/2242/2018 (MH823219) found in
Guangxi. The 35 full-length genomic sequences obtained
from GenBank and the 8 Shanxi PCV3 strains were

Table 1 Prevalence of PCV-3 in the Shanxi Province

Region PCV3 positive rate
(Number) %

PCV3 and PCV2 co-positive rate
(Number) %

Slaughterhouse Individual Slaughterhouse Individual

Datong (1/1) 100 (27/27) 100 (1/1) 100 (15/27) 55.56

Shuozhou (2/2) 100 (41/52) 78.85 (2/2) 100 (30/52) 57.69

Xinzhou (2/2) 100 (46/52) 15.38 (2/2) 100 (36/52) 69.23

Taiyuan (1/1) 100 (14/22) 63.64 (1/1) 100 (6/22) 27.27

Yangquan (1/1) 100 (20/28) 71.43 (1/1) 100 (4/28) 14.29

Lvliang (2/2) 100 (50/54) 92.59 (2/2) 100 (32/54) 59.26

Jinzhong (2/2) 100 (43/49) 87.76 (2/2) 100 (14/49) 28.57

Linfen (2/2) 100 (45/50) 90.00 (2/2) 100 (27/50) 54.00

Changzhi (2/2) 100 (48/54) 96.30 (2/2) 100 (40/54) 70.07

Yuncheng (2/2) 100 (44/51) 86.27 (2/2) 100 (45/51) 88.24

Jincheng (2/2) 100 (44/52) 84.62 (2/2) 100 (42/52) 80.77

Total (19/19) 100 (426/491) 86.76 (19/19) 100 (291/491) 59.27
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divided into 2 main groups (Fig. 2), indicating relatively
independent genetic diversity of PCV3 strains in Shanxi
Province. ORF2 phylogenetic tree discovery diagram
showed similar results. Thirty five strains from GenBank
and 8 PCV3 strains from Shanxi were divided into 2
groups, and the 8 PCV3 strains clustered into 2 clades
(Fig. 3). Interestingly, a close evolutionary relationship
was found between PCV3/CN/SX04/2019 and the

identified strain PCV3/Guangxi-LZ/03, which differs
from genome wide analysis.
Cap proteins of the 8 PCV3 strains were analyzed for

amino acid mutations, including A24/V and R27/K. PCV3
strains were divided into 3 clades based on A24/V and
R27/K mutations. Amino acid mutations in PCV3/CN/
SX01/2019 were at A24 and K27, and based on this find-
ing, the strain was identified as PCV3b. All of the

Fig. 1 Geographical distribution of PCV3 in Shanxi Province, China (censor code of this map: GS (2019) 3333). Red dots represent the regions
with PCV3 positive samples
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remaining7 strains all had mutations at A24 and K27
sites and were therefore identified as PCV3a (Fig. 4).
Other mutations were also observed in PCV3/CN/SX01/

2019 (F104/Y), PCV3/CN/SX04/2019 (N56/D, Q98/R) and
PCV3/CN/SX03/2019 (F104/Y). The remaining strains
did not harbor any Cap mutations. Whether these

Fig. 2 Phylogenetic tree of the complete sequences of porcine circovirus type 3 (PCV3). Blue dots indicate PCV3 strains investigated in this study
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Fig. 3 Phylogenetic tree of ORF2 of porcine circovirus type 3 (PCV3). Blue dots indicate PCV3 strains investigated in this study
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mutations affect Cap protein antigenicity remains to be
addressed with further research.

Discussion
An intensive pig farming system may contribute to the
rapid transmission of PCV3. Similarly, the global trade
of pig breeding, porcine semen collection, and pork pro-
duction also have a major impact on the global transmis-
sion of PCV3 (Liu et al. 2019). A rather wide PCV3
distribution was also confirmed in Europe (Fu et al.
2018; Franzo et al. 2018). In a study conducted in Korea,
PCV3 positive rates were 72.6% (53/73) and 44.2% (159/

360) at farm and individual levels, respectively (Liu et al.
2019). In this study, PCV3 positive rate and PCV2 and
PCV3 double-positive rate were 86.76% (426/491) and
59.27% (291/491), respectively, indicating that PCV3 has
spread widely in Shanxi Province. Although PCV3 asso-
ciated epidemics have been reported in Shanxi Province,
no detailed epidemiological data or complete PCV3 se-
quences were previously reported.
Considering these findings, it is necessary to elucidate

genetic data for PCV3 virus. Because isolation and cul-
ture of PCV3 are difficult, most recent studies have fo-
cused on the genetic characteristics of the virus. Thus,

Fig. 4 Phylogenetic tree and amino acid alignment based on the Cap encoding gene of 35 porcine circovirus type 3 (PCV3) strains. PCV3 strains
clustered into 3 subgroups, namely, 3a, 3b, and 3c. Blue dots indicate PCV3 strains investigated in this study
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further sequencing of PCV3 positive samples was per-
formed to identify 8 PCV3 isolates. Subsequently, phylo-
genetic analyses were performed based on PCV3
genomes.
Genome sequencing results revealed that PCV3 ge-

nomes composed of about 2000 nt; this observation was
similar to the genomes reported for most strains isolated
previously (Shen et al. 2018). As described earlier, PCV3
genome contains 3 ORFs, including the inversely ar-
ranged ORF1 and ORF2 encoding Rep and Cap proteins,
respectively (Palinski et al. 2017; Ku et al. 2017). For
phylogenetic analysis, the full-length genomes and ORF2
of PCV3 strains from different geographical locations
were retrieved from NCBI nucleotide database and used
as reference sequences.
Phylogenetic tree analysis showed that PCV3/CN/

SX08/2019 and PCV3/CN/SX04/2019 were closely re-
lated to the first reported PCV3 strain PCV3‐USA‐
MO2015 (KX778720) and to PCV3/CH/GX/2242/2018
(MH823219) from Guangxi, China, respectively. The 8
Shanxi PCV3 strains were found to be evenly distrib-
uted in 2 groups (Figs. 2 and 3). Moreover, no re-
gional linkage was found among domestic and foreign
PCV3 gene sequences selected from GenBank. The 8
detected PCV3 distributed in different regions of
phylogenetic tree, still showed no regional characteris-
tics. These results indicated that the 8 PCV3 strains
from Shanxi Province were not geographically related
with genetic diversity.
PCV3 Cap protein encoded by ORF2 is the main

immunogenic protein of the virus (Qi et al. 2019).
Therefore, ORF2 was subjected to phylogenetic ana-
lysis. The capsid-encoding genes of the 8 Shanxi
PCV3 isolates exhibited 93.93–100% aa identity with
those of other PCV3 isolates available in NCBI. Fur-
thermore, the Shanxi strains shared a 98.13–100%
amino acid similarity. Previous studies suggested that
A24/V and R27/K mutations in Cap protein and mo-
lecular marker data could be used to define PCV3
clades (Palinski et al. 2017; Qi et al. 2019). The 8
identified PCV3 strains belonged to 2 clades based on
aa mutations in capsid protein A24/V and R27/K.
Interestingly, other mutations were also observed in
PCV3/CN/SX01/2019 (F104/Y), PCV3/CN/SX04/2019
(N56/D, Q98/R) and PCV3/CN/SX03/2019 (F104/Y).
The remaining strains did not harbor any Cap muta-
tions. Whether these mutations affect Cap protein
antigenicity remains to be clarified.

Conclusions
This study was the first detailed investigation into epi-
demiology of PCV3 in Shanxi Province, China. Because
pathogenicity and antigenicity vary among clades, PCV3
strains require further studies. Our findings regarding

PCV3 phylogeny provide useful information for further
studies in virus evolution and establish a basis for fur-
ther analysis of genetic variation of PCV3 strains circu-
lating in China.

Methods
Sample information and DNA isolation
Lung tissue samples (n = 491) were collected from 19
pig slaughterhouses, accounting for approximately
14% of all slaughterhouses (approximately 140 slaugh-
terhouses), in 11 cities (Datong, Xizhou, Shuozhou,
Taiyuan, Yangquan, Lvliang, Jinzhong, Linfen,
Changzhi, Yuncheng and Jinchen) throughout Shanxi
Province, China, in 2019. The daily slaughter capacity
of each slaughterhouse was 1000–2000 animals (Fig.
1). Porcine lung tissues were randomly collected from
the slaughterhouse production line, washed with ster-
ile saline and transported back to the laboratory
within 12 h in an ice bath. Lung tissue was washed
with sterile saline, homogenized, diluted 10-fold with
phosphate buffered saline, and stored at −80°C until
DNA extraction was performed. After freeze-thawing
3 times to release the virus, all samples were centri-
fuged at 10,000 g for 10 min at 4°C, and the superna-
tants were collected (Xu et al. 2018). DNA was
extracted using a TIANamp Genomic DNA Kit (Tian-
gen, Beijing, China) according to the manufacturer’s
instructions.

PCV3 determination and sequencing of the full-length
genome
PCR was performed using genomic DNA to amplify the
complete viral genome of PCV3. Three primer pairs
were used to amplify the complete genome of identified
PCV3 strains, and one primer pair was used for PCV3
detection (Table 2).
For PCR-based PCV3 detection, mixture contained 1.5

μL extracted DNA, 1 μL primers (10 μM), 10 μL PCR Mix
(Vazyme, Nanjing, China), and 6.5 μL ddH2O. PCR ampli-
fication procedure was as follows: predenaturation at 94°C
for 5 min; 34 cycles of denaturation at 94°C for 30 s, an-
nealing at 55°C for 30 s, and extension at 72°C for 30 s;
followed by a final extension step at 72°C for 7 min.
For PCV3 full-length genomic PCR, mixture contained

1.5 μL extracted DNA, 1 μL primers (10 μM), 10 μL
PCR Mix (Vazyme), and 6.5 μL ddH2O. Three overlap-
ping segments spanning the entire genome were ampli-
fied. PCR amplification procedure was as follows:
predenaturation at 95°C for 5 min; 35 cycles of denatur-
ation at 94°C for 30 s, annealing at 56°C for 30 s, and ex-
tension at 72°C for 60 s; and a final extension step at
72°C for 10 min.
PCR products were analyzed using 2% agarose gels

in Tris-acetic-acid-EDTA buffer and stained with
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GelRed (Biosharp, Hefei, China), followed by
visualization under ultraviolet illumination. Totally 8
PCV3 infected positive samples from different regions
were randomly selected for full gene amplification.
PCR products were analyzed with Sanger sequencing
by Sangon (Shanghai, China) and were designated as
PCV3/CN/SX01-SX08/2019.

Phylogenetic analysis of PCV3 strains
Complete genomes (n = 35) of PCV3 strains from differ-
ent geographical locations were retrieved from NCBI
database, including other regions of China and other
countries worldwide. Multiple sequence alignments of
PCV3 strains, including which identified in this study,
were performed using the Clustal W method (DNA-
STAR Inc.). The phylogenetic relationships were
assessed using neighbor-joining phylogenetic tree
methods, the p-distance model with 1000 bootstrap rep-
licates, and the remaining default parameters with
MEGA software (MEGA 6.06) (Ku et al. 2017; Wen
et al. 2018).
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