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Summary.  –  Infection with Porcine circovirus type 2 (PCV2), the essential cause of porcine circovirus 
(PCV) associated diseases, is a growing problem in swine industry around the world. High nucleotide altera-
tion leads to the constant evolution of PCV2 and outbreak of disease caused by PCV2. In this study, 48 PCV2 
strains were isolated in China between 2016 and 2018 and the genetic diversity of these PCV2 isolates was 
determined. Results showed that these PCV2 isolates were classified into genotypes PCV2a (4 of 48), PCV2b 
(13 of 48) and PCV2d (31 of 48). Among them, 54.5% isolated in 2016, 65.2% isolated in 2017 and 71.4% 
isolated in 2018 belonged to PCV2d. It indicated that the prevalence of PCV2d genotype increased. All strains 
shared 93.4%–100% nucleotide sequence identity for the whole genome. Results of the analysis using RDP 
4.0 molecular recombination software showed there were no recombinant events among the 48 PCV2 isolates 
in this study. Further analysis indicated the presence of higher amino acid residues diversity in important 
epitopes (43D/G, 115D/G, 134N/T, 165P/T, 169G/R/S, and 210E/G/D) in the predominant genotype PCV2d. Animal 
tests showed the viral titer of the PCV2d strain LN-3 in sera was higher than that of PCV2b strain HeB-1 at 
14 and 21 days post-challenge, however, the differences were not statistically significant. There were also no 
obvious differences between PCV2d strain LN-3 and PCV2b strain HeB-1 in the amount of PCV2 antigen in 
lymphoid tissues. On the account of the increasing prevalence of PCV2d genotype, it is necessary to find the 
cause of PCV2 genotype change, to evaluate the effect of existing commercial vaccines and to develop new 
vaccines based on PCV2d genotype, if necessary.
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Introduction

Infection by Porcine circovirus type 2 (PCV2) in pigs 
results in a variety of diseases, such as post-weaning multi-
systemic wasting syndrome (PMWS) (Afolabi et al., 2017), 
porcine dermatitis and nephropathy syndrome (PDNS) 

(Kwon et al., 2017), porcine respiratory disease complex 
(PRDC), and other clinical disease manifestations that have 
generally been classified as Porcine circovirus-associated 
diseases (PCVADs) (Opriessnig et al., 2007). Since late 1990s, 
PCV2 has developed into a major pig pathogen and caused 
significant economic losses to the swine industry worldwide 
(Tischer et al., 1982).

PCV2 belongs to the family Circoviridae, the genus Cirovirus  
and is a small, non-enveloped virus containing a covalently 
closed, circular, single-stranded DNA genome (Trible et al., 
2011). The genome of PCV2 contains 1766–1768 nt with at 
least five potential open reading frames (ORFs) (Trible et 
al., 2011). The largest (ORF1) encodes the replicase proteins 
(Rep), Rep and Rep'. Rep is translated from the entire ORF1, 

mailto:liqingwangysu@aliyun.com
mailto:Jwli@qau.edu.cn


460	 HOU, Z. et al.: GENETIC EVOLUTION OF PCV2 IN CHINA 

while Rep' is encoded by an internally spliced RNA of ORF1 
(Cheung, 2012). ORF2 encodes the structural protein of the 
capsid, which is the only component of the viral capsid and 
the major target of the host immune response (Nawagitgul et 
al., 2000; Franzo et al., 2016). ORF3 is not essential for PCV2 
replication but is involved in PCV2-induced apoptosis by 
activating both the caspase-8 and caspase-3 pathways. ORF4 
plays a role in suppressing the caspase activity and regulating 
CD4 and CD8 T lymphocytes during PCV2 infection. The 
ORF5 gene has a length of 180 bp and overlaps completely 
with ORF1 when read in the same direction. Its protein 
is degraded via the proteasome, inhibits porcine alveolar 
macrophage (PAM) growth and prolongs the S-phase of the 
cell cycle (Lv et al., 2015).

PCV2 is continuously evolving through a series of point 
mutations and gene recombinations in the genome. The 
rate of the nucleotide alteration for PCV2 has been calcu-
lated to be about 1.2×10-3 substitutions per site and year. 
This is relatively high substitution rate for a single-stranded 
DNA virus, which enables PCV2 to have evolutionary 
dynamics closer to that of single-stranded RNA viruses 
than to that of double-stranded DNA viruses (Firth et al., 
2009). Based on the proportion of different nucleotide 
sites in ORF2 from viruses from various countries, PCV2 
strains could be subdivided into three main genotypes 
(PCV2a, PCV2b, and PCV2c) and two new genotypes 
(PCV2d and PCV2e) (Olvera et al., 2007; Davies et al., 
2016; Zhan et al., 2016).

For prevention of PCV2 infection, vaccination has been 
proven to be the most effective way to mitigate losses and 
to decrease PCV2 prevalence in the field. Although PCV2 
vaccines can reduce clinical signs of PCVAD, the emergence 
of new strains (some with increased virulence) fuels the 
debate that PCV2 vaccines need a regular update includ-
ing new strains. Information about the genetic variation of 
PCV2 in pig herds is critical for vaccine development and 
PCVAD prevention. The published data showed that PCV2a 
vaccination can provide a significant protection to animals 
challenged with PCV2b and PCV2d (Ramos et al., 2013; 
Segales et al., 2013); furthermore, genotype 2b-based PCV2 
vaccine is more effective than vaccine based on PCV2a for 
protection against PCV2b or combined PCV2a/2b viremia 
in pigs (Opriessnig et al., 2013). Nevertheless, PCV2 is still 
circulating in vaccinated farms. Due to the high mutation 
rate of the virus, recent findings indicate concerns that 
PCV2 strains may be capable to escape vaccination (Rose 
et al., 2016). Phylogenetic analysis is a powerful tool and 
is currently widely used to investigate antigens and capsid 
structure variations in viruses. The main purpose of this 
study was the investigation of the genetic variation and 
phylogenetic characteristics of PCV2 in China from 2016 
to 2018, and to improve the research for diagnosis, vaccine 
design, and PCV2 pathogenesis.

Materials and Methods

Research involving animal subjects. All animal samples were col-
lected in accordance with the standards of laboratory animal care 
(2016) in China and other related regulations in Animal Welfare Act 
(Approval No. 20180025). The animal study proposal was approved 
by the Institutional Animal Care and Use Committee (IACUC) of 
the Shandong province. All animal care and experiments were car-
ried out in accordance with the Regulations for the Administration 
of Affairs Concerning Experimental Animals approved by the State 
Council of People's Republic of China.

Sample collection. A total of 217 clinical samples consisting 
of lung, mesenteric lymph node, and tonsil tissue were collected 
during 2016–2018 from 65 farms in China, including Shandong, 
Hunan, Hubei, Henan, Hebei, Tianjin, Anhui, Jiangsu, Zhejiang, 
Jilin, Guangdong, Yunnan, Liaoning Heilongjiang, Inner Mongolia, 
Shanxi, Gansu, Jiangxi, Sichuan, and Shanghai provinces, for the 
detection of PCV2 infection. Fresh samples were randomly col-
lected from diseased pigs of the sampled farms, were processed 
and stored at -80°C until further use.

PCV2 genomic DNA amplification and sequencing. Viral genomic 
DNA was extracted from fresh or frozen tissue samples using 
a DNA viral Genome Extraction Kit (Solarbio, Beijing, China) 
according to the manufacturer's instruction. The PCV2 genomic 
DNA was PCR-amplified using the primer pairs described in Guo 
et al. (Guo et al., 2010). The resultant PCR products were purified 
using a Gel Extraction Kit (Solarbio, Beijing, China) according 
to the manufacturer's protocol, and then ligated to the pMD18-T 
Vector (Takara, Dalian, China) at 16°C for 2 hours. The ligation 
products were transformed into DH5α chemically competent cells 
and positive plasmid-containing inserts were identified via PCR. 
Positive bacterial suspensions were sent to a commercial facility 
(Sangon Biotech, Shanghai, China) for sequencing.

Genetic variation and phylogenetic analyses of PCV2 sequences. 
The sequences of 48 PCV2 isolates from 2016 to 2018, 25 other 
sequences obtained from GenBank, and the sequences of PCV2 
ORF2 were aligned and analyzed using the Clustal W method of 
the Megalign program (DNAStar software). A neighbor-joining 
tree was constructed using MEGA7.0 with 1000 bootstrap repli-
cates and the Kimura 2-parameter nucleotide substitution model 
(Kumar et al., 2016).

Recombination between PCV2 sequences. To detect possible 
recombination events within the 48 PCV2 genomes obtained from 
2016 to 2018 and 25 other sequences obtained from GenBank, 
seven methods implemented in the Recombination Detection 
Program (RDP) 4 were utilized including RDP, GeneConv, Boots-
can, Maxchi, Chimaera, SiSscan, and 3Seq (Martin et al., 2015). 
The following settings were employed in these analyses: window 
size = 20, highest multiple comparison-corrected p-value = 0.01, 
Bonferroni correction, finding consensus daughter sequences, and 
polishing breakpoints. Only putative recombination events detected 
by more than one method were considered. Pathogenicity study of 
the PCV2b strain HeB-1 and PCV2d strain LN-3. To determine the 
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pathogenic differences between PCV2b strain HeB-1 and PCV2d 
strain LN-3, fifteen four-week-old piglets were randomly divided 
into three groups and maintained in individual rooms. All piglets 
were negative for antigen and antibody of Porcine circovirus type 
2 (PCV2) before the experiment. Each piglet in the PCV2 strain 
group (HeB-1 or LN-3) was challenged intranasally with 2.0 ml 
of the PCV2b strain HeB-1 and PCV2d strain LN-3 at a titer of 
105.5 TCID50/ml. Each animal in the control group was given the 
same dosage of PK-15 cell culture medium. Piglets were monitored 
for 21 days after challenge and then were euthanized. The viremia 
of PCV2-challenged animals was detected at 0, 7, 14, and 21 day 
post-challenge. Viral DNA in serum samples was extracted using 
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to 
the manufacturer's instructions and subjected to a SYBR green I 
PCR for the detection of PCV2 (Li et al., 2015). PCV2 antigen in 
Lymphoid nodes was detected by PCV2 immunohistochemistry 
(IHC). Briefly, thin paraffin sections (5 μm) collected from each 
lymph node were dewaxed in xylene and rehydrated in ethanol 
(100%, 95%, 90%, 80% and 70%) for 10 min. After treatment with 
3% H2O2 for 10 min and a block, all slides were incubated in primary 
antibody (porcine polyclonal anti-PCV2 antibody) for 2 h and in 
secondary antibody (HRP-labeled goat anti-porcine IgG) for 1 h 
at room temperature. The sections were stained with DAB solution 
and then counterstained with hematoxylin.

Results

PCV2 detection

Of 217 samples collected in China from 2016 to 2018, 
48 samples tested positive for PCV2. Data of PCV2 isolates 
characterized in this work were ordered according to geo-
graphic origin, age, isolate tissue, clinical history, and the 
year of sample collection; these data are listed in Table 1.

Genetic variation and phylogenetic analysis of PCV2 
sequences

Phylogenetic analysis based on the PCV2 complete 
genome (Fig. 1) and ORF2 (Fig. 2) indicated that 8.3% 
(4/48), 27.1% (13/48), and 64.6% (31/48) of the 48 PCV2 
isolates belonged to genotype PCV2a, PCV2b, and PCV2d, 

Fig. 1

Phylogenetic tree based on the complete genome of PCV2 isolates 
from China

The tree was constructed using 73 partial genomes of PCV2 (1041 nt), which 
comprised 48 strains from this study and 25 other sequences obtained from 
GenBank. PCV1 sequence served as an out-group. The construction was 
obtained using a Neighbor Joining algorithm. The percentage of replicate 
trees in which the associated taxa clustered together in the bootstrap test 
(1000 replicates) are shown next to the branches.
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respectively. In addition, 54.5% isolates belonged to PCV2d 
in 2016, 65.2% in 2017, and 71.4% in 2018. The PCV2d 
isolates were the predominant genotype that circulated in 
China from 2016 to 2018 in our investigation. The nucleo-
tide homology levels of PCV2a, PCV2b, and PCV2d were 
94.6–97.9%, 97.9–99.8%, and 97.7–100%, respectively. All 
strains shared 93.4–100% nucleotide sequence identity for 
the whole genome (Table 2). These results indicate that the 
genome of PCV2a contained the highest variability while 
PCV2d exhibited minimum variability in terms of nucleo-
tide homology among Chinese PCV2 genotypes. Genetic 
divergence of the genome of these 48 isolates from China 
PCV2 genotypes were calculated as 94.5–99.8% (PCV2a and 
PCV2b), 93.4–100% (PCV2a and PCV2d), and 95.4–100% 
(PCV2b and PCV2d).

Recombination analysis

Recombination is a strong contributing force to the evolu-
tion of viruses and their genetic diversity. Based on RDP 4.0 
molecular recombination software, six potential recombina-
tion events were identified amongst genomes of 48 PCV2 
isolates and 25 other sequences obtained from GenBank  
(Table  3). One of these recombination events involved 
exchanges between PCV2b and PCV2d sequences, while 
another recombination event involved exchanges between 
PCV2c and PCV2d, both recombination events involved 
exchanges between PCV2d sequences. However, regardless 
of whether exchange happened between PCV2d or PCV2b 
and PCV2d sequences, the four recombinants were of 
PCV2d genotype. Interestingly, three recombinant strains 
(KY126314-SHX16, JX512856-PCV2d, and AY754022-
PCV2a) were derived from the potential parental strain 
JX519293-PCV2d. In addition, no other recombinants were 
found in the 48 isolated strains described in this study. 

Analysis of Cap amino acid sequences

To investigate amino acid variations of capsid among all 
48 PCV2 isolates in China from 2016 to 2018, the deduced 
Cap amino acid sequences were aligned and 53 variable 
amino acid residues regions of Cap were detected (Table 4). 
Cap had four antibody recognition domains, including po-

Fig. 2

Phylogenetic tree based on the ORF2 sequence of PCV2 isolates  
from China 

The tree was constructed using 73 sequences of PCV2 ORF2 (1041 nt), which 
comprised 48 strains from this study and 25 other sequences obtained from 
GenBank. PCV1 sequence served as an out-group. The construction was 
obtained using a Neighbor Joining algorithm. The percentage of replicate 
trees in which the associated taxa clustered together in the bootstrap test 
(1000 replicates) are shown next to the branches.
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Table 1. Identification of 48 PCV2 isolates from different geographic regions in China – materials with clinical history

No. Isolates name Isolate region Age (weeks) Clinical history Isolate tissue Isolate time GenBank No.
1 SD-1 Shandong 6-7 PMWS Spleen, lymphnode, lung 2016 MH890676
2 SD-2 Shandong 6-7 PMWS Spleen, lymphnode, lung 2016 MH920544 
3 SD-3 Shandong 3-4 Dead pig Lymph node 2017 MH931449
4 SD-4 Shandong 3-4 Dead pig Lymph node 2017 MH920545
5 SD-5 Shandong 3-4 Dead pig Lymph node 2017 MH920546
6 SD-6 Shandong 5 PMWS Spleen, lymph node, lung 2018 MH920547
7 HeN-1 Henan 3-5 PMWS Spleen, lymphnode, lung 2016 MH920548
8 HeN-2 Henan 7 Respiratory signs Serum 2017 MH920589
9 HeN-3 Henan 7 Respiratory signs Serum 2017 MH920549 

10 HeB-1 Hebei Unknown Dead pig Lymph, node 2017 MH920550
11 HeB-2 Hebei Unknown Dead pig Lymph node 2017 MH920551
12 TJ-1 Tianjin 6-7 PMWS Spleen, lymph node, lung 2017 MH920552
13 TJ-2 Tianjin Unknown PMWS Spleen, lymphnode, lung 2018 MH920553
14 AH-1 Anhui 5-6 PMWS Spleen, lymphnode, lung 2016 MH920554
15 AH-2 Anhui 5-6 Respiratory signs Serum 2017 MH920555
16 AH-3 Anhui 5-6 PMWS Spleen, lymphnode, lung 2017 MH920556
17 AH-4 Anhui Unknown PMWS Spleen, lymph node, lung 2018 MH920557
18 HuB-1 Hubei 5-6 PMWS Spleen, lymphnode, lung 2017 MH920558 
19 HuB-2 Hubei 5-6 PMWS Spleen, lymphnode, lung 2017 MH920559
20 HuB-3 Hubei 5-6 Dead pig Lymph node 2018 MH920560
21 HuN-1 Hunan Unknown PMWS Spleen, lymphnode, lung 2017 MH920561
22 HuN-2 Hunan Unknown PMWS Spleen, lymph node, lung 2017 MH920562
23 GD-1 Guangdong 3 Dead pig Lymph node 2017 MH920563
24 GD-2 Guangdong 3 Dead pig Lymph node 2018 MH920564
25 YN-1 Yunnan Unknown Dead pig Lymph node 2016 MH920565 
26 LN-1 Liaoning Unknown Dead pig Lymph node 2016 MH920566
27 LN-2 Liaoning Unknown Swine fever Serum 2017 MH920567
28 LN-3 Liaoning Unknown Swine fever Serum 2017 MH920568
29 JL-1 Jilin 7 PMWS Spleen, lymph node, lung 2018 MH920569
30 JL-2 Jilin 7 PMWS Spleen, lymph node, lung 2018 MH920570
31 HLJ-1 Heilongjiang 5 PMWS Spleen, lymph node, lung 2018 MH920571
32 NMG-1 Inner Mongolia 3 Dead pig Lymph node 2016 MH920572
33 NMG-2 Inner Mongolia 3 Dead pig Lymph node 2016 MH920573
34 SX-1 Shanxi 5 PMWS Spleen, lymphnode, lung 2017 MH920574
35 SX-2 Shanxi 5-6 Dead pig Lymph node 2018 MH920575
36 SX-3 Shanxi 5-6 Dead pig Lymph node 2018 MH920576
37 GS-1 Gansu Unknown PMWS Spleen, lymph node, lung 2017 MH920577
38 JS-1 Jiangsu Unknown Dead pig Lymph node 2016 MH920578
39 JS-2 Jiangsu 5-6 Dead pig Lymph node 2017 MH920579
40 JS-3 Jiangsu 5-6 Dead pig Lymph node 2018 MH920580
41 JX-1 Jiangxi 3-4 PMWS Spleen, lymph node, lung 2018 MH920581
42 JX-2 Jiangxi 3-4 PMWS Spleen, lymph node, lung 2018 MH920582
43 ZJ-1 Zhejiang Unknown PMWS Spleen, lymph node, lung 2016 MH920583
44 ZJ-2 Zhejiang Unknown PMWS Spleen, lymph node, lung 2016 MH920584
45 SC-1 Sichuan 4 Dead pig Lymph node 2017 MH920585
46 SC-2 Sichuan 4 Dead pig Lymph node 2017 MH920586
47 SC-3 Sichuan Unknown PMWS Spleen, lymph node, lung 2018 MH920587
48 SH-1 Shanghai 5-6 Dead pig Lymph node 2017 MH920588
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Table 2. Nucleotide homology levels (percent) of 48 PCV2 isolates and 25 other sequences obtained from GenBank

Whole genome PCV2a PCV2b PCV2d PCV2a/2b PCV2a/2d PCV2b/2d
Maximum 100 97.9 99.8 100 99.8 100 100
Minimum 93.4 94.6 97.9 97.7 94.5 93.4 95.4

Table 3. Results of the detection of recombination events among genomes of 48 PCV2 isolates and 25 other sequences obtained from GenBank 
using RDP 4.0 molecular recombination software

No. Recombinant/genotype Major parent/genotype Minor parent/genotype Detection algorithm/P valve Breakpoint positions 
beginning/ending

1 KY126314-SHX16 KY126317-HBXT1 Unknown (JX519293-PCV2d) RDP/2.26×10-4 864/1763
GENECONV/2.81×10-2

Bootscan/8.15×10-4

Maxchi/2.25×10-7

Chimaera/NS
SiSscan/5.54×10-11

3Seq/8.12×10-7

2 KY126317-HBXT1 KX981604-SD-LY AY713470-PCV2d RDP/3.24×10-3 1772/906
GENECONV/4.73×10-2

Bootscan/2.53×10-2

Maxchi/3.35×10-7

Chimaera/5.75×10-3

SiSscan/NS
3Seq/8.61×10-6

3 JX512856-PCV2d JX519293-PCV2d RDP/NS 1152/1544
GENECONV/NS
Bootscan/NS
Maxchi/2.42×10-5

Chimaera/NS
SiSscan/1.41×10-5

3Seq/3.93×10-2

4 FJ644927-PCV2d JX535296-PCV2d KX981602-SD-HJ RDP/3.79×10-5 1440/1643
GENECONV/2.35×10-4

Bootscan/3.19×10-5

Maxchi/1.14×10-2

Chimaera/2.75×10-2

SiSscan/3.88×10-4

3Seq/5.55×10-5

5 AY754022-PCV2a JX519293-PCV2d Unknown (EU148505-PCV2c) RDP/NS 1266/1544
GENECONV/NS
Bootscan/NS
Maxchi/2.73×10-4

Chimaera/NS
SiSscan/4.04×10-5

3Seq/4.09×10-3

6 JX519293-PCV2d KX981604-SD-LY Unknown (AF055394-PCV2b) RDP/NS 292/864
GENECONV/NS
Bootscan/NS
Maxchi/2.75×10-4

Chimaera/NS
SiSscan/1.6×10-7

3Seq/NS
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sitions 51–84, 113–136, 166–208, and 228–234, defined as 
epitopes A-D, respectively (Trible et al., 2011). In this study, 
12 variable amino acid residues were detected in the epitope 
A, six in the epitope B, eight in the epitope C, and two in the 
epitope D. Furthermore, 14, 2, and 7 amino acid residues 
were unique to the genotype PCV2a (47A/S, 59A, 63S/T, 86T, 
88K, 89I, 91I, 131M/I/P, 151P, 185M, 187I/R, 190S, 191K/R, 206K), PCV2b 
(57I, 89R), and PCV2d (53I, 68N, 89L, 90T, 121T, 215I, 234K), respec-
tively. This suggests a higher amino acid residue diversity at 
important positions (43D/G, 115D/G, 134N/T, 165P/T, 169G/R/S, 
and 210E/G/D) in the predominant genotype PCV2d.

Pathogenicity study of the PCV2b strain HeB-1 and 
PCV2d strain LN-3

To further assess the replication of PCV2b and PCV2d 
in the sera of infected pigs, we selected HeB-1(PCV2b) and 
LN-3(PCV2d) to challenge four-week-old piglets. None of 
the pigs developed clinical signs, and no difference in weight 
gain was observed between treatment groups. The viral titers 
of the PCV2d strain LN-3 in sera of pigs were higher than 
those of the PCV2b strain HeB-1 at 14 and 21 days post-
challenge, however the differences were not statistically 
significant (p >0.05) (Fig. 3). There were no obvious differ-

Table 4. Variable amino acid residues in the capsid protein amongst 
48 PCV2 isolates in China from 2016 to 2018

Position PCV2a PCV2b PCV2d Epitopes
8 1F/3Y Y F

10 R 1K/15R R
26 R 1C/15R R
30 1I/3V 1L/15V V
34 H 1N/15H 1L/35H
40 R R 1K/35R
41 K K K
43 G G 3D/33G
47 2A/2S T T
53 F F I

A (51-84aa)

57 V I V
59 A 9R/7K K
60 3S/1T T T
63 2S/2T 6K/10R R
68 1S/3A A N
72 1I/15L 1I/15M M
76 2L/2I I I
77 D 1D/15N N
80 2V/2L L L
83 G G G
84 G G G
86 T S S
88 K P P
89 I R L
90 S S T
91 I V V

115 D D 4G/32D

B (113-132aa)

117 G G G
121 S S T
123 2I/2V V V
130 2F/2V V V
131 1M/1I/2P T T
133 1V/1A/2S 1F/15A A
134 1P/3T T 3T/33N
136 2Q/2L L L
144 Y Y 1I/35Y
151 P T T
160 1N/3Y Y Y
165 P P 2T/34P

C (161-208aa)

167 L L 1I/35L
169 S S 2S/12G/22R
185 M L L
187 2I/2R L L
190 S 5A/11T T
191 2R/2K G G
206 K I I
210 D E 1E/1G/34D
215 V V I
222 R 1K/15R R
224 F 1S/15F F
225 N N 1D/35N
232 K 1K/15N N

D (228-233)
234 – – K

(–) = indicates that amino acid residues at this position are deleted.
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Fig. 3

PCV2 DNA in sera after challenge of pigs with PCV2b or PCV2d
PCV2b strain HeB-1 or PCV2d strain LN-3 genomic copies in serum were 
measured at days 7, 14, and 21 after virus challenge and were expressed as 
the mean log10 quantities of 5 pigs per group. No DNA was detected prior 
to viral challenge. There were no significant differences between pigs chal-
lenged with PCV2b strain HeB-1 or PCV2d strain LN-3. (p >0.05).
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ences between the amount of PCV2 antigen in lymphoid 
tissues between the strains LN-3 and in the HeB-1 (Fig. 4).

Discussion

PCV2 is considered to be an essential agent for the patho-
genesis of PCVAD, which causes huge economic losses for 
swine industry worldwide and therefore, a systemic epide-
miological surveillance for this disease is essential. PCV2 
strains were subdivided into four main genotypes: PCV2a, 
PCV2b, PCV2c, and PCV2d. A shift from PCV2a to PCV2b 
had occurred between 2009 and 2010 in China. Currently, 
PCV2d genotype has become prevalent in China since 2010 
(Guo et al., 2010; Cai et al., 2012). The shift of PCV2 geno-
type may be affected by the immune stress of vaccination. A 
mass of data was used to analyze the changes of PCV2a and 
PCV2b genotypes in immune vaccines (based on PCV2a) 
and non-immune vaccines. The results showed that PCV2a 
prevalence was reduced from 24.2% (vaccinated herds) to 
3.6% (non-vaccinated herds), at the same time, PCV2b 
prevalence increased from 75.8% (non-vaccinated herds) to 
96.4% (vaccinated herds) (Reiner et al., 2015). These findings 
were also supported by Shen et al. (2012). The main objective 
of this work was to evaluate the genotypes of PCV2 strains 
circulating in the PCV2-affected pigs and healthy pigs in 
China. The results showed that 64.6% (31 of 48) of the PCV2 
strains isolated in China from 2016 to 2018 belong to the 
PCV2d genotype, indicating dominance of PCV2d among 
the three genotypes. In addition, 54.5% isolates belonged to 
PCV2d in 2016, 65.2% in 2017, and 71.4% in 2018. PCV2d 
showed an increasing tendency and became the dominant 
genotype in China in 2018. The reason for this situation is 
probably that China's commercial PCV2 vaccine was devel-
oped based on PCV2a and PCV2b. Under the strong vaccine 
immune pressure, clinical PCV2 genotypes rapidly evolved 
and shifted to PCV2d genotype.

Fig. 4

Immunohistochemical detection of PCV2 antigen in the lymph nodes of experimental pigs
(a) PCV2b antigen was detected in the inguinal lymph nodes from the control group. (b) PCV2b antigen was detected in the inguinal lymph nodes from 
pigs challenged with PCV2b HeB-1 strain. (c) PCV2d antigen was detected in the inguinal lymph nodes from pigs challenged with PCV2d LN-3 strain. 
There were no significant differences between pigs challenged with PCV2b strain HeB-1 or PCV2d strain LN-3.

Recombination is a process with which PCV2 gains 
genetic diversity and therefore, in combination with point 
mutations, it plays a crucial role during PCV2 evolution. Re-
combination is common phenomenon among PCV2 strains, 
which had been confirmed in several countries (Huang et 
al., 2013; Reiner et al., 2015). There were no recombinants 
among the 48 PCV2 isolates in China from 2016 to 2018; 
however, six recombinants were found in the 25 other se-
quences obtained from GenBank. It can be concluded that 
recombination was not the main variation mode of PCV2 
in China in recently years.

Alterations of the capsid of PCV2 may affect viral life 
cycle, antigenicity of capsid proteins, or neutralizing anti-
body recognition. Epitopes on capsid of PCV were analyzed 
and divided into four general antibody recognition regions, 
named A (51 to 84), B (113 to 132), C (161 to 208), and D 
(228 to 233), respectively (Trible et al., 2011). In the present 
study, several amino acid mutations occurred in these regions 
within the 48 isolates, especially at several epitope-associated 
positions. PCV2d was the major genotype and acquired a 
change from phenylalanine to isoleucine at position 53 and 
from serine to threonine at position 121 in these regions. 
Residues at positions 59–60, 169, and 190–191 located at 
three conformational epitopes were recognized by neutral-
izing antibodies (Khayat et al., 2011). For the isolates investi-
gated in this study, mutation occurred at positions 59 and 190 
in PCV2b strains, at positions 60 and 191 in PCV2a strains, 
and at position 169 in PCV2d strains. Our results showed 
that loop CT formed by nine amino acids from position 225 
to 233 could influence the neutralizing antibody binding to 
the conformational epitope (Khayat et al., 2011). The isolate 
JX-2 (GenBank accession numbers MH920582) changed 
from asparagine to lysine at position 232 at the loop CT of 
the Cap. Furthermore, a PCV2d mutant with an additional 
lysine at the end of the Loop CT could change the surface 
patterns of the capsid compared to traditional PCV2b isolates 
(Zhan et al., 2016). It has been reported that PCV2d with an 
elongation of lysine showed stronger virulence than PCV2a 

(a) (b) (c)
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and PCV2b isolates (Guo et al., 2012). All PCV2d strains that 
we isolated had lysine at position 234. Continuous muta-
tions at these critical positions may help PCV to escape the 
host immune system and vaccination, thus promoting virus 
propagation under field conditions. 

The selection impact of vaccination on the PCV2 can 
probably cause the shift in the genotype. Therefore, we 
speculate that selection impact of PCV2a vaccination causes 
the prevalence of PCV2d. Currently, commercial vaccines 
are mainly based on PCV2a and PCV2b, which may be the 
main reason for the increased prevalence of PCV2d. There 
may be an unknown evolutionary mechanism of PCV2 to 
escape vaccine immunization. Although our results showed 
that there were no obvious differences between the virulence 
of PCV2d strain LN-3 and the PCV2b strain HeB-1, the 
changing landscape of PCV2 diversity should be monitored 
via continual epidemiology surveillance and support should 
be provided for the development of vaccines. The develop-
ment of appropriate strategies is required for successful 
disease control.
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