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Abstract

and control porcine circovirus infections.

Porcine circoviruses, particularly porcine circovirus type 2 (PCV2) and porcine circovirus type 3 (PCV3), significantly
impact the global pig industry due to their high prevalence and pathogenicity. Conversely, porcine circovirus type

1 (PCV1) and porcine circovirus type 4 (PCV4) currently have low positivity rates. This study aimed to characterize

the distribution and epidemiology of porcine circoviruses in Xinjiang, while also analyzing the genetic diversity

and evolution of PCV2 and PCV3, which pose the greatest threats to the industry. In this study, we collected blood
and tissue samples from 453 deceased pigs across eight regions in Xinjiang Province from 2022 to 2024. We utilized
real-time PCR to detect the presence of PCV1, PCV2, PCV3, and PCV4. The positive rates were 15%, 71%, 25%, and 17%,
respectively. Genetic analysis showed 9 PCV2 sequences and 12 PCV3 sequences. The capsid protein of PCV2 showed
significant variability. In contrast, the amino acid sequences of capsid in PCV3 were relatively stable. Moreover, we
predicted antigenic epitopes for PCV3 capsid using IEDB and ElliPro. The findings from this study provide valuable
epidemiological data on PCV coinfection in the Xinjiang region and enhance the understanding of virus diversity
nationwide. This research may serve as an important reference for the development of strategies to prevent
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Introduction

Circoviruses comprise a family of viruses characterized
by the smallest known viral genomes consisting of
circular single-stranded DNA. These viruses are
prevalent across a wide range of hosts including humans,
birds, pigs, bats, and other animals. Porcine circoviruses
(PCVs) are categorized into four distinct types based
on the order of their discovery: porcine circovirus type
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1 (PCV1), Porcine circovirus type 2 (PCV2), porcine
circovirus type 3 (PCV3), and porcine circovirus type 4
(PCV4) [1]. PCV1, first identified in the porcine kidney
cell line 15 (PK-15), has a genome approximately 1760
nucleotides (nt) in length and is generally regarded as
non-pathogenic, often considered a contaminant in
biological materials [2, 3]. Conversely, PCV2, identified
in 1998, has emerged as a major pathogen in the global
pig industry, with a genome of about 1700 nt [4]. It is
differentiated into eight genotypes (2a, 2b, 2c, 2d, 2e,
2f, 2 g and 2 h) based on the DNA sequence variations
in the open reading frame 2 (ORF2) [5-9]. It is known
that mixed infections of PCV2 and other pathogenic
microorganisms can lead to a series of diseases,
including post-weaning multisystemic wasting syndrome
(PMWS), porcine dermatitis and nephropathy syndrome
(PDNS), respiratory diseases, congenital tremors, and
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reproductive problems [10-12]. PCV3, discovered in
2016 in the United States, has a genome of about 2000
nt and is subdivided into three genotypes (PCV3a,
PCV3b, and PCV3c), distinguished by variations in
the capsid of PCV3 [13, 14]. When co-infected with
other pathogens, it is associated with similar clinical
symptoms as co-infection with PCV2, such as respiratory
failure, encephalitis, myocarditis, abortion and fetal
mummification, in addition to PDNS [15, 16]. PCV4
was first detected in Hunan Province, China, in 2019 in
a pig also infected with African swine fever, presenting
severe clinical signs. Its genome, approximately 1770
nt in size, shows 43.2-51.5% similarity with other
porcine circoviruses. To date, the association of PCV4
with specific clinical symptoms remains unclear [17].
Epidemiological data reveal variable prevalence rates
across different regions in China: PCV1 exhibits a
prevalence of 4.17% in Jiangsu. Investigations in Shanxi
and Henan indicated PCV2 and PCV3 positivity rates of
57.07% and 36.36%, respectively [18, 19]. Southern China
showed a PCV2 positivity rate of 69.5%, in a 2018—-2019
survey in Henan, PCV2 and PCV3 were detected at rates
of 72.9% and 5.17%, respectively [9, 20]. The detection
rates for PCV4 are 3.33% in Jiangsu and 5.05% in Guangxi
[17, 21].

Xinjiang, encompassing approximately one-sixth of
China’s total land area, hosts a notable pig population
and has witnessed steady growth in its animal
husbandry sector in recent years. Given its unique
geographical and ecological attributes, Xinjiang offers
diverse natural conditions conducive to studying the
epidemiological characteristics of porcine circoviruses
(PCVs). This underscores the importance of conducting
comprehensive epidemiological investigations and
evolutionary analyses of PCVs in the region. A previous
study recorded a PCV3 positivity rate of 22.39% in
Xinjiang in 2019 [22]. Despite this, there remains a
paucity of data on the current epidemic trends and
an absence of detailed analysis on the infections and
co-infections involving PCV1, PCV2, and PCV4.

In our study, we examined samples from 453 diseased
pigs across 22 farms in 8 different areas of Xinjiang,
spanning from 2022 to 2024. The goal was to elucidate
the infection statuses and distribution patterns of PCV1
through PCV4, and to perform an epidemiological
analysis on these viruses. Additionally, we conducted
genetic analyses on the ORF2 genes of PCV2 and
PCV3 to assess the genetic variations and evolutionary
dynamics of the capsid protein in these viruses.
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Methods

The collection of clinical samples

From August 2022 to January 2024, a total of 453 clinical
samples were collected from diseased pigs across 22 farms
situated in 8 different regions of Xinjiang. The sample
types included blood, lung, liver, and lymph nodes. The
affected pigs exhibited symptoms that varied in severity,
encompassing respiratory distress, reproductive issues,
and severe emaciation due to diarrhea. The geographical
breakdown of the sample collection was as follows:
AKeSu (48), Chang]i (48), HaMi (72)], KaShi (18), BaYin
(48), ShiHeZi (99), WuJiaQu (36), and YiLi (84). The pigs
sampled ranged across different developmental stages
from conservation, through pregnancy, to fattening. Each
sample was uniquely collected from individual pigs.

The extraction of DNA from the samples

For blood samples, 200 puL. were drawn, and genomic
DNA was extracted following the protocol provided by
the YALEPIC® Universal Genomic DNA Isolation Kit
(YALI China). For tissue samples, 25 mg was harvested,
finely minced, and subsequently pulverized using liquid
nitrogen, in preparation for DNA extraction as per the
kit guidelines. The extracted DNA was then preserved at
-80°C. PCV1-PCV4 positive plasmids (Tecon, Xinjiang)
were used as detection controls.

The detection and analysis of PCVs

The nucleic acids of PCVs were detected using a SYBR
Green-based quantitative PCR (qPCR) method. The
reaction mixture comprised 10 puL of 2 X M5 HiPer
SYBR Premix EsTaq (with Tli RNaseH) (Mei5bio,
China), 0.4 pL of each specific primer (Supplementary
Table 4), 0.4 puL of ROX Reference Dye II (50 X), and 2
pL of DNA template. The volume was adjusted to 20 uL
with nuclease-free water. The qPCR cycling parameters
on the QuantStudio 3 Real-time PCR system (Thermo,
USA) were set as follows: initial denaturation at 95 °C for
10 min, followed by 40 cycles of denaturation at 95 °C for
30 s, annealing at 60 °C for 30 s, and extension at 72 °C
for 30 s with fluorescence data collection. To ensure the
reliability of the detection, positive and negative controls
were included, and a subset of the 453 positive samples
was randomly selected for sequencing verification. The
infection data was visualized using Chiplot and the
Venn diagram was drawn using jvenn [23]. Geographical
analysis of PCVs was visualized using DataV (https://
datav.aliyun.com/portal/school/atlas/area_selector) and
Adobe Illustrator 2022.
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Amplification, cloning, and evolutionary analysis

of the ORF2 gene

The ORF2 sequences of PCV2 and PCV3 were amplified
using primers detailed in Supplementary Tables 4, and
the resultant DNA fragments were cloned into the
pUC57 vector and sequenced by Sangon(Shanghai,
China). The acquired sequences were aligned and
compared with reference sequences from the NCBI
database (Supplementary Tables 4 and 4) using MEGA
11.0 software under default parameters. The most
suitable Bayesian model for phylogenetic analysis was
identified via MEGA 11.0, and an evolutionary tree
was constructed using the maximum likelihood (ML)
approach with the GTR+G+1 model, supported by
1000 bootstrap replicates. Additionally, the amino acid
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sequences of the capsid protein for both PCV2 and PCV3
were analyzed in DNAMAN. Antigenic epitopes of the
PCV3 capsid protein were predicted using tools from
IEDB and ElliPro. The findings were visualized using
GraphPad Prism 9 and PYMOL software for detailed
graphical representation.

Results

Prevalence of PCVs in Xinjiang of China

In the study conducted in Xinjiang, China, data analysis
from a total of 453 samples indicated distinct infection
rates for porcine circoviruses (Table 1). Specifically, the
positive rates for PCV1, PCV2, PCV3, and PCV4 were
found to be 15%, 71%, 25%, and 17%, respectively (Fig. 1a).
Moreover, the rates of mixed infections were analyzed as
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Fig. 1 Prevalence of PCVs in Xinjiang of China a The image presents a heatmap depicting the prevalence of PCV infections across various
regions in Xinjiang. Black dots and lines specify the type of infection present, while the relative size of the circles indicates the intensity
of the infection in each region. b The Venn diagram illustrates detailed information on mixed infections, while the bar chart provides granular data

regarding individual infection types and their frequencies

Table 1 The prevalence of PCVs in different regions in Xinjiang of China

City Samples PCV1 PCV1 PCV2 PCV2 PCV3 PCV3 PCV4 PCV4
(n) positive prevalence positive prevalence positive prevalence positive prevalence
(n) (%) (n) (%) (n) (%) (n) (%)
AKeSu 48 13 27.1 44 91.7 16 333 11 229
Changji 48 2 42 24 50.0 7 14.6 8 16.7
HaMi 72 10 139 53 73.6 13 18.1 7 9.7
KaShi 18 0 0 17 944 8 444 1 56
BaYin 48 5 104 31 64.6 9 18.8 5 104
YiLi 84 23 274 50 59.5 23 274 22 26.2
ShiHeZi 99 13 13.1 86 86.9 32 323 14 14.1
WuJiaQu 36 1 2.8 17 472 3 83 9 25.0
Total 453 67 14.8 322 71.1 111 245 77 17.0
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follows: 6.4% for co-infections of PCV1 and PCV2; 0.44%
for PCV1 and PCV3; none for PCV1 and PCV4; 12.36%
for PCV2 and PCV3; 7.28% for PCV2 and PCV4; 0.22%
for PCV3 and PCV4; 2.87% for tri-infections involving
PCV1, PCV2, and PCV3; 1.99% for PCV1, PCV2, and
PCV4; 0.22% for PCV1, PCV3, and PCV4; 2.65% for
PCV2, PCV3, and PCV4; and 1.55% for infections of
PCV1, PCV2, and PCV3, and PCV4 (Fig. 1b). Notably,
the overall infection rate of PCV2 was relatively high,
with the highest mixed infection rate observed between
PCV2 and PCV3. In contrast, the infection rates for both
PCV1 and PCV4 were comparatively lower (Fig. 1b).

Geographical distribution of PCVs

In eight regions of Xinjiang, diverse strains of porcine
circoviruses (PCVs) were detected, with notable
variations in their prevalence, except for Kashi where
PCV1 was not detected. Among these regions, Yili
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exhibited the highest infection rate of PCV1 at 27.4%,
contrasting with Kashi where PCV1 was absent.
Conversely, Kashi demonstrated the highest positive
rate for PCV2 at 94.4%, followed by Aksu at 91.7% and
Shihezi at 86.9%, while Wujiaqu exhibited the lowest
infection rate at 47.2%. Regarding PCV3, Kashi showed
the highest infection rate at 44.4%, followed by Aksu at
33.3%, with Wujiaqu recording the lowest rate at 8.3%.
In terms of PCV4, Yili had the highest infection rate
at 26.2%, whereas Kashi exhibited the lowest at 5.6%
(Table 1). Geospatial distribution analysis reveals that
among the 8 surveyed regions, PCV1 was not detected
in the KaShi region, while PCV1 to PCV4 were detected
in the remaining regions (Fig. 2a—d). PCV1 and PCV4
were predominantly distributed in western Xinjiang,
while PCV2 was prevalent in the southwest and
northeast regions (Fig. 2a, b and d). PCV3 exhibited
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Fig. 2 Geographic visualization of PCV infection status a The visualization captures the infection status of PCV1 across Xinjiang. b The depiction
shows the prevalence of PCV2 infections throughout Xinjiang. ¢ The graphic represents the distribution of PCV3 infections across the region

of Xinjiang. d The image illustrates the infection status of PCV4 in Xinjiang
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a higher positivity rate in the southwestern region of
Xinjiang (Fig. 2c).

Molecular characterization of PCV2

The ORF2 gene of nine PCV2 strains were sequenced,
and their sequences submitted to GenBank at National
Center for Biotechnology Information (NCBI), where
corresponding accession numbers were recorded
(Table 2). For comparative analysis, gene sequences of 25
representative PCV2 ORF2 genes with distinct subtypes
were retrieved from the NCBI database (Supplementary
Table 1). These sequences facilitated the construction of
the evolutionary tree for ORF2 (Fig. 3a). According to
this phylogenetic analysis, the nine sequences comprised
one PCV2e, four PCV2b, and four PCV2d strains.

To further examine variations in the capsid protein,
which carries major immunogenic properties,
sequences from three vaccine strains and 28 reference
strains were aligned for amino acids comparison.
Critical epitopes previously identified include the
regions spanning amino acids 51-81, 113-139,
161-208, 227-233, and the immunodominant bait
epitope 168-180 ([24-27]. Previous studies have
highlighted that the N-terminal NLS segment of the
PCV2 capsid protein functions as a cell-penetrating
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peptide, significantly impacting viral infection
dynamics in cells. The core epitopes of the NLS
include NLS-A  (MTYPRRRFRRRRHRPRS) and
NLS-B  (QILRRRPWLVHPRHRYRWRRK), situated

at amino acid positions 1-17 and 27-41, respectively
[28, 29]. Notably, when compared to other different
isoforms, PCV2b has undergone mutations in four
amino acids, three of which (Lyssg, Arg63, and Thr'%)
were located at antigen recognition sites, and one
(ILe®®) at the NLS-B site. PCV2d strains exhibited
three amino acid mutations relative to other different
isoforms, all located within the antigen recognition
region (Ser'®®, Lys'®®, and Lys®*?), with two (Ser'®®
and Lys'®) positioned at critical antigenic epitope
sites. The newly sequenced PCV2e strain showed two
amino acid mutations relative to same isoforms, one of
which (Asn'?’) was within the antigen recognition area.
Significant differences were observed in the antigenic
epitopes between PCV2e and the predominant PCV2d
strain (Supplementary Fig. 1). Nucleotide similarity
among the nine ORF2 sequences ranged from 92.4 to
94.8% between PCV2b and PCV2d, from 81.8 to 84.0%
between PCV2b and PCV2e, and from 84.2 to 84.5%
between PCV2d and PCV2e. These observations align
with findings from previous research [30].
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Fig. 3 Constructing evolutionary trees based on ORF2 for PCV2 and PCV3 a This figure displays an evolutionary tree alongside genotyping for 9
PCV2 ORF2 sequences derived from this study, compared with 25 PCV2 ORF2 sequences sourced from the NCBI database. Different genotypes are
indicated by various colors, with red dots highlighting the sequences obtained in our study. b It illustrates an evolutionary tree and genotyping

for 12 PCV3 ORF2 sequences acquired from this research, alongside 27 PCV3 ORF2 sequences from NCBI. Various genotypes are depicted in distinct

colors, with sequences from this investigation represented by red dots
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Table 2 The information of PCV2 and PCV3 strains sequenced in this study

Strain Collection data Location Accession number Genotype
PCV2/BaYin 2022.10.27 BaYin PP707852 PCV2b
PCV2/ShiHeZi-1 2022.12.15 ShiHeZi PP707853 PCV2b
PCV2/ShiHeZi-2 2023.04.05 ShiHeZi PP707854 PCV2b
PCV2/WuliaQu 2023.07.21 WuliaQu PP707855 PCV2b
PCV2/Changji 2022.11.11 Changji PP707856 PCV2d
PCV2/KaShi-1 2023.02.07 Kashi PP707857 PCv2d
PCV2/AKeSu-1 2023.03.15 AKeSu PP707858 PCv2d
PCV2/AKeSu-2 2023.08.21 AKeSu PP707859 PCV2d
PCV2/YiLi 2023.07.17 YiLi PP707860 PCV2e
PCV3/ShiHeZi-1 2022.11.05 ShiHeZi PP707861 PCV3a
PCV3/WuliaQu 2023.06.22 WuliaQu PP707862 PCV3a
PCV3/KaShi-2 2022.12.05 Kashi PP707863 PCV3b
PCV3/YilLi-2 2023.01.17 Yili PP707864 PCV3b
PCV3/AKeSu-1 2022.10.11 AKeSu PP707865 PCV3b
PCV3/ShiHeZi-2 2023.03.16 ShiHeZi PP707866 PCV3b
PCV3/Changji 2023.09.23 Changji PP707867 PCV3b
PCV3/AKeSu-2 2023.07.11 AKeSu PP707868 PCV3b
PCV3/HaMi 2023.08.22 HaMi PP707869 PCV3b
PCV3/YiLi-1 2023.12.07 YiLi PP707870 PCV3b
PCV3/KaShi-1 2023.04.25 KaShi PP707871 PCV3b
PCV3/BaYin 2023.10.13 BaYin PP707872 PCV3b

Molecular characterization of PCV3

For comparative analysis, gene sequences of 27
PCV3 ORF2 gene obtained from NCBI were utilized
(Supplementary Table 2). These sequences were
employed to construct the evolutionary tree for ORF2
(Fig. 3b). The phylogenetic analysis identified two of
the 12 sequences as PCV3a and the remaining ten as
PCV3b. Nucleotide similarity among the 12 ORF2 gene
sequences of PCV3a and PCV3b ranged from 95.5 to
97.1%. To further explore the mutation status of the
capsid protein, known for its significant immunogenic
properties, amino acid alignment was performed using
DNAMAN, which revealed that the PCV3a (ShiHeZi-1)
strain exhibited three amino acid mutations (Thr®!, Phe®,
and Leu'®®) relative to other different isoforms, while
the PCV3Db strains displayed four amino acid mutations
relative to other different isoforms (Thr61, Asn'®®, Argl%,
and Phe'®”) (Supplementary Fig. 2).

PCV3 capsid antigenic epitope prediction

After sequence comparison using DNAMAN, the amino
acid sequences of PCV3capsid protein were found to be
highly conserved (Supplementary Fig. 2). Consequently,
the strain PCV3/KaShi-2 was selected for antigenic
epitope prediction using the IEDB platform. The
Kolaskar and Tongaonkar antigenicity model, which has a
prediction accuracy of 75% [31], was employed to identify

potential conserved epitopes that could inform the
development of vaccines with broader antigenic coverage.
This model has previously been used for antigenic
epitope prediction in dengue virus and influenza A [32,
33].The Kolaskar and Tongaonkar antigenicity prediction
method identified five antigenic peptides ranging from
7 to 21 amino acids in length within the 197 amino acid
sequence, with the longest peptide measuring 21 amino
acids and achieving a score of 1.076 (Supplementary
Table 3). The relationship between potential conserved
epitopes and the amino acid residues of the PCV3 capsid
protein is depicted in Fig. 4a, with an average score of
1.009 (minimum: 0.881; maximum: 1.165). Additionally,
the Chou and Fasman Beta-Turn Prediction model
was used to predict beta-turns in the protein structure,
known to likely be exposed on protein surfaces and thus
possessing potential immunogenicity [34, 35]. Beta-turn
structures, which are often exposed on protein surfaces
and targeted by the immune system, were predicted
using Chou and Fasman beta-turn prediction; peptides,
GTPQNNK (a.a 36-42), TPQNNKP (a.a 37-43), and
PQNNKPW (a.a 38—44), showed higher propensities for
forming beta-turns with scores around 1.301 (Fig. 4b).
Surface accessibility was assessed using the Emini surface
accessibility prediction, this model is well-established and
widely used in immunological studies [34, 36]. The Emini
surface accessibility prediction indicated high surface
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Fig. 4 Prediction of linear epitopes of PCV3 Capsid using IEDB a Depiction of potential antigenic conserved sites within PCV3 Capsid protein using
the Kolaskar and Tongaonkar antigenicity scale (Threshold=1.009). b lllustration of the secondary structure of the protein employing the Chou
and Fasman Beta-Turn prediction model, highlighting B-turn epitopes which are likely more exposed on the protein surface (Threshold =0.995).

c Diagram predicting the surface accessibility of the Capsid protein using the Emini surface accessibility prediction method (Threshold = 1.000).

d Visualization of the protein surface hydrophilicity using the Parker Hydrophilicity prediction model (Threshold=1.227). Yellow regions indicate

predicted favorable areas, while green regions denote less favorable areas

accessibility for SKKKHSRYFT (a.a 121-130), suggesting
their likelihood of exposure to solvents or antibodies,
while QDDPYAESST (a.a 106—115) exhibited a markedly
lower score of 2.624 (Fig. 4c). The Parker hydrophilicity
prediction was applied to determine regions of the
capsid protein that are hydrophilic and therefore likely
to interact more readily with antibodies, enhancing
immune recognition [37]. Hydrophilicity, as assessed
by the Parker hydrophilicity prediction, highlighted the
TWLQDDPYAESSTRKVMTSKKHSRYFT segment
(a.a 103-130) as having a high hydrophilicity score
of 2.696, indicating enhanced solubility (Fig. 4d). The
Karplus and Schulz flexibility prediction model focused
on predicting the flexibility of protein chains, crucial
for determining the structural and functional properties
of proteins. underscoring its potential importance in
clinical diagnostic and vaccine development strategies
due to its structural dynamics [38—40]. Protein flexibility

was evaluated using The Karplus and Schulz flexibility
prediction, with residue Asn* in the TPQNNKP
segment (a.a 37-43) showing the highest flexibility score
of 1.111 (Fig. 5a). Additionally, BepiPred Linear Epitope
Prediction 2.0, a tool designed specifically for predicting
linear B-cell epitopes [41], . BepiPred Linear Epitope
Prediction 2.0 identified potential B cell epitope sites in
the capsid protein, with ISPAQQTKTMFG segments
(a.a 78-89) and AWTTNTWLQDDPYAESSTRKVMTS
KKKHSRYFT (a.a 98-130) scoring below the threshold,
contrasting with the higher scoring RRYVRRKLFIRRPT
segment (a.a 5-18) (Fig. 5b). According to
Supplementary Table 3, the YYTKKYS segment (a.a
22-28) met all four screening criteria, marking it as a
likely potential antigenic epitope, and the amino acid
comparison chart confirmed this region’s conservation
(Supplementary Fig. 2). Previously identified linear B cell
antigenic epitopes of PCV3 capsid (KHSRYFT, NKPWH,
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method (Threshold=1.001). b Prediction of linear B-cell epitopes within the protein sequence utilizing BepiPred linear epitope prediction 2.0
(Threshold =0.500). ¢ Rendering of the PCV3 capsid structure in 3D using PYMOL. d Identification of discontinuous epitopes situated in the loop
region via ElliPro. The green cartoon linear sections represent the 3D rendered model of the PCV3 capsid structure using PyMOL. The yellow
spherical structures indicate the discontinuous epitope regions located in the Loop areas identified by ElliPro, presented in a visual format

WLQDDPYAESSTRKV)  (Supplementary Table 3)
were all found to have high scores on the four scoring
methods, which is consistent with the verification results
(42, 43].

Predicted structural epitopes of PCV3 capsid

ElliPro employs the protrusion index, derived from
the analysis of resolved protein structures, to predict
discontinuous epitopes within the three-dimensional
configuration of antibody-antigen complexes. This
approach surpasses traditional linear epitope prediction
techniques in accuracy for identifying antibody epitopes
[44].We utilized the three-dimensional (3D) structure of
the PCV3 capsid protein crystal, previously resolved by
Cryo-EM in our laboratory (Supplementary File 1) [45],
to predict epitopes using the ElliPro tool. The results
identified one discontinuous epitope on the structural
surface of the protein with a score exceeding 0.7

(Fig. 5¢c—d). Detailed information regarding the location,
number of residues involved, and the scoring of this
predicted epitope is presented in Table 3.

Discussion

The prevalence of porcine circoviruses (PCVs),
specifically PCV1, PCV2, PCV3 and PCV4, have
been extensively reported across China. Notably, the
positive detection rate for PCV1 in the Jiangsu region
stands at 4.17% [18]. Investigations in Shanxi and
Henan regions have revealed positive rates of 57.07%
for PCV2 and 36.36% for PCV3, respectively [19].
In Southern China, the positivity rate for PCV2 has
reached 69.5% [20]. Further, epidemiological data from
Henan between 2018 and 2019 indicate positivity rates
of 72.9% for PCV2 and 5.17% for PCV3 [9], whereas
a similar survey in Tianjin from 2018 to 2020 showed
positivity rates of approximately 57% for PCV2, 37%
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Table 3 The location, number of residues, and score of the predicted results using ElliPro

Residues and positions

Number of residues Score 3D structure

V35, G36,T37, P38, Q39, N40, N41, K42, P43, P76,V77,178,579, P80, A81,Q82, Q83, T84, K85, T86, 5121, 29

K122, K123, K124, W171,5172,1173,Y174,E177

0.736  Figure 5d

for PCV3, and a co-infection rate of 20% for both
viruses [46]. In Xinjiang, a 2019 study reported a
PCV3 positivity rate of 22.39% [22]. The infection
rates for PCV4 in the Jiangsu and Guangxi areas were
reported at 3.33% and 5.05%, respectively [17, 21]. In
Henan, out of 30 pig farms surveyed, the positivity
rates were approximately 64% for PCV2 and 33% for
PCV4, with a co-infection rate of about 21% [47]. The
epidemiological survey results from previous studies
indicate that PCV2 and PCV3 have generally high
positivity rates across various regions in China, while
PCV1 and PCV4 have lower positivity rates. This is
consistent with the epidemiological findings of this
study focused on the region of Xinjiang, China. The
positive rate of PCV2 is the highest, with PCV3 ranking
second, while the positive rates of PCV1 and PCV4 are
at lower levels. The study found that mixed infections
of PCVs in the Xinjiang region were predominantly
co-infections of PCV2 and PCV3. From the perspective
of co-infections with other viruses, previous studies
have shown that PCV2 and PCV3 are primarily
involved in mixed infections with other viruses. In the
lungs, other pathogens co-infecting with PCVs include
porcine reproductive and respiratory syndrome virus
(PRRSV), swine influenza virus (SIV), and mycoplasma
hyopneumoniae (MHP). Co-infection of PCVs and
porcine parvovirus (PPV) enhances the symptoms
of postweaning multisystemic wasting syndrome. In
sows and aborted fetuses, PCVs can primarily occur as
mixed infections with PPV, PRRSV, and other viruses
[48]. When researchers compared the virulence of a
single subtype versus all four subtypes co-infected with
PRRSV, they found that PCV2d was the most virulent
PCV2 subtype in pigs co-infected with PRRSV. PRRSV
can affect the infection dynamics of PCV2a and PCV2b
subtypes by enhancing PCV2 viremia and delaying viral
shedding in the body [49]. Furthermore, co-infection
with different PCV2 genotypes may lead to more severe
disease. In cells infected with replicating viruses, both
PCV2a and PCV2b genotypes are present [50]. Further
studies have shown that pigs naturally infected with
multiple PCV2 genotypes or strains exhibit more
severe lesions [51, 52]. Co-infection with classical
swine fever virus (CSFV), PRRSV, and PCVs not only
leads to more severe disease than single infections [53],
but also negatively impacts immune responses [54].

PPV and PCV2 play important roles in reproductive
disorders of sows. PPV infection provides a better
in vivo environment for PCV2 infection [48]. SIV
does not affect PCV2 virus replication in co-infected
pigs, but PCV2 infection increases SIV-related clinical
disease [55, 56]. The PEDV genomic RNA levels in sows
co-infected with PEDV and PCV2 were significantly
lower than in sows infected with PEDV alone. This may
be due to PEDV’s rapid replication in the early stages
of infection, which destroys villous intestinal cells. This
results in a significant reduction of cells available for
PEDV replication in the later stages of infection [57].
Currently, large-scale farms in the Xinjiang region
are still under the infection pressure from PCV2 and
PCV3. Different PCVs also exhibit distinct geographical
distributions. The highly pathogenic PCV2 and PCV3
are both present in the southwestern regions, which
may be attributed to the distribution of large-scale
farms in different areas or variations in biosecurity
strategies. In the year 2000, the predominant genotype
of PCV2 worldwide was identified as PCV2a [58].
Subsequently, genetic evolution led to the emergence
of PCV2b as the dominant strain due to genetic drift
[59-61]. The continuous evolutionary dynamics of
PCV2 may be influenced by vaccination, leading to
coexistence of PCV2b and PCV2d variants [59, 62—-64].
Currently, in the Xinjiang region, the main subtypes of
PCV2 are primarily 2b and 2d, and these two subtypes
remain the primary targets for future prevention,
control, and immunization efforts. Geographically
speaking, the differences in PCV2b and PCV2d across
various regions may be due to the import and export
of animals between different areas, as well as variations
in vaccine types and strategies. Temporally, PCV2b
was mainly detected in 2022, while PCV2d and PCV2e
were predominantly detected in 2023, which might
be attributed to the evolutionary pressure exerted
by the selective use of PCV2b vaccines, leading to
a gradual evolution towards PCV2d and PCV2e.
Mutations at critical sites in PCV2b and PCV2d may
lead to immune escape from the existing vaccines.
The YilLi strain could represent a novel variant with
potential immune escape capabilities against current
vaccines, which may also alter its virulence [65]. The
capsid protein’s recognition and induction regions are
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critical for viral replication and immune evasion in
the host [66-68]. For PCV3, the predominant strain
in 2022 and 2023 is PCV3b. However, within the
same isoform and across different isoforms, PCV3b
exhibits fewer amino acid mutation sites and is overall
more conserved. This conservatism may be due to
the absence of a suitable vaccine, which has resulted
in a slower rate of viral evolution. Mutations in these
key areas may compromise antibody recognition,
potentially rendering existing vaccines ineffective and
facilitating widespread viral transmission within pig
populations, promoting further genetic variability
[69]. Despite the availability of several vaccines, the
persistence and high mutation rate of PCV2 continue
to challenge control efforts [70]. The mutation site
information obtained from this evolutionary analysis
of the PCV2 Capsid protein will be beneficial for the
subsequent design and improvement of vaccines.
Further analysis using identified the peptide sequence
‘YYTKKYS’ (a.a 22-28) as a potential linear antigenic
epitope for PCV3, exceeding the model’s threshold
and meeting the prediction criteria for a promising
candidate in PCV3 diagnostics or vaccine design [41].
In the current study, ElliPro successfully predicted a
discontinuous peptide within the A chain’s loop region.
Previous research has emphasized the immunological
significance of the Loop region, highlighting its
enhanced recognition and stimulatory impact on the
immune response. Consequently, it is recommended
that both the structural configuration and the sequence
characteristics of the Loop region be integrated into
the design of novel antibody architectures, diagnostic
assays, and therapeutic antibodies [71, 72].
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