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Porcine circovirus type 2 (PCV2) is a highly adaptable pathogen with significant
implications for global swine health. In 2023, we investigated the prevalence and
genetic variation of PCV2 in Henan Province, China, by analyzing blood and tissue
samples from 380 pigs exhibiting clinical symptoms of PCV2 infection, including
reproductive disorders and respiratory diseases. PCR analysis was used to detect
PCV2, and viral sequences from 13 positive samples were characterized through
phylogenetic and mutational analyses. PCV2 was detected in 56.58% (215/380)
of samples. Nucleotide homology among newly identified PCV2 strains ranged
from 95.14 to 100%, and 91.18-99.89% compared to 36 global reference strains.
Phylogenetic analysis of the ORF2 gene encoding the viral capsid protein Cap
identified PCV2a, PCV2b, and PCV2d subtypes, with most sequences clustering
into three PCV2d subgroups (PCV2d-1, PCV2d-2, and PCV2d-3). Notably, the
PCV2a strain HN230707 exhibited significant genetic divergence, forming an
independent branch. Mutational analysis of the Cap protein revealed key amino
acid substitutions in conformational epitope regions (T60S, R63T, N77D, V80L,
L185M, A191K, and 1200T), potentially contributing to immune evasion. Additionally,
unique mutations in the nuclear localization signal and conformational epitope
regions were identified in PCV2d subgroups. The emergence of genetically diverse
PCV2 strains, particularly novel PCV2d sub-genotypes, raises concerns regarding
their potential to evade vaccine-induced immunity. These findings highlight the
importance of continuous molecular surveillance and the need for updated vaccine
strategies to mitigate the impact of PCV2 on global swine health.
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1 Introduction

Porcine circoviruses (PCVs), belonging to the family Circoviridae
and genus Circovirus, are the smallest known viruses infecting swine.
They possess non-enveloped, icosahedral virions measuring 14-17 nm
in diameter and contain a covalently closed, single-stranded circular
DNA genome of approximately 1.7 kb (1, 2). Four PCV types have been
identified (PCV1-PCV4) (2-5). Among these, PCV2 is the primary
causative agent of porcine circovirus-associated diseases (PCVDs), a
spectrum of conditions that include postweaning multisystemic wasting
syndrome (PMWS), porcine dermatitis and nephropathy syndrome
(PDNS), respiratory and intestinal disorders, and reproductive failure.
These conditions pose a significant threat to global swine production
due to their impact on pig health, growth, and mortality (1).

The PCV2 genome contains two major open reading frames
(ORFs): ORF1 and ORF2 (6, 7). ORFI1 encodes the Rep protein, a
35.7 kDa replicase essential for viral replication (8). ORF2 encodes the
27.8 kDa Cap protein, the sole component of the viral capsid and the
primary target of host immune responses (9-11). The Cap protein
displays functional variability across its amino acid (aa) sequence. In
addition to the nuclear localization signal (NLS, aal-41), Cap contains
several antigenic structural domains, including genotype-specific
domains (aa86-91, aa190, aal91, aa206, and aa210) and conformational
epitopes (aa47-85, aal65-200, and aa230-233) (12, 13). These epitopes,
particularly those recognized by neutralizing monoclonal antibodies
(MADbs) at aal45-162, aal75-192, and aa231-233, play a key role in
immune evasion. Mutations at residues such as aa59, aa86, aa88, aa9l,
aal51, aal90, aal91, and aa206 influence the immune response to
PCV2 MAbs (14, 15), while mutations at aa59, aa60, aa190/151 and
aal31/191 significantly alter the virus antigenicity and neutralization
potential. Based on ORF2 sequence variations, at least nine genotypes
(PCV2a to PCV2i) have been identified to date (16-23). Additionally,
OREF3 protein induces apoptotic responses and contributes to viral
pathogenesis in vitro and in vivo (24-27). ORF4 protein inhibits
caspase activity and suppresses the proliferation of CD4 + and CD8 + T
cells, further modulating the immune response (28).

Since its emergence, PCV2 has undergone two major genotype
shifts, from PCV2a to PCV2b in 2003 and subsequently to PCV2d in
2012, which now dominates globally (29, 30). Despite widespread
vaccination, PCV2 continues to evolve, raising concerns about vaccine
efficacy and the emergence of novel strains capable of evading immune
protection. Henan Province, one of the largest pig farming regions in
China, has experienced fluctuating PCV2 prevalence in recent years.
While infection rates declined from 2017 to 2022, a significant
resurgence was observed in 2023, particularly in some large-scale farms
(31). The objective of this study was to investigate the prevalence and
genetic diversity of PCV2 in Henan Province. To this end, we conducted
PCR analysis on blood and tissue samples from 380 pigs that exhibited
clinical symptoms such as piglet wasting, growth retardation, respiratory
signs (e.g., coughing and fever), and reproductive issues in sows (e.g.,
mass abortion and stillbirth) from different farms across the province.
Whole-genome amplification was then performed on 13 positive
samples, and the genomic sequences were analyzed for homology with
reference strains from GenBank. The comparative analysis focused on
the Cap protein sequences, revealing key genetic variations and
differences between the new strains and the reference strains. These
findings provide valuable insights into the genetic variability of PCV2
and its implications for vaccine development and disease management.
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2 Materials and methods

2.1 Sample collection, DNA extraction, and
PCR analysis

A total of 380 samples, including blood, lungs, and spleens, were
collected from pigs exhibiting clinical signs of reproductive disorders
and respiratory diseases. These samples were obtained from farms
located in six cities within Henan Province (Nanyang, Zhumadian,
Pingdingshan, Xinyang, Zhoukou, and Shanggqiu) in 2023 (Figure 1).
All samples were stored at —80°C until further processing. Viral
genomic DNA was extracted from 200 pL serum or tissue homogenate
using a Simply P Virus DNA/RNA Extraction kit (Hangzhou BORI
Technology, Hangzhou, China) following the manufacturer’s
instructions. The extracted DNA was stored at —80°C until use.

PCR amplification was performed using standard PCV2-specific
primers (31). The PCR protocol consisted of an initial denaturation
step at 95°C for 5 min, followed by 34 cycles of denaturation at 95°C
for 30s, annealing at 55°C for 30s, and extension at 72°C for 30s, with
a final elongation step at 72°C for 10 min. The PCR products were
purified and recovered using the E.ZN.A Gel Extraction kit
(Guangzhou Feiyang Biological Engineering, Guangzhou, China) and
subsequently cloned into the pMD18-T vector. Positive clones were
identified by PCR and sent to Sangon Bioengineering (Shanghai,
China) for Sanger sequencing. The positive rates of PCV2 were
determined based on the combined results of PCR amplification and
sequencing analysis.

2.2 Whole genome amplification and
sequencing of PCV2

Viral genomic DNA was extracted from thirteen PCV2-positive
samples by using a Simply P Virus DNA/RNA Extraction kit
(Hangzhou BORI Technology, Hangzhou, China) and used as the
template for PCR amplification. The complete PCV2 genomes were
amplified in overlapping segments using a set of PCV2-specific primer
pairs designed to span the entire viral genome (31). The PCR-amplified
products were purified and subsequently ligated into the
pMDI18-T T/A cloning vector (Takara Bio, Seoul, Korea). The ligation
products were then transformed into Escherichia coli TOP10
competent cells (Thermo Fisher Scientific, Hanover Park, IL,
United States). Positive colonies were screened by colony PCR and sent
to Sangon Bioengineering (Shanghai) for Sanger sequencing. The
sequencing data were assembled and analyzed using SeqMan in the
DNASTAR software package (version 7.10, DNASTAR, Madison,
Wisconsin, United States) to generate complete viral genome sequences.

2.3 Identification and phylogenetic analysis

To analyze the genomic nucleotide (nt) sequences and ORF2 nt
sequences of the 13 newly obtained PCV?2 strains and elucidate their
phylogenetic relationships, the assembled sequences were aligned with
the genomic sequences of 36 representative PCV2 strains from
different sub-genotypes retrieved from GenBank. Whole-genome and
OREF?2 sequence similarity analyses were conducted for the 13 newly
identified strains and the 36 reference strains using the MegAlign
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FIGURE 1

Regional distribution of samples and PCV2 positivity rates in Henan Province.

program within the DNASTAR software package. A phylogenetic tree
was constructed based on the genome sequences of the 13 new strains
and the 36 reference sequences. The ORF2 sequences, commonly used
to monitor viral genetic variation, were used to classify PCV2 into
distinct genotypes based on their sequence variability. According to
the MODELS program in the Molecular Evolutionary Genetics
Analysis (MEGA) software (v.11.0), the ORF2 phylogenetic tree was
constructed using the Maximum Likelihood method with the
Hasegawa-Kishino-Yano model and a discrete Gamma distribution
(HKY + G) to account for evolutionary rate differences among sites
(32). Bootstrap values were calculated using 1,000 replicates.

2.4 Analysis of amino acid variability in the
cap protein

The Cap protein of PCV2 contains multiple antigenic structural
domains, including key amino acid (aa) sites that are critical for the
recognition and binding of the host’s neutralizing antibodies to the
virus (12, 33). To identify mutations and assess sequence variability,
we performed a comparative analysis of the aa sequences of the Cap
protein from 13 newly obtained PCV2 strains and 36 reference strains.
Multiple sequence alignments were performed using the ClustalW
method in the MegAlign program (DNASTAR package, version 7.10).
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3 Results
3.1 Positive rate and regional distribution

PCR was performed on 380 suspected PCV2-positive samples
collected from various cities of Henan Province. The results revealed
an overall positive rate of 56.58% (215/380). Regional positivity rate
varied, with the highest rate observed in Pingdingshan (64.2%, 45/70),
followed by Nanyang (62.9%, 73/116), Zhoukou (56.8%, 21/37),
Zhumadian (52.8%, 47/89), Xinyang (51.2%, 22/43) and Shanggiu
(40%, 10/25) (Figure 1). Notably, the positivity rates in Pingdingshan,
Nanyang and Zhoukou exceeded the overall positivity rate.

3.2 Sequence identity analysis

A total of 13 PCV2-positive samples were amplified by PCR,
sequenced, and assembled to obtain whole genome sequences, all of
which were 1,767 nt in length. Pairwise comparisons showed that the
whole genome sequences of the 13 PCV2 endemic strains shared
95.19-100% sequence identity among themselves, while their identity
with the 36 PCV?2 reference genome sequences from GenBank ranged
from 91.23% to 99.89% (Figure 2A). Specifically, the sequence identity
between the new strains and the vaccine strains PCV2a LG
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(HMO038034), PCV2b DBN-SX07-2 (HM641752), PCV2d SH
(AY686763), and the Danish representative strain PCV2c

DK1980PMWSfree (EU148503) ranged from 95.08%-96.55%,
95.81%-98.47%, 96.21%-98.42%, and 94.12%-95.02%, respectively
(Supplementary Table 1).

Analysis of the ORF2 sequences showed that the new PCV2
strains shared 89.93-100% sequence identity among themselves.
Their identity with the vaccine strains PCV2a LG (HMO038034),
PCV2b DBN-SX07-2 (HM641752), PCV2c DK1980PMWSfree
(EU148503) and PCV2d SH (AY686763) ranged from 90.50%-—
94.03%, 92.60%-99.29%, 86.81%-90.21%, and 91.21%-97.45%,
respectively (Supplementary Table 1). Pairwise comparisons of ORF2
sequences between the new strains and reference strains revealed
sequence identities ranging from 80.75% to 100% (Figure 2B).

Further analysis indicated that the new strain HN230707 exhibited
the highest sequence identity (96.38%-99.10%) with reference strains
of the PCV2a genotype. Similarly, the new strain HN230704 showed the
highest identity (98.13%-99.43%) with reference strains of the PCV2b
genotype. The remaining 11 new strains displayed the highest identity
(95.14%-99.89%) with reference strains of the PCV2d genotype. Based
on these findings, the 13 new strains were preliminarily classified as
belonging to the PCV2a, PCV2b, and PCV2d genotypes. Notably, the
new strain HN230707 exhibited greater genetic variability, with
sequence identities of only 94.12%-96.55% compared to four reference
strains. These results suggest that the PCV2d genotype is currently the
predominant strain circulating in Henan Province, and a significantly
divergent new strain emerged in 2023.

3.3 Phylogenetic analysis

To investigate the genetic diversity of PCV2 in Henan Province in
2023, a phylogenetic tree was constructed using the Cap protein
sequences of 13 new strains and reference strains. As shown in
Figure 3, the new PCV2 strains were classified into three genotypes:
PCV2a, PCV2b and PCV2d.

10.3389/fvets.2025.1598383

Among the new strains, HN230707 clustered with the PCV2a
reference strains, confirming its classification as a PCV2a genotype.
Similarly, HN230704 clustered with the PCV2b reference strains,
indicating it belongs to the PCV2b genotype. The remaining 11 new
strains formed a larger cluster with the PCV2d reference strains.
Within this cluster, five strains (HN230419, HN230511, HN230522,
HN230830, HN231009) grouped into a distinct sub-cluster with the
reference strains PCV2 CH-SD-ZiB0-9-2022-CAP (OP413469) and
PCV2d SH (AY686763). A second sub-cluster included the new
strains HN230829 and HN231124, which grouped with reference
strains PCV2d UEV1 (KJ187306), PCV2d BDH (HM038017),
PCV2d AH (HMO038030), PCV2d GXQZ1 (KY305199), PCV2d
SY-L-X6-CHN-2015 (KU041857), and PCV2d YQ-CHN-2014
(KU041859). A third sub-cluster comprises reference strains PCV2d
GDYX (JX519293) and PCV2d S811-4 (MF142276), which grouped
with four new strains: HN230612, HN230910, HN230911, and
HN231113. These three sub-clusters were designated as PCV2d-1,
PCV2d-2, and PCV2d-3, respectively.

Interestingly, the new strain HN230829, which emerged in 2023,
formed a relatively independent branch within the PCV2d-2
sub-genotype, suggesting significant genetic divergence. Similarly,
HN230707 clustered with the PCV2a reference strain but was
distantly related to them, indicating potential genetic variability.
These results suggest that the PCV2d genotype remains the
predominant strain circulating in Henan Province, while PCV2
continues to evolve, leading to increased genetic diversity and
complex epidemiological patterns.

3.4 Amino acid sequence analysis of the
cap protein

To further characterize the molecular features of the newly
identified PCV2 strains, we compared the aa sequences of their Cap
proteins with those of reference strains using MegAlign software
(Figure 4). The results revealed consistent aa mutations across
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FIGURE 3
Maximum-Llikelihood phylogenetic tree constructed from ORF2 gene sequences of 13 new PCV2 isolates and 36 reference sequences. New PCV2
strains identified in this study are indicated with red circles.

different PCV2 subtypes, which facilitate the identification of the
new strains.

Compared to the PCV2a LG strain (HM038034), the PCV2d strains
exhibited a consistent A68T mutation within the conformational epitope
region aa 47-85. The newly identified PCV2d-1 sub-genotype displayed
two additional mutations: V30L in the NLS region and S169G/R within
the conformational epitope region aa 165-200, with V30L being unique
to this sub-genotype. Similarly, PCV2d-2 and PCV2d-3 strains shared the
Y8F mutation in the NLS region and S169G/R mutation within the
conformational epitope region aa 165-200. However, at aal69 of the Cap
protein, most PCV2d-2 strains carried an R, while all PCV2d-3 strains
carried a G. These consistent aa mutations in the Cap protein sequences
of PCV2d-1, PCV2d-2, and PCV2d-3 further support the existence of
multiple sub-genotypes within PCV2d.

In addition, the newly identified strain HN230707 exhibited four
mutations (T60S, R63T, N77D, and V80L) within the conformational
epitope region aa 47-85 and three mutations (L185M, A191K, and
1200T) within the conformational epitope region aa 165-200 when
compared to the PCV2a LG (HMO038034) strain. Furthermore, within
the genotype-specific structural domains aa 86-91, the new strain

Frontiers in Veterinary Science 05

HN230707 harbored an E88K mutation compared to PCV2a reference
strains. Interestingly, all analyzed PCV2d strains contained a unique
A68N mutation within the conformational epitope region aa 47-85,
distinguishing them from other PCV2 strains. In contrast to other
PCV2d strains, the PCV2d strain HN230829 exhibited a T190S
mutation within the conformational epitope region aa 165-200, which
was identical to that of PCV2a strains.

Opverall, these results indicate that the Cap protein of some newly
identified PCV?2 strains carries more aa mutations compared to the
reference strains, particularly the vaccine strain PCV2a LG
(HMO038034). Such genetic variations may contribute to immune
evasion, potentially reducing the efficacy of current vaccines.

4 Discussion

In this study, we investigated the prevalence and genetic diversity
of PCV2 in Henan Province, China, in 2023. Our findings reveal a sharp
increase in PCV2 positivity rates in large-scale pig farms since late 2022,
accompanied by significant genetic variability in circulating strains.
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PCV2 remains one of the most prevalent pathogens responsible for
PCVD, posing a serious threat to swine health and leading to substantial
economic losses in the global swine industry (34, 35). Although
widespread vaccination has helped control PCV2 to some extent, the
genetic diversity of the virus enables persistent infections in large-scale
pig farms, negatively impacting economic efficiency and the overall
development of the pig industry (36). Henan, a major pig farming
province in China, has its swine industry concentrated in Nanyang,
Zhumadian, Pingdingshan, Xinyang, Zhoukou and Shanggqiu. Since late
2022, the PCV?2 positivity rate has increased in some large-scale pig
farms, causing a range of economic repercussions (31). To assess the
prevalence of PCV2 in Henan Province in 2023, we collected samples
from these areas and performed PCR on 380 suspected cases of
infection. The results showed a PCV2 positive rate of 56.58% (215/380),
with regional rates ranging from 40 to 64.2%, indicating widespread
PCV2 infection in Henan. Previous studies have reported positivity rate
exceeding 40% across different regions of China, with variations likely
influenced by statistical time- and geographic-based factors (37).

Our recent research showed a declining PCV2 positivity rate in
Henan from 2017 to 2022, decreasing from 58.65% to 7.87% (31).
However, since late 2022, the detection rate has surged reaching
56.58% in 2023, similar to 2017 levels (31). This resurgence may
be linked to the low price of pigs in China since 2022, prompting
farms to modify immunization programs to reduce costs. This likely
resulted in decreased PCV2 vaccine administration and overall herd
immunity, facilitating the rapid spread of the virus. Additionally, the
concurrent widespread prevalence of porcine reproductive and
respiratory syndrome virus (PRRSV), PCV3, and PCV4 in recent
years has likely exacerbated PCV2 infections (38).

The Cap protein, encoded by the ORF2 gene, is the sole structural
protein of PCV2, and serves as a key marker for monitoring genetic
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variation and genotyping (11, 39). Previous studies indicate that the
dominant PCV2 genotype in China has shifted twice, with PCV2d
emerging as the predominant genotype in 2012 (40, 41). To elucidate
the genotypic distribution of PCV2 in Henan in 2023, we selected 13
samples from the 215 positive cases, which exhibited typical clinical
symptoms of PCV2 infection and tested negative for other major
swine viruses. Complete genome sequences were obtained through
sequence assembly using the SeqMan program. Phylogenetic analysis
of the ORF2 gene classified these strains into PCV2a (7.69%), PCV2b
(7.69%), and PCV2d (84.62%) subtypes, confirming the continued
predominance of PCV2d subtype in Henan. This finding aligns with
the broader trend in China, where PCV2d has largely replaced PCV2b
as the dominant genotype since 2012.

The phylogenetic analysis also identified two independent clades,
represented by PCV2b strain HN230704 of and PCV2a strain
HN230707. Among the 11 isolated PCV2d strains, three distinct
subclades—PCV2d-1, PCV2d-2, and PCV2d-3—were identified,
marking the first detailed sub-genotypic classification of PCV2d. This
classification enhances our understanding of PCV2d genetic diversity,
facilitating more precise epidemiological tracking and the
development of regional disease-control strategies and vaccines.
Notably, the emergence of the new sub-genotypes PCV2d-1 and
PCV2d-3 in large numbers over a short period of time suggests that
genetic variation among PCV2d strains may be more frequent and
rapid than previously thought. Continuous monitoring of PCV2d
genotypic variation is, therefore, crucial, both for epidemiological
assessment and the design of next-generation vaccines. However,
whether these sub-genotypes will become dominant in the future is
uncertain and requires further surveillance.

The PCV2a strain HN230707 was isolated from a farm where
sows, despite routine PCV2 vaccination, experienced severe
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reproductive failures, including abortions, stillbirths, and mummified
fetuses. Testing conducted by our laboratory ruled out other major
reproductive pathogens, leading to the hypothesis that genetic
mutations in this strain may have enhanced its pathogenicity or
enabled it to evade vaccine-induced immunity. Current commercial
PCV2 vaccines, primarily based on PCV2a subtype, have
demonstrated cross-protection against PCV2b and PCV2d under
laboratory conditions (42). However, the recent surge in PCV2
positivity, the emergence of the HN230707 variant, and the prevalence
of PCV2d-1 and PCV2d-3 sub-genotypes strongly suggest that
existing vaccines may not provide comprehensive protection under
real-world conditions (42-44). This underscores the urgent need for
the development of updated vaccines tailored to evolving PCV2 strains.
Given the high variability of the Cap protein, we analyzed the aa
sequence of the Cap protein from newly isolated strains of the
predominant PCV2d. The results confirmed that all 11 new strains
showed specific aa mutations within the conformational epitope region
aa 47-85, consistent with PCV2d classification. Additionally, PCV2d-1,
PCV2d-2 and PCV2d-3 showed distinct aa mutations within the
conformational epitope region aa 165-200 and the NLS region aal-41,
reinforcing the presence of multiple sub-genotypes within PCV2d. The
new strains HN230707 and HN230829 showed unique aa mutations
in the conformational epitope region aa 175-192, a critical region for
recognition by PCV2 neutralizing Mab, suggesting that these
mutations may affect viral neutralization (45). Moreover, HN230707
harbored multiple aa mutations within the conformational epitope
regions aa 47-85 and aa 165-200, which could alter its antigenicity,
pathogenicity, and vaccine-induced immune protection, potentially
contributing to reproductive failures in affected farms. These findings
emphasize the necessity of continuous PCV2 genomic surveillance to
track viral evolution and its impact on vaccine efficacy, enabling the
timely development of disease prevention and control strategies.

5 Conclusion

In summary, our study revealed a sharp increase in PCV2
positivity rates in some large-scale pig farms in Henan Province since
late 2022, accompanied by significant genetic variability in circulating
strains. These developments warrant increased attention from China’s
pig industry and emphasize the need for enhanced surveillance of
PCV2 epidemiology and genetic diversity. Strengthening monitoring
efforts will provide critical insights for the scientific prevention and
control of PCV2, ensuring better management of its economic and
health impacts on swine production.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Ethics statement

This study received approval from the Animal Ethics Committee of
Nanyang Normal University (Approval No. 14027) and was conducted

Frontiers in Veterinary Science

10.3389/fvets.2025.1598383

in compliance with local regulations and institutional guidelines. The
studies were conducted in accordance with the local legislation and
institutional requirements. Written informed consent was obtained
from the owners for the participation of their animals in this study.

Author contributions

CL: Software, Data curation, Methodology, Writing — review &
editing, Supervision, Investigation, Writing - original draft,
Validation, Conceptualization, Visualization, Resources, Funding
acquisition, Project administration, Formal Analysis. JS: Writing —
original draft. JW: Writing - original draft. HZ: Writing - review &
editing. CA-P: Writing - review & editing. JC: Writing - original draft.
JL: Writing - original draft. YZ: Writing - original draft. HS: Writing -
review & editing. DL: Writing — review & editing. YK: Writing -
review & editing. LY: Writing - review & editing. ZT: Writing - review
& editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was funded by
the Scientific and Technological Project of Henan Province (grant no.
252102111005), the Key Program Foundation of Higher Education of
the Educational Commission of Henan Province (grant no.
22A230016), and the Foundations of Nanyang Normal University
(grant nos. 218256 and 2024QN007).

Conflict of interest
The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material
The Supplementary material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1598383/

full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fvets.2025.1598383
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2025.1598383/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1598383/full#supplementary-material

Lengetal.

References

1. Ellis J. Porcine circovirus: a historical perspective. Vet Pathol. (2014) 51:315-27. doi:
10.1177/0300985814521245

2. Tischer I, Gelderblom H, Vettermann W, Koch MA. A very small porcine virus with
circular single-stranded DNA. Nature. (1982) 295:64-6. doi: 10.1038/295064a0

3. Franzo G, Cortey M, Olvera A, Novosel D, Castro AM, Biagini P, et al. Revisiting
the taxonomical classification of porcine circovirus type 2 (Pcv2): still a real challenge.
Virol J. (2015) 12:131. doi: 10.1186/s12985-015-0361-x

4. Sirisereewan C, Thanawongnuwech R, Kedkovid R. Current understanding of the
pathogenesis of porcine circovirus 3. Pathogens. (2022) 11:64. doi:
10.3390/pathogens11010064

5. Zhang HH, Hu WQ, Li JY, Liu TN, Zhou JY, Opriessnig T, et al. Novel circovirus
species identified in farmed pigs designated as porcine circovirus 4, Hunan Province,
China. Transbound Emerg Dis. (2020) 67:1057-61. doi: 10.1111/tbed.13446

6. Finsterbusch T, Mankertz A. Porcine circoviruses--small but powerful. Virus Res.
(2009) 143:177-83. doi: 10.1016/j.virusres.2009.02.009

7. Hamel AL, Lin LL, Nayar GP. Nucleotide sequence of porcine circovirus associated
with Postweaning multisystemic wasting syndrome in pigs. J Virol. (1998) 72:5262-7.
doi: 10.1128/]JV1.72.6.5262-5267.1998

8. Mankertz A, Mankertz J, Wolf K, Buhk HJ. Identification of a protein essential for
replication of porcine circovirus. J Gen Virol. (1998) 79:381-4. doi:
10.1099/0022-1317-79-2-381

9. Cheung AK. Porcine circovirus: transcription and DNA replication. Virus Res.
(2012) 164:46-53. doi: 10.1016/j.virusres.2011.10.012

10. Seo HW, Park C, Kang I, Choi K, Jeong J, Park SJ, et al. Genetic and antigenic
characterization of a newly emerging porcine circovirus type 2b mutant first
isolated in cases of vaccine failure in Korea. Arch Virol. (2014) 159:3107-11. doi:
10.1007/s00705-014-2164-6

11. Zepeda-Cervantes J, Cruz-Resendiz A, Sampieri A, Carreon-Napoles R, Sanchez-
Betancourt JI, Vaca L. Incorporation of Orf2 from porcine circovirus type 2 (Pcv2) into
genetically encoded nanoparticles as a novel vaccine using a self-aggregating peptide.
Vaccine. (2019) 37:1928-37. doi: 10.1016/j.vaccine.2019.02.044

12. Cheung AK, Greenlee J]. Identification of an amino acid domain encoded by the
capsid gene of porcine circovirus type 2 that modulates intracellular viral
protein distribution during replication. Virus Res. (2011) 155:358-62. doi:
10.1016/j.virusres.2010.09.021

13.Ji W, Zhang X, Niu G, Chen S, Li X, Yang L, et al. Expression and immunogenicity
analysis of the capsid proteins of porcine circovirus types 2 to 4. Int J Biol Macromol.
(2022) 218:828-38. doi: 10.1016/j.ijbiomac.2022.07.204

14. Huang L, Sun Z, Xia D, Wei Y, Sun E, Liu C, et al. Neutralization mechanism of a
monoclonal antibody targeting a porcine circovirus type 2 cap protein conformational
epitope. ] Virol. (2020) 94:19. doi: 10.1128/JV1.01836-19

15. Liu ], Huang L, Wei Y, Tang Q, Liu D, Wang Y, et al. Amino acid mutations in the
capsid protein produce novel porcine circovirus type 2 neutralizing epitopes. Vet
Microbiol. (2013) 165:260-7. doi: 10.1016/j.vetmic.2013.03.013

16. Davies B, Wang X, Dvorak CM, Marthaler D, Murtaugh MP. Diagnostic
Phylogenetics reveals a new porcine circovirus 2 cluster. Virus Res. (2016) 217:32-7. doi:
10.1016/j.virusres.2016.02.010

17. Dupont K, Nielsen EO, Baekbo P, Larsen LE. Genomic analysis of Pcv2 isolates
from Danish archives and a current Pmws case-control study supports a shift in
genotypes with time. Vet Microbiol. (2008) 128:56-64. doi: 10.1016/j.vetmic.2007.09.016

18. Franzo G, Cortey M, Segales J, Hughes ], Drigo M. Phylodynamic analysis of
porcine circovirus type 2 reveals global waves of emerging genotypes and the circulation
of recombinant forms. Mol Phylogenet Evol. (2016) 100:269-80. doi:
10.1016/j.ympev.2016.04.028

19.Franzo G, Segales J. Porcine circovirus 2 (Pcv-2) genotype update and
proposal of a new genotyping methodology. PLoS One. (2018) 13:20208585. doi:
10.1371/journal.pone.0208585

20. Harmon KM, Gauger PC, Zhang J, Pineyro PE, Dunn DD, Chriswell A]. Whole-
genome sequences of novel porcine circovirus type 2 viruses detected in
swine from Mexico and the United States. Genome Announc. (2015) 3:15. doi:
10.1128/genomeA.01315-15

21. Olvera A, Cortey M, Segales J. Molecular evolution of porcine circovirus type 2
genomes: phylogeny and Clonality. Virology. (2007) 357:175-85. doi:
10.1016/j.virol.2006.07.047

22. Wang Y, Noll L, Lu N, Porter E, Stoy C, Zheng W, et al. Genetic diversity and
prevalence of porcine circovirus type 3 (Pcv3) and type 2 (Pcv2) in the Midwest of the
USA during 2016-2018. Transbound Emerg Dis. (2020) 67:1284-94. doi:
10.1111/tbed.13467

23. Xiao CT, Halbur PG, Opriessnig T. Global molecular genetic analysis of porcine
circovirus type 2 (Pcv2) sequences confirms the presence of four Main Pcv2 genotypes

Frontiers in Veterinary Science

10.3389/fvets.2025.1598383

and reveals a rapid increase of Pcv2d. J Gen Virol. (2015) 96:1830-41. doi:
10.1099/vir.0.000100

24. Chaiyakul M, Hsu K, Dardari R, Marshall E, Czub M. Cytotoxicity of Orf3 proteins
from a nonpathogenic and a pathogenic porcine circovirus. J Virol. (2010) 84:11440-7.
doi: 10.1128/JV1.01030-10

25.LiuJ, Chen I, Du Q, Chua H, Kwang J. The Orf3 protein of porcine circovirus type
2 is involved in viral pathogenesis in vivo. J Virol. (2006) 80:5065-73. doi:
10.1128/JV1.80.10.5065-5073.2006

26. Wen L, Wang E, He K, Li B, Wang X, Guo R, et al. Recombination in truncated
genome sequences of porcine circovirus type 2. Arch Virol. (2015) 160:371-4. doi:
10.1007/s00705-014-2242-9

27.Zhang Y, Zhang X, Cheng A, Wang M, Yin Z, Huang J, et al. Apoptosis triggered
by Orf3 proteins of the Circoviridae family. Front Cell Infect Microbiol. (2020) 10:609071.
doi: 10.3389/fcimb.2020.609071

28.HeJ, Cao J, Zhou N, Jin Y, Wu J, Zhou J. Identification and functional analysis of
the novel Orf4 protein encoded by porcine circovirus type 2. J Virol. (2013) 87:1420-9.
doi: 10.1128/]JV1.01443-12

29. Karuppannan AK, Opriessnig T. Porcine circovirus type 2 (Pcv2) vaccines in the
context of current molecular epidemiology. Viruses. (2017) 9:99. doi: 10.3390/v9050099

30.Lv W, Cao L, Yang L, Wang N, Li Z, Huang S, et al. The prevalence and genetic
diversity of porcine circoviruses (Pcvs) during 2017-2023 in Guangdong Province,
China. Animals. (2023) 13:640. doi: 10.3390/ani13233640

31. Leng C, Ma X, Song J, Wang ], Jia N, Tian X, et al. Epidemiological investigation and
genetic variation analysis of porcine circovirus type 2 in Henan Province during 2017 to
2023. Chin J Prev Vet Med. (2024) 46:960-6. doi: 10.3969/j.issn.1008-0589.202312021

32. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. Mega X: molecular evolutionary
genetics analysis across computing platforms. Mol Biol Evol. (2018) 35:1547-9. doi:
10.1093/molbev/msy096

33. Lekcharoensuk P, Morozov I, Paul PS, Thangthumniyom N, Wajjawalku W, Meng
XJ. Epitope mapping of the major capsid protein of type 2 porcine circovirus
(Pcv2) by using chimeric Pcvl and Pcv2. ] Virol. (2004) 78:8135-45. doi:
10.1128/JVI1.78.15.8135-8145.2004

34. Alarcon P, Rushton J, Nathues H, Wieland B. Economic efficiency analysis of
different strategies to control post-weaning multi-systemic wasting syndrome and
porcine circovirus type 2 subclinical infection in 3-weekly batch system farms. Prev Vet
Med. (2013) 110:103-18. doi: 10.1016/j.prevetmed.2012.12.006

35. Alarcon P, Rushton J, Wieland B. Cost of post-weaning multi-systemic wasting
syndrome and porcine circovirus Type-2 subclinical infection in England—an economic
disease model. Prev Vet Med. (2013) 110:88-102. doi: 10.1016/j.prevetmed.2013.02.010

36. Franzo G, Segales J. Porcine circovirus 2 genotypes, immunity and vaccines:
multiple genotypes but one single serotype. Pathogens. (2020) 9:1049. doi:
10.3390/pathogens9121049

37.Zheng G, Lu Q, Wang E, Xing G, Feng H, Jin Q, et al. Phylogenetic analysis of
porcine circovirus type 2 (Pcv2) between 2015 and 2018 in Henan Province, China.
BMC Vet Res. (2020) 16:6. doi: 10.1186/s12917-019-2193-1

38.Suh J, Oh T, Chae C. Virulence comparison of 4 porcine circovirus type 2 (Pcv-2)
genotypes: 2a, 2b, 2d, and 2e with a single infection and co-infection with Pcv-2 and
porcine reproductive and respiratory syndrome virus (Prrsv). Can J Vet Res. (2023)
87:41-50.

39.Ji C, Zeng M, Wei Y, Lv X, Sun Y, Ma J. Genetic characterization of four strains
porcine circovirus-like viruses in pigs with diarrhea in Hunan Province of China. Front
Microbiol. (2023) 14:1126707. doi: 10.3389/fmicb.2023.1126707

40. Guo LJ, Lu YH, Wei YW, Huang LP, Liu CM. Porcine circovirus type 2 (Pcv2):
genetic variation and newly emerging genotypes in China. Virol J. (2010) 7:273. doi:
10.1186/1743-422X-7-273

41.LiN, Liu J, Qi J, Hao E, Xu L, Guo K. Genetic diversity and prevalence of porcine
circovirus type 2 in China during 2000-2019. Front Vet Sci. (2021) 8:788172. doi:
10.3389/fvets.2021.788172

42. Park KH, Oh T, Yang S, Cho H, Kang I, Chae C. Evaluation of a porcine circovirus
type 2a (Pcv2a) vaccine efficacy against experimental Pcv2a, Pcv2b, and Pev2d challenge.
Vet Microbiol. (2019) 231:87-92. doi: 10.1016/j.vetmic.2019.03.002

43. Kang SJ, Kang H, You SH, Lee HJ, Lee N, Hyun BH, et al. Genetic diversity and
different cross-neutralization capability of porcine circovirus type 2 isolates recently
circulating in South Korea. BMC Vet Res. (2020) 16:334. doi: 10.1186/s12917-020-02549-3

44. Kekarainen T, Gonzalez A, Llorens A, Segales J. Genetic variability of porcine
circovirus 2 in vaccinating and non-vaccinating commercial farms. J Gen Virol. (2014)
95:1734-42. doi: 10.1099/vir.0.065318-0

45. Shang SB, Jin YL, Jiang XT, Zhou JY, Zhang X, Xing G, et al. Fine mapping of antigenic
epitopes on capsid proteins of porcine circovirus, and antigenic phenotype of porcine
circovirus type 2. Mol Immunol. (2009) 46:327-34. doi: 10.1016/j.molimm.2008.10.028

frontiersin.org


https://doi.org/10.3389/fvets.2025.1598383
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1177/0300985814521245
https://doi.org/10.1038/295064a0
https://doi.org/10.1186/s12985-015-0361-x
https://doi.org/10.3390/pathogens11010064
https://doi.org/10.1111/tbed.13446
https://doi.org/10.1016/j.virusres.2009.02.009
https://doi.org/10.1128/JVI.72.6.5262-5267.1998
https://doi.org/10.1099/0022-1317-79-2-381
https://doi.org/10.1016/j.virusres.2011.10.012
https://doi.org/10.1007/s00705-014-2164-6
https://doi.org/10.1016/j.vaccine.2019.02.044
https://doi.org/10.1016/j.virusres.2010.09.021
https://doi.org/10.1016/j.ijbiomac.2022.07.204
https://doi.org/10.1128/JVI.01836-19
https://doi.org/10.1016/j.vetmic.2013.03.013
https://doi.org/10.1016/j.virusres.2016.02.010
https://doi.org/10.1016/j.vetmic.2007.09.016
https://doi.org/10.1016/j.ympev.2016.04.028
https://doi.org/10.1371/journal.pone.0208585
https://doi.org/10.1128/genomeA.01315-15
https://doi.org/10.1016/j.virol.2006.07.047
https://doi.org/10.1111/tbed.13467
https://doi.org/10.1099/vir.0.000100
https://doi.org/10.1128/JVI.01030-10
https://doi.org/10.1128/JVI.80.10.5065-5073.2006
https://doi.org/10.1007/s00705-014-2242-9
https://doi.org/10.3389/fcimb.2020.609071
https://doi.org/10.1128/JVI.01443-12
https://doi.org/10.3390/v9050099
https://doi.org/10.3390/ani13233640
https://doi.org/10.3969/j.issn.1008-0589.202312021
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1128/JVI.78.15.8135-8145.2004
https://doi.org/10.1016/j.prevetmed.2012.12.006
https://doi.org/10.1016/j.prevetmed.2013.02.010
https://doi.org/10.3390/pathogens9121049
https://doi.org/10.1186/s12917-019-2193-1
https://doi.org/10.3389/fmicb.2023.1126707
https://doi.org/10.1186/1743-422X-7-273
https://doi.org/10.3389/fvets.2021.788172
https://doi.org/10.1016/j.vetmic.2019.03.002
https://doi.org/10.1186/s12917-020-02549-3
https://doi.org/10.1099/vir.0.065318-0
https://doi.org/10.1016/j.molimm.2008.10.028

	Epidemiological and genetic variation analysis of emerging porcine circovirus type 2 in Henan Province, 2023
	1 Introduction
	2 Materials and methods
	2.1 Sample collection, DNA extraction, and PCR analysis
	2.2 Whole genome amplification and sequencing of PCV2
	2.3 Identification and phylogenetic analysis
	2.4 Analysis of amino acid variability in the cap protein

	3 Results
	3.1 Positive rate and regional distribution
	3.2 Sequence identity analysis
	3.3 Phylogenetic analysis
	3.4 Amino acid sequence analysis of the cap protein

	4 Discussion
	5 Conclusion

	References

