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ABSTRACT

Porcine circovirus (PCV) belongs to the genus Circovirus within the family Circoviridae; it has the
smallest genome and a complicated classification system comprising PCV1, PCV2, PCV3, and PCV4.
Most types of these viruses can cause animals to develop serious diseases; in pigs in particular, it
may manifest as postweaning multisystemic wasting syndrome (PMWS), reproductive failure,
porcine dermatitis and nephropathy syndrome (PDNS), congenital tremors (CTs), proliferative
and necrotizing pneumonia (PNP), lymphoid injury, and immunosuppression. Different types of
PCVs cause different types of diseases and sometimes feature no pathogenicity; these various PCV
types are associated with different pathomechanisms in animals. In this review, the genomic
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composition and systemic pathomechanisms of porcine circoviruses are introduced, and future

research prospects are discussed.
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Introduction

Porcine circovirus (PCV) is a non-enveloped, single-
stranded, circular DNA virus with icosahedral symme-
try. When the virus replicates, a double-stranded DNA
transition occurs and a loose circular superhelix mole-
cule is formed [1-3]. In most cases, this is a single-
stranded DNA molecule, and its genome is very small
(approximately 2000 nucleotides [nt]), making it one of
the smallest animal viruses found thus far [4]. The virus
was first discovered in porcine kidney epithelial cells
PK-15 by Tischer et al. in 1974 [5], but it was consid-
ered to be a cellular pollutant due to the limited

conditions of that time. In 1982, this cellular pollutant
was identified as a virion and named porcine circovirus
[6]. In 1998, Ellis et al. [7] isolated a different virus
from PK-15 cell culture contaminants derived from
pigs with post-weaning multisystemic wasting syn-
drome (PMWS), which can cause disease in pigs. In
the same year, Meehan et al. [8] first proposed that
PCV should be divided into PCV1 and PCV2; of these
two types, PCV2 can cause PMWS in weaned piglets. In
2016, Phan et al. [9] discovered a new type of porcine
circovirus, PCV3, in diseased tissues. In 2020, Zhang
et al. [10] first reported a novel porcine circovirus in
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Hunan, China. Its genome is similar to that of the mink
circovirus and can cause enteritis, porcine dermatitis,
and nephropathy syndrome (PDNS). This virus was
tentatively named PCV4. PCV is currently divided
into four species: PCV1, PCV2, PCV3, and PCV4
[10]. Among these species, PCV1 is non-pathogenic.
PCV2 causes a series of symptoms such as PMWS,
PDNS, granulomatous enteritis, and reproductive dis-
orders in sows, which may lead to immunosuppression
and piglet death, thereby causing great harm to the pig
industry [11]. PCV3 is a newly discovered porcine
circovirus. Although its detailed pathomechanism is
not completely clear, it has been reported that PCV3
is related to PDNS, respiratory diseases, diarrhoea, and
reproductive failure [12,13]. The pathomechanism of
PCV4 has not yet been elucidated. The pathomechan-
ism of PCV is related to the genomic composition of
the virus [14-16].

Genomic composition of PCV

Porcine circovirus belongs to the family Circoviridae
and genus Circovirus. It comprises single-stranded cir-
cular DNA with no envelope, icosahedral symmetry
[17], and an average diameter of 17 nm [18]. It is one
of the smallest known animal viruses [4]. The genomic
compositions and sizes of PCV1-PCV4 are different.

PCVv1

The whole genome of PCV1 comprises 1758-1760
nucleotides (nt) [19,20]. PCV1 contains seven open
reading frames (ORFs), of which ORF1 and ORF2 are
the two largest [21]. ORF1 is located on the sense
strand and is 939 nt in size [22]. It mainly encodes
the replication (Rep) protein with a predicted size of
312 amino acids [23], which is involved in viral replica-
tion. Rep proteins have glycosylation modification sites
at positions 20-22 [24]. The product of the spliced Rep
transcript is termed Rep’ and has 168 amino acids. Rep
and Rep’ together comprise the functional replication
initiator factor of PCV1 [23]. The genome length of
ORF2 is 702 or 705 nt, and it is located on the anti-
sense strand of the viral genome and encodes viral
capsid protein (Cap). The Cap protein is composed of
233 or 234 amino acids and is the main immunogenic
protein of PCV1 [22,25]. PCV1 ORF3 has a genome
length of 621 bp and a molecular weight of 23.2 kDa
and encodes 206 amino acids. It has been reported that
the first 104 amino acids of PCV1 ORF3 contain
a domain capable of inducing cell death, whereas the
C terminus of PCV1 ORF3 contains a domain possibly
responsible for enhancing cell death under laboratory

conditions [26]. The functions of PCV1 ORF4-
OREF7 have not yet been reported in detail.

PCV2

Most genomes of PCV2 are between 1766 and 1768 nt
in length [27,28] and encompass several gene subtypes,
but a minority have a length of 1777 [29], 1778 [30], or
1779 nt [31]. In 2008, PCV2 was divided into three
genotypes by the European Union Porcine Circovirus
Committee: PCV2a, PCV2b, and PCV2c. In 2009,
Wang et al. [32] classified PCV2 strains in China into
five genotypes: PCV2a, PCV2b, PCV2¢, PCV2d, and
PCV2e, a relatively well-accepted genotype classifica-
tion for PCV2. PCV2 has since been further divided
into eight genotypes: PCV2a-2h [33]. Recently, a novel
genotype, PCV2i, was identified in the United States,
but whether PCV2i should be considered a new geno-
type warrants further studies of its epidemiology and
pathogenesis studies, including the use of more
sequences in the analysis [34].

PCV2 contains 11 ORFs, of which ORF1, ORF5,
ORF7, and ORF10 are all located on the sense strand
of the viral genome, and the other seven ORFs are
located on the anti-sense strand. ORF2 and ORF3 are
the main open reading frames (ORFs), as shown in
Figure 1.

The full-length 945 nt ORF1 encodes 314 amino
acids and translates into full-length replicase Rep pro-
teins with a molecular weight of approximately 35.8
kDa and is then spliced into a frame-shifted version
Rep’ (178 aa) [35], which is essential for initiating
PCV2 replication [36]. ORF1 is located in a sense
strand direction and is close to the starting site of the
PCV2 genome. Rep consists of ORF1 and contains
three N-glycosylation sites. The first site is located at
amino acids 23-25 (NPS), the second site is located at
amino acids 256-258 (DQT), and the third site is
located at amino acids 286-288 (DAT). Among these,
a glycosylation site mutation in the first two sites can
reduce viral replication, and a mutation in the third site
can promote viral replication [37]. The Rep protein
contains three conserved motifs and is the starting
site for rolling-loop replication; it has a P-loop struc-
ture containing dNTP. These structural changes lead to
changes in virus replication [38]. The Rep protein can-
not initiate porcine circovirus replication alone but
interacts with Rep’ to initiate viral replication.

ORF2 at a full length of 702, 705, 708, or 717 nt
encodes 233, 234, 235, or 238 amino acids, respectively
[39-41]. This gene mainly encodes the virus capsid
protein (Cap), with a molecular weight of approxi-
mately 30 kDa [42], located on the anti-sense strand
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Figure 1. The genome structure of PCV2 based on accession no. AF027217 and the corresponding genome of PCV1, PCV3, and PCV4.

(taken from the studies carried out in China by Dai Zhenjiang and Zeng Zhiyong et al., and Wang et al. [58], and slightly modified). Blue,
orange, and yellow boxes show different sizes of ORF1, ORF2, and ORF3 for different types of PCV species.

of DNA, and can recognize the virus receptor of host
cells and is closely related to viral infections. This
protein can be used to develop vaccines and detect
the presence of target proteins using serological meth-
ods. The amino terminal of the Cap protein is an
arginine-rich region that is highly conserved and
related to the nuclear localization of the protein. The
Cap protein has a glycosylation site located at amino
acids 143-145 of the PCV2 Cap [43]. Recently, some
researchers have suggested that changes in the Cap
protein gene may affect the pathogenicity of the virus.
For example, mutation of proline (P) to alanine (A) at
position 110 and arginine (R) to serine (S) at position
119 of the Cap protein increases the replication ability
of the virus in cells and decreases its pathogenicity in
animals [44].

ORF3 is located in the ORF1 region of the virus
genome, but its transcription direction is opposite to
that of ORF1. The genome length of PCV2 ORF3 is 315
nt, encoding 104 amino acids with a molecular weight
of 11.9 kDa [35]. Studies have found that ORF3 is not
related to viral replication but is instead related to
virus-induced apoptosis [45,46]. Some researchers
have speculated that ORF3 is not the only factor that
determines viral virulence. Fenaux et al. [47] chimer-
ized the Cap genes along with their ORF3 of PCV1 and
PCV2 to construct four strains. Through experiments
on pigs, it was found that all strains showed a positive

conversion of PCV2; however, the animals did not
show any clinical symptoms of PCV2, indicating that
neither the ORF3-encoded protein nor the Cap protein
is the sole pathogenic factor of PCV2 [44,48]. Other
pathogenic factors may also exist within the PCV2
genome.

ORF4 is located in the interior of ORF3, and its
transcription direction is the same as that of ORF3. It
is 180 nt in size and encodes a protein (59 aa) with
a molecular weight of 6.5 kDa [49]. Studies have shown
that ORF4 is not necessary for virus replication [49],
but when it is deleted with ORF3, the virus cannot
replicate normally [45]. This may be due to the fact
that both ORF3 and ORF4 are located in ORF1, and the
common absence of ORF3 and ORF4 affects the vari-
able cutting function of ORF1 mRNA. He et al. [49]
have shown that the protein encoded by ORF4 can
inhibit the activity of caspase and the apoptosis of
PK-15 cells and has an antagonistic function with
OREF3, suggesting that ORF4 May be related to the
pathogenicity of the virus. They further confirmed
that the ORF4 gene of PCV2 is unrelated to viral
replication in infected PK-15 cells but can inhibit the
activities of Caspase-3 and Caspase-8 and regulate the
number of CD4" T and CD8" T cells during PCV2
infection, resulting in a decrease in the numbers of
these two types of cellular immune T cells. ORF5 is
located on the sense strand of PCV2 in the same
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direction as ORF1. The nucleotide comprises 162 or
180 nt and encodes 53 or 59 amino acids with
a molecular weight of approximately 6.2-6.6 kDa
[24,50]. ORF5 and ORF11 are located between ORF1
and ORF2 and encode short-chain peptides. Lv et al.
[51] confirmed that when PCV2 invades cells, ORF5
begins to be expressed at both transcriptional and
translational levels. Point mutations have confirmed
that ORF5 protein is a necessary factor in the process
of infection and replication of PCV2. Lv et al. also
confirmed that ORF5 is expressed in the endoplasmic
reticulum of the cell and subsequently degraded by the
proteasome. ORF5 inhibits the proliferation of porcine
alveolar macrophages and prolongs the S phase of the
cell cycle. ORF5 protein can also induce endoplasmic
reticulum stress and activate nuclear factor kappa-B
(NF-xB), leading to the upregulation of interleukin-6
(IL-6) and IL-8. Therefore, ORF5 is likely involved in
PCV2 replication [51]. ORF6 is 90 nt in size, encodes
29 amino acids, has a molecular weight of 3.1 kDa, and
participates in viral replication [24,52]. ORF7 is only 60
nt in size, encodes 19 amino acids, and has a molecular
weight of 1.9 kDa; it also participates in virus replica-
tion [24]. The size of ORF8 is 66 nt. It encodes 21
amino acids with a molecular weight of 2.3 kDa and
participates in virus replication [24,53]. ORF9 is located
on the anti-sense strand of the PCV2 genome and
encodes in the same direction as ORF2 and partially
overlaps with ORF2. The size of ORF9 is 129 nt, and it
encodes 42 amino acids with a molecular weight of 4.6
kDa [24]. The function of ORF9 is still unclear. The
size of ORF10 is 108 nt, and it encodes 35 amino acids
with a molecular weight of 4.1 kDa. This gene is not
involved in viral replication and pathogenicity, and no
other functions have been attributed to it [24]. The size
of ORF11 is 45 nt, and it encodes 14 amino acids with
a molecular weight of 1.8 kDa. It is the smallest coding
protein of PCV2. ORF11 is related to virulence, and the
deletion of this gene can weaken this virulence [24].

PCV3

With a genome size of 2000 nt and a GC content of
50%, PCV3 is one of the smallest viruses known to
replicate in mammals [13]. Based on phylogenetic tree
analysis, Chinese PCV3 has been categorized into three
different subgroups: 3a-3c. Among these, 3a and
American PCV3 reference strains previously occupied
the same evolutionary branch [54]. However, there is
still some debate about the classification of PCV3
[55,56]. The PCV3 genome contains three main
ORFs, ORF1, ORF2, and ORF3. ORF1 and ORF3 are
located in the sense strand direction of the genome,

whereas ORF?2 is located in the anti-sense strand direc-
tion of the genome [9]. The genomic size of ORFI is
891 nt, and it encodes 296 amino acids and a replicase-
related protein (Rep) [9]. The starting codon is GTC.
The Rep protein contains a P-ring motif (P-loop) that
binds to dANTP, and three conserved motifs are
involved in the rolling loop replication of PCV3:
I (FTINN), II (HLQG), and IIT (YCKK) [13]. The
starting point of the rolling-ring replication of PCV3
was between ORF1 and ORF2. At nucleotide 235 of the
genome, the 5 ends of the Rep and Cap genes have
a conservative neck-and-loop structure composed of
nine nucleotides (TAGTATTAC), also known as
a stem-loop. Its sequence is identical to that of the
PCV1 stem-loop but has only 55% homology with the
PCV2 Cap gene [13]. The genome size of ORF2 is 645
nt. The start codon is ATG, which encodes a 214 amino
acid capsid protein (Cap). It is an intracellular protein
with no signal peptide and contains two glycosylation
sites (S91 and S95) [13]. It is then transcribed and
translated using viral DNA. The Cap protein is related
to the immunogenicity of PCV3 and is the main struc-
tural protein of PCV3. However, the homology between
PCV3 and PCV2 Cap proteins is very limited at only
37% [9], and they do not have any homology in terms
of Cap protein epitopes, indicating that they do not
feature cross-protection. The genome length of ORF3
is 696 nt, and it encodes 231 amino acids; its starting
codon is TCG and its transcription direction is the
same as that of ORF1 [13]. However, the function of
the ORF3 protein remains unclear.

PCV4

The gene size of PCV4 is 1770 nt. It was shown by an
ORF finder search (http://wheatomics.sdau.edu.cn/
sms2/orf_find.html) to contain two ORFs. ORF1 is
located in the sense strand direction, with a genome
size of 891 nt, and encodes a protein of 296 amino
acids, also known as the Rep protein. ORF2 is located
on the anti-sense strand, and its genome size is 687 nt,
encoding a protein of 228 amino acids called the Cap
protein. The start codon of both ORFs in PCV4 is ATG
[57,58]. Similar to other PCVs, there is a highly con-
served 11-nucleotide sequence (TTCAGTATTAC) for
rolling loop replication at the 5" end of the intergenic
region of the PCV4 Rep and Cap proteins, and there is
a l6-nucleotide reverse complementary sequence
[10,59] on both sides of the motif. Nguyen et al. [57]
confirmed that there are three motifs at the N-terminus
of the PCV4 Rep protein: FT[LI]NN, PHLQG, and
YC[Sx]K. These three motifs function as endonucleases
and belong to the endonuclease domain. The
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C-terminus of the Rep protein contains helicase
domains of GxxxxGKS (dNTP-binding site), DDF,
and ITSN. These two domains are highly conserved
among different viruses [38]. In addition, it is predicted
that the N-terminus of the Cap protein should have
a nuclear localization signal (NLS) and a tyrosine motif,
which are related to network protein-mediated endocy-
tosis [57]. Recently, the NLS has been identified at
amino acid residues 4-37 of the N-terminus of the
PCV4 Cap, i.e. at two fragments (NLS-A and NLS-B).
The a-Helixes formed by the NLS-A determines the
nuclear localization of the Cap protein [60].

Pathomechanisms of PCVs
Pathomechanism of PCV1

PCV1 was first detected in a porcine kidney cell line
(PK-15) and has generally been considered non-
pathogenic [61,62]. Although PCV1 has no obvious
pathogenicity, previous studies have shown that it can
cause pathology in the lungs of porcine foetuses under
experimental conditions [62]. In addition, results from
clinical sample analyses have shown that co-infection of
PCV1 with other PCVs [63-65] and other pathogens
[66] is widespread. Interestingly, it has been reported
that mixed infection with PCV1 and PCV2 generally
results in a recombinant strain, but its origin is up for
debate [67]. PCV1 has been shown to infect human
liver cancer cells under laboratory conditions, which
raises concerns for the vaccine safety of PCV1 growth
in human hepatocellular carcinoma cells [68,69]. Other
studies have shown that, although PCV1 DNA and
PCV1 particles have been discovered at all stages of
the production of a human rotavirus vaccine, there
was no immunological evidence that any infants
became infected [70-72], suggesting that PCV1 has so
far been non-pathogenic to humans. Additionally, it
has been reported that the transformed PCV1 ORF3
can induce cell-specific apoptosis [26], but further stu-
dies revealed that PCV1 does not appear to be cyto-
pathogenic for cultured cells or for infected pigs [73].
In summary, there is still no evidence that PCV1 can
cause clinical diseases in pigs and humans.

Pathomechanism of PCV2

PCV2 can cause serious diseases in pigs, including
PMWS in weaned piglets, reproductive failure, PDNS,
congenital tremors (CTs), and proliferative and necro-
tizing pneumonia (PNP); this is related to the patho-
mechanism of PCV2. The pathomechanism of PCV2
involves several aspects.
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Receptor-mediated PCV2 infection into host cells

If PCV2 infection initiates the occurrence of disease,
the first step of PCV2 infection in hosts is the attach-
ment to the surface of susceptible cells. What causes
this attachment to the susceptible cell’s surface?
Misinzo et al. [74] first reported that glycosaminogly-
cans (GAGs), including heparan sulphate (HS) and
chondroitin sulphate B (CS-B), could be PCV2 attach-
ment receptors on host cells, because competition with
soluble GAG and/or enzymatic GAG removal reduced
PCV2 attachment to the cell surface receptors, and
these two GAGs are largely linked to glycoproteins
anchored in the plasma membrane of all cell types
[75]. In addition, mutant CHO-derived cells lacking
either HS or all GAGs showed significantly lower
levels of PCV2 infection compared to wild-type CHO
cells, indicating that GAGs are PCV2 receptors. They
concluded that HS is a major PCV2 receptor com-
pared to CS-B based on competitive inhibition of
PCV2 infection, and with soluble GAG and enzymatic
removal of GAG from the cell surface. Later, research-
ers further identified that dextran sulphate (8 kDa) has
a higher affinity for PCV2 than heparin (12 kDa),
chondroitin sulphate B (41 kDa), hyaluronic acid
(1.6 MDa), and dextran (6 kDa). This indicates that
polymers high in sulphate content are capable of com-
peting with the PCV2-heparan and therefore have the
potential to inhibit PCV2 infection [76]. The fact that
PCV2 can still infect mutant CHO cells that do not
express GAG indicates that, apart from HS and CS-B,
other receptors and cellular surface molecules partici-
pate in virus binding and subsequent virus entry [74].
However, no other PCV2 attachment receptors have
been identified on the surface of host cells. It should
be noted that some compounds with low molecular
weight, such as epigallocatechin gallate [77] and
sulphated chitosan [78], have been reported to inhibit
PCV2 attachment to host cell receptors, which indi-
cates that they could act as anti-infective agents
against circovirus. Analysis of the amino acid
sequence of the PCV2 capsid protein revealed
a putative heparin (an analogue of the heparan sul-
phate)-binding  motif (] IRKVKV'?®). However,
because the motif is not located on the surface of the
capsid protein, its role as a binding region is ques-
tioned [75,79]. It is speculated that other more
exposed regions with lysine and arginine residues
may be more suitable targets [75]. Recently,
Dhindwal et al. [76] further identified that the binding
sites of PCV2 capsid protein to the attachment recep-
tor should contain arginine, lysine, and polar amino
acids, because mutation of these amino acids to ala-
nine diminished the binding capacity.
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The second step of PCV2 infection is the internali-
zation and endocytosis of PCV particles [75]. Two
distinct pathways have been reported: clathrin-
mediated endocytosis in monocytic and dendritic
cells, and caveola-, clathrin-, and dynamin-
independent small GTPase-regulated pathways in
epithelial cell lines of porcine kidney (PK-15), swine
kidney (SK), and swine testicles [76]. The former path-
way does not lead to a full infection, while the latter
does [75]. It has been reported that some membrane
proteoglycans undergo endosomal cycling and are
therefore potential internalizing receptors [74,80].
Recently, Ouyang et al. [81] identified that chondroitin
sulphate (CS) and dermatan sulphate (DS) could not
only have an impact on the binding of the capsids of
PCV2, but also play an important role in PCV2 inter-
nalization, which indicates that they are potential inter-
nalizing receptors. In addition, phosphacan is identified
as one of the potential candidates for PCV2
internalization.

After internalization, PCV2 traffics through the
endosome-lysosome pathway, with the viral genome
escaping from the acidified endosome - lysosome of
cells, leaving the viral capsids partially degraded in the
lysosomes [82]. A bipartite NLS including NLS-A and
B at the N terminus of the capsid protein has been
implicated in the guiding of the nucleocapsid into the
nucleus for genome replication [76,83]. The PCV2
replicase edited by ORF1 recruits the cellular machin-
ery to initiate rolling circle replication of the PCV2
genome in the nucleus. The newly synthesized PCV2
capsid protein is transported into the nucleus, via its
NLS, for genome encapsidation and assembly of infec-
tious virions. The virions then egress from the cell to
initiate another cycle of infection [76]. Thus, the PCV2
infection is over, and a series of pathogenic effects are
stimulated. The total process of receptor-mediated
PCV2 infection into host cells is shown in Figure 2.

Lymphoid depletion and immunosuppression

In the process of PCV2 infection, lymphoid depletion
and histiocyte replacement in lymphoid tissue are char-
acteristic injuries. The infection and replication of
PCV2 in lymphoid tissue can destroy the structure of
lymph nodes, leading to lymphoid depletion, which can
then be replaced by tissue cells. However, the destruc-
tion of lymphoid follicles and leucopenia associated
with PCV2 infection can lead to immunosuppression
in pigs. It has been reported that in pigs infected with
PCV2, the numbers of interfollicular dendritic cells
(DCs), B cells, NK cells, y8 T cells, CD4" T cells, and
CD8" T cells decrease with the decrease in lympho-
cytes; this phenomenon is then accompanied by an

increase in the number of monocytes and granulocytes
[2,69,84-87]. The degree of lymphoid depletion is
related to the number of PCV2 antigens detected in
infected tissues. Studies [84,85] have shown that PCV2
replication mainly occurs in bronchial and inguinal
lymph nodes, tonsils, lungs, liver, kidneys, spleen, and
thymus. In addition, the direct replication of the virus
and the cleavage of infected cells in infected lymphoid
tissue (as well as other indirect and unknown factors)
are related to damage in infected pig lymphoid tissue
(Figure 3). Understanding the precise mechanism of
lymphoid depletion will help control the rate of infec-
tion with this virus in the future. He et al. [49] reported
that a viral gene named ORF4 from PCV2, which is
associated with the transcription and translation of the
viral genome, might be related to the lymphoid tissue
damage mechanism because ORF4-deficient PCV2
(PCV2 Delta) can cause a higher serum viral load
(genomic copies) and more severe lymphoid tissue
damage in the spleens of infected mice than in those
infected with wild-type PCV2. Recently, Liu et al. [88]
identified that a differentially expressed gene, CXCL13,
can suppress lymphocyte apoptosis during PCV2 infec-
tion in Yorkshire x Landrace (YL) pigs, indicating that
the downregulation of CXCL13 in animals could cause
lymphoid depletion when PCV2 infection occurs.
Further studies are needed to fully clarify the mechan-
ism of lymphoid depletion associated with PCV2 infec-
tion causing immunosuppression.

Infection and apoptosis of PCV2

Currently, there is still a significant level of controversy
regarding whether PCV2 infection can induce apopto-
sis. It has been confirmed that a protein encoded by
OREF3 in the direction of the ORFI anti-sense chain in
PCV2-infected PK-15 cells can induce apoptosis
through the Caspase-3 and Caspase-8 pathways [46],
or by increasing the half-life of p53 by blocking ubiqui-
tin-dependent proteasomal degradation of p53 [16].
Interestingly, ORF3 has been found to be truncated in
non-pathogenic PCV1-infected cells [25]. Further
research using infected mice has shown that the patho-
genicity of an ORF3-deficient PCV2 mutant is signifi-
cantly lower than that of a PCV2 wild strain [45]. In
addition, abolishing the function of ORF3 significantly
reduces the virulence of PCV2 in pig infection [89].
However, in an independent study using a large num-
ber of pigs, it was found that there was no significant
difference in the average value of histological damage
caused by PCV2 wild-type strain infection and
a mutant infection causing the deletion of the ORF3
function. Additionally, no difference was found in the
number of specific viral antigens in PCV2-infected
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Figure 2. Schematic representation of receptor-mediated PCV2 infection to host cells (slightly modified from Nauwynck et al. [75]).
(1) is indicated for the process of internalization via clathrin-mediated endocytosis in monocytic and dendritic cells. In this pathway, only
part of PCV2 virions from endosome are uncoated and enter into the followed process of virus assembling and egress by through
a lysosome pathway, in which a low pH environment favours in the uncoating for PCV2 virions; (2) is indicated for the process of
internalization via caveola-, clathrin-, and dynamin-independent small GTPase-regulated pathways in epithelial cells. In this pathway, full of
PCV2 virions enter into the lysosome and uncoated at a low pH, then full of them enter into the process of virus assembling and egress; (3)
is indicated for the process that uncoated PCV2 DNA is transported into nucleus of host cells, then initiating the rolling circle replication and
transcription of PCV2 genome in nucleus of host cells; (4) is indicated for the process that the transcriptional viral RNA is transported into
cytoplasm and synthesized viral proteins in endoplasmic reticulum (ER); (5) is indicated for the process that the synthesized viral proteins
are transported into nucleus for genome encapsidation and assembly of infectious virions; (6) is indicated for the process that assembled

PCV2 virions egress from the cell to initiate another cycle of infection.

tissues [48]. Therefore, although ORF3 is optional for
PCV2 replication, previous data do not fully support
the relationship between ORF3 and PCV2-induced
apoptosis and pathogenesis. Some studies have identi-
fied proapoptotic or apoptosis genes. For example,
Shibahara found that the loss of B lymphocytes was
related to apoptosis [90]. In addition, some researchers
have found that macrophage-related apoptosis occurs
in the liver of PCV2-infected mice, although mice are
not natural hosts of PCV2 [91]. However, other studies
have argued that apoptosis is also involved in the
pathogenesis of PCV2. For example, it has been found
that lymphoid tissue damage caused by PCV2 infection
in pigs is not the result of apoptosis but instead is the

result of reduced cell proliferation [92]. Similar studies
have reported that apoptosis is not the main mechan-
ism of lymphoid tissue injury or hepatocytopenia in
pigs with PMWS [93]. Some scholars have compared
pigs with PMWS and healthy pigs and found that the
higher the viral load, the more serious the pathological
changes and the lower the degree of autophagy in the
tissues. The results of that study seem to contradict the
view that apoptosis is caused by PCV2 [94]. Gao et al.
constructed two mutants of PCV2 ORF4: the start
codon mutant M1-PCV2 and the frameshift mutant
M2-PCV2. These two mutants did not express ORF4
normally. When the two mutant and wild strains were
infected with PK-15 cells, the results showed that both
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Figure 3. Mechanisms of lymphoid depletion and immunosuppression due to PCV2 infection.

Blue dots indicate PCV2 particles.

ORF4-deficient strains could increase the level of ORF3
transcription and apoptosis, which indirectly indicated
that ORF4 could inhibit ORF3 transcription and apop-
tosis induced by PCV2 [95]. Recently, Zhai et al. [96]
found that the enhancement of PCV2 replication
caused by oxidative stress is related to autophagy dur-
ing apoptosis, which indirectly indicates that PCV2 is
still related to apoptosis. In recent years, Wang et al.
[97] studied the mechanism of apoptosis caused by
PCV2 infection and found that PCV2 infection can
cause endoplasmic reticulum stress, which is character-
ized by an increase in the concentration of calcium in
the endoplasmic reticulum. It was further clarified that
the mechanism of apoptosis was activated by phospho-
lipase C (PLC) and the inositol 1,4,5-trisphosphate
receptor (IP3R) pathway, thus elucidating the mechan-
ism of apoptosis induced by PCV2 at the molecular
level. Zhou et al. [98] further discovered that PCV2
infection increased the expression of the proapoptotic
protein C/EBP homologous protein (CHOP) and ER
oxidoreductase 1 a (ERO1la). They also identified that
the inhibition of CHOP through RNA silencing or the
inhibition of EROla through short hairpin RNA or
EN460 causes the PCV2-induced generation of reactive
oxygen species (ROS); it also represses cytosolic cal-
cium levels and rates of apoptosis in PK-15 cells. The
overexpression of EROla enhances PCV2-induced

oxidative stress, caspase-3 cleavage, and apoptosis.
Therefore, they hypothesized that PCV2 induces apop-
tosis through ER stress via CHOP - ERO1a-ROS sig-
nalling in host cells. In addition, researchers have
reported that ORF5 protein, localized only in the ER,
enhances the replication of PCV2 by inducing ER-
associated stress, thereby leading to autophagy, protein
kinase RNA-like endoplasmic reticulum kinase
(PERK)-mediated unfolded protein response (UPR),
and, ultimately, apoptosis caused by Ca®>" and ROS
[2,99]. At present, although there is still controversy,
the general consensus among an increasing number of
scholars is that PCV2 can cause apoptosis in the later
phases of infection and the over-replication of PCV2.
Based on the above findings, we can speculate on the
mechanisms of infection and apoptosis within PCV2
cells, as shown in Figure 4.

Genetic determinants of the virulence of PCV2

Industry scholars have long been concerned with which
of the two genotypes of PCV2, PCV2a or PCV2b, is
more likely to cause disease in pigs. Early studies have
shown that in aseptic pigs inoculated with PCV2a and
PCV2b strains, although the onset of PCV2b is earlier
and the morbidity and mortality are higher for PCV2a
(100% vs. 25%), the extent of lesions and the antigen
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Figure 4. Mechanism of infection and apoptosis of PCV2.

CHOP, C/EBP homologous protein; ERO1a, ER oxidoreductase 1 a; PLC, phospholipase pathway; IP3R, inositol 1,4,5-trisphosphate receptor;
PERK, protein kinase RNA-like endoplasmic reticulum kinase; ROS, reactive oxygen species; UPR, unfolded protein response. The green dots

indicate PCV2 particles.

load are the same [100]. However, follow-up experi-
ments have confirmed that there is no difference in
viral virulence between traditionally raised pigs infected
with PCV2a or PCV2b in the laboratory [101].
Therefore, the experimental data obtained thus far do
not support a difference in virulence between the two
genotypes of PCV2. This is probably due to the fact that
the genotype of PCV2 has increasingly changed from
PCV2b to porcine circovirus-associated disease
(PCVAD) since 2003 [102]. Guo et al. [103] reported
that a porcine circovirus type 2b (PCV2b) mutant with
234 amino acids in the capsid protein showed more
virulence in vivo when compared with a classical
PCV2a/2b strain with 233 amino acids, which indicates
that the mutant amino acid site of 234 with lysine (K)
could enhance the virulence of the mutant PCV2b
strain in vivo. Recently, Oh et al. [104] further com-
pared the differences in virulence among four PCV2
genotypes (2a, 2b, 2d, and 2e) in pigs solely infected
with PCV2 and pigs dually infected with PCV2 and
Mpycoplasma hyopneumoniae. They found that, within
the single-infection model, PCV2a, PCV2b, and PCV2d
were more virulent than PCV2e, while significant dif-
ferences in virulence were not found among the
PCV2a, PCV2b, and PCV2d groups; within the dual-
infection model, PCV2d was more virulent than the
other three PCV2 genotypes. The results of this study

revealed that Mycoplasma hyopneumoniae exacerbated
the severity of PCV2-associated lymphoid lesions and
increased the PCV2 load in the blood and lymph nodes,
regardless of the PCV2 genotype. Suh et al. [105] also
compared four PCV2 genotypes (2a, 2b, 2d, and 2e)
with a single infection and co-infection with PCV2 as
well as another swine pathogen: porcine reproductive
and respiratory syndrome virus (PRRSV). They discov-
ered that within the single-infection groups, PCV2a,
PCV2b, and PCV2d exhibited similar virulence and
were more virulent than PCV2e. However, within the
dual-infection groups, the combination of PCV2d and
PRRSV was more virulent than the other three PCV2
genotypes (2a, 2b, and 2e), each in combination with
PRRSV. In addition, the authors suggested that genetic
differences in ORF2 of PCV2 May affect the virulence
of PCV2 genotypes.

There have been attempts to genetically analyse
PCV2 isolates from recovered pigs inoculated with or
without PCVAD to link the genetic determinants of the
virus to PCVAD [106]. However, scientists have dis-
covered another interesting phenomenon: it is easy to
change amino acids in the protective epitopes of capsid
proteins isolated from animals infected with PCV2
[107]. In addition, Fenaux et al. [108] found that
changes in two amino acids of the capsid protein of
PCV2a weakened the virulence of the virus. After 120
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passages of PCV2a in porcine kidney cells, it was found
that there were two amino acid mutations in the Cap
gene: P110A, which appeared in the 30th generation
and remained stable in the subsequent passage strain,
and R191S, which appeared in the 120th generation.
Since then, in vivo and in vitro experiments have con-
firmed that these two mutation sites can enhance the
replication of PCV?2 in pigs but weaken the virulence of
the virus. This study revealed that the two mutation
sites of the PCV2 capsid protein were related to the
virulence of the virus. The relationship between the key
amino acid epitopes and virulence was further con-
firmed by Krakowka et al. [109] In that study, genomes
were amplified from frozen tissues infected with PCV2
(non-pathogenic) from 1970 to 1971. The ORF1 gene
encoding replicase was homologous to the virulent
strain PCV2. However, in the collection of the ORF2
gene of the virus, a virulent PCV?2 strain, it was found
to be between 1331 and 1339 (ACA-GGG-AAC). The
corresponding sequence of the virulent PCV2 strain
was GCC-ACA-GCC, indicating that the amino acid
encoded by nucleotides at this position may be the key
epitope determining the virulence of PCV2 [109].
However, to date, no further experiments have con-
firmed the correlation between the nine-nucleotide
sequence and the virulence of PCV2. Wang et al.
[110] identified the N-terminal 24RRR26 of Cap to be
crucial for binding to p32, a key regulator for porcine
circoviral nuclear egress, and mutation of these three
arginine residues significantly weakened the replication
and pathogenesis of PCV2 in vivo, which indicated that
the N-terminal of Cap is crucial for the pathogenesis of
PCV2. Recently, Zhang et al. [111] reported that the
carboxyl terminus (CT) of the PCV2 Cap also plays
a critical role in the evolution, pathogenesis, and pro-
liferation of this virus. They further identified
a conserved residue (227 K) in the CT, utilized for
virus entry into cells, which indicated that the residue
(227 K) might be the key amino acid determining the
virulence of PCV2. In addition, Suh et al. [105]
observed that there were five amino acid insertions in
the CT of ORF2 of PCV2e compared to PCV2a or
PCV2b with 233 amino acids, but only four amino
acid insertions in PCV2d with 234 amino acids, which
could result in a significant decrease in the virulence of
the newly discovered genotype of PCV2e. This suggests
that the CT of ORF2 in PCV2 dominates the virulence
of PCV2.

Differences in the genetic sensitivity of different pigs
to PCV2 infection

Genetic differences in pigs can affect the sensitivity of
the virus to host infection. Differences between pig

breeds and PCV2 and PCVAD infections have been
reported previously. For example, Opriessnig et al.
[112] reported that Landrace pigs were more suscep-
tible to PCV2 infection than Duroc and Yorkshire
pigs. In addition, some studies found that the degree
of pathological changes in Landrace and Pietrain pigs
infected with PCV2 was different, and the lymph node
lesions in Landrace pigs infected with PCV2 were
more serious than those in Pietrain pigs; the difference
was statistically significant. The study also found that
crossbred Yorkshire and Duroc pigs were more likely
to be infected with PCV2 than purebred Pietrain pigs
[113]. Studies have shown that under natural feeding
conditions, the incidence of PCV2 infection in pig
farms is affected by the genetic background of the
pigs [114]. Therefore, the genetic characteristics of
the host play an important role in the pathogenesis
of PCV2 [84]. Li et al. [115] identified breed-
dependent differences in porcine susceptibility to
PCV2. They discovered that Yorkshire x Landrace
(YL) pigs exhibited serious clinical features typifying
PCV2 disease, whereas Laiwu (a Chinese indigenous
pig breed, LW) pigs showed few clinical symptoms of
the disease during PCV2 infection. They further
explored the genetic mechanism underlying the differ-
ence in resistance to PCV2 infection in YL and LW
pigs through an analysis of the changes that occurred
in cytokines and some regulated genes within the
serum after PCV2 infection. It was found that the
serum levels of IL-4, IL-6, IL-8, IL-12, and TGEF-f1
in LW pigs and tumour necrosis factor (TNF)-a in YL
pigs increased significantly in the early stages of infec-
tion, while the levels of IL-10 and interferon (IFN)- y
in YL pigs were greatly increased at 35days post
infection (dpi). RN A-seq analysis identified four upre-
gulated genes (TFPI, SERPNCI1, SERPNAI1, and
SERPNA5) that were enriched in the complement
and coagulation cascade pathways in PCV2-infected
LW pigs. According to their results, the mRNA
expression of SERPNAI1, as well as the three genes
TGF-B1, TGF-B2, and VEGF (which are regulated by
SERPNAL1), was significantly increased (p <0.05). It
was deduced that susceptibility to PCV2 infection
depends on the genetic differences between LW and
YL pigs, and SERPNAL likely plays an important role
in the resistance of LW pigs to PCV2 infection.
Recently, this group further explored the genetic sen-
sitivity of different pigs to PCV2 infection. They found
that the mannose receptor C type 1 (MRC1), a key
factor in regulating the body’s immune response to
resist pathogen invasions, might be associated with
susceptibility to PCV2 based on genetic differences
in pigs. They discovered that a 14 bp indel



polymorphism “GTTTTTTTTTTTTT” at site — 864 of
porcine MRC1 promoter significantly influences gene
transcriptional activity both prior to and post PCV2
infection, and the frequency of allele B (with the 14 bp
insertion) is more prevalent in pigs resistant to PCV2
infection. Therefore, their discovery suggests that the
14 bp insertion polymorphism in the porcine MRC1
promoter is a potential DNA marker for PCV2 resis-
tance in different breeds of pig [116]. In summary,
elucidating the mechanisms of genetic resistance or
sensitivity of hosts to PCV2 infection will help us
control PCV2 infection and cultivate PCV2-resistant
pig breeds in the future.

Immune enhancement of PCV2-related diseases

It is well known that PCV2 infection can cause immu-
nosuppression. However, it is notable that immune
stimulation in vitro can induce the development of
PCV-related diseases [84]. Adjuvants such as Freund’s
adjuvant and azithrocyanin, either vaccinated or co-
infected with other pathogens such as porcine parvo-
virus (PPV) and PRRSV, can aggravate PCV2-related
diseases [84,117-119]. Other studies have shown that
the stimulation of peripheral blood monocytes
(PBMCs) with concanavalin A (ConA) can enhance
the replication of PCV2 and activate the replication of
PCV2 supported by T lymphocytes in vitro [120].
Further studies have shown that the mRNA expression
of the PCV2 Cap gene is higher when proliferating or
resting cells are stimulated by ConA or Phytolacca
americana mitogen, suggesting that the enhancement
of PCV2 replication does not depend on the mitotic
stage of cells [121]. The immune enhancement exhib-
ited by PCV2 may draw attention to other pathogenic
immunization programs in pigs. Because PCV-related
diseases are often found in healthy pigs, an interesting
research question is whether multiple immunizations
and vaccine-induced immune enhancement will have
negative effects on pigs infected with PCV2 or PCV-
related diseases. If so, how to mitigate this impact is
another question that should be answered [69,122].
Recently, researchers have revealed that IL-10 is
another immunoregulatory cytokine associated with
the development of PCV2 infection with high expres-
sion. Because IL-10 has anti-inflammatory properties,
including hampering excessive inflammation and creat-
ing allergic or autoimmune responses in the host, IL-10
might be associated with the immune enhancement of
PCV2-related diseases [2]. However, to fully elucidate
the mechanism of immune enhancement in PCV2-
related diseases, more attention should be paid to this
issue.
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Co-infection with other pathogens

Previous studies have shown that PCV2 co-infection with
other pathogens, such as pseudorabies virus (PRV), clas-
sical swine fever virus (CSFV), PRRSV, and porcine epi-
demic diarrhoea virus (PEDV), usually aggravates these
diseases [105,123-125]. This begs the question: What is
the secret or mechanism of these co-infections? Further
studies have shown that PCV2 infection alone does not
influence cell differentiation, antigen processing and pre-
sentation, or pro-inflammatory cytokine production in
cultured DCs. Similarly, it does not affect IFN-a/tumour
necrosis factor a (TNF-a)-induced DC maturation or
major histocompatibility complex class II (MHC II) anti-
gen-presenting protein and CD80/86 T-cell co-
stimulatory molecule expression. However, once the
virus co-infects cells with different pathogens, IFN-a
and TNF-a expression is inhibited and the pathogens
impair DC maturation, immune cell activation, and direct
antiviral effects [2,126]. Zhou et al. [127] explored the
synergistic pathogenesis mechanism induced by PRRSV
and PCV2 co-infection by detecting the kinetic changes in
immune regulatory molecules, inflammatory factors, and
immune checkpoint molecules in porcine alveolar macro-
phages (PAMs) in individuals infected or co-infected with
PRRSV and/or PCV2. This research indicated that PCV2
and PRRSV co-infection mainly promoted PRRSV repli-
cation, and then inhibited the immune regulatory mole-
cules (IFN-alpha and IFN-gamma) and activated
inflammatory factors (TNF-alpha, IL-1beta, IL-10, and
TGF-beta) and immune checkpoint molecules (PD-1,
LAG-3, CTLA-4, and TIM-3), enhancing the pulmonary
lesions through dual infection with PCV2 and PRRSV in
PAMs. Recently, Guo et al. [128] reported that PCV2 and
Glaesserella parasuis serotype 4 (GPS4) co-infection can
activate the TGF-beta and p38/MAPK signalling path-
ways in vivo and upregulate Snaill, a transcriptional
repressor, ultimately down-regulating the expression of
Z0-1 and Occludin. This elucidates how PCV2 infection
promotes GPS4 to breach the tracheal epithelial barrier
and aggravate clinical manifestations. In summary, PCV2
coinfection with other pathogens impairs the immune
system of cells [2].

The pathomechanism of PCV3

Since its discovery in 2016, PCV3 has become wide-
spread in many countries such as the United States,
Poland, Germany and China [9,129-131]. Pigs
infected with PCV3 mainly exhibit PDNS, reproduc-
tive disorders, and heart and multiple organ inflam-
mation. The pathogenesis of PCV3 involves the
following aspects.
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Pathogenicity

Both PCV3 virion and genomic DNA are pathogenic
and infective, and can increase the expression of pro-
inflammatory cytokines (IL-6, IL-1 B, IFN-y, IL-23 a,
and TNF-a) and chemokine ligand 5 (CCL5) in
infected piglets, indicating that the pathogenicity of
PCV3 is not only related to PDNS but also to inflam-
mation [12]. After PCV3 infection is initiated, DNA
can be detected in almost all animal tissues and body
fluids, including the heart, brain, kidneys, spleen,
serum, saliva, nasal fluid, peritoneal fluid, pleural effu-
sion, faeces, and semen. PCV3-specific antigens can
also be detected in a variety of animal tissues and
organs, including the skin, kidneys, lungs, heart, liver,
small intestine, lymph nodes, and colostrum [132,133],
which can cause myocarditis, nephritis, vasculitis,
PDNS, reproductive failure, respiratory diseases, diar-
rhoea, and so on [61]. Therefore, PCV3 and PCV2 have
similar extensive tissue tropisms, and it is speculated
that PCV3 has a pathomechanism similar to that of
PCV2.

Immunosuppression

The Cap protein of PCV3 is related to viral replication
and may be related to PCV3-induced immunosuppres-
sion. Zhang et al. [134] found that the PCV3 Cap protein
can inhibit DNA-induced IFN-B mRNA transcription
and IFN promoter activation. In addition, Cap interacts
with the GTPase-activating protein SH3 domain-
binding protein 1 (G3BP1) and inhibits the interaction
between G3BP1 and cyclic GMP-AMP (cGAMP)
synthase (cGAS), suggesting that the interaction
between Cap and G3BP1 prevents cGAS from recogniz-
ing DNA and inhibits IFN production. Recently, Shen
et al. [135] also found that the PCV3 Cap protein can
inhibit innate immunity mediated by IFN-[ through the
interaction between G3BP1 and the signal transducer
and activator of transcription 2 (STAT2) protein,
thereby leading to immunosuppression. This study also
showed that the PCV3 virus can inhibit the host’s natural
antiviral immune response with the help of its Cap
protein, allowing the PCV3 virus to escape. It appears
that the immunosuppressive mechanism of PCV3 is
different from that of PCV2 because of its different
associated viral proteins and host cytokines. However,
further studies are needed to fully elucidate the mechan-
ism of PCV3 immunosuppression.

PCV3 infection and autophagy

Geng et al. [136] were the first to study autophagy
induced by PCV3. In this study, the recombinant
plasmid pCMV-Cap and lentivirus LV-Cap-encoding
Cap protein of PCV3 were constructed and transfected

into HEK293T cells. Western blotting, laser confocal
microscopy, and transmission electron microscopy
showed for the first time that the PCV3 Cap protein
could induce autophagy by inhibiting the phosphory-
lation of the mammalian target of rapamycin (mTOR).
Although both PCV2 and PCV3 can cause autophagy,
the mechanisms involved are different because of the
different associated proteins and signalling pathways.
There are still few reports on this topic; therefore,
further studies are needed to confirm whether PCV3
Cap can induce autophagy or whether other proteins
are also associated with autophagy caused by PCV3
infection.

PCV3 immune stimulation
The promotion or induction of other pathogens in the
development of disease is related to immune stimulation,
which has been shown to be an important part of the
pathogenesis of PCV2-related PMWS. Therefore, whether
the pathogenesis of PCV3 is also related to immune stimu-
lation requires further discussion. Jiang et al. [12] con-
structed PCV3 infectious clones using a virus rescue
technique. They inoculated 4- and 8-week-old pigs using
these PCV3 infectious clones combined with immune sti-
mulator keyhole limpet haemocyanin (KLH). The results
showed that both immunization methods could lead to
similar symptoms of PDNS in pigs, resulting in
a progressive increase in the viral load in the serum and
various tissues. The two inoculation methods also signifi-
cantly upregulated IL-1 B, IL-6, IL-23 o, IFN-y, TNF-a, and
CCLS5 in piglets. Although KLH did not show a significant
increase in the infectious cloning of PCV3, in general, the
addition of KLH immunostimulants was proven to
increase the survival rate of animals. However, to date,
research has only been conducted at the experimental
level, with no reports from the field. In addition, to reveal
whether there are other factors associated with immune
stimulation in PCV3, further studies must be conducted.
Recently, it has been reported that PCV3 can also
cause inflammatory responses, which are activated by
the hypoxia-inducible factor-1 pathway, glycolysis, and
the AGE/RAGE pathway, using reverse genetics
approaches. This has made the inflammatory pathome-
chanism of PCV3 clearer [137]. Generally speaking,
because the discovery of PCV3 was relatively late com-
pared to the discovery of PCV2, its corresponding
pathomechanism is still the subject of continuous
debate, exploration, and research.

The pathomechanism of PCV4

PCV4 can also cause serious diseases in pigs, including
respiratory diseases, diarrhoea, and skin lesions,



suggesting that pigs may develop PDNS [138]. Autopsies
have shown that the interlobular septum becomes mod-
erately swollen, the space is filled with transparent exu-
date, and the lung surface may be dotted with multifocal,
variously dark areas [10]. Recently, Zheng et al. [60]
identified that the amino acid *RSRY” in the NLS of the
PCV4 Cap was a critical motif affecting the packaging of
virus-like particles (VLPs), and could be used for elucidat-
ing the infection mechanism of PCV4 and developing
subunit vaccines based on VLPs. However, the pathome-
chanism of PCV4 is still not fully elucidated.

Conclusions and prospects

In summary, we systematically uncovered the genomic
composition (including each ORF’s function) of four
PCVs to understand and elucidate their pathomechan-
isms. However, not all of the functions of the ORFs in
the genomes of these four PCVs are completely under-
stood, which hinders our understanding of the PCVs’
pathomechanisms. This provides us with a direction for
future work. It can be concluded that co-infection with
other pathogens is the main cause of PCVAD from
PCV2 or even PCV3 and that the pathomechanisms
of co-infection with other pathogens should be investi-
gated in greater depth. At present, research on the
pathomechanisms of PCVs predominantly focuses on
PCV2, whereas research on the pathomechanisms of
other types of PCVs needs further improvement. For
example, we must question whether there is a gene
exchange between PCV1, PCV2, and PCV3, leading to
the production of new strains and PCVAD, and
whether PCV3 and PCV4 co-infect with other patho-
gens. These problems should be further investigated to
provide better guidance for the prevention and control
of PCV.
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