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Abstract: Porcine circoviruses 2 and 3 (PCV2 and PCV3) are known agents of diseases
in domestic pigs and wild boars. PCV2 is an economically important pathogen causing
porcine circovirus-associated diseases (PCVAD), while the recently discovered PCV3 is
associated with similar disorders. Wild boars can serve as a PCV reservoir for domestic
pigs, whichisaparticularrisk for pigfarms withlow biosecurity. Reports of theseinfections
in Serbia are sporadic, and this study was intended as a follow-up to an earlier study.
Our aim was to assess the prevalence and genetic characteristics of PCVs circulating in
wild boars in a region in north-eastern Serbia with extensive hunting areas. In our study
of 103 samples, 17.48% tested positive for PCV2 and 15.53% for PCV3. The low co-
infection rates in 2.94% of the PCR-positive samples, suggests these viruses circulate
independently. PCV2 prevalence was lower than in our previous study (40.32% out of
124 samples), but the genetic stability of circulating strains was detected with a clear
genotype shift towards PCV2d-2. Moreover, this is the first report of PCV3 occurrence
in wild boar in Serbia, and the detected strains were grouped into two genotypes: PCV3-
1 and PCV3-3c. The PCV3-1 sequences were clustered with German strains, indicating
the prevalence of this genotype in Europe. However, no further geographical correlation
could be established, as the PCV3-3c representative was separated within the cluster
containing Chinese and Indian strains. Furthermore, there was no correlation between
PCV positivity and pathological findings in the sampled animals indicating subclinical
infection.

Introduction

Over Porcine circoviruses (PCV) are one of the smallest
DNA viruses with a circular genome and belong to the family
Circoviridae (1). These known pathogens are associated
with disease in both domestic pigs and wild boars. In recent
years, new PCVs and genotypes of already known viruses
have been gradually discovered (2, 3). Porcine circovirus 2
(PCV?2) is the best-studied porcine circovirus and causes
several diseases collectively known as porcine circovirus-
associated disease (PCVAD), including postweaning
multisystemic  wasting syndrome (PMWS), porcine
dermatitis and nephropathy syndrome (PDNS), pneumonia,
reproductive problems, and so on (3, 4). PCV2 can spread

easily in a susceptible population, mainly through direct
contact and can be shed over a long period of time, exposing
susceptible pigs to contaminated respiratory secretions,
feces and urine (3). PCV3 was initially identified in 2016
through metagenomic sequencing within the domestic pig
population and this discovery was linked to instances of
reproductive failureand PDNS (2,4, 5). Itis widely recognized
that factors beyond PCV2 infection are required to cause
severe disease, however, PCV2 impacts the immune
response in wild boars, which can exacerbate other existing
diseases in these animals (3). Similarly, PCV3 has also been
found in apparently healthy animals and it is believed that
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this virus serves as a contributing factor in intensifying the
severity of diseases during concurrent infections (6, 7, 8).
These viruses are genetically heterogeneous and PCV2
is currently divided into eight genotypes (PCV2a-PCV2h),
while PCV3 is divided into three genotypes and several
subtypes (9, 10, 11). Evidence of a global genotype shift of
PCV2 is accumulating, as the PCV2d genotype is gradually
becoming dominant worldwide (12-15). Frequently, the
primary origin of virus spread is rooted in the structure of
the domestic pig farming sector. These small units, mostly
owned by families, do not implement any biosecurity
measures and the pigs are typically raised in a free-range
manner, occasionally coming into close contact with wild
boars (15, 16). Moreover, high prevalence of PCVs in wild
boars and the genetic similarity between PCV3 strains
found in domestic and wild populations could imply that
wild boars serve as virus reservoirs (17-20). Generally, the
occurrence of PCVs in the wild is typically greater in regions
with extensive pig farming (15, 21). The estimated density
of the wild boar population in Serbiais 0.2 - 1.38 animals per
km?, and the country has the highest density of pigs in the
Western Balkans, with around 2.7 million domestic pigs (3).
The prevalence of PCVs in the wild boar population varies
from country to country. In our recent study, conducted
in hunting areas in a region with traditional pig breeding,
we confirmed the dominant presence of genotype PCV2d
in the wild boar population, but no PCV3-positive animals
were detected at that time (15). Aside from our study, the
only available literature information dates back to 2012,
and demonstrates the presence of PCV2b in the domestic
pig population in Serbia (30). Published European studies
indicate the presence of PCV3 in over 70% of the tested
samples from wild boars (19). Savi¢ et al. (8) reported the
prevalence of PCV3 in domestic pig farms and link this
virus to the occurrence of PCVAD, which serves as the only
data available from Serbia concerning this topic. The aim
of this study was to follow up on our previous work and
analyse the presence and genetic characteristics of porcine
circoviruses in wild boars from the same hunting areas
three years later.

Materials and methods

Samples

Samples of lymph nodes and spleen were collected from
103 adult wild boars during the 2021/2022 hunting season
in the South Banat district of Vojvodina in north-eastern
Serbia. The collection of wild boar samples was carried
out as part of regular monitoring for African and classical
swine fever organized by the Veterinary Directorate of the
Ministry of Agriculture, Forestry and Water Management.
Sampling was performed in the field without a complete
pathoanatomical section, and general condition of the
sampled animals was noted. The hunting areas covered
by this survey included: Opovo (45°3'N, 20°25'E), Plandiste
(45°22'N, 21°12'E), Bela Crkva (44°87'N, 21°43'E), Alibunar
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(45°4'N, 20°58'E), Vrsac (45°13'N, 21°36'E), Pancevo
(44°82'N, 20°63'E), and Kovin (44°44' N, 20°58' E). The
samples were transported onice to the Faculty of Veterinary
Medicine, University of Belgrade for further examination.
Samples from each animal were pooled and homogenised
in phosphate buffered saline (PBS 7.2). Tissue suspensions
were centrifuged at 1.677 x g for 10 minutes, and DNA was
extracted using the GeneJET Genomic DNA Purification Kit
(Thermo Scientific, USA).

PCR, sequencing and phylogeny

PCR detection of PCV2 and PCV3 was performed using
primers and protocols described by Castro et al. (22)
and Franzo et al. (23). Internal reference strains of PCV2
(GenBank acc. no. MW550043) and PCV3 from the
Department of Microbiology, Faculty of Veterinary Medicine,
University of Belgrade were used as positive controls. The
PCR products that were positive for PCV2 and PCV3 were
selected for sequencing. All PCV2-positive samples were
sequenced with the PCR primers described previously, and
PCV3-positive samples from different hunting areas were
sequenced with primers specific for the viral capsid gene
(24). The PCV2 and PCV3 nucleotide sequences obtained
were compared with analogous sequences from GenBank
using the tool BLAST (http://www.ncbi.nlm.nih.gov/
BLAST/). Generation of consensus sequences, analysis
and quality control of the raw sequences were performed
using the STADEN package (25).

For phylogenetic analysis, MEGA 11 software (26) was
used, and trees were generated by the neighbour-joining
algorithm after Kimura-2 parameter correction with
1,000 bootstrap repeats, using appropriate sequences
as outgroups. Bootstrap values of more than 70 % were
reported. Genotype and cluster representative strains were
selected (9-11).

The representative PCV2 and PCV3 sequences obtained
in this study were submitted to GenBank and are available
under the following accession numbers: OP784785
-0P784793.

Results

The PCR results were as follows: PCV2 DNA was detected
in 18/103 animals (17.48%), and 16/103 samples were
PCV3 positive (15.53%), with rare mixed infections in 0.97%
of the tissues examined (i.e. 2.94% of the PCR-positive
samples). The distribution of positive animals among the
different hunting areas in this study is shown in Figure 1.
PCV3-positive animals were sampled in Plandiste (7/16;
4375 %), Vr§ac (7/16; 43.75 %) and Pancevo (2/16; 12.5 %),
while PCV2-positive samples were from Plandiste (5/18;
27.8 %), Kovin (7/18; 38.9 %) and Bela Crkva (6/18; 33.3 %).
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Figure 1: PCV2- and PCV3-positive wild boar samples in different hunting
areas and distribution of genotypes.

The overall similarity of the detected PCV2 strains with other
strains from GenBank, including previously reported strains
from the same hunting grounds (MW550042-MW550059),
was 90-100%, while they were 93-100% similar to each
other.

Phylogeny revealed that the detected strains belonged to
PCV2b (5/18; 27.8%) and PCV2d (13/18; 72.2%) genotypes.
The detected PCV2d strains were clustered with PCV2d-2
sequences detected in 2018/2019 in wild boar from the
same hunting areas, as well as with analogous strains
from Hungary, China and the USA. In addition, the PCV2b
sequences from this study also clustered with PCV2b
sequences detected in wild boar from the same hunting
areas (Figure 2). The PCV3 sequences from this study
had an overall similarity of 98-100 % with other sequences
examined from GenBank and had a similarity of 98-99 %
with a previously reported Serbian PCV3 strain detected
in domestic pigs. In addition, the detected PCV3 strains
were 99-100 % similar to each other. The results of the
phylogenetic analysis showed that the sequences examined
belonged to the PCV3-1 (14/16; 87.5%) and PCV3-3c (2/16;
12.5%) genotypes. The PCV3-1 sequences formed a cluster
with analogous sequences from Germany, while the PCV3-
3c genotype representative in this study did not form a
cluster with sequences from India and China belonging to
the same genotype (Figure 3). The distribution of the PCV2
and PCV3 genotypes in positive samples from different
hunting areas is shown in Figure 1.

Discussion

This study is a continuation of our previous work on
wild boar samples from the same hunting area taken in
2018/2019 (15). These results showed a high frequency of
PCV2 infection, while PCV3 was not detected. Similarly, the
reported detection frequency of PCV3 in South Korean wild
boarwas alsorelatively low (27). Our current results are more
in line with European studies showing high PCV3 infection
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Figure 2: Neighbour-joining tree constructed from wild boar PCV2
sequences (OP784785 - OP784789) and sequence representatives of
different genotypes. Previously detected PCV2 strains from the same area
are marked MW550042-MW550059. The sequences from this study are
marked by a black circle.
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Figure 3: Neighbour-joining tree constructed from wild boar PCV3
sequences (OP784790 - OP784793) and sequence representatives of
different genotypes. The sequences from this study are marked by a black
triangle.
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rates in wild boar ranging from 23% to 71% (6, 7, 19, 28).
These results agree with studies confirming the ubiquity of
PCV3 in pig farms across Europe (13). Furthermore, Savi¢
et al. (8) suggested that PCV3 is widespread in the pig
population in Serbia.

In a study similar to ours, conducted by Dal Santo et al.
(29), PCV2 and PCV3 were detected in 57.7% and 15.4%,
respectively, of the Brazilian wild boar samples tested. The
proportions of European wild boar that are PCV2-positive
are variable, ranging from 10 % to 47.3 % in different hunting
districts (17, 19, 28). In contrast to our current results, PCV2
was previously detected in 40.32 % of wild boar from this
area (15). In general, the higher PCV2 prevalence in wild
boar in certain countries and areas is associated with
extensive domestic pig farming (15, 21).

Many reports show different co-infection rates of PCV3 and
other relevant swine viruses, including PCV2 (2). Prevalence
rates of PCV2/PCV3 co-infections detected in wild boar
populations in Germany and Italy ranged from 7.5 % to 24.4
%, while these rates are higher in domestic pigs, especially
in relation to animals with observed clinical signs (4, 17,
19, 28). Accordingly, the prevalence of PCV3 infections
has been reported to be higher in domestic pig farms with
PRDC (5). Savi¢ et al. (8) also noted a possible association
between PCV3 infection of domestic pigs in Serbia and
clinical disease. In contrast, the wild animals in our study
were in good condition, and similar to the results reported
by Franzo et al. (6), there was no correlation between PCV3
positivity and pathological findings. Our results show that
mixed PCV2/PCV3 infections are rare, accounting for
2.94% of all positive samples, comparable to the findings of
Saporiti et al. (13) and Dal Santo et al. (29).

The genetic heterogeneity of PCV2 can be demonstrated by
phylogenetic analysis of the corresponding gene segments
(10). The strains detected in this study were assigned
to PCV2d genotype in 72.2% and to PCV2b genotype in
27.8% of PCV2-positive samples. The latest available data
on genetic variability of PCV2 in domestic and wild pigs in
Serbia showed that PCV2b was the dominant genotype
in the field, which is consistent with results from other
countries from that time (20, 30, 31). However, the results
of our previous study represented an update showing a
visible dominance of PCV2d, consistent with the global
PCV2 genotype shift (15). Data from PCV2 strains detected
in domestic pigs from different regions of China also show
the gradual replacement of PCV2b by the PCV2d genotype
(4, 12, 14). A comprehensive analysis of the prevalence of
the PCV2 genotype in European domestic pigs by Saporiti
et al. (13) also revealed that PCV2d is the most frequently
found genotype, followed by PCV2b and 2a. Accordingly,
we confirmed the decreasing prevalence of PCV2a in
Serbia, as there were no representatives of this genotype
in contrast to the 2018/2019 sampling period, when 5.5%
were positive, which remains in line with the situation in
domestic pigs worldwide (13-15). Further evidence for our



findings is that the PCV2 strains detected in wild boars
in Italy in 2021 belong predominantly to PCV2d, followed
by PCV2b (19). The representatives of genotypes 2d and
2b in this study were clustered with PCV2d-2 and PCV2b
sequences detected in 2018/2019 in wild boar from the
same hunting areas, indicating the genetic stability of
circulating virus strains in this wild boar population. Overall,
the current PCV2d strains are most often representatives
of the PCV2d-2 cluster, and our current results confirm the
assumption of their dominance in the studied area (9, 15).
This is also supported by studies conducted in Italy in both
domestic pigs and wild boars (19, 32). Interestingly, Rudova
et al. (21) detected genotype f in wild boars, demonstrating
the possible PCV?2 diversity in the wild. Furthermore, the
authors found an accumulation of representatives of the
PCV2 genotype in domestic and wild animals, suggesting
an ecological interaction. Unfortunately, there are no recent
data on PCV?2 genotype diversity in Serbian domestic pigs,
and the latest available data suggest that domestic pigs are
predominantly infected with PCV2b (30, 31).

The PCV3 sequences obtained in this study had a high
overall similarity rate of 98-100% to each other and to
analogous sequences from GenBank. These data on
PCV3 molecular diversity are consistent with other studies
showing a relatively high degree of genetic homology
between PCV3 strains (2, 4, 5, 7, 13, 14). The phylogenetic
analysis of German PCV3 strains performed by Fux et al.
(33) describes two main groups of PCV3 strains (PCV3a
and b) with corresponding subclusters. This strain
classification has also been reported elsewhere (8, 23,
34). Li et al. (34) reported that diversification of PCV3 into
PCV3a and b occurred between 2013 and 2014, and also
reported the existence of branches PCV3a-1 and PCV3a-2.
However, there is no correlation between the distribution
of PCV3 strains and their respective geographical origins
(2). Mutations within the PCV3 genome are mostly found
in the region encoding the cap protein, which can be useful
for genotyping strains (4, 35). Accordingly, several authors
have proposed the subdivision of PCV3into three genotypes
(PCV3a, PCV3b and PCV3c) (12, 35, 36). According to
the PCV3 genotype classification recently proposed by
Chung et al. (11), most of the wild boar strains detected
in our study are classified as PCV3-1, followed by PCV3-
3¢ (12.5%). A similar study from Italy gave different results
and all PCV3 strains from wild boars were classified as
subtype 2a, mostly together with other European, Chinese
and Brazilian strains (19). PCV3-1 strains from wild boars
in Serbia were clustered with German strains, which might
be due to the increase of wild boar populations in Europe
and their migratory characteristics. Interestingly, the PCV3-
3c genotype representative in this study was distantly
related within the genotype to strains from India and China,
confirming that there is no geographical correlation with
the PCV3 genotyping method. Similar results were obtained
by Savi¢ et al. (8), who showed clustering of Serbian PCV3
strains in domestic pigs with Chinese strains. When
compared with the available analogue sequence of a PCV3

domestic pig strain from Serbia, the overall differences
from the wild boar sequences obtained were about 2 %, and
the strains did not show clustering, suggesting independent
circulation.

Conclusions

In this paper we have described the occurrence of PCV2 and
PCV3 in wild boar, focusing on their genetic characteristics.
These viruses are widespread, but there are rare cases of
co-infection, suggesting that they mostly occur as single
pathogens. There wasno correlation between PCV positivity
and general condition of the sampled animals, indicative of
subclinical infection. Although PCV2 has been detected
in wild boar populations in our previous study, this is the
first report of PCV3 in these animals in Serbia. The most
common genotype of PCV2 found in this study was PCV2d
(PCV2d-2 cluster), confirming the previously reported
global trend of genotype shift. In addition, we confirmed
the circulation of the same PCV2 strains in the sampled
hunting areas as in the 2018/2019 season. Most of the
PCV3 sequences found were closely related, especially to
strains from Germany, suggesting the existence of a single
genotype circulating in Europe. Nevertheless, our data are
in agreement with the results of other authors showing no
geographical correlation with genotype association. Details
on the molecular epizootiology of PCV3 are still scarce,
and data presented here add to the lack of information
on the genetic characteristics of wild boar strains for this
part of Europe. The occurrence of PCV2 and PCV3 in wild
boar may pose a challenge for commercial pig production
and the potential risk of transmission between wild and
domestic pigs needs to be considered. In addition, wild boar
and domestic pig PCV strains demonstrate phylogenetic
clustering, confirming the possibility of pathogen exchange
between these species. Therefore, biosecurity measures
must be taken in pig farms to ensure distancing from wild
populations. As there are large numbers of wild boars in
Serbia and extensive domestic pig farming is common,
it is important to monitor the occurrence of pathogens
in these populations. Since we did not study the local pig
population, we do not have information on the genetic
diversity of PCV2 and PCV3 in pig farms, so no exact
correlation could be established. There are no recent data
on PCV2 genotype diversity in Serbian domestic pigs, and
none of the detected PCV3 strains from wild boars were
clustered with the available domestic pig strain, which could
indicate an independent spread of PCV3. However, studies
comparing the genetic characteristics of strains from the
wild population and from surrounding pig farms could
provide more conclusive information. In view of the results
presented, we emphasize the importance of screening wild
boar samples to contribute to the understanding of the
role of porcine circoviruses and epizootiology in different
animal populations.
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Genotipizacija PCV2 in PCV3 pri divjih prasicih iz Srbije
J. Nigavi¢, A. Radalj, N. Mili¢, I. Progi¢, A. Zivulj, D. Benkovic, B. Vejnovic¢

Izvle€ek: Prasicja cirkovirusa 2 in 3 (PCV2 in PCV3) sta znana povzrocitelja bolezni pridomacih in divjih prasicih. PCV2 je
no odkriti PCV3 povezan s podobnimi boleznimi. Divji prasici so lahko rezervoar PCV za domace prasicCe, kar predstavlja
tveganije zlasti za prasicerejske farme z nizko stopnjo bioloske varnosti. Porocila o teh okuzbah v Srbiji so sporadi¢na, ta
Studija pa je bila zasnovana kot nadaljevanje predhodne Studije. Nas cilj je bil oceniti razSirjenost in genetske znacilnosti
PCV, ki krozijo med divjimi prasici v regiji severovzhodne Srbije z obseznimi loviSc¢i. Testirali smo 103 vzorce, od katerih
je bilo 17,48 % pozitivnih na PCV2 in 15,53 % na PCV3. Nizka stopnja soCasne okuzbe pri 2,94 % vzorcey, pozitivnih na
PCR, kaze, da ti virusi krozijo neodvisno. Prevalenca PCV2 je bila nizja kot v nasi prejsnji Studiji (40,32 % od 124 vzorcev),
vendar je bila ugotovljena genetska stabilnost krozecih sevov z jasnim premikom genotipa v smeri PCV2d-2. To je tudi
prvo porocilo o pojavu PCV3 pri divjih prasicih v Srbiji, odkriti sevi pa so bili razvrsceni v dva genotipa: PCV3-1 in PCV3-
3c. Sekvence PCV3-1 so bile povezane z nemskimi sevi, kar kaze na razsirjenost tega genotipa v Evropi. Vendar nad-
aljnje geografske povezave ni bilo mogoce ugotoviti, saj je bil predstavnik PCV3-3c locen v skupini kitajskih in indijskih
sevov. Poleg tega ni bilo povezave med pozitivhostjo PCV in patoloskimi ugotovitvami pri vzorCenih Zivalih, kar kaze na
subklini¢no okuzbo.

Kljucne besede: PCV2; PCV3; genotipizacija; PCR; divji prasici
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