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Abstract

Porcine circovirus 3 (PCV-3) prevalence has been minimally investigated in wild
boar; dynamics of infection and viral tissue distribution are currently unknown. In
this study, serum samples from 518 wild boar (from years 2004 to 2018) were
used to study frequency of infection. Also, serum samples from 19 boar captured
and recaptured at least two times for a period of time from 1 month to 1 year
were collected to determine PCV-3 infection dynamics. Finally, to elucidate PCV-3
DNA organic distribution, sera, different tissues and faeces were obtained from 35
additional wild boar. PCV-3 DNA was extracted and amplified with a conventional
PCR. For the PCV-3 PCR-positive sera from the longitudinally sampled and differ-
ent tissue types, a quantitative PCR was performed. Genome sequence was
obtained from a number of PCV-3 PCR-positive samples from different years, dif-
ferent time-points of infection and tissues. Obtained results confirmed the suscep-
tibility of wild boar to the virus, showing high frequency of PCV-3 detection (221
out of 518, 42.66%) and demonstrating circulation at least since 2004. Compiled
data indicate the possibility of long-term infections, since 5 out of 10 PCV-3 PCR-
positive boars longitudinally sampled showed positivity in samplings separated for
more than 5 months. All tested tissue types’ harboured PCV-3 genome, with the
highest percentage of PCR positivity in submandibular lymph node, tonsil, lung,
liver, spleen and kidney. The amount of DNA in all tested PCV-3 PCR-positive
samples was moderate to low. All partial and complete PCV-3 sequences obtained
from wild boar displayed high nucleotide identity, higher than 98%. In conclusion,
this study further confirms that wild boar is susceptible to PCV-3 infection, show-
ing high frequency of detection in this animal species. Furthermore, PCV-3 can be
found in different tissues of wild boar and is apparently able to cause persistent

infection.
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1 | INTRODUCTION

Porcine circovirus 3 (PCV-3), a recently described virus belonging to
the family Circoviridae, is the third member of genus Circovirus able
to infect swine (International Committee for the Taxonomy of
Viruses, ICTV, 2017- https://talk.ictvonline.org/). Members of this
family are icosahedral, single-stranded DNA (ssDNA) viruses with a
circular, ambisense genome that contains two major opening reading
frames (ORFs). ORFs are oriented in the opposite strands encoding
for specifically viral capsid and replicase proteins (Biagini et al.,
2012; Ritchie et al., 1990).

Porcine circovirus 3 was firstly identified in the USA (Palinski et
al., 2017; Phan et al., 2016) and the presence of viral genome was
detected subsequently in different continents such as Asia (Ku et al.,
2017; Kwon, Yoo, Park, & Lyoo, 2017; Shen et al., 2017), Europe
(Faccini et al., 2017; Franzo, Legnardi, Hjulsager et al., 2018; Stade-
jek, Wozniak, Mitek, & Biernacka, 2017) and South America
(Tochetto et al.,, 2017). This infectious agent has been found in
serum and/or tissues of domestic pigs affected by several clinical-
pathological presentations including respiratory disorders, reproduc-
tive failure, myocarditis, porcine dermatitis and nephropathy syn-
drome (PDNS) and congenital tremors (Chen et al., 2017; Ku et al.,
2017; Palinski et al., 2017; Phan et al., 2016). Moreover, PCV-3 gen-
ome has also been detected in asymptomatic animals (Franzo, Leg-
nardi, Tucciarone et al., 2018; Zhai et al., 2017; Zheng et al., 2017).
In addition, retrospective studies revealed the circulation of PCV-3
at least since 1993 in Sweden (Ye, Berg, Fossum, Wallgren, & Blom-
strom, 2018) and 1996 in both Spain (Klaumann et al., 2018) and
China (Sun et al., 2018). Phylogenetic studies have proposed the
existence of a most common ancestor dated around 50 years ago
(Fu et al, 2017; Saraiva et al., 2018) and the available sequences
revealed a high nucleotide identity between strains (Zheng et al.,
2017). Nevertheless, phylogenetic analysis also revealed two main
groups of PCV-3 strains and several subclusters (Fux et al., 2018).
Very recently, the genome has been also detected in sera from wild
boar (Franzo, Tucciarone, et al., 2018).

Wild boar (Sus scrofa scrofa) are susceptible to several pathogens
with potential for transmission to humans and animals (Meng, Lind-
say, & Sriranganathan, 2009). In fact, many viral diseases present in
domestic pigs can also affect boars and these animals may act as a
disease reservoir (Ruiz-Fons, Segalés, & Gortazar, 2008). In the last
decades, many European countries have experienced an increase of
the wild boar population in forested and urban areas as a result of
the ability of the wild boar to adapt to different environments, the
high prolificacy and increased contact with humans (Castillo-Con-
treras et al.,, 2018; Fernandez-Aguilar et al., 2018). In consequence,
the risk of potential disease transmission between wild boar popula-
tion and domestic pigs is not negligible.

The present work had a threefold objective. First, the frequency
of detection of PCV-3 in a large wild boar population of Catalonia
(Spain) was tested retrospectively from 2004 to 2018. The second

aim consisted of exploring the long-term dynamics of the virus in

captured and recaptured wild boars. Finally, a set of captured,
necropsied wild boar was used to study the tissue distribution of
PCV-3.

2 | MATERIAL AND METHODS
2.1 | Sampling designs

2.1.1 | Retrospective study

Serum samples (n = 518) were collected from resident wild boars of
33 counties in Catalonia (Northeastern Spain) between 2004 and
2018 (Figure 1). Blood was obtained by heart puncture from ani-
mals hunted during the hunting season and within the framework
of the official wildlife diseases surveillance scheme or captured and
euthanized for management purposes. Blood samples were cen-
trifuged at 1,500 g for 15 min and obtained sera were stored at
—20°C until processing. The number of available sera obtained per
year ranged from 3 to 18 between years 2007 and 2012, and from
30 to 88 between years 2013 and 2018 (Table 1). According to the
age classification based on the tooth eruption patterns described by
Buruaga, Lucio, and Purroy (2001), wild boar were classified as juve-
niles (less than 12 months), subadults (between 12 and 24 months)
and adults (over 24 months). The gender of the animals was also
recorded.

2.1.2 | Longitudinal study

Nineteen boars from the metropolitan area of Barcelona (Northeast-
ern Spain) were captured and recaptured at least two times (maxi-
mum of six times) for a period varying from 1 month to 1 year
(Table 2). Blood was collected from the cranial cava vein into sterile
tubes, centrifuged at 1,500 g for 15 min and obtained serum stored
at —20°C until further analysis. Age group and gender were also

recorded.

2.1.3 | Study on tissues, faeces and serum

Thirty-five wild boar captured and euthanized for management pur-
poses in Catalonia (Northeastern Spain) were selected for this study.
Sera samples from 28 out of 35 selected animals were available as
well as 33 faecal samples. Seven different tissue types were col-
lected. Tonsil, liver, lung, spleen, kidney and brain were analysed
from all boars selected for this study, while submandibular lymph
nodes were only available from 30 wild boar (Table 3).

2.2 | DNA extraction

DNA was extracted from 200 pl of serum using MagMAXx"™ Pathogen
RNA/DNA Kit (Applied Biosystems®) according to the manufacturer's
protocol. For faecal samples, DNA was extracted from 200 mg of
faeces with QIAmp DNA Stool Mini Kit (QIAGEN®). Finally,
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FIGURE 1 Distribution of the tested wild boar in Catalonia (Spain) of PCV-3 PCR-positive animals according to each county. The darker the
colour intensity, the higher PCV-3 frequency detection by PCR. PCV-3: Porcine circovirus 3 [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Number of examined wild boar and those with Porcine
circovirus 3 (PCV-3) PCR-positive results according to the tested
year

Number of PCV-3 PCR-positive
Year examined cases (n)  cases (n) Percentage (%)
2004 30 3 10.00
2005 50 2 4.00
2006 46 11 2391
2007 18 6 33.33
2008 17 5 2941
2009 4 2 50.00
2010 10 6 60.00
2011 12 7 58.33
2012 3 3 100.00
2013 40 31 77.50
2014 50 33 66.00
2015 50 28 56.00
2016 50 4 8.00
2017 88 63 71.59
2018 50 17 34.00
Total 518 221 42.66

approximately 1 cm® of tissues (corresponding to 180-200 mg) were
diluted in 1 ml of sterile phosphatase-buffered saline (PBS, pH 7.4),
and then homogenized with the Tissuelyser Il (QIAGEN®) for
30 min at 3,500 g, DNA from the homogenized tissue was extracted
according to the same protocol described for serum samples.

2.3 | Conventional and quantitative PCRs to detect
PCV-3

All primers and probes used in this study are included in Table 4.

To detect the presence of PCV-3 DNA in the tested samples, a
conventional PCR assay was performed based on a previous protocol
described by Franzo, Legnardi, Centelleghe et al. (2018), with slight
modifications. Three microlitres of extracted DNA was added to a
PCR mix and amplified using the described thermal protocol. The
reaction was carried out in a final volume of 50 pl mixture contain-
ing 5x PCR buffer, 10 pmol of dNTPs, 10 pmol of each primer, 1
Units of DNA polymerase Platinum™ SuperFi™ (Invitrogen™) and
water to bring the final volume up to 50 pl. The PCR products were
checked on 1.2% TAE agarose gel.

A previously published quantitative PCR (qPCR) protocol (Franzo,
Legnardi, Centelleghe et al., 2018) with slight modifications was per-
formed on all positive samples tested by conventional PCR from
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TABLE 3 Number of tested samples (serum and tissues) and their
PCV-3 PCR result and percentage of positives

No of No of PCV-3

tested PCR-positive  Percentage
Samples samples (n) samples (%)
Sera 28 5 17.86%
Faeces 33 3 9.09%
Brain 35 10 28.57°
Kidney 35 10 28.57°
Liver 35 19 54.29°
Lung 35 20 57.14°
Submandibular lymph node 30 9 30°
Spleen 35 19 54.29°
Tonsil 35 15 42.86°

Note. Different letters in superscript mean statistically significant differ-
ences (p < 0.05) among different sample types tested.

different tissue types and animals longitudinally sampled. Reactions
were carried out with an Applied Biosystems® 7500 Real-Time
machine. Briefly, 2 ul of extracted DNA was added to a standard
mixture containing 1x Quantitect Probe PCR mix (QIAGEN®),
0.6 pmol of each primer and 0.3 pmol probe, 1 pg of the internal
control (IC) plasmid vector pAcGFP1-1 (Takara-Clontech®), 0.4 and
0.2 pmol of IC primers and probe, respectively, and sterile water to
bring the final volume up to 20 pl. The thermal protocol included
95°C for 15 min followed by 45 cycles of 95°C for 10 s and 60°C
for 1 min. Viral concentrations were expressed as mean of log®
PCV-3 genome copies/pl and the limit of quantification were consid-
ered at least 10 copies of DNA per pl.

2.4 | PCV-3 sequencing and phylogenetic studies

For genome sequencing, 3 pl of the extracted DNA was added to
the PCR mixture described above for the conventional PCV-3 PCR,
using the thermal protocol and three specific primer pairs (Table 4)
able to detect three amplicons described by Fux et al. (2018). The
PCV-3 PCR-positive samples were purified using NucleoSpin® Gel
and PCR Clean-up (Macherey-Nagel) according to the manufacturer's
protocols and the quality and quantity of genomic DNA were anal-
ysed with BioDrop DUO (BioDrop Ltd).

The selected samples were submitted to Sanger sequencing,
which was performed with BigDye® Terminator v3.1 Cycle Sequenc-
ing Kit, following the manufacturer's protocol at the Genomic and
Bioinformatics Service of the Universitat Autdbnoma de Barcelona (Bar-
celona, Spain). The sequencing reactions were analysed using an ABI
PRISM 3130x| Genetic Analyzer (Applied Biosystem®).

Sequences and chromatograms were manually explored to trim
bad-quality bases with BioEdit 7.2 (Hall, 1999). The assembly of the
consensus sequences extracted from different fragments was done
with DNASTAR Lasergene software (Burland, 1999). Both complete
and partial genomes obtained were aligned using Clustal Omega
(Thompson, Gibson, Plewniak, Jeanmougin, & Higgis, 1997). A

TSR Wi LE Y-

collection of reference sequences available at the GenBank were

included in the analysis (Supporting Information Table S1). Pairwise
identity matrices were obtained using BioEdit software. Phylogenetic
analysis was performed with MEGA software vs 7 (Kumar, Stecher,
& Tamura, 2016) with the maximum-likelihood (ML) method based
on the best predicted-model (lowest BIC score), i.e. Tamura-Nei sub-
stitution model (Tamura & Nei, 1993) using Robustness of the ML
tree was evaluated by analysis with 1,000 bootstrap replicates.

In total, 24 samples were selected to obtain partial and complete
PCV-3 genome sequences. Twelve complete sequences were obtained
from animals corresponding to different years of the retrospective
study. Partial sequences were obtained from five animals longitudinally
sampled in two and/or three different time-points (n = 9) and from dif-
ferent tissue samples (n=3) of one wild boar. The sequences
obtained throughout this study are available at the GenBank (acces-
sion numbers MH579736-MH579747 for complete sequences of the
MH751283-MH751287 and MH751293-
MH751296 for partial sequences of the longitudinal study, and
MH751289- MH751291 for partial sequences from tissues).

retrospective  study,

2.5 | Statistical analyses

Statistical analyses were performed using the R software (http://
www.r-project.org/). Shapiro Wilk's test was used to evaluate the
normality of the distribution of the quantitative variables.

Differences over the years were analysed by the Pearson's Chi-
squared test (Xz) in the retrospective study; for such comparison, a
subdivision of five groups containing three tested years each one
was created. To assess the association between age groups, the
same test was implemented. To test differences between gender
and the PCV-3 PCR positivity between the tested counties, the Fish-
er's exact test was performed.

For the purpose to test the differences between the PCV-3 PCR
positivity frequency in tissues, the Pearson's Chi-squared test (Xz)
was carried out. p-Values lower than 0.05 were considered to be

statistically significant.

3 | RESULTS

3.1 | PCV-3 detection by PCR and quantification by
gPCR

3.1.1 | Retrospective study

Porcine circovirus 3 was found in wild boar of all counties studied (Fig-
ure 1). No significant association was found between county abun-
dance of wild boar and frequency of PCV-3 detection (Figure 2).

The first PCV-3 PCR-positive sample was detected in the first
year of testing (2004) and subsequently PCV-3 genome was found
in all examined years (Table 1). In total, 221 out of 518 (42.66%)
serum samples were PCR-positive for PCV-3 and the percentage of
PCV-3 positivity ranged from 4% (2 out of 50) in 2005 to 100% in

2012 (in which only three samples were tested). Significant
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TABLE 4 Primers and probes implemented in the conventional PCR, quantitative PCR (qPCR), and PCRs for the partial/complete genome
sequencing used in this study

Start
Primers and/or probes position Sequence 5'-3’ Assay Reference
PCV3,33F 233 5’-AAAGCCCGAAACACAGGTGGTGT-3' Conventional PCR Franzo, Legnardi,
PCV3,:6R 718 5-TTTTCCCGCATCCTGGAGGACCAAT-3' Centelleghe et al. (2018)
PCV3353F 353 5'-TGACGGAGACGTCGGGAAAT-3’ Viral qPCR Franzo, Legnardi,
PCV3465R 465 5-CGGTTTACCCAACCCCATCA-3’ detection Centelleghe et al. (2018)
Probe_gPCR 418 5'-FAM-GGGCGGGGTTTGCGTGATTT-BHQ1-3’
PCV3504F_IC 506 5 -TCCTGGGCAATAAGATGGAG-3’ Internal This manuscript
PCV3461R_IC 661 5 -TGGGGGTATTCTGCTGGTAG-3’ control
Probe_IC 528 5'-VIC-CCACTACAACGCCCATG-MGBNFQ-3’
PCV,4F 74 5'-CACCGTGTGAGTGGATATAC-3’ Conventional PCR- Fux et al. (2018)
PCV31444R 1444  5-CACCCCAACGCAATAATTGTA-3’ Partial and
Complete genomes
PCV34137F 1,137 5" - TTGGGGTGGGGGTATTTATT-3'
PCV34561R 1,561 5’-ACACAGCCGTTACTTCAC-3’
PCV34427F 1,427 5'-AGTGCTCCCCATTGAACG-3'
PCV3433R 433 5'-CGACCAAATCCGGGTAAGC-3’
100 &
Q0
80
F 70 MR ¢
; ¢ 2 v
+
£ 60— r3
3 %
g 50 ¢
= .
> 40 L 24 . .
E FIGURE 2 Wild boar abundance in the
30 hd * different counties according to PCV-3
- frequency of detection by PCR. The wild
20 h boar abundance is based in the relative
" % density index (RDI). RDI is calculated by
* dividing the number of wild boars hunted
0% between the geographical surface of
0 0.05 0.1 0.15 0.2 0.25 0.3

‘Wild boar abundance index

differences were observed across the tested year triads, with higher
frequencies of PCV-3 PCR positivity found in both periods 2013-15
and 2016-18 (p < 0.05) compared to the previous ones. The fre-
quency of PCV-3 genome detection in wild boar was significantly
higher in adults than in was subadults or juveniles (adults 47.5%,
152 out of 320; subadults 25.27%, 23 out of 91; juveniles 8.69%, 2
out of 23) (p < 0.05). PCV-3 positivity was found in 111 out of 253
tested females and in 90 out of 212 males; no significant difference

of PCV-3 frequency was found between genders.

3.1.2 | Longitudinal study

PCR and gPCR results are summarized in Table 2.
Porcine circovirus 3 PCR positivity was found in 10 out of 19 lon-
gitudinally tested wild boar (52.63%). Five of these animals (i.e., No.

hunting and the number of hunting
beaters. PCV-3: Porcine circovirus 3

2, 3, 6, 14 and 18) were PCV-3 PCR-positive at all samplings per-
formed throughout the study period. Globally, three animals were
positive for PCV-3 in only one sampling (No. 4, 5 and 7), while the
rest of wild boar were positive in at least two samplings separated
by 2 (n =2, No. 6 and 12), 5 (n = 2, No. 3 and 18), 6 (n = 1, No. 14)
or 7 months (n = 2, No. 1 and 2).

The amount of PCV-3 DNA obtained through gPCR was low to
moderate, ranging from 10! to 10*? copies of DNA/ul serum. Three
out of 24 gPCR-positive samples (from wild boar No. 1 and 18) were
not within the limits of quantification (less than 10 copies of DNA/
ul). PCV-3 PCR positivity was found in 8 out of 13 (61. 54%) tested
juveniles/subadults and in 2 out of 6 (33.33%) adults. PCV-3 was
found in 50% (6 out of 12) of tested females and in 57. 14% (4 out
of 7) of males. No significant differences were detected in PCV-3
PCR positivity between the tested age groups and genders.
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FIGURE 3 Boxplot reporting the viral
load found in the different tested tissues

Log,, (PCV-3 copies/pL)
S

from wild boar; line within the boxplot 3
represents de median of viral load.

Samples with more than 10 copies of 2
DNA/ul were considered quantifiable

(Franzo, Legnardi, Centelleghe et al., 2018). 1

Sub.LN: submandibular lymph node

3.1.3 | Study on tissues, faeces and serum

The frequency of PCV-3 DNA detection in tissues, serum and faeces
is displayed in Table 3.

Porcine circovirus 3 DNA was found in all tested sample types. In
total, 32 out of 35 (91.43%) wild boar were positive for PCV-3 in at
least one tested sample. The median of the amount of DNA per sam-
ple type per g ranged from 10%® to 10>” copies of DNA/uI in tonsil
and submandibular lymph node, respectively. Only 30 samples (out of
111 positives by PCR) were quantifiable, with more than 10 copies of
DNA/ul. Figure 3 shows the viral load found in the different tested tis-
sues from wild boar. Significant differences in PCV-3 frequency were
detected in tonsil (p = 0.0334), lung (p = 0.0017), liver (p = 0.0039)
and spleen (p = 0.0039) compared to the other tissue types.

3.2 | Phylogenetic analysis

The PCV-3 complete nucleotide sequence of 12 animals from the
retrospective study were obtained and compared through phyloge-
netic analysis. Different complete sequences available at GenBank
both from Europe, including one from Spain, and worldwide were
used for comparison. The full-genome sequences from wild boar
from different years clustered in the same group together with few
strains of domestic pigs from China and Germany (Figure 4). The
pairwise distance analysis showed a minimum of 98% of identity
among the samples from wild boar and between the PCV-3 full-gen-
ome sequences from domestic pigs. Wild boar partial cap sequences
available from Genbank (Franzo, Tucciarone, et al., 2018) were trans-
lated and used for comparison with obtained full sequences, showing
as well >98% nucleotide identity and clustering together.

The similarity of partial nucleotide sequences obtained from the
other two studies was compared to determine potential coinfection
with different strains in the same animal (tissue/faeces/serum study)
or infection with different strains at different time-points (longitudi-
nal study). When partial sequences obtained from different tissues
of the same wild boar were compared, they demonstrated to be
highly similar (>98.4%) supporting the idea of being likely the same
strain. Globally, high similarity was also found between sequences of
the longitudinal study (>96.6%); however, when comparing those

[ransboundary and Emieh
J
=L
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coming from the same animal, nucleotide identity was >99%, sug-
gesting that animals were infected by the same strain for a long per-

iod of time.

4 | DISCUSSION

This study represents the first report evaluating the PCV-3 fre-
quency in retrospective serum samples from wild boars. Moreover,
the assessment of the dynamics of the virus in captured and recap-
tured boars and the tissue distribution of PCV-3 genome in this spe-
cies was also investigated for the first time. Importantly, all three
independent studies confirmed that wild boar are susceptible to
PCV-3 infection as previously indicated (Franzo, Tucciarone, et al.,
2018). Such susceptibility was probably expected since several
reports indicates that most of the pathogens infecting domestic pigs
are also present in the wild boar population (Ruiz-Fons et al., 2008).
This scenario is paralleled with another circovirus species infecting
swine, Porcine Circovirus 2 (PCV-2), which has been shown to be
ubiquitous in the wild boar population worldwide (Ruiz-Fons et al.,
2008). In the particular case of PCV-2, it has also been demonstrated
that wild boar can develop the PCV-2 systemic disease, character-
ized by weight loss, wasting, diarrhoea, weakness, jaundice, lym-
phadenopathy and respiratory problems without response to
antibiotic treatments (Lipej et al, 2007). No evidence of disease
caused by PCV-3 in wild boar is so far available.

According to the present study, PCV-3 has been circulating in
the Spanish wild boar population at least since 2004, the earliest evi-
dence of infection found in this animal species. This result is in line
with recently published reports confirming the circulation of PCV-3
in domestic pigs since 1990s (Ye et al., 2018). Although the PCV-3
frequency reported in pigs vary greatly, ranging from 10% to 75% in
serum samples, the overall results obtained in this study suggest
that, apparently, the PCV-3 frequency in boars is higher than that
found in domestic pigs from European countries like Spain (11.46%),
Italy (18.18%), Poland (25%) and Denmark (30%) (Faccini et al.,
2017; Franzo, Legnardi, Hjulsager et al., 2018; Klaumann et al.,
2018; Stadejek et al., 2017). Therefore, obtained data may suggest a
potential reservoir role of the wild boar in respect PCV-3 infection.
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FIGURE 4 Phylogenetic tree based on the complete genomes of
PCV-3 Spanish strains from wild boar and PCV-3 freely available
sequences at Genbank. The phylogenetic tree was constructed using
the maximum-likelihood algorithm of MEGA 7 software with 1,000
bootstrap replicates. Spanish sequences obtained in the present
study and the Spanish sequence from domestic pigs have been
coloured in red and blue respectively. PCV-3: Porcine circovirus 3
[Colour figure can be viewed at wileyonlinelibrary.com]

Noteworthy, the frequency of infected wild boar between years
2013 and 2018 (53.66%) was higher than that between 2004 and
2012 (23.68%). Although it may be speculated that this was due to
infection dissemination into a potential naive population of animals,
it cannot be ruled out the simple effect of highly efficient contacts
between susceptible and infected wild boar due to the significant
increase of wild boar densities in the studied geographical area dur-
ing last decade (Massei et al., 2015).

Porcine circovirus 3 evidence of infection was observed over a
large period of time in few animals (5-7 months). On the one hand,
this may suggest a persistent or long-lasting viral infection, similar to
what has been described for hepatitis E virus (HEV) and PCV-2 in
the wild boar (Boadella et al., 2011). On the other hand, an infection
with subsequent reinfection could also be a possibility. However, the
highly similar nucleotide identity among PCV-3 sequences available
in this study and the GenBank database (for both wild boar and
domestic pigs) prevents the confirmation of this latter hypothesis.
For HEV, the longer the period of viremia, the higher the likelihood
for the role of wild boar as reservoir (Schlosser, Vina-Rodriguez, Fast,
Groschup, & Eiden, 2015). For example, such role as reservoir for
persistently infecting viruses like bovine viral diarrhoea, Aujeszky's
disease virus and classical swine fever virus is well known in the wild
boar (Ruiz-Fons et al., 2008). In consequence, the apparent long-last-
ing infection described in the present study for PCV-3 would also
reinforce the notion of wild species as potential reservoir for the
domestic pig. However, it is still too early to confirm such reservoir
status for PCV-3, and further studies will be needed to elucidate the
epidemiological role of this virus infection in wild boar.

Interestingly, some significant differences in the PCV-3 frequency
were observed by age; compiled data in the retrospective study
showed that adult animals were more often PCV-3 PCR-positive
than juveniles or subadults. However, this difference was not
observed between age groups in the longitudinal study, probably
due to a much lower sample size. If data from both studies are taken
together, adult wild boar seem to be viremic to a higher frequency.
This is in line with the so far only published article on PCV-3 in wild
boar, where a lower prevalence in juveniles was also detected
(Franzo, Tucciarone, et al., 2018). Such age-group comparison was
also performed for PCV-2 in wild boar by means of serology, but
again no significant differences were observed (Vicente et al., 2004).
Similarly, available data on domestic pigs do not point out to a
potential higher frequency of PCV-3 detection in any specific age
group (Klaumann et al, 2018; Kwon et al., 2017; Stadejek et al.,
2017).
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The pathogenic role of PCV-3 infection is still unclear (Franzo,
Legnardi, Centelleghe et al., 2018; Li, Qiao, Sun, & Tian, 2018).
Detection of viral genome in serum indicates a systemic infection,
but there are still no clues on the main target organs or cell tropism.
As an exploratory approach, different tissue samples and faeces in
addition of serum were tested in a subset of wild boar. PCV-3 gen-
ome was detected in all tested tissue types as well as in faeces to a
higher frequency and viral load when compared with serum. In con-
sequence, it seems evident that detection of PCV-3 in serum under-
estimates significantly the percentage of infected wild boar, fact that
also happens to a number of ssDNA viruses in domestic pig (Cal-
samiglia, Segalés, Quintana, Rosell, & Domingo, 2002; Nieto, Kekarai-
nen, Aramouni, & Segalés, 2013). Although obtained results are
preliminary, percentage of truly infected wild boar surpassed 90%,
further suggesting potential long-lasting infections and putative
defective immune responses (not able to neutralize and clear the
virus from the organism). Also, significant differences in the PCV-3
frequency between the tested tissues showed that the most useful
tissues for PCV-3 detection were tonsil, liver, spleen and lung, which
may account as target organs for PCV-3 replication. Moreover,
although positivity was lower than in other tissues, the submandibu-
lar lymph node offered the highest viral loads. Different reports have
been shown the presence of the virus in different lymphoid tissues
with a higher frequency than in lung and other tissues, but others
found similar amounts (Fan et al., 2017; Fu et al., 2017; Li, Zhang,
Qiao, et al., 2018). In all cases, and although it implies underestimat-
ing the real frequency of infection, serum is still the most appropri-
ate sample for epidemiological studies. The amount of PCV-3 DNA
in tissues was considered low to moderate, in agreement with sev-
eral studies which detected low viral load in the analysed samples of
domestic pigs (Fux et al, 2018; Stadejek et al., 2017; Zhai et al.,
2017). In all cases, these low viral loads suggest that wild boar, simi-
lar to domestic pigs, might be subclinically infected with this virus.
At least for PCV-2, an association between the viral load and the
severity of lesions has been described, suggesting that high amount
of DNA is a major feature of pigs affected by PCV-2 systemic dis-
ease (Olvera, Sibila, Calsamiglia, Segalés, & Domingo, 2004). More-
over, in the few described cases of PCV-2 systemic disease in wild
boar, high loads of PCV-2 were also found in tissues (Ellis et al.,
2003; Vicente et al., 2004).

A total of 24 partial or complete sequences of PCV-3 corre-
sponding to the three different studies were obtained. The phyloge-
netic analysis of these sequences indicated a close distance between
them and with other PCV-3 genomes available at the GenBank from
both domestic pig and wild boar. The Spanish wild boar sequences
were located mainly in the same clusters that others from domestic
pigs from Germany and, only one of them, close to Chinese
sequences. Interestingly, the only complete genome so far available
from domestic pigs from Spain was located relatively away from the
wild boar sequences obtained in the present study (although the
overall nucleotide identity of these PCV-3 sequences available was
>98%). These data also reinforce the notion that PCV-3 does not
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show independent molecular evolution in the particular areas of the
world where it has been detected to date (Klaumann et al., 2018).

In conclusion, the present study further demonstrates that wild
boar are susceptible to PCV-3 infection and confirms the virus circu-
lation at least since 2004 with a relatively high frequency. According
to the results, PCV-3 can be detected over a long period of time,
suggesting long-lasting infections do occur in wild boar. In addition,
PCV-3 was detected in all tested tissue sample types and faeces,
being the most frequently positive tissues tonsil, lung, liver and
spleen. Globally, high nucleotide identity was found in all PCV-3

sequences obtained from wild boar.
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