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Abstract: Porcine circovirus 3 (PCV-3) has been widely detected in healthy and diseased pigs; among
different pathologic conditions, the strongest evidence of association comes from reproductive
disease cases. However, simple viral detection does not imply the causality of the clinical conditions.
Detection of PCV-3 within lesions may provide stronger evidence of causality. Thus, this study
aimed to assess the frequency of PCV-3 detection in tissues from fetuses/stillborn piglets in cases of
reproductive problems in domestic swine, as well as the histopathologic assessment of fetal tissues.
Fetuses or stillborn piglets from 53 cases of reproductive failure were collected and analyzed by
PCV-3 qPCR. The presence of porcine reproductive and respiratory syndrome virus (PRRSV), porcine
circovirus 2 (PCV-2), and porcine parvovirus 1 (PPV1) was also checked. PCV-3 qPCR positive
samples with a high viral load were tested by PCV-3 in situ hybridization (ISH), sequenced, and
phylogenetically analyzed. PCV-3 DNA was detected in 18/53 (33.9%) reproductive failure cases and
in 16 of them PCV-3 was the only pathogen found. PCV-2 DNA was found in 5/53 (9.4%), PRRSV
RNA in 4/53 (7.5%) and PPV1 was not detected. Four out of the six PCV-3 qPCR-positive cases
with Ct value <30 were positive when tested by ISH. In these samples, PCV-3 was detected within
mild histopathologic lesions, such as arteritis and periarteritis in multiple tissues. The present work
emphasizes the need to include PCV-3 as a potential causative agent of reproductive failure in swine.

Keywords: porcine circovirus 3 (PCV-3); reproductive failure; aborted fetuses; stillborn; quantitative
PCR; in situ hybridization; histopathology

1. Introduction

Reproductive failure in sows represents an important drawback for the pig production
sector, causing great economical losses worldwide [1-3]. When reproductive diseases affect
dams during late-term gestation, the failure is manifested as abortions, stillborn and/or
weak-born piglets or premature farrowing. A number of different viruses are associated
with reproductive problems, such as the porcine reproductive and respiratory syndrome
virus (PRRSV), porcine parvovirus 1 (PPV1), porcine circovirus 2 (PCV-2), Aujeszky’s
disease virus (ADV), influenza virus A (IAV), encephalomyocarditis virus (EMCV), and
porcine enteroviruses (PEV), among others [2]. Lately, porcine circovirus 3 (PCV-3) has also
been proposed as a pathogen associated with reproductive disease causation [4-12].
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PCV-3 was first described in 2015 and, since then, its role in different diseases has
been debated. Although the viral DNA has been found in healthy pigs [13,14] as well as in
animals displaying various clinical conditions [15-18], some recent reports have shown
PCV-3 is most frequently associated with reproductive problems [4-12]. However, the
mere detection of an enzootic virus in animals with clinical conditions is not sufficient to
demonstrate its disease causality [4]. Despite the worldwide ubiquitous distribution of PCV-
3[13,19], there is little evidence of PCV-3 detection within lesions of diseased animals [4,20].
In consequence, it is of great importance to determine the frequency of the virus in farms
with reproductive problems and assess its potential causality in these problems.

Thus, the present study aimed to investigate the frequency of PCV-3 detection in fe-
tal/stillborn tissues of reproductive cases from Spanish farms. In addition, histopathologic
description of positive cases and in situ detection of the virus was performed.

2. Materials and Methods
2.1. Sample Selection

Tissue samples from 53 cases of reproductive failure submitted to the Veterinary Diag-
nostic Laboratory (DIAGNOS) of HIPRA in Spain (Amer, Spain) (n = 51), and to the Servei
de Diagnostic de Patologia Veterinaria de la Facultat de Veterinaria de la Universitat Autonoma de
Barcelona (UAB, Bellaterra, Spain) (n = 2) between 2019 and 2020 were included in this study.
The number of aborted/stillborn fetuses investigated per case ranged from 1 to 13. Cases
originated from different conventional farms located in 15 different Spanish provinces.

From each fetus/stillborn piglet, fresh (heart, lung, spleen, kidney, thymus, and liver)
and fixed tissues (heart, lung, spleen, kidney, thymus, liver, intestine, and in some cases
cerebrum and cerebellum) were collected during the necropsy. Fresh tissues were pooled
(per case) and homogenized (10% w/v in PBS), while the formalin-fixed tissues were
handled for histopathologic evaluation. The crown-rump length (CRL) of the specimens
(aborted fetus or stillborn) was measured to estimate the pregnancy timing.

2.2. DNA Extraction, PCV-2, and PCV-3 qPCR

DNA extraction was done from 200 uL of supernatant from the pooled macerated tis-
sues (heart, lung, spleen, kidney, thymus, and liver) using MagMAX™ Pathogen RNA /DNA
Kit (Applied Biosystems®, Foster City, CA, USA) following the manufacturer’s protocol.

A real-time quantitative PCR (qPCR) analysis was performed targeting PCV-3 as
previously described [21,22]. The qPCR results were expressed in log10 of PCV-3 DNA
copies/uL of supernatant of macerated tissue samples; the limit of detection of the tech-
nique is one copy of DNA /uL [21,22].

PCV-2 qPCR was performed using LSI VetMAX™ Porcine PCV2 Quant Kit (Applied
Biosystems®, Foster City, CA, USA), according to the manufacturer’s protocol. The qPCR
results were expressed in log10 of PCV-2 DNA copies/mL of supernatant of macerated
tissue samples; the limit of detection of the technique is 4 log10 copies of DNA/mL as
indicated by the manufacturer.

2.3. PRRSV and PPV1 Detection

RNA extraction was done from 100 uL of supernatant from the same pooled macerated
tissues as described before using the RNeasy Mini kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. The PPRSV real-time PCR analysis was performed using
a previously described technique [23].

Two hundred microliters of the same pooled macerated tissues were used to perform
DNA extraction by using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s protocol. PPV1 presence was assessed using real-time PCR analysis
adapted from [24].
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2.4. Histopathology, PCV-2 Immunohistochemistry, and PCV-3 In Situ Hybridization

Available tissues from each case (heart, lung, spleen, kidney, thymus, liver, intestine,
cerebrum, and/or cerebellum) were fixed in 10% neutral buffered formalin. Fixed sam-
ples were dehydrated, embedded in paraffin wax, sectioned at 4 um, and stained with
hematoxylin and eosin (HE). Subsequent paraffin block cuts were used to assess PCV-2
and PCV-3 by immunohistochemistry (IHC) and in situ hybridization (ISH), respectively,
on selected samples.

PCV-2 gPCR positive samples were tested by PCV-2 IHC [25].

PCV-3 qPCR positive samples with Ct < 30 were analyzed by a PCV-3 ISH using the
RNAscope® 2.5 HD Reagent Kit-RED (Advanced Cell Diagnostics, Newark, CA, USA)
according to the manufacturer’s instructions [26]. Paraffin-embedded tissues from the
selected cases were mounted on Dako Flex® slides (Ref. K8020). The slide sections were
dried overnight in an incubator at 37 °C. Slides were deparaffinized by being immersed
two times for 5 min in xylene followed by two times for 3 min in 100% alcohol and then air
dried for 10 min at RT. The pre-treatment was made with RNAscope® Hydrogen Peroxide
at RT for 10 min, rinsed with distilled water, and then boiled for 20 min at 99 °C in the
RNAscope® 1X Target Retrieval Reagent. Subsequently, slides were rinsed in distilled
water, and washed in fresh 100% alcohol for 1 min. After air drying, a hydrophobic
barrier was drawn around each tissue section using the InmEdge™ pen. Afterwards, the
RNAscope® Protease Plus was applied and incubated for 10 min at 40 °C in the HybEZ™
Oven, and washed with distilled water. The PCV-3 Rep target probe (catalogue No. 491021)
as well as the negative DapB probe (catalogue No. 310043) were pre-heated for 10 min
at 40 °C and then hybridized for 2 h at 40 °C in the HybEZ™ Oven. Slides were washed
with RNAscope® 1X Wash Buffer and followed by six amplification steps (RNAscope ® 2.5
AMP 1-6) interspersed with washes of RNAscope® 1X Wash Buffer. Slides were incubated
with red chromogenic detection solution for 10 min at RT, followed by a counterstain with
50% hematoxylin, and rinsed with tap water for 10 min. After air drying, slides were
quickly mounted by submerging them into fresh pure xylene and using EcoMount (Biocare
Medical, Pacheco, CA, USA) to coverslip them. All tested slides (one or two) per case
were also assayed with a negative control probe, as recommended by the manufacturer’s
protocols. A positive control with the PCV-3 Rep probe was also used for each ISH batch
performed. The amount of cells stained by the ISH was scored semi quantitatively with ”"—"
for no infected cells, “+” for low amount (<10 labelled cells as a mean of 5 fields examined
at x200 magnification), “++” for medium amount (10-50 labelled cells), and “+++" for a
high amount of cells (>50 labelled cells) per tissue sample containing the PCV-3 genome.

2.5. PCV-3 and PCV-2 Sequencing and PCV-3 Phylogenetic Analysis

All gPCR PCV-2 positive samples were selected for sequencing the ORF2 to estab-
lish the potential genotype involved using primers described by Oliver-Ferrando et al.
(2016) [27], with slight modifications [22].

Positive PCV-3 qPCR samples that showed a Ct < 30 were selected for complete
genome sequencing. PCV-3 DNA was amplified using a previously described panel
of primers [28], purified with ExoSAP-IT® Express PCR product Cleanup Kit (Applied
Biosystems®, Foster City, CA, USA) according to the manufacturer’s protocol, and se-
quenced by the Sanger method (ABI3730XL-Macrogen Europe, Madrid, Spain). The quality
of the sequences was analyzed by Finch TV software and trimmed in BioEdit v. 7.2.6 [29].
To achieve the PCV-3 complete genome, the amplicons were assembled using the online ver-
sion of MAFFT version 7 [30] and aligned with a set of published reference samples selected
by Franzo et al. (2020) [31] (available at: https://www.mdpi.com/1999-4915/12/3/265/s1,
accessed on 15 October 2020) using ClustalW available in BioEdit vs. 7.2.6 [29]. PCV-3
ORF2 gene and the translated ORF2 amino acid (aa) region were also aligned with the same
selected references. For the phylogenetic analysis, the best substitution method was chosen
based on the lowest Bayesian Information Criterion (BIC) score calculated using MEGA
X software [32], either for the complete genome analysis as for the ORF2 or the ORF2 aa
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analysis. The maximum likelihood phylogenetic tree of the complete genome was con-
structed using the Tamura—Nei model plus Gamma and I (G+I) distribution, while the ORF2
analysis was performed using Hasegawa-Kishino-Yano (HKY) model [33] plus Gamma
distribution, and the translated ORF2 region was analyzed using Jones-Taylor-Thornton’s
model [34] plus Gamma distribution. All trees were built with 1000 bootstrap replicates
using MEGAX software [32]. The nucleotide (nt) and aa identity matrices among sequences
were obtained using Clustal Omega [35]. The PCV-3 sequences obtained in this study are
available at the NCBI GenBank with the accession numbers MW167063-MW167068.

3. Results
3.1. Virus Detection

From the 53 collected cases of reproductive failure, 18 (33.9%) were PCV-3 qPCR
positive. From these 18 samples, 8 showed quantifiable viral loads (from 0.3 to 5.7 log10
copies/uL of supernatant of macerated tissue samples). Among these 8 samples, 6 had
high viral loads with Ct levels <30 (from 2.9 to 5.7 log10 copies/pL).

PCV-2 DNA was detected in 5 out of the 53 cases (9.4%). These 5 positive cases had
low viral loads, below the quantification limit of the technique (BLQ). PRRSV RNA was
found in 4 out of the 53 cases (7.5%), and PPV1 was not detected. Only two out of the 53
(3.8%) cases displayed coinfection (Table 1): one case was positive for PCV-3 and PRRSV,
and the other one to PCV-3, PCV-2, and PRRSV (Supplementary Table S1).

Table 1. Frequency and range of fetal/stillborn piglet size of JPCR positive cases by pathogen and

coinfections.
Agent Positive % CRL (cm) Range
8 (Out of 53) ° &
PCV-3 16 30.2 15-32
PCV-2 4 7.5 16-30
PRRSV 2 3.8 20-28
PCV-3/PRRSV 1 1.9 23-27
PCV-3/PCV- .
2/PRRSV 1 1.9 6-22

* The highly variable range was due to the presence of mummified fetuses among the aborted ones.

The CRL of the fetus/stillborn piglets ranged from 6 to 32 cm. Most of the fetal death
occurred in the last third of gestation.

3.2. Histologic Evaluation, PCV-2 IHC, and PCV-3 ISH

In most of the cases, autolysis and no histologic lesions were observed. Few cases (6
out of 53) had histologic lesions; three animals had mild multifocal interstitial pneumonia
(case Nos. 5,22, and 52) and three had systemic lymphoplasmacytic periarteritis (case Nos.
3,40, and 52).

Four out of five PCV-2 qPCR positive samples did not show histological lesions
(only case No. 22 showed interstitial pneumonia) and were negative by PCV-2 IHC. No
histological lesions were observed in the four PRRSV qPCR positive cases.

PCV-3 was detected by ISH in 4 out of the 6 selected samples with high viral loads
(PCV-3 gPCR Ct < 30) (Table 2). These four PCV-3 ISH positive cases (case Nos. 3, 35, 40,
and 52) had no evidence of coinfections. Two cases, Nos. 36 and 39, with qPCR Ct < 30 but
negative by ISH, had marked signs of autolysis in tissues.
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Table 2. Crown-to-rump (CRL) range of the 6 PCV-3 gPCR positive samples with high viral loads by case no., results of PCV-3 tests
(qPCR and ISH), and histologic lesions.

CRL (cm) PCV-3 Ct Values

Case No. Range (log10 Copies/uL) PCV-3 ISH Results Histological Lesions
22 Heart + Heart: No lesions
Lung ++ Lung: mild LI in arteries
Intestine + Intestine: mild perivascular LI
3 244 (35) Spleen + Spleen: No lesions
Kidney + Kidney: mild LI in pelvis
Liver - Liver: No lesions
15-20 Heart - Heart: No lesions
35 243 (47) Lung N Lung: ;unica mef:lia, swelling in
ung arteries’ wall
Kidney - Kidney: No lesions
Liver - Liver: No lesions
6-22 Heart - Heart: Autolysis
36 24.3 (3.5) Kidney - Kidney: Autolysis
Liver - Liver: Autolysis
15-25 Heart - Heart: Autolysis
Lung - Lung: Autolysis
Intestine - Intestine: Autolysis
39 26.5(2.9) Spleen - Spleen: Autolysis
Kidney - Kidney: Autolysis
Liver - Liver: Autolysis
Umbilical cord - Umbilical cord: Autolysis
Heart: mild LI in smooth muscles of
16-23 Heart +++ arteries, mild lymphoplasmacytic
endocarditis and myocarditis
40 18.0 (5.5) Lung ++ Lung: No lesions
R Intestine + Intestine: No lesions
Kidney + Kidney: No lesions
Liver ++ Liver: Autolysis
Thymus - Thymus: No lesions
2708 Heart i Heart: mild LI. in Perivascular
connective tissue
Lung: hemorrhage, IP” and mild LI
Lung * in arteries
52 16.9 (5.71)

Spleen: hemorrhage, mild LI" and
Spleen ++ vacuolization in smooth muscles of
arteries’ wall
Kidney: mild LI in smooth muscles

Kidne ++ .
y of arteries
. Liver: mild LI in arteries and
Liver ++ . .
hepatocytes with vacuolization
Cerebrum +++ Neuropil vacuolization
Cerebellum ++ Multifocal cortical hemorrhages

—: non-infected cell; +: low amount of PCV-3 positive cells; ++: medium amount of PCV-3 positive cells; +++: high amount of PCV-3
positive cells. LI: lymphocytic infiltration; IP: interstitial pneumonia.

None of the studied viruses was found in one case with interstitial pneumonia (case
No. 5).

The PCV-3 genome was mainly found in the smooth muscle cells of arteries in different
tissues, and also in macrophage-like cells in lung and kidney (Figure 1). Fetuses from three
out of the four ISH-positive cases showed mild inflammation (mainly mild lymphocytic
infiltration (LI)) in the same area of PCV-3 ISH labeling (Nos. 3, 40, and 52). The most
abundant labeled cells were found in case Nos. 40 and 52. Case No. 40 showed almost
all the analyzed tissues positive to PCV-3 by ISH; however, only the heart tissue showed
evident histopathologic lesions. In case No. 52, PCV-3 was detected in all tested tissues,
and arteritis and perivascular inflammation were observed in most of them (Figure 1c—f),
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except in cerebrum and cerebellum (Figure 1g,h). Tissues such as the heart and spleen of
case No. 3 and the lung of case No. 35 contained low amounts of labeled cells without any
histological lesions.

Figure 1. Histology (H&E stain, a,c,e,g) and PCV-3 ISH (hematoxylin counterstain, b,d,f,h) results.
(a) Fetal lung from case No. 3 with no apparent histopathologic lesions. (b) PCV-3 genome in
macrophage-like cells and in a perivascular area in lung fetus from case No. 3. (c) Moderate tunica
media swelling in a splenic artery with a mild lymphocytic infiltration at perivascular and arteriolar
locations (arrow) of a stillborn piglet from case No. 52. (d) PCV-3 detection in smooth muscle of
spleen artery and perivascular inflammation in the same fetus. (e) Kidney—pelvis artery of a stillborn
piglet from case No. 52. (f) PCV-3 detection in smooth muscle and in lamina propria of a kidney
artery of the same fetus. (g) Cerebellum from a stillborn piglet with no apparent histopathologic
lesions of fetus from case No. 52. (h) High amount of PCV-3 nucleic acid in cerebellum white matter
and mild-to-moderate in grey matter of the same animal.
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3.3. Sequencing and Phylogenetic Analysis

None of the PCV-2 positive samples were successfully sequenced due the low amount
of virus in the investigated samples; therefore, PCV-2 genotyping was unable to be assessed.

In the six samples with high PCV-3 viral loads (Ct < 30), sequencing was successfully
performed. Thus, the nucleotide identity of the PCV-3 complete genome of the analyzed
samples (1 = 6) demonstrated that five out the six showed high identity between each other
(Table 3). However, one of the sequences (case No. 40) showed lower identity (96.7% to
97.8%) when compared to the other five obtained herein and also when compared to the
set of reference sequences proposed by Franzo et al. (2020) (Table 3). Thus, this sequence
slightly exceeded the maximum within-genotype genetic distance of 3% at the complete
genome analysis in order to be classified as PCV-3a, as previously proposed [31] (Franzo
et al., 2020).

Table 3. Range in percentage (%) of complete genome of nt, ORF2 nt, and ORF2 aa identity between
PCV-3 sequences retrieved in this study and selected reference sequences [31] (Franzo et al., 2020).

Sequences from Case Nos. 3, 35, 36, Set of Published Reference Samples

Sequences 39, 52 (%) Selected by Franzo et al. (2020) (%)
from Case C let C let
No. omplete ORF2 ORF2 aa omplete ORF2 ORF2 aa
Genome Genome
3, 35, 36,
39, 52 99.2-100 98.9-100 98.6-100 98.4-100 97.2-100 95.3-100
40 97.5-97.7 95.9-96.1 96.7-97.2 96.7-97.8 95.4-96.6 94.9-98.1

The phylogenetic analysis of the whole PCV-3 genome displayed two main clusters
(Figure 2). Five out of the six sequences analyzed in this study belonged to the same
cluster, together with the reference sequences previously genotyped as PCV-3a [31]. The
sample from case No. 40 showed the highest number of single nucleotide polymorphisms
(SNP) found throughout the complete genome (Supplementary Table S2) when compared
to the other cases and located in a separated branch in the phylogenetic tree (Figure 2).
Similar results were found when ORF2 sequences were phylogenetically analyzed, as case
No. 40 also clustered with samples classified as PCV-3a but in a separated branch of the
phylogenetic tree (Figure S1). When the number of SNPs was compared throughout the
OREF regions, ORF2 was the one containing the highest number of SNPs (926 SNPs in the
cap gene, while there were 1-8 SNPs in the rep gene).

Moreover, the cap region was translated and the aa sequences from the inferred ORF2
protein were phylogenetically analyzed (Figure S2). All of them were grouped in the same
cluster including case 40, in agreement with the low number of SNPs (26 SNPs) found that
corresponded to five non-synonymous mutations in this sequence
(Supplementary Table S2).
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Figure 2. Phylogenetic analysis of PCV-3 complete genome sequences from this study, and the PCV-3 reference sequences
from Franzo et al. [31]. The maximum likelihood tree was constructed with the Tamura—Nei model with Gamma plus I
distribution (1000 replicates). The width of the branches is proportional to bootstrap values, and the scale bar indicates
nucleotide substitutions per site. Sequences obtained in the present study are colored in red; sequences classified as PCV-3a

Troo scale: 001 ————

—

MG372488.1 Porcine circovirus 3 strain POV3/CN/Hunan/2/2006
MG372490.1 Porcine cireovirus 3 strain PCV3/CNHunanf1/2006
Case No. 40 MW167066
MGO014372.1 Porcine circovinis 3 isolate DEA1.16
MGOL4376.1 Porcine circovirus 3 isolate DESS, 1
MGB68942.1 Porcine circovirus 3 strain PCV3-JXXY-201704
KY778776.1 Porcine ircavirus 3 strain PCV/CN/Shandong-1/201703

] | | 1 1G372483.1 Porcine circovirus 3 strain PCV3/CNiHeilongjiang/2017

MK178308.1 Porcine circovirus 2 strain PCV3-CN-JL22-2018
NC 031753 1 Porcine circovirus 3 strain 29160
MFOB3071.1 Porcine circovirus 3 strain 16R927/2016
KYO75988.1 Porcine circovirus 3 strain PC
MG372462.1 Porcine circavirus 3 strain PCV3/CN/Henan/112016
MFB11876.1 Porcine circovirus 3 strain PCK3-1701
MF079253.1 Porcine circovirus 3 strain PCV3-BRIRS/E
MF611877.1 Porcine circovirus 3 strain PCK3-1702
MF448445.1 Porcine circovirus 3 isolate IH
MH578747 1 Parcine circavirus
Case No. 36 MW167064
Case No. 52 MW167063
MGO14371.1 Porcine circavirus 3 isolate DE34.5

WMH689985 1 Porcine circovirus 3 isolate PCY3-wh/BIRS
MF155642.1 Porcine ircovirus 3 strain PCV3-Chian/GX2016-2
MHS78745.1 Porcine circovirus 3 strain Wild boar|Spain[2016
MGO14363.L Parcine circovirus 3 isolate DE4.3
MK178320 1 Poreine circovirus 3 strain PCV3-CN-JL33-2018
KY996337.1 Porcine circovirus 3 isolate PCV3/KU-1601
KX778720.1 Porcine circovirus 3 strain PCV3-US/MO2015
MH277108.1 Porcine circovirus 3 strain PCY3-CN2016HLG-3
MH277111.1 Parcine circovirus 3 sirain PCV3-CN2018HLG-5
MG564174.1 Porcine cifcoviius 3 strain NWHEB21
MH231552 1 Porcine circovirus 3 isolate NS
MH231553 1 Porcine circovirus 3 isolate N10
MK176302.1 Porcine circovirus 3 strain PCV3-CN-IL1S-2016
MH491025 1 Porsine circovirus 3 strain PGV3/GDSG1-2017
MH367850.1 Porcine circovirus 3 sirain PCV3/CNIGDZWI2017
MH579746.1 Porcine circovirus 3 strain Wild boar|Spain|2017
MG679916.1 Parcine circovitus 3 strain PCV3-RUTY17
MK085622.1 Porcine circovirus 3 strain CHIGX/2031A12018
MK105824.1 Porcine circovirus & strain PCV3-HBED1810
MH547276.1 Porcine circovirus 3 sirain PGV3(GH Tiandin-1/2018
MKO95620.1 Porcine circovirus 3 strain CHIGX/L948/2018
MK178295.1 Poreine circovirus 3 strain PCV3-SDA001-2018
MK178290.1 Porcine circovirus 3 strain PCV3-AHB032-2017
MIK178284.1 Porcine circovirus 3 strain PCY3-AHAL04-2018
MK178287.1 Porcine circovirus 3 strain PCV3-AHBO12-2018
MK176282.1 Porsine circovirus & strain PCV3-AHA036-2018
MK178291.1 Porcine circovirus 3 strain PCV3-AHB202-2017
MK178299.1 Poreine circovirus 3 strain PCV3-CN-JL12-2018
MF318451.1 Porcine circovirus 3 isolate PCV3-Hebel-LY 2015
MKS03331.1 Porcine circovirus 3 strain SNUVR181115
MK645715.1 Porcine circovirus 3 isolate PGY3-BRIRS/5/2018
MK§45718.1 Porcine circovirus 3 isolate PCVS-BRIMSIAZEL0/2018
MKG45717.1 P gisolate PC)
MF589652.1 Porcine circovirus 3 Isolate 309
MK454951.1 Porcine circovirus 3 isolate FJ-PM01/2018
MF162299.1 Porcine circovirus 3 isolate PGY3-T/MN2017
MH277117.1 Porcine Gircovirus 3 strain PCY3-GN201BLN-3
MK095624,1 Parcine Cifcovirs & strain CHIGX/20024/2018
Case No. 3 MW167068
Case No. 35 MW167067
MF162298.1 Porcine ircovirus 3 isolate PCV3-TICOZ0L7
MGD14375.1 Porcine circovirus 3 isolate DE53.8
Case No. 39 MW167065
MKOD0387,1 Porcine circovinus 3 isolate POVA/PIICN)Liaoning/2018
MH277113.1 Porcine circovirus 3 strain PCV3-CN2018JL-2
MHZ77114.1 Porcine circovirus 3 strain FCY3-CN2018JL-3
IMK178321.1 Porcine circovirus 3 strain PCV3-CN-HeBei2-2018
MG250187.1 Porcine circovirus 3 strain PCV3IGKFC2017-12
KX966193.1 Porcine circovirus 3 strain PCV3-US/SD2016
MK343155.1 Porcine circovirus 3 strain TWIB7/2013
KY075990.1 Porcine circovirus 3 strain PCV/CN/Chongqing-147/2016
kY075991.1 Porcine circovirus 3 strain PCV/CNIChongqing-148/2016
MH916636.1 Porcine circovirus 3 strain PCY3/Guangxi-NN/02
MG902939.1 Porcine circovirus  isolate YN1-2017
MGIO2941 1 Porcine cireovirus 3 isolate YN3-2017
WMKS80466.1 Porcine circovirus 3 strain PCY3 CN Taizhou 2018
MGSAG667.1 Porcine circovirus 3 isolate PCVA/CNIBI-YHZO0L6
hGT778698.1 Porcine circovirus 3 isolate PCV3 CN Be
MGB97486.1 Porcine circovirus 3 isolate PCV3-Chi
MG897474.1 Porcine circovirus 3 isolate PCV3-China/GD-GZ-2C/2017
IMG897479.1 Porcine circovirus 3 isolate PCV3-China/GD-HZ-Im/2017
MKSB0467 1 Porcine circovirus 3 strain PCV3 CN Changzhou 2017
MHS20669 1 Porcine circovirus 3 strain PCV3/GDBHZ-2018
MG250176.1 Porcine circovirus 3 strain PCY3/GXYL2009-1
MG5E4175.1 Porcine circovirus 3 strain NWHUN2
MKD95625.1 Poreine circovirus 3 strain CHIGX/2275A2018
IGBI7490.1 Porcine circovirus 3 isolate PCV3-China/GD-SG-PLI2017
WMGBS7481.1 Parcine circovirus 3 isolate PCV3-ChinalGX-HZ/2017
MGBS7462 1 Porcine circovirus 3 isolate PCV3-China/GD-HY-1/2017
MH367846 1 Porcine circovirus 3 strain PCVA/CN/GDGL1/2017
MHAG1018 1 Porcine circovirus 3 sirain PCV3(GDHL1-2017
MHA91019.1 Porcine circovirus 3 strain PCV3(GDHL2-2017
MK4S4953.1 Porcine circovirus 3 isolate GD-HZ01/2017

pr——
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g3 20175IYH
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MF405276.1 Porcine circovirus 3 isolate PCV3/CNIGXLIL/2017
MF405271.1 Porcine circovirus 3 isolate PCVA/CNIGDSI1/2017
MH367849.1 Parcine circovirus 3 slrain PCV3/CNIGDS /2017
MH367845.1 Porcine circovirus 3 etrain PCVICN/GDCC/2017
MF405272.1 Porcine circovirus 3 isolate PCVEICN/GDBLLI2017
MF405274,1 Porcine circovirus 3 isolate PCV3ICNIGXLI2/2017
MFOB9116.1 Porcine circovirus 3 isolate PCV3ICN/GDHE2/2016

are in the blue shadow, and the sequences of a tentative PCV-3b in orange shadow.

4. Discussion

In the present study on reproductive failure cases, PCV-3 was the viral agent detected
at a higher frequency, whereas PPV1 was not found, and PCV-2 and PRRSV were detected
in less than 10% of these cases. Notably, the global rate of infection by viruses of the
present study is fairly high (around 45%). Although it cannot be proven that the pathogens
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found herein were the cause of the reproductive losses in the studied farms, the results
found in the present work fit well with the fact that an average of more than 50% of
reproductive failure cases are not of infectious origin [3]. There are also a significant
number of bacterial pathogens that may account for reproductive disorders [2]. The
three viruses studied here, apart from PCV-3, are already well recognized as putative
causative agents of reproductive disease [36-39], and the results obtained in the present
studies reinforce [4,20,40] the potential of PCV-3 as a pathogen able to cause reproductive
problems, as suggested elsewhere [4,20,40]. The present study did not aim at establishing
potential bacteria causing reproductive disorders; however, no lesions compatible with
bacterial infections were observed during histologic evaluation in the studied tissues of
fetuses and stillborn piglets.

From all tested cases, only five were positive to PCV-2 by qPCR. These PCV-2 positive
cases had very low viral load in tissues, did not present any typical pathologic lesion
associated to this infection, such as myocarditis [41], and were negative by IHC. Altogether,
results suggest that the reproductive problems detected in these cases were probably not
associated with this virus. Since PRRSV was the third pathogen detected most frequently in
the samples assessed, it cannot be ruled out that this virus was involved in the reproductive
problems observed in affected farms. However, no evidence of significant histologic lesions
was observed in tissues from fetuses infected by PRRSV. A similar study performed in 2005,
in which the presence of different viruses (PRRSV, ADV, PPV1 and PCV-2) in reproductive
failures was investigated, concluded that PRRSV was the main pathogen responsible
for late-term abortion in Spain as this virus was detected in 9 out of 100 reproductive
failures [42]. Therefore, the results obtained in both Spanish studies demonstrate that the
frequency of PRRSV detection in reproductive failure cases in Spanish herds is similar
fifteen years later. Maldonado et al. (2005) also found a low frequency of PCV-2 DNA
(1/100) by PCR and no positive cases by ISH. The lack of PPV1 detection in the studied
cases also coincides with the abovementioned study and could be explained by the wide
use of vaccination against this agent [42]. However, the comparison of PCV-3 frequency
with the study of Maldonado et al. (2005) is not possible due the fact that this virus was not
described at that time, even though it is known through retrospective studies that PCV-3
has been circulating in Europe since the mid-1990s at least [13]. Thus, if PCV-3 would have
been investigated at that time, we hypothesize that it would probably have been found.

PCV-3 DNA has been widely detected in samples from healthy animals [10,13,14,43,44]
as well as in mummified fetuses and stillborn piglets from farms without reproductive
problems [19]. The simple assessment of viral DNA in cases of reproductive problems also
has been widely performed [5-7,9,10], but the detection of a viral genome alone does not
imply the causality of a disease. Therefore, the next step was to investigate the presence of
PCV-3 within lesions in fetuses/stillborn piglets in farms displaying reproductive problems,
as suggested [4]. Two out of the six cases with high loads of PCV-3 in tissues showed
a lack of histological lesions. These results are not surprising since other studies have
already mentioned the lack of lesions even in the presence of great amounts of PCV-3
DNA [7,40]. A Hungarian group found high loads of PCV-3 in tissues from aborted and
weak-born piglets with no gross lesions [6]. Indeed, this lack of gross lesions in aborted
fetuses is not uncommon, thus microscopic lesions are a more valuable indicator of viral
abortion [2,4]. Additionally, Faccini et al. (2017), also found high PCV-3 loads (107 genome
copies/uL) in pools of lung tissues from fetuses and stillborn piglets, without detection of
microscopic lesions. However, in the present study, fetuses from PCV-3 ISH positive cases
(Nos. 3, 35, 40, and 52) had mild-to-moderate inflammation (mainly lymphoplasmacytic
infiltration) in arteries in different tissues (case Nos. 3, 35, and 52), or mild myocarditis and
endocarditis (case No. 40). These findings suggest a PCV-3 tropism mainly for vasculature,
similar to what has been described in piglets with multisystemic inflammation [4,11,20,40].
Some of the animals from these latest reports also showed lesions compatible with porcine
dermatitis nephropathy syndrome (PDNS) [4,11,12]. Moreover, PCV-3 detection through
ISH was also observed in a wasting pig in South Korea showing respiratory distress with
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perivascular and peribronchiolar lymphocytic infiltration [8]. This animal was also positive
to other pathogens such as PRRSV, Streptoccocus suis and Mycoplasma hyopneumoniae [8].
Additionally a recent experimental PCV-3 inoculation performed in the USA provided
evidences that PCV-3 is able to produce multisystemic inflammation as well as subclinical
infections [40]. Specifically, all animals of two different inoculated groups had prolonged
viremia, but only 2/4 and 3/4 showed histopathologic lesions [40]. Thus, Temeeyasen
et al. [40] suggested that the PCV-3 pathogenesis is complex and of multifactorial nature.
The results presented herein, where most of the cases (4 out of 6) with high PCV-3 loads
had histopathologic findings, support the abovementioned statement that the presence and
also the severity of the lesions might be multifactorial [4,20,40]. Moreover, Temeeyasen
et al. [40] speculated that the higher number of positive tissues by qPCR compared to
positive ISH could be explained by viremia and was not due to in situ viral replication.

Franzo et al. [31] have proposed a single PCV-3 genotype (PCV-3a) after analyzing
most of the PCV-3 available sequences in public databases. Three characteristics were
suggested for the definition of PCV-3 genotypes: (1) the limit of the maximum within-
genotype raw genetic distance of 3% at complete genome analysis, (2) 6% at the ORF2 level,
and (3) a 90% minimum of bootstrap. Thus, the phylogenetic analysis of the six PCV-3
sequences obtained in this study demonstrated that five out of the six sequences were
unequivocally classified as PCV-3a [31]. All five sequences showed high nt identity between
each other as well as when compared to the set of selected samples classified as PCV-3a by
Franzo et al. [31]. The five sequences also clustered together in all constructed phylogenetic
trees. However, case No. 40 showed the nt identity of the complete genome sequence
close to the limit of the genetic distance proposed to define the PCV-3 genotype [31]. In
fact, this sequence only strictly fulfilled one out of the three characteristics (the second
one mentioned above) to classify PCV-3 sequences within the unique proposed genotype.
Therefore, the sequence of case No. 40 was within the limit of the newest proposed
genotype. This finding reinforces the importance of the continuous surveillance of the
sequences circulating in the field.

The present work demonstrated the presence of the PCV-3 genome within (mild-to-
moderate) histological lesions of aborted fetuses. Thus, PCV-3 should be considered as
a potential causative pathogen for reproductive failure. Based on the present findings,
further studies are needed to elucidate the specific pathogenesis of PCV-3 infection of the
pregnant sow, the frequency at which the virus can cause lesions and disease, as well as its
economic impact on the sector.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
915/13/2/264/s1, Figure S1: Phylogenetic analysis of PCV-3 ORF2 nt sequences from this study,
and the PCV-3 reference sequences from Franzo et al. [31]. The maximum likelihood tree was
constructed with the Hasegawa—Kishino—Yano model with Gamma distribution (lowest BIC score)
at 1000 replicates. The width of the branches is proportional to the bootstrap values, and the scale
bar indicates nucleotide substitutions per site. The six sequences obtained herein are colored in red;
sequences classified as PCV-3a are in the blue shadow and the sequences of a tentative PCV-3b in
orange shadow. Figure S2: PCV-3 phylogenetic analysis tree of aa of CAP protein from sequences
from this study, and the PCV-3 references sequences from Franzo et al. [31]. The maximum likelihood
tree was constructed with Jones—-Taylor-Thornton’s model with Gamma distribution (lowest BIC
score) at 1000 replicates. The width of the branches is proportional to bootstrap values, and the scale
bar indicates nucleotide substitutions per site. The six sequences obtained herein are colored in red;
sequences classified as PCV-3a are in the blue shadow and the sequences of a tentative PCV-3b in
orange shadow. Table S1: Number of fetuses or stillborn piglets, range of crown-to-rump length
(CRL), and RT-qPCR or qPCR results obtained in those cases positive at least for one virus. Table
S2: Table of SNPs of sequences retrieved in this study compared to the PCV-3 reference of NCBI
(NIC031753). The genomic positions are displayed in 5'-3" except for the non-synonymous SNPs from
the cap gene (displayed 3'-5).
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