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Abstract

Porcine circovirus type 3 (PCV3) is a newly emerging virus in the swine industry, first
reported recently in 2016. PCV3 assembles into a 2000 bp circular genome; slightly larger
than PCV1 (1758-1760 bp), PCV2 (1766—1769 bp) and PCV4 (1770 bp). Apart from being
associated with porcine dermatitis and nephropathy syndrome (PDNS), PCV3 has been iso-
lated from pigs with clinical signs of reproductive failures, myocarditis, porcine respiratory
disease complex (PRDC) and neurologic disease. Given that PCV3 is increasingly reported
in countries including Thailand and U.S. with whom Malaysia shares trade and geographical
relationship; and that PCV3 is associated with several clinical presentations that affect pro-
ductivity, there is a need to study the presence and molecular characteristics of PCV3 in
Malaysian swine farms. Twenty-four commercial swine farms, three abattoirs and retail
shops in Peninsular Malaysia were sampled using convenience sampling method. A total of
281 samples from 141 pigs, including 49 lung archive samples were tested for PCV3 by con-
ventional PCR. Twenty-eight lung samples from wild boar population in Peninsular Malaysia
were also included. Nucleotide sequences were analyzed for maximum likelihood phylog-
eny relationship and pairwise distances. Results revealed that PCV3 is present in Peninsu-
lar Malaysia at a molecular prevalence of 17.02%, with inguinal lymph nodes and lungs
showing the highest molecular detection rates of 81.82% and 71.43% respectively. Despite
wide reports of PCV3 in healthy animals and wild boars, no positive samples were detected
in clinically healthy finishers and wild boar population of this study. PCV3 strain A1 and A2
were present in Malaysia, and Malaysian PCV3 strains were found to be phylogenetically
related to Spanish, U.S. and Mexico strains.
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Introduction

Circoviruses of swine comprise of porcine circovirus type 1 (PCV1), porcine circovirus type 2
(PCV2) porcine circovirus type 3 (PCV3) and most recently reported porcine circovirus type 4
(PCV4). PCV1 was discovered in 1974 as a cell culture contaminate [1]. In contrast, PCV2 is
associated with a group of complex multi-factorial diseases classified under the umbrella term
of Porcine circovirus associated diseases (PCVAD) [2]. The novel detection of PCV4 was
described in a herd with severe clinical signs of respiratory disease, enteritis and porcine der-
matitis and nephropathy syndrome (PDNS) [3].

PCV3 is a newly emerging virus in the swine industry, first reported in 2016 in the
United States [4]. PCV3 assembles into a 1999-2001 bp circular genome; slightly larger
than other known porcine circoviruses which ranged from 1758-1760 bp (PCV1) and
1766-1769 bp (PCV2) [5-8]. PCV4, very recently reported in Hunan province, China, was
described to be 1770 bp [3]. Albeit their different lengths, genome of all porcine circoviruses
encodes for three known proteins: replication-associated (Rep) protein, capsid (Cap) pro-
tein and open reading frame (ORF) 3, which function has yet to be determined. Interna-
tional Committee on Taxonomy of Viruses (ICTV) defines a distinct Circovirus species
based on sequence similarity: a novel circovirus must share < 75% nucleotide (nt) identity
over its entire genome and < 70% amino acid (aa) identity of its Cap protein with other spe-
cies in the genus [9]. PCV1 and PCV2 shares < 80% similarity of overall nt identity, 86%
and 65% similarity of aa identity in their ORF1 and ORF2 respectively [10-12]. In a com-
plete genome of PCV3, ORF1 and ORF2 genes encode for 296 — 297aa Rep protein and
214aa Cap protein respectively [4, 7]. PCV3 shares even lower similarity of only < 50% of
overall nt identity, 48% and 26-36% aa identity of ORF1 and ORF?2 respectively with PCV2
[4, 9, 13]. The genome of PCV4 showed 50.3%, 51.5% and 43.2% nt similarities to PCV1,
PCV2 and PCV3 respectively. Most strikingly, aa identities of Cap protein of PCV3 and
PCV4 differ by 75.5% [3]. While the conserved nonanucleotide stem loop motif (T/n)A(G/
t)TATTAC representing the origin of replication can be found in all porcine circoviruses,
their motif differ. PCV1 and PCV3 have an identical motif of TAGTATTAC [4, 9, 14]
whereas the motif on PCV4 rep gene was shown to be CAGTATTAC [3]. PCV2 has a nona-
mer sequence unique among circovirus species—FAAGTATTAC [14].

PCV3 was associated with a PDNS outbreak in North Carolina, where there was an
increase in sow mortality rate and decrease in conception rate, presented with skin and kid-
ney lesions suggestive of PDNS [4]. Several other clinical presentations have been associated
with PCV3, including reported reproductive failures [15], neonatal congenital tremor [16],
myocarditis and multi-organ inflammation [13]. Role of PCV3 in porcine respiratory dis-
ease complex (PRDC) has also been discussed [13, 17]. Although many common swine
pathogens especially PCV2, and others such as porcine reproductive and respiratory syn-
drome virus (PRRSV) and ungulate protoparvovirus 1 (PPV) have been ruled out in these
reports, there could still be other co-infections that elude the role of PCV3 in pathogenesis.
A successful reproduction of PDNS-like clinical disease following experimental inoculation
of 4- and 8-week-old specific-pathogen-free piglets with infectious PCV3 DNA clone has
been demonstrated, thus implying that PCV3 may have a direct role in disease process [18].
Considering the presence of PCV3 in increasing number of countries including Thailand
[17,19] and U.S. [4, 13] with whom Malaysia shares trade and geographical relationship;
and that PCV3 is associated with several clinical presentations that affect productivity,
molecular prevalence of PCV3 in Malaysia and molecular characteristics of Malaysian
PCV3 strains reported in this study may contribute practical knowledge to the Malaysian
swine farming industry.
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Materials and methods
Sample collection

Commercial swine farms involved in this study were located in Perak, Selangor, Melaka and
Johor states representing different regions of Malaysia. From these 24 farms, 123 pigs were
subjected to convenience sampling method. From three abattoirs and retail shops, 18 clinically
healthy finishers were sampled by random selection. A grand total of 141 pigs were included
in this study. The sampled animals were also categorized by age group (foetuses, piglets, wean-
ers, growers or finishers and sows), health status (clinically healthy or clinically ill), standing
sow population of origin farm (< 800 or > 800 heads) and distance between origin farm and
neighbouring farms (< 1km, 1 - 10km, > 10km). The 281 organ samples collected were com-
prised of 49 archived lung samples of year 2016-2017, 18 lung samples from clinically healthy
finishers and 214 tissues samples of various organs from clinically ill pigs of year 2018-2019.
For each animal sampled, at least lung and/or inguinal lymph node was collected. Other
organs (spleen, tonsil, kidney, heart, mesenteric lymph nodes, liver and brain) were collected
on the basis of availability. Clinically ill pigs were those showing various clinical signs such as
wasting, moribund, dyspnea, neurological signs and sudden death. Majority of the sampled
pigs were of weaner and grower stage between the age of 4-12 weeks old. Detailed breakdown
of each sampled farm and pig is provided in S1 and S2 Tables. In addition, 28 archived wild
boar lung samples of year 2018-2019 were also included in this study.

This study was granted approval from the Universiti Putra Malaysia (UPM) Institutional
Animal Care and Use Committee (IACUC) under AUP Code UPM/TACUC/AUP-R030/2019
and was conducted adhering to the guidelines as stated in the Code of Practice for Care and
use of Animals for Scientific Purposes as stipulated by Universiti Putra Malaysia. All samples
were collected under the supervision of veterinarians from Faculty of Veterinary Medicine,
Universiti Putra Malaysia.

Molecular prevalence of PCV3

DNA extraction was performed using DNeasy Blood & Tissue Kit extraction kit (Qiagen, Ger-
many) in accordance to manufacturer’s instructions. Conventional PCR was performed to
amplify the ORF2 region of PCV3, by using MyTaq™ Red Mix 2X (Bioline, United Kingdom)
and published primers, KF-5’ ~-TTACTTAGAGAACGGACTTGTAAC G-3’ and KR-5’ -AA
ATGAGACACAGAGCTATATTCAG-3" [15]. Briefly, 12.5 pL of Taq DNA polymerase master
mix and 1.0 uM each from the primer pair were used in a 25 pL total PCR reaction volume.
Cycling conditions of the conventional PCR were as described by Ku et al. [15]. PCR products
were stained using RedSafe™ nucleic acid staining solution (iNtRON Biotechnology, South
Korea) and analysed by agarose electrophoresis. Expected PCR product was a 649 bp band
indicating PCV3 cap gene sequence spanning from nt position 1343-1987. Samples that
showed a positive band at the 650 bp region as marked by GelPilot 100 bp Plus Ladder (Qia-
gen, Germany) were further sequenced (Macrogen, South Korea).

To test for association between PCV3 molecular detection status and age group, health sta-
tus, farm standing sow population and distance from neighbouring farms, Chi-square tests
were performed with statistical significance level set at p < 0.05. Fisher’s exact tests were run
in place of Chi-squared tests for variables with expected count of less than five. Post hoc tests
of cell residuals were ran on statistically significant chi-square and Fisher’s exact test values,
with p-values adjusted with Bonferroni correction. Animals that tested positive for PCV3 in
lung and/or inguinal tissues, with at least one other organ samples (spleen, tonsil, kidney,
heart, mesenteric lymph nodes, liver and/or brain) tested for PCV3 were identified. Molecular
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detection rate comparison across tissues from different organs was then similarly evaluated as
described above. All statistical tests were performed using IBM SPSS Statistics for Windows
v23 software programme [20].

Nucleotide sequence and complete genome analysis

Upon confirmation of the nt sequences as cap gene of PCV3 by NCBI Nucleotide BLAST®
[21], the positive samples were subjected to PCR with another three pairs of primers (Fig 1,
Table 1) to generate the complete 2000 bp genome of PCV3. Two pairs of published sequenc-
ing primers [4] were run under modified cycling conditions, chiefly adjusting annealing tem-
perature and final extension time as detailed in Table 1. Primer pair V4F/V4R were designed
based on PCV3 strain KY075986 [15], using Primer-BLAST™® [22]. All PCR assays were per-
formed using the same reagents, reaction volumes and primer concentration as described in
method of PCV3 cap gene detection. PCR protocols used in this study is accessible at http://dx.
doi.org/10.17504/protocols.io.bdd9i296 [PROTOCOL DOI].
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Fig 1. Schematic representation of primer pairs used in this study to generate complete genome sequence of PCV3.

https://doi.org/10.1371/journal.pone.0235832.9001
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Table 1. PCR cycling condition and primers used in this study to generate complete genome sequence of PCV3.

Primer Nucleotide Sequence (5’- 3°)
Pair
P1F CACCGTGTGAGTGGATATAC
P1R CAAACCCACCCTTAACAG
P2F GTCGTCTTGGAGCCAAGTG
P2R CGACCAAATCCGGGTAAGC
KF TTACTTAGAGAACGGACTTGTAACG
KR AAATGAGACACAGAGCTATATTCAG
V4F GAAAACGCGGGAAGCTTGTG
V4R CCACTTCTGGCGGGAACTAC

https://doi.org/10.1371/journal.pone.0235832.t001

Product PCR Cycling Condition (Temperature / Time) Reference
Length (bp) Initial Number of | Denaturation | Annealing | Extension Final
Denaturation Cycle Extension
854 94°C / 4 min 35 94°C/20s |55°C/30s|72°C/30s| 72°C/5 [4]
min
807 95°C/ 5 min 35 94°C/30s |62°C/30s| 72°C/1 72°C/17 [4]
min min
649 94°C/ 5 min 35 94°C/30s |55°C/30s| 72°C/1 72°C/ 10 [15]
min min
806 95°C/ 5 min 35 94°C/30s |56°C/30s| 72°C/1 72°C/10 | Designed in
min min this study

Sequencing was done to confirm the identity of the PCV3 nt sequences. Sequence assembly
and multiple sequence alignment were generated using MEGA v7.0.26 software programme
[23]. The resulting sequences were analysed using NCBI Nucleotide BLAST™ [21] for a final
identity confirmation as PCV3 by comparing their similarity with reference PCV3 sequences
deposited in the GenBank. Maximum likelihood (ML) phylogenetic trees were constructed
with MEGA?7 programme, using 1000 bootstrap replicates with either General Time Reversible
(GTR) model for species-specific circoviruses comparison or Tamura-Nei model for porcine
circoviruses analyses. Pairwise distance analysis with p-distance model was performed using
the same software, similarly with 1000 bootstrap replicates. Both transitions and transversions
nt substitutions were included. After number of base differences per site was computed, per-
centage nt identities were calculated by subtracting the computed p-distance values from 1.0
and multiplying by 100.

The same 45 PCV3 strains included in the phylogenetic methods were further analysed.
Tajima’s D, Fuand Li’s D, and Fu and Li’s F statistical tests of neutrality were performed on nt
sequences of PCV3 ORF1 and ORF2 genes using DnaSP v6.12.03 software programme [24-
26]. DNA polymorphism data of pairwise nt differences were analysed to measure balancing
selection and negative selective processes over the sequences. Statistical significance was set at
p < 0.05 for all three tests. Shannon’s entropy H(x) values were calculated with BioEdit soft-

ware v7.2.5 using the Shannon entropy formula: — (2;‘:
and 4, corresponding to A, C, G and T nt and pij being the proportion of nt j in site i. Entropy
plots of aa sequences of the ORF1 and ORF2 genes were constructed to plot the diversity of aa

residues at a given position [27, 28]. Range, mean and standard error of mean (SEM) were cal-

1pijlog2pij) where i; jisequal to 1,2, 3

culated using IBM SPSS Statistics for Windows v22 software programme. Positive and negative
selective pressures acting specifically on each codon of the ORF1 and ORF2 nt sequences were
estimated based on calculated difference between non-synonymous (dN) and synonymous
(dS) substitution rates per codon. Single-likelihood ancestor counting (SLAC), fixed-effects
likelihood (FEL), internal branches fixed-effects likelihood (IFEL), fast, unconstrained Bayes-
ian approximation (FUBAR) and mixed effects model of evolution (MEME) selection pressure
methods were run in the DataMonkey web server (http://www.datamonkey.org/) [29-32]. To
infer dN and dS rates, FUBAR uses Bayesian approach; FEL, IFEL and MEME utilize ML
approach; while SLAC incorporates additional counting approaches. FEL, IFEL, SLAC and
FUBAR detects both positive and negative selection, but MEME aims to detect aa sites evolv-
ing under positive selection. Comparison between rates of dN and dS substitutions were
expressed as AN-dS < 0,=0and > 0 (AN /dS < 1,=1 and > 1 for MEME method) and inter-
preted as indication of negative selection, neutral evolution and positive selection respectively.
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Statistical significance was set at p < 0.05 for FEL and IFEL methods and p < 0.1 for SLAC
and MEME method. FUBAR method was run with posterior probability of 0.9. The dN-dS
and H(x) entropy values for every codon were plotted against their respective aa positions
along the ORF1 and ORF2 genes.

Results
Molecular prevalence of PCV3

Out of the 141 pigs, 24 pigs from 10 farms were positive for PCV3 based on PCR detection
(Table 2), representing a molecular prevalence of 17.02% of PCV3 in Peninsular Malaysia.
PCR results for each 141 animals are provided in S2 Table. Notably, all 18 samples from clini-
cally healthy pigs and all 28 lung samples from the wild boar population were tested negative
for PCV3. Statistical significance was observed between PCV3 molecular detection status and
age group (p: 0.022), as well as health status (p: 0.043) of the test animals. In the age group set
of variables, only the weaners group (p: 0.0007) was shown to be statistically significant at
adjusted p < 0.005. No statistical differences in the frequency of animals molecularly positive
for PCV3 were observed across farms with different standing sow population (p: 0.180) and
distance from neighbouring farms (exact p: 0.512). Statistical significance for all Chi-square
and Fisher’s exact tests is summarized in Table 3. Detailed results of statistical tests are tabu-
lated in S3 Table.

The molecular detection rate across different organs (lung, inguinal lymph node, mesen-
teric lymph node, spleen, tonsils, kidney, heart, liver, brain) was tabulated for the positive ani-
mals (Table 4). For an accurate representation of the distribution, positive animals with only
one organ sample type tested were excluded from the analysis. The presence of PCV3 genetic
material was detected in all nine group of organ samples included in this study. The highest
frequency of PCR positive results was observed in inguinal lymph node and lung samples, with
detection rates of 81.82% and 71.43% respectively. For other organs, positive PCR detection
rate ranged from 12.5% to 54.55%. PCR detection rate was moderately high in five organs,
namely tonsil, spleen, kidney, mesenteric lymph node and brain. The lowest detection rates
were seen in heart and liver. In terms of statistical significance, it was found that only the
inguinal lymph nodes group (p: 0.0002) was statistically significant at adjusted p < 0.003, as
shown in Table 3.

Nucleotide sequence and complete genome analysis

Twelve complete genome sequences and three cap gene sequences were obtained successfully.
The local PCV3 sequences showed over 99% similarity with PCV3 sequences recorded in Gen-
Bank. The genome of Malaysian PCV?3 strains in this study is 2000 bp in length, encoding a
296 aa Rep protein and a 214 aa Cap protein.

Table 2. Distribution of PCV3 positive farms and animals in Peninsular Malaysia as detected by PCR assay.

Region State No. of Positive Farm(s) / Tested Farms | No. of Positive Animal(s) / Tested Animals
Northern | Penang 1/4 1/16
Perak 3/5 4/30
Central Selangor 4/9 16/ 81
Southern | Melaka 1/3 2/9
Johor 1/3 1/5
Total 10/24 24/ 141

https://doi.org/10.1371/journal.pone.0235832.t1002
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Table 3. Statistical significance for Chi-square and Fisher’s exact tests evaluating association between PCV3 molecular detection status and age group, health status,
farm standing sow population, distance from neighbouring farms, and across different organs. Statistically significant values are highlighted with grey boxes and bold

typeface.
Comparison Standing | Neighbouring
Variable Sow Farm Proximity
Population Radius
Pearson Chi- 0.180 0.449
Square
(p < 0.05)
Fisher’s Exact 0.180 0.512
Test (p < 0.05)
Bonferroni N/A N/A
correction
adjusted p-value
Cell residuals N/A N/A
adjustment post
hoc

(p < adjusted)

Key:

Clinical Age Group Organ
Health
Status
0.040 0.024 0.049
0.043 0.022 0.047
N/A 0.005 0.003
N/A T P w G F L I S T K H M \4 B

0.271 | 0.317 | 0.0007 | 0.134 | 0.036 | 0.029 | 0.0002 | 0.855 | 0.450 | 0.807 | 0.105 | 0.077 | 0.008 | 0.567

o Age group: T-fetus, P-piglet, W-weaner, G-grower, F-finisher and sow

« Tissue type: L-lung, I-inguinal lymph node, S-spleen, T-tonsil, K-kidney, H-heart, M-mesenteric lymph node, V-liver, B-brain.

« N/A: Not applicable.

https://doi.org/10.1371/journal.pone.0235832.t003

ML phylogenetic trees were constructed to analyze Malaysian PCV?3 strains in relation to
known member species of circovirus genus using nt sequences of exemplar isolates listed by
ICTV [33]. PCV1 and PCV2, as well as PCV3 strains from different countries were also
included in the analysis. The phylogenetic relationship among species in Circoviridae was
inferred using ML method based on GTR model (Fig 2). PCV1, PCV2 and PCV3 were clus-
tered into a same clade with >50% bootstrap value. Supported by a lower bootstrap value of
30%, Malaysian strains of PCV3 were phylogenetically related to bat associated circovirus 7
(BatACV?7) and starling circovirus (StCV).

The phylogenetic relationship among porcine circoviruses was inferred using ML method
based on Tamura-Nei model (Fig 3). All PCV3 strains analyzed in this study were clustered in
a distinct clade with the longest branch length, separated from PCV1 and PCV2.

Table 4. PCV3 PCR detection rate across different organs types.

Organ No. of Positive Sample(s) / Tested Sample PCR Detection Rate (%)
Lung 10/ 14 71.43*
Inguinal lymph node 9/11 81.82°
Mesenteric lymph node 4/12 33337
Spleen 7114 50.00 *
Tonsil 6/11 54.55°
Kidney 5/11 45.45*°
Heart 1/6 16.67°
Liver 1/8 12.50%
Brain 1/4 25.00°

" Different superscript letters indicate significant differences (adjusted p-value < 0.003) among different organ
samples.

https://doi.org/10.1371/journal.pone.0235832.t1004

PLOS ONE | https://doi.org/10.1371/journal.pone.0235832  July 24, 2020

7/22


https://doi.org/10.1371/journal.pone.0235832.t003
https://doi.org/10.1371/journal.pone.0235832.t004
https://doi.org/10.1371/journal.pone.0235832

PLOS ONE

Porcine circovirus type 3 (PCV3) in Peninsular Malaysia

@ PCV3 MK5B5347 MYDD1 Malaysia
@ PCV3 MK585348 MYD0D2 Malaysia
@ PCV3 MN725085 MYD13 Malaysia
@ PCV3 MN725083 MYD11 Malaysia
@ PCV3 MKE85353 MYDO7 Malaysia
@ PCV3 MK585352 MYD0B Malaysia
® PCV3 MN725082 MYD10 Malaysia
@ PCV3 MK585350 MYD04 Malaysia
@ PCV3 MKE85351 MYDO5 Malaysia
@ PCV3 MN725080 MYDOB Malaysia
30 @ PCV3 MN725086 MYD14 Malaysia
® PCV3 MN725084 MYD12 Malaysia

BatACV7 KJB41723
. StCV DQ172906
A PCV1 PCU49186 UK
L @ PCV2 JFBI0913 Malaysia
BFDV AFO71878
DuCY AY228555
= PICV AF252610
¢4 BatACV1 JX8B3737
i7 Segrand TIACY KX987146
RaCV DQ146997
—_37{7 RoACV KY370042
BatACY3 JCB14849

89
L BatACVI KJB41741
CanineCV KC241982
—%S:vmamass

A
05

Fig 2. Phylogenetic analysis of complete genome sequences of PCV3 and known member species of circovirus
genus. Twelve Malaysian PCV3 strains (») were compared with PCV1 (A), PCV2 (#) and 13 circovirus member
species (Bat associated circovirus, BatACV; beak and feather disease virus, BEDV; canine circovirus, CanineCV; duck
circovirus; DuCV; goose circovirus, GoCV; pigeon circovirus, PiCV; raven circovirus, RaCV; rodent associated
circovirus, RoOACV; starling circovirus, StCV; tick associated circovirus, TIACV). GenBank accession numbers are
indicated at the end of each species strain. The tree was constructed using ML method, GTR model with gamma
distribution and invariant sites with tree topology evaluated with 1000 bootstrap replicates. The scale bar indicates
branch length measured in number of substitutions per site.

https://doi.org/10.1371/journal.pone.0235832.9002

Further, percentage nt identities between 42 PCV3 sequences (12 Malaysian sequences and
30 GenBank reference strains) were compared using Pairwise Distance method with p-dis-
tance model (S4 and S5 Tables). All 2000 nt positions were included in the final dataset. Over-
all, all 42 PCV3 sequences in the comparison dataset are closely related to each other, given
that only 0.58% (5 / 861) of the p-distance values are > 0.020. The p-distance values range
from 0.002 to 0.021, averaging at 0.010. This is equivalent to a shared percentage nt identities
0f 97.9%- 99.8%. Among the 12 Malaysian sequences, while the p-distance range maintains,
the average is slightly higher at 0.012.

A similar pairwise distance analysis was run to compute the p-distance values among cap
gene sequences of 15 Malaysian PCV3 strains and 30 PCV3 GenBank reference strains (56 and
S7 Tables). The range of p-distance values widens from 0.000 to 0.026, with an increased aver-
age of 0.013. This is equivalent to a shared percentage nt identities of 97.36%- 100%. Com-
pared to the complete genomes, the cap gene sequences are less closely related to each other,
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Fig 3. Phylogenetic analysis of complete genome sequences of PCV1, PCV2 and PCV3. Twelve Malaysian PCV3
strains (») were compared with 5 PCV2 strains and 2 PCV1 strains. GenBank accession numbers and origin country
are as indicated. Malaysian PCV3 strains were additionally labelled with strain ID. The tree was constructed using ML
method, Tamura-Nei model evaluated with 1000 bootstrap replicates. The scale bar indicates branch length measured
in number of substitutions per site.

https://doi.org/10.1371/journal.pone.0235832.9003

given that 8.28% (82 / 990) of the p-distance values are > 0.020. Among the 15 Malaysian
sequences, the p-distance range is slighter smaller at 0.000 to 0.020, and the average is slightly
lower at 0.012.

Based on the phylogenetic analysis of PCV3 cap gene sequences (Fig 4), Malaysian PCV3
strains appear to be grouped into two main clusters within one clade. In the first cluster,
Malaysian PCV 3 strains were grouped with PCV3 strains from Italy (GenBank accession no.:
MF805721, MF162298, MF162299), Thailand (MF589652, MH229786), Brazil (MF079254),
Japan (LC269727, LC383840, LC383841), Germany (MG014364) and Spain (MF805720). Par-
ticularly, Malaysian strain MY006 (MK585352) showed high bootstrap value of >50% with a
Spanish strain. The second cluster consisted entirely of Malaysian PCV3 strains, with only one
U.S. strain (KX458235) and one Mexico strain (MH192340).

To determine positive and/or negative selections in the ORF1 and ORF2 genes of PCV3
sequences, neutrality test values, AN-dS values and H(x) entropy values of the two genes were
evaluated. Results from the statistical tests of neutrality ran on PCV3 ORF1 and ORF2 gene
sequences were summarized in Table 5. All three tests showed negative neutrality values of sta-
tistical significance.

H(x) entropy values for each aa position of PCV3 ORF1 and ORF2 are plotted in the sec-
ondary bar charts of Figs 5 and 6 respectively. Among the ORF1 gene sequence, 5.41% (16 /
296) of aa sites showed H(x) entropy values of > 0.0. The 16 H(x) values ranged from 0.113 to
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Fig 4. Phylogenetic analysis of cap gene sequences of PCV3. Fifteen Malaysian PCV3 strains (s) were compared with
30 other PCV3 strains. GenBank accession numbers and origin country are as indicated. Malaysian PCV3 strains were
additionally labelled with strain ID. The tree was constructed using ML method, Tamura-Nei model evaluated with
1000 bootstrap replicates. The scale bar indicates branch length measured in number of substitutions per site.

https://doi.org/10.1371/journal.pone.0235832.g004

0.683, with a mean of 0.170 + 0.036. ORF2 gene sequences have slightly more aa sites with H
(x) entropy > 0.0, at 7.94% (17 / 214). The 17 H(x) values ranged from 0.107 to 0.663, with a
mean of 0.247 + 0.046.

Analysis of the selective pressures revealed minor differences between ORF1 and ORF2
genes at both global and site levels. Global AN-dS value of ORF1 and ORF2 were 0.015 and
0.091 respectively, as determined by SLAC method. At site levels, dN-dS values for every
codon were determined to identify aa positions under positive or negative selection pres-
sure, as tabulated in Table 6. Large majority of the calculated dN-dS values were < 0, indi-
cating negative selection. At the statistical significance thresholds applied in this study, no
positive selection was reported. Within the ORF1 and ORF2 gene, 24 / 296 (8.11%) and 26
/214 (12.15%) aa sites respectively were identified as negatively selected sites. Among the
four selection pressure methods used, descending detection rates were observed from
FUBAR, FEL, SLAC to IFEL method. Only 3 sites, codon 203 of the ORF1 gene, codon 75
and 85 of the ORF2 gene, were identified as negative selection sites across all four
methods.

Table 5. Results tabulation of PCV3 ORF1 and ORF?2 tests of neutrality.

Gene Sequence Tests of Neutrality
Tajima’s D Fuand Li’s D Fuand Li’s F
Test statistic | Statistical significance, p-value | Test statistic | Statistical significance, p-value | Test statistic | Statistical significance, p-value
ORF1 -2.41372 < 0.01 -3.86411 < 0.02 -3.98503 < 0.02
ORF2 -2.04422 < 0.05 -3.75641 < 0.02 -3.73811 < 0.02

https://doi.org/10.1371/journal.pone.0235832.t005
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Fig 5. dN-dS and amino acid H(x) entropy values plot for PCV3 ORF1 gene sequences. Left y-axis corresponds to
the dN-dS values of the primary stacked line graph, where values obtained by four different selection pressure
methods were identified with four different primary colours. Right y-axis corresponds to H(x) entropy values of the
secondary bar chart. X-axis marks the aa sites of the ORF1 gene sequence. The graphs in Figs 5 and 6 were scaled
identically.

https://doi.org/10.1371/journal.pone.0235832.9005

Discussion

PCV3 has been detected in various tissue samples with varying positive rates [15, 34-38]. Our
findings are in agreement with reports from Fan et al. (2017), Fu et al. (2018) and Li et al.
(2018), that PCV3 mainly infect lungs and lymphoid tissues such as lymph nodes and tonsil
[34, 35, 38]. PCV2 is known to have tropism for lymphoid tissues in pigs, with lymphoid deple-
tion and histiocytic replacement of lymphoid tissues being hallmark lesions of PCV2 infection

dN-dS and amino acid H(x) entropy of PCV3 ORF2 gene
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Fig 6. dN-dS and amino acid H(x) entropy values plot for PCV3 ORF2 gene sequences. Left y-axis corresponds to
the dN-dS values of the primary stacked line graph, where values obtained by four different selection pressure
methods were identified with four different primary colours. Right y-axis corresponds to H(x) entropy values of the
secondary bar chart. X-axis marks the aa sites of the ORF2 gene sequence. The graphs in Figs 5 and 6 are scaled
identically.

https://doi.org/10.1371/journal.pone.0235832.g006
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[39, 40]. Interstitial pneumonia and bronchiolitis with mononuclear infiltration are also part
of PCV2 disease manifestation, which correlate with clinical sign of respiratory distress [41,
42]. Since high molecular detection rates of 81.82% and 71.43% respectively were found in
inguinal lymph nodes and lungs, with demonstrated statistical significance in molecular detec-
tion rate of PCV3 in the inguinal lymph nodes group, further research may be focused on
these tissues to study potential tissue tropism and relationship with PCV3 pathogenesis.

Weaners have been shown to have the highest prevalence of PCV3 [7, 43, 44] across differ-
ent production stages and statistical results of this study supports this finding. PCV3 has been
reported in pigs with various pathological conditions including respiratory, reproductive, neu-
rological and gastrointestinal disorders. Statistics calculated in this study also showed high
PCV3 molecular detection rate in the clinically ill group. Nevertheless, the virus has also been
detected in clinically healthy animals [45-47]. However, in this study, all lungs samples of clin-
ically healthy pigs sourced from abattoir and retail shops were tested negative for PCV3 in
spite of their origins in PCV3 positive farms. This 100% negative results may not be accurate,
considering the low sample number which constitute only 12.76% (18 / 141 pigs) of the study
population, and that sampling healthy animals solely from finishers stage may not be represen-
tative for the clinically healthy population.

Apart from domestic pigs, PCV3 was found to infect wild boar population at rates of 23%-
42.66% [37, 48, 49]. Notably, all 28 lung samples from wild boar population in Peninsular
Malaysia were tested negative for PCV3. This finding may suggest that spillover infection from
wild boar reservoir hosts is not implicated in introduction of PCV3 into Malaysian commer-
cial swine population. PCV3 infection susceptibility has been suggested to be associated with
the age of wild boar, with juvenile animals showing statistically lower detection rates, unlike
reports described in domestic pigs [37, 48]. In our study, 46.42% (13 / 28 animals) were identi-
fied as adults of > 12 months old, with another 17.86% (5 / 28 animals) categorized as 6-12
months old subadults, thus eliminating the concern of age group bias. High PCV3 prevalence
of 33.15% was reported by Franzo et al. [48], despite sampling mostly apparently healthy wild
boars (60 / 62 animals), suggesting that PCV3 may be unlikely to cause overt clinical diseases
in wild boars. If such is the case, serum samples might be more suitable for study of PCV3
prevalence in wild boar population, as compared to lung samples used in this study. Neverthe-
less, 57.14% (20 / 35 samples) and 54.29% (19 / 35 samples) detection rates in lung and spleen
samples respectively have been reported [37]. Possibility of false negative prevalence of PCV3
in wild boar population in this study due to low sample number still need to be considered.

PCV3 sequences from different years and countries analysed to date showed nt similarities
ranging from 97 to 100% [50]. The complete genome sequences of Malaysian PCV3 strains in
this study showed similarities of 97.9%- 99.8%, concurring with the summarized global find-
ings. In the case of PCV2, ORF1 is the most conserved region of circovirus genome spanning
the entire genome sequence [51]. In contrast, ORF2 has been identified as the most variable
[6] and most immunogenic viral protein [52, 53]. The assumption that the PCV3 cap gene is
also a variable region like its PCV2 counterpart was supported as the 45 PCV3 cap gene
sequences analyzed in this study showed higher p-distance values, when compared to the com-
plete genomes in pairwise distance analysis. This indicates that the cap genes show higher vari-
ability than the complete genomes, in terms of number of base differences per site.

Tajima’s D, Fu and Li’s D, and Fu and Li’s F statistical tests of neutrality share a common
foundation of utilizing the frequency distribution of mutations. The unanimous negative val-
ues of all three neutrality tests signify an excess of low frequency polymorphisms relative to
expectation, an effect resulting from either purifying selection or expansion of population size
[25, 26]. Considering the general negative trend of dN-dS values as shown in Figs 5 and 6, we
suggest that the ORF1 and ORF2 genes of PCV3 may be heavily influenced by negative
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selection pressure. In this study, up to 12.15% (26 / 214) of ORF2 codons were predicted to be
evolving under negative selection pressure. ORF1 has a lower percentage of 8.11% (24 / 296).
A recent study predicted up to 17% (37 / 214) of PCV3 ORF2 codons were negatively selected
and suggested a strong negative selection acting over ORF2 gene of PCV3, which will likely
cause the gene to be subjected to strong restrictions and thus unable to tolerate high levels of
variation on its sequence [54]. In the context of diversity of aa residues at a given position,
entropy H(x) values range from 0.0 (single residue present) to 4.322 (all 20 residues equally
represented). As the H(x) value increases, it would be more likely to observe different aa resi-
dues diversity at same codon position. Aa with H(x) > 2.0 are considered variable, while highly
conserved aa would be expected to have H(x) of < 1.0 [55]. For PCV3, just as ORF2 has higher
dN-dS values as compared to ORF1, ORF2 also have slightly more aa sites with H(x)

entropy > 0.0, at 7.94% (17 / 214). This again suggests that ORF2 has higher genetic variability,
in terms of number of base differences per site. However, all the H(x) values were well

below < 1.0, supporting the conjecture of PCV3 ORF2 being under strong purifying selection
processes [53]. The highest H(x) value of ORF1 was seen at aa position 122, with a value of
0.683. The highest H(x) values of ORF2 ranged from 0.432-0.663, seen at aa position 24, 27, 77
and 150. The aa substitutions resulting from nt mutations at these five codons were suggested
as criteria to classify PCV3 into different strains [7]. Apart from being a component of classifi-
cation criteria, ORF2 aa position 24 was the convergence of several studies, proposed as a
potential epitope region and determinant of antigen effect [38, 56-58].

Since the cap genes are much more divergent, differences over nt sequences may be
resolved by phylogenetic comparison of the cap gene coding sequence, ORF2. Hence, the
genomic variability of Malaysian PCV?3 strains were compared by having their 645 bp long cap
gene sequences phylogenetically analysed. Though the Malaysian PCV3 strains are rather
closely related to each other, as reflected by p-distance values of < 0.021, they were grouped
into two distinct clades.

This study suggests a homogeneous PCV3 frequency among farms with different size of
standing sow population and proximity with neighbouring farms, since no statistically signifi-
cant differences were found among those tested groups. There was no apparent geographical
distribution, strains from central and southern Malaysia are present in both clades. However,
it was observed that strains from the same farm are closely related, as shown by strains MY008
(GenBank Accession no.: MN725080) and MY010 (MN725082); MY001 (MK585347), MY002
(MK585348), MY009 (MN725081), MY012 (MN725084) and MY013 (MN725085). Interest-
ingly, from the same farm, strains MY012 and MY013 which were obtained on a later time
point in 2018/2019 showed further phylogenetic distance from strains MY001, MY002 and
MYO009 obtained in 2016/2017. In another farm, a phylogenetic distance gap was seen between
strain MY008 (MN725080) and strain MY010 (MN725082) collected five months apart. This
may suggest that PCV3 may have the tendency to mutate rapidly, as what was seen with PCV2.
High mutation rates of PCV2 were widely reported [59-61]. Over the years, new PCV2 anti-
genic variants have evolved with the variability of PCV2 attributed to high evolutionary rates
of 1.2x1077 substitution/site/year, higher than expected for a DNA virus and instead resem-
bling RNA viruses [62]. In addition, low frequency mutations that allow rapid adaptation of
the virus in changing environments had been identified in PCV2 genomes [60].

In the first clade, notably, Malaysian strain MY006 (MK585352) was singled out in its own
cluster with a Spanish strain (MF805720), at a high bootstrap value of 52%. The singling out of
MYO006 strain may be attributed to the isolated location and strict biosecurity practice of the
origin farm that possibly reduced the likelihood of introducing circulating PCV3 strains from
other local farms. Given that PCV3 can be found in semen of healthy animals [15] and that
potential persistent infection nature of PCV3 has been suggested [37], the phylogenetic
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relationship between Malaysian and Spanish strains might be related to semen and breeder
importation. Malaysian PCV3 strains also showed phylogenetic relationship with PCV3 strains
from Italy, Thailand, Brazil, Japan and Germany, though with lower bootstrap values. How-
ever, of these countries, only Thailand and Germany have trade activities involving porcine
products with Malaysia in the past 10 years [63]. In the second clade, Malaysian PCV3 strains
were closely related to a U.S. strain (KX458235) and a Mexico strain (MH192340). Since 2001,
Malaysia imports live breeders from U.S., from 30 to 200 heads annually though not consis-
tently [63]. U.S. is also the main provider of live swine imports for Mexico, with a 72% share of
the Mexican import market [64]. Hence, it may be speculated that the phylogenetic relatedness
among Malaysian, Spanish, U.S. and Mexico PCV3 strains might be a result of live breeder
and semen stock movement.

The first and second clades discussed above are evidently grouped together in a larger clus-
ter. This observation is in accordance with the PCV3 strain classification system proposed by
Fux et al. [7]. Fux et al. observed a specific aa motif which divides the PCV3 strains into two
main groups. On aa position 122 of ORF1; aa position 24, 27, 77, 150 of ORF2 and aa position
1, 4, 227 of ORF3, two distinct patterns were observed: A-VKSI-FD Gand S—.ARSI-SG
V, which defined group Al and B1 respectively. Slight modification of motif into S-V K S I-F
D Vand S-A RT L-S G V gave rise to subgroups A2 and B2 respectively. Based on extrapola-
tion from Fux et al.’s categorization, Malaysian PCV3 strains were classified as PCV3 group
Al and A2 (Table 7).

Similarly, there was no geographical distribution pattern observed, for both Malaysian and
global strains of PCV3 Al, A2, Bl and B2. The arrangement of the motif was reflected in the
phylogenetic clade arrangement, with strain A and B each clustered into separate clade (Fig 4).
Further clustering into strain 1 and 2 were more evident in the A group, where clade Al and
A2 were clearly branched apart. However, more PCV3 sequences are needed to validate this
genotype classification, and further work is required to determine if these genetic differences
correlate to specific biological properties of PCV3 [7]. Nevertheless, with the rapid emergence
of PCV2 genotype 2d and 2e unfurling the speed of worldwide distribution of a new type of
PCV [65], these phylogenetic and epidemiological data may give us a head start with PCV3.

In terms of relationship with other species of Circovirdae, China strains of PCV3 was
reported to share a clade with bat associated circovirus 8 (BatACV8) at a high 82% bootstrap
value [38]; while the U.S. strains of PCV3 traced back to a common ancestor bat associated cir-
covirus 2 (BatACV2) [4]. Malaysian strains of PCV3 showed phylogenetic relatedness to bat-
associated circovirus 7 (BatACV7) and StCV with a 30% bootstrap value. Another instance of
involvement of bats in porcine diseases would be fruit bats of Pteropid species acting as natural
reservoir hosts of Nipah virus, where a Nipah outbreak in the 1990s almost costed the entire
Malaysian swine industry [66, 67]. As for starlings (Sturnus vulgaris), they are native to Europe,
Asia and North Africa and have successfully established populations on nearly every continent
[68]. Starling fecal material has been shown to be one of the transmission sources of transmis-
sible gastroenteritis (TGE) coronavirus, with history of TGE outbreaks in swine farms attrib-
uted to starlings as outbreak vector [69]. Although Circovirus genus members are known to
infect a wide host range [33], cases of unspecific cross-species transmission had been reported.
PCV1 and PCV2 has been detected human stool samples, and avian circovirus-like DNA was
found in wild chimpanzee feces samples [14]. PCV3 has also been detected in chamois, roe
deer [70], cattle [71] and canine [72]. Considering the possibility of cross-species transmission,
documented pathogenicity of closely related Circovirus species, high mutation and recombina-
tion rate of certain ssDNA viruses [14], and history of bats and starlings transmitting porcine
pathogens, further investigation into the relationship between PCV3 with BatACV and StCV
may be warranted. On the other hand, the most recently discovered PCV4, showed closest
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Table 7. Amino acid alignments of selected aa in ORFs 1, 2 and 3 showing group specific motifs.

ORF2
122 24 27 77 150 1 4 227
KY075990/China Al A \Y% K S I F D G
MF805721/Italy Al A \% K S I F D G
MH229786/Thailand Al A \% K S I F D G
MF589652/Thailand Al A \% K S I F D G
MF162299/Italy Al A A% K S I F D G
MF162298/Italy Al A \Y% K S I F D G
MF079254/Brazil Al A \Y% K S I F D G
LC383841/Japan Al A \Y% K S 1 B D G
LC269727/Japan Al A \Y% K S 1 F D G
PCV3/SL52/UPM/MY004/MK585350 Al A \% K S I F D G
PCV3/SW35L/UPM/MY010/MN725082 Al A \% K S I F D G
PCV3/SL56/UPM/MY005/MK585351 Al A \% K S I F D G
PCV3/SW13L/UPM/MY008/MN725080 Al A A% K S I F D G
LC383840/Japan Al A \Y% K S I B D G
MGO014364/Germany Al A \4 K S I F D G
MEF805720/Spain Al A \Y% K S I E D G
PCV3/JL72/UPM/MY006/MK585352 A2 S \Y% K S I B D A%
KX458235/US A2 S \Y% K S I E D \Y%
MH192340/Mexico A2 S \Y% K S I E D \Y%
PCV3/KG11/UPM/MY007/MK585353 A2 S| \Y% K S I F D \Y%
PCV3/PG43i/UPM/MY011/MN725083 A2 S A% K S I F D A%
PCV3/SL28/UPM/MY001/MK585347 A2 S \Y% K S I F D \Y%
PCV3/SS31L/UPM/MY009/MN725081 \Y K S 1
PCV3/SL37/UPM/MY002/MK585348 A2 S \Y% K S I F D \Y%
PCV3/SW51L/UPM/MY012/MN725084 A2 S \Y% K S I F D \Y%
PCV3/SW53L/UPM/MY013/MN725085 A2 \Y% K S I D \Y%
PCV3/KL44/UPM/MY003/MK585349 \Y% K S 1
PCV3/KG194L/UPM/MY/015/MN725087 \Y% K S I
PCV3/MGI196L/UPM/MY014/MN725086 A2 S \Y% R S I S D \Y%
KX778720/US B1 A A R S I S G G
KY996337/Korea Bl A \Y% R S I S D G
MG014363/Germany B1 S A R S I S G \Y%
MG679917/Russia B1 S A R S I, S G \Y%
KX898030/US Bl S A R S 1 S G \Y%
MG765473/Sweden B1 S A R S I S G A%
MF805723/Denmark B1 S A R S I S G A%
MH579736/Spain B1 S A R S I S G \Y%
MG014367/Germany B1 S A R S I S G F
MG310152/Thailand B2 S A R T IL, S G v
MG014370/Germany B2 S A R T IL, S G A%
KT869077/US B2 S A R T IL, S G \Y%
KY996338/Korea B2 S A R T IL, S G v
MF611876/Korea B2 S A R T IL, S G \Y%
KY075988/China B2 S A R T IL S G \Y%
MF079253/Brazil B2 S A R T IL, S G \Y%
https://doi.org/10.1371/journal.pone.0235832.t007
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genomic and phylogenetic relationship with mink circovirus (MiCV) [3]. The pathogenicity of
PCV4 remains unclear and to date, no direct relationship between PCV3 and PCV4 has been
reported.

Conclusion

PCV3 is present in Peninsular Malaysia at a molecular prevalence of 17.02%, with inguinal
lymph nodes and lungs showing the highest molecular detection rates of 81.82% and 71.43%
respectively. Among the nine organ types tested, only the molecular detection rate in inguinal
lymph nodes was statistically significant. Although PCV3 positive samples spanned across all
age group from foetuses to finishers and sows, only the weaners group was shown to be statisti-
cally significant. Despite wide reports of PCV3 in healthy animals and wild boars, no positive
samples were detected in the clinically healthy finishers and wild boar population in this study.
PCV3 strains included in this study were found to be heavily influenced by negative selection
pressure. In both ORF1 and ORF2, aa positions with the highest H(x) values correspond with
the distinct mutation patterns included in the current PCV3 strain classification system.
Malaysian PCV3 strain Al and A2 were phylogenetically related to Spanish, U.S. and Mexico
strains.
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