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Abstract
In 2015, a novel circovirus (Porcine circovirus 3, PCV3) was detected for the first time from pigs suffered from porcine 
dermatitis and nephropathy syndrome and reproductive failure. Since then, PCV3 has been reported in several pig producing 
countries. This study was carried out in order to investigate the presence and further genetic characterization of PCV3 in 
the pig populations in northern Vietnam. The screening PCR detected the presence of PCV3 in 6 out of 135 samples 
(4.44%) which were collected from seven northern provinces in 2011 and 2016-2017. The capsid-coding gene (ORF2, 
645 nucleotides in length) was successfully sequenced from 5 out of 6 field strains. Compared to a highly diverse PCV3 
strain (GD2016-1, KY421347) 5 Vietnamese PCV3 strains contained 39 point nucleotide mutations and 9 of those were 
non-synonymous. The Bayesian phylogenetic analysis on the basic of ORF2 revealed that PCV3 evolved at a comparable 
evolutionary rate of the pathogenic PCV2 (2.284 × 10-3 and 1.440 × 10-3, respectively). Besides, this analysis suggested PCV3 
could be separated into PCV3a and PCV3b groups, of which the majority of Vietnamese PCV3 strains belong to PCV3a 
(sub-cluster a1).
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Introduction
Porcine circovirus (PCV) is a member of the ge-

nus circovirus, family Circoviridae [1]. In pigs, it is ac-
knowledged that Porcine circovirus type 1 (PCV1) is 
non-pathogenic while Porcine circovirus type 2 (PCV2) 
is the etiology of a devastating disease of swine, the por-
cine circoviral disease (PCVD) [2]. To date, PCVD is 
emerged in almost all swine producing countries [3], in-
cluding Vietnam [4]. In 2015, in North Carolina (USA), 
a novel species of the genus circovirus which named Por-
cine circovirus 3 (PCV3) was detected for the first time 
from pigs suffered from porcine dermatitis and nephrop-
athy syndrome and reproductive failure [5]. Because of 
the novelty, PCV3 is now a topic of interest for research-
ers in the world. As the result, the virus was demonstrat-
ed in many countries, such as: USA [5], China [6], Korea 

[7], Poland [8], and Italy [9], etc. Up to now, there is not 
available information on the prevalence of PCV3 in pig 
populations in Vietnam. Thus, this study aimed to inves-
tigate the circulation and molecular characterization of 
the virus in northern Vietnam.
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Material and Methods
Tissue samples

All of pooled organs (lymph nodes, heart, lung, 
spleen, and kidney) used in this study were collected 
from pigs having different clinical signs, such as: Wast-
ing, diarrhea, respiratory signs, etc. The samples were ei-
ther archived (n = 60 in 2011) or current (n = 68 in 2016, 
n = 7 in 2017). The sampling locations were indicated in 
Table 1.

PCR- based detection of PCV3
Total DNA was extracted from 10% tissue suspen-

sions. In brief, the samples were: i) Lysed (250 µl) in the 
solution of sucrose/proteinase K (500 µl) at 56 °C/90 
min; ii) DNA phase separated by phenol-chloroform-
isoamyl (200 µl); iii) DNA pelleted by addition of iso-
propyl at -20 °C/15 min; iv) Washed by ethanol 70%; v) 
Semi-dried and then dissolved in 30 µl of TE buffer (pH 
8.0). Centrifugation (12000 rpm/ 15 min at 4 °C) was ap-
plied between steps (ii) to (iv). This study used i) Hot 
start PCR kit (i-StarMaster, iNtRON Biotechnology, Ko-
rea) and ii) Pathogen- specific primers [6] for detection 
and sequencing of PCV3. List of primers were given in 
Supplementary Table 1. The thermal profile of PCR was 
initial denaturation at 94 °C/5 min; repeated 35 cycles 
of 94 °C/30 sec, 55 °C/30 sec, 72 °C/90 sec. PCR prod-
ucts were stained by Red safe DNA nucleic acid staining 
solution (iNtRON Biotechnology, Korea) and analyzed 
by agarose electrophoresis.

Sequencing of ORF2 gene
Purified PCR products were submitted to 1st BASE 

(Singapore) and were sequenced in both directions by 
Sanger sequencing method. The sequences were then 
assembled by BioEdit v7.1.3.0 [10]. This study success-
fully recovered five complete ORF2 genes of PCV3 from 
pooled organs.

For genetic analysis and Bayesian phylogenetic in-
ference of PCV3, a dataset (n = 86) of complete ORF2 
sequences, including those deposited in Gen Bank, was 

collected. Because Bayesian phylogenetic inference uses 
molecular clock model to infer a time-scaled tree from 
heterochronous sequences, ORF2 sequences without 
sampling years were excluded. The complete list of se-
quences used in this study was shown in Supplementary 
Table 2.

Calculating genetic distance
Genetic distance between field strains of PCV3 (n = 

86, Supplementary Table 2) were calculated on the basic 
of ORF2 gene. The p-distance was estimated by MEGA7 
program [11]. The genetic distance between strains were 
then displayed as frequency histogram.

Testing for temporal signal in sequence alignment
This analysis was done by TempEst tool [12] which 

requires a phylogeny without molecular clock and hav-
ing sampling dates for all of the leaves. In this study, that 
tree was inferred under assumption of the p-distance and 
neighbour-joining method which are implemented in 
MEGA7 program [11]. The ‘Root-To-Tip’ analysis panel 
was then selected to visualize a linear regression of root-
to-tip genetic distance against sampling time.

ORF2- based Bayesian phylogenetic analysis
The Bayesian coalescent-based Markov chain Monte 

Carlo (MCMC) analysis was applied under the assump-
tion of a codon-based SRD06 nucleotide substitution 
model [13] in combination with i) Model of uncorrelat-
ed lognormal relaxed molecular clock and ii) Two de-
mographic coalescent models (constant population size, 
and extended Bayesian skyline plot). In each analysis, the 
MCMC chain (100 million generations, sampling every 
10000 iterations) was performed using the BEAST pack-
age v1.7.4 [14]. The output log files were subsequently 
analyzed in Tracer v1.6 to assess the convergence (effec-
tive sample size > 100) and compare between coalescent 
models using AICM approach [15]. The generated trees 
were analyzed by Tree Annotator v1.7.4 to find the max-
imum clade credibility (MCC) tree. That tree was visual-
ized by Fig Tree v1.4.3 program.

Up to date, there are several publications proposed 
the classification of PCV3, but using inconsistent termi-
nology [6,16,17]. This study followed a scheme which 
classified PCV3 based on tree topology and genetic 
markers at codons 24, 27, 77 and 150 of the ORF2 [17]. 
Accordingly, PCV3 was divided into groups of PCV3a 
(sub-clusters a1, a2) and PCV3b (sub-clusters b1, b2).

Results and Discussion
The frequency of PCV3 in northern Vietnam

Though the first clinical case due to PCV3 was described 
in 2015, throughout metagenomic analysis, circo viruses 

Table 1: PCR- based detection results for PCV3 in northern 
Vietnam.

Province
Number of positive/tested samples for each 
year
2011 2016 2017

Bac Giang 0/17 NA NA
Hoa Binh 0/12 0/4 NA
Thai Nguyen 0/2 NA NA
Bac Ninh 0/6 0/1 NA
Ha Noi 1/9 0/48 3/7
Hai Duong 0/6 0/1 NA
Hung Yen 0/8 2/14 NA

NA: Not Available.
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tected in only 2 out of 7 sampling provinces. Noteworthy, 
PCV3 was present in a sample collected in 2011. However, 
comparing to the most recent publication about PCV3 in 
the UK, 2011 was not the earliest date for the detection of 
PCV3 in pigs since the virus was found in samples as far 
back as 2002 [19]. Taken together, the detection of PCV3 
in archived tissue samples in 2002 and 2011 suggested that 
the virus had emerged in pig populations several years pri-
or to the first clinical case was described [5]. Though the 

have been known in different species, including pigs [18]. 
As the result, this study attempted to detect PCV3 in ar-
chived (2011) and current (2016, 2017) samples of pigs. 
It was the main focus of this study to investigate the pres-
ence/absence of PCV3 in the North of Vietnam, thus the 
associations between clinical symptoms and status of PCV3 
positive/negative were not described for each tested sample. 
The screening PCR for PCV3 (Table 1) revealed that there 
were 6/135 (4.44%) positive samples, and the virus was de-
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Figure 1: Sequence of the ORF2 of 5 Vietnamese PCV3 strain. Strain GD2016-1 served as reference A) Nucleotide alignment 
of Vietnamese PCV3 sequences, which non-synonymous substitutions were indicated by boxes; B) Alignment of the deduced 
amino acid sequences. Genetic marker at codon positions 24, 27, 77 and 150 were highlighted.
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highest level of nucleotide diversity than other sequences. 
Comparing to that reference, the ORF2 of 5 PCV3 strains 
differed in 39 positions, 9 of those were non-synonymous 
substitutions (boxes, Figure 1A and Figure 1B). There were 
4 strains isolated in 2016 and 2017 (L16-2931, L16-2932, 
L17-297 and L17-307) had a typical genetic marker (V-K-
S-I at codons 24, 27, 77 and 150) of sub-cluster a1 [17]. 
The last isolate (L11-181) had a typical genetic marker of 
sub-cluster b1 (A-R-S-I at codons 24, 27, 77 and 150) [17].

The ORF2 based genetic distance between Vietnam-
ese PCV3 strains and others strain available in Gen Bank 
were calculated and shown in Figure 2. Excluding 13 
identical sequences, the p-distance between 73 unique 
PCV3 strains were 0.002 to 0.040. In case of porcine cir-
covirus type 2, p-distance of 0.035 was proposed to be 
the cut-off value for genotype delimitation [23]. Under 
this point of view, the genetic distance between PCV3 
strains was considered large enough. The Chinese PCV3 
strains exhibited widest genetic variations (0.002-0.037). 
The genetic distance between PCV3 strains circulating 
in each country (Vietnam- Vietnam, USA- USA, and 
Korea- Korea) was almost within the range of those in 
China (Figure 2). The result implied that PCV3 might 
present in the pig populations for a period and might di-
versify locally.

virus was found at a higher positive rate in pigs with severe 
respiratory disease than in those with mild respiratory dis-
ease [20], it was also detected in clinical healthy pigs [21]. 
Despite of those controversial results, the wide distribution 
of PCV3 in many swine producing countries suggests for 
further studies in order to prove the accordance of PCV3’s 
pathogenicity with the Koch's postulates.

ORF2- based genetic characterization of PCV3 in 
northern Vietnam

In the PCV3 genome, ORF2 is one of the three predict-
ed open reading frames which encodes protein showing 
homology to circovirus capsid protein [5]. The nucleotide 
identities among PCV3 strains were quite similar between 
ORF2 (96.7%-99.1%) and complete genome (97.5%-99.4%) 
[22]. Additionally, the topologies of phylogenetic trees 
based on either complete genome or ORF2 largely agreed 
with each other [7,22]. That was the reason why ORF2 was 
selected for molecular characterization of PCV3 in this 
study. Depicted in Figure 1, the ORF2 of 5 PCV3 strains 
circulating in Vietnam had similar length of 642 nucleo-
tides (excluding the stop codon). Based on several phylo-
genetic analyses [20,22], it was observed that GD2016-1 
(KY421347) located near the root of a phylogeny. There-
fore, at the present, GD2016-1 is believed to exhibit the 
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Figure 2: ORF2 based genetic distance between PCV3 strains. Frequency of each p-distance was displayed as a column. The 
genetic distance of the virus circulating in each country was indicated by arrows. 
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It was due to almost all of PCV3 sequences depos-
ited in Gen Bank were from recent years (2015-2017), 
the first step in Bayesian phylogenetic analysis is test-
ing whether the dataset contains measurable amounts 
of evolutionary change between sampling times. Using 
TempEst tool [12] the ORF2 alignment (listed in Supple-
mentary Table 2) was found to exhibit positive correla-
tion (correlation coefficient, R2 = 0.179) between genetic 
distances and sampling dates (Supplementary Figure 1). 
Thus, the current ORF2 dataset appears to be suitable for 
Bayesian MCMC analysis assuming molecular clock.

Evolutionary parameters of PCV3 based on the 
ORF2 gene

Because of its novelty, details about phylogenetic 
analyses of PCV3 were not popular. To inferring the ge-
netic relationships between PCV3s, almost all publica-
tions to date preferred neighbour-joining method [6,17] 
and maximum-likelihood method [5,7,20]. However, 
this study interested in co-estimation of evolutionary 
rate and the time to the most recent common ances-
tor (TMRCA), thus, Bayesian coalescent-based MCMC 
method was applied.
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Figure 3: Maximum clade credibility phylogenetic tree of PCV3 based on ORF2 gene. The tree was inferred under uncorrelated 
lognormal relaxed molecular clock and extended Bayesian skyline plot coalescent model. Four letters preceded each leaf indi-
cated genetic marker at positions 24, 27, 77 and 150 of the ORF2. Five Vietnamese strains were highlighted. Groups of PCV3a 
(sub-clusters a1, a2) and PCV3b (sub-clusters b1, b2) were clearly observed. The time-scale (year) of evolutionary changes 
represented in the tree is indicated by the scale bar.
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in many swine producing countries. On the basic of the 
ORF2, the Bayesian phylogenetic analysis suggested that 
PCV3 evolved at a high evolutionary rate of 2.284 × 10-3 
substitutions per site per year and the majority of Vietnam-
ese PCV3 strains belong to PCV3a group (sub-cluster a1).
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recent publication [16] in which the TMRCA (approx-
imately 50-years-ago) was the divergence time when 
PCV3 started to separate from a closely related porcine 
circovirus (PorkNW2/USA/2009, HQ738638).

ORF2- based Bayesian phylogenetic analysis
Depicted in Figure 3 is the MCC phylogenetic tree of 

PCV3 which was inferred on the basic of ORF2 sequence 
without an out group. It was due to the fact that a relaxed 
clock model (the uncorrelated lognormal relaxed molec-
ular clock of this study) is able to estimate the position of 
the root of the tree, even in the absence of a known out 
group [24]. In agreement with the previous publication 
[6,17], the MCC phylogeny supported a separation into 
distinct groups of PCV3a (51 strains) and PCV3b (34 
strains) with highest probability density of 96.69% (solid 
arrow, Figure 3). However, low posterior probability val-
ues were observed at the nodes corresponding to the split 
into sub-clusters of each PCV3a or PCV3b (dashed ar-
rows, Figure 3). In future studies, uncertainty in genetic 
relationships between sub-clusters should be refined by 
different genetic regions and with addition of sequences 
from archived samples. Of the virus circulating in Viet-
nam, 4 strains collected in 2016-2017 (highlighted, Fig-
ure 3) were grouped within PCV3a (sub-cluster a1), and 
they all closely related to Chinese PCV3 strains. Although 
bearing a genetic marker of sub-cluster b1 (A-R-S-I at 
codons 24, 27, 77 and 150), sample L11-181 (collected 
in 2011) did not group with either PCV3a or PCV3b. 
For the phylogenetic relationships of L11-181 with other 
PCV3 strains to be elucidated, further analyses should be 
carried out as new sequences are made available.

Conclusions
By confirming the presence of PCV3 in Vietnam, 

this study added evidence that PCV3 widely distributed 
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Supplementary Table 1: List of primer used for PCV3 detection and sequencing.

Primer* Sequence (5’ - 3’) Expected size (bp)
PCV3-1-F TTACTTAGAGAACGGACTTGTAACG

649 bp
PCV3-1-R AAATGAGACACAGAGCTATATTCAG
PCV3-genome-1-F TAGTATTACCCGGCACCTCGGAACC

1257 bp
PCV3-genome-1-R ACAGGTAAACGCCCTCGCATGTGGG
PCV3-genome-2-F TTGCACTTGTGTACAATTATTGCG

1075 bp
PCV3-genome-2-R ATCTTCAGGACACTCGTAGCACCAC
*Primers were selected according to previous publications [6].

Supplementary Table 2: List of sequences used for phylogenetic analysis.

Field strain* GenBank Country Field strain GenBank Country Field strain GenBank Country
RS-6 MF079253 Brazil Guangdong-SG1 MF589105 China Shandong-2 KY778777 China
RS-8 MF079254 Brazil Guangdong-X1 MF589118 China KU-1601 KY996337 Korea
Fujian-FZ MF589108 China Guangxi-LD4 MF589120 China KU-1602 KY996338 Korea
Guangdong-HZ4 MF589103 China Guangxi-LD5 MF589121 China KU-1603 KY996339 Korea
Guangdong-MX3 MF589104 China Guangxi-WZ MF589123 China KU-1604 KY996340 Korea
Guangxi-NK MF589122 China Henan-13 KY075988 China KU-1605 KY996341 Korea
Anhui-14 MF084994 China Hubei-610 KY354038 China KU-1606 KY996342 Korea
CC2016 KY421348 China Hubei-618 KY354039 China KU-1607 KY996343 Korea
CCV-A KY363870 China Hunan-B8 MF589124 China KU-1608 KY996344 Korea
CCV-B KY363871 China Hunan-CD33 MF589125 China KU-1609 KY996345 Korea
CCV-C KY363872 China Hunan-XHD2 MF589129 China PCK3-1701 MF611876 Korea
Chongqing-147 KY075990 China Jiangxi-1 MF589130 China PCK3-1702 MF611877 Korea
Chongqing-148 KY075991 China Jiangxi-3 MF589106 China PCK3-1703 MF611878 Korea
Chongqing-150 KY075992 China Jiangxi-62 KY075989 China IH Korea
Chongqing-155 KY075993 China Jiangxi-G1 MF589131 China SJ Korea
Chongqing-156 KY075994 China Jiangxi-QN3 MF589132 China 2164 KX458235 USA
Fujian-12 KY075987 China Shanghai-0706 KY865242 China 29160 KT869077 USA
Fujian-5 KY075986 China Shanghai-0708 KY865243 China 29160-1 NC031753 USA
Fujian-HWK1 MF589109 China YiY-1-11 KY484769 China MO2015 KX778720 USA
Fujian-HWK2 MF589110 China YiY-2-11 KY484770 China MN2016 KX898030 USA
Fujian-KP1 MF589111 China Guangdong-GZ MF589113 China SD2016 KX966193 USA
GD2016 KY418606 China Guangxi-L2 MF589119 China CO2017 MF162298 USA
GD2016-1 KY421347 China Hunan-CZ MF589126 China MN2017 MF162299 USA
Guangdong-CH MF589112 China Hunan-HWF2 MF589127 China L11-181 Vietnam
Guangdong-HY MF589114 China Hunan-HWF3 MF589128 China L16-2931 Vietnam
Guangdong-HY1 MF589102 China Jiangxi-B1 MF589107 China L16-2932 Vietnam
Guangdong-JM1 MF589115 China Jiangxi-S1 MF589133 China L17-297 Vietnam
Guangdong-MX1 MF589116 China Jiangxi-XY MF589134 China L17-307 Vietnam
Guangdong-SG MF589117 China Shandong-1 KY778776 China
*Except for L11-181 which was collected in 2011, all of field PCV3 strains were collected from 2015-2017. 
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Supplementary Figure 1: Root-to-tip regression plot. Dots represented sequences in analysis. Line was linear regression of 
root-to-tip genetic distance against sampling time for each tip.
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