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Abstract
Porcine circovirus type 3 (PCV3) has been reported in many countries such as USA, 
China, Korea and many European countries during 2015–2018. The six PCV3 strains 
named IH, SJ, N5, N10, N13 and N62 were detected out of 220 samples by PCR 
methods while the prevalence our study was conducted in 2017 to 2018. The six de-
tected strains were hard to genotype with reference viruses due to their diverse phy-
logenetic relationship. PCV3 capsid, ORF3 and replicase protein coding genes were 
reassembled at the nucleotide sequence level, then 16 new reassembled PCV3 se-
quences were generated. Based on the maximum likelihood mapping analysis of 303 
PCV3 sequences a model with a combination of replicase, ORF3 and capsid protein 
coding genes was selected as the most appropriate target for genotyping, which pro-
vided the best support for the clade classification into three genotypes and several 
subtypes (genotype 1, genotype 2; subtype: a and b, genotype 3; subtype a, b, c, d, e, 
f, g, h). This study, the IH_Korea_2017 and N62_Korea_2018 strains belong to geno-
group 3 (subtype a) the SJ_Korea_2017 strain genogroup 3 (subtype g) and the N5, 
N10, N13 Korea_ 2018 strains genogroup 3 (subtype f), respectively. In conclusion, 
this study may provide insights to classification of PCV3 genotypes around the world.
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1  | INTRODUC TION

The porcine circovirus type 3 (PCV3) genome is an ambisense, sin-
gle-stranded, closed- circular DNA containing 2,000 nucleotides 
(nt) (Ku et al., 2017; Palinski et al., 2017; Zheng et al., 2017). The 
2,000 nt ambisense genome contains three open reading frames 
(ORFs) encoding less than 200-amino acids (aa) and synthesiz-
ing the following: capsid proteins (CAP), replicase proteins (REP) 
and a protein of unknown function (ORF3) (Palinski et al., 2017). 
PCV3 was firstly reported from swine farms in the United States 
in 2016 (Palinski et al., 2017). In the same year, other cases 
showed similar PCV2 clinical symptoms with porcine dermatitis 
and severe failure of reproductive (Palinski et al., 2017). Another 
case showed no clinical symptoms with a high positive rate in 
China (Zheng et al., 2017). Despite PCV3 being identified in the 
United States, China, Italy, Poland, etc. (Ku et al., 2017; Stadejek 
et al., 2017), the debate regarding the pathogenicity of PCV3s is 
still ongoing.

PCV3 KU strains showed a high prevalence from piglets to sow 
from nine provinces in South Korea, 2016 ~ 2017. The strains were 
98.9% ~ 99.8% identical to the above United States strains (Kwon 
et al., 2017).

Until now, many researchers have studied the genotyp-
ing and topology of PCV3s and molecular genetics analyses (Fu 
et al., 2018; Ku et al., 2017; Kwon et al., 2017; Li et al., 2018; Liu 
et al., 2020; Vargas-Bermudez et al., 2019). To date, there are two 
PCV3 clades (3a, 3b), and a new clade (3c) has been recently sug-
gested (Fu et al., 2018; Ku et al., 2017). However, to the best of 
our knowledge, there are no published results supporting the most 
suitable tree models and clarifying the differences of clades within 
PCV3.

Therefore, in this study, we used reassembled PCV3 viral gene 
sequences for the best phylogenetic tree model analysis, including 
maximum likelihood mapping and p-distance analysis to compare the 
statistical significance of PCV3 genotyping.

2  | MATERIAL AND METHODS

2.1 | Sample information and complete genome 
sequencing

We randomly collected pooled organs (lymph nodes, heart, lung, 
spleen and kidney, n = 220) causing respiratory problems from 
January 2017 to February 2018 from 68 commercial farms in nine 
provinces in Korea. Age groups ranged from suckling to sow pigs. 
DNA extraction was individually done from each tissue, and all sam-
ples were conducted for the extraction as previously described (Kim 
et al., 2014).

We proceeded to screen the PCV3 specific primers, designated 
as PCV3-1-F [5′- TAGTATTACCCGGCACCTCGGAACC −3′], and 
PCV3-1-R [5′- ACAGGTAAACGCCCTCGCATGTGGG −3′] which am-
plified 649-bp (Ku et al., 2017).

The PCV3 positive samples of the six strains (IH, SJ, N5, N10, 
N13, N62), were completely sequenced by a primer walking 
method using three pairs of overlapping primers (Table S1). The 
specific PCR products were purified by using the gel extraction 
method and further processed for TA cloning and transformation 
(Kim et al., 2014). The full-length genome of the six of PCV3 strains 
(in this study) were registered in GenBank (accession numbers; 
shown Table 1).

2.2 | Screening of other pathogens in the PCV3-
positive samples

For the PCV3 positive samples of the six strains (IH, SJ, N5, N10, 
N13, N62), extensive testing was performed (on the basic of path-
ological changes) in order to figure out a possible cause(s) of the 
death. Viruses and bacteria which are known to induce neurologi-
cal disorder in pigs were examined, including: Classical swine fever 
virus (CSFV), Encephalomyelitis virus (EMCV), Japanese encepha-
litis virus (JEV), Hemophilus parasuis (HPS), Streptococcus suis and 
verotoxin-2e producing Escherichia coli (VTEC). Pathogens that as-
sociated with the porcine respiratory disease complex were inves-
tigated, such as: Porcine reproductive and respiratory syndrome 
virus (PRRSV), Swine influenza virus (SIV), Porcine circovirus type 
2 (PCV2). Methods for detection of EMCV, JEV, PRRSV and SIV 
were based on commercial single or multiplex PCR (RT-PCR) kits 
(catalogue 3,033, 3,031, 3,024 and 3,011, Median Diagnostics, 
Korea). The other's pathogen-specific primers were mapped fol-
lowing previous publications (Okwumabua et al., 2003; Oliveira 
et al., 2001).

2.3 | Likelihood mapping

To find the best phylogenetic tree model, three protein coding genes 
(ORF3; 663nt, capsid; 642nt, replicase; 888nt) and complete genome 
(1997nt) of PCV3s were selected for likelihood mapping, respectively 
(Figure 3a). Each protein coding gene was reassembled by connect-
ing the nucleotide sequences with different combinations, such as 
capsid and ORF3, capsid, ORF3 and replicase and so on. (Figure 1). 
When reassembling, all nucleotide stop codon sequences were re-
moved. Reference sequences from GenBank with information on 
collection date and country of origin were included in the analysis. 
Overall, the final dataset contained 303 PCV3 sequences originating 
from Asia (China, Korea, Thailand, Taiwan, Inia, Malaysia), America 
(USA, Brazil, Columbia), and Europe (Italy, Germany, Denmark, Spain, 
Chile, Sweden, Hungary, Russia) covering a sampling period from 
1998 to 2018 each of the three coding genes were aligned by BioEdit 
version 7.2.5. Collectively, a total of 16 reassembled sequences were 
obtained.

The phylogenetic signal of the reassembled sequences was 
tested by performing a likelihood mapping analysis using IQ-
TREE version 1.3.8 (Nguyen et al., 2014). To select the best 
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nucleotide substitution likelihood mapping model was selected 
based on option mapping bootstrap 1,000 (-lmap 1,000). For 
each alignment, it was determined automatically by specifying 
the ‘-m TESTONLY’ option. Among 16 reassembled models, each 
of the analysis visualizes the phylogenetic content of aligned se-
quences by plotting probability vectors of any quartets of taxa in 
an equilateral triangle. Results are also shown with a partitioned 
triangular graph. Three tips of the triangle represent the resolved 
percentages of quartets. Three rectangles on the sides represent 
quartets with network evolution (conflicting signal). The central 
region of the triangle represents star-like evolution (noisy signal).

2.4 | Calculating genetic distance

Genetic distance was calculated on selected reassembled PCV3s 
with a combination of replicase, ORF3 and capsid (n = 303 aligned 
strains). The p-distance was estimated by the MEGA 7 program 
(Kumar et al., 2016). The genetic distance was represented as a fre-
quency histogram.

2.5 | Combination of replicase, ORF3 and capsid 
dataset- phylogenetic analysis

The best model was chosen based on the central value (low noise) 
and the value of the three triangular peak sums of bootstrap sup-
porting values (Strimmer & Von Haeseler, 1997). To find the best 
nucleotide substitution model, the reassembled sequence (repli-
case, ORF3, capsid) was selected automatically by specifying the ‘-m 
TEST’ option in IQ-TREE version 1.3.8 (Nguyen et al., 2014). In this 
study, the Bayesian skyline plot model (HKY + G4) was determined 
as the best for phylogenetic analysis.

The Bayesian coalescent-based Markov chain Monte Carlo 
(MCMC) was performed using Beast package v1.8.2 under the fol-
lowing assumptions: (i) HKY + G4 nucleotide substitution model in 
codon based SRD06 (Firth et al., 2009), (ii) a constant population 
size for the coalescent prior, and (iii) the molecular clock model of 
uncorrelated lognormal distribution.

For Bayesian phylo-geographical analysis a framework (Lemey 
et al., 2009) was applied to reconstruct the spatial-temporal dif-
fusion history of PCV3 strains. Basically, the spatial diffusion of 
the time-scaled genealogy is modelled as a standard continuous 
time Markov chain (CTMC) process over discrete sampling loca-
tions. A Bayesian stochastic search variable selection (BSSVS) 
approach, which allows the exchange rates in the CTMC to be 
zero with some prior probability, was used to find a parsimoni-
ous set of rates explaining the diffusions in the phylogeny. The 
analysis was performed using BEAST package v1.8.2 under the 
following assumptions (i) a codon based SRD06 nucleotide sub-
stitution model, (ii) a constant population size for the coalescent 
prior, and (iii) the molecular clock model of uncorrelated lognor-
mal distribution.TA
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These analyses were run for 100 million generations, sam-
pling every 10,000 iterations. The phylogenic trees were sum-
marized with TreeAnnotator v1.7.2 to find the maximum clade 
credibility (MCC) tree, which was depicted using FigTree v1. 4.3 
program.

3  | RESULTS

3.1 | PCR-based detection of PCV3 and other 
pathogens

The screening analysis by PCR showed that six samples from five 
swine farms were PCV3 positive among 220 samples in 2017 to 
2018, and the six strains (IH, SJ, N5, N10, N13, N62) were completely 
sequenced for genetic characterization. The strains complete ge-
nome size is 2000nt.

IH_Korea_2017 and SJ_Korea_2017 strains were streptococcus 
positive in addition to PCV3 from other respiratory pathogen exam-
inations. (Table 1). The N5_Korea_2018 strain also detected PRRSV 
and PCV2.

3.2 | Likelihood mapping analysis

PCV3 protein coding genes were reassembled in diverse com-
bination, which were then analysed for genotype classification 
(16 reassembled sequences). To find the optimal phylogenetic 

classification model of PCV3, the phylogenetic noise of the data-
set was investigated by means of likelihood mapping using the 
reassembled PCV3 sequences. As shown in Figure 1, the central 
areas of the map represent a star like noisy signal (the region in 
which the star tree is optimal). The most proper fitting model 
conditions should show tree triangles vertex sum values greater 
than 70% (bootstrap value), and central nosy value less than 20% 
(Salemi et al., 2009; Zhaxybayeva & Gogarten, 2002). Based on 
this strategy, among the 16 reassembled sequences, the model 
showed less than 20% tree noisy values in Figure 1 (b, c, d, e, g, 
h, j, l, m, o, p), but Figure 1 (o); the replicase, ORF3 and capsid 
reassembled viral coding genes model had a bootstrap supporting 
value (79.2%) of the three vertex points and in the central area 
of the triangles the lowest 11.4% value indicated a fully resolved 
phylogenetic signal in both case conditions. The model, selected 
(Figure 1 (o)) in this study can be used as an important basis for 
future topology PCV3 analysis.

3.3 | Pairwise genetic distances of PCV3s

The p-distance among 303 ‘replicase, ORF3 and capsid’ reassembled 
sequences of the six strains (IH, SJ, N5, N10, N13, N62) and refer-
ence PCV3 strains were 0.001 to 0.089. The Chinese PCV3 strains 
showed the widest genetic variations (0.001–0.089). The genetic 
distance between PCV3 strains circulating in each country Germany 
– Germany (0.003 – 0.021), Korea – Korea (0.001 – 0,011), USA – 
USA (0.001 – 0.015), Italy – Italy (0.001 – 0.004), Japan – Japan 

F I G U R E  1   Likelihood mapping of the PCV3 15 recombinations coding (a ~ o) and complete genome (p) datasets of nucleotide sequences. 
Shown as a whose corner values indicate percentage of well-resolved phylogenies for all possible quartets, whereas central and lateral 
values are percentages of unresolved phylogenies (noisy signal). Selected as the best model (0) replicase, ORF3 and capsid visualized a 
greater emphasis from any mapping recombination model

(a)

(f) (g) (h) (i) (j) (k)

(e)(d)(c)(b)

(l) (m) (n) (o) (p)
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(0.005 – 0.006) and Thailand – Thailand (0.004 – 0.01) were almost 
within the rage of those in China (Figure 2).

3.4 | Phylogenetic classification of PCV3s and 
geographical bayesian analysis

Of the phylogenetic tree topology (Figure 3), the replicase, ORF3 
and capsid reassembled dataset consistently divided PCV3s into 
three genotypes (1, 2, 3) and several subtypes (2a and 2b, 3a to 3h) 
with a posterior probability of above 70%. Based on the above geno-
typing method, the six strains (in this study) belonged to genotype 
3. More specifically, IH_Korea_2017 strain and N62_Korea_2018 
belonged to subtype a (3a) closely related to the FuJian512 _ China 
_2016 strain (accession number. ky924472). The SJ_Korea_2017 
strain was located in the g subtype (3g), and the N5, N10, and N13 
korea_2018 stains belonged to the f (3f) subtypes.

Of the virus circulating in South Korea (collected in 2016–2018, 
Figure 3), the phylogenetic trees reconstructed from the replicase, 
ORF3 and capsid reassembled dataset showed that they were 
grouped within genotype 2 in subtype b (2b) and genotype 3 in sub-
types 3a, 3b, 3f, 3g (highlighted gray color Figure 3).

Based on selecting the replicase, ORF3 and capsid reassem-
bled dataset of PCV3s, the evolutionary rate was estimated at 
1.562 × 10–4 substitutions per site per year (95% highest posterior 
density (HPD) intervals: 7.590 × 10–5 to 2.369 × 10–4.

The current data supports China being the most probable orig-
inate of PCV3 in the world. The most recent common ancestor of 

PCV3 was predicted to emerge around the year 1945. Based on the 
described pattern of geographical distribution, this study predicted 
that Korean PCV3s do not tend to cluster, rather than they origi-
nated from China strains (Figure 4).

4  | DISCUSSION

The emergence of PCV3s are being reported consecutively world-
wide (Li et al., 2018). The present study also shows that PCV3 was 
continuously detected in Korea in 2017 and 2018.

In Table 1, unlike previously reported (Zheng et al., 2017), six 
strains (IH, SJ, N5, N10, N13, N62) were collected from the car-
cass with severe multi-clinical symptoms. Among strains, the N5_
Korea_2018 strain was detected with both PRRSV and PCV2.

The previous studies (Fu et al., 2018; Li et al., 2018; Liu 
et al., 2020) did not include all PCV3 strains, and since the posterior 
supporting value was low, it was difficult to distinguish the geno-
types. The maximum likelihood mapping analysis in Figure 1 showed 
that the replicase, ORF3 and capsid protein coding genes model 
well-supported and helped in genotyping PCV3s.

As shown in Figure 2, in the case of porcine circovirus type 2, a 
p-distance of 0.035 was proposed to be the cut-off value for geno-
type delimitation (Grau-Roma et al., 2008; Trible & Rowland, 2012). 
Under this point of view, the genetic distances (0.001– 0.089) among 
PCV3 strains were considered genetic diversity.

Interestingly, a bootstrap value of above 70% (solid value, 
Figure 3b) supported a separation between distinct genogroups 

F I G U R E  2   The combination of replicase, ORF3 and capsid protein coding genes, based on genetic distance including several other county 
PCV3 strains. Frequency of each p-distance is shown as a column. The genetic distance of the virus circulating in each country is indicated 
by arrows
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of PCV3-1, 3-2a and 2b, 3-3a to 3h. The China strains are lo-
cated within all the genogroups, with a fairly high genetic di-
versity. Especially, the Korean strains showed predominance 

with geno group 3. Overall, since 2015, the PCV3s has been 
located in genogroup 3 unlike old strains, which were in gen-
ogroup 1.

F I G U R E  3   The genomic organization and phylogeny of PCV3. (a) The 2,000-nt ambisense genome contains three ORFs, encoding capsid 
(1930–592 nt), replicase (1980–1336 nt) proteins and a protein of unknown function ORF3 (1930–2000(0)-592 nt). (b) Maximum clade 
credibility phylogenetic tree of PCV3 based on replicase, ORF3 and capsid protein coding genes. The Maximum likelihood trees of genomes 
with bootstrap 1,000, automatically best fitting model selected by IQ-TREE. South Korea strains were highlighted with gray colour, the IH, 
SJ, N5, N10, N13 and N62 strains (in this study) in red colour and the posterior supported values represented in the node bar

F I G U R E  4   Bayesian phylo-geographical analysis of PCV3s on the combination of replicase, ORF3 and capsid protein coding genes. 
Branches were colour- coded according to the geographical locations (external branches) and to the most probable geographical origins 
(internal branches). For clarity, only sequences of Korean PCV3 were highlighted

1945
year
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Based on the replicase, ORF3 and capsid protein coding genes 
model of PCV3, the evolutionary rate was estimated at 1.562 × 10–4 
substitutions per site per year (95% highest posterior density (HPD) 
intervals: 7.590 × 10–5 to 2.369 × 10–4). Despite similar evolution rate 
analysis data of PCV3s (Franzo et al., 2019) in a previous study, the 
low evolutionary rate of the capsid coding gene of PCV3 was com-
parable with that of PCV2 (1.440 × 10–3) (Collins et al., 2017; Firth 
et al., 2009), a known pathogen which causes porcine circovirus-as-
sociated disease.

Based on the current dataset (Figure 4), in which all of the 
PCV3s were sampled from 1998 to 2018, the estimated clock rate 
gave the TMRCA of PCV3s to be approximately 75 years ago, and 
is similar to the study results (Saraiva et al., 2018). However, this 
result should be interpreted with caution as there were no avail-
able sequences of PCV3 from archive samples as far back as 1998 
(Collins et al., 2017).

The present study supported for China being the most proba-
ble origin of PCV3s all over the world. This finding was in line with 
the previous finding that Korean PCV3 strains were scattered 
without any geographical association based in the country (Kwon 
et al., 2017).

In summary, we statistically found that the reassembled viral 
coding genes (replicase, ORF3 and capsid) could be used for geno-
type classification of PCV3. Using those reassembled sequences, we 
could present the reliable genotyping results on the PCV3s in Korea 
that the PCV3 in this study belonged to genogroup 3 and subtypes 
a, f, and g of PCV3s. Based on our analysis approach, the reassem-
bled viral coding genes (replicase and ORF3 and capsid) would be 
used for the reproducible phylogenetic tree model for future genetic 
research.
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