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Abstract

Background: with the advantage of sequencing technology, many novel porcine parvoviruses (PPV) rather than
PPV1 has been reported. This study ultilized specific PCR- based method and gene- based analysis to study the
presence and genetic diversity of porcine parvoviruses in South Korea in 2018.

Results: The present study was conducted in 2018 and found PPV1 and PPV7 in nine out of 151 field samples
(organs and semen) by the PCR method. Among these, the complete genome sequences of five strains (N2, N91,
N108, N133, and N141) were recovered. Phylogenic analysis revealed that the strains N2, N91, and N108 belong to
the PPV1 genotype, while N133 and N141 belong to PPV7 genotype. The PPV7 strains collected in this study had
deletion mutations in the VP2 gene but differed from that of PPV7 strains collected in 2017. Among the PPV1
strains, the amino acid variations in the B cell epitopes of the VP2 protein were observed between three Korean
PPV1 field strains (N2, N91, and N108) and the reference PPV1 strains. Those substitutions resulted in six out of 12
predicted epitopes having significant differences in antigenic index compared to the other PPV1 strains.

Conclusions: This study confirmed the presence of different genotypes of porcine parvoviruses in South Korea. The
PPVs circulating in South Korea were phylogenetically classified as PPV1 and PPV7 genotypes. Three Korean PPV1
strains collected in 2018 were predicted to have antigenic alteration in VP2 compared to several reference strains of
PPV1.
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Background
Porcine parvoviruses (PPVs), which belong to the family
Parvoviridae, subfamily Parvovirinae, are small, non-
enveloped DNA viruses with a single-stranded linear
genome of approximately 3.0–6.5 kb [1]. Over the past
decade, several novel parvoviruses have been identified

in pigs using molecular techniques, namely PPV2–PPV7.
Unlike PPV1, which belongs to the genus Protoparvo-
virus, the emerging PPV species belong to the genera
Tetraparvovirus (PPV2 and PPV3), Copiparvovirus
(PPV4–PPV6), and unassigned genus Chapparvovirus
(PPV7) [2, 3].
There are two open reading frames (ORF) presented

in the porcine parvoviruses genome. One codes for large
nonstructural proteins (NS1), which has low nucleotide
substitution, and the other codes for structural viral pro-
teins (VP1 and VP2) [2]. The two structural viral pro-
teins VP1 and VP2 are considered related to the
virulence of the virus that mainly targets the
neutralization of antibodies against PPV1 [4–7].
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Among seven genotypes of porcine parvoviruses, PPV1
is a well-known pathogen in pigs and is frequently asso-
ciated with reproductive failure in swine. PPV1 usually
causes fetal death in the absence of outward maternal
clinical signs, thereby entailing the widespread vaccin-
ation of the breeding herd in an effort to control this
virus [8, 9]. Although inactive vaccines are used in swine
farms, PPV1 has not been eradicated and still poses sev-
eral problems globally [10, 11].
To date, many studies have been conducted on the

genotyping and topology of PPVs and analyzing their
molecular genetics [2, 3, 9]. It has been suggested that
PPVs are divided into 7 genotypes, of which genotype 7
was most recently identified. In South Korea, after the
publications in 2001 [12] and 2017 [9, 13], few studies

were focused on the detection of PPVs. This study
attempted to investigate the presence of PPVs by
molecular-based methods and investigate several genetic
properties of PPVs.

Results
PCR-based detection of porcine parvoviruses
As shown in Table 1, PPVs were detected at a low rate of
5.96% (9/151 samples). Among the seven genotypes, only
PPV1 and PPV7 were positive. PPV1 was discontinuously
detected in January, April and May 2018. Seven PPV1-
positive samples (fetuses and lungs) were collected from
three provinces (Gyeongbuk, Chungbuk, and Chungnam).
PPV7 was detected in two out of 15 semen samples col-
lected from WH farm in Gyeongnam province.

Phylogenetic classification of porcine parvoviruses
Evaluated by the maximum likelihood mapping, the NS1
dataset (Additional file 1) was found to contain sufficient
phylogenetic signal for tree inference as less than 20% of
points distributed in the center of the triangle (Add-
itional file 2). The patterns of phylogenetic clustering of
PPV1- PPV7 genotypes were inferred in the relationship
with eight recognized genera of subfamily Parvovirinae.
Figure 1a and b consistently showed that (i) PPV4- PPV6
belonged to the genus Copiparvovirus, (ii) PPV2- PPV3
were within the genus Tetraparvovirus, and (iii) PPV1 was
a member of the genus Protoparvovirus. Not grouping
within any known genera of Parvovirinae, PPV7 clustered
in the unassigned genus Chapparvovirus (Fig. 1a).

Table 1 PCR- based detection of genotypes 1–7 of PPVs

Month Number
of
samples

Number of PCR- positive samples

PPV1 PPV2 PPV3 PPV4 PPV5 PPV6 PPV7

January 16 4 0 0 0 0 0 0

February 48 0 0 0 0 0 0 0

March 26 0 0 0 0 0 0 0

April 16 1 0 0 0 0 0 0

May 9 2 0 0 0 0 0 0

June 6 0 0 0 0 0 0 0

July 8 0 0 0 0 0 0 0

August 22 0 0 0 0 0 0 2

Total 151 7 0 0 0 0 0 2

Fig. 1 Maximum likelihood phylogenetic trees of porcine parvoviruses in the relationships with eight genera of subfamily Parvovirinae. The
phylogenetic trees were inferred based on alignment of NS1 protein and were midpoint rooted. Given for the main internal nodes were the
associated boostrap support values. The positions of Korean porcine parvoviruses in the phylogeny were indicated by arrows. The scale under
each tree measures changes in the unit of the number of amino acid substitutions per site
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Of the viruses circulating in South Korea collected in
2003 and 2016–2018 (arrows, Fig. 1a-b, Additional file 3),
the phylogenetic trees reconstructed from three datasets
showed that they were grouped within PPV1, PPV2, and
PPV7 genotypes. Of these, the five sequences generated in
this study were PPV1 (N2, N91, and N108) and PPV7
(N133 and N141). Focusing on the branching pattern of
genotype 7 (Additional file 4), it was observed that Korean
PPV7 strains scattered on different branches. This result
might indicate the genetic diversity among PPV7s circulat-
ing in South Korea. The Simplot comparisons of the par-
tial genome (3460 nucleotides) between two PPV7 strains
generated in this study and six strains revealed several re-
gions along the PPV7 genome that had < 95% nucleotide
sequence similarity (dot line, Fig. 2a). In particular, the re-
gion between nucleotide 2400 and 2600 (limited by
dashed lines, Fig. 2a) had a drop in sequence similarity.
This region contained insertion and deletion mutations
(Fig. 2b), of which two PPV7 strains (N133 and N141) had
identical deletion compared to two strains collected in
2017 (MH422963 and MH422967).

Evolutionary rates of porcine parvoviruses
Estimated separately for PPV1- PPV7 genotypes, the
genome-wide rates were inferred from the models of

best-fit molecular clock (Additional file 5) and coales-
cent tree prior (Additional file 6). In all genotypes, path
sampling analyses supported the random local clock
(RLC) as the best fit model since having lowest marginal
likelihood (Additional file 5). The maximum clade cred-
ibility trees obtained from RLC model (Fig. 3) revealed
rate heterogeneity across branches with mixture of slow
and fast branch- specific rates.
The overall nucleotide substitution rates for 7 geno-

types were depicted in Fig. 4. The genomes of PPV1-
PPV6 were estimated to be evolving on the order of
10− 5 - 10− 4 nucleotide substitutions/site/year (Fig. 4a,
Additional file 7). In a sharp contrast, PPV7 was esti-
mated to be rapidly evolving on the order of 10− 3 nu-
cleotide substitutions/site/year (Fig. 4b, Additional file
6). It was also observed that the substitution rates varied
between genotypes of the same genus (PPV2 and PPV3
of genus Tetraparvovirus, and PPV4- PPV6 of genus
Copiparvovirus, Fig. 4a).

Pairwise genetic distances of porcine parvoviruses
The p-distance among 165 complete sequences of por-
cine parvoviruses (Additional file 8) were 0.001–0.615.
Porcine parvoviruses detected in China showed the wid-
est genetic variation (0.001–0.615). The genetic distance

Fig. 2 A comparison of the nucleotide sequences of Korean PPV7 strains. Panel a showed the sequence similarity between the two PPV7 strains
(N133 and N141) collected in this study and six strains collected in 2017. The genomic region of VP2 gene that exhibits a drop of sequence
similarity was indicated by a dashed line. The nucleotide comparison in panel b shows that the two PPV7 strains collected in 2018 had genetic
deletion but were distinct from the six PPV7 strains sampled in 2017
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between the PPV strains in each country USA (0.001–
0.611), UK (0.001–0.577), South Korea (0.001–0.555),
Hungary (0.001–0.553), Germany (0.011–0.552),
Romania (0.01–0.512), Poland (0.001–0.438), and Brazil
(0.056–0.501) were almost within the range of that in
China (Fig. 5). The results reflected the fact that there
are multiple genotypes of PPV co-circulating in pigs in
each country.

Variations at the neutralizing epitope in the VP2 of three
Korean PPV1 strains
Using the B cell epitope prediction program, this
study predicted 12 potential linear epitopes on the
VP2 protein of PPV1: (1) 5–51, (2) 85–101, (3) 130–
140, (4) 154–167, (5) 190–240, (6) 260–314, (7) 272–
320, (8) 379–458, (9) 467–478, (10) 502–514, (11)
535–542, (12) 547–576. The amino acid variations in
the B cell epitopes (Fig. 6) were observed between

three Korean PPV1 field strains (N2, N91, and N108)
and reference PPV1 strains. To access the influence
of amino acid substitutions, the Jameson–Wolf anti-
genic index of VP2 were analyzed. As shown in
Table 2, six out of the 12 predicted epitopes of the
three Korean PPV1 field strains (N2, N91, and N108)
showed significant differences in antigenic index with
the other PPV1 strain (shade areas, Table 2). For ex-
ample, epitope region (3) 130–140 had a negative and
lower antigenic index than the other PPV1 in the
comparison. The amino acid substitution N-131-I of
N91 and N108 strains resulted in changes in the
physical properties (hydrophilic–hydrophobic) of
seven adjacent sites. The alteration of the antigenic
index due to amino acid substitutions was also ob-
served on epitope region 8 (sites 379–458) encom-
passing amino acid positions 378, 383, and 436,
which responded to the tissue tropism of PPV1.

Fig. 3 Branch rate heterogeneity observed in maximum clade credibility trees of PPV1- PPV7 genotypes based on genomic sequences. The trees
were inferred from the data best-fit model of molecular clock (random local clock- RLC) and coalescent tree prior (Bayesian skyline plot- BSP;
coalescent constant population- Const.; coalescent exponential population- Expo.). Branches are colored by inferred local clock rates (blue = slow,
red = fast). Dots indicates the positions of Korean PPV strains in the phylogenetic tree. The time-scale (year) of evolutionary changes represented
in the tree is indicated by the scale bar
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Fig. 4 Estimated nucleotide substitution rates of complete genomes for each PPV1- PPV7 genotype. The genome-wide rates were inferred from
the best-fit molecular clock and coalescent tree prior models. Error bars indicate 95% highest posterior density (HPD) interval. The vertical red line
delimit rates less than one order of magnitude of 1 × 10− 3 subsitutions/ site/ year

Fig. 5 Comparison of the genetic distance between the seven PPV genotypes based on the complete genome. The frequency of each p-
distance is shown as a column and the genetic distance of the virus in each country is indicated by arrows
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Discussion
Of the prevalence of porcine parvoviruses in South
Korea, PPV1 is known as one of the most important
causes of reproductive failure in swine. PPV1 has been
known to cause economic losses in South Korea’s swine
industry for more than 15 years [12]. However, few mod-
ern studies have focused on the presence of PPVs in
general and PPV1 in particular. The low positive rate of
PPV1 agreed with the previous studies where only one
sample collected from 2013 to 2016 was positive for
PPV1 [9]. Combined with two previous studies that de-
tected PPV1 in South Korea [9, 12], it could be inferred
that PPV1 distributed in several provinces, but at a low
prevalence rate. The low PPV1 DNA detection rates in
South Korea were in line with the situation described in
certain European countries such as Poland [14] and
Hungary [15].
Of the recently discovered PPV7, in combination with

the first report of PPV7 in South Korea [13], this result
confirmed again the presence of PPV7 in different prov-
inces. In a previous study, PPV7 was found at a signifi-
cantly higher rate from finishing pigs (74.9%) rather than
aborted fetuses (24.0%) [13]. Additionally, it was re-
ported that most PPV DNA-positive sera were identified
in adult pigs aged 9–18 weeks [14]. Accordingly, the type
of sample and age group of the pigs could affect to the

detection rates for PPVs, which might be the main rea-
son this study detected PPV7 at a very low rate of 1.32%
compared to the previous study [13]. Genotypes 1–7 of
PPV were detected in many countries, such as USA [16],
Poland [14] and China [17], etc. However, to our best
knowledge, only PPV1 [9, 12], PPV2 [18] and PPV7 [13]
have been reported in South Korea to date. As a result,
further study is required to elucidate the prevalence of
the other PPV genotypes in this country.
To investigate the genetic diversity of porcine parvovi-

ruses, this study reconstructed the genetic relationships
of seven PPV genotypes with eight assigned genera of
subfamily Parvovirinae. The clustering patterns of por-
cine parvoviruses in this study was in line with the previ-
ous publications of which PPV1- PPV7 belonged to
different genera [13, 19–21]. The genetic heterogeneity
of porcine parvoviruses was further revealed by the fact
that the virus was not only evolving at high substitution
rates (10− 3 to 10− 5 substitutions/site/year, Fig. 4) but
also varying in rates of nucleotide substitution within
each genus (Fig. 4). The high rate of viral evolution was
previously known for some parvoviruses [22, 23].
On the VP2 capsid protein, three linear B cell epitopes

were experimentally identified [6]. Following the previ-
ous publication [24], this study looked for substitutions
in the VP2 capsid protein that are responsible for tissue

Fig. 6 Amino acid alignment of the VP2 protein of PPV1. Twelve predicted B cell linear epitopes on the VP2 protein are shaded in gray. Three
identified experimental linear B cell epitopes are marked as boxes. The amino acid substitutions that correspond to tissue tropism and
attenuation are indicated by solid arrows
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tropism and pathogenicity. Compared to the non-
pathogenic PPV1 strain (NADL2), none of Korean PPV1
(except AY390557, collected in 2003) had substitutions
that corresponded to tissue tropism and attenuation
(solid arrows, Fig. 4). Additionally, none of the Korean
PPV1 strains had immune escape mutations (228-E and
419-Q) of the German 27a field isolate (AY684871) [25].
These results suggested that the three PPV1 field strains
collected in this study were pathogenic. The VP2 protein
of PPV1 encompassed major antigenic domains, which
is regarded as a promising candidate immunogen with
the capacity to induce the neutralization of antibodies
[26]. It was hypothesized that the emergence of new cap-
sid profiles could be due to viral adaptation to the
broadly used PPV1 vaccines [27]. However, there is no
available experiment data to date that validates the effect
of amino acid substitutions on neutralizing epitopes. As
a result, the antigenic alteration due to amino acid sub-
stitutions at a linear B cell epitope deserves further
investigation.

Conclusions
By the molecular-based method, this study confirmed
the presence of different genotypes of porcine parvovi-
ruses in South Korea. Of which, PPV1 was distributed in
several provinces at a low prevalence rate. By genetic
analysis, the PPVs circulating in South Korea were
known to be within genotypes PPV1 and PPV7. Three
Korean PPV1 strains collected in 2018 were predicted to
have antigenic alteration in VP2 in compared to several
reference strains of PPV1.

Methods
Sample collection and PCR-based detection of porcine
parvoviruses
In January–August 2018, 151 samples (aborted fetuses,
the lungs of dead sows, and the semen of boars) were
randomly collected from 63 commercial farms in nine
provinces (Additional file 9). All organs originated from
dead pigs and they were requested for detection of PPVs
from Boehringer Ingelheim Vetmedica Korea Ltd. (Grant

Table 2 Lists of amino acid sites of the VP2 protein that had alteration in the Jameson–Wolf antigenic index

Predicted
Epitope

Position U44978
Kresse

NC_001718
NADL2

KY994646
Korea 2016

EU790641
China 2006

AY684866
UK 2004

AY390557
Korea 2003

N2 Korea
2018

N91 Korea
2018

N108 Korea
2018

(1) 5–51 10 0.67 0.67 0.67 0.67 0.67 0.67 −0.1 0.67 0.67

(1) 5–51 11 0.88 0.88 0.88 0.88 0.88 0.88 − 0.4 0.88 0.88

(1) 5–51 12 1.29 1.29 1.29 1.29 1.29 1.29 0 1.29 1.29

(1) 5–51 42 −0.05 −0.05 − 0.05 − 0.05 − 0.05 −0.05 − 0.05 0.25 − 0.05

(1) 5–51 43 −0.05 − 0.05 −0.05 − 0.05 −0.05 − 0.05 −0.05 0.25 −0.05

(1) 5–51 51 0 0 0 0 0 0 0 0.6 0

(1) 5–51 103 0.26 0.26 0.26 0.26 0.26 0.26 0.53 −0.3 −0.1

(3) 130–140 130 0.48 0.48 0.48 0.48 0.48 0.48 0.48 −0.6 −0.6

(3) 130–140 131 0.87 0.87 0.87 0.87 0.87 0.87 0.87 −0.6 −0.6

(3) 130–140 132 2.16 2.16 2.16 2.16 2.16 2.16 2.16 −0.1 −0.1

(3) 130–140 133 2.4 2.4 2.4 2.4 2.4 2.4 2.4 −0.3 −0.3

(3) 130–140 134 1.96 1.96 1.96 1.96 1.96 1.76 1.96 −0.15 −0.15

(3) 130–140 135 0.77 0.77 0.77 0.77 0.77 0.77 0.77 −0.3 −0.3

(3) 130–140 136 −0.12 −0.12 − 0.12 −0.12 − 0.12 −0.12 − 0.12 −0.6 − 0.6

(5) 190–240 201 0.15 0.15 0.15 0.15 0.15 0.15 −0.05 0.15 0.15

(5) 190–240 235 −0.15 −0.15 − 0.15 −0.15 − 0.15 −0.15 0.66 −0.15 − 0.15

(5) 190–240 236 −0.25 − 0.25 −0.25 − 0.25 −0.25 − 0.45 0.17 − 0.25 −0.25

(5) 190–240 237 −0.05 −0.05 − 0.05 −0.05 − 0.05 −0.05 1.23 −0.05 − 0.05

(7) 272–320 317 −0.3 − 0.3 −0.3 − 0.3 −0.3 0.05 0.54 0.2 0.2

(7) 272–320 320 0 0 0 0 0 0.2 0.64 0.64 0.64

(7) 272–320 326 0 0 0 0 0 0 0.72 0.72 0.72

(8) 379–458 381 0.15 0.3 0.15 0.15 0.15 0.3 −0.05 0.15 0.15

(12) 547–
576

567 0.25 0.25 0.25 0.25 0.25 0.25 −0.05 0.25 0.25

(12) 547–
576

568 0.85 0.85 0.85 0.85 0.85 0.85 −0.05 0.85 0.85
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no. 20180002). DNA was extracted from the pooled or-
gans of the fetuses (heart, lung, spleen, and kidney),
lungs, and semen according to the methods described
previously [9]. The presence of PPV1–PPV7 was de-
tected by PPV genotype specific primers: PPV1 [28],
PPV2 and PPV3 [29], PPV4 and PPV5 [16], PPV6 [30],
and PPV7 [3]. The PCR thermal profile was as follows:
initial denaturation at 94 °C for 5 min, then 35 cycles of
94 °C for 30 s, 56 °C for 30 s, 72 °C for 45 s, and a final
extension at 72 °C for 7 min.

Complete genome sequencing of Korean porcine
parvoviruses
For genetic characterization, five strains (N2, N91, N108,
N133, and N141) were completely sequenced by the pri-
mer walking method. The strains N2, N91, and N108
utilized six pairs of overlapping primers [9], while the
strains N133 and N141 utilized four pairs of overlapping
primers [3]. The specific PCR products were purified by
the gel extraction method and further processed for TA
cloning and transformation [31]. The full-length ge-
nomes of N2, N91, N108, N133, and N141 strains were
registered in GenBank (accession numbers: MH817779,
MH817778, MH566237, MH817777, and MH817776).

Data collection and sequence alignment
According to the previous publication [19], amino acid
sequences of large nonstructural protein (NS1) were
used to infer the genetic relationships between parvovi-
ruses. Aimed at phylogenetic classification and ease of
topology comparison, this study included reference se-
quences of eight recognized genera of the subfamily Par-
vovirinae (Amdo-, Proto-, Ave-, Boca-, Copi-, Dependo-,
Tetra-, and Erythroparvovirus) [19]. The NS1 dataset
contained (i) 59 reference sequences of known genus (ii)
165 sequences downloaded from GenBank, and (iii) five
sequences of Korean parvoviruses generated in this
study (Additional file 1). Because of high divergence,
COBALT tool [32] was used to align NS1 sequences.
That tool anchors the alignment using constraints de-
rived from the conserved domain database (CDD) and
PROSITE protein-motif database so that conserve resi-
dues were accurately aligned.
The evolutionary rates of each PPV1- PPV7 geno-

type were estimated from genomic sequences. The
genomic collection of parvoviruses (n = 165, Add-
itional file 8) were sampled from 1976 to 2018, origi-
nated from Asia (China, Korea, and Japan), America
(USA and Brazil), and Europe (Poland, Hungary,
United Kingdom, Germany, Romania, and Sweden).
MAFFT [33] with default options was chosen to align
genomic sequences.

Phylogenetic analyses
Prior to phylogenetic reconstruction, the phylogenetic
signal of NS1 dataset (Additional file 2) was evaluated by
maximum likelihood mapping method [34] implemented
in IQ-TREE program [35]. The dataset was not suitable
for phylogenetic analysis if the percentage in the central
of the triangle was more than 20–30% [36]. Using IQ-
TREE v1.6.12 [35], the genetic relationships between
parvoviruses were inferred by maximum likelihood
method. The ‘-m MFP’ option was invoked which helps
selecting the data best-fit amino acid substitution model.
The branch support values were estimated by ultrafast
bootstrap approximation [37] implemented in IQ-TREE
[35] via “-bb 1000” option. The reconstructed phyloge-
nies were displayed and midpoint rooted by FigTree
v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).

Bayesian inference of evolutionary rates of porcine
parvoviruses
The nucleotide substitution rates of each PPV1- PPV7
genotype were estimated based on genome alignments
and used BEAST 2 package [38]. In these analyses, se-
quences without collection date were excluded. Details
of PPV1- PPV7 datasets were given in Additional file 8.
For model of nucleotide substitution, bModelTest tool
[39] implemented in BEAST 2 was selected which helps
to infer the most appropriate substitution model (Add-
itional file 10). For molecular clock model, four models
of strict clock, uncorrelated lognormal and exponential
relaxed-clock [40], and random local clock [41] were
specified. For tree prior, three coalescent models imple-
mented in BEAST 2 were tested, including coalescent
constant population, coalescent exponential population
and coalescent Bayesian skyline plot [42]. In each ana-
lysis, two independent runs (100 million chains, sam-
pling every 10,000 generations) were performed using
BEAST package v2.6.1 [38], which is available at the
CIPRES Science Gateway [43]. The output log files from
multiple runs were combined using LogCombiner in-
cluded in the BEAST package. The combined log files
were subsequently analysed in Tracer v1.7.1 [44] to as-
sess the convergence (effective sample size > 100). Inter-
ested in the evolutionary rates, this study subsequently
performed path sampling analyses [45] to select the best
fit molecular clock and tree prior models for each data-
set. For that analysis, the number of path steps were
100, and the length of each chain were one million itera-
tions. The nucleotide substitution rates of each PPV1-
PPV7 genotype were only inferred from the data best-fit
combining models (Additional files 5 and 6). The phylo-
genic trees were summarized with TreeAnnotator v2.6.1
to produce the maximum clade credibility tree, which
was displayed using FigTree v1.4.3.
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Sliding window analysis for genetic variability
Nucleotide sequence similarity between two PPV7
strains collected in this study and six strains collected in
2017 [13] were analyzed by the Simplot program as de-
scribed in a previous study [46]. Each plotted point is
the percent genetic similarity within a 200-nucleotide
wide sliding window centered on the position plotted
with a step size of 20 nucleotides and Kimura 2-
parameter.

Calculation of the genetic distance
The genetic distance was calculated using the dataset of
the complete genome sequence (n = 165, Additional file
8). The p-distance was estimated by MEGA 7 [47] and
SDT v1.2 programs [48]. The genetic distance was repre-
sented by a frequency histogram.

Variations in the neutralization of the epitope of Korean
PPV1
Neutralizing epitopes on the VP2 protein of PPV1 and
several epitopes were determined [6]. Additionally, the
linear epitope of VP2 was predicted using BepiPred-2.0
version [49]. The Jameson–Wolf antigenic index imple-
mented using Lasergene Protean software (DNASTAR,
Inc., Madison, WI, USA) was used to predict whether
amino acid substitutions would affect the antigenic
properties of neutralizing epitopes. The antigenic index
was calculated for each amino acid site and plotted using
Microsoft Excel 2017 (Microsoft, Redmond, WA, USA).
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