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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is an economically important pathogen that affects the global
swine industry. The continuous evolution of this virus has made control and prevention difficult, which emphasizes the
importance of monitoring currently circulating PRRSYV strains. In this study, we investigated the genetic characteristics of
whole structural genes of 35 PRRSV-2 isolates that circulated between 2012 and 2017 in Korea. Genetic and phylogenetic
analysis demonstrated that a recently identified PRRSV-2 shared a relatively low level of nucleotide sequence identity that
ranged from 86.2% to 92.8%; however, they were clustered into four distinct Korean field clades, except KU-N1702, in
ORF2-7-based phylogeny. KU-N1702 was closely related to the NADC30-like strains that were identified in the USA and
China. Amino acid sequence analysis showed that the GP5 neutralizing epitope was conserved among the KU viruses. In
contrast, the viruses had genetic mutations in key residues for viral neutralization within GP5 and M. For minor structural
proteins, neutralizing epitopes, aa 41-55 of GP2, 61-75 of GP3, and 51-65 of GP4, were variable among the KU viruses.
Bioinformatics demonstrated diversifying evolution within the GP2 and GP4 neutralizing epitopes and the emergence of
a novel glycosylation site within the GP3 and GP4 neutralizing epitopes. Taken together, these data provide evidence that
Korean PRRSV-2 evolved independently in Korea, with genetic heterogeneity in antigenic regions of structural proteins.

Introduction

Porcine reproductive and respiratory syndrome virus
(PRRSV) is a very important pathogen that causes huge
economic losses in the swine industry worldwide. PRRS
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were first documented in the United States in the late 1980s,
and the virus was isolated in Europe in 1990 [8, 44]. After
identifying this virus as the causative agent of severe repro-
ductive losses and respiratory distress in pigs, a large num-
ber of clinically similar outbreaks occurred worldwide [49].
PRRSV is an enveloped, single-stranded, positive-sense
RNA virus belonging to the order Nidovirales and family
Arteriviridae. The genome of PRRSV contains 10 open
reading frames (ORFs) and is approximately 15 kb in length.
ORFla and ORF1b encode two large polyproteins that are
proteolytically cleaved into 14 active nonstructural proteins
[19]. Eight ORFs (ORF2a, ORF2b, ORF3-7, and ORF5a)
encode eight structural proteins, including glycoprotein
(GP) 2, small envelope (E), GP3, GP4, GP5, membrane
(M), nucleocapsid (N), and ORF5a proteins, respectively
[21, 46]. Two major envelope proteins, GP5 and M, form a
disulfide-linked heterodimer that is essential for virion for-
mation [25]. GP2, GP3, and GP4 form a trimeric envelope
protein complex that is involved in viral entry through its
interaction with CD163 of the host cell [10, 33].
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PRRSYV is divided into two types: PRRSV-1 (European
and type 1) and PRRSV-2 (North American and type 2),
which belong to separate species [23]. The two PRRSV types
vary by approximately 40% in their nucleotide sequences.
There is considerable genetic diversity among PRRSV-1
and PRRSV-2 isolates, with genetic variation up to 30% and
20%, respectively, in their ORFS5 sequences [49]. This high
level of genetic variation arises from three mechanisms: 1)
error-prone RNA polymerase activity, 2) natural selection,
and 3) viral recombination after coinfection with two differ-
ent PRRSV strains in one cell [3]. The emergence of novel
PRRSYV strains occurs continually, especially for PRRSV-
2. Examples include an outbreak of ‘acute PRRS’ in 1996,
an outbreak of virulent MN184 in 2001, and an outbreak
of a highly pathogenic PRRSV in 2006 [4, 18, 35]. Large-
scale phylogenetic analysis of ORF5 sequences revealed that
PRRSV-2 can be divided into nine well-established lineages
[31].

To date, most studies on the molecular epidemiology of
PRRSV have focused on ORF5 due to its high genetic vari-
ability and the discovery of a neutralizing epitope. However,
this analysis might not represent the molecular epidemiology
and genetic evolution of PRRSV-2 because ORF5 comprises
only approximately 5% of the full-length genome of PRRSV.
In addition, previous reports showed that antibodies against
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73431120 11 KU-N1306
1 84U 12 KU-N1307
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17 KU-N1602
18 KU-N1603
KU-N1604
KU-N1605
21 KU-N1701
22 KU-N1702
23 KU-N1703
KU-N1704
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26 KU-N1706
27 KU-N1707
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32 KU-N1712
33 KU-N1713
34 KU-N1714
35  KU-N1715

°

(A) (B)

©CoO~NOOODWN-=Z

22,23

Fig.1 (A) Locations of farms. (B) Sample and KU virus information.
PRRSV-2 in this study originated from 35 different farms nationwide
between 2012 and 2017. Dots indicate geographical locations of cit-
ies where samples were collected. * The lineage of clade IT was not
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the linear epitope of the GP5 ectodomain were unable to
suppress infection by PRRSV-1 and PRRSV-2 in porcine
alveolar macrophages (PAM) [24, 38]. However, recent stud-
ies have provided important information regarding the role
of the minor envelope proteins in PRRSV biology. Minor
structural proteins interact with CD163 molecules and deter-
mine host cell binding and viral tropism in vitro [10, 33].
This information provides novel insights into the function
of these minor glycoproteins and suggests the possibility
that they could serve as targets for neutralizing antibodies.
In PRRSV-1, several regions of minor structural proteins
are known to be targeted by neutralizing antibodies [9, 37].
Therefore, the goal of this study was to determine the genetic
and evolutionary characteristics of viral structural proteins
of PRRSV-2 currently circulating in Korea.

Materials and methods

RT-PCR and sequence analysis

Thirty-five clinical samples (serum and lung) collected
from different conventional Korean pig farms nationwide

were used in this study (Fig. 1). All samples were identi-
fied as positive for PRRSV-2 through routine diagnostics

Year Sample Location of farm (city, province) ORF2-7 clade ORFS5 lineage
2012 Serum Pyeongtaek, Gyeonggi Il N/D (11)?
2012 Serum Gimje, Jeollabuk | L1
2012 Serum Yongin, Gyeonggi | L1
2012 Serum Yongin, Gyeonggi | L1
2012 Serum Yangpyeong, Gyeonggi Il N/D (1)
2013 Serum Hwaseong, Gyeonggi | L1
2013 Serum Yangpyeong, Gyeonggi | L1
2013 Serum Yongin, Gyeonggi Il N/D (1)
2013 Serum Anseong, Gyeonggi Il N/D (1)
2013 Serum Anseong, Gyeonggi ] N/D (1)
2013 Serum Yongin, Gyeonggi | L1
2013 Serum Anseong, Gyeonggi | L1
2013 Serum Suncheon, Jeollanam Il N/D (1)
2014 Serum Yeoju, Gyeonggi | L1
2015 Serum Icheon, Gyeonggi Il N/D (1)
2016 Serum Yangju, Gyeonggi | N/D
2016 Serum Buan, Jeollabuk Il N/D (1)
2016 Serum Jeju v L5.1
2016 Lung Hwaseong, Gyeonggi | L1
2016 Lung Yongin, Gyeonggi | N/DP
2017 Serum Hongseong, Gyeonggi 1] N/D (Il1)°
2017 Lung Gyeongsan, Gyeongsangbuk NADC30-like L1
2017 Lung Gyeongsan, Gyeongsangbuk Il N/D (1)
2017 Serum Yeongcheon, Gyeongsangbuk | L1
2017 Serum Hampyeong, Jeollanam | L1
2017 Serum Jeju [\ L5.1
2017 Serum Yeongcheon, Gyeongsangbuk | L1
2017 Serum Yeongcheon, Gyeongsangbuk | L1
2017 Serum Yeongcheon, Gyeongsangbuk | L1
2017 Serum Yeongcheon, Gyeongsangbuk | L1
2017 Lung Yangju, Gyeonggi 1] N/D ()
2017 Serum Yeoncheon, Gyeonggi 1] N/D (lil)
2017 Serum Jeju \2 L5.1
2017 Serum Jeju v L5.1
2017 Serum Jeju \2 L5.1

determined based on ORF5 phylogeny. ® The lineage of two viruses
belonging to clade I based on ORF2—-7 phylogeny was not determined
based on ORF5 phylogeny. ¢ The lineage of clade III was not deter-
mined based on ORF5 phylogeny
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performed between 2012 and 2017, and samples that showed
vaccine-like characteristics (over 98% nucleotide sequence
identity to ORF2-7 of VR-2332) were excluded. Total RNA
was extracted from the samples using QIAzol Lysis Rea-
gent (QIAGEN, MD, USA) according to the manufacturer’s
instructions. cDNA was synthesized using a specific primer
and M-MLV reverse transcriptase (Promega, Madison, W1,
USA). To determine the nucleotide sequence of ORF2 to
ORF7, covering all structural proteins of PRRSV-2, two sets
of PRRSV-2-specific primers were used. PCR amplification
was performed using Takara Ex Taq (TaKaRa Bio, Shiga,
Japan) under the following conditions: 35 cycles of 10 s
at 98 °C, 30 s at 53 °C, 2 min at 72 °C. The primers used
in this study are listed in Table 1. After the identification
of target bands on 1.2% agarose gels, amplified products
were purified using a commercial gel extraction kit (DokDo-
Prep™ Gel Extraction Kit (spin-type), ELPIS BIOTECH
Inc., Daejeon, Korea). Purified DNA was submitted to a
commercial sequencing facility for direct sequencing in
both directions (Macrogen Inc., Seoul, Korea). ORF2-7
sequences of 35 PRRSV-2 (named Konkuk University virus
and KU virus) in this study were deposited in the GenBank
database under accession numbers KY996346-KY 996364
and MG999913-MG999928.

Phylogenetic analysis

To investigate the molecular epidemiology of PRRSV-
2, sequences of ORF2-7, which covers whole structural
proteins from 35 KU viruses (KU-N1201, KU-N1203
to KU-N1206, KU-N1301 to KU-N1308, KU-N1401,

KU-N1501, KU-N1601 to KU-N1605, and KU-N1701 to
KU-1715), were aligned with those of 155 global PRRSV-2
isolates, including nine Korean PRRSV-2 isolates obtained
from GenBank, using MUSCLE [14]. A phylogenetic tree
based on ORF2-7 of PRRSV-2 was constructed by the max-
imum-likelihood method with the general time-reversible
model with a gamma-distributed rate (four rate categories)
and invariant sites using MEGA 6 [32]. The tree was statis-
tically estimated by 1,000 replicates of bootstrap analysis.
Additionally, to determine the genetic lineage of Korean
PRRSV-2 isolate, an ORF5-based phylogenetic tree was
created with 130 PRRSV-2 using the same method.

Bioinformatics

A significant recombination event was detected using two
different programs: 1) Recombination Detection Program
4 and 2) Simplot software v 3.5.1. Gene-specific selective
pressure for the structural proteins of Korean PRRSV-2
was evaluated as the ratio of non-synonymous and synony-
mous (dN/dS) substitution rates. The data set included each
ORF2-ORF7 of 35 KU viruses. The dN/dS ratio and the
selective pressure at individual codons was estimated for
GP2, E, GP3, GP4, GP5, ORF5a, M, and N using single-
likelihood ancestor counting, fixed-effects likelihood, and
a mixed-effects model of evolution, available at the Data-
Monkey (http://www.datamonkey.org) [30]. Codons con-
firmed using two or more different methods were identified
as sites that were subjected to positive selection. Putative
N-glycosylation profiles of four glycoproteins of PRRSV-2
were predicted using NetNGlyc 1.0 server [17].

Table 1 List of primer Use
sequences used in this study

Primer name?®

Sequence Product size

RT PRRSV V15343R 5'-TCG CCC TAA TTG AAT AGG TGA-3' -

PCR - fragment 1 PRRSV V12056F 5'-GCC CTG TCA TTG AAC CAA C-3' 1824 bp
PRRSV V13840R 5'-GAT AGA ACG GCA CGA TAC AC-3'

PCR - fragment 2 PRRSV V13727F 5'-TCA TGA CAC CTG AGA CCA TG-3' 1658 bp
PRRSV V15343R 5'-TCG CCC TAA TTG AAT AGG TGA-3’

*Primers were named based on nucleotide position located in the VR-2332 (U87392)

@ Springer


http://www.datamonkey.org

216

T. Kwon et al.

Results
Genetic diversity of Korean PRRSV-2

To investigate the genetic diversity of PRRSV-2 circulating
in Korean pig herds between 2012 and 2017, whole struc-
tural genes of 35 KU viruses were sequenced and analyzed.
The ORF2-7 region of most KU viruses comprised 3188
nucleotides (nt) and was identical to that of the prototype
VR-2332. KU-N1304 and KU-N1710 contained a 3-nt
deletion and an insertion in the N protein, respectively.
Amino acid sequence analysis showed that KU-N1304,
KU-N1602, and KU-N1703 had an 11-, 1-, and 1-aa dele-
tion, respectively, in the C-terminus of GP2 when compared
to VR-2332. The truncated GP2 proteins of the two viruses
resulted from the introduction of a stop codon, not from the
nucleotide deletion.

Nucleotide sequence analysis showed that the ORF2-7
region of KU viruses shared 89.9 + 1.5% (86.2-92.8%)
identity to that of VR-2332. In addition, the pairwise nucle-
otide sequence identity between Korean field strains was
84.0-98.6% (88.1 +£2.1%). The pairwise nucleotide and
amino acid sequence identity was determined for each struc-
tural gene. All genes tested were genetically distinct from
those of VR-2332, with approximately 90% identity. ORF5
was the most variable region among the structural genes,
and ORF4 and ORF3 also exhibited a high level of genetic
diversity. At the amino acid level, the M protein was the

most conserved, whereas the ORF5a protein had the low-
est identity. Interestingly, GP3 was more diverse than GP5
when comparing Korean field strains. Collectively, Korean
PRRSV-2 exhibited high genetic diversity in the structural
genes. The nucleotide and amino acid sequence identity val-
ues between KU viruses and VR-2332, and between Korean
field strains are summarized in Table 2.

Phylogenetic analysis of Korean PRRSV-2

No significant recombination events were detected among
the Korean PRRSV-2 isolates in this study (data not shown).
A phylogenetic tree based on ORF2—-7 of PRRSV-2 indicated
that most Korean viruses formed distinct groups (Korean
field clades I to IV; Fig. 2A). All clades were statistically
supported in their phylogeny except KU-N1715 within
Korean field clade I'V. In contrast to the viruses that belonged
to the Korean field clades, two Korean viruses, LMY and
CA, which were identified in the early to mid-2000s, were

Fig.2 Phylogenetic tree based on ORF2-7 (A) and ORF5 (B) of
PRRSV-2. The trees were constructed using the maximum-likelihood
method based on the general time-reversible model with a gamma-
distributed rate (four rate categories) and invariant sites and tested
using 1000 bootstrap replicates. Bootstrap values greater than 60 are
shown. Lineages (L) were determined based on the lineage classifica-
tion system of Shi et al. [31] Red circles and blue squares indicate
KU viruses and Korean field strains, respectively

Table 2 Nucleotide and amino acid sequence identity between KU viruses (n = 35) and VR-2332 and between Korean field strains

Amino acid

VR-2332

Korean field strains (n = 41)?

Nucleotide

VR-2332 Korean field strains (n = 41)?
ORF2-7 89.9+1.5 (86.2-92.8) 88.1+2.1(84.0-98.6)
ORF2a 91.1+1.9 (87.1-97.6) 88.4+2.2 (82.3-99.2)
ORF2b 93.1+2.2 (89.6-97.7) 91.1+2.4 (85.5-99.0)
ORF3 89.1+2.4 (83.0-94.9) 86.9+2.7 (80.1-98.9)
ORF4 88.1+1.5(85.6-91.0) 88.9+3.2 (81.5-99.8)
ORF5 86.8+2.7 (83.7-93.3) 86.2+3.0(80.9-97.8)
ORF5a 81.9+5.0 (75.0-91.9) 85.1+6.2 (71.7-98.7)
ORF6 92.2+2.8 (88.3-97.9) 91.4+2.4 (85.5-98.2)
ORF7 92.7+2.6 (88.1-99.1) 89.5+2.5(83.4-98.3)

GP2a 90.4+2.2 (85.1-93.7) 87.4+2.7 (80.8-99.6)
GP2b 93.4+2.4 (89.0-98.6) 92.3+2.9 (82.1-100)
GP3 87.1+2.5(80.7-92.1) 85.8+3.2 (76.7-98.4)
GP4 88.4+2.9 (83.1-93.8) 89.6+2.9 (83.7-100)
GP5 86.0+2.3 (82.5-92.0) 86.6+3.5 (77.5-98.0)
ORF5a 81.7+4.8 (76.4-92.1) 83.7+7.0 (68.6-100)
M 95.4+1.8(92.5-99.4) 94.9+1.9 (90.8-99.4)
N 94.2+2.9 (87.8-100) 91.5+3.3 (82.1-100)

#The Korean field strains included 35 KU viruses, LMY (DQ473474), CA (FJ194950), CP07-626-2 (JX138235), e417-2 (JX138234), CA-2

(KF555450), and KNU-12-KJ4 (KF555451)
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grouped with VR-2385. Two clades included most of the
Korean field strains that were identified in this study. The
Korean field clade I included 17 KU viruses as well as two
Korean nsp2 deletion isolates, which were closely related to
isolates commonly found in the USA [7]. Nine KU viruses
were clustered with e417-2 in Korean field clade II. While
viruses from mainland Korea belonged to clades I, II, and
III, clade IV consisted of the viruses from Jeju Island, where
the trade of live pigs with mainland Korea is prohibited.
Notably, KU-N1702 did not belong to any Korean clade and
shared a close relationship with US and Chinese viruses, of
which NADC30 and 15HEB1 had 94.4% and 93.0% nucleo-
tide sequence identity, respectively, to KU-N1702 (Table 3).

Korean field clades I, II, and III were well supported in
ORF5-based phylogeny, but the viruses in clade IV were
scattered throughout lineage 5.1 (Fig. 2B). According to the
lineage classification of PRRSV-2 [31], Korean field clade I
was classified into lineage 1. Interestingly, while KU-N1601
and KU-N1605 were associated with clade I based on the
ORF2-7-based tree, the ORF5-based tree indicated that
they were differently positioned. Furthermore, Korean field
clades II and III had no close relationship to any existing
lineages of PRRSV-2. Based on ORFS5 sequences, viruses
belonging to Korean field clades have been identified since
2003 or 2005 [5, 6].

Major structural proteins (GP5, M, and N) of Korean
PRRSV-2

For GP5, many studies had previously identified the anti-
genic sites for antibody production and the stimulation of

IFN-y-secreting cells [12, 28, 39, 48]. While the decoy
epitope at position 27-30 was highly variable among KU
viruses, the neutralizing epitope at position 37-44 was con-
served (Fig. 3A). Amino acid sequence diversity occurred in
different regions as well as in three B-cell epitopes, namely,
aa 1-15, 168-178, and 187-200, and one T-cell epitope,
namely aa 117-131. Of the previously identified epitopes,
it was determined that the decoy epitope and two B-cell
epitopes (aa 1-15 and 186-200) had evolved under positive
selection pressure. Regarding key residues that determine
susceptibility to viral neutralization, the residue at posi-
tion 102 was variable, and five KU viruses had a cysteine
that was identical in position to that found in a neutralizing
antibody-escape mutant [15]. The residue at position 104
was highly conserved; most KU viruses had glycine, but
three viruses possessed glutamic acid, which had not been
identified previously. Different potential glycosylation pat-
terns were observed regarding the total number and positions
of GP5 glycosylation sites for KU viruses. Twelve different
glycosylation patterns were identified and major variations
in putative glycosylation sites were mainly located between
positions 30 and 35, in which four sites were also identified
as being subjected to positive selection.

As the most conserved structural protein, 132 out of 174
residues were conserved in the M protein of KU viruses
(75.9% conserved sites). Some KU viruses contained amino
acid mutations in previously identified B-cell and T-cell
epitopes [12, 41, 43]. Interestingly, amino acid substitutions
were found in residues at positions 10 and 70, both of which
are involved in susceptibility to virus neutralization by swine
polyclonal antibodies [16, 36]. The residue at position 10 of

Table 3 Selection pressure profiles of Korean PRRSV-2 identified between 2012 and 2017

Structural protein Mean dN/dS Positively selected sites
N Amino acid position (based on VR-2332)
GP2 0.230 21 2,6,7,8,9,12,13, 16, 17, 21, 22, 32, 39, 45%, 118, 238, 240, 250, 252, 254, 256
E 0.219 2 63, 64
GP3 0.290 36 2,3,6,7,8,9, 11,12, 13, 15, 18, 19, 21, 22, 23, 25, 27, 28, 30, 32, 153, 205,
206, 207, 211, 213, 215, 218, 222, 223, 225, 228, 233, 248, 250, 251
GP4 0.189 13 2,4,5,6,12, 13, 14, 15, 46, 57%, 59%, 61°, 63°
GP5 0.277 13 137, 14%, 15% 19, 24, 25, 26, 30°, 33P, 34, 35", 1892, 1922
ORF5a 0.346 41, 42,43, 46
M 0.110 2 66°, 128
N 0.204 5

aSites of previously identified B-cell epitopes. Bold indicates sites that correspond to neutralizing epitopes of PRRSV-1

®Potential glycosylation sites

“Sites for previously identified T-cell epitopes
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four viruses was tyrosine, which is associated with suscep-
tibility to virus neutralization (Fig. 3B). For the residue at
position 70, 25 viruses exhibited antibody escape variants
with lysine. All epitopes of the M protein were conserved
among KU viruses. However, some amino acid substitutions
were found at positions 10, 13, 19, 62, 66, and 70 within
two T-cell epitopes, and 164 within a B-cell epitope (Sup-
plementary Figures).

Because the N protein is highly immunogenic in pigs and
mice, extensive epitope mapping has been conducted; this
resulted in more than 80% of the region being identified as
antigenic [1, 12, 42, 45]. In this study, only epitopes that
were commonly identified in two different studies were con-
sidered overlapping epitopes of the N protein; specifically,
these were aa 11-25, 41-55, and 79-87, and these regions
were subsequently analyzed. In KU viruses, the B-cell
epitope region (aa 41-55) exhibited diverse mutations, espe-
cially at position 41 to 49 (Supplementary Figures).

Minor structural proteins (GP2, GP3, and GP4)
of Korean PRRSV-2

For GP2, two linear B-cell epitopes have been identified
(aa 41-55 and aa 121-135) [12]. Of them, epitope 41-55,
was variable among KU viruses, and the residue at position
45 was determined to have evolved under positive selec-
tion (Fig. 4A). The glycosylation patterns of all KU viruses
were conserved at positions 178 and 184. GP3 of PRRSV-2
consists of four consecutively overlapping B-cell epitopes,
aa 61-75, aa 71-85, aa 81-95, and aa 91-105 [12]. As the
second most variable structural protein among KU viruses
after GP5, a high level of variation was identified in the N-
and C-termini of GP3. In contrast, each epitope was slightly
variable with ten, ten, nine, and seven substitution sites
within each consecutive epitope, respectively (Supplemen-
tary Figures). The prediction of putative N-glycosylation
indicated that whereas N42, N50, N131, N160, and N195
were conserved among all KU viruses, thirteen and three
KU viruses were N-glycosylation deletion and insertion
variants at position 29 and 70, respectively, when compared
to VR-2332. Especially, N70 was involved in a previously
identified B-cell epitope, aa 61-75 (Fig. 4B). KU viruses
showed a high level of variability within the B-cell epitope
at positions 51 to 65. Especially, many amino acid substitu-
tions with four positively selected sites were observed at
positions 56 to 63 (Fig. 4C). Another interesting point was

that a novel putative glycosylation site emerged at position
57 (N57) within the GP4 epitope of KU viruses.

Discussion

Since its first emergence on two different continents, PRRSV
has become an important virus that causes enormous eco-
nomic losses for the swine industry worldwide. Despite tre-
mendous efforts to control and prevent PRRSV infection,
this virus has rapidly spread worldwide and has become
endemic to most pig-producing countries [27]. PRRSV has
continued to evolve at a rate of 4.7-9.8 X 10_2/sites/year,
which is the highest rate among RNA viruses [20]. The
rapid evolution of PRRSV contributes to the expansion of
its genetic diversity and the emergence of new viral pheno-
types worldwide. Under these circumstances, it is crucial
to understand the genetic evolution of currently circulating
PRRSYV to introduce effective strategies to deal with PRRSV
infection, such as the preparation of an effective and safe
vaccine. To date, ORF5 of both PRRSV-1 and PRRSV-2
has been the main target of most molecular epidemiology
studies because it is considered to have the highest sequence
diversity among the structural ORFs [22, 26]. However, a
small portion of the complete PRRSV genome cannot pro-
vide a clear representation of the genetic relationships and
the evolution of PRRSV. In addition, the discovery of novel
neutralizing epitopes has revealed the importance of minor
structural proteins in the mechanism of immune evasion of
PRRSYV [38]. Therefore, this study investigated the genetic
and evolutionary characteristics of whole structural genes of
recently circulating PRRSV-2 strains in Korea.

Since its first isolation in 1994, PRRSV-2 has continu-
ously evolved in the Korean pig population. Previous stud-
ies have demonstrated the independent evolution and high
genetic variation of Korean PRRSV-2, based on the ORF5
region [5, 6]. Our study provides evidence of the continu-
ous circulation of genetically diverse viruses in Korea with
dynamics toward independent evolution. With a relatively
high genetic difference of approximately 10%, the recently
identified viruses formed unique Korean clades and had no
phylogenetic relationship to PRRSV from other countries
based on the ORF2-7-based tree. Korean field clade IV con-
sisted of viruses that originated from Jeju Island, which is
80 km away and separated by the sea from the nearest pig
farming regions in mainland Korea. PRRSV-2, which was
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«Fig.3 Alignment of amino acid sequences of structural proteins of
KU viruses. (A) GP5. (B) M. Red shade, previously identified B-cell
epitope; blue shade, previously identified T-cell epitope; black box,
positively selected sites; green shade, potential glycosylation site

found to belong to the Korean field clades, has been iden-
tified since the early to mid-2000s. These results indicate
that Korean PRRSV-2 has evolved independently for the
past decade and that geographical restriction has contrib-
uted to differences in viral evolution between Jeju Island
and mainland Korea. In addition, our study shows that a
novel NADC30-like virus had recently emerged in Korea.
The introduction of new viruses increases the complexity of
PRRSV-2 epidemiology in Korea. In China, the emergence
of NADC30-like virus has received attention because of its
high incidence of recombination [34]. Although no recom-
bination events were detected in KU-N1702 in this study,
we need to monitor the circulation of Korean NADC30-like
PRRSYV as well as other Korean PRRSV-2 strains in the
field. The independent evolution of Korean PRRSV-2 was
also demonstrated using an ORF5-based tree. However, the
displacement of two viruses that belonged to clade I and the
lack of a relationship between clades II and III and other
lineages indicated that the ORF5-based tree could not fully
represent the molecular epidemiology of Korean PRRSV-
2. Further study with increased sample sizes and elaborate
phylogenetic analysis would help to clarify the evolution-
ary epidemiology of Korean PRRSV-2. Currently, PRRSV
circulates widely among Korean pig populations, and many
infected farms have used modified live vaccines to control
PRRSYV infection. However, most vaccines used in Korea
were made by international companies, and the viruses used
originated in other countries. Under these circumstances,
PRRSV-2 became “Koreanized” through independent evo-
lution, and a novel NADC30-like strain emerged. The vast
genetic heterogeneity between vaccine and field viruses
dampens the efficacy of the vaccine. Although commer-
cial vaccines are still effective for reducing the impact of
PRRSYV infection, they do not provide sufficient protection
against genetically diverse PRRSV. Therefore, it is important
to develop more-suitable vaccines to achieve a satisfactory
level of protection against Korean PRRSV-2.

The major structural proteins of PRRSV, GP5 and M,
form a heterodimer that interacts with host cell receptors
and mediates viral penetration into the cell. This has moti-
vated investigations aimed at determining the locations of
neutralizing epitopes on the major structural proteins [29,
47]. These studies have resulted in the discovery of a linear

neutralizing epitope in GP5 as well as the key residues that
are involved in viral neutralization in GP5 and M protein
[15, 16, 28, 36]. Consistent with previous findings, a lin-
ear neutralizing epitope was found to be conserved among
KU viruses despite the high level of genetic diversity in
the decoy epitope. However, a recently identified Korean
PRRSV-2 isolate was found to have genetic mutations in
key residues for viral neutralization, resulting in the circu-
lation of viruses in the field that contain amino acids that
are associated with a neutralizing-antibody-resistant phe-
notype. Although the ability of KU viruses to escape from
neutralization was not investigated in this study, it is possible
for these viruses to survive longer in infected pigs. This is
because these mutations were found during in vitro selection
using homologous polyclonal swine serum. Further study
will evaluate the relationship between genetic mutations and
resistance to neutralizing antibodies.

Despite continuous investigation of the function of
minor structural proteins in viral neutralization, our knowl-
edge about the evolution of these proteins is limited. In
this study, our results demonstrated the genetic diversity of
minor structural proteins of Korean PRRSV-2. Although
most of the nucleotide substitutions were found in the N-
and C-termini of the minor structural proteins, previously
identified B-cell epitopes also were variable, including aa
41-55 of GP2, aa 61-75, aa 71-85, aa 81-95 of GP3, and
aa 51-65 of GP4. Especially, it was revealed that the cor-
responding regions of three epitopes (aa 41-55 of GP2,
aa 61-75 of GP3, and aa 51-65 of GP4) were targets for
virus-neutralizing antibodies in PRRSV-1 [38]. Antibod-
ies specific for these epitopes were shown to reduce the
replication of PRRSV-1 virus in PAM in a dose-dependent
manner. Surprisingly, we observed not only genetic varia-
tion in the neutralizing epitopes but also positively selected
sites and the emergence of novel glycosylation sites within
the epitopes. Viral evolution is directed by random muta-
tion and natural selection. Through the process of natural
selection, viruses that carry advantageous mutations that
increase their fitness survive longer and eventually spread
more to new host populations. Thus, estimating selection
pressure provides important clues regarding the functional
relevance of certain motifs. In PRRSV, positively selected
sites were later identified as key residues that regulate sus-
ceptibility to viral neutralization [13, 15]. Furthermore,
previous studies have indicated that N-linked glycosylation
of PRRSV plays a critical role in virus infectivity, anti-
genicity, and the ability to induce neutralizing antibodies
[2, 11, 40]. The absence of N34 and/or N51 in GP5 and
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«Fig. 4 Alignment of amino acid sequences of structural proteins of
KU viruses. (A) GP2. (B) GP3. (C) GP4. Red shade, previously iden-
tified B-cell epitope; black box, positively selected sites; green shade,
potential glycosylation site

N131 in GP3 has been shown to result in the induction
of significantly high levels of neutralizing antibody titers
in pigs, and this has been attributed to glycan shielding
against immune evasion. In this respect, diversifying evo-
lution and emergence of novel glycosylation sites within
those regions are meaningful because they would allow
the virus to evade the host immune system. Therefore, the
direct effect of these changes on immune evasion should
be further evaluated.

In summary, this study has broadened our understand-
ing of the molecular epidemiology and genetic char-
acteristics of currently circulating PRRSV-2 strains,
based on the analysis of ORF2 to ORF7. Field strains of
PRRSV-2 evolved independently in Korea with a high
level of genetic variation and formed the distinct clades in
ORF2-7 phylogeny. The emergence of an NADC30-like
strain contributes to the expansion of genetic diversity, but
no epidemiological evidence of its introduction route has
been presented. While a neutralizing epitope in GP5 was
conserved, KU viruses displayed genetic variation within
the minor structural proteins. Especially, GP2 and GP4
neutralizing epitopes have evolved under positive selec-
tion, and new putative glycosylation sites have emerged in
GP3 and GP4 neutralizing epitopes. Therefore, enhanced
surveillance of PRRSV-2 and comprehensive studies on
various regions of PRRSV are needed to assess viral evo-
lution, which would provide novel insights for the develop-
ment of effective strategies to combat this virus.
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