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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is the most important pathogen in the Korean swine industry.
Despite efforts including improved biosecurity and vaccination protocols, the virus continues to circulate and evolve. Based
on phylogenetic analysis of open reading frame 5 (ORFS5), Korean PRRSVs are known to form not only globally circulating
lineages but also country-specific lineages (Lin Kor A, B, and C). To understand the recent epidemiological status of PRRSV
in Korea, a total of 1349 ORFS5 sequences of Korean PRRSV isolates from 2014 to 2019 were analyzed. Phylogenetic analysis
was conducted using the maximum-likelihood method, and temporal changes in the relative prevalence of lineages were
investigated. The analysis showed that PRRSV1 and PRRSV2 were both highly prevalent throughout the years examined.
Among the PRRSV1 isolates, subgroup A (90.1%) and vaccine-like subgroup C (9.0%) composed most of the population.
For PRRSV2 isolates, vaccine-like lineage 5 (36.3%) was dominant, followed by Lin Kor B (25.9%), Kor C (16.6%), lineage
1 (11.6%), and Kor A (9.1%). The PRRSV2 lineage 1 population increased from 2014 (1.8%) to 2019 (29.6%) in Korea due
to the continual spread of sublineage 1.8 (NADC30-like) and introduction of sublineage 1.6 into the country. Additional
genetic analysis, including analysis of non synonymous and synonymous mutations, revealed evidence of diversification and
positive selection in immunologically important regions of the genome, suggesting that current vaccination is failing and
promoting immune-mediated selection. Overall, these findings provide insights into the epidemiological and evolutionary
dynamics of cocirculating viral lineages, and constant surveillance of PRRSV occurrence is needed.

Introduction

Porcine reproductive and respiratory syndrome (PRRS),
first recognized in the United States in 1987 [21], is one
of the most important epidemic diseases that affects the
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global pig industry [16, 47]. The causative agent, porcine
reproductive and respiratory syndrome virus (PRRSV),
belonging to the genus Betaarterivirus in the family
Arteriviridae, is an enveloped, single-stranded positive-
sense RNA virus [28]. Its genome is approximately 15
kb in length, containing a untranslated region (UTR), at
least 11 open reading frames (ORFs), a 3’-UTR, and a 3’
poly(A) tail [19, 44]. PRRSYV is classified into two geno-
types, PRRSV1 (European genotype) and PRRSV2 (North
American genotype), which share only approximately 60%
sequence identity at the nucleotide level.

The PRRSV ORF5 gene encodes the major viral enve-
lope protein GPS5, which plays an important role in viral
assembly, infectivity, and induction of neutralizing antibody
production [7, 50, 66]. Based on genetic relationships among
ORFS5 sequences and the global PRRSV classification sys-
tem, PRRSV?2 is classified into nine lineages (L1-L9), and
PRRSV1 is divided into four subtypes (subl-sub4) [55, 56].

In South Korea, PRRSV2 was first detected in 1994,
while PRRSV1 has spread rapidly since its first detection
in 2005 [23, 45]. PRRSV1 in Korea has been recognized
to be highly prevalent and is classified into subgroups A
(sublA), B (sub1B), and C (sub1C) of subtype 1 (pan-Euro-
pean PRRSV1), with the majority belonging to subgroup A
[20, 24]. PRRSV2 has spread across the country for decades
and has formed a unique country-specific clade containing
the lineages Kor A (LKA), B (LKB), and C (LKC), which
are distinct from the prevalent global PRRSV?2 strains and
commercial vaccine strains [20, 32]. The majority of the
Korean PRRSV?2 field isolates have been reported to belong
to the Korean lineages and lineage 5. Lineage 5 isolates in
Korea are closely related to the Ingelvac PRRS MLV vac-
cine virus, which has been used commercially in Korea since
1996. It has been reported that LKA and LKC were present
in Korea before 2010, while LKB was first reported between
2014 and 2016 [20, 22].

PRRSV?2 lineage 1, including viruses with the ORF5
restriction fragment length polymorphism (RFLP) 1-7-4,
is known to have a long epidemic history since it initially
appeared in Canada in the 1990s [56, 59]. After the initial
outbreak in North America in the early 2000s (representative
strain: MN184) [14], a new cluster of lineage 1 spread from
Canada to the United States and China in 2013 (representa-
tive strain: NADC30) [57]. The RFLP 1-7-4 lineage (repre-
sentative strain: NADC34) started to emerge in the United
States in 2014 and caused dramatic abortion ‘storms’ in sow
herds and high mortality among piglets [1, 60]. NADC34-
like strains were subsequently detected in Peru from 2015
to 2017 as endemic forms [54], and in China since 2017
[39, 68]. In Korea, LKC was reported to be the sole lineage
1 strain in Korea until 2014. It is a country-specific subline-
age of lineage 1 and might be related to MN184 [20, 49].
NADC30-like viruses were first identified in Korea in 2014,

@ Springer

and knowledge regarding the recent epidemiological status
of Korean lineage 1 viruses is lacking.

Here, we collected ORF5 sequence data from clinical
samples and analyzed Korean PRRSV ORFS5 sequences from
2014 to 2019. We investigated the dynamics of the preva-
lence of different lineages and the genetic characteristics of
Korean PRRSV isolates to provide a more comprehensive
understanding of current epidemiology of PRRSV in Korea.

Materials and methods
Sequencing and data processing

From 2015 to 2019, a total of 749 PRRSV ORFS5 sequences
were obtained from clinical samples (including lung, lymph
node, and serum samples), which were collected through
Jeonbuk National University Veterinary Diagnostic Center
(JBNU-VDC) (GenBank: MW716541-MW717289). The
procedures for tissue sample processing, RNA extrac-
tion, primer usage, RT-PCR, and ORF5 sequencing were
described previously [20]. A total of 604 Korean PRRSV
ORFS5 sequences that were submitted to the NCBI GenBank
database since 2014 were included in the dataset for a better
description of PRRSV dynamics in Korea (Table 1). For
lineage classification and identification of evolutionary rela-
tionships, 118 reference sequences were collected and used
as “anchor” sequences.

Phylogenetic analysis

A total of 1471 ORF5 nucleotide sequences were aligned
using Clustal Omega [58] and subjected to recombination
screening using Recombination Detection Program (RDP)
v.4.96 [41]. Seven potential recombinants were removed, and
1464 sequences were used for phylogenetic analysis. A max-
imum-likelihood (ML) phylogenetic tree was constructed

Table 1 Source of Korean ORF5 sequences used in this study

Year Source Total
NCBI' JBNU-VDC (n = 749)
(n = 604)
2014 351 0 351
2015 213 3 216
2016 36 151 187
2017 1 184 185
2018 3 162 165
2019 0 249 249

"Korean PRRSV ORF5 sequences available in GenBank as of
November, 2020
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using RAXML-NG [26] with 1,000 bootstrap replicates
and the GTRGAMMA nucleotide substitution model. The
lineages were classified based on the genetic relationships
among the ORF5 sequences and anchor sequences, using the
classification system reported by Shi et al. [56, 57]. We used
Microreact [3], R [18], ggplot2, tidyverse [64], and ggtree
[67] to clean and plot data and trees.

All of the Korean lineage 1 sequences (n = 77) were
extracted from the lineage 1 dataset to investigate the epi-
demiology of Korean lineage 1 strains. An ML tree was built
with the addition of reference sequences from other subline-
ages and recently reported NADC34-like strains. To explore
the introduction timeline of lineage 1 strains within Korea,
data regarding the number of pigs imported each year from
North America (United States and Canada) to Korea were
collected from the website of the Korean Animal and Plant
Quarantine Agency (https://www.qia.go.kr/).

Amino acid variation and selection pressure
analysis

Nucleotide and amino acid (aa) sequence identity between
lineages was calculated using MEGA software [29]. To
graphically summarize the variability in aa sequences, we
constructed alignments of sequence logos derived from the
corresponding aa sequence alignments for each lineage using
the WebLogo tool (http://weblogo.berkeley.edu/). As the fre-
quency plot option describes the relative frequency of each
aa at each position and provides a richer and more precise
description than a consensus sequences, an alignment of
WebLogo graphical outputs was constructed [6, 40]. Amino
acid diversity was calculated as sequence entropy at each
codon using the Shannon Entropy-One tool implemented in
the HIV database tool (https://www.hiv.lanl.gov/).

To analyze the selection pressure on the ORFS5 gene of
Korean PRRSV isolates, HyPhy version 2.5.2 [52] was
used to infer positive selection for each codon applying sin-
gle-likelihood ancestor counting (SLAC) [25]. Sites were
inferred to be positively selected at a p-value < 0.05.

Results
Lineage classification

After removal of the seven recombinant sequences and
anchor sequences from the dataset, the remaining 1349
sequences were classified into nine different lineages
(Fig. 1A and Supplementary Table S1). First, 51.0% (688
sequences) were grouped into PRRSV 1, and the other 49.0%
(661) were grouped into PRRSV2. Out of the 688 sequences
in the PRRSV1 group, 90.1% (620) were classified in subl A,

0.9% (6) in sub1B, and 9.0% (62) in sublC. Among the
PRRSV?2 sequences, 36.3% (240) were classified as LS5,
25.9% (171) as LKB, 16.6% (110) as LKC, 11.6% (77) as
L1, and 9.1% (60) as LKA. Only three sequences (<1%)
could be grouped into L8. The within- and between-lineage
nucleotide and aa pairwise distances are shown in Table 2.
Generally, the within-lineage variation was smaller than the
between-lineage/sublineage distances, but the within-lineage
variation of LKA, LKC, and sub1A was higher than 10%.

Temporal dynamics of the prevalence
of cocirculating lineages

Temporal changes in frequency of occurrence of different
lineages were examined to understand PRRSV epidemics in
Korea (Fig. 1B and Supplementary Table S1). For PRRSV1,
the trend with sublA as the predominant group (82.5-96.1%)
and sub1C as the minor group (2.8-17.5%) was unchanged
throughout 2014-2019. Sub1B viruses were detected only
in 2014 (two sequences) and 2016 (four sequences), with
very small populations. However, for PRRSV2, the relative
frequency of each lineage changed over the years, and the
increase in L1 occurrence was noteworthy. From 2014 to
2016, the pattern of L5 as the predominant lineage (46.7-
34.1%), followed by LKB (29.4-24.3%), LKC (20.0-17.8%),
and LKA (14.7-4.4%), was unchanged. Interestingly, the
occurrence of L1 started to increase in 2014 (1.8%), and it
comprised the second-largest population (29.6%) of PRRSV
in 2019, after L5 (31.1%).

Genotyping and epidemiology of PRRSV2 lineage 1
circulating in Korea

To examine the genetic diversity of the increasingly preva-
lent PRRSV?2 lineage 1 in Korea, a phylogenetic tree was
reconstructed with Korean L1 isolates and L1 reference
strains. Phylogenetic analysis demonstrated that Korean L1
strains can be grouped into two clades based on the ORF5
gene (Fig. 2). One clade (81.8%, 63/77 sequences) could
be classified within sublineage 1.8 (NADC30-like) and was
designated Kor L1 clade I. Viruses within Kor L1 clade I
were first identified in 2014 and have been detected continu-
ously ever since. Notably, the other clade (clade II) (16.9%,
13/77) grouped into sublineage 1.6, which has not been
reported in Korea, and started to be detected among isolates
in 2018. No NADC34-like strains were detected.

To explore the introduction of lineage 1 virus from the
North American region to Korea, the introduction of each
sublineage was examined based on virus detection date and
the yearly pig trade numbers from the United States and
Canada to Korea (Fig. 3). Korea has continuously imported
pigs from those regions, with the first peak in the number
of importations occurring in 2011, and the second in 2017
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for PRRSV1 and VR2332 for PRRSV2. Representatives and vaccines
are indicated by arrows and labeled. (B) Pie chart showing the rela-
tive frequency of Korean ORF5 sequences according to lineage over
the years.

Table 2 Mean ORF5 genetic distance shown as percentage difference in nucleotides (and amino acids) within and between lineages

LKA LKB LKC L1 L5 L8 subl A sublB sub1C
(n =60) (n=171) (n=110) n=77) (n = 240) (n=3) (n = 620) (n=6) (n=62)

KA 12.4 (11.1)

LKB 18.2 (16.4) 8.3 (8.0)

LKC 18.5 (15.9) 19.2 (17.6) 11.7 (11.2)

L1 19.4 (16.3) 20.4 (18.0) 17.0 (13.0) 9.2 (8.3)

LS 16.2 (16.3) 15.9 (16.1) 17.9 (16.0) 16.1 (15.4) 8.7 (9.0)

L8 15.3 (14.1) 14.8 (14.4) 17.5 (16.4) 18.0 (15.7) 12.3 (12.2) 2.53.7)

sublA 55.8 (68.0) 57.4 (64.9) 57.1 (66.5) 57.5 (68.8) 54.9 (67.1) 53.1 (64.7) 10.7 (12.4)

sublB 54.0 (57.7) 55.3 (64.9) 55.9 (65.6) 56.4 (67.2) 53.8 (66.7) 52.8 (65.1) 20.1 (18.7) 8.6(9.4)

sub1C 54.7 (65.2) 56.3 (61.4) 55.2 (63.5) 59.0 (66.1) 54.6 (62.4) 53.9 (61.2) 15.3 (14.4) 17.9 (16.3) 3.7 (6.0)
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(Fig. 3B). After the first import peak, the first lineage 1
virus was detected in Korea and identified as sublineage 1.8
(NADC30-like) in 2014. Subsequently, sublineage 1.6 was
first detected in 2018, immediately after the second import
peak (Fig. 3A). These sublineage 1 viruses were identified
to originate from an external virus introduction rather than
from L5 or Korean lineages that were mainly circulating in
Korea, as seen in the evolutionary tree (Fig. 1A).

Amino acid analysis of Korean PRRSV1

Figure 4 shows the overall entropy plot for PRRSV1 GP5
(aa 1-201) from 688 Korean PRRSV 1 isolates together with
the alignment of sequence logos obtained for each subgroup.
The neutralizing epitope at aa 29-35 was found to be con-
served, with a low level of variability. Korean PRRSV1
sub1C showed polymorphism at V/A32 and slight varia-
tion at aa positions 33 and 35 in the neutralizing epitope
(WSFADGN or WSFYDGN). In contrast, the neutralizing
epitope of Korean PRRSV1 subl A was relatively conserved
(WSFADGN), with slight variation at aa positions 30-33
and 35. Hypervariable sites were observed with higher aa
entropy (diversity) in the signal peptide region (aa positions
4, 8, and 9), putative T cell epitope 1 (56, 60, and 63), hyper-
variable domain (103, 104, and 105), putative T cell epitope
2 (126), and putative B cell epitope 3 (173 and 174). By
SLAC analysis, a total of 22 codon sites were found to be
positively selected in Korean PRRSV1 sublA, while only
one site was found in sub1C, which was within the signal
peptide region (Table 3). More than half of the positively
selected sites among sublA isolates (13 sites) were found in
the signal peptide region. Interestingly, three sites (positions
31, 35 and 36) within or near the neutralizing epitope, two
sites (56, 60) within T cell epitope 1, and four sites (104,
105, 106 and 116) within or near the hypervariable domain
were found to be positively selected in subl A.

Amino acid analysis of Korean PRRSV2

An entropy plot with the sequence logo alignment of each
lineage/sublineage of PRRSV2 GP5 (aa 1-200) from 661
Korean PRRSV?2 strains showed that the principal neutral-
izing epitopes (PNEs) of each lineage were conserved for
L5 (SSHLQLIYNLTLCELNG) and L1/LKC (SSHLQLI-
YNLTICELNG) (Fig. 5). However, variations were found
in the PNE within LKA at aa positions 38 (K/H/Y/N), 39
(L/F/S), and 47 (L/T), and within LKB at position 38 (N/K/
T/H). Hypervariable sites among PRRSV2 GP5 sequences
were mostly located in the decoy epitope region (aa positions
27-30) and known hypervariable regions (32-35 and 57-59)
near the PNE. Minor variations were observed in the signal
peptide (aa positions 3, 10, 13, 15, 16, and 23-26), TM2
(102 and 104), putative T cell epitope 1 (121, 124, 127,

and 128), T cell epitope 2 (151), and B cell epitope (185).
Subsequent positive selection pressure analysis of PRRSV2
GP5 revealed that all lineages showed positive selection near
the PNE region, especially in the decoy epitope region and
hypervariable region 1. Most of the positively selected sites
were located in the first third of PRRSV GP5.

Discussion

In this study, the circulation, emergence, prevalence of dif-
ferent lineages, and genetic characteristics of PRRSV were
investigated using a total of 1349 PRRSV ORFS5 sequences
obtained from Korean field isolates circulating on swine
farms nationwide over a span of 6 years (2014-2019). By
classifying the ORFS5 sequences into phylogenetic lineages
based on a global classification system [55, 56] and previ-
ously known unique Korean lineages [20], the diversifica-
tion and temporal dynamics of the PRRSV population were
investigated. Through further analysis of lineage 1 viruses,
the first detection and emergence of sublineage 1.6 in Korea
was identified. The alignment of sequence logos, entropy
plots, and positive selection pressure analysis revealed sites
with aa differences among different lineages, and nonsyn-
onymous mutations that led to aa changes in the protein at
those sites were favoured.

Overall, PRRSV1 and PRRSV2 were found to be circulat-
ing simultaneously in Korea. In previous PRRSV prevalence
studies in Korea, the positive rates of PRRSV1 and PRRSV2
were reported to be 29.4% and 54.4% from the samples
collected from 2007 to 2008 [35], and 38.4% and 37.4%,
respectively, from the samples collected from 2013 to 2016
[20]. Although the positive rate could not be determined in
this study, 51% and 49% of the ORFS5-positive samples col-
lected in the fields were found to be PRRSV1 and PRRSV?2,
respectively, which is consistent with the trend of PRRSV1
becoming prevalent in Korea following its first isolation in
2005, as reported previously.

All of the Korean PRRSV1 isolates were grouped into
subgroups A, B, and C of subtype 1, and the majority of
Korean PRRSV1 isolates belonged to subgroup A (90.1%),
while subgroup B (0.9%) and subgroup C (9.0%) viruses
formed minor populations, consistent with previous reports
[20, 24]. It was noted that the subgroup C viruses, which
were grouped with PRRSV1 live vaccine strains (Porci-
lis® PRRS and UNISTRAIN® PRRS MLV), became more
prevalent from 2014 (2.8%) to 2019 (17.5%). Considering
that live PRRSV1 vaccines have been used commercially
in Korea since 2014 [31], it has been suggested that the
emergence of these vaccine-like viruses might be related to
previously known safety issues of current modified live vac-
cines (MLVs), such as reversion to virulence and persistence
and circulation in the field of vaccine-derived strains [46].
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«Fig. 2 Midpoint-rooted maximum-likelihood phylogenetic tree con-
structed based on the ORF5 gene sequences of 77 Korean PRRSV2
L1 isolates and 119 reference PRRSV strains. Korean L1 isolates are
indicated by a blue triangle (A). Chinese, Peruvian, and American
PRRSV2 L1 isolates are indicated by open red circles (O), green
squares (), and purple triangles (A), respectively.

Indeed, outbreaks of PRRSV1 strains that shared a com-
mon evolutionary ancestor with a European PRRSV vaccine
strain have been reported recently in Hungary [42], China
[5], and Taiwan [36], raising concerns about the safety of the
current MLVs. Recently, there have been several reports that
mosaic recombinants derived from recombination between
the PRRSV1 vaccine and the predominant circulating field
strains have caused outbreaks and have shown increased
viremia and transmissibility [10, 30, 70]. Although recom-
bination between PRRSV field strains has been reported
less frequently for PRRSV1 than for PRRSV2 [30], the
increasing circulation of vaccine-related strains in Korea
indicates that such spread could pose a potential outbreak
threat by increasing the chance of recombination with field
strains. Further research applying whole-genome sequenc-
ing is needed to identify characteristics of Korean PRRSV1
genomes, including recombination signals.

For Korean PRRSV2, viruses were classified into lineages
1,5, and 8, as well as Korean lineages LKA, LKB, and LKC.
The majority of Korean PRRSV?2 field strains belonged to
lineage 5, which is closely related to the Ingelvac® PRRS
MLYV, and Korean lineages as reported previously [20]. Con-
sidering that the PRRSV2 MLV was licensed in 1996 and
had been the only option for controlling PRRSV2 in Korea
before 2014 [4, 31], the consistent prevalence of vaccine-like
PRRSV?2 is explainable as the circulation of vaccine-related
variants. Among the specifically Korean lineages, LKB has
comprised the largest population (17.8-33.3%) since its first
identification in 2014 [20], followed by LKC (10.8-20.0%)
and LKA (2.2-14.7%). The continuous circulation of these
viruses indicates that these lineages might be sufficiently
immunologically distinct to overcome herd immunity [48]
and escape from the immunity induced by nationwide
PRRSV2 MLV usage. PRRSV vaccines are expected to
offer better protection against wild viral variants that have a
higher degree of similarity to the original parental vaccine
isolate [9, 11]. Although our understanding of heterologous
cross-protection is limited for PRRSV, the emergence and
sequential dominance of different variants leading to line-
ages and sublineages is consistent with the theory of multi-
strain dynamics [13, 27]. Continuous surveillance of these
Korean lineages and further research to evaluate the cross-
protection capability of commercial PRRSV2 MLVs against
these lineages are needed in the future.

PRRSV2 lineage 1 viruses have mainly been epidemic
in the United States, while unique endemic clusters have

developed in some countries, including Korea in the case
of LKC [57]. While the connection of lineage 1 viruses
between the United States and other countries remains
unclear, worldwide hog trading and artificial insemination
are considered to be the most likely causes [59]. Lineage 1
viruses have caused severe epidemic situations outside the
United States, including the spread of NADC30-like viruses
in China and Taiwan since 2013 and 2018, respectively [37,
69], and the introduction of RFLP 1-7-4 virus (sublineage
1.5, NADC34-like) in Peru [54] and China [68]. In Korea,
the first nonendemic lineage 1 virus was detected and iden-
tified as NADC30-like virus in 2014, but the current epi-
demiologic status has been unknown since 2016 [20]. In
this study, temporal surveillance detected an increase in the
prevalence of lineage 1 virus since 2017, and phylogenetic
analysis, together with swine-trade statistics, revealed that
sublineage 1.6, which has been reported to be a Canadian-
origin (Quebec and Ontario) PRRSV2 sublineage that is
prevalent mainly in North America [34, 57], was newly
introduced into Korea. Despite the fact that NADC34-like
viruses have not yet been detected in Korea, the popula-
tion of newly introduced sublineage 1.6 and NADC30-like
viruses in the field is growing. A recent study demonstrated
an NADC30-like PRRSV outbreak in a pig herd that had
been vaccinated with an MLV [37]. Although the vaccina-
tion status at the individual farm level was not investigated in
this study, the observation of active circulation of NADC30-
like viruses indicates that vaccination with the current MLVs
is failing to provide sufficient cross-protection against those
viruses despite extensive MLV vaccination on most PRRSV-
positive or endangered farms in Korea. Vaccine protection
experiments and continuous surveillance should be per-
formed to track the epidemiological impact of the emerging
novel sublineage 1 viruses in Korea.

A recent study demonstrated that antibodies can impose
strong positive selective pressure on PRRSV by targeting
specific viral subpopulations while allowing the establish-
ment of other subpopulations [63]. It has also been noted
that PRRSV vaccination resulted in an increase in the
genetic heterogeneity of PRRSV and the emergence of new
glycosylation sites in the viral population [31]. In our study,
pairwise distance analysis showed that ORF5 of Korean
PRRSV1 subgroup A viruses was highly divergent at the
nucleotide (10.7%) and aa levels (12.4%). For subgroup C,
or the vaccine-like subgroup, the pairwise distance within
the group was 3.7% and 6.0% at the nucleotide and aa level,
respectively, indicating more diversity than the previously
reported pairwise distance (< 1%) of subgroup C viruses in
Korea at the nucleotide level [20]. Alignment of sequence
logos showed that diversification of Korean PRRSV1 sub-
groups A and C could be detected in previously identified
putative T cell and B cell epitopes [8, 43, 61, 65]. Subgroup
A viruses did not show much variation in the neutralizing
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[1]K gHYJESh JEKgAK WIL CCh 1. S., Choe, S. E., Cha, SHBMCVtR s, Geographic distribution and molecular analysis of
porcine reproductive and respiratory syndrome lating in swine frm |nth Re| p ublic of Korea be tw n 2013 and 2016, 14(1)(2018)1 11.

Fig.3 A timeline of PRRSV2 L1 and pig introductions from North
America. (A) The timeline shows the introduction of the sublineage
1 of L1 viruses first detected in Korea. Red stars (%) indicate peaks

in the number of swine imported throughout the years. (B) The num-
ber of swine imported from the United States and Canada into Korea
each year
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Fig.4 Amino acid diversity (entropy plot) and alignment of sequence
logos produced with the 688 Korean PRRSV1 GP5 sequences includ-
ing all subgroups. Amino acids are numbered from the start of the
GP5 domain (aa 1-201). In the sequence logos, the height of each aa
letter at each position is proportional to the frequency in all of the
sequences from the corresponding subgroup. Amino acids are color-
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coded: blank, nonpolar; green, polar uncharged; red, polar with
positive charge; blue, polar with negative charge. The subgroup is
indicated on the left-hand side. Boxes with dashed black lines show
biologically significant regions, and boxes with red lines show anti-
genic regions [12, 31].
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Table 3 Positive selection sites identified by SLAC analysis
PRRSV2 PRRSV1
Codon  Region p-value Codon  Region p-value
L5 LinKorB  LinKorA LinKorC L1 sublA sub1C
2 Signal peptide 0.001 2 Signal peptide < 0.001
3 0.001 5 < 0.001
13 0.003 7 < 0.001
14 0.019 8 0.015
15 0.008 9 < 0.001
16 0.034 10 < 0.001
17 0.012 11 < 0.001
25 0.046 0.007 12 < 0.001
26 0.008 14 0.005
27 Decoy 0.026 0.012 16 0.011
28 0.039 0.012 20 < 0.001
29 0.001 0.017 22 0.011 0.022
30 0.023 0.005 25 < 0.001
32 HVRI1 0.002 0.001 0.002 0.003 31 Neu 0.002
33 0.001 < 0.001 0.026 0.006 35 < 0.001
34 < 0.001 0.002 0.017 < 0.001 0.003 36 0.003
35 0.007 0.003 0.003 56 T cell 1 0.003
41 PNE 0.008 60 0.001
58 HVR2 0.001 < 0.001 0.044 104 HVD < 0.001
104 ™2 < 0.001 0.008 < 0.001 105 0.001
185 B cell 0.039 106 < 0.001
192 0.018 116 0.027

epitope region, while subgroup C viruses showed variation
at aa position 32 within the neutralizing epitope region.
Although the positive selection signal was not detected in
the region from subgroup C (which might be due to the small
sample size), the selection signals of subgroup A supported
immunological selection among Korean PRRSV1 strains.
Aggregated data suggested that the nationwide PRRSV1
MLV usage might have caused immunological selection to
become a driver of PRRSV1 diversification [44].
Likewise, Korean PRRSV2 shows large pairwise dis-
tances at the nucleotide and aa levels, not only between lin-
eages but also within lineages. Subsequently, alignment of
sequence logos, entropy plots, and positive selection analysis
showed variations and sites under positive selective pressure
within or near two hypervariable regions located near the
PNE. The PNE is known to be located between aa posi-
tions 36 and 52 in GP5 and forms an ectodomain that can
induce antibody production during PRRSV infection [15,
51]. The flanking hypervariable regions can modulate the
accessibility of neutralizing antibodies specific for the PNE
[53], including N-linked glycosylation sites such as N34,
N44, and N51 [2]. Generally, glycosylation may alter pro-
tein-protein interactions and whether these proteins induce a

humoral or cellular immune response in the host [38], and a
previous study found evidence that these glycosylation sites
in PRRSV play a role in glycan shielding, which enables
the virus to evade a neutralizing immune response [62].
Although glycosylation site prediction was not performed
in this study, a previous report revealed that the N-glyco-
sylation pattern of Korean PRRSV?2 is highly diverse and
changeable, while it has been conserved in Korean PRRSV1
[20]. Therefore, it is suggested that the strong preference
for mutation of flanking hypervariable regions and epitopes
might be associated with limited protective efficacy of
PRRSV2 MLV vaccination against heterologous viruses in
the field, as shown in previous studies [17, 33].

In the present study, we examined the epidemic sta-
tus and characteristics of Korean PRRSV1 and PRRSV2.
Since the ORF5 gene represents approximately 5% of
the whole genome of PRRSV, further studies utilizing
whole-genome analysis to better understand evolutionary
dynamics elsewhere in the genome are needed. However,
ORFS5 sequencing could still provide a fast and extensive
view of concurrent PRRSV outbreaks and introductions.
Expected limited cross-protection efficacy and foreign
introduction of new sublineages have contributed to the
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Fig.5 Amino acid diversity (entropy plot) and alignment of sequence
logos with the 661 Korean PRRSV2 GPS5 sequences (aa 1-200),
including all lineages and sublineages. The meaning of the height and

constant circulation of MLV vaccine variants, establish-
ment of country-specific Korean lineages, and emergence
of newly introduced sublineage 1 viruses in Korea despite
nationwide MLV vaccination. Therefore, further study will
be required to understand the genomic characteristics of
the prevailing PRRSV lineages and the cross-protection
efficacy of current commercial vaccines against the preva-
lent PRRSV strains in Korea. To minimize the circulation
of MLV strains in the field and possible recombination
between vaccines and field strains, which can trigger the
emergence of novel genotypes and outbreaks, enhanced
biosecurity and proper use of live vaccines will be nec-
essary. Furthermore, strict surveillance should be per-
formed routinely to prevent the potential introduction of
new viruses.
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color of the sequence logos is explained in the legend to Fig. 4. Bio-
logically significant regions and antigenic regions are indicated [44].
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