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Abstract: Porcine epidemic diarrhea virus (PEDV) is a highly contagious enteric pathogen of swine.
PEDV has been a major problem in the pig industry since its first identification in 1992. The aim of
this study was to investigate the diversity, molecular characteristics, and phylogenetic relationships
of PEDVs in field samples from Korea. Six PEDVs were identified from the field samples, and the
full spike (S) glycoprotein gene sequences were analyzed. A phylogenetic analysis of the S gene
sequences from the six isolates revealed that they were clustered into the G2b subgroup with genetic
distance. The genetic identity of the nucleotide sequences and deduced amino acid sequences of
the S genes of those isolates was 97.9-100% and 97.4-100%, respectively. A BLAST search for new
PEDVs revealed an identity greater than 99.5% compared to the highest similarity of two different
Korean strains. The CO-26K equivalent (COE) epitope had a 521H—Y/Q amino acid substitution
compared to the subgroup G2b reference strain (KNU-1305). The CNU-22511 had 28 amino acid
substitutions compared to the KNU-1305 strain, which included two newly identified amino acid
substitutions: 5625—F and 763P—L in the COE and SS6 epitopes, respectively. Furthermore, the
addition and loss of N-linked glycosylation were observed in the CNU-22511. The results suggest
that various strains of PEDV are prevalent and undergoing evolution at swine farms in South Korea
and can affect receptor specificity, virus pathogenicity, and host immune system evasion. Overall, this
study provides an increased understanding of the prevalence and control of PEDV in South Korea.
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1. Introduction

Porcine epidemic diarrhea (PED) is an acute and highly contagious enteric disease in
swine caused by PED virus (PEDV). PED first appeared in England in 1971, manifesting as
watery diarrhea and dehydration, resulting in mortality of up to 50% [1,2]. The causative
agent of PED was identified in Belgium and the United Kingdom in 1978 [3], and since
then, PEDV has been reported in many countries, especially in Europe and Asia [4,5]. In
2010, high-virulence PEDV variant strains emerged in China, resulting in high mortality
and morbidity of up to 90-95% among infected sucking piglets [6]. In spring of 2013, a
PEDV variant was confirmed in the US that was genetically close to the highly pathogenic
Chinese strains and led to the massive deaths of newborn piglets within a year of the
outbreak [7]. The strain rapidly spread to American, European, and Asian countries,
initiating a second PED epidemiologic wave worldwide [8,9]. Thus, PEDVs were classified
into two groups: classical G1, the strains of which have circulated since the 1970s, and
highly pathogenic G2 variants, which emerged after the 2010s. Furthermore, PEDVs were
divided into five subgroups. Subgroup G1b was identified after the attenuated vaccine
for subgroup Gla (classical strains) was approved. In 2010, a highly pathogenic G2 PEDV
with a genetic signature, spike insertions—deletions (S INDEL), appeared in China, and
subgroup G2a PEDV showed high morbidity and mortality in piglets [6]. Group G2
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continuously underwent evolution, and a new variant, subgroup G2b, was identified
and spread around the world [10-14]. Subgroup G2c was generated as a result of the
recombination of subgroups Gla and G2b [15].

PEDV, a member of the alphacoronavirus genus in the family Coronaviridae, is an en-
veloped virus, and the viral genome contains approximately 28 kb of single-stranded
positive-sense RNA and encodes four structural proteins [16]. Similar to other coron-
aviruses, the spike (S) glycoprotein of PEDV plays an important role in the interaction with
the host cell receptor during infection. The S protein contains the antigenic determinant
regions that are targets of neutralizing antibodies in natural hosts [17]. Therefore, mutations
occurring in the S gene can result in amino acid changes that affect pathogenicity, trans-
missibility, antigenic properties, and neutralizing antibody reactivity [18]. The molecular
characterization of the S gene is beneficial for assessing the immune response to genetic
variation.

In South Korea, PED was first reported in 1992 [19] and has since prevailed in many
provinces, becoming one of the most important viral diarrhea diseases and resulting in
heavy economic losses in the swine industry. To date, all five subgroups (1a, 1b, 2a, 2b, and
2¢) have been reported in South Korea [20]. Vaccines derived from classical strains in the
G1 group are highly effective against classical PEDV strains but have shown less protection
against highly pathogenic strains in the G2 group [18]. Despite the use of vaccination,
PEDV occurs in swine-raising farms in South Korea, bringing heavy losses due to continual
PEDV infection. By analyzing the genetic information of prevalent PEDVs, we can prevent
further outbreaks of PEDV-induced diarrhea more effectively and use the correct PEDV
vaccine strains.

The present study was conducted to investigate the diversity among Korean PEDV
isolates. We found more prevalent PEDVs in South Korea by sequencing analysis and
determined the phylogenetic relationships of the S protein genes with PEDV isolates and
reference strains.

2. Materials and Methods
2.1. Sample Collection

During 2022~2023, 50 porcine swabs and 28 fecal samples were collected from piglets
exhibiting signs of watery diarrhea and dehydration. The sows of those piglets had been
vaccinated with commercial vaccines used in South Korea. These samples were screened
for four viruses that can cause porcine diarrhea: porcine epidemic diarrhea virus (PEDV),
transmissible gastroenteritis virus (TGEV), porcine deltacoronavirus (PDCoV), and porcine
rotavirus by singleplex RT-PCR [21]. Briefly, the samples were diluted in phosphate-
buffered saline to 10% suspensions. The suspensions were vortexed and clarified by
centrifugation for 30 min at 2000 g. The supernatants were collected for RNA preparation
using a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA, USA) in accordance with
the manufacturer’s instructions. The RNA was then subjected to PEDV screening or
amplification of the S protein-encoding gene for molecular analysis.

2.2. RT-PCR and DNA Cloning

cDNA was synthesized from viral RNA (1 pg) using a PrimeScript™ First-Strand
c¢DNA Synthesis Kit following the manufacturer’s instructions (Takara, Japan), and PCR
was performed targeting the 2 segments covering the full open reading frame (ORF) coding
regions of the S gene using Premix Taq™ (Takara, Japan). The primers were named as
follows: PEDV-S-Full-F (5'-GCT AGT GCG TAA TAA TGA CGC CA-3'); PEDV-S1-R (5'-
ACA GAG CCT GTG TTG GTG TA-3'); PEDV-S2-F (5'-TAC TAG GGA GTT GCC TGG
TT-3'), and PEDV-S-Full-R (5-AGG TCC ACG TGC AGT GAT GT-3'). These primers were
used for amplification of the S1 and S2 segments of new PEDV isolates. The PCR mixture
contained 25 pL of premix Taq 2x buffer, 1 pL of each primer (10 pmol), 3 uL of cDNA
template, and a final water reaction volume of 50 pL. The PCR thermocycling procedure
was performed at 98 °C for 20 s, 56 °C for 30 s, and 72 °C for 120 s for 35 cycles. The
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S1 and S2 segments overlapped for 72 bp in the full S assembly. The amplicons were
separated by gel electrophoresis. The bands were then excised from the gel and purified
using the QIAquick Gel Extraction Kit (Qiagen, CA, USA). The purified DNA was cloned
and inserted into the pGEM-T vector (Promega, Madison, WI, USA) and transformed into
DHb5-alpha competent cells (Enzynomics, Daejeon, Republic of Korea) according to the
manufacturer’s instructions.

2.3. Sequence Analysis

Three plasmids of each successful clone were subjected to sequencing using an
ABI3730XL DNA analyzer (Cosmo Genetech, Seoul, Republic of Korea). The full S gene
was assembled using the Lasergene sequence analysis software package (DNA Star version
4.0, Madison, WI, USA). Noncoding regions containing primer sequences were trimmed.
A BLAST search of the GenBank database was used to determine the strains most closely
related to the new viruses. The new isolates and PEDV reference strains used for nucleotide
sequence analysis and amino acid deduction sequence analysis in this study are described
in Table 1. N-linked glycosylation was predicted as previously stated [22].

Table 1. Representative strains and the distribution and time of appearance of each PEDV genotype.

. Representative . tlees First Recorded in
Genotype Variation Strains Distribution Appearance South Korea
CV777; DR13; LZC;
Gla Classical strains SM98; Asia; Europe 1971; England 1992
GER L00901-V215
Relg tﬁ\?};%f la attenuated CV777;
G1b t ted . attenuated DR13; Asia 2000s; Asia 2001
attenuated vaccine SD-M; SC1402
strains
S non-INDEL AJ1102; IE;% _(iHGD-Ol ;
G2a V?;;i?t GD-A; ZJCZ4; Asia 2010; China 2012
strains KDGG12KAN
AH2012; BJ-2011-1;
GD-B;
G2b ° nﬁﬂ?“ KINU-1305; Asia; 2011; China 2013
train TW /Pingtung1560; North America !
stramns Indiana34;
MEX/104/2013
S INDEL strains CH/GD-06/2012; Asia:
recombined KNU-1406-1; Lo g
G2c between OHS51; Nor’g;fomsnca, 2012; China 2014
Glaand G2b GER/100719/2014 p

2.4. Multiple Alignment and Phylogenetic Analyses

The inputs of entire ORF sequences of the S gene included both the 6 new isolates and
57 reference strain sequences from the GenBank database, an open-access resource. The
sequences were aligned by multiple alignment using the ClustalW algorithm in BioEdit
software (Version 7.0). Phylogenetic analysis of S gene sequences was performed using
Molecular Evolutionary Genetics Analysis Version 11.0 software (MEGA 11.0). The evo-
lutionary distances were computed using the neighbor-joining method. Statistical values
greater than 60%, a measure of reliability from bootstrap (1 = 1000) iterations, are shown.
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3. Results
3.1. PEDV Detection and S Gene Sequencing

A total of 6 of the 78 field samples (7.7%) were determined to contain PEDV sequences.
Information relating to the six positive samples is provided in Supplementary Table S1.
None of the fecal samples or fecal swabs showed any evidence of sequences from TGEV,
PDCoV, or porcine rotavirus. The complete S gene was amplified using two primer pairs:
PEDV-S-Full-F, PEDV-51-R and PEDV-52-F, PEDV-5-Full-R, and the genes were sequenced
using Sanger sequencing. The S genes of CNU-22P1, CNU-22P2, CNU-22P4, CNU-22511,
CNU-22516, and CNU-22517 were discovered to be 4161 nucleotides in length and submit-
ted to GenBank under accession numbers OR529200-OR529205.

3.2. Phylogenetic Analysis of the S Genes

The six new PEDV isolates and 57 PEDV reference strains from GenBank were sub-
jected to phylogenetic analysis to understand the phylogenetic relationships. The reference
strains represented five subgroups belonging to two classic groups, G1 and the variant
group G2 (Table 1). The CV777 and DR13 wild-type strains are in the Gla subgroup. The
subgroups G1b, G2a, G2b, and G2c represent the attenuated vaccine strains (CV777 and
DR13), AJ1102, KNU-1305, and OH851, respectively. Based on the full S genetic tree, all
six isolates identified in this study belong to the G2b subgroup and are closely related to
strains previously isolated in South Korea during 2021~2022 (Figure 1A). The phylogenetic
trees of the S1 (Figure 1B) and S2 (Figure 1C) subunits showed similar patterns to that of
the full S gene.

L KU
%300 it GU937797 SM3B

A.S B. S1
A CNU22P2
: CNU-22P4 A CNU-2P2
CNU.22P A CNU-2P4
0P186896 GNU-2225 CNU-
U-2251 0OP186902 GNU-2232
186902 GNU-2232 U2
A CNU-22S16 U-22
OP186915 GNU-2250 OP186896 GNU-2225
57 GNU-2130 OP186915 GNU-2250
81|74 OP186917 GNU-2257 o1 OP186917 GNU-2257
o AL s 74 ON263457 GNU-2130
o | o 62 |- MWSE0715 KNU-1907
0 242015 e[| e QU 704
(MCE3T008 BT O
i s KU9B2981 PEOV/USAMN1242015
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0dB54491 JBB22013 1 0Q564491 JBB22013
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MK673522 TW/RngturgﬁeO/ZmB etk $ung 15602018
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98— JXG24137 ZJCZ4 JX088695 GD-B
—— KITAT0 KDGG12KAN JX624137 ZJCZ4
JIXi JX188454 AJ1102
10 489155 L.C G2a = 55 1C
100 JX261936 CHGD-01 “ JX112708 GD-A G2a
Jﬁgggg%%ﬁ J)061936 CHGD-01
Kuseors ot SEMIBErC
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Figure 1. Phylogenetic relationships based on the full S (A); S1 (B); and S2 (C) glycoprotein genes
of PEDV isolates and PEDV reference strains. Phylogenetic trees were constructed using Molecular
Evolutionary Genetics Analysis Version (MEGA) 11.0. The evolutionary distances were computed
using the neighbor-joining method, and the statistical values greater than 60% of the measure of
reliability from the bootstrap (1 = 1000) iterations are shown. The analyzed isolates in this study are
labeled with blue triangles.
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3.3. S Gene Sequence Comparative Analysis

The S protein genes of the six new PEDVs consists of 4161 nucleotides encoding a
1386 amino-acid protein. The genetic identities of the nucleotide and amino acid sequences
of the S gene reflected 97.9~100% and 97.4~100% similarity between isolates, respectively.
The S protein-encoding gene is divided into 2 subunits, S1 and S2. The S1 subunit consists
of 2187 nucleotides and encodes a protein 729 amino acid residues in length. The S1
subunit shared nucleotide and amino acid identities of 97.5~100% and 96.9~100% among
these new PEDVs, respectively. The S2 subunit consists of 1974 nucleotides and codes for
657 amino acid residues, starting at residue 729 at the C-terminus. The S2 subunit shared
nucleotide and amino acid identities of 98.2~100% and 97.8~100% among the new PEDVs,
respectively (Table 2). The S protein-encoding gene of the CNU-22511 had the highest
diversity, with less than 98% similarity to other isolates and 30 amino acid substitutions
compared to the reference strain. A BLAST search was conducted to identify the strains
with the highest similarity with the new PEDVs. Two isolated Korean PEDV strains showed
similarity greater than 99.5%, which are underlined in Table 2. Based on the S1 subunits,
the new PEDVs shared nucleotide and amino acid identities of 97.8~98.9% and 97.1~98.7%
to subgroup G2b corresponding strain (KNU-1305), which is underlined in the gray box in
Table 2. Compared to commonly used vaccine strains in Korea (CV777, DR13), the isolates
shared less than 94% nucleotide and amino acid identities in the full S gene.

3.4. Feature Amino acid Deduction Analysis

There were four defined epitopes in isolates at amino acid positions 499CO-26K equiva-
lent638 (COE), 748YSNIGVCK?755 (SS2), 763(L/P)SQSGQVKIZ71 (SS6), and 1368GPRLQPY1374
(2C10) [23-25]. The COE epitope had 521Y/H/Q and 562F /S amino acid substitutions among
the different isolates (Figure 2). Following the vaccine CV777 strain (AF353511) numbering, the
isolates presented two insertions (at amino acids 57NQGV and 135N), one deletion (at amino
acid 158DI159), 43 amino acid substitutions in the N-terminal domain, and 9 amino acid sub-
stitutions in the COE epitope in all new isolates, 517A—S, 521L—Q/Y/H, 5235—G, 527V—1,
549T—S, 5625—F, 594G—S, 605A—E, 612L—F and 635]—V compared to the CV777 strain
(Figure 2). Four or five amino acid substitutions were found in five out of six isolates, with the
exception of the CNU-22511 compared to the KNU-1305 strain (Figure 2). For the CNU-22511,
there were 28 amino acid substitutions, including 3 amino acid substitutions, 5625—F, 763P—L,
and 1330I—K, in the COE and S56 epitope and transmembrane regions, respectively (Figure 2).

The N-linked glycosylation sites were predicted based on the consensus N-X-S/T
glycosylation motif (X can be any amino acid except proline). As a result, the six PEDVs had
29 predicted N-glycosylation sites, similar to the CV777 and KNU-1305 strains. The isolates
showed a more similar pattern to KNU-1305 (Table 3). However, N-linked glycosylation
prediction revealed the addition of one glycosylation site at residue 722 and the deduction
of one glycosylation site at residue 1232 of CNU-22511 compared to KNU-1305 (Table 3).
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Table 2. Homology of the nucleotide and deduced amino acid sequences of the S1, S2, and full S protein genes of PEDV isolates and PEDV reference strains.
Nucleotide identity (%) in bold; deduced amino acid identity (%) in italics; highest identities of the PEDV isolates to the BLAST-searched strains and the PEDV
group corresponding to the reference strains are underlined; the gray-shadowed box corresponds to the reference strains for each group.

] CNU-22P1 CNU-22P2 CNU-22P4 CNU-22511 CNU-22516 CNU-22517
Strain S1 S2 Full S S1 S2 Full S S1 S2 Full S S1 S2 Full S S1 S2 Full S S1 S2 Full S

CNU-22P1 D D D
CNU-22P2 100 1700 | 100 100 | 100 100 D D D
CNU-22P4 100 700 | 100 100 | 100 100 | 100 100 | 100 100 | 100 100 D D D
CNU-22S11 975 96.9| 982 97.8| 97.9 97.4| 97.5 96.9| 982 97.8| 97.9 97.4| 975 96.9| 982 97.8| 97.9 974 ID ID ID
CNU-22516 99.8 99.7| 99.9 100 | 99.8 99.8| 99.8 99.7| 99.9 100 | 99.8 99.8| 99.8 99.7| 99.9 100 | 99.8 99.8| 977 971| 983 978| 98 97.4| ID D D
CNU-22517 99.7 99.7| 99.9 100 | 99.8 99.8| 99.7 99.7| 99.9 100 | 99.8 99.8| 99.7 99.7| 99.9 100 | 99.8 99.8| 977 97.1| 983 97.8| 98 97.4| 99.9 100 | 100 100 | 99.9 100 D D D
GNU-2010 97.9 97.3| 985 97.7| 982 97.5| 97.9 97.3| 98.5 97.7| 982 97.5| 979 97.3| 985 97.7| 982 97.5| 987 97.8| 99 983| 988 98 | 98.1 97.6| 98.5 97.7| 983 97.6| 98 97.6| 985 97.7| 983 97.6
GNU-2225 99.8 99.7| 99.9 100 | 99.8 99.8| 99.8 99.7| 99.9 100 | 998 99.8| 99.8 99.7| 99.9 100 | 998 99.8| 97.7 97.1| 983 978| 98  974| 100 100 | 100 100 | 100 100 | 99.9 100 | 100 100 | 99.9 100
GNU-2232 99.8 99.7| 99.7 99.8| 99.8 99.7| 99.8 99.7| 99.7 99.8| 99.8 99.7| 99.8 99.7| 99.7 99.8| 99.8 99.7| 97.7 97.1| 981 97.7| 979 974 100 100 99.8 99.8| 99.9 99.9| 99.9 100 99.8 99.8| 99.9 99.9
JBB22013 97.8 97.5| 983 98.1| 98 97.8| 97.8 97.5| 983 98.1| 98 97.8| 97.8 97.5| 983 98.1| 98 97.8| 99.7 99.4| 99.8 99.6| 99.8 99.5| 97.9 97.6| 98.3 98.1| 98.1 97.9| 97.9 97.6| 983 98.1| 98.1 97.9
GD-B 98  98.2| 992 99.5| 98.6 98.8| 98 982| 99.2 99.5| 98.6 98.8| 98 98.2| 992 99.5| 986 98.8| 97 965| 983 98 | 97.6 97.2| 982 98.3| 99.3 99.5| 98.7 98.9| 98.1 98.3| 99.3 99.5| 98.7 98.9
Zjcza 98 98 | 979 98.7| 98 98.4| 98 95 | 97.9 987| 98 984| 98 98 | 979 987| 98 984| 971 965| 972 97.5| 971 97 | 982 983| 98 98.7| 981 98.5| 981 98.3| 98 98.7| 981 98.5
KNU-1406-1 926 91.9| 99.5 99.6| 958 95.6| 92.6 91.9| 99.5 99.6| 958 95.6| 92.6 91.9| 99.5 99.6| 958 956| 922 90.9| 98.6 981| 952 943| 927 92 | 99.5 99.6| 959 956| 927 92 | 99.5 99.6| 959 95.6
SM98 89.9 88.9| 945 94.6| 921 91.6| 89.9 88.9| 94.5 946| 921 91.6| 89.9 88.9| 945 946| 921 91.6| 893 881| 93.7 93.6| 914 90.7| 90.1 88.9| 945 94.6| 92.2 91.6| 90 88.9| 945 94.6| 92.1 91.6
oon 1208 98.9 98.7| 99.4 99.3| 991 99 | 985 98.7| 994 99.3| 99.1 99 | 989 97| 99.4 993| 991 99 | 97.8 97.1| 985 97.8| 981 974 99 99 | 995 99.3| 99.3 992| 99 99 | 995 99.3| 99.2 992
LC G2a 97.7 97.9| 971 98.1| 974 98 97.7 979 971 981 | 974 98 97.7 979| 971 981| 974 98 968 96.4| 963 969| 96.6 96.6| 979 98.2| 97.2 98.1| 97.5 98.1| 97.§ 98.2| 97.2 98.1| 97.5 98.1
GDS09 G1b 90.1 89.4| 961 95.8| 92.5 92.5| 901 89.4| 961 95.8| 925 92.5| 90.1 89.4| 961 958| 929 92.5| 89.4 88.5| 954 951| 922 91.6| 901 89.6| 962 958| 93 92.5| 90.1 89.6| 962 958| 93 925
CV777 Gla 906 90 | 96 96.6| 93.2 93.1| 90.6 90 | 96 96.6| 932 93.1| 906 90 | 96 96.6| 93.2 931| 90 89.1| 952 955| 925 92.2| 907 90 | 96 96.6| 93.3 93.1| 907 90 | 96 96.6| 932 93.1




Viruses 2023, 15, 2428 7of 11

S1 subunit (1—-726)

CV777 strain 20 6y g SI-NTD S1-CTD (499-COE-638)
numbering = T

S 5 10 15 24 27-29 55-5 57‘3? 58 61 6569 78 80 82 83 85 116 126 127 13 U’-l.% 152 154-157 158:159 174 179 182 192 196-198 201 206 211 223 227 232 242-243 266 298 300 305 308 310 329 356 358 365 376 382 454-455 496 517 521 523 527 549 562 594 605 612 635 667 707 719 724

insertion insertion deletion
CV777 Gla R I i P T QST SMN —— S S GIGIEE L hig D S Q 1 D N V - Y RDGK DI A H 15 R RRS M T M Y E T DS L H M N A D E 1 A KT Ve SI i A 1L S Vv 8 S G A 1L 1 I N N N
CNU-22P1 K A F S T SAN TGE NQGV N T YGQHP V H R G HE T S 1 A N H SEHS - S H F K SGG M E M S Q 1 EP vV Q 1 N A Q E T V Q T F Al N N Q G 1l S S N E F V F D S N
CNU-22P2 K 15 F S T SAN TGE NQGV N T YGQHP V H R G H T S 1 A N H SEHS - S H F K SGG M E M s Q 11 EP vV Q i1 N A Q E T V0T R Al S S Q G 1 S S S E F Vi F D S N
CNU-22P4 K T F S T SAN TGE NQGV N T YGQHP V H R G i ar S 1 A N H SEHS - S H F K SGG M E M S Q il EP vV Q i N A Q E T b A0 0 [ ) ) Al N S Q G 1l S S S E F v F D S N
CNU-22811 K N F S A STY IGE NQGV N T AGQHP V H R G HET S 1 A N H SEHS - S H F K SGG 1 E T S Q 1 EP A Q M K SF 0 ST A Q s Y AT b i S Y G 1 S F S E F v F DN N
CNU-22816 K T F S T SAN TGE NQGV N T AGQHP V H R G HE T S 1 A N H SEHS - S H F K SGG M E M S Q 1 EP vV Q i N A Q E T N QT K Al N S H G 1 S S S E F v F D S S
CNU-22817 K a6 F S T SAN TGE NQGV N T AGQHP V H R G HEST: N 1 A N H SEHS - S H F K SGG M E M S Q 1 EP vV Q 1 N A Q E T V Q T F Al S N H G 1 S S S E F v F D S N
GNU-2010 K N F S A SAN IGE KQGV N T AGQHP V H R G H T N 1 A N H SEHS - s H F K SGG M E ) o S Q 1 EP V Q M N T Q E T A QTY Al f N H G 1 S s S E F V F D N S
GNU-2225 K T F S T SAN TGE NQGV N T AGQHP V H R G H T S 1 A N H SEHS - S H F K SGG M E M S Q 1 EP vV Q 1 N A Q E T V Q T F Al S N H G 1 S N N E F v F D S N
GNU-2232 K T F S T SAN TGE NQGV N T AGQHP V H R G H T S 1 A N H SEHS - S H F K SGG M E M s Q 1 EP vV Q 1 N AQ E T V Q T F Al S S H G 1 S S S E F V F D 8 S
JBB22013 K N F S A STY IGE NQGV N T AGQHP V H R G H T S 1 A N H SEHS - S H F K SGG M E T S Q 1 EP A Q M N T QD T A Q S Y Al T S X O i 3 N S N E F v F D N S
GD-B K i F S T SAN IGE NQGV N T AGQHP V H R G H T S 1 A N H SEHS - S X F K SGG M E M N Q 1 EP vV Q 1§ N A Q E T A Q T Y Al  § N R G i § N N N D F v F i8] N S
KNU-1406-1 R N F S T QST SMN S S GIGLE L X D A Q 1 D N v - Y QDGK NI A H L R KRS M T M x E N DS L Q M N A Q E T A Q T Y Al 1 N H G 1 S N N E F v F D S S
7JC74 K i iy F S T SAN IGE NQGV N T AGQHP V H R G H T S 1 A N H SEHS - S b 4 F K SGG M E M S Q 1 EP VvV Q 1 N A Q E T A Q T Y Al T A H G 1 S S S E F v F D S S
KNU-1305G2b K A F S T SAN IGE NQGV N T AGQHP V H R G H T S A N H  SEHS - S Y4 F K SGG M E M S Q 1 EP VvV Q X N A Q ET A QTY Al 1 S H G 1 S S S E F V F D Ss S
LC G2a K 5 F S T SAN IGE NQGV N T AGQHP L H R G H T S 1 A N H SEHS - S b4 F K SGG M E M S Q 1 EP vV Q 1 N A Q ET A QTY Al T A H G 1 S S S E F V F D S S
GDS09 G1b 3 iy N F L T QST SMN - S S GIGLE L 5 4 B A Q 1 D N v - QDGK NI A H 1 R KRS M T M b o E N DS L Q M N A Q E T A E T Y Al 1 A H G 1 & S G E F v F D N N
SM98 R I L P T QST SMN - S S GIGIE L Y D S Q 1 D N V - Y ___RDGK DI A H L R RRS M T M Y E T DS L H M N A DE 1 A E T Y SI L A L S V. T S G A L 1 I N N N
S2 subunit (727—1383)

CV777 strain ; T348.CT-1383
numbering S1/82 |SS2 cpltope| SS6 epitope ‘ ‘ 891-S2'|[FP | 978-HR1-1117 ‘ 1274-HR2-1313 |1324-TM-1346 (2C10 eptione)

726-729 748-755 763-771 806 871 877 885-899 905 918 959 963 965 982 1016 1026 1064 1047 1158 1162 1164 1173 1178 1193-1194 1231-1232 1296 1298 1302 1330 1332 1359 (1368-1374) 1376
CV777 Gla RELP YSNIGVCK PSQYGQVKI A F A GRVVQKR |SVIEDLLF N S A I A L E N S N G N L G T iy, TS E R N 1 v G GPRLQPY A
CNU-22P1 RJELP YSNIGVCK PSQSGQVKI A L V GRVVQKR |SFIEDLLF N S VFS YV EN AT S D 1 D ar NH TR E Q e 1 F (o] GPRLQPY v
CNU-22P2 RJELP YSNIGVCK PSQSGQVKI A L v ‘GRVVQKR |SFIEDLLF N S VFS YV EN AT S D 1 D a5 NH TR E Q Y 1 F (o] GPRLQPY V-
CNU-22P4 RJELP YSNIGVCK PSQSGQVKI AT v ‘GRVVQKR |SFIEDLLF N S VFS YV EN AT S D 1 D ' NH TR E Q e 1 F (o] GPRLQPY v
CNU-22811 RIELP YSNIGVCK LSQSGQVKI V F V GRVVQKR |SFIEDLLF S TVFALD S AT S D I D T NH IR D K O v F (&) GPRLQPY v
CNU-22816 RIELP YSNIGVCK PSQSGQVKI A L v ‘GRVVQKR |SFIEDLLF N S VFS YV EN AT S D 1 D T NH TR E Q e 1 F C GPRLQPY v
CNU-22817 RIELP YSNIGVCK PSQSGQVKI A L V GRVVQKR |SFIEDLLF N SV FSsSV ENAT S DI D i NH TR E Q G 1 F (o] GPRLQPY v
GNU-2010 RJELP YSNIGVCK PSQSGKVKI V F v ‘GRVVQKR |SFIEDLLF N TVVFAL E S A T S D 1 D 1 NH TR D K ¥ 1 F [o] GPRLQPY v
GNU-2225 RIELP YSNIGVCK PSQSGQVKI A L V GRVVQKR |SFIEDLLF N SV FS V EN AT S8 D I D T NH TR E Q Y I F [} GPRLQPY v
GNU-2232 RIELP YSNIGVCK PSQSGQVKI A L V ‘GRVVQKR |SFIEDLLF N SV FsS V EN AT S D 1 D ki o NH TR E Q 4 1 F (o] GPRLQPY b 4
JBB22013 RIELP YSNIGVCK LSQSGQVKI V F V GRVVQKR |SFIEDLLF N TV F A L D S A T S D 1 D ) § NH TR D K k3 v F (o] GPRLQPY v
GD-B RJELP YSNIGVCK PSQSGQVKI A F v ‘GRVVQKR |SFIEDLLF N S VF s L E N A T G D 1 D i i NH TR E Q g 4 1 F C GPRLQPY v
KNU-1406-1 RJELP YSNIGVCK PSQSGQVKI A F v ‘GRVVQKR |SFIEDLLF N S VF s L E N A T S D 1 D o NH TR E Q Y 1 F [o] GPRLQPY v
C: RELP YSNIGVCK PSQSGQVKI A F \4 ‘GRVVQKR |SFIEDLLF N S VF A L E N A T G D 1 D b NH TR E Q b4 1 F G GPRLQPY A
KNU-1305G2b | RJELP YSNIGVCK PSQSGQVKI A F V GRVVQKR |SFIEDLLF NS EVEEESINENE N NETATNT NS N DENTND: g NH TR E Q Y 1 334 (o} GPRLQPY BV
LC G2a RIELP YSNIGVCK PSQSGQVKI A F v GRVVQKR |SFIEDLLF N S VF A L E N A T G N 1 D T N- TR E Q X 1 F G GPRLQPY A
GDS09 G1b RJELP YSNIGVCK PLQDGQVKI V F v GRVVQKG |SFIEDLLF N S VF s L E N N T G N 1 D T TY TR E R Y 1 F G GPRLQPY A
SM98 RIELP _YSNIGVCK PPQYGQVKI A F A GRVVQKR |SVIEDLLF N S AT AL E N S N G NL G L NY TS E R N 1 v G GPRLQPY A

Figure 2. Schematic representation of specific domains of the PEDV S protein and insertion—deletion-substitution analysis. The S protein consists of two subdomains,
the S1 and S2 subunits. The S1 subunit contains a signal peptide (SP) and two receptor-binding domains: the N-terminal domain (S1-NTD) and the C-terminal
domain (S1-CTD) covering the CO-26K equivalent (COE) region. The S2 subunit contains three neutralization epitopes (SS2, SS6, and 2C10), two heptad repeat
domains (HR1 and HR2), a transmembrane domain (TM), and a cytoplasmic domain (CT). The orange-shadowed boxes are the isolates identified in this study, and
the green-shadowed and gray-shadowed boxes are subgroup reference strains (CV777 and KNU-1305). The arrows indicate proteolytic cleavage sites. The dashes (-)
indicate regions of insertion or deletion relative to CV777. The red letters indicate amino acid substitutions compared to the KNU-1305 strain.



Viruses 2023, 15, 2428

8of 11

Table 3. Predicted N-linked glycosylation sites based on the consensus N-X-S/T (X can be any amino acid except proline) glycosylation motif. The asterisks indicate

stop codons.

CV777 numbering
CV777 Gla
CNU-22P1
CNU-22P2
CNU-22P4
CNU-22511
CNU-22516
CNU-22517

KNU-1305 G2b
KNU-1305 numbering

CV777 numbering
CV777 Gla
CNU-22P1
CNU-22P2
CNU-22P4
CNU-22511
CNU-22516
CNU-22517

KNU-1305 G2b
KNU-1305 numbering

57
NSS

740
NCT

NST
NST
NST
NST
NST
NST
NST
62

NCT
NCT
NCT
NCT
NCT
NCT
NCT
743

NAT
NAT
NAT
NAT
NAT
NAT
NAT
118

778

NIS

127

NKT NVT

NIS
NIS
NIS
NIS
NIS
NIS
NIS
781

213

784
NFS

NVT
NVT
NVT
NVT
NVT
NVT
NVT
216

NFS
NFS
NFS
NFS
NFS
NFS
NFS
787

230

NCT NDS

870
NFT

261

NLT
NLT
NLT
NFT
NLT
NLT
NFT
873

NDS
NDS
NDS
NDS
NDS
NDS
NDS
264
1006
NIT

297
NHT

NIT
NIT
NIT
NIT
NIT
NIT
NIT
1009

321

NDT
NQT
NQT
NQT
NQT
NQT
NQT
NQT
300

1229

NLT
NHT
NHT
NHT
NHT
NHT
NHT
NHT
1196

341

NLS
NDT NLS
NDT NLS
NDT NLS
NDT NLS
NDT NLS
NDT NLS
NDT NFS
324 344

1246

NKT
NLT NKT
NLT NKT
NLT NKT

NKT

NLT NKT
NLT NKT
NLT NKT
1232 1249

348

NSS
NSS
NSS
NSS
NSS
NSS
NSS
NSS
351

1258

NRT
NRT
NRT
NRT
NRT
NRT
NRT
NRT
1261

378

NST
NST
NST
NST
NST
NST
NST
NST
381

1270

NAT
NAT
NAT
NAT
NAT
NAT
NAT
NAT
1273

422
NFT

1275
NLT

NFT
NFT
NFT
NFT
NFT
NFT
NFT
425

NLT
NLT
NLT
NLT
NLT
NLT
NLT
1278

511
NIT

1292
NTT

NIT
NIT
NIT
NIT
NIT
NIT
NIT
514

NTT
NTT
NTT
NTT
NTT
NTT
NTT
1295

553
NVT

1305
NNT

NVT
NVT
NVT
NVT
NVT
NVT
NVT
556

NNT
NNT
NNT
NNT
NNT
NNT
NNT
1308

664
NSS

1384

*

* % % % % x

*

1387

NSS
NSS
NSS
NSS
NSS
NSS
NSS
667

685
NVT

NVT
NVT
NVT
NVT
NVT
NVT
NVT
688

719
NST

NST

722

723
NNT
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4. Discussion

To date, all five PEDV subgroups belonging to the G1 and G2 groups are present
in South Korea. The emergence of the PEDV G1 lineage was first reported in 1992 [19].
Since then, PEDV has become endemic in the domestic swine population, as detected by
serological tests among weaned and growing—finishing pigs on more than 90% of farms in
2007 [26]. The highly pathogenic G2 group appeared in South Korea in the 2010s, and the
G2b subgroup entered South Korea soon after the outbreak in the US and swept through
almost 50% of the pig farms nationwide (Jeju Island was not an exception) [11,27]. The
novel recombinant G2c subgroup was the result of the recombination of a minor parent
G1 and a major parent G2b, which was first reported in South Korea in 2014 and has
been reported previously in China and the US [6,14,28]. G2c has minor impacts on the
pig industry [28]. However, the coexistence of the G2c and dominant G2b groups leads
to the generation of inner-subgroup G2c variants [29]. The six PEDVs identified in this
report belonged to the G2b subgroup. We also analyzed the similarity of our isolates
to recently published data from South Korea [30] and neighboring countries, such as
China [31], Taiwan [32], and Vietnam [33]. The isolates shared over 99.5% similarity among
South Korean isolates. However, the isolates shared less than 98.5% similarity, especially
CNU-22511, which shared less than 97.5% similarity with strains in neighboring countries.
Along with previous research, our data added value, showing that the G2b subgroups,
with further distinct evolution, have become dominant strains in pig farms in South Korea
in recent years [30].

In addition, the new CNU-22511 in this study showed less genetic similarity to other
isolates and subgroup reference strains (KNU-1305). Several amino acid substitutions were
identified in the N-terminal domain of the S1 protein subunit. In particular, a number
of new amino acid substitutions in the COE and S56 epitopes were observed. Mutation
may affect the spatial conformations of the neutralizing epitopes of the S protein and the
ability of the host to produce neutralizing antibodies [18]. Furthermore, the addition and
loss of glycosylation sites were observed in CNU-22511. The addition of one glycosylation
site at residue 722 is common in PEDV isolates in South Korea. Remarkably, the loss
of one glycosylation site at residue 1232 was found only in a PEDV strain (GenBank
Acc. No. KJ857479) in 2013. There is a novel finding in both the addition and loss of
glycosylation sites in the CNU-22S11. Viral glycoproteins are modified by the host cell’s
N-linked glycosylation pathways; in particular, the S glycoprotein plays an important role
in the generation of host innate responses toward the virus [34]. Our findings suggest that
mutations can affect receptor specificity, virus pathogenicity, and host immune system
evasion.

In conclusion, our data reveal that the circulation of PEDV in South Korea is continuing
to evolve independently, and its genetic diversity is increasing. This study further expands
our understanding of the molecular epidemiology of PEDV in South Korea. Our findings
highlight the critical need to monitor the circulation of PEDV and develop novel vaccines
against recently emerged PEDV variants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v15122428 /s1, Table S1: Information of PEDV positive samples
in this study.

Author Contributions: B.T.L. and J.-E.P:: study design and project supervision. B.T.L., H.C.G. and M.-
HK.: experiments. B.T.L. and H.C.G.: data analysis and manuscript drafting. J.-E.P.: manuscript revision
and funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Korea Institute of Planning and Evaluation for Technology
in Food, Agriculture and Forestry (IPET) through the Animal Disease Management Technology
Advancement Support Program, funded by the Ministry of Agriculture, Food and Rural Affairs
(MAFRA) (122012-2, 122060-2), the Basic Science Research Program through the National Research
Foundation of Korea funded by the Ministry of Education (2021R1A6A1A03045495), and the research
fund of Chungnam National University.


https://www.mdpi.com/article/10.3390/v15122428/s1
https://www.mdpi.com/article/10.3390/v15122428/s1

Viruses 2023, 15, 2428 10 of 11

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Burrows, B.A. Letter from the Editor. |. Nucl. Med. 1972, 13, 879. [CrossRef]

2. Pensaert, M.; de Bouck, P.; De Roose, P. A Virus Isolated from an Apparently New Epizootic Diarrhea in Swine. In Proceedings of
the 5th World International Pig VeterinarySociety Congress, Zagreb, Yugoslavia, 13-15 June 1978.

3. Pensaert, M.; De Bouck, P. A new coronavirus-like particle associated with diarrhea in swine. Arch. Virol. 1978, 58, 243-247.
[CrossRef] [PubMed]

4. Hanke, D.; Pohlmann, A.; Sauter-Louis, C.; Hoper, D.; Stadler, J.; Ritzmann, M.; Steinrigl, A.; Schwarz, B.-A.; Akimkin, V.; Fux, R.
Porcine epidemic diarrhea in Europe: In-detail analyses of disease dynamics and molecular epidemiology. Viruses 2017, 9, 177.
[CrossRef] [PubMed]

5. Wang, D.; Fang, L.; Xiao, S. Porcine epidemic diarrhea in China. Virus Res. 2016, 226, 7-13. [CrossRef] [PubMed]

6. Li, W,; Li, H; Liu, Y;; Pan, Y;; Deng, E; Song, Y.; Tang, X.; He, Q. New variants of porcine epidemic diarrhea virus, China, 2011.
Emerg. Infect. Dis. 2012, 18, 1350. [CrossRef] [PubMed]

7. Stevenson, G.W.; Hoang, H.; Schwartz, K.J.; Burrough, E.R.; Sun, D.; Madson, D.; Cooper, V.L,; Pillatzki, A.; Gauger, P.; Schmitt,
B.J. Emergence of Porcine epidemic diarrhea virus in the United States: Clinical signs, lesions, and viral genomic sequences. J. Vet.
Diagn. Investig. 2013, 25, 649-654. [CrossRef]

8. He, W.-T;; Bollen, N.; Xu, Y.; Zhao, J.; Dellicour, S.; Yan, Z.; Gong, W.; Zhang, C.; Zhang, L.; Lu, M,; et al. Phylogeography Reveals
Association between Swine Trade and the Spread of Porcine Epidemic Diarrhea Virus in China and across the World. Mol. Biol.
Evol. 2021, 39, msab364. [CrossRef]

9.  Lin, C-M,; Saif, L.].; Marthaler, D.; Wang, Q. Evolution, antigenicity and pathogenicity of global porcine epidemic diarrhea virus
strains. Virus Res. 2016, 226, 20-39. [CrossRef]

10. Hanke, D.; Jenckel, M.; Petrov, A.; Ritzmann, M.; Stadler, J.; Akimkin, V.; Blome, S.; Pohlmann, A.; Schirrmeier, H.; Beer, M.
Comparison of porcine epidemic diarrhea viruses from Germany and the United States, 2014. Emerg. Infect. Dis. 2015, 21, 493.
[CrossRef]

11. Lee, S.; Lee, C. Outbreak-related porcine epidemic diarrhea virus strains similar to US strains, South Korea, 2013. Emerg. Infect.
Dis. 2014, 20, 1223-1226. [CrossRef]

12.  Reveles-Félix, S.; Carredn-Napoles, R.; Mendoza-Elvira, S.; Quintero-Ramirez, V.; Garcia-Sanchez, ].; Martinez-Bautista, R.;
Saavedra-Montafiez, M.; Mosqueda Gualito, ].].; Sanchez-Betancourt, ].I. Emerging strains of porcine epidemic diarrhoea virus
(PEDv) in Mexico. Transbound. Emerg. Dis. 2020, 67, 1035-1041. [CrossRef]

13. Sun, R.-Q; Cai, R.-J,; Chen, Y.-Q,; Liang, P-S.; Chen, D.-K,; Song, C.-X. Outbreak of porcine epidemic diarrhea in suckling piglets,
China. Emerg. Infect. Dis. 2012, 18, 161. [CrossRef] [PubMed]

14. Wang, L.; Byrum, B.; Zhang, Y. New variant of porcine epidemic diarrhea virus, United States, 2014. Emerg. Infect. Dis. 2014, 20,
917. [CrossRef] [PubMed]

15. Zhang, Y,; Chen, Y.; Zhou, J.; Wang, X.; Ma, L.; Li, ].; Yang, L.; Yuan, H.; Pang, D.; Ouyang, H. Porcine Epidemic Diarrhea Virus:
An Updated Overview of Virus Epidemiology, Virulence Variation Patterns and Virus-Host Interactions. Viruses 2022, 14, 2434.
[CrossRef] [PubMed]

16. Song, D.; Park, B. Porcine epidemic diarrhoea virus: A comprehensive review of molecular epidemiology, diagnosis, and vaccines.
Virus Genes 2012, 44, 167-175. [CrossRef] [PubMed]

17.  Jackwood, M.W.; Hilt, D.A.; Callison, S.A.; Lee, C.-W.; Plaza, H.; Wade, E. Spike glycoprotein cleavage recognition site analysis of
infectious bronchitis virus. Avian Dis. 2001, 45, 366-372. [CrossRef] [PubMed]

18. Ji, Z.; Shi, D.; Shi, H.; Wang, X.; Chen, J; Liu, J.; Ye, D.; Jing, Z.; Liu, Q.; Fan, Q. A porcine epidemic diarrhea virus strain with
distinct characteristics of four amino acid insertion in the COE region of spike protein. Vet. Microbiol. 2021, 253, 108955. [CrossRef]
[PubMed]

19. Kweon, C.H.; Kwon, BJ; Jung, T.S.; Kee, Y.J.; Hur, D.H.; Hwang, E.K,; Rhee, ].C.; An, S.H. Isolation of porcine epidemic diarrhea
virus (PEDV) in Korea. Korean J. Vet. Res. 1993, 33, 249-254.

20. Jang, G.; Lee, D.; Shin, S.; Lim, J.; Won, H.; Eo, Y.; Kim, C.-H.; Lee, C. Porcine epidemic diarrhea virus: An update overview of
virus epidemiology, vaccines, and control strategies in South Korea. J. Vet. Sci. 2023, 24, e58. [CrossRef]

21. Ma, L,; Zeng, F; Cong, F; Huang, B.; Huang, R.; Ma, J.; Guo, P. Development of a SYBR green-based real-time RT-PCR assay for
rapid detection of the emerging swine acute diarrhea syndrome coronavirus. J. Virol. Methods 2019, 265, 66-70. [CrossRef]

22. Wen, F; Yang, J.; Li, A,; Gong, Z.; Yang, L.; Cheng, Q.; Wang, C.; Zhao, M.; Yuan, S.; Chen, Y. Genetic characterization and

phylogenetic analysis of porcine epidemic diarrhea virus in Guangdong, China, between 2018 and 2019. PLoS ONE 2021, 16,
€0253622. [CrossRef]


https://doi.org/10.1080/15256480.2022.2019502
https://doi.org/10.1007/BF01317606
https://www.ncbi.nlm.nih.gov/pubmed/83132
https://doi.org/10.3390/v9070177
https://www.ncbi.nlm.nih.gov/pubmed/28684708
https://doi.org/10.1016/j.virusres.2016.05.026
https://www.ncbi.nlm.nih.gov/pubmed/27261169
https://doi.org/10.3201/eid1803.120002
https://www.ncbi.nlm.nih.gov/pubmed/22840964
https://doi.org/10.1177/1040638713501675
https://doi.org/10.1093/molbev/msab364
https://doi.org/10.1016/j.virusres.2016.05.023
https://doi.org/10.3201/eid2103.141165
https://doi.org/10.3201/eid2007.140294
https://doi.org/10.1111/tbed.13426
https://doi.org/10.3201/eid1801.111259
https://www.ncbi.nlm.nih.gov/pubmed/22261231
https://doi.org/10.3201/eid2005.140195
https://www.ncbi.nlm.nih.gov/pubmed/24750580
https://doi.org/10.3390/v14112434
https://www.ncbi.nlm.nih.gov/pubmed/36366532
https://doi.org/10.1007/s11262-012-0713-1
https://www.ncbi.nlm.nih.gov/pubmed/22270324
https://doi.org/10.2307/1592976
https://www.ncbi.nlm.nih.gov/pubmed/11417816
https://doi.org/10.1016/j.vetmic.2020.108955
https://www.ncbi.nlm.nih.gov/pubmed/33373882
https://doi.org/10.4142/jvs.23090
https://doi.org/10.1016/j.jviromet.2018.12.010
https://doi.org/10.1371/journal.pone.0253622

Viruses 2023, 15, 2428 11 of 11

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chang, S.-H.; Bae, J.-L.; Kang, T.-].; Kim, J.; Chung, G.-H.; Lim, C.-W.; Laude, H.; Yang, M.-S.; Jang, Y.-S. Identification of the
epitope region capable of inducing neutralizing antibodies against the porcine epidemic diarrhea virus. Mol. Cells 2002, 14,
295-299. [PubMed]

Cruz, D.J.M,; Kim, C.-J.; Shin, H.-J. The GPRLQPY motif located at the carboxy-terminal of the spike protein induces antibodies
that neutralize Porcine epidemic diarrhea virus. Virus Res. 2008, 132, 192-196. [CrossRef]

Sun, D.; Feng, L.; Shi, H.; Chen, J.; Cui, X.; Chen, H,; Liu, S.; Tong, Y.; Wang, Y.; Tong, G. Identification of two novel B cell epitopes
on porcine epidemic diarrhea virus spike protein. Vet. Microbiol. 2008, 131, 73-81. [CrossRef] [PubMed]

Park, C.-K,; Pak, S.-I. Infection patterns of porcine epidemic diarrhea virus (PEDV) by sera-epidemiological analysis in Korean
pig farms. J. Life Sci. 2009, 19, 1304-1308.

Lee, S.; Ko, D.-H.; Kwak, S5.-K.; Lim, C.-H.; Moon, S.-U.; Lee, D.S.; Lee, C. Reemergence of porcine epidemic diarrhea virus on Jeju
Island. Korean ]. Vet. Res. 2014, 54, 185-188. [CrossRef]

Lee, S.; Park, G.-S.; Shin, J.-H.; Lee, C. Full-genome sequence analysis of a variant strain of porcine epidemic diarrhea virus in
South Korea. Genome Announc. 2014, 2, 10-1128. [CrossRef]

Park, J.; Lee, C. Emergence and evolution of novel G2b-like porcine epidemic diarrhea virus inter-subgroup G1b recombinants.
Arch. Virol. 2020, 165, 2471-2478. [CrossRef]

Park, G.-N.; Song, S.; Choe, S.; Shin, J.; An, B.-H.; Kim, S.-Y,; Hyun, B.-H.; An, D.-J. Spike Gene Analysis and Prevalence of Porcine
Epidemic Diarrhea Virus from Pigs in South Korea: 2013-2022. Viruses 2023, 15, 2165. [CrossRef]

Feng, B.; Li, C.; Qiu, Y.; Qi, W,; Qiu, M,; Li, J.; Lin, H.; Zheng, W.; Zhu, J.; Chen, N. Genomic Characterizations of Porcine Epidemic
Diarrhea Viruses (PEDV) in Diarrheic Piglets and Clinically Healthy Adult Pigs from 2019 to 2022 in China. Animals 2023, 13,
1562. [CrossRef]

Nguyen Thi, T.H.; Chen, C.-C.; Chung, W.-B.; Chaung, H.-C.; Huang, Y.-L.; Cheng, L.-T.; Ke, G.-M. Antibody Evaluation and
Mutations of Antigenic Epitopes in the Spike Protein of the Porcine Epidemic Diarrhea Virus from Pig Farms with Repeated
Intentional Exposure (Feedback). Viruses 2022, 14, 551. [CrossRef] [PubMed]

Duong, B.T.T; Thao, PT.P; Hoa, N.T.; Thu, H.T.; Phuoc, M.H.; Le, T.H.; Van Quyen, D. Molecular analysis reveals a distinct
subgenogroup of porcine epidemic diarrhea virus in northern Vietnam in 2018-2019. Arch. Virol. 2022, 167, 2337-2346. [CrossRef]
[PubMed]

York, I.A.; Stevens, J.; Alymova, L.V. Influenza virus N-linked glycosylation and innate immunity. Biosci. Rep. 2019, 39,
BSR20171505. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ncbi.nlm.nih.gov/pubmed/12442904
https://doi.org/10.1016/j.virusres.2007.10.015
https://doi.org/10.1016/j.vetmic.2008.02.022
https://www.ncbi.nlm.nih.gov/pubmed/18400422
https://doi.org/10.14405/kjvr.2014.54.3.185
https://doi.org/10.1128/genomeA.01116-14
https://doi.org/10.1007/s00705-020-04767-4
https://doi.org/10.3390/v15112165
https://doi.org/10.3390/ani13091562
https://doi.org/10.3390/v14030551
https://www.ncbi.nlm.nih.gov/pubmed/35336958
https://doi.org/10.1007/s00705-022-05580-x
https://www.ncbi.nlm.nih.gov/pubmed/36036306
https://doi.org/10.1042/BSR20171505
https://www.ncbi.nlm.nih.gov/pubmed/30552137

	Introduction 
	Materials and Methods 
	Sample Collection 
	RT–PCR and DNA Cloning 
	Sequence Analysis 
	Multiple Alignment and Phylogenetic Analyses 

	Results 
	PEDV Detection and S Gene Sequencing 
	Phylogenetic Analysis of the S Genes 
	S Gene Sequence Comparative Analysis 
	Feature Amino acid Deduction Analysis 

	Discussion 
	References

