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Abstract

Porcine epidemic diarrhea virus (PEDYV), a leading cause of piglet diarrhea outbreaks,
poses a significant danger to the swine industry. The aim of this study was to investigate the
epidemic characteristics of PEDV that was circulating in Guangdong province, one of Chi-
na’s major pig producing provinces. Clinical samples were collected from eight pig farms in
Guangdong province between 2018 and 2019 and tested for the major porcine enteric path-
ogens, including PEDYV, transmissible gastroenteritis virus (TGEV), Swine enteric coronavi-
rus (SeCoV), Swine acute diarrhea syndrome coronavirus (SADS-CoV), porcine
deltacoronavirus (PDCoV), and porcine rotavirus (RV). As a result, only PEDV and RV were
detected at a rate of 47.0% (16/34) and 18.6% (8/34), respectively. Coinfectoin with PEDV
and RV occurred at a rate of PEDV 12.5% (2/16). Subsequently, the full-length S gene
sequences of 13 PEDV strains were obtained, and phylogenetic analysis suggested the
presence of Gll-c group PEDV strains in this region (non-S-INDEL). Two novel common
amino acid insertions (**T/IG®® and 551L) and one novel glycosylation site (1199%*) were
detected when the CV777 and ZJ08 vaccine strains were compared. Furthermore,
intragroup recombination events in the S gene regions 51-548 and 2478-4208 were
observed in the PEDV strains studied. In summary, the observations provide current infor-
mation on the incidence of viral agents causing swine diarrhea in southern China and
detailed the genetic characteristics and evolutionary history of the dominant PEDV field
strains. Our findings will aid in the development of an updated vaccine for the prevention
and control of PEDV variant strains.

Introduction

Porcine epidemic diarrhea, which is characterized by vomiting, acute watery diarrhea, dehy-
dration, and weight loss in pigs, is a highly contagious and acute infectious disease caused by
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the porcine epidemic diarrhea virus (PEDV). PEDV can infect pigs of any age, but particularly
suckling piglets, and has a high mortality rate of up to 100% [1, 2]. Although the first PEDV
outbreak was reported in 1971 in the United Kingdom, the PEDV cv777 strain was not isolated
until 1977 in Belgium [1, 3, 4]. In the 1980s and 1990s, PEDV spread throughout many pig-
producing countries in Europe and Asia, causing significant economic losses [5]. Since its dis-
covery in China in the 1980s, PEDV has caused sporadic diarrhea outbreaks in Asian pig
herds, causing even greater economic losses than in Europe [1, 6-10]. Except for an epidemic
outbreak in northern Italy in 2005, only sporadic outbreaks of PEDV were reported in Europe
[7]. Until 2010, a remarkable increase in PEDV outbreaks was reported in China’s pig-produc-
ing provinces [11]. A mutant strain was identified in which infected piglets defecate yellow
watery stools, lose weight, and eventually die of dehydration, with a high mortality rate of up
to 80%-100% in suckling piglets [12].

PEDYV was first detected in the United States of America in 2013 and quickly spread
throughout the country and into Europe [12-14]. Since then, a larger-scale epidemic outbreak
of PEDV has impacted pig farms in China, Japan, and Korea, as well as countries in central
and Eastern Europe, resulting in significant economic losses for the pig industry.

PEDV is a member of the Coronaviridae family’s Alphacoronavirus genus and the Orthocor-
onavirinae subfamily, which are enveloped viruses with an unsegmented positive sense RNA
genome. The single-strand RNA genome of PEDV has a cap structure at 5" and the poly (A)
tail at the 3 ’end, with a size of approximately 30 kb. Four of the six open reading frames of the
PEDYV genome encode structural protein Spike (S), envelope (E), membrane (M), and nucleo-
capsid (N). The remaining 2/3 region of the 5 -terminal of ORF1a/1b and ORF3 encodes two
viral RNA polymerase complex proteins. The S, E, M, and N structural proteins are located at
the downstream of ORFla and ORF1b [15]. ORF3 is an accessory gene that encodes a helper
protein that aids in viral genome replication and translation [16]. The PEDV E glycoprotein is
a component of the viral envelope that is involved in the formation and budding of the viral
envelope [17]. The M protein contains 226 amino acids and has a molecular weight of 27-32
kDa. It is made up of two extracapsular parts, a trimer, and a carboxyl terminal within the
virus to form a three-dimensional conformation [18]. The N protein is a phosphorylated basic
protein with three functional domains that are all conserved: the N-terminal functional
domain, the intermediate RNA binding domain, and the C-terminal binding domain. N pro-
tein is involved in the formation of viral sacs and is essential for coronavirus replication and
transcription [19]. PEDV S protein, a type I fibrinoprotein, is involved in receptor binding,
inducing neutralization antibodies, and membrane fusion. PEDV S protein consists of a signal
peptide, an extracellular domain, a transmembrane region, and a cytoplasmic domain [20].
Cell proteases can splice S protein into S1 and S2, and the N-terminal region of S1 can bind to
host cell receptors and mediate virus entry. In comparison to S1, the S2 region is more con-
served, and it can mediate virus-cell membrane fusion and then internalization into host cells
[21]. Remarkably, the S gene of PEDV contains the most variable regions in the entire PEDV
genome and has the highest degree of diversity among all genes. Thus, the S gene has been
used as a phylogenetic marker.

The diversity of the S gene is important in PEDV surveillance research because it provides a
solid foundation for vaccine development, as well as disease prevention and control. A number
of variant PEDV strains with insertions and deletions (INDEL) in the S gene were reported in
the United States in 2014, altering viral antigenicity and pathogenicity [22, 23]. Although sev-
eral studies on the genetic characterization and prevalence of PEDV have been conducted in
central [24] and western China [25] prior to 2018, there has been little research on the preva-
lence of PEDV in southern China in recent years. The purpose of this study was to determine
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Table 1. Details of sample information in this study.

Swine farms NO. Surveillance city Collection date Number of samples PEDYV positive RV positive
1 Shixing November, 2018 3 3/3 0/3
2 Lechang January, 2019 5 3/5 0/5
3 Wujiang January, 2018 5 0/5 0/5
4 Zhenjiang January, 2018 4 4/4 1/4
5 Renhua November,2018 6 0/6 3/6
6 Ruyuan November, 2018 3 0/3 1/3
7 Qujiang November, 2018 3 1/3 2/3
8 Gaofang January, 2018 5 5/5 1/5

https://doi.org/10.1371/journal.pone.0253622.t001

the viral agent prevalence in piglets suffering from acute diarrhea in Guangdong, China, and
to provide updated information for genetic characterization of PEDV field strains.

Materials and methods
Ethics statement

This study was approved by the Research Ethics Committee of the College of Life Science and
Engineering, Foshan University. Written informed consent was obtained from all owners
whose animals were used in the study.

Sample collection and cDNA synthesis

During 2018-2019, 19 feces and 15 fecal swabs were collected from diarrheal pigs in eight
Guangdong province swine farms (Table 1). The pigs did not receive vaccines against PEDV,
TGEV or RV. The samples were suspended in phosphate-buffered saline (PBS, pH = 7.4) and
then clarified for 10 min at 4,000 rpm using centrifugation. The viral RNA was extracted using
the Body Fluid Viral DNA/RNA Miniprep kit (Axygen, China) as directed by the manufac-
turer. Maxima H Minus First Strand cDNA Synthesis Kit was used to reverse transcribe viral
RNA (Thermo Fisher Scientific, USA).

Virus detection

The presence of swine alphacoronaviruses, such as PEDV, Transmissible gastroenteritis virus
(TGEV), Swine enteric coronavirus (SeCoV), and Swine acute diarrhea syndrome coronavirus
(SADS-CoV), was tested using a universal primer (Swine Cov F: 5/ ~AAACTGGAAYTTCASM
TGG-3’ ; Swine Cov R: 5/ ~ACATARWAAGCCCAWC) designed by this study. Furthermore,
the porcine deltacoronavirus (PDCoV) was detected using a primer set described previously by
Sun et al. [26]. RV VP6 F: 57 ~-GAAACGGAATAGCTCCACAAT-3’ and RV VP6 R: 5’ ~GAAT
AATCAAATCCAGCCACC-3’ are primers. The presence of porcine rotavirus was detected by
targeting the VP6 gene with an expected size of 271 bp. Thermo Fisher Scientific’s Phusion
Hot Start IT High-Fidelity PCR Master Mix (Thermo Fisher Scientific, USA) was used to
amplify the M gene of swine alphacoronavirus and the S gene of PDCoV, which have expected
sizes of 547 bp and 1763 bp, respectively. Table 1 lists the primers used in this study. The PCR
products were purified using the Gene JET Extraction Kit from Thermo Fisher Scientific
(Thermo Fisher Scientific, USA) and then subcloned into the pMD-18T vector (Takara,
Japan). Sanger sequencing (Sangon Biotech, China) was used to obtain the M gene sequences,
which were then BLAST searched against the GenBank database.
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Table 2. List of primers used in this study.

PEDYV § gene sequencing

The M gene positive samples were subjected to obtain the full-length sequence of the S gene.
Two primers sets (PEDV-S1F, 5’ ~ATGACGCCATTTGTGGTTTTTC-3’ PEDV-SIR, 5’ -
GCCAGACTGAGATGGGACG-3'; PEDV-S2F:5' -TGGCAGTATTGGCTACGTCC-3’ PEDV-
S2R:5" -TGACGACTGTGTCAATCGTGT-3") (Table 2) based on the conserved region of
PEDV genome were designed to amplify the full-length sequence of S gene of PEDV. The S
gene of PEDV was amplified using the Phusion Hot Start II High-Fidelity PCR Master Mix
(Thermo Fisher Scientific, USAPEDV). Pre-denaturation at 98 °C for 30 s, followed by 35
cycles of denaturation at 98 °C for 10 s, annealing at 53 °C for 30s, and extension at 72 °C for 2
min, followed by extension fully at 72 °C for 10 min. Table 2 lists the primers available. Gene
JET Gel Extraction Kit (Thermo Fisher Scientific, USA) was used to purify the amplified prod-
ucts, which were then subcloned into the pMD-18T vector (Takara, Japan) and sequenced
using the Sanger method (Sangon Biotech, China). The sequences were assembled using
MEGA. 7(Version 7.0.26).

Phylogenetic analysis

The S gene sequences of 98 PEDV representative strains (Table 3) were extracted from the
GenBank database for phylogenetic analysis to understand the evolution of the most common
PEDV strains in Guangdong, China. The majority of the reference sequences were found in
Asia, Europe, and North America. The MAFFT (Multiple Alignment using Fast Fourier Trans-
form) embedded in the UGENE software was used to align multiple sequences (Version 36.0).
The nucleotide (nt) and amino acid (aa) homology of S genes among the 13 strains were calcu-
lated using the Geneious software (Version 11.0.9) after alignment. The phylogenetic trees of S
genes were constructed using the maximum likelihood (ML) method with 1,000 bootstrap rep-
licates in IQ-TREE (Version 1.6.12) based on representative PEDV strains deposited in the
GenBank. The phylogenetic tree was further annotated by FigTree (Version 1.4.3).

Recombination analysis and N-linked glycosylation prediction

The evolution of coronaviruses, including PEDV, was aided by genome recombination. The
recombination detection program (RDP v5) was used to determine the recombination event
in the PEDV § gene, which included ninedetection algorithms (RDP, GENECONYV, Bootscan,
Maxchi, Chimaera, SiSscan, PhylPro, LARD, and 3Seq) [27]. The detection of potential

Gene name Primer sequence Length(bp) Target gene

Swine-CoV-M F: AAACTGGAAYTTCASMTGG 654 M
R: ACATARWAAGCCCAWCCAGT

PEDV-S1 F: ATGACGCCATTTGTGGTTTTTC 2356 S1
R: GCCAGACTGAGATGGGACG

PEDV-S2 F: TGGCAGTATTGGCTACGTCC 1925 S2
R: TGACGACTGTGTCAATCGTGT

PDCOV-S1 F: ATGCAGAGAGCTCTATTGATTATGAC 1763 S1
R: AACTTGCAAGTACTCCGTCTGAACG

PDCOV-S2 F: ATTTTCTCTTTCCGTTCAGACGGAG 1750 S2
R: CTACCATTCCTTAAACTTAAAGGACG

RVA-VP6 F: GAAACGGAATAGCTCCACAAT 271 VP6

R: GAATAATCAAATCCAGCCACC

https://doi.org/10.1371/journal.pone.0253622.t002
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Table 3. PDEYV reference strains described in this study.

Virus strain Countries |Time |GenBank accession no. |Virus strain Countries |Time |GenBank accession no.
CV777 Beigium 1988 AF353511 USA Colorado USA 2013 KF272920
LzC China 2006 EF185992 USA Indiana 17,846 USA 2013 KF452323
CH/S China 1986 | JN547228 USA/IA/2013/19321 USA 2013 | KM975738
BJ-2011-1 China 2011 | JN825712 USA/low107/2013 USA 2013 | KJ645696
CHGD-01 China 2011 | JN980698 USA/Minnesota52/2013 | USA 2013 | KJ645704
ZJCZ4 China 2011 | JX524137 OH851 USA 2014 | KJ399978
GD-1 China 2011 | JX647847 OH1414 USA 2014 | KJ408801
AJ1102 China 2012 | JX188454 PC21A USA 2014 | KR078299
CH/GDGZ China 2012 | KF384500 FJzz1l China 2011 | MK288006
GD-A China 2012 | JX112709 MH?748550 China 2019 | MH748550
AH2012 China 2012 | KC210145 LZC China 2007 | EF185992
CH/YNKM-8 China 2013 | KF761675 GD-B China 2012 | JX088695
KPEDV-9 Korea 1997 KF898124 1A2 USA 2013 KF468754
DR13 Korea 1999 DQ862099 SM98 Korea 2011 GU937797
attenuated-DR13 Korea 2002 JQO023162 YN144 China 2015 KT021232
KNU-0802 Korea 2008 | GU180143 JS-HZ2012 China 2013 | KC210147
KNU-0902 Korea 2009 | GU180145 MEX/124/2014 USA 2015 | KJ645700
CNU-091222-01 Korea 2009 | JN184634 MMN USA 2013 | KF468752
KNU-1303 Korea 2013 | KJ451038 PC21A USA 2015 | KR078299
K13JA12 Korea 2013 | KJ539151 USA/Colorado/2013 USA 2013 | KF272920
KNU-1401 Korea 2014 | KJ451047 CH/JX-2/2013 China 2015 | KJ526096
KNU-1402 Korea 2014 | KJ451048 CH/JX-1/2013 China 2015 | KF760557
K14JB01 Korea 2014 | KJ539154 CH/HNAY/2015 China 2015 | KR809885
IA1 USA USA 2013 | KF468753 LC China 2012 | JX489155
FL2013 China 2015 KP765609 CH/JXJA/2017 China 2018 MF375374
JS2008 China 2013 KC109141 CH/SCZY44/2017 China 2018 MHO061338
PEDV-1556-Valencia-Requena Spain 2020 | MN692763 Hawaii/39249/2014 USA 2015 | KP688354
PEDV_1611_Murcia_Lorca Spain 2020 | MN692768 EAS1 Thailand | 2014 | KR610991
SLOreBAS-2/2015 Slovenia 2016 | KY019624 AVCT12 Thailand 2010 | LC053455
SLO/JH-11/2015 Slovenia 2016 | KU297956 ZJU/G1/2013 China 2013 | KU664503
SNJ-P China 2019 | MK702008 85-7_China China 2013 | KX839246
LW/L China 2019 | MK392335 SC1402 China 2014 | KP162057
OKN-1/JPN/2013 Japan 2015 | LC063836 PPC-14 Korea 2014 | MG781192
MYG-1/JPN/2014 Japan 2015 | LC063838 SQ2014 China 2014 | KP728470
EAS2 Thailand 2015 | KR610992 SD-M China 2012 | JX560761
PEDV_1613_Murcia_Fuentealamo Spain 2020 MN692769 YN15 China 2013 KT021228
PEDV_GER_L01014-K01_15-04_2015 | Germany 2018 1T898420 YNI1 China 2013 KT021227
PEDV_GER_L00906-K16_14-01_2014 | Germany 2018 1T898430 VN/VAP1113 Vietnam 2013 KJ960179
PEDV_GER_L01020-K01_15-10_2015 | Germany 2018 1T898413 YN30 China 2013 KT021229
HUA-14PEDY6 Viet Nam |2016 | KT941120 CBR1 Thailand 2014 | KR610993
SCDY523 China 2018 | MH593144 IWT1 Japan 2014 | LC063834
CHM China 2013 | KM887144 KB2013-4 China 2013 | KX580953
CVv777 China 2016 | KT323979 SHQP/YM/2013 China 2013 | KJ196348
JSLS-1/2015 China 2016 | KX534205 CH/HNLH/2015 China 2015 | KT199103
GDS01 China 2015 | KM089829 NWs China 2015 | MF782687
CH/SCCD/2014 China 2017 | KU975389 YC China 2014 | KU252649
CH/SCZG/2017 China 2018 | MHO061337 CH/GX/2015/750A China 2015 | KY793536
(Continued)
PLOS ONE | https://doi.org/10.1371/journal.pone.0253622 June 24, 2021 5/15


https://doi.org/10.1371/journal.pone.0253622

PLOS ONE Genetic characterization and phylogenetic analysis of PEDV

Table 3. (Continued)

Virus strain Countries |Time |GenBank accession no. |Virus strain Countries |Time |GenBank accession no.
15V010/BEL/2015 Belgium 2015 | KR003452 GER/L00719/2014 Germany 2014 | LM645058
L00721/GER/2014 Germany 2014 | LM645057 FR/001/2014 France 2014 | KR0O11756

https://doi.org/10.1371/journal.pone.0253622.t003

recombinants was done using a P<0.01 threshold. As previously stated, N-linked glycosylation
was predicted [28].

Results
Sample screening and sequencing

Sixteen of the thirty-four field samples (47.0%) were found to be positive for PEDV. In the
fecal samples or fecal swabs, the TGEV and PDCoV were not found. From fecal samples and
fecal swabs, seven and nine PEDV positive samples were identified, respectively. Based on the
RT-PCR results, eight samples (23.5%) were tested to be porcine rotavirus (RV) positive. The
co-infection rate of PEDV and RV was 12.5% (2/16) (Table 1). The complete S gene and a por-
tion of the M gene were amplified and sequenced using Sanger sequencing. GDsg01-GDsg13
are the names of the 13 S genes that were discovered. The S genes from the five swine farms
ranged in length from 4158 to 4164 nucleotides (nt), with nt and amino acid (aa) homology of
97.09%-99.95% and 96.77% -99.79%, respectively (S1 Fig). The sequences were determined
using Sanger sequencing and deposited in GenBank with accession No.
MW478760-MW478772 respectively.

Phylogenetic analysis of S gene

A phylogenetic tree was constructed using full-length S genes from the 98 reference PEDV
strains available in GenBank, and the 13 S-gene sequences obtained in this study to understand
the phylogenetic relationship of these PEDV strains. PEDV strains were divided into two cate-
gories: traditional G1 and variant G2. The CV777 and SM98 strains were in the G1-a group.
The attenuated vaccine strains were found in the G1-b group (CV777 and DR13). The 13
PEDYV strains reported in this study had a strong association with the GII-c subgroup, accord-
ing to our phylogenetic analysis (Fig 1).

Sequence comparative analysis of S gene

The S gene sequences were compared with classic strains and vaccine strains to further investi-
gate the genetic characteristics of the 13 detected strains. As a result, the 13 PEDV strains
shared homology with CV777 (KT323979), Z]J08, and AJ1102 (JX188454) of 93.4-93.8%, 93.3—
93.6%, and 96.9-97.8%, respectively (Table 4). Compared with ZJ08, a total of 104 aa muta-
tions were observed in the 13 PEDV strains of this study. S1 proteins exhibited 72.1% (75/104)
of aa mutations and were majorly distributed in the SI-NTD and S1-CTD domains. The 13
strains shared a common aa deletion (***DI'**) and five common aa insertions (*>T/IG>®,
PQGVN®?, 136N, 153H, and *°'L) (Fig 2A) compared to the reference strains CV777 and ZJ08.
In addition, a high polymorphism (>30% in a specific aa position) of mutations (N = 19) such
as Y—%H/Y, *>’N—"*>N/D was observed in the S1 protein, especially the S1-CTD region
(Fig 2B). In addition, two novel common mutations, including A520S and G612V, were identi-
fied in this study. The detailed list of aa mutations in the S protein of the 13 PEDV strains in
comparison with vaccine strain ZJ08 is shown in Table 5.
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Fig 1. Phylogenetic analysis of full-length S gene of 13 PEDYV strains collected in this study. MAFFT (Multiple Alignment using Fast Fourier
Transform) in the UGENE software was used to align 98 PEDV reference strains with 13 PEDV strains (Version 36.0). With IQ-TREE, the phylogenetic
tree was built using the maximum likelihood (ML) method with 1,000 bootstrap replicates (Version 1.6.12). PEDV’s S gene PEDV was divided into six
categories: GI-a (light grey), GI-b (blue), GII-a (light green), GII-b (light cyan), and GII-c (light cyan) (light yellow). The CV777 reference strains are
highlighted in blue, while the 13 strains reported in this study are highlighted in red. Nucleotide substitutions per site are indicated by a 0.007 bar.

https://doi.org/10.1371/journal.pone.0253622.9001
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Table 4. Sequence comparison of S gene of 13 PEDV strains and 3 vaccine strains.

PEDYV strains Percentage of nucleotide identity (%)
CV777 (KT323979) 7)08 AJ1102 (JX188454)
GDsg01 China 2018 93.4 93.3 97.2
GDsg02 China 2018 93.6 93.4 97.8
GDsg03 China 2018 93.7 93.5 97.3
GDsg04 China 2018 93.7 93.4 97.3
GDsg05 China 2018 93.8 93.6 97.6
GDsg06 China 2018 93.8 93.6 97.5
GDsg07 China 2018 93.8 93.6 97.6
GDsg08 China 2018 93.8 93.6 97.6
GDsg09 China 2018 93.7 93.5 97.0
GDsgl0 China 2018 93.7 93.4 97.4
GDsgl1 China 2018 93.7 93.5 96.9
GDsgl2 China 2018 93.6 93.4 96.9
GDsgl3 China 2018 93.7 93.4 96.9

https://doi.org/10.1371/journal.pone.0253622.t1004

S gene recombination analysis

We performed a recombination analysis based on the 13 PEDV strains collected in this study
as well as the 98 reference strains described above to understand the recombination events that
occurred during the evolution of the PEDV strains circulating in Guangdong, China. The posi-
tion 2478-4208 of the S gene of GDsgl12 strain was predicted as a recombinant between
KP765609 (major parent, GII-a) and KM609205 (minor parent, GII-a) (Fig 3A), which was
supported by 6 detection methods (RDP, P-values < 1.17x 107% Bootscan, P-values < 1.08
%x1077; Maxchi P-values < 5.43x107%; Chimaera, P-values < 7.38x107°; SiSscan, P-

values < 2.82x107% 3Seq, P-values < 3.67x107'%). Similarly, 6 detection methods indicated
that position 51-548 of the S gene of the GDsg01 strain was likely produced by intragroup
recombination between KT021232 (major parent, GII-a) and KM609205 (minor parent, GII-
a) (Fig 3B) (RDP, P-values < 2.17x10™""; GENECONYV, P-values < 2.24x10"; Bootscan, P-
values < 1.76 10™'Y; Maxchi, Chimaera, P-values < 2.17x107%; 3Seq, P-values < 2.86x107%)
with a high degree of reliability.

N-linked glycosylation prediction

The N-linked glycosylation sites were predicted based on the consensus N-X-S/T glycosylation
motif. As a result, the 13 PEDV strains had 28-29 predicted N-glycosylation sites (G*) and
showed a more similar pattern to CV777 than ZJ08 (Fig 4). Two (131¢7, 235%) and one com-
mon loss of glycosylation sites (235%") were observed when compared with the reference
strains ZJ08 and CV777, respectively. In contrast, the PEDV strains reported in this study
gained three (3029%, 1199 “*, and 1264 ©*) and one (1199°") potential glycosylation sites com-
pared with the ZJ08 and CV777, respectively. In addition, 61.5% (8/13) of PEDV strains
reported in this study lost the glycosylation site at residue 725.

Discussion

Several coronaviruses, including PEDV, TGEV, SADS-CoV, SeCoV, and PDCoV, have been
identified in piglets suffering from acute diarrhea and vomiting [29-32]. CoV entry is medi-
ated by the S glycoprotein, which is a critical factor in determining the virus’s tissue tropism
and antigenicity. Additionally, the S gene of the coronavirus is prone to change through
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Fig 2. Analysis of animo acid mutations in the S protein of 13 PEDV strains. MUSCLE was used to align the sequences, and Geneious software
(Version 11.0.9) was used to visualize them. (A) The common insertions (red box) and deletions (blue box) of amino acid (aa) mutations compared
with the reference strains ZJ08 and CV777. (B). The regions in the S1 protein with a relative high polymorphism of mutations. (C) The predicted N-
linked glycosylation sites of reference strain (CV777 and ZJ08), and 13 PEDV strains collected in this study. MUSCLE and the Geneious software were
used to align the sequences (Version 11.0.9). The purple arrow represents the predicted N-linked glycosylation site based on the consensus N-X-S/T (X
can be any amino acid except proline) glycosylation motif.

https://doi.org/10.1371/journal.pone.0253622.9002

recombination or accumulation of point mutations, which can result in the virus losing its
antigenicity and even the vaccine failing to work [33-35]. The molecular characterization of
PEDVs is a major focus of swine diarrhea virus research due to the virus’s high prevalence.
During 2018-2019, we investigated the presence of swine diarrhea virus in eight pig farms
in Guangdong, China, and then focused on the genetic characterization of PEDV. Our findings
supported previous research [36], which indicated that PEDV is a leading cause of swine acute
diarrhea in south China. We reported a detection rate of 47.0% for PDEV strains in fecal sam-
ples and fecal swabs collected from diarrheal pigs in eightswine farms. The reduction in TGEV
reported in that study [36] is in agreement with our results. The gradual disappearance of
TGEYV has been attributed to the spread of porcine respiratory coronavirus, which conserved
the majority of antigenic sites and caused a cross-protection against TGEV [37]. PDCoV, a
newly identified member of the viral agents that cause swine diarrhea, was previously consid-
ered to be the second most prevalent swine diarrhea pathogen, following PEDV [38]. Sun et al.
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Table 5. Statistics of mutations in the S protein of the 13 PEDV strains in comparison with ZJ08.

Domain Mutations Domain Mutations Domain Mutations
SP 2TP3*>2KSS 2315*)2311/11 763L*>7635
SI—>5T/N 241DSZ42—>241EP/L242 765D—>76SS
15L—>155 S1-CTD 265L/265V 773M—>773T
S1-NTD 7QSTI—*"S/AANT* w281 778 —7E M/
AA—>55T/IG56 283I—>283M S2 801S_>SOIS/T
SGMNSSS—>56GEN58 298MM299—>298T1299 SOSV_)BOSA
AAAA—;QQGVN& 308A—>308V 853E—>853E/D
6OS—>60T 323F—>3238 890G—>890R
62Y—>66H/Y 3308—>33()S/A 958A—>958V
64GTGIE68—>64AGQHP6S 335T—>335T/A 962L—’962F
SOYHSOH 341L*>341F/L 964T*>964S
82D583—>82RG83 353K—>3538/L 972H—>972Y
SSQHSSH 35514)3551/T 994L4>994M/L
114S*>114N 362T1363—>362AL/I363 1027N*>1027K
1161—>116T 362V—>362A 10435—>IO43A
126DN127—>126N1127 364E—>364Q 10501—>1050V
134V—>134A 373V—>373L/V 1095A—>1095A/S
135NH135N/D 377K—>377N IHZQ—’HIZQ/L
A136N 392K—>392R 1139E—>1134E/D
429D—>434G/D 114II—>11411/V
A153H 437V—>44ZI HGIN—’HGIN/D
154LQDGK158—>154MSEH5158 47SS—>473A 1166D—>1166A
159N11604>159AA160 49514)4951/:1« 1172GD“73*)1172DE1173
173A*>17SS SIGAHSZIS/A 1192TY1193*>1192NH1193
1811_)1811: A551L 123IS—>1231R
191R~>191K 6OOG*>GOOS 125914)1259T
IQSKRSIQ7—>IQSSGG197 608G—>613V/G 1261P—>12615/P
205T—>210E 632Q—>632E ™ 1275L—>1275L/T
2y S1 other domain TEN—7IN/S Cyto P7R-127Q
224E—>224Q 723N—>723S 1358G—>1358C/G
1375Aﬂ1375V

https://doi.org/10.1371/journal.pone.0253622.t005

previously reported the genetic characterization of PDCoV in Shandong province during the
same time period as this study and found a 50% co-infection rate of PDEV and PDCoV [26].
However, PDCoV was not detected in our study. Those observations indicated that the molec-
ular epidemiology of the swine diarrhea virus varies greatly across China. Rotaviruses (RV),
which belong to the Reoviridae family, have been identified as a major cause of viral gastroen-
teritis in young animals, such as piglets [39, 40]. We found an 18.6% detection rate for RV and
a 12.5% co-infection rate for PEDV and RV. Surprisingly, a recent survey of pig farms in Brazil
found porcine rotavirus B to be the primary viral agent (71.1%) in newborn piglets with acute
viral gastroenteritis. In contrast, another study found that RT-PCR had a low detection rate of
porcine RV (3%). The detection rate of porcine RV; however, varies depending on the detec-
tion method [41]. In this study, all PEDV stains were found to be clustered into GII-c (non-
S-INDEL) subgroups. In a recent study, Tian et al. found that PEDV strains with the S gene of
the GII-c subgroup were the most prevalent in Sichuan [25]. Furthermore, the nt identity of
the PEDV strains in this study was similar to vaccine strains CV777 and ZJ08, but slightly
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Fig 3. Detection of possible recombination events in the PEDV strains. The recombination detection software (RDP v5) was used to recognize
recombination events in the GDsg12 (A) and GDsg01 (B) genomes using nine detection algorithms (RDP, GENECONV, Bootscan, Maxchi, Chimaera,
SiSscan, PhylPro, LARD, 3Seq). The Y-axis represents the pairwise identity between the recombinant and its putative parents. The X-axis represents the
position in alignment with a 30-nt sliding window. The comparison of recombinant-major parent, recombinant-minor parent, major-minor parent was
indicated as cyan, purple, and yellow lines, respectively.

https://doi.org/10.1371/journal.pone.0253622.9g003
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Fig 4. Predicted N-linked glycosylation sites of reference strains (CV777 and ZJ08) and 13 PEDYV strains collected in this study.
The sequences were aligned using MUSCLE with the Geneious software (Version 11.0.9). The purple arrow represents the predicted
N-linked glycosylation site based on the consensus N-X-S/T (X can be any amino acid except proline) glycosylation motif.

https://doi.org/10.1371/journal.pone.0253622.9004
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higher than AJ1102 to. A genomic variation hotspot was also discovered in the S1-CTD region.
It’s been suggested that the surface of PEDV’s S protein PEDV contains four major epitopes
[42, 43]. Our findings revealed a number of novel common mutations, including A520S and
G612V. These aa changes may have an effect on the virus’s antigenicity, leading to immune
escape and vaccine failure. It's worth noting that all 13 PEDYV strains have the same newly dis-
covered B-cell epitope (">*SSTENSTREL”?") [42] of S protein PEDV. In addition to the previ-
ously reported common aa deletion (***D1'**) and aa insertions (?QGVN®2, %N, and **H),
we report two new common aa insertions for PEDV strains circulating in south China: >>T/
IG”® and **'L. Nevertheless, more research is needed into the impact of those common muta-
tions on virus characterization, such as antigenicity and pathogenicity.

In addition to the accumulation of point mutations, homologous recombination among
members of the same genus is a common way for the genetic evolution of coronaviruses. The
recent SARS-CoV-2 outbreak was thought to be the result of cross-species recombination
between bat and pangolin coronaviruses [44, 45]. Similarly, PEDV is intensively recombined
between other members of the Alphacoronavirus, such as TGEV. In 2016, Italy [37], Germany
[46] and Slovakia [47] reported the discovery of a novel swine enteric coronavirus with a back-
bone derived from TGEV and the S gene derived from PEDV [47]. Notably, a recent retrospec-
tive study indicated that the recombinant SeCoV circulating in Spain may have been
misidentified as PEDV using S-protein or S-gene assays [48]. Our studies indicated that
recombination occurred in both the S1 and S2 regions of GII-c PEDYV strains, as supported by
at least six highly reliable methods. The recombination events could be a result of pigs being
transported and traded frequently in China.

In conclusion, our findings revealed that PEDV and porcine RV were the two main viral
agents responsible for the outbreak of diarrhea on swine farms in China’s Guangdong prov-
ince. A number of novel mutations were discovered, including common insertions like *>T/
IG”® and 5°'L. In addition, when compared to the vaccine strain, one common loss of glycosyl-
ation site (235°") was observed. Intragroup recombination events were discovered in the S
gene of the PEDV strains studied. Our findings highlight the critical need for the development
of novel vaccines to combat recent new PEDV variants.

Supporting information

S1 Fig. The nucleotide (A) and amino acid (B) homology of S gene among the 13 PEDV
strains in this study. The sequence homology was calculated by the Geneious software (Ver-

sion 11.0.9) after multiple sequence alignment.
(TIF)
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