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Porcine epidemic diarrhea virus (PEDV) is a porcine enteric coronavirus globally, causing serious economic losses to the global pig industry
since 2010. Here, a PEDV CH/Yinchuan/2021 strain was isolated in a CV777-vaccinated sow farm which experienced a large-scale PEDV
invasion inYinchuan,China, in 2021.Our results demonstrated that theCH/Yinchuan/2021 isolate could efciently propagate inVero cells,
and its proliferation ability was weaker than that of CV777 at 10 passages (P10). Phylogenetic analysis of the S gene revealed that CH/
Yinchuan/2021 was clustered into subgroup GIIa, forming an independent branch with 2020-2021 isolates in China. Moreover, GII was
obviously allocated into four clades, showing regional and temporal diferences in PEDV global isolates. Notably, CH/Yinchuan/2021 was
analyzed as a recombinant originated from anAmerican isolate and a Chinese isolate, with a big recombinant region spanning ORF1a and
S1. Importantly, we found that CH/Yinchuan/2021 harboredmultiplemutations relative to CV777 in neutralizing epitopes (S10, S1A, COE,
and SS6). Homology modelling showed that these amino acid diferences in S protein occur on the surface of its structure, especially the
insertion and deletion of multiple consecutive residues at the S10 epitope. In addition, cross-neutralization analysis confrmed that the
diferences in the S protein of CH/Yinchuan/2021 changed its antigenicity compared with the CV777 strain, resulting in a diferent
neutralization profle. Animal pathogenicity test showed that CH/Yinchuan/2021 caused PEDV-typifed symptoms and 100%mortality in
3-day-old piglets. Tese data will provide valuable information to understand the epidemiology, molecular characteristics, evolution, and
antigenicity of PEDV circulating in China.

1. Introduction

Porcine epidemic diarrhea virus (PEDV) is an important
enteropathogenic agent, which causes porcine epidemic
diarrhea (PED) characterized by watery fetid diarrhea,
vomiting, dehydration, and marked emaciation afecting all
ages, with 100% morbidity and 80–100% mortality in
neonatal piglets [1–3]. Originally identifed in the UK in
1971, it had been spread through European countries, with
sporadic outbreaks in the late 20th century [4, 5]. A similar
PEDV-induced diarrhea was frst reported in China in 1973,

and PEDV was identifed in 1984. From 1984 to early 2010,
the PEDV-caused epidemic was widespread in diferent
provinces of China, with mostly sporadic or local epidemics
[6]. A large-scale PED outbreak occurred in southern China
since 2010, infecting pigs of diferent ages, and the mortality
rate of newborn piglets reached 100%, which rapidly spread
throughout the country [7, 8]. Studies have confrmed that
the novel PEDV variants with high pathogenicity are the
main cause for these outbreaks in China [8–10]. In 2013,
PEDVwas frst reported in the United States, followed by the
emergence of a highly pathogenic strain of PEDV that
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rapidly infected pig populations [11, 12], it then rapidly
spread through the pig industry in European, North
America, and Asia countries, resulting in huge economic
threats to the pig industry globally [1, 13–15]. In recent years,
although PEDV has been basically controlled in China
through improving biosafety measures and extensive ap-
plication of traditional vaccine (inactivated or attenuated
CV777) and new vaccine (inactivated PEDV variant
AJ1102), PEDV is still circulating in China due to high
genetic heterogeneity [16, 17].

PEDV, a positive sense and single-stranded RNA virus,
belongs to the family Coronaviridae, genus Alphacor-
onavirus [18]. Te genome is approximately 28 kb, con-
taining two replicase polyproteins: open reading frames
(ORFs) 1a and ORF1b, four structural proteins: spike (S),
envelope (E), membrane (M), and nucleocapsid (N), and
one accessory protein encoded by ORF3 [15]. Te S protein
plays a key role in viral entry, which can be divided into S1
and S2 subunits [19]. S1 is responsible for receptor binding,
containing the N-terminal domain (NTD) and C-terminal
domain (CTD) [20]. Te S2 is involved in triggering virus-
cell membrane fusion during virus entry [21]. Te S protein
is considered to be a primary protein in inducing neutral-
izing antibodies, which contains six neutralizing epitope
regions: S10 (aa 19–220) [22], S1A (aa 435–485) [23], COE
(aa 499–638) [24], SS2 (aa 748–755), SS6 (aa 764–771) [25],
and 2C10 (aa 1368–1374) [26]. In addition, the PEDV S gene
is prone to mutation and exhibits a high genetic diversity,
which is continually used to assess the genetic diversity and
virulence of the strains circulating in the feld [27, 28].

Based on phylogenetic analysis of the S gene, PEDVs are
divided into two obvious genotypes: I (GI) and II (GII) and
further clustered into fve subgroups: GIa, GIb, GIc, GIIa, and
GIIb [8, 17]. Depending on the S gene and pathogenicity,
PEDVs can also be classifed into the highly pathogenic non-S-
INDEL genotype, and milder virulence S-INDEL genotype with
insertions and deletions of theNTDof the S gene [4, 29]. GII and
GIc genotypes correspond to the non-S-INDEL and S-INDEL
genotypes, respectively, [17]. At present, GII is the main epi-
demic strain circulating in China, posing a serious challenge to
the pig industry [8]. It is well reported that the pathogenicity of
the PEDV S-INDEL strain is milder than that of non-S-INDEL
highly pathogenic strains, and both variants have been docu-
mented in Asian and North American countries [17, 30]. In the
present study, a PEDV strain CH/Yinchuan/2021, was isolated
in a sow farm vaccinated with the CV777 strain in Yinchuan,
China. Furthermore, we analyzed the growth characteristics,
evolution, recombination, and antigenicity of CH/Yinchuan/
2021 and evaluated its pathogenicity in piglets. Tese data are
useful for understanding the prevalence, evolution, molecular
characteristics, and immunogenicity of PEDV circulating in
China.

2. Materials and Methods

2.1. Sample Collection and Testing. In July 2021, an outbreak
of severe diarrhea and death of piglets occurred in 7 adjacent
sow farms in Yinchuan, Ningxia Hui Autonomous Region of
China. Te cases were characterized by yellow and watery

diarrhea, dehydration, vomiting, and emaciation, with
60–100% morbidity and 80–100% mortality in neonatal
piglets, while the afected sows are characterized by anorexia,
vomiting, and diarrhea but recovered within 1week. In 7
afected sow farms, all sows were vaccinated with the PEDV
CV777 attenuated vaccine and PEDV-TGEV live attenuated
vaccine. Nine intestinal contents and 47 fecal samples were
collected from dead or live piglets, and 16 serum samples
were collected from pre- and postpartum sows. Eight PEDV-
negative serum samples were collected from sows in
a nonimmunized household. Intestinal contents and fecal
samples were diluted using Dulbecco’s modifed Eagle’s
medium (DMEM, Gibco, USA) to be 10% (wt/vol) sus-
pensions. Te suspension was then centrifuged at 5,000×g
for 30min at 4°C, fltered by a 0.22 μmpore-size syringe flter
(Biosharp, Beijing, China), and the fltrate was used as in-
oculum for virus isolation.

To detect the PEDV in the collected samples, virus RNAwas
extracted from the samples (feces and intestinal contents) using
RNAiso reagent (TaKaRa, Dalian, China) according to the
manufacturer protocols. Complementary DNA (cDNA) was
synthesized employing a Star Script II First-strand cDNA
synthesis kit II (Genstar, China) according to themanufacturing
instructions. Primers for RT-PCR were designed with Primer
Premier 5.0 software targeting a 668-bp fragment based on
conserved regions of the PEDV M gene (PEDV-M-F: 5′-ACG
GTT CTA TTCCCGTTGATG-3′; PEDV-M-R: 5′-TAAATG
AAG CAC TTT CTC ACT ATC-3′). PCR conditions were as
follows: denaturation at 95°C for 2min, 35 cycles of 95°C for 30 s,
55°C for 30 s, and 72°C for 45 s, followed by a fnal extension at
72°C for 5min. Te PCR products were analyzed by agarose gel
electrophoresis. In addition, the other three diarrhoea-related
enteric viruses including porcine delta coronavirus (PDCoV),
porcine rotavirus (PoRV), and transmissible gastroenteritis virus
(TGEV) were detected using specifc RT-PCR according to
previously reported methods [31, 32].

2.2. Virus Isolation, Propagation, and Purifcation. PEDV
isolation was used by Vero cells (ATCC, CCL-81) as pre-
viously described with some modifcations [33]. Briefy,
Vero cells were cultured at 37°C in a 5% CO2 incubator and
maintained in DMEM (Gibco, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS, Gibco, USA),
10 unit/ml penicillin and 10 μg/ml streptomycin. Before
infection, the inoculum was supplemented with the main-
tenance media containing 10 μg/ml trypsin (Gibco, USA)
and antibiotics and incubated in an incubator for 1 h.
Confuent Vero cells in 6-well plates were washed three
times with the maintenance media and then incubated with
500 μl inoculum. After a 2 h incubation at 37°C with 5% CO2,
the inoculumwas removed and 2ml maintenance media was
added to each well.Te inoculated cells were cultured at 37°C
in a 5% CO2 incubator and checked daily for cytopathic
efects (CPE). Upon the development of 80% CPE, in-
oculated cells were conducted to three times of freezing and
thawing to release an intracellular virus into the medium.
Te culture supernatants were centrifuged at 1,500 ×g for
10min at 4°C, and then the clarifed supernatants were

2 Transboundary and Emerging Diseases



collected for saved at −80°C. If no CPE is observed after
7 days, the inoculated cells were subjected to freeze-thaw
once, and the supernatants were collected by centrifugation
and inoculated onto freshly prepared Vero cells for serial
passages.Te inoculated cells of each passage were identifed
by the immunofuorescence assay (IFA) and RT-PCR. If
CPE, IFA, and RT-PCR were negative after 5 passages, the
virus was considered to have failed to be isolated success-
fully. If the above-given three methods were all positive, the
virus was successfully isolated, and purifed by plaque pu-
rifcation as previously described [34]. PEDV CV777 strain
was preserved in our laboratory. Te PEDV isolated in this
study was defned as CH/Yinchuan/2021.

2.3.VirusTitrationandGrowthCurvePEDV. Vero cells were
seeded in 100 μl medium at a density of 3×105 cells/well into
96-well plates (Corning, Lowell, MA) and cultured for 24 h
at 37°C in a 5% CO2 incubator. Ten-fold serial dilutions of
the PEDV CV777 and CH/Yinchuan/2021 strains were
added to the wells with 100 μl of diluted virus per well. After
3 days of inoculation, the plates were performed to IFA
staining and the PEDV CV777 and CH/Yinchuan/2021
strains titers were calculated as the 50% tissue culture in-
fective dose (TCID50)/ml based on the bibliography of Reed
and Muench method.

Te growth curve of PEDV CV777 and CH/Yinchuan/
2021 strains in Vero cells was determined according to
TCID50. Te CV777 and CH/Yinchuan/2021 were in-
oculated onto Vero cells in 6-well plates at 0.1 multiplicity of
infection (MOI). After a 2-h adsorption at 37°C with 5%
CO2, the cells were maintained with 2ml maintenance
media and harvested for virus titration every 8 h post-
infection (hpi). Te supernatants were collected after cen-
trifugation, and the TCID50/ml was determined by the Reed
and Muench method. Virus titration was performed with
triplicates at diferent time points.

2.4. IFA. To identify PEDV propagation in each passage, Vero
cells were infected with inoculum or PEDV CH/Yinchuan/2021
(0.1 MOI). Te cells were fxed with 4% paraformaldehyde at
24hpi for 30min at room temperature (RT), washed three times
with phosphate bufered saline (PBS), and blocked with PBS
containing 1% bovine serum albumin (BSA) at RT for 30min.
After washing three times with PBS, cells were blocked with 5%
skim milk for 1h and then incubated with PEDV-N protein
polyclonal antibody (1 : 2000; prepared in our laboratory) for 2h.
Te cells were incubated for 1h at RT with a goat antimouse
secondary antibody conjugated to fuorescein isothiocyanate
(FITC) (Abcam, Shanghai, China) after washing three times
with PBS, and counterstained with 4′,6-diamidino-2-phenyl-
indole (DAPI; Sigma; 1 :1000). Te green signal was visualized
employing a fuorescencemicroscope (IX73;OLYMPUS, Tokyo,
Japan).

2.5. Western Blot Analysis. To investigate the expression of
PEDV N protein, Vero cells were infected with PEDV CH/
Yinchuan/2021 at 0.1 MOI, washed with PBS at 24 hpi, and

then lysed using RIPA Lysis bufer (Solarbio Life Sciences,
Beijing, China). Te lysates were mixed with 5× sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) loading bufer, boiling for 5min, separated by
SDS-PAGE with 10% polyacrylamide gels and transferred
onto a nitrocellulose blotting membrane. Next, the mem-
branes were blocked in 10% skimmilk in Tris-bufered saline
containing Tween-20 (TBST) overnight at 4°C and then
incubated with PEDV-N protein polyclonal antibody (1 :
3000) at 37°C for 2 h.Te membrane was incubated with the
HRP-conjugated goat antimouse IgG (1 : 5000; Invitrogen,
Carlsbad, CA, USA) at 37°C for 1 h after washing three times
with TBST. Te protein bands were visualized with
a chemiluminescence imager (MiniChemi610; Sagecreation,
Beijing, China). Te protein load was normalized to the
Tubulin (1 : 3000; Sungene Biotech, Tianjin Binhai New
Area, China).

2.6. Full-Length S Gene and Whole Genome Sequencing.
To further identify PEDV in 7 afected sow farms, all PEDV-
positive samples (feces and intestinal contents) were selected
for S gene sequencing using the traditional Sanger method.
To obtain the S gene sequences, virus RNA was extracted
from the samples (feces and intestinal contents) using
RNAiso reagent (TaKaRa, Dalian, China), and cDNA was
synthesized using a Star Script II First-strand cDNA syn-
thesis kit II (Genstar, China) according to themanufacturing
instructions; the S gene of PEDV was amplifed and se-
quenced according to the previously described protocol [13].
Sequences were assembled and analyzed using Lasergene
DNASTAR™ software (DNASTAR, Inc. USA, Wisconsin,
Madison). PEDV CH/Yinchuan/2021 whole gene se-
quencing was conducted at Shanghai Tanpu Biotechnology
Co., Ltd (Shanghai, China), using next-generation se-
quencing (NGS) technology. RNAwas extracted from PEDV
CH/Yinchuan/2021 (P4) infected cell lysate using RNAiso
reagent (TaKaRa, Dalian, China) and prepared for next-
generation sequencing. Briefy, reverse transcription used
random hexamers. Subsequent DNase treatment and
cleanup was followed by second-strand synthesis before
library preparation using Nextera XT reagents (Illumina)
and sequencing on the NovaSeq 6000 (Illumina). Sequence
data were assembled and analyzed as described
previously [35].

2.7. Phylogenetic and Recombinant Analysis. Te sequences
of reference PEDV strains are downloaded from the Gen-
Bank (Table S1), and the nucleotide sequences of the S gene
and full-length genome of PEDV were aligned employing
Clustal W in Lasergene MegAlign (DNASTAR, USA) and
MEGA software version 7 software. Te phylogenetic tree
was constructed utilizing the neighbour joining method
based on the maximum composite likelihood method and
bootstrap methods estimated for 1,000 replications. Te
phylogenetic tree was visualized using the Interactive Tree
Of Life (iTOL) software (http://itol.embl.de/). Te potential
recombinants of CH/Yinchuan/2021 were analyzed
employing the Recombination Detection Program (RDP)

Transboundary and Emerging Diseases 3

http://itol.embl.de/


(v.4.101) with RDP, GENECONV, BootScan, MaxChi,
Chimaera, SiScan, and 3Seq in default mode. Putative re-
combination is considered signifcant only if it is supported
by at least fve of the above recombination detection algo-
rithms (p-value <10−6).

2.8. Protein Structural Analysis. Te PEDV S aa sequence of
CV777 (GenBank No. AAK38656.1) was retrieved from the
GenBank database. Te monomeric PEDV S was modelled
using the SWISS-MODEL server (https://swissmodel.
expasy.org/) with the S protein of GIIb PEDV (PDB ID:
7w6m) [36] as a template. Te best homology model was
selected based on the GMQE (global model quality esti-
mation). Comparisons and annotations of structures were
employed with PyMOL (Te PyMOL Molecular Graphics
System, Version 1.7.4 Schrödinger, LLC).

2.9. Construction of Plasmids. Te S1 and S2 genes of PEDV
CV777 and CH/Yinchuan/2021 strains were amplifed by
two pairs of primers (Table S2), and the S1 and S2 fragments
were fused into the full-length S gene sequence using overlap
extension PCR.Te purifed PCR products were then cloned
into the expression vector pET-32a (Novagen, Madison,
USA) using EcoR I and Xho I cloning sites. After culturing
the positive clones, the plasmids were identifed using
double digestion identifcation and PCR. Te recombinant
plasmid with the correct sequence was named pET-32a-
CV777-S and pET-32a-CH/Yinchuan/2021-S.

2.10. S Protein Expression and Purifcation. Te constructed
recombinant plasmids were transformed into E. coli BL21
(DE3) for the expression of His-tagged PEDV S protein. Te
transformed BL21 was kept at 37°C in LB medium sup-
plemented with 50 μg/ml ampicillin. Protein expression was
induced by adding isopropyl-β-D-thiogalactopyranoside
(IPTG) (Sigma-Aldrich) at a fnal concentration of 1mM
for 6 h at 30°C. After induction by IPTG, bacteria were
collected by centrifugation at 4°C and disrupted by ultra-
sonication. Te expressed protein was analyzed by
SDS-PAGE (6% polyacrylamide gels) with Coomassie
brilliant blue R250 (Solarbio, Beijing, China) and confrmed
by Western blotting using anti-His mouse monoclonal
antibody (MAb) (1 : 3000; Cell Signaling Technology, Inc.,
USA). Te pET-32a empty vector was used as a control for
parallel analysis. Te recombinant proteins were purifed
using the His-tag Protein Purifcation Kit (Beyotime Biotech
Inc, Shanghai, China) according to the standard protocol.

2.11. Immunization in Mice. Te PEDV CV777 and CH/
Yinchuan/2021 strains with the same virus titer (106 TCID50/
ml) were inactivated with 4% formaldehyde solution at 37°C.
Te inactivated viruses were refrigerated at 2°C to 4°C for
further use. Forty, 6-week-old female BALB/c mice were
obtained from Chengdu Dossy Experimental animals Co.,
Ltd, Chengdu, China, and randomly divided into fve groups
(n� 8). After one week of acclimation, mice were immu-
nized subcutaneously with 200 μl of inactivated PEDV

CV777, CH/Yinchuan/2021 or PBS (control group), and
50 μg/mouse of purifed CV777-S or CH/Yinchuan/2021-S
recombinant protein, respectively. Mice were inoculated two
times (inactivated PEDV) at 0 and 14 days (S protein was
immunized four times at 0, 14, 21, and 28 days) with the
same dose and route, respectively. Te inactivated PEDV
and purifed proteins are mixed with Freund’s adjuvant
(Sigma–Aldrich) in the same volume prior to injection. Te
frst immunization was accompanied with a complete
Freund’s adjuvant, and the subsequent booster immuniza-
tions were accompanied with an incomplete Freund’s ad-
juvant. At 28 days (S protein at 35 days), all mice were
sacrifced according to the approved ethical protocol, and
serum samples were collected for further analysis.

2.12. Virus Neutralization Assay. PEDV-specifc neutraliz-
ing antibodies in sera collected from sows and mice were
determined by a virus neutralization test (VNT) as described
previously [37] with some modifcations. Briefy, the col-
lected serum samples were inactivated at 56°C for 30min
and serially diluted two-folds and mixed with an equal
volume of 200 TCID50 of PEDV (CV777 or CH/Yinchuan/
2021 strain) in each well. After a 1 h incubation at 37°C,
100 μl of the mixture was transferred to Vero cell monolayers
and incubated at 37°C for 1 h. Ten, the inocula were dis-
carded and Vero cells were washed three times with DMEM.
Tereafter, 100 μl DMEM containing 10 μg/ml trypsin
(Gibco, USA) was added to the cells and incubated for 2 days
at 37°C and then fxed with 4% paraformaldehyde for 30min
at RT, followed by staining with FITC conjugated polyclonal
antibody against PEDV-N protein to visualize CPE in the
cells. Serum samples were tested in triplicate, and neutral-
ization titers were expressed as the reciprocal of the highest
dilution of serum inhibiting CPE in all duplicate wells.

2.13. Piglet Infection Experiment. Ten 3-day-old colostrum-
free piglets were obtained from sows that were not im-
munized with the PEDV vaccine. Sow and 3-day-old
colostrum-free piglets were confrmed to be free of PEDV,
PDCoV, PoRV, and TGEV through antibodies and viral
nucleic acids test. Piglets were fed liquid milk and free
drinking water, and the experiment was started after ac-
climation for 24 h. Piglets were randomly divided into two
groups with 5 piglets in each group and housed in separate
cages, which were PEDV CH/Yinchuan/2021 inoculation
group and control group, respectively. Te inoculated group
was orally inoculated with P7 (passage 7) PEDV CH/Yin-
chuan/2021 at 104.5 TCID50/ml (3ml/piglet) as previously
described [2, 38], while the control group was orally in-
oculated with 3ml DMEM.

Clinical signs, including diarrhea severity, temperature,
and weight were observed every 4 h during the day and every
12 h at night from the beginning to the end of the study. Te
clinical assessment including mental state and diarrhea
severity were performed as previously described [34]. Fecal
swabs were collected every 12 h until death. At the end of the
study, all surviving piglets were humanely euthanized. At
pathological necropsy, the duodenum, jejunum, ileum,
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cecum, and colon were fxed with 4% paraformaldehyde for
histological analyses, and fresh tissues were stored at −80°C
for viral detection.

2.14. Histopathology. Histopathology was performed as
described previously [39]. Gastrointestinal tissues contain-
ing duodenum, jejunum, ileum, cecum, and colon were
collected and fxed in paraformaldehyde. After fxation with
4% paraformaldehyde at RT for 48 h, the tissue specimens
were processed and embedded in parafn and subsequently
stained with hematoxylin and eosin (H&E) (Beijing Solaris
Science & Technology Co., Ltd., China).

2.15. Quantitative RT-PCR. Each fecal swab was diluted and
homogenized with 1ml sterile PBS at the indicated time
points, centrifuged at 4,500×g for 10min at 4°C, and 300 μl
supernatant was used to extract viral RNA. Equal quantities
(0.1 g) of tissue samples were homogenized in 1ml of sterile
PBS, centrifuged at 4,500×g for 20min at 4°C, and 300 μl
supernatant was used to extract RNA and synthesize cDNA
as described above. Te quantitative real-time PCR (qPCR)
reactions were performed using the primers targeting M
gene (PEDV-qPCR-F: 5′-TAT AAG GTT GCT ACT GGC
GT-3′; PEDV-qPCR-R: 5′-CAT TGA CTG AAC GAC CAA
CA-3′), and the qPCR reactions were carried out using SYBR
qPCRMaster Mixture (DiNing, China) with the following
reaction conditions: 94°C for 2min, followed by 40 cycles of
94°C for 15 s and 55°C for 15 s. A standard plasmid based on
the M gene was constructed in this study. Briefy, the PEDV
CH/Yinchuan/2021 strain M gene was amplifed using
specifc primers (PEDV-M-F: 5′-ACG GTT CTA TTC CCG
TTG ATG-3′; PEDV-M-R: 5′-TAA ATG AAG CAC TTT
CTC ACT ATC-3′) and RT-PCR product was cloned into
the pMD19-T plasmid (Takara Bio, Inc., Otsu, Shiga, Japan)
(pMD19-T-M). Standard curves were generated using 10-
fold dilutions of pMD19-T-M (from 109 to 101) and
a negative control (distilled water).

2.16. Statistical Analysis. Results are expressed as mean-
± standard deviations (SD) and analyzed using the
GraphPad Prism 9.4.1 software (GraphPad Software, Inc., La
Jolla, CA, USA). Paired t test was performed to compare the
two groups. One-way ANOVA followed by a t-test was
conducted to comparemultiple groups. Survival analysis was
employed using the Kaplan–Meier method. Diferences were
defned as statistically signifcant at p< 0.05 (∗), p < 0.01
(∗∗), p < 0.001 (∗∗∗), and p < 0.0001 (∗∗∗∗).

3. Results

3.1. Pathogen Identifcation. In July 2021, 9 intestinal con-
tents and 47 fecal samples were derived from 7 adjacent sow
farms in Yinchuan, Ningxia Hui Autonomous Region of
China. To determine the causative agent of the diarrhea
outbreaks, the diarrhoea-related enteric viruses including
PEDV, PoRV, TGEV, and PDCoV were detected using RT-
PCR. Te 6 intestinal contents and 44 fecal samples were

identifed as PEDV-positive, whereas PoRV, TGEV, and
PDCoV were not detected in all samples (data not shown).
To obtain information about the genetic sequence in-
formation of these samples, we identifed and sequenced the
S gene in all PEDV-positive samples. Sequence alignment
revealed that all sequences were almost identical (99.9-
100%), suggesting the same PEDV strain was responsible for
diarrhea outbreaks in afected sow farms.

3.2. Viral Isolation and Characterization. Te PEDV-PCR-
positive samples including 6 intestinal homogenates and 44
fecal samples were attempted for virus isolation in Vero cells.
A PEDV isolate named CH/Yinchuan/2021 was successfully
isolated from the small intestine of a dead piglet in a sow
farm. Te obvious cytopathic efect (CPE) containing syn-
cytium formation, multiple regional cell fusion, and eventual
detachment appeared in infected Vero cells from passage 4
(P4) at 24 hpi (Figure 1(a)). To investigate whether CH/
Yinchuan/2021 could proliferate in cell culture, the isolate
was further passaged in Vero cells for 25 passages (P1–P25).
Visible CPE was observed at P2 in 24 hpi, and CPE gradually
became predominant in the later passages, including the
progressively enlarging syncytium (Figure 1(a)). In addition,
CPE had obvious changes in diferent time points at P8,
including enlarging syncytium (36 h), cell detachment
(48 h), cell vacuoles (60 h), round and shrink (72 h), and
many foating cells were observed in the medium (72 h)
(Figure 1(b)). To confrm whether the occurrence of virus
propagation during passages, the infectivity of the CH/
Yinchuan/2021 strain (P10) was assessed using IFA staining
and western blot (WB) against the PEDV N protein poly-
clonal antibody. As shown in Figure 2(a), the specifc
staining of the PEDV-N protein was obviously distributed in
the cytoplasm with syncytial cells, not in the nucleus. In
contrast, no CPE and green signal were detected in the
mock-infected cells. WB analysis also further confrmed
PEDV-N-protein expression in the PEDV-infected Vero
cells, but not in the mock-infected cells (Figure 2(b)).
Moreover, the growth kinetics showed that the proliferative
ability of the isolate at P10 was obviously weaker than that of
the classical strain CV777 in Vero cells at 24 hpi (p < 0.01),
and the peak viral titer of CH/Yinchuan/2021 strain (105.58
TCID50/ml at 32 hpi) was lower than that of the CV777 stain
(106.5 TCID50/ml at 24 hpi) (Figure 2(c)). During the frst 10
serial passages, the viral titer ranged from 101.3 to
104.83 TCID50/ml at 24 hpi, whereas it was determined to be
105.67 TCID50/ml in the P25 (Figure 2(d)).

3.3. Nucleotide Sequence Analysis of the CH/Yinchuan/2021.
To elucidate the characteristics of the PEDVCH/Yinchuan/2021
strain, the entire genome sequence of CH/Yinchuan/2021 was
obtained by next-generation sequence technology and deposited
in the GenBank under accession number OP480878. A total of
28,038 nucleotides (nt) were determined for PEDV CH/Yin-
chuan/2021 strain, excluding the poly (A) tail. Te organization
that of other PEDVgenomes previously sequencedwith 5′UTR-
ORF1a/1b-S-ORF3-E-M-N-3′UTR [9, 13]. We frst carried out
“Nucleotide BLAST” on the whole genome of CH/Yinchuan/
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2021 at NCBI and selected the top 50 strains for homology
analysis. A comparison to 50 PEDV strains available inGenBank
shared 98.8%–99.2% nt identity, with the highest nt identity
(99.2%)withChinese PEDV isolate SD2020 (GenBank accession
No. OL762456). Subsequently, compared with 77 reference
strains of diferent genotypes (Table S1), the full-gene of CH/
Yinchuan/2021 isolate exhibited 96.4–97.2%, 96.8-96.9%,
98.3–98.7%, 97.7–99.2%, and 98.3–98.8% with reference GIa,
GIb, S-INDEL, GIIa, and GIIb, respectively (Table 1). Note that,
the S gene nt sequence showed themost diverse gene among the
reference strains, and the GII strains shared a slightly higher
percent identity than that of the GI and S-INDEL strains
(Table 1). In addition, the S1 subunit in all genotypes exhibited
lower nt percent identities compared with the S2 subunit
(Table 1).

3.4. Phylogenetic and Recombination Analysis. To clarify the
evolution relationship between CH/Yinchuan/2021 and
other PEDV strains globally, phylogenetic analyses were
performed based on the nt sequences of the S gene of PEDV
isolate identifed in this study and 77 references PEDV
strains (Table S1). As shown in Figure 3, the phylogenetic
tree revealed all the PEDV strains distinctly clustered into
two major groups, GI and GII, which were clearly separated
into the GIa, GIb, and GIc, or GIIa and GIIb subgroups,

respectively. All GIa strains (n� 6) included attenuated
vaccine strain CV777 and virulent DR13, and the CH/S
strain, originally isolated in China, formed an independent
branch within this subgroup (Figure 3). Te GIb subgroup
(n� 5) contained attenuated DR13 strain and several Chi-
nese feld isolates since 2012. Te GIc (n� 16) was assigned
as the S-INDEL subgroup, which showed two branches
within three clades, one including American, Colombian,
German, and Spanish strains during 2013–2015, and the
other containing only European national strains such as
Poland, France, Slovenia, and Hungary since 2015. However,
the S-INDEL strains from China formed a single branch
within one clade, which was separate for S-INDEL strains
from other countries (Figure 3). Notably, the GIIa subgroup
(n� 22) was the circulating strains identifed in China since
2015 except for a Vietnamese isolate (IBT-VN, GenBank No.
KY928065), and obviously divided into two clades (Clade 1
and Clade 2).Te CH/Yinchuan/2021 isolate belonged to the
GIIa subgroup, forming an independent branch with 2020-
2021 isolates from China within Clade 1. Te GIIb subgroup
(n� 29) also was classifed into two clades (Clade 3 and
Clade 4). However, Clade 3 only contained pandemic strains
isolated in China from 2011 to 2020, which were obviously
diferent from the sources of strains circulating in North
America, South America, and Europe countries within Clade
4, especially the isolates from the USA (5/15).
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Figure 1: Cytopathic efects (CPE) of PEDV CH/Yinchuan/2021 in Vero cells. (a) Vero cells were infected or mock-infected with diferent
passages PEDV CH/Yinchuan/2021; the PEDV-specifc CPEs were observed at 24 hpi. Te red arrow indicates CPE. (b) CPE appeared in
diferent time points after PEDV CH/Yinchuan/2021 (P8) infection. Te cells were detected employing a microscope at 200x magnifcation.
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To further analyze potential recombination in CH/
Yinchuan/2021 isolate during evolution, we performed re-
combination examination and analysis employing RDP4
software by the whole genome sequence of PEDVs (n� 77)
(Table S1). Strikingly, CH/Yinchuan/2021 was analyzed as
a recombinant originated from the PC273/O strain (USA)
(major parent) and CH/HNYY/2018 strain (China) (minor
parent), with a big recombinant region spanning ORF1a (nt
2716 without gaps) and S1 the 5′ proximal part of S1 (nt
19570–20711 without gaps) (Figure 4), supported by more
than fve recombination detection algorithms (Table 2).

3.5. Analysis of PEDV S Protein. Compared with the CV777
vaccine strain, the CH/Yinchuan/2021 exhibited several
insertions, deletions, and substitutions, including 5-aa in-
sertion (59QGVN62 and 140N), 2-aa deletion (163DI164), and
84-aa substitutions. To further investigate the aa diferences
in the S protein between the CH/Yinchuan/2021 and CV777
strain, six neutralizing epitopes of the CH/Yinchuan/2021
strain (S10, S1A, COE, SS2, SS6, and 2C10) were analyzed in
this study. As shown in Figure 5(a), the CH/Yinchuan/2021
strain identifed 41, 1, 11 and 1 aa diferences within S10, S1A,
COE, and SS6 epitope domains, respectively, and no
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Figure 2: Identifcation of the PEDV CH/Yinchuan/2021. (a) Vero cells were infected or mock-infected with PEDV CH/Yinchuan/2021
(P10); the immunofuorescence assay (IFA) staining was performed with the polyclonal antibody against PEDV N protein at 24 dpi. Te
infected cells showed the formation of syncytia including diferent numbers of nuclei (green for antigens, blue for nuclei). Te cells were
observed using a fuorescence microscope at 200x magnifcation. (b)Te western blot analysis was used to identify the N protein expression
of PEDV CH/Yinchuan/2021 in Vero cells. (c) Vero cells were infected with PEDV CH/Yinchuan/2021 (P10) or CV777 and harvested at
diferent time points, and the viral growth curve was determined. Data are shown as the mean± SD of the results from three individual
experiments. ∗∗p < 0.01. (d) Te PEDV CH/Yinchuan/2021 (diferent passages) titer was determined in infected Vero cells at 24 hpi.

Table 1: Te nucleotide (nt) of CH/Yinchuan/2021 strain percent identity within GIa, GIb, S-INDEL, GIIa, and GIIb strains.

Genome/gene All strains
(n� 77)

GIa strains
(n� 6)

GIb strains
(n� 5)

S-INDEL strains
(n� 15)

GIIa strains
(n� 22)

GIIb strains
(n� 29)

Complete genome 96.4–99.2% 96.4–97.2% 96.8–96.9% 98.3–98.7% 97.7–99.2% 98.3–98.8%
Spike (S) 93.4–99.5% 93.4–85.2% 93.5–93.6% 95.8%–96.4% 97.4–99.5% 96.7–98.5%
S1 91.3–99.4% 91.3–92.9% 91.4–98.4% 93.4–97.9% 97.2%–99.4% 96.8–98.0%
S2 95.5–99.8% 95.5–98.4% 96.2–96.3% 98.7–99.3% 97.8–99.8% 96.7–99.2%
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diferences were found in the SS2 and 2C10 epitopes. In
addition, 38 aa substitutions were found between CH/
Yinchuan/2021 and CV777 strains in the nonepitope regions
(Table S3). Importantly, multiple alignments of S protein aa
sequences (n� 78) uncovered that the CH/Yinchuan/2021
strain has 6 unique aa substitutions, including 1 (T29K), 2
(V512I and P646L) and 3 (V247I, V318G, and V354I) in S10,
COE epitope and nonepitope region, respectively (Table S3).
Furthermore, we found a highly variable region at the S1
NTD (1–378 aa) between the GI and GII strains, especially in
the S10 epitope region (Table S3). Remarkably, these residue
substitutions in S protein, whether epitopes or nonepitopes,

occurred on the surface of its structure, especially the in-
sertion and deletion of multiple consecutive residues at the
S10 epitope (Figures 5(b)–5(e)). Further structural analysis
of S protein uncovered that the CH/Yinchuan/2021
exhibited three obvious structural changes in residues 55–72,
138–141, and 157–165 located in the S10 epitope region
(Figures 5(f)–5(j)).

3.6. Cross-Neutralization Analysis of CV777 and CH/Yin-
chuan/2021 Strains. To evaluate the levels of neutralizing
antibodies against PEDV in sow farms inoculated with
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Figure 3: Phylogenetic analysis of the PEDV based on the S gene. Te nucleotide sequences of reference PEDV strains worldwide are
downloaded from GenBank. Te tree was constructed using the MEGA 7 software program with the neighbour joining method and
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CV777 strain, serum samples were collected from sows and
tested for neutralizing antibodies using VNT. As shown in
Figure 6(a), the anti-CV777 neutralizing antibody titers
range from 32 to 512 (average titer 206), and the titer of
neutralizing CH/Yinchuan/2021 is 145, nearly 1.4-fold lower
than that of the titer of anti-CV777, while there were no
diferences in neutralizing antibody between CV777 and
CH/Yinchuan/2021 (p > 0.05). To further verify the cross-
neutralizing activity, mice were immunized with inactivated
CV777 and CH/Yinchuan/2021, and then the cross-
neutralizing antibody titers were analyzed. Our data
showed that the titer of anti-CV777 in CV777-immuned
serum was signifcantly higher than that of anti-CH/Yin-
chuan/2021 (p < 0.05) (Figure 6(b)). Although there was no
signifcant diference in the ability of CH/Yinchuan/2021-
immuned serum to neutralize CV777 and CH/Yinchuan/
2021 strains (p > 0.05), the titer of anti-CH/Yinchuan/2021
was nearly 2-fold higher than that of anti-CV777
(Figure 6(b)). Tese data indicated that the antigenicity of
CH/Yinchuan/2021 had some changes relative to the

classical strain CV777. To verify whether the antigenicity
change is caused by the diference between the S protein of
CH/Yinchuan/2021 and CV777 strain, the cross-
neutralization antibody titer against the S protein mouse
polyclonal antibody (PAbs) was evaluated. As shown in
Figure 6(c), the S protein with an expected molecular weight
of 150 kDa was found by SDS-PAGE, and the expressed S
proteins of CH/Yinchuan/2021 and CV777 strains were
further confrmed by western blotting (Figure 6(d)). Neu-
tralizing antibody levels revealed that the ability of anti-
CV777-S PAbs to neutralize CV777 was signifcantly higher
than that of CH/Yinchuan/2021 (p < 0.05) (Figure 6(e)).
Notably, anti-CH/Yinchuan/2021-S PAbs showed no dif-
ference in neutralizing CV777 and CH/Yinchuan/2021
strains (p > 0.05), whereas the average titer neutralizing
CH/Yinchuan/2021 strain (336) was 1.4-fold higher than
that of CV777 strain (240) (Figure 6(e)).

3.7. Pathogenicity of PEDV CH/Yinchuan/2021. To in-
vestigate the pathogenicity of PEDV CH/Yinchuan/2021, 3-
day-old piglets were infected orally with the CH/Yinchuan/
2021. At 18 hpi, 4/5 piglets began to exhibit semisolid feces
and vomiting in the challenge group, and all piglets at 24 hpi
presented with serious PED-symptoms characterized by
watery diarrhea, lethargy, loss of appetite, huddle, and
shortness of breath, but vomiting was rare (Figures 7(a)–7(e)
and 8(a)). In the challenge group, yellow and foul-smelling
watery feces remained in the perianal region of piglets
(Figure 7(e)). No clinical symptoms were observed in the
control group (Figures 7(b), 7(d), and 7(f )). Two infected
piglets died with severe dehydration at 36 hpi, the remaining
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Figure 4: Genome recombination analysis of CH/Yinchuan/2021. Recombination analysis was determined using RDP4 software. Te
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or minor parent (CH/HNYY/2018) as shown in cyan line and purple line, respectively. Te upper schematic diagram represented the
genome organization of PEDV CH/Yinchuan/2021.

Table 2: Recombination detection algorithms of CH/Yinchuan/
2021 strain by RDP.

Methods Seqs detected in Average p-value
RDP 7 1.810×10−34

GENECOVN 5 5.670×10−22

BootScan 2 6.642×10−15

MaxChi 6 5.164×10−10

Chimaera 7 9.117×10−07

SiScan 6 8.277×10−05

3Seq 11 2.414×10−12
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three piglets died successively at 60 and 96 hpi (Figure 8(b)).
In addition, the rectal temperature of challenged piglets did
not change signifcantly but signifcantly decreased 12 h
before death, and the body weight also gradually decreased
compared with the control group (Figures 8(c) and 8(d)).

Viral RNA was detected in all rectal swab samples (5/5)
form challenged piglets at 12 hpi, and reached the peak of
8.22 log10 RNA copies/μl at 24 hpi, followed by

6.12–8.22 log10 RNA copies/μl at 24–96 hpi (Figure 8(e)). In
addition, our data showed that the main colonization site of
PEDV was the intestine, containing duodenum, jejunum,
ileum, cecum, and colon, and peak viral RNA titers reached
up to 6.92 log10 RNA copies/μl in the jejunum, this titer was
obviously higher than that in other intestinal tissues
(p < 0.001) (Figure 8(f)).Te low-level RNA expression was
also detected in the stomach, heart, liver, spleen, lung, and
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Figure 5: S protein analysis of CH/Yinchuan/2021 strain. (a) Te CH/Yinchuan/2021 strain amino acid (aa) diferences relative to the
consensus of the PEDV CV777 strain.Te S10, S1A, COE, and SS6 epitopes are highlighted magenta, green, orange, and red, respectively. (b)
S proteinmodel of CV777 strain. (c) S protein model of CH/Yinchuan/2021 strain. (d and e)Te S protein structure of CH/Yinchuan/2021 is
rotated 90° and 180° relative to (c), respectively. Te S10, S1A, COE, and SS6 epitope domains are highlighted magenta, green, orange, and
red, respectively. Grey represents the epitope region without aa diference and the nonepitope region. Te mutant aa residues of the CH/
Yinchuan/2021 S protein are shown as surface by blue. (f ) Comparison of the PEDV S protein structure presented CH/Yinchuan/2021
(shown as a cartoon by magenta) with CV777 strain (shown as surface by gray). Te dashed circle region is the S10 epitope model of CV777
strain shown as surface by orange. (g and h) Comparison of the S10 epitope structure between CH/Yinchuan/2021 (shown as a cartoon by
magenta) and CV777 strain (shown as surface by orange). Te blue arrows indicate the location of the structural change (I, II, and III). (i)
Structural changes of S10 epitope between CH/Yinchuan/2021 (magenta) and CV777 (orange) strain. (j) Structural changes of S10 epitope in
aa residue regions.
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Figure 6: Cross-neutralization analysis of CV777 and CH/Yinchuan/2021 strains. (a) Serum samples (n� 16) were collected from sows
inoculated with the CV777 strain, and the neutralizing antibodies against CV777 and CH/Yinchuan/2021 strains were tested using VNT. In
the control group, serum samples (n� 8) were collected from PEDV-negative sows. (b) Mice were immunized with inactivated PEDV
CV777, CH/Yinchuan/2021, and PBS (control), the neutralizing antibody titers against CV777 and CH/Yinchuan/2021 strains were
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SDS-PAGE with Coomassie brilliant blue R250. Te pET-32a vector was used as a control for analysis. (d) Te purifed S proteins were
detected by Western blotting with anti-His mouse Mab. (e) Mouse polyclonal antibodies (PAbs) were prepared by immunizing mice with
purifed pET-32a-CV777-S or pET-32a-CH/Yinchuan/2021-S recombinant protein (n� 8), the levels of neutralizing antibody against PEDV
CV777 and CH/Yinchuan/2021 strains were detected. ∗∗p < 0.01; ∗p < 0.05; ns, not signifcant.
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Figure 7: Clinical assessment and necropsy examination of piglets challenged with PEDV CH/Yinchuan/2021. Te 3-day-old piglets were
infected or mock-infected orally with the CH/Yinchuan/2021, and clinical symptoms (a, c, and e) and necropsy examination (g and i) were
observed in the infected group and mock group (b, d, f, h, and j).
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kidney (Figure 8(f )). No viral RNA was detected in all
samples of uninfected piglets (Figure 8(e)). Necropsy ex-
aminations showed that the small intestinal tract (duode-
num to colon) was distended, transparent, relaxed, lacked
elasticity, and flled with yellow fuid (Figures 7(g) and 7(i)),
whereas no such changes were observed in the control group
(Figures 7(h) and 7(j)). Te stomach is flled with curdled
milk, mesenteric congestion and enlarged mesenteric lymph
nodes (Figures 7(g) and 7(i)). Histopathologic analysis
revealed severe villous atrophy in the duodenum, jejunum,
ileum, cecum, and colon (Figure 9), the duodenum and
jejunum presented with bleeding, and the fusion and
sloughing were observed in the ileum and cecum (Figure 9).
No lesions were found in uninfected piglets (Figure 9).

4. Discussion

Originally identifed in the United Kingdom, PEDV is now
a global pathogen, especially since 2010 when highly
pathogenic variants have emerged in many countries
worldwide, posing a huge economic threat to the global pig
industry [9, 17, 40, 41]. Before 2010, inactivated and at-
tenuated vaccines based on CV777 played a major role in the
prevention and control of PEDV in China. Since then,
however, multiple studies have shown that the CV777
vaccine failed to provide complete protection against highly

pathogenic variants of PEDV, as PEDV has unexpectedly
devastated many swine farms vaccinated with the vaccine
[2, 7, 8]. In July 2021, a serious diarrhea occurred in several
adjacent sow farms vaccinated with the CV777 vaccine strain
in Yinchuan, China, which was characterized by severe
vomiting, lethargy, and moderate diarrhea in sows, watery
fetid diarrhea, vomiting, dehydration in suckling piglets, and
100% mortality. PEDV was fnally confrmed as the only
main causative agent by excluding other possible pathogens
including PoRV, TGEV, and PDCoV. In the present study, 9
intestinal contents and 47 fecal samples were collected from
7 afected sow farms, we successfully isolated a PEDV CH/
Yinchuan/2021 from the small intestinal contents of dead
piglets using Vero cells as previously described [33]. Al-
though clinical samples were collected from several sow
farms, we unfortunately isolated only one isolate (success
rate, 2%), as the isolation of PEDV is afected by many
factors, including sample type, trypsin concentration, and
cell susceptibility to PEDV [42, 43]. In this study, the PEDV
was not isolated from all fecal samples, but from a single
intestinal sample, suggesting that it was easier to isolate the
virus from intestinal samples than from fecal samples, which
is consistent with previous reports [42, 44]. Terefore, the
isolation methods need to be improved so that more isolates
can be obtained in the lab. Previous studies reported that
other isolates showed visible CPE until P7 [33, 43], while the
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Figure 8: Pathogenicity, viral shedding, and distribution analysis. Te clinical symptom scores (a), percent survival (b), rectal temperature
(c), and body weight (d) were determined in each group after PEDV CH/Yinchuan/2021 infection. (e) Virus shedding was detected in rectal
swabs at diferent time points. (f ) Virus distribution was determined in diferent tissues after a necropsy examination. ∗∗∗p < 0.001 and
∗∗∗∗p < 0.0001.
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isolate CH/Yinchuan/2021 began to show CPE from the P2,
and became more evident with subsequent passages of Vero
cells. Tis discrepancy may be attributable to the isolation
methods or cell susceptibility to PEDV to diferent isolates.
Our data uncovered that the infectivity of the CH/Yinchuan/
2021 isolate at P10 was signifcantly weaker than that of the
CV777 in Vero cells at 24 hpi. However, this was in contrast
to the results of Zhang et al., who reported the proliferation
capacity of the isolate CH/JX/01 was higher than that of
CV777 [45]. Tis diference may be related to the charac-
teristics of the isolate itself and the number of virus passages.
To investigate the characteristics of CH/Yinchuan/2021, the
full genome sequence was obtained by next-generation se-
quence technology. We found that CH/Yinchuan/2021
isolate exhibits 96.4–97.2%, 96.8–96.9%, 98.3–98.7%,
97.7–99.2%, and 98.3–98.8% with reference GIa, GIb, S-
INDEL, GIIa, and GIIb, respectively, indicating the CH/
Yinchuan/2021 has more similarities with GII than GI and S-
INDEL strains.

To further analyze the evolutionary relationship between
PEDV CH/Yinchuan/2021 and other isolates globally,
a phylogenetic tree was constructed based on S-gene se-
quences in this study. All the analyzed PEDV strains were
distinctly clustered into two major groups, GI and GII, and
further were allocated into fve subgroups (GIa, GIb, GIc,
GIIa, and GIIb). GIa and GIb are consistent with previous
phylogenetic topology [17, 40], including attenuated vaccine
strains and feld strains originally isolated in some countries.
However, the GIc (S-INDEL) has distinct temporal and
regional branches, all the Chinese S-INDEL strains showed
a single branch within one clade, other analyzed S-INDEL
strains formed two clades, one containing strains from
European countries such as Poland, France, Slovenia, and
Hungary since 2015, and the other containing strains from
the United States, Colombia, Germany, and Spain during
2013–2015. Tese data indicate that the S-INDEL strains
may have spread and continued to evolve in European and
North American countries. Remarkably, GIIa and GIIb
obviously contain two clades each (Clade 1, Clade 2, Clade 3,
and Clade 4), Clade 1 and Clade 2 form two groups cir-
culating GIIa strains in China since 2015 except a Viet-
namese isolate (IBT-VN, GenBank No. KY928065).

Te CH/Yinchuan/2021 isolate belonged to the GIIa sub-
group and formed an independent branch with Chinese
isolates from 2020–2021 within Clade 1. Notably, Clade 3
included only pandemic strains isolated in China since 2011,
which was signifcantly diferent from strains circulating in
North America, South America, and European countries in
Clade 4, especially strains from the USA (5/15). Tese
phylogenetic data indicate that there are regional diferences
among global variant PEDV strains, especially the contin-
uous evolution of circulating strains in China, forming
multiple lineages that are diferent from those in other
countries. Undoubtedly, the continuous evolution of PEDV
in diferent regions over time, which will bring more
challenges to global prevention and control.

Recombination is considered to be a crucial means in
viral evolution, especially for coronaviruses, leading to
changes in pathogenicity, host range, and transmission
routes [46]. Recombination among viruses poses a huge
potential threat to human and animal life as many human
coronaviruses originate from animal reservoirs [47, 48]. Te
PEDVs currently circulating in China including GI, GII, and
S-INDEL strains, which are also constantly recombining,
and then new strains are constantly emerging. In the present
study, the CH/Yinchuan/2021 strain was detected as
a recombinant with a big recombinant region spanning
ORF1a and S1. Interestingly, CH/Yinchuan/2021 was de-
rived from a major parent (PC273/O strain) in the Uni-
ted States and a minor parent (CH/HNYY/2018 strain) in
China. A recent study revealed that the United States became
an important source for the introduction of PEDV to many
countries, including Japan, Korea, China, and Mexico after
an initial introduction out of China, and the live swine trade
played an important role in the dispersal of PEDV on
a global scale [49]. Tese data suggest that the isolate CH/
Yinchuan/2021 may have been recombined from strains
circulating in China and the United States through the global
trade in live swine and swine-related products.Te discovery
of this virus indicates that PEDV strains circulating in farms
in China are becoming increasingly complex, and it is
necessary to conduct a molecular epidemiological in-
vestigation and evolutionary analysis of PEDV strains cir-
culating locally in China.

Duodenum Jejunum Ileum Cecum Colon
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CH/Yinchuan/2021
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Figure 9: Histopathological analysis. Te piglets were infected or mock-infected orally with the CH/Yinchuan/2021, and the pathological
changes of diferent tissues including duodenum, jejunum, ileum, cecum, and colon were identifed by hematoxylin and eosin (H&E)
staining (100x magnifcation).
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Te PEDV S protein is the most diverse protein, and aa
changes can result in virus variation and infuence virulence,
especially in the S1 region, its mutations alter viral tropism
and pathogenicity in piglets [27, 50, 51]. In the present study,
the CH/Yinchuan/2021 isolate shared 5-aa insertion
(59QGVN62 and 140N) and 2-aa deletion (163DI164) compared
with the CV777 strain, which is consistent with previous
results [9, 17], suggesting these typical variants are con-
sidered markers for distinguishing non-S-INDEL from S-
INDEL strains [14, 16]. In addition, multiple neutralizing
epitopes in PEDV S protein have been identifed containing
S10, S1A, COE, SS2, SS6, and 2C10, which can induce robust
neutralizing antibodies against PEDV [23–26, 37]. Our re-
sults revealed that the CH/Yinchuan/2021 harbored 41, 1, 11,
and 1 aa diferences in S10, S1A, COE, and SS6 epitope
domains, respectively, and 38 aa substitutions in the non-
epitope region compared with CV777 strain. More im-
portantly, these aa substitutions in S protein occur on the
surface of its structure. Terefore, these mutations are
considered to be markers for emerging global PEDV strains,
which may cause the CV777 vaccine to be unable to combat
current circulating strains [29, 50]. Furthermore, multiple
alignments of S protein aa sequences (n� 78) showed that
the CH/Yinchuan/2021 presented 6 unique aa substitutions,
such as 1 (T29K), 2 (V512I and P646L) and 3 (V247I, V318G,
and V354I) in S10, COE epitope, and nonepitope region,
respectively. Te specifc mechanism of its substitutions
needs further study. S10 epitope was identifed as a sialo-
glycoconjugates-binding domain, which localizes to the S1
NTD (20–220 aa) [22]. A study uncovered that a monoclonal
antibody derived from the S10 epitope of non-S-INDEL
strain could not or partially cross-neutralize against
CV777 and S-INDEL strains, independent aa substitution in
S10 region can also result in antigenic variation [37].
Consistent with the previous studies [17, 44], we also found
a highly variable region (1–378 aa) in the S1 NTD, especially
the S10 epitope region between the GI and GII strains. In
addition, S protein model analysis indicated that the CH/
Yinchuan/2021 isolate showed three structural changes in
the S10 epitope region located at residues 55–72, 138–141,
and 157–165. Te efect of these antigenic drifts on host
immunogenicity and pathogenicity needs to be further
studied.

Although studies have confrmed that the classic vaccine
strain CV777 is less efective in protecting against the highly
pathogenic PEDV variants, the inactivated and attenuated
PEDV vaccines based on CV777 are still used in some pig
farms in China [2, 7, 8]. In the present study, we assessed the
level of CV777 vaccine immunity in sow farms which ex-
perienced a PEDV invasion in Yinchuan, China, in 2021.
Our data showed that high levels of neutralizing antibodies
against CV777 were detected in immunized sows. In ad-
dition, the titer of ani-CV777 is nearly 1.4-fold higher than
that of ani-CH/Yinchuan/2021, whereas the ability of some
samples to neutralize CH/Yinchuan/2021 is higher than that
of CV777, which may be related to the infection of CH/
Yinchuan/2021 in pig farms. Moreover, experiments on
mice further verifed that the ability of CV777-immuned
serum to neutralize CH/Yinchuan/2021 was signifcantly

decreased compared with the CV777 strain. Meanwhile, we
also found that the cross-neutralizing reaction of CH/Yin-
chuan/2021-immuned serum was higher than that of
CV777. Tese data suggest that PEDV CH/Yinchuan/2021
had some antigenic diferences with the CV777 strain. To
further verify whether the mutation of the S protein changes
the antigenicity of the PEDV CH/Yinchuan/2021, two
mouse PABs of PEDV S protein were prepared and their
cross-neutralization titers were determined. Our results
showed that the titer of anti-CV777-S PAbs against CH/
Yinchuan/2021 was signifcantly lower than that of CV777,
while the titer of anti-CH/Yinchuan/2021-S PAbs against
CV777 also decreased slightly than that of CH/Yinchuan/
2021, suggesting that diferences in the S protein between
CH/Yinchuan/2021 and CV777 alter the immunogenicity,
thereby resulting in a diferent neutralization profle. Tese
data further confrmed that the commercially available
CV777 does not efectively neutralize the highly pathogenic
PEDV variant, which may be due to the mutation of the
neutralizing epitope of the S protein leading to the decreased
protective efcacy of the CV777 vaccine. It also reminds us
that the CV777 vaccine should be used cautiously in China,
and it is urgent to develop a new vaccine based on the
variants as the parent strain.

Since 2010, the emerging PEDV strains globally, whether
GIIa or GIIb epidemic strains have been highly pathogenic
to newborn piglets [4, 11, 34, 44]. In addition to typical
clinical symptoms, PEDV is also characterized by rapid
onset, rapid transmission, and rapid death, leading to almost
all the deaths of piglets in one or several pig farms, and
various treatment measures are insignifcant. In this study,
we observed that piglets infected with CH/Yinchuan/2021
strain began to exhibit symptoms at 18 hpi, began to die at
36 hpi, and all died at 96 hpi. Tese data uncovered that the
PEDV CH/Yinchuan/2021 is highly pathogenic to suckling
piglets. However, there were slight diferences from the
previously reported GII variants, the HM2017 strain caused
mild diarrhea in piglets starting at 12 hpi, with 100%
mortality at 84 hpi [34], PEDV SH developed mild diarrhea
at 18 hpi, began to die at 69 hpi, with 100% mortality at
84 hpi [2]. Moreover, we found that virus shedding began at
12 hpi and peaked at 24 hpi, and the virus mainly colonized
jejunum. Tese phenomena could provide some insights:
why does PEDV proliferate so rapidly in the intestinal tract?
What factors in the intestinal environment provide op-
portunities for PEDV? Answering these questions may be
benefcial to the prevention or treatment of PEDV. A recent
study revealed that a variant PEDV is not limited to the
intestinal tract, but also disrupts the respiratory system,
especially the lungs, indicating an evolutionary change in
PEDV tropism as an enteric pathogen, which deserves our
great attention [41].

In conclusion, a PEDV CH/Yinchuan/2021 strain was
isolated from a large-scale PEDV-infected sow farm vacci-
nated with the CV777 vaccine in Yinchuan, China. Phylo-
genetic analysis revealed CH/Yinchuan/2021 isolate
belonged to the major circulating GIIa in China. Multiple
alignments of S protein aa sequences demonstrated that CH/
Yinchuan/2021 showedmultiple aa insertions, deletions, and
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substitutions in epitope and contained several unique aa
substitutions. Cross-neutralization analysis confrmed that
diferences in the S protein between CH/Yinchuan/2021 and
CV777 altered the antigenicity, leading to diferent neu-
tralization profles. In addition, we found that CH/Yin-
chuan/2021 is a highly pathogenic PEDV strain with 100%
mortality in 3-day-old piglets. Tese data are helpful to
understand the molecular characteristics, epidemiology,
evolution, and antigenicity of circulating PEDV strains in
China.

Data Availability

Te whole genome sequence of the PEDV CH/Yinchuan/
2021 strain is openly available in the NCBI GenBank Ac-
cession number OP480878.

Ethical Approval

All animal experiments were carried out according to animal
welfare standards and approved by the Animal Welfare and
Research Ethics Committee of Northwest A&F University
(approval number NWAFUSM20210-11). No specifc per-
mission is required for sample collection, as samples are
collected in public or nonprotected areas. Samples collection
and publication of the data were approved by the farm
owners.

Conflicts of Interest

Te authors declare that there are no conficts of interest
with regard to the present research.

Authors’ Contributions

LJL performed the experiments and drafted the manuscript;
MYQ, GZ, CH, XCQ, LHQ, FY, and HY performed virus
isolation and animal experiment; HRC performed western
blot analysis; LKJ and CZW analyzed the data; WXL, ZSX,
and LHJ participated in experiment design and manuscript
editing; YZQ supervised the project. All authors reviewed,
revised, and approved the manuscript and have contributed
signifcantly to this work.

Acknowledgments

Tis study was fnancially supported by National Natural
Science Foundation of China (Grant no. 32002280), Natural
Science Basic Research Program of Shaanxi (Grant no.
2019JQ-095), China Postdoctoral Science Foundation
(Grant no. 2019M660268), China Agriculture Research
System of MOF and MARA (Grant no. CARS-39-14), the
National Natural Science Foundation of China (Grant no.
31672581), and the Natural Science Basic Research Plan in
Shaanxi Province of China (Grant no. 2021KW-41).

Supplementary Materials

Table S1Te reference PEDV strains used in this study. Table
S2 Sequences and primer pair characteristics in this study.

Table S3 Multiple alignments of S protein aa sequences
(n= 78) in this study. (Supplementary Materials)

References

[1] K. Jung, L. J. Saif, and Q. Wang, “Porcine epidemic diarrhea
virus (PEDV): an update on etiology, transmission, patho-
genesis, and prevention and control,”Virus Research, vol. 286,
Article ID 198045, 2020.

[2] X. W. Wang, M. Wang, J. Zhan et al., “Pathogenicity and
immunogenicity of a new strain of porcine epidemic diarrhea
virus containing a novel deletion in the N gene,” Veterinary
Microbiology, vol. 240, Article ID 108511, 2020.

[3] P. C. Y. Woo, Y. Huang, S. K. P. Lau, and K. Y. Yuen,
“Coronavirus genomics and bioinformatics analysis,” Viruses,
vol. 2, no. 8, pp. 1804–1820, 2010.

[4] C. M. Lin, L. J. Saif, D. Marthaler, and Q. Wang, “Evolution,
antigenicity and pathogenicity of global porcine epidemic
diarrhea virus strains,” Virus Research, vol. 226, pp. 20–39,
2016.

[5] M. B. Pensaert and P. de Bouck, “A new coronavirus-like
particle associated with diarrhea in swine,” Archives of Vi-
rology, vol. 58, no. 3, pp. 243–247, 1978.

[6] J. Chen, C. Wang, H. Shi et al., “Molecular epidemiology of
porcine epidemic diarrhea virus in China,” Archives of Vi-
rology, vol. 155, no. 9, pp. 1471–1476, 2010.

[7] W. Li, H. Li, Y. Liu et al., “New variants of porcine epidemic
diarrhea virus, China, 2011,” Emerging Infectious Diseases,
vol. 18, no. 8, pp. 1350–1353, 2012.

[8] D. Wang, L. Fang, and S. Xiao, “Porcine epidemic diarrhea in
China,” Virus Research, vol. 226, pp. 7–13, 2016.

[9] J. Chen, X. Liu, D. Shi, H. Shi, X. Zhang, and L. Feng,
“Complete genome sequence of a porcine epidemic diarrhea
virus variant,” Journal of Virology, vol. 86, no. 6, p. 3408, 2012.

[10] J. Wang, P. Zhao, L. Guo et al., “Porcine epidemic diarrhea
virus variants with high pathogenicity, China,” Emerging
Infectious Diseases, vol. 19, no. 12, pp. 2048-2049, 2013.

[11] G. W. Stevenson, H. Hoang, K. J. Schwartz et al., “Emergence
of porcine epidemic diarrhea virus in the United States:
clinical signs, lesions, and viral genomic sequences,” Journal of
Veterinary Diagnostic Investigation, vol. 25, no. 5, pp. 649–
654, 2013.

[12] L. Wang, B. Byrum, and Y. Zhang, “New variant of porcine
epidemic diarrhea virus, United States, 2014,” Emerging In-
fectious Diseases, vol. 20, no. 5, pp. 917–919, 2014.

[13] Q. Chen, G. Li, J. Stasko et al., “Isolation and characterization
of porcine epidemic diarrhea viruses associated with the 2013
disease outbreak among swine in the United States,” Journal of
Clinical Microbiology, vol. 52, no. 1, pp. 234–243, 2014.

[14] D. Hanke, A. Pohlmann, C. Sauter-Louis et al., “Porcine
epidemic diarrhea in Europe: in-detail analyses of disease
dynamics and molecular epidemiology,” Viruses, vol. 9, no. 7,
p. 177, 2017.

[15] Y. W. Huang, A. W. Dickerman, P. Piñeyro et al., “Origin,
evolution, and genotyping of emergent porcine epidemic
diarrhea virus strains in the United States,”mBio, vol. 4, no. 5,
Article ID e007377-13, 2013.

[16] M. Su, C. Li, S. Qi et al., “A molecular epidemiological in-
vestigation of PEDV in China: characterization of co-
infection and genetic diversity of S1-based genes,” Trans-
boundary and Emerging Diseases, vol. 67, no. 3, pp. 1129–1140,
2020.

[17] Y. Tian, X. Yang, H. Li et al., “Molecular characterization of
porcine epidemic diarrhea virus associated with outbreaks in

Transboundary and Emerging Diseases 15

https://downloads.hindawi.com/journals/tbed/2023/7082352.f1.zip


southwest China during 2014-2018,” Transboundary and
Emerging Diseases, vol. 68, no. 6, pp. 3482–3497, 2021.

[18] D. A. Brian and R. S. Baric, “Coronavirus genome structure
and replication,” Current Topics in Microbiology and Im-
munology, vol. 287, pp. 1–30, 2005.

[19] F. Li, “Structure, function, and evolution of coronavirus spike
proteins,” Annual review of virology, vol. 3, no. 1, pp. 237–261,
2016.

[20] A. C. Walls, M. A. Tortorici, B. J. Bosch et al., “Cryo-electron
microscopy structure of a coronavirus spike glycoprotein
trimer,” Nature, vol. 531, no. 7592, pp. 114–117, 2016.

[21] R. J. G. Hulswit, C. A. M. de Haan, and B. J. Bosch,
“Coronavirus spike protein and tropism changes,” Advances
in Virus Research, vol. 96, pp. 29–57, 2016.

[22] B. Li, L. Du, Z. Yu et al., “Poly (D,L-lactide-co-glycolide)
nanoparticle-entrapped vaccine induces a protective immune
response against porcine epidemic diarrhea virus infection in
piglets,” Vaccine, vol. 35, no. 50, pp. 7010–7017, 2017a.

[23] C. Y. Chang, I. C. Cheng, Y. C. Chang et al., “Identifcation of
neutralizing monoclonal antibodies targeting novel confor-
mational epitopes of the porcine epidemic diarrhoea virus
spike protein,” Scientifc Reports, vol. 9, p. 2529, 2019.

[24] S. H. Chang, J. L. Bae, T. J. Kang et al., “Identifcation of the
epitope region capable of inducing neutralizing antibodies
against the porcine epidemic diarrhea virus,” Molecules and
Cells, vol. 14, no. 2, pp. 295–299, 2002.

[25] F. A. Okda, S. Lawson, A. Singrey et al., “Te S2 glycoprotein
subunit of porcine epidemic diarrhea virus contains immu-
nodominant neutralizing epitopes,” Virology, vol. 509,
pp. 185–194, 2017.

[26] D. J. M. Cruz, C. J. Kim, and H. J. Shin, “Te GPRLQPYmotif
located at the carboxy-terminal of the spike protein induces
antibodies that neutralize Porcine epidemic diarrhea virus,”
Virus Research, vol. 132, no. 1-2, pp. 192–196, 2008.

[27] D. Li, Y. Li, Y. Liu et al., “Isolation and identifcation of
a recombinant porcine epidemic diarrhea virus with a novel
insertion in S1 domain,” Frontiers in Microbiology, vol. 12,
Article ID 667084, 2021.

[28] T. Sato, N. Takeyama, A. Katsumata, K. Tuchiya, T. Kodama,
and K. I. Kusanagi, “Mutations in the spike gene of porcine
epidemic diarrhea virus associated with growth adaptation
in vitro and attenuation of virulence in vivo,” Virus Genes,
vol. 43, no. 1, pp. 72–78, 2011.

[29] A. N. Vlasova, D. Marthaler, Q. Wang et al., “Distinct
characteristics and complex evolution of PEDV strains,”
Emerging Infectious Diseases, vol. 20, pp. 1620–1628, 2014.

[30] M. Qi, C. Zambrano-Moreno, P. Pineda et al., “Several lin-
eages of porcine epidemic diarrhea virus in Colombia during
the 2014 and 2016 epidemic,” Transboundary and Emerging
Diseases, vol. 68, no. 4, pp. 2465–2476, 2021.

[31] B. J. Liu, Y. Z. Zuo,W. Y. Gu et al., “Isolation and phylogenetic
analysis of porcine deltacoronavirus from pigs with diarrhoea
in Hebei province, China,” Transboundary and emerging
diseases, vol. 65, no. 3, pp. 874–882, 2018.

[32] L. Tan, Y. Li, J. He et al., “Epidemic and genetic character-
ization of porcine epidemic diarrhea virus strains circulating
in the regions around Hunan, China, during 2017-2018,”
Archives of Virology, vol. 165, no. 4, pp. 877–889, 2020.

[33] M. Hofmann and R. Wyler, “Propagation of the virus of
porcine epidemic diarrhea in cell culture,” Journal of Clinical
Microbiology, vol. 26, no. 11, pp. 2235–2239, 1988.

[34] D. Yang, M. Su, C. Li et al., “Isolation and characterization of
a variant subgroup GII-a porcine epidemic diarrhea virus
strain in China,” Microbial Pathogenesis, vol. 140, Article ID
103922, 2020.

[35] Q. Wu, J. Li, W. Wang et al., “Next-generation sequencing
reveals four novel viruses associated with calf diarrhea,” Vi-
ruses, vol. 13, no. 10, Article ID 1907, 2021.

[36] C. Y. Huang, P. Draczkowski, Y. S. Wang et al., “In situ
structure and dynamics of an alphacoronavirus spike protein
by cryo-ET and cryo-EM,” Nature Communications, vol. 13,
no. 1, Article ID 4877, 2022.

[37] C. Li, W. Li, E. Lucio de Esesarte et al., “Cell attachment
domains of the porcine epidemic diarrhea virus spike protein
are key targets of neutralizing antibodies,” Journal of Virology,
vol. 91, no. 12, Article ID e002733-17, 2017b.

[38] T. Zhu, S. Du, D. Cao et al., “Isolation and identifcation of
a variant subtype G 2b porcine epidemic diarrhea virus and S
gene sequence characteristic,” Infection, Genetics and Evo-
lution, vol. 71, pp. 82–90, 2019.

[39] N. Dong, L. Fang, H. Yang et al., “Isolation, genomic char-
acterization, and pathogenicity of a Chinese porcine delta-
coronavirus strain CHN-HN-2014,” Veterinary Microbiology,
vol. 196, pp. 98–106, 2016.

[40] Z. Wen, J. Li, Y. Zhang et al., “Genetic epidemiology of
porcine epidemic diarrhoea virus circulating in China in
2012-2017 based on spike gene,” Transboundary and Emerging
Diseases, vol. 65, no. 3, pp. 883–889, 2018.

[41] N. Van Diep, N. Choijookhuu, N. Fuke et al., “New tropisms
of porcine epidemic diarrhoea virus (PEDV) in pigs naturally
coinfected by variants bearing large deletions in the spike (S)
protein and PEDVs possessing an intact S protein,” Trans-
boundary and Emerging Diseases, vol. 67, no. 6, pp. 2589–
2601, 2020.

[42] S. Lee, Y. Kim, and C. Lee, “Isolation and characterization of
a Korean porcine epidemic diarrhea virus strain KNU-
141112,” Virus Research, vol. 208, pp. 215–224, 2015.

[43] Y. Pan, X. Tian, W. Li et al., “Isolation and characterization of
a variant porcine epidemic diarrhea virus in China,” Virology
Journal, vol. 9, no. 1, p. 195, 2012.

[44] J. Chen, X. Liu, D. Shi et al., “Detection and molecular di-
versity of spike gene of porcine epidemic diarrhea virus in
China,” Viruses, vol. 5, no. 10, pp. 2601–2613, 2013.

[45] Y. Zhang, Y. Chen, W. Yuan et al., “Evaluation of cross-
protection between G1a- and g2a-genotype porcine epidemic
diarrhea viruses in suckling piglets,” Animals, vol. 10, no. 9,
p. 1674, 2020.

[46] R. L. Graham and R. S. Baric, “Recombination, reservoirs, and
the modular spike: mechanisms of coronavirus cross-species
transmission,” Journal of Virology, vol. 84, no. 7, pp. 3134–
3146, 2010.

[47] G. Lu, Q. Wang, and G. F. Gao, “Bat-to-human: spike features
determining ’host jump’ of coronaviruses SARS-CoV, MERS-
CoV, and beyond,” Trends in Microbiology, vol. 23, no. 8,
pp. 468–478, 2015.

[48] P. Zhou, H. Fan, T. Lan et al., “Fatal swine acute diarrhoea
syndrome caused by an HKU2-related coronavirus of bat
origin,” Nature, vol. 556, no. 7700, pp. 255–258, 2018.

16 Transboundary and Emerging Diseases



[49] W. T. He, N. Bollen, Y. Xu et al., “Phylogeography reveals
association between swine trade and the spread of porcine
epidemic diarrhea virus in China and across the world,”
Molecular Biology and Evolution, vol. 39, no. 2, Article ID
msab364, 2022.

[50] H. Y. Chiou, Y. L. Huang, M. C. Deng et al., “Phylogenetic
analysis of the spike (s) gene of the new variants of porcine
epidemic diarrhoea virus in Taiwan,” Transboundary and
Emerging Diseases, vol. 64, no. 1, pp. 157–166, 2017.

[51] C. Lee, “Porcine epidemic diarrhea virus: an emerging and re-
emerging epizootic swine virus,” Virology Journal, vol. 12,
no. 1, p. 193, 2015.

Transboundary and Emerging Diseases 17




