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Porcine epidemic diarrhea virus (PEDV) is the major pathogen that causes diarrhea
and high mortality in newborn piglets with devastating impact to the pig industry.
Recombination and mutation are the main driving forces of viral evolution and genetic
diversity of PEDV. In 2016, an outbreak of diarrhea in piglets occurred in an intensive
pig farm in Central China. A novel PEDV isolate (called HNAY) was successfully isolated
from clinical samples. Sequence analysis and alignment showed that HNAY possessed
21-nucleotide (nt) insertion in its S1 gene, which has never been reported in other
PEDV isolates. Moreover, the sequence of the insertion was identical with the sequence
fragment in PEDV N gene. Notably, the HNAY strain exhibited two unique mutations
(T500A and L521Y) in the neutralizing epitopes of the S1 protein that were different
from those of other PEDV variant strains and CV777-based vaccine strains. Additionally,
PEDV HNAY might be derived from a natural recombination between two Chinese
variant PEDV strains. Animal experiments demonstrated that HNAY displayed higher
pathogenicity compared with two other clinical isolates. This study lays the foundation
for better understanding of the genetic evolution and molecular pathogenesis of PEDV.

Keywords: porcine epidemic diarrhea virus, spike protein, novel insertion, recombination, pathogenicity

INTRODUCTION

Coronaviruses (CoVs) belong to RNA viruses and infect different vertebrates, such as mammalian
and avian species (Durham et al.,, 1979; Law et al., 2005). As an important member of CoVs,
porcine epidemic diarrhea virus (PEDV) can cause an acute enteritis disease, which is characterized
by vomiting, diarrhea and dehydration, leading to high mortality in newborn piglets (Song and
Park, 2012). The genome of PEDV is about 28 kb in size and composed of at least six open
reading frames (ORFs) including ORF1a, ORF1b, spike (S), envelope (E), membrane (M), and
nucleocapsid (N) (Wang et al., 2019). Among them, S protein is one of the most important
structural protein due to its involvement in multiple functions, such as virus attachment, receptor
binding, virus-cell membrane fusion, and inducing the production of virus neutralizing antibodies
in the host (Vaughn et al., 1995; Vennema et al., 1998; Vijgen et al., 2005; Hasoksuz et al., 2007;
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Lorusso et al, 2008). Therefore, it is very necessary to
continuously monitor the genetic alterations of PEDV S gene in
the field (Park et al., 2014; Zhao et al., 2017).

Since its first appearance in Europe in 1971, PEDV has caused
considerable economic losses, especially in Asia (Pensaert and de
Bouck, 1978; Sun et al., 2016). Since 2010, PEDV variant strain
has emerged in Asia, which can infect the pigs of all ages but
most severely in suckling pigs, reaching up to 95% mortality (Bi
et al., 2012; Li et al., 2012; Pan et al., 2012). In 2013, the first
outbreak of PEDV in the United States (US) was reported, and
then spread to Canada and Mexico (Stevenson et al., 2013; Chen
et al.,, 2014; Pasick et al.,, 2014). Phylogenetic analyses showed
the emergent US PEDV strains are most closely related to a
Chinese strain detected in 2012 (Huang et al., 2013). From a
broad perspective, phylogenetic analysis based on S gene can
divide PEDVs into two major genotypes in the US: the original
non-S-INDEL (S-INDEL standing for insertions/deletions in the
S gene) and the variant S-INDEL (Vlasova et al., 2014; Lin et al,,
2016). PEDV strains which were first identified in the US in 2013
with high virulence are classified as the non-S INDEL strains
(Stevenson et al., 2013). The new variant strains which were
reported in the US in 2014 with relatively milder virulence are
termed as S-INDEL strains (Wang et al., 2014). In addition,
PEDVs can be divided into genome 1 (G1) and genome 2
(G2) clades and further divided into four subgroups: Gla, G1b,
G2a, and G2b (Wang et al,, 2016). Despite they have relatively
conserved neutralizing epitopes, commercial vaccines based on
CV777 strains cannot provide complete protection in piglets
against variant PEDV infections which are currently circulating
in China and the US (Zhu et al., 2019). Monitoring the genetic
alterations in the S gene of PEDV could provide more clues
for understanding the epidemic characteristics of PEDV and
adjusting the immunization program of PED in pig farms.

Henan province, located in the center of China, is the largest
pig-producing province in China. Since 2010, severe diarrhea
outbreaks caused by variant PEDV frequently occurs in this area.
In our routine epidemiological investigation, 52 sequences of the
full-length S genes and 9 complete genomes of PEDV have been
determined, indicating the complexity of PEDV in Henan (Su
et al., 2016). In this study, a PEDV strain with novel insertion
in its S gene (called HNAY) was successfully isolated from an
intensive farm in Henan in 2016. We determined the genetic
relationships, variant characteristics, potential recombination
features, and the clinical characterization of HNAY. Our findings
could provide valuable information for PED outbreaks in Central
china and contribute to prevent and control of PED.

MATERIALS AND METHODS

Sample Collection, Reverse
Transcription (RT)-PCR, and Sequencing

Intestine and fecal samples were collected from pig farms
in Henan, China during 2016-2018 and stored at -80°C.
These samples came from piglets with clinical signs including
vomiting, and severe diarrhea. Total RNA was extracted from
the small intestine samples using TaKaRa MiniBEST Viral

RNA/DNA Extraction Kit Ver.5.0 (TaKaRa, Dalian, China). Viral
cDNA was generated via reverse transcription using PrimeScript
reverse transcriptase (TaKaRa, Dalian, China) according to the
manufacturer’s instructions. The samples were examined for
PEDV by RT-PCR (Li et al., 2018). Three samples tested PEDV
positive were sequenced for complete genome as described in
previous study (Wang et al., 2013). Purified PCR products were
cloned into PMD-19T vector and recombinant DNA clones were
sequenced by the BigDye Terminator v3.1 Cycle Sequencing kit
(Biotech Company, China).

Phylogenetic and Recombination

Analysis

Complete genome sequence of PEDV and their S gene were
aligned using ClustalW in DNASTAR?7.1. Phylogenetic tree of
PEDV was constructed using neighbor-joining (NJ) method with
1,000 bootstrap replicates in MEGA?7. The sequences of reference
strains are downloaded from GenBank database (Table 1).
Potential recombination in the genome of PEDV HNAY were
assessed by the Recombination Detection Program v4 (RDP4)
which was supported by >6 programs.

Protein Structure Prediction

According to the crystal structure of S protein of PEDV
USA/Colorado/2013 available in the PDB database (accession
code 6VV5) as the input model, the three-dimensional structure
of the S protein of HNAY was generated via SWISS-MODEL
Homology Modeling server and figures were made with PymoL
(Version 1.0 Schrédinger, LLC; Wrapp and McLellan, 2019).

Virus Isolation and Immunofluorescence
Assay

Vero cells were used for viral isolation as previously described
(Oka et al., 2014). Cells were inoculated with sterile supernatants
of prepared samples, maintained in Dulbecco’s modified Eagle’s
medium (DMEM; HyClone) with 10 pg/mL trypsin (Life
Technologies) and monitored daily for cytopathic effect (CPE).
All the PEDV isolates were passed in Vero cells for 10
generations, and the 10th-generation of plaque purified viruses
were chosen for the following experiments.Then, the cells were
fixed with anhydrous ethanol when 70% of cells showed CPE.
Finally, an immunofluorescence assay (IFA) was performed with
a mouse anti-N protein monoclonal antibody diluted 1:1,000,
and with a fluorescence isothiocyanate (FITC)-conjugated goat
anti-mouse secondary antibody (1:200 dilution), 4,6-diamidino-
2-phenylindole (DAPI) was used for nucleic acids staining. The
plates were examined using a fluorescence microscope.

Determination for the Viral Growth Curve

To determine the growth curve of PEDV strains of HNAY, HB,
and HNXX, viruses were inoculated onto cell monolayers at MOI
of 0.1. After adsorption at 37°C for 1 h, the cells were maintained
with DMEM containing 10 pg/mL trypsin at 37°C with 5% CO,.
Cells were collected for virus titration every 12 h post infection.
After centrifugation, the supernatants were collected and the
median tissue culture infective dose per milliliter (TCIDso/mL)
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TABLE 1 | PEDV strains used in this study.

Strain name Countries Time Genotype Accession no. Strain name Countries Time Genotype Accession no.
AH2012 China 2012 G2a KC210145 CHSD2014 China 2014 G2b KX791060.1
CH ZMDZY 11 China 2011 G2a KC196276.1 AH2012-12 China 2012 G2b KU64683.1
Kansas125 USA 2014 G2a KJ645701.1 ZL.29 China 2015 S-INDEL KU847996
KNU-1305 Korae 2013 G2a KJ662670.1 KNU-1406-1 Korea 2014 S-INDEL KM403155.1
KGS-1 Japan 2013 G2a LC063814.1 KCH-2 Japan 2014 S-INDEL LC063845.1
NIG-1 Japan 2014 G2a LC063830.1 Indiana12.83 USA 2013 S-INDEL KJ645635.1
MN USA 2013 G2a KF468752.1 low106 USA 2013 S-INDEL KJ645695.1
MEX124 MEX 2014 G2a KR206669 OH851 USA 2013 S-INDEL KJ399978.1
EHM-1 Japan 2014 G2a L. C063812 Ohio126 USA 2014 S-INDEL KJ645702.1
PEDV-Hjms China 2016 G2a KY007139.1 MYZ1 USA 2013 S-INDEL L.C063846
TC PC177-P2 USA 2013 G2a KM392229.1 aDR13 Korea 2003 G1 JQ023162.1
TTR-2 Japan 2014 G2a LC063828.1 Cv777 Belgium 1978 G1 AF353511.1
CH JX-2013 China 2015 G2a KJ526096.1 JS2008 China 2008 G1 KC109141.1
GDS28 China None G2a MH726372.1 SM98 Korea 1998 G1 GU937797 1
PC22A USA 2013 G2a KY499262.1 vDR13 Korea 1999 G1 JQ023161.1
Colorado USA 2013 G2a KF272920.1 SD-M China 2012 G1 JX560761
HNAY 2015 China 2015 G2a KR809885.1 L.zC China 2006 G1 EF185992
HNZzz47 China 2016 G2a KX981440.1 CHM China 2013 G1 KM88144
Missouri270 USA 2015 G2a KR265846.1 KPEDV9 Korea 2013 G1 KF898124.1
LC China 2012 G2b JX489155.1 HNXX@ China 2016 G2a MT338517.1
AJ1102 China 2011 G2b JX188454.1 HNAY? China 2016 G2 MT338518.1
CH SCzG China 2017 G2b MHO061337 HB? China 2016 G2b KY928065.1

aThe PEDV strains isolated in current studly.

was determined with a microtitration infection assay described by
Reed and Muench (1938). Virus titration at different time points
was performed in triplicates.

Piglet Challenge Experiment

To determine the virulence of PEDV isolates, 42 two-day-old
piglets, which were confirmed negative for PEDV and other
common viral pathogens in pigs by PCR or RT-PCR, were chosen
for challenge experiment. Then they were randomized into four
groups by weight with 10 pigs in each group, and housed in
separate rooms. The infection groups were orally challenged
with 0.5 mL of the 10th passage of plaque purified PEDV
HNAY, HB, and HNXX, respectively, at 10° TCIDs¢/mL. The 10
piglets of control group were inoculated with equal volume of
medium. All the animals were monitored daily for clinical signs.
Rectal swabs were collected for scoring fecal denseness according
to previous studies (Lin et al, 2015). The fecal viral RNA
loads were quantified by real-time RT-qPCR (Su et al., 2018).
The animal experiment was approved by Institutional Animal
Care and Use Committee of Henan Academy of Agriculture
Science (LLSC100085).

Histopathological Examination and

Immunohistochemistry

Intestine and other major organs were collected and fixed
for pathological examination. Samples of duodenum, jejunum,
ileum, caecum, colon, rectum, and mesenteric lymph nodes were
collected, and fixed in formalin. After 48 h, the jejunum was
stained with haematoxylin and eosin (H&E) and the villous

height-to-crypt depth (VH:CD) ratios were calculated according
to previous study (Jung et al., 2014). Serial sections of ileums
were evaluated for viral antigen by immunohistochemistry
(IHC) using a mouse anti-N protein monoclonal antibody
and biotinylated goat anti-mouse antibody as the secondary
antibody with 3,3’-diaminobenzidine (DAB) as the chromogen
(Lin et al., 2011).

Statistical Analysis

All data are expressed as means =+ standard deviations (SD) and
were analyzed with the GraphPad Prism software (GraphPad
Software Inc.). Statistical analysis was performed using one-way
ANOVA or two-way ANOVA followed by ¢-test. Differences were
considered statistically significant at P < 0.05.

RESULTS

Viral Isolation and Identification

To determine causative agent associated with diarrhea in piglets,
total RNA of clinical samples were extracted and subjected
to RT-PCR. PEDV positive samples were processed and used
for virus isolation on Vero cell as described previously (Chen
et al., 2014). CPEs were observed on cells inoculated with PEDV
positive samples, characterized by the rounding up, enlarging
and detachment of cells as well as the formation of syncytia. In
the end, three PEDV strains were successfully isolated, named
HNAY, HNXX, and HB, respectively. The IFA results showed that
PEDV specific fluorescence was observed in the inoculated cells,
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but not in the non-infected cells (Figure 1A). The viral titres of
three PEDV isolates were determined in Vero cells. The titers of
HNXX and HB reached the maximum (10*® TCIDso/mL and
10°-3 TCIDso/mL) at 24 hpi, whereas the peak virus titer of HNAY
only reached 10*-8TCIDso/mL at 36 hpi (Figure 1B).

Sequence Analysis of the PEDVs

The genome of the isolates were sequenced and submitted to
GenBank (accession numbers MT338517.1, MT338518.1, and
KY928065.1). From nt identity analysis of the PEDV genome,
HNAY exhibited 98.0-98.5% identity with the reference S-INDEL

strains, 97.9-98.9% identity with the reference G2a strains, 98.0-
98.5% identity with the reference G2b strains, and 96.4-97.6%
identity with the reference G1 strains. HNAY shared 97.9 and
97.6% identity with HB (G2b), and HNXX (G2a), respectively
(Table 2). From the nt identity analysis of PEDV S genes, HNAY
exhibited 94-96.9% identity with the S-INDEL strains, 98-99.1%
identity with the G2a strains, 97.5-98.5% identity with the G2b
strains, and 93.7-94.3% identity with the GI1 strains. However,
HNAY shared 98.5 and 98.6% with HNXX, and HB, respectively
(Table 3). From the amino acid (aa) identity analysis of PEDV §
proteins, HNAY exhibited 92.9-96.2% identity with the S-INDEL

Mock

HNXX

HNAY

HB

cells. Data is presented as mean =+ SD by triplicates.

FIGURE 1 | PEDV isolates replicated in Vero cells. (A) Detection of PEDV infection in Vero cells by IFA. (B) Growth curves of three PEDV isolates at passage 5 in Vero

B
= 64
£ -~ HNXX
& 5 - HNAY
; 4 -+ HB
.=l
s 34
3 2
-
> 0 T T T T d

0 12 24 36 48 60
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TABLE 2 | Nucleotide sequence identity (%) of complete genome of different PEDV strains.

Strain name HNXX HNAY HB Genotype Strain name HNXX HNAY HB Genotype
AH2012 98.6 98.8 98.0 G2a AJ1102 98.2 98.4 98.2 G2b
CH ZMDZY 11 98.8 98.8 97.9 G2a LC 98.2 98.4 98.2 G2b
Kanasas125 98.5 98.6 97.8 G2a ZL29 98.2 98.1 97.2 S-INDEL
KNU-1305 98.6 98.8 98.0 G2a ohio126 98.1 98.3 97.4 S-INDEL
KGS-1 98.2 98.4 97.5 G2a Indiana12.83 98.3 98.3 97.4 S-INDEL
NIG-1 98.2 98.5 97.5 G2a low106 98.2 98.2 97.4 S-INDEL
MN 98.6 98.8 98.0 G2a KNU-01406-1 98.3 98.2 97.5 S-INDEL
MEX124 98.5 98.6 97.8 G2a KCH-2 97.8 98.1 971 S-INDEL
EHM-1 98.2 98.4 97.5 G2a OH851 98.4 98.3 97.5 S-INDEL
PEDV-Hjms 98.3 98.4 97.7 G2a MYZ1 98.7 98.4 97.7 S-INDEL
TC PC177-P2 98.6 98.9 98.0 G2a Cvr77 96.4 96.5 96.4 G1
TTR-2 98.5 98.9 97.9 G2a L.zC 96.1 96.2 96.1 G1
CH JX-2013 98.5 98.8 98.0 G2a VSM98 96.0 96.0 96.0 G1
CH SCzG 98.4 98.7 98.2 G2a CHM 96.1 96.1 96.0 G1
HNzz47 98.9 99.2 98.0 G2a JS2008 96.6 96.7 96.7 G1
HNAY 2015 98.7 99.4 98.0 G2a SD-M 96.5 96.6 96.6 G1
GDS28 98.7 99.1 98.1 G2a vDR13 97.2 97.4 971 G1
PC22A 98.9 98.7 98.0 G2a aDR13 96.5 96.5 96.6 G1
Colorado 98.8 98.6 98.0 G2a HNXX 100 98.5 97.6 G2a
Missouri270 98.8 98.6 97.9 G2a HNAY 98.5 100 97.9 G2
AN2012-12 97.7 97.9 98.2 G2b HB 97.6 97.9 100 G2b
CHSD2014 98.3 98.5 98.2 G2b
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strains, 98.4-99% identity with the G2a strains, 97.7-98.1%
identity with the G2b strains, and 92.6-94.4% identity with the
Gl strains. However, HNAY shared 97.7 and 98.1% with HNXX,
and HB, respectively (Table 4).

Interestingly, sequence analysis showed that HNAY
strain had a novel 21-nt insertion in its S1 gene at 1,063-
1,083 nt (Figure 2A). Besides, the inserted sequence
(AGAAGAACAAAUCCAGAGCCA) were the same as the

TABLE 3 | Nucleotide sequence identity (%) of S genes of different PEDV strains.

Strain name HNXX HNAY HB Genotype Strain name HNXX HNAY HB Genotype
KGS-1 98.8 98.9 98.1 G2a CH SCzG 97.9 98.5 98.3 G2b
KNU-1305 98.8 98.9 98.1 G2a AH2012-12 97.0 97.5 98.3 G2b
MIN 98.8 98.9 98.1 G2a ZL29 96.6 96.9 95.5 S-INDEL
NIG-1 98.8 99.0 98.1 G2a KNU-1406-1 96.2 96.7 95.8 S-INDEL
Kansas 125 98.8 98.9 98.0 G2a KCH-2 96.2 96.8 95.8 S-INDEL
CHZMDZY11 98.6 98.8 98.0 G2a OH851 96.2 96.8 95.8 S-INDEL
AH2012 98.3 98.5 97.7 G2a Ohio126 96.2 96.8 95.8 S-INDEL
MEX 124 98.7 98.8 97.7 G2a Indiana12.83 96.3 96.8 95.8 S-INDEL
EHM-1 98.8 98.9 97.8 G2a lowa 106 96.2 96.8 95.8 S-INDEL
PEDV-Hjms 97.9 98.4 97.5 G2a SD-M 93.4 94.0 93.9 S-INDEL
CH JX 98.2 98.4 97.6 G2a MYZ1 96.3 96.8 95.6 S-INDEL
TC PC177-P2 97.5 98.0 96.6 G2a CHM 93.2 93.9 93.6 G1
TTR-2 97.8 98.2 96.8 G2a SM98 93.2 93.8 93.8 G1
GDS28 98.5 99.3 98.1 G2a vDR13 95.0 941 93.5 G1
PC22A 98.8 98.9 97.8 G2a aDR13 93.5 94.1 94.0 G1
Colorado 98.7 98.8 97.7 G2a Cvrr7 93.5 94.2 941 G1
HNAY 2015 98.3 99.1 98.0 G2a JS2008 93.7 94.3 94.2 G1
HNzz47 98.5 98.7 97.5 G2a LzC 93.0 93.7 93.4 G1
Missouri270 98.6 98.8 97.9 G2a KPEDV9 93.3 93.9 93.6 G1
CHSD2014 97.4 97.6 98.0 G2b HNXX 100 98.5 97.6 G2a
LC 97.3 97.7 98.1 G2b HNAY 98.5 100 98.6 G2
AJ1102 97.3 97.6 98.1 G2b HB 97.6 98.6 100 G2b
TABLE 4 | Amino acid identity (%) of S proteins of different PEDV strains.

Strain name HNXX HNAY HB Genotype Strain name HNXX HNAY HB Genotype
KGS-1 98.1 98.8 97.9 G2a CH SCzG 97.2 98.1 98.5 G2b
KNU-1305 98.1 98.8 97.9 G2a AH2012-12 96.8 97.7 98.5 G2b
MIN 98.1 98.8 97.9 G2a ZL29 95.5 96.2 95.3 S-INDEL
NIG-1 98.3 99.0 98.1 G2a KNU-1406-1 95.2 95.9 95.1 S-INDEL
Kansas 125 98.1 98.6 97.7 G2a KCH-2 95.3 96.0 95.2 S-INDEL
CHZMDZY11 97.6 98.4 97.4 G2a OH851 95.2 96.0 95.1 S-INDEL
AH2012 98.1 98.5 97.5 G2a Ohio126 95.4 96.1 95.3 S-INDEL
MEX 124 98.1 98.8 97.8 G2a Indiana12.83 95.4 96.1 95.3 S-INDEL
EHM-1 98.2 98.9 98.0 G2a lowa 106 95.3 96.1 95.2 S-INDEL
PEDV-Hjms 97.5 98.3 97.3 G2a SD-M 92.3 92.9 92.8 S-INDEL
CH JX 97.8 98.3 97.4 G2a MYZ1 95.4 96.1 95.3 S-INDEL
TC PC177-P2 98.2 99.1 97.9 G2a CHM 91.9 92.7 92.5 G1
TTR-2 97.9 98.7 97.6 G2a SM98 91.9 92.7 92.5 G1
GDS28 97.6 98.7 97.9 G2a vDR13 93.6 94.4 94.4 G1
PC22A 98.1 98.8 97.9 G2a aDR13 92.6 93.3 93.2 G1
Colorado 98.1 98.8 98.0 G2a Cvrr7 92.8 93.6 93.3 G1
HNAY 2015 97.7 99.0 98.1 G2a JS2008 92.5 93.5 93.1 G1
HNzz47 97.3 98.0 97.2 G2a LzC 91.8 92.6 92.3 G1
Missouri270 98.1 98.8 98.0 G2a KPEDV9 92.9 93.5 93.1 G1
CHSD2014 97.0 97.8 98.3 G2b HNXX 100 97.7 96.9 G2a
LC 97.3 98.1 98.6 G2b HNAY 97.7 100 98.1 G2
AJ1102 97.3 98.1 98.6 G2b HB 96.9 98.1 100 G2b
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A
cv777
vDR13
aDR13
JS2008 TGCAGTAATT
SD-M TGCAGTAATT
KPEDV9 TGCAGTAATT
Colorado TGCAGTAATT
Missouri270 I NehF V.Y
MN TGCAGTAATT
PC22A
ZMDZY
HNAY2015
MYZ1
HNAY
HNXX
HB
B 780 790 800 810 820 830 840
cv777 CAAAAATACACCTALNFVNPL PP Y Sl Xl Gl ICTTCGAAGGAACGTGACCTCAAAGACATCCCAGAG
vDR13 CAAAAATACACCTALYI S NF VNI VIR Idd Vel [l N\C T TCGAAGGAACGTGACCTCAAAGACATCCCAGAG
aDR13 AAAAAATACACCTANG VNG VNS VYN doled Vel [HlF \C T TCGAAGGAACGTGACCTCAAAGACATCCCAGAG
Js2008 AAAAAATACACCTANG VAT VNS PV Jeled XelG [HlF \c TTCGAAGGAACGTGACCTCAAAGACATCCCAGAG
SD-M AAAAAATACACCTALYLV NIV ed V.06 dolod Vel C[ldb ICTTCGAAGGAACGTGACCTCAAAGACATCCCAGAG
Colorado CAAAAATACACCTALYF VNS NI VI Y Jolef ¥ein [l i TTCGAAAGAACGTGACCTCAAAGACATCCCAGAG
Missouri270 CAAAAATACACCTALNZVAS TSPV Rdeled o) HdFICTTCGAAAGAACGTGACCTCAAAGACATCCCAGAG
MN CAAAAATACACCTALNF VNS PAF VIR Jolod Vein [l \C TTCGAALGAACGTGACCTCAAAGACATCCCAGAG
PC22A CAAAAATACACCTALYF VNS VT VYN Jolod Vel (Il \C T TCGAALGAACGTGACCTCAAAGACATCCCAGAG
ZMDZY CAAAAATACACCTALNG VNS VAF VYR IA VA I IC T TCGAALGAACGTGACCTTAAAGACATCCCAGAG
HNAY2015 CAAAAATACACCTALYF VNS PAF VIR Jelod Vel [l \C TTCGAALGAACGTGACCT TAAAGACATCCCAGAG
MYZ1 CAAAAATACACCTA[NT NIV I VY CUtel Xeln [ C T TCGAARGAACGTGACCTCAAAGACATCCCAGAG
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FIGURE 2 | Sequence analysis of S gene of PEDV HNAY with representative PEDV strains. (A) Nucleotide alignment of partial S gene of PEDV HNAY with different
types of reference strains. The novel insertion (AGAAGAACAAATCCAGAGCCA) in HNAY S gene is depicted as a black box. (B) Nucleotide alignment of partial N
gene of PEDV HNAY with different types of reference strains. The black box indicates the position of 21 nucleotides inserted into the S gene in N gene. (C) Amino
acid alignments of the partial S1 protein, insertions of seven amino acids are depicted as black boxes.

sequence of its N gene at 785-805 nt (Figure 2B). Insertion
of the deduced 7 aa was located at the 358-364 aa of PEDV
S1 protein (Figure 2C). Besides, HNAY S protein structure
was predicted by SWISS-MODEL according to the structure of
PEDV USA/Colorado/2013 strain in PDB database (accession
code 6VV5; Figure 3). Structure prediction showed that the
7-aa insertion might be located at the flexible loop (Leu354
to Ala363) at the apex of the trimer of PEDV SIA domain
(Wrapp and McLellan, 2019).

To date, three neutralizing epitopes of the PEDV S protein
have been reported, including core neutralizing epitope (COE),
SS2 and SS6 (Chiou et al., 2017). Multiple alignments revealed
that similar to other variant strains, compared to CV777 strain,
HNAY S protein possessed nine aa substitutions (A517S, S523G,
V5271, T549S, G594S, A605E, L612F, 1635V, and Y766S) in
the COE and one amino acid substitution (Y766S) in the
SS6 (Figure 4). Compared with CH/HNAY/2015 strain which

was isolated in the same region as HNAY, two additional aa
substitutions (D520G and H521Y) in the COE were observed
in the HNAY strain. In addition to these shared mutations,
HNAY strain have two unique mutations (T500A and H521Y)
in the COE that were absent in other PEDV variant strains and
CV777-based vaccine strains.

Phylogenetic and Recombination

Analysis

The phylogenetic tree based on the sequences of 3 PEDV
isolates along with 33 PEDV reference strains revealed that
they can be clustered into two groups, classical G1 and variant
G2 (Figure 5A). G1 contains eight isolates: CV777, SM98, and
DR13 isolated from Korea, and SD-M, LZC, CHM, and JS2008
from China. G2 includes many virulent strains from Japan,
Korea, China, and the US. HNAY, HNXX, and HB were grouped
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FIGURE 3 | Structure prediction of S protein of PEDV HNAY in the prefusion conformation. The primary sequence of PEDV S protein can be divided into S1 and S2.
The S1 region can be further divided into S10, S1A, S1B, and S1CD (in red, admiral blue, yellow, and arctic blue, respectively). The 7-aa insertion was shown in
purple within S1A domain. Viewing the trimeric PEDV HNAY S protein from the membrane distal apex and a 90° view based on the crystal structure of S protein of
USA/Colorado/2013. S10, S1A, S1B, S1CD, and S2 were shown in red, admiral blue, yellow, and arctic blue, respectively, and the 7-AA insertion was in pink in the

crystal structure model.

in subgroup G2 as most of other isolates from China in the
past 10 years. Furthermore, phylogenetic analysis of complete S
genes delineated G2 group into 2a, 2b, and S-INDEL subgroups.
HNXX and HB belongs to G2a and G2b, respectively, which was
consistent with the phylogenetic analysis based on their complete
genomes. Interestingly, HNAY strain belongs to a separate branch
other than G2a and G2b (Figure 5B).

To further analyze the association between PEDV HNAY
and reference strains, a recombination analysis was performed
by using RDP4 software (Martin et al., 2015). As shown in
Figure 6, PEDV HNAY might arise by the recombination of
HNZZ47 and GDS28 strains, which was supported by 6 programs
(Figure 6). The major parent strain of the recombination might
be HNZZ47 isolated from Henan, May 2016; the minor parent
strain was GDS28 which was isolated in Guangdong, December
2012. Furthermore, we also identified potential breakpoints for
recombination in the ORF1b and S region (nt 17,205-21,832).
This suggests that HNAY might be derived from a natural
recombination between two Chinese variant PEDV strains.

Pathogenicity of PEDV Isolates in

New-Born Piglets

To investigate the virulence of PEDV HNAY in piglets in
comparison with that of HNXX and HB, suckling piglets were
orally infected with the three PEDV strains. Clinical observation

showed that piglets in challenge groups exhibited lethargy, loss
of appetite, diarrhea, dehydration and vomiting at 12-20 hpi.
The control pigs remained healthy. The challenged piglets began
to die at 1 day post infection (dpi), and all piglets in the
HNAY-, HB- and HNXX-challenged groups died within 2, 3,
and 4 dpi, respectively (Figure 7A). From fecal score analysis,
there was no significant difference between piglets in three
groups (Figure 7B). Necropsy examinations were performed
immediately after the death of the infected piglets. All the
infected piglets displayed typical lesions of PED. The wall
of the small intestine was thin and transparent. The small
intestine and stomach were, respectively, distended and filled
with curdled and undigested milk. By contrast, the intestinal
organs of control piglets appeared grossly normal. Furthermore,
viral RNA in fecal samples were tested positive for PEDV in
challenged groups (2-6logip genomic equivalents/mL). HNXX
and HB reached peak at 1 dpi, but HNAY reached peak at 2
dpi (Figure 7C).

Microscopic examination of jejunum revealed moderate to
severe, extensive, atrophic enteritis in three PEDV isolates
infected piglets (Figure 7D). The jejunum VH:CD ratios ranged
from 1.14 to 2.49 in PEDVs infected piglets. The VH:CD ratios in
the three PEDVs infected piglets were lower when compared with
that of non-infected pigs, but there was no obvious difference
between three PEDVss infected groups (Figure 7E).
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FIGURE 4 | The neutralizing epitopes analysis of S protein of PEDV HNAY with reference strains. The positions of COE, SS2, and SS6 are shown in black box.

In addition, PEDV antigens were detected in the duodenum, challenge test indicate that HNAY displayed higher pathogenicity
jejunum, ileum, caecum, colon, rectum and MLNs of HNXX-, compared with two other clinical isolates.
HB-, and HNAY-infected piglets. IHC results showed that PEDV
antigens were mainly distributed in the villus epithelial cells.
Specifically, viral antigen was expressed in the colon and cecum DISCUSSION
but mainly distributed in the mucosa and submucosa of the
HNXX-infected piglets; viral antigen of HB-infected piglets was ~ PED is one of the most critical diarrheal diseases threatening the
expressed in the mucosal epithelium of each segment of the global pig industry. In 2010, a new variant PEDV (G2 genotype)
intestine. While the tissues from the piglets in the HNAY-infected  first emerged in Central China and spread rapidly throughout
group showed remarkable levels of viral antigen in the intestinal  the country, resulting in big economic losses (Li et al., 2012).
glands and mucosal epithelium of the jejunum, and the mucosal ~ Subsequently, this type of virus spread to many countries in
layer of the colon and rectum (Figure 8). The results of PEDV  Asia, America and Europe (Peng et al., 2017). In 2014, another
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FIGURE 5 | Phylogenetic analysis of PEDV complete genome and S genes. (A) Multiple sequence alignments were generated with Clustal X and complete genome
phylogenetic tree was constructed using neighbor joining (NJ) method and supported with a bootstrap test of 1,000 replicates in MEGA?. “e” indicates the PEDV
strains isolated in this study. (B) S gene phylogenetic tree was constructed by using the same method as above.
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genotype of PEDV, designated as S-INDEL, was first detected
in the USA (Wang et al, 2014). Since then, more and more
variant PEDV strains, such as those with a large deletion in the
S gene and deletions in the ORF1la gene, have been discovered
worldwide (Lin et al., 2016). The S glycoprotein of coronaviruses

contains two domains called S1 and S2. S1 domain contributes to
receptor binding and S2 domain is thought to be associated with
direct fusion between the viral and cellular membranes (Walls
et al., 2016). Similar to other coronavirus S proteins, the PEDV
S protein plays a critical role in viral entry and production of

Frontiers in Microbiology | www.frontiersin.org

April 2021 | Volume 12 | Article 667084


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Lietal.

Identification of a Novel PEDV

villous high: crypt depth ratios (VH:CD).

A B Cc
~o=HNAX s - HNXX
—= HNXX 4 == HNAY ZE = HNAY
£ w Sy ¢ -+ HB N ~ HB
E ol s Couisial § 3 == Control 2. ] ==~ Control
£ 3 =T 4
H g2 s
g & &=
H z
E 204 1 %3 *
=
o 1 3 1 3 : 1 1 1 1 3
Days post-inoculation
Days post-inoculation Days post-inoculation
104
£ B3 HNXX
-
H B3 HNAY
Z B HB
a D Control
=
®
[
a
°

FIGURE 7 | Pathogenicity analysis of PEDV isolates in new-born piglets. (A) Survival rate of piglets in each group. (B) The severity of diarrhea was scored based on
clinical examination; O = normal and no diarrhea; 1, mild and fluidic diarrhea; 2, severe watery diarrhea; with scores of 1 or more considered diarrheic. (C) Fecal virus
shedding in PEDV-challenged piglets by RT-gPCR. (D) Microscopic damage in Jejunum in piglets (Original magnifications: x20). (E) Further analysis of jejunum
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HNAY
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FIGURE 8 | PEDV antigens detection in different intestinal tissues of piglets infected with PEDV isolates by immunohistochemistry. The representative pictures of viral
antigens in duodenum, jejunum, ileum, caecum, colon, rectum, mesenteric lymph nodes of intestines from piglets of each group are shown, and antigens are

neutralization antibodies in the host. Most of the variant PEDV
strains possessed insertion and deletions in the SO domain (19-
233 aa; Oka et al, 2014; Vlasova et al., 2014). Interestingly,
HNAY was identified as a novel PEDV strain with 7-aa insertion
(358-364 aa) in S1A domain (233-501 aa), and the inserted
sequence was identical with the sequence of 785-805 ntin N gene.
Although HNAY had higher sequence identity with G2a and G2b
strains, phylogenetic analysis revealed that HNAY belonged to
a single branch instead of G1, G2 or S-INDEL. In addition, a
recombination event was identified in the genome of HNAY at
27,105-28,059 nt, where PEDV HNZZ47 and GDS28 were major
and minor parents, respectively. Currently, none of clinically
isolated PEDV strain has been reported to have multiple amino

acid insertions in the S1A region. The prevalence of this type of
variants in pig farms needs further epidemiological investigation.

Mutations in the S1 region of PEDV have been shown to be
responsible for the alternation of viral tropism and pathogenicity
in pigs (Gallagher and Buchmeier, 2001; Sato et al., 2011; Lee,
2015). In this study, HNAY-infected Vero cells were obviously
characterized by cell fusion and syncytial formation, but viral
titre was lower compared to that of the other two PEDV strains.
Animal experiments showed that pigs that infected by HNAY
showed most severe disease compared to those infected by HNXX
and HB, as all of HNAY-infected piglets died within 2 dpi.
Moreover, a partial of the PEDV N antigen was also found
in caecum muscularis of HNAY-infected pigs, but not in other
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virus strains infected groups. Considering the particularity of this
insertion position, further studies are required to decipher its role
in receptor binding and virulence in the PEDV strain.

Recently, the atomic-resolution structure of prefusion PEDV
spike protein has been resolved (Wrapp and McLellan, 2019).
Similar to other class I fusion proteins in the prefusion
conformation, PEDV S1 subunit is made up of a series of
B-sheets, whereas the S2 subunit is almost composed of a
series of discontinuous a-helices (Wrapp and McLellan, 2019).
Interestingly, the 7-aa insertion happens to be in the flexible
loop at the apex of the trimer (354-363 aa). However, this
region was not clearly resolved in structure model of PEDV §
protein (Wrapp and McLellan, 2019). Therefore, we predicted
that this region may be an ideal insertion site for foreign
proteins or peptides, which could provide clues for constructing
recombinant PEDV strains with molecular markers in S1 domain
by reverse genetics technology. Whether the insertion in this
region affects the infectious characteristics and pathogenicity of
PEDV needs further study.

CONCLUSION

In this study, a novel 7-aa insertion in the S1 and a recombination
event were detected in PEDV HNAY strain.This insertion might
affect the structure of S protein, thereby directly or indirectly
altering viral tropism and pathogenicity, resulting in consistent
infection in pigs. Therefore, further research is needed to
determine the impact of this insertion on the pathogenicity of
HNAY strain. In addition, how such PEDV variants emerged and
evolved in the field needs further investigations, which would
significantly contribute to the prevention and control of PED
outbreaks worldwide.
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