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Abstract

The porcine epidemic diarrhea virus (PEDV) causes a highly contagious disease in pigs, which is one of the most dev-
astating viral diseases of swine in the world. In China, PEDV was first confirmed in 1984 and PEDV infections occurred
sporadically from 1984 to early 2010. From late 2010 until present, PEDV infections have swept every province or
region in China. In this study, we analyzed a total of 186 full-length spike genes and deduced proteins of all available
complete genomes of PEDVs isolated in China during 2007-2019. A total of 28 potential recombination events were
identified in the spike genes of PEDVs in China. Spike gene recombination not only expanded the genetic diversity of
PEDVs in the Gl genogroup, but also resulted in the emergence of a new evolutional branch Gl-c during 2016-2018.

for disease control.

glycoprotein, China

In addition, comparative analysis of spike proteins between Gl-a prototype virulent CV777 and Gll strain AJ1102
reveals that the amino acid variations could affect 20 potential linear B cell epitopes, demonstrating a dramatic
antigen drift in the spike protein. These results provide a thorough view of the information about the genetic and
antigenic diversity of PEDVs circulating in China and therefore could benefit the development of suitable strategies
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Introduction

Porcine epidemic diarrhea (PED) is caused by porcine
epidemic diarrhea virus (PEDV) [1]. PED is character-
ized by severe watery diarrhea, vomiting, anorexia,
dehydration, and weight loss in pigs [1]. PEDV is
highly contagious and infects pigs of all ages, but the
condition is especially severe in piglets, with morbid-
ity and mortality often reaching 100% [2, 3]. PED was
first reported in England in 1971, but PEDV was iso-
lated for the first time in Belgium in 1978 and desig-
nated as prototype coronavirus virulent CV777 [4].
Thus far, PED has been reported in swine-farming
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countries in Europe, Asia, North America, and South
America as one of the most devastating viral diseases
of swine in the world, leading to enormous economic
loss in the global pork industry [1, 5-8].

PEDV is a large enveloped RNA virus. It is a mem-
ber of the genus Alphacoronavirus within the Corona-
viridae family in the order Nidovirales [4]. The PEDV
genome RNA is approximately 28 kb in length with a
5’-cap and a 3’-polyadenylated tail. It contains at least
7 open reading frames (ORFla, ORF1b, and ORF2-6)
[9]. ORFs 1a and 1b encode for viral non-structural
proteins (nsps). ORFla translation produces a repli-
case polyprotein la (ppla) while a -1 ribosomal frame
shift (RFS) at the 3’-end of ORF1la allows the transla-
tion of ORF1b through the production of the replicase
polyprotein lab (pplab). The ppla and pplab are pro-
cessed during translation by internal proteases into 16
nsps that are mainly responsible for the regulation of
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transcription, translation, and viral RNA synthesis in
the host cells [10]. The remaining ORFs are located
in the 3/-proximal region of viral genome and encode
four structural proteins including the 150-220 kDa
glycosylated spike (S) protein, 20-30 kDa membrane
(M) protein, 7 kDa envelope (E) protein, 58 kDa nucle-
ocapsid (N) protein, and one accessory protein [9, 11].

The N protein interacts with viral genomic RNA
and then forms the helical nucleocapsid during viral
particle assembly [12]. The M protein is also required
for the assembly process and can elicit the production
of antibodies [13, 14]. The E protein plays an impor-
tant role in the budding of the viral particle [15]. The
accessory protein encoded by ORF3 is thought to
serve as an ion channel and can affect virus produc-
tion and virulence [16, 17].

The S protein of PEDV is the major envelope type
I glycoprotein of the virion [18]. It is located on the
surface of viral particles and interacts with the cel-
lular receptor during virus entry into host cells [19].
The S protein forms a homotrimer complex on the
surface of coronavirus virion and is responsible for
the virus binding to specific cellular receptor [20].
During virus entry into host cell, the S protein mon-
omer is usually cleaved into two subunits, S1 and S2
subunits. The S1 subunit binds the cellular receptor,
which is followed by S2 subunit-mediated fusion of
viral and cellular membranes [20, 21]. There is an
extra domain (named Domain 0, DO) located at the
N terminus of S1subunit of PEDV S protein, which
preferentially binds to the sialic acid and modulates
the host cell tropism of PEDV [22, 23]. The mono-
mer S protein of PEDV prototype CV777 contains
1383 amino acid (aa) residues. The cryo-electron
microscopy (cryo-EM) structure of this protein in
the prefusion conformation was resolved at a reso-
lution of 3.1 A using the soluble ectodomain [24].
The dissociated S1 subunit trimers adopts a con-
formation differing from that observed in the intact
spike proteins, suggesting that this subunit under-
goes conformational rearrangements during virus
entry [24].

The PEDV S protein is considered to be a major viru-
lence protein [25, 26]. The S1 subunit that contains DO
and S1 domain has been shown to be a determinant part
of S protein for viral virulence [27]. Deletion of DO can
attenuate viral virulence [28, 29] while the variants con-
taining D0-deletion remain capable to enter into the host
cells in vivo and in vitro [30, 31]. PEDV S protein is also a
major protein antigen that elicits the production of neu-
tralizing antibodies [22, 32—34]. Analysis of S1 subunit
of PEDV pathogenic strain GDU S protein reveals that
both the N-terminal sialic acid binding domain (Domain
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0) and the C-terminus of S1 subunit contain neutral-
izing epitopes [22]. Two neutralizing monoclonal anti-
bodies (NmAbs) E10E-1-10 and P4B-1 can recognize
epitopes at amino acids (aa) 435-485 and aa 575-639
of PEDV Pintung 52 (PEDV-PT) S protein, respectively
[33]. NmAb 2C10 specifically binds to an epitope at aa
1368-1374 of the PEDV CV777 S protein [35]. In addi-
tion, multiple neutralizing linear B cell epitopes have
been found at aa 744—774 of S proteins from either PEDV
CV777 [36] or CO13 [37]. Therefore, the S protein or
its S1 subunit are the major targets in vaccine research
[38—40]. In addition, the S protein of coronaviruses is
associated with viral growth adaptation and attenuation
[41]. Thus, S gene is always employed in determining the
genetic relatedness among PEDV isolates or in develop-
ing diagnostic assays [38, 42—45].

The recombination of coronavirus S genes has been
reported. For example, novel variants of canine enteric
coronavirus (CCoV), an alphacoronavirus infecting
dogs, have been found to result from the S gene recom-
bination during virus infection [46, 47]. Li et al. also
reported a PEDV strain CH/HNQX-3/14 (GenBank:
KR095279.1) that arose from the natural recombination
between an attenuated vaccine strains (CV777 or DR13)
and a pandemic variant (CH/ZMDZY/11) [48]. This
recombination occurred not only in structural protein-
coding region (S and N genes) but also in non-struc-
tural protein-coding region (ppla gene and ORF3) [48].
PEDV TCN/Liaoning25/2018 (GenBank: MK796238.1)
was another natural recombinant strain that contains
the S gene from the highly pathogenic CH/GDZQ/2014
strain (GenBank:KM242131.1) and the remaining
genomic regions from the low pathogenic vaccine iso-
late SQ2014 (GenBank: KP728470.1) [49].

In China, PED was first reported in Shanghai in
1973 and the causative agent PEDV was confirmed
in 1984 [50]. From 1984 to early 2010, PEDV infec-
tions in China occurred in pig farms in a sporadic or
regional way, thus there were no large-scale outbreaks
[51, 52]. In the early 1990s, a vaccine containing the
inactivated prototype CV777 strain was successfully
developed in China and has been widely used in pig
farms [50]. However, in late 2010, PED epidemics
suddenly occurred in major pig-producing provinces
in both vaccinated and non-vaccinated herds, from
which highly pathogenic variants of PEDV were iden-
tified in China [53]. Since then, severe PEDV epidem-
ics have swept every province or region in China [3,
54-57]. At present, PED still remains to be a devastat-
ing threat to swine industry of China [50].

In this study, we reported the characteristics of full-
length S genes and proteins of PEDV variants iso-
lated in China during 2007-2019. We also found 28
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recombination events in S genes. The results will pro-
vide helpful information for developing the suitable
strategies for disease control in China.

Materials and methods

Dataset

A total of 186 complete genomic sequences of PEDVs
that were isolated in China from 2007 to 2019 were
retrieved from GenBank. The full-length S protein
genes were aligned with Clustal Omega [58] and
then analyzed for phylogenetic tree construction and
recombination event. The viruses in this report were
identified by their GenBank ID, name, country, and
year of collection (in a format as GenBank acces-
sion number: virus name/country-year of collection).
In addition, the sequences of 4 more PEDV strains
including virulent CV777 (GenBank ID: AF353511.1),
virulent DR13 (GenBank ID: JQ023161.1), and attenu-
ated DR13 (GenBank ID: JQ023162.1) that were iso-
lated in Belgium and South Korea, respectively, and
attenuated CV777 (GenBank ID: KT323979) were also
included as references in the phylogenetic tree con-
struction and recombination analysis.

Phylogenetic analysis

A total of 190 sequences of PEDV full-length S genes
(186 isolated in China plus 4 reference strains) were
used to generate neighbor-joining phylogenetic trees
with the MEGA-X software [59, 60]. The phylogenetic
inference was tested with the bootstrap method with
1000 replications. Bootstrap values greater than 70%
were indicated.

Recombination analysis

The recombination events in the full-length S pro-
tein genes were determined by an automatic approach
using the RDP4 software package [61]. The poten-
tial recombination events were identified by each of
7 algorithms (RDP, GENECONYV, Bootscan, MaxChi,
Chimaera, SiScan, and PhylPro) embedded in the
RDP4 package.

Prediction of linear B cell epitopes

The linear B cell epitopes on the S protein of PEDV
were predicted using BepiPred-2.0 server [62].
The BepiPred-2.0 server is running under IEDB
(the immune epitope database) and predicts B-cell
epitopes from a protein sequence, using a Random
Forest algorithm trained on epitopes and non-epitope
amino acids determined from crystal structures. The
residues with scores above the threshold value that
was set at 0.5 were predicted to be part of an epitope
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and colored in yellow on the graph (Y-axes depicts
residue scores and X-axes indicates residue positions
in the sequence). Only conserved fragments of at least
5 amino acid residues that were predicted as potential
epitopes by BepiPred-2.0 were taken into considera-
tion in this study.

Three-dimensional structure prediction

Tertiary structure modeling of individual regions of
PEDV S protein including domain 0, S1 domain, and
S2 domain was carried out using I-TASER (Iterative
Threading ASSEmbly Refinement) server [63-65].
I-TASER is a hierarchical approach to protein struc-
ture prediction and structure-based function annota-
tion. It first identifies structural templates from the
RCSB protein data bank (PDB) by multiple threading
approach LOMETS, with full-length atomic mod-
els constructed by iterative template-based fragment
assembly simulations.

Statistical analysis

The statistical analysis was performed with Excel
2019. Data points were reported as the mean + stand-
ard deviation (SD). The student’s ¢-test was used to
compare two sets of data.

Results

Phylogenetic analysis of full-length S genes of PEDVs
isolated in China

Phylogenetic analyses using the whole-genome or
some individual genes were performed to determine
the variations and relationships of PEDV isolates [66,
67]. The partial or full-length S gene are known to
be suitable loci in the analysis of genetic relatedness
and molecular epidemiology of PEDV [42-44]. To
thoroughly understand the variation and evolution of
PEDVs in China, we constructed a phylogenetic tree
based on the full-length S genes of 190 PEDV strains,
186 of which were isolated in China from 2007 to 2019.
The prototype strains (virulent CV777 and virulent
DR13) and the cell-culture-adapted vaccine strains
(attenuated CV777 and attenuated DR13) are included
in the analysis as references. As shown in Figure 1 and
Additional file 1, the PEDV strains isolated in China
can be classified into two genogroups, i.e. GI (classi-
cal) and GII (variant). GI genogroup can be further
divided into 3 subgroups: GI-a, GI-b, and GI-c. Gla
subgroup includes the prototype PEDV strains viru-
lent CV777 and virulent DR13, and 8 Chinese strains
including LZC, ZJU/G1 and CHM2013 (Figure 1).
GI-b subgroup consists of 3 cell-culture-adapted vac-
cine strains (attenuated CV777, KT323979.1; attenu-
ated DR13, JQ023162.1; and attenuated PEDV vaccine,



Wang et al. Vet Res (2021) 52:87 Page 4 of 18

/77 /77
MK644604.1:N7-GD2017/China-2017] C6,
KT021227.1:YN1/China-2013 Jcr

| KF761675.1:CHIYNKM-8/China-2013
95 MK392335.1:LW/L/China-2010
MH726392.1:6DS44/China-2013
MH726386.1:GDS16/China-2011
KM089829.1:GDS01/China-2012
MH748550.1:PEDV-JS-A/China-2017
MN759311.1:GD-XL-2019/China-2019
MH726389.1:GDS39/China-2011
MH726388.1:GDS36/China-2011
JX261936.1:CHGD-01/China-2011
MH726385.1:GDS08/China-2011
MH726387.1:GDS12/China-2011 c8
MH726390.1:GDS40/China-2011
MH726391.1:GDS15/China-2012
MH708895.1:FJ2011/China-2011
MH726393.1:GDS14/China-2011
A /X188454.1:AJ1102 vaccine/China-2011
KT021233.1:YN200/China-2014
KT021232.1:YN144/China-2014
KT021231,1:YNS0/China-2014 Gl
KT021230.1:YN60/China-2014
KT021229.1:YN30/China-2013
KT021228.1:YN15/China-2013
KU380331.1:CH-SD01/China-2015
99 MH726384.1:GDS06/China-2011
MN037494.1:WHLL/China-2017 L
MH726399.1:GDS42/China-2011 b
MH726395.1:GDS32/China-2013
MH726400.1:GDS45/China-2011
MH726394,1:GDS31/China-2015
MH726398.1:GDS37/China-2011
MH726397.1:GDS38/China-2012
MH726396.1:GDS35/China-2013
L MH726401.1:GDS41/China-2011
MK288006.1:FJzz1/China-2011
MK138353.1:G2/China-2016
MK644601.1:G2-HE2017/China-2017
MH726402.1:GDS46/China-2016
MK644603.1:M3-SX2017/China-2017 c9
MH726407.1:GDS52/China-2017
MH726406.1:GDS49/China-2017
MH061337.1:CH/SCZG/China-2017
MK250953.1:2J/ZX2018-C10/China-2018
MK862249.1:HeN170821/China-2017
MH061341.1:CH/SCLS/2018/China-2018
MK690502.1:HM2017/China-2016
MF346935.1:CH/JLDH/2016/China-2016
MH726383.1:6DS50/China-2017
MK644605.1:T10-HB2018/China-2018
MH061339.1:CH/ISCAZ10/China-2017
MH726405.1:GDS48/China-2016
MH581489.1:CH/HBTS/2017/China-2017
MG983755.1:GDgh/China-2018
KY928065.1:CH/hubei/2016/China-2016
MH726404.1:GDS53/China-2017
MH726403.1:GDS51/China-2017
KR095279.1:CHHNQX-3/14/China-2015 ] €10

V' MK138546,1:v7-HB2018/China-2018
MK14

78

0812.1:CH/TP-3-1/China-2018
K140811.1:CH/TP-2-2/China-2018
K140813.1:CHTP-4-3/China-2018
MH061336.1:CH/SCZY44/China-2017 | GlI-C
MH061343,1:CH/SCMY/2018/China-2018
MK673545.1-TW/Yunlin550/China-2018
MH061336.1:CH/SCGA/China-2017
MN486588.1:Ah2016f2/China-2016

KX839246.1:85-7/China-2013
KY486713.1:85-7-A40/China-2015
KY486714.1:85-7-C40/China-2015
KX839247. -7-mutant1/China-2015
KX839251.1:85-7-mutant5/China-2015 | Gl-a
KM887144.1:CHM2013/China-2013 GI
KU664503.1:2JU/G1/2013/China-2013
. AF353511.1:Virulent CV777/Belgium-1978
EF185992.1:LZC/China-2007
[ JQ023161.1:Virulent DR13/South Korea-2009 _
JN547228.1:CH/S/China-1986
97 _t KC109141.1:J52008-2/China-2012
KC210146.1:J52008/China-2008
JQ023162.1:Attenuated DR13/South Korea-2011
726408.1:GDS09/China-2014
KJ158152.1:AH-M/China-2011
KP162057.1:SC1402/China-2014
A KT323979.1:Attenuated CV777/China-1998
KX534206.1:JS-2/2015/China-2015 Gl-b
KX534205.1:JSLS-1/2015/China-2015
KY420075.1:PEDV-SX/China-2015
KP403802.1:HLJBY/China-2015
A\, KP728470.1:5Q2014/China-2014
KC189944.1:Attenuated PEDV vaccine/China-2012
60761.1:SD-M/China-2012
MN315264.1:AH-2018-HF 1/China-2018

98
97
91

99

0.0050

Figure 1 The phylogenetic tree based on the full-length spike gene of PEDVs isolated in China during 2007-2019 (continue on
Additional file 1). Multiple-sequence alignments were performed using Clustal Omega server and the phylogenetic tree was constructed from
the aligned nucleotide sequences by using the neighbor-joining method in the MEGA-X software [59, 60]. The numbers at each branch represent
bootstrap values greater than 70% of 1000 replicates. The scale bars indicate the number of 0.005 inferred substitutions per site. 4 more PEDV strains
including virulent CV777 (AF353511.1), virulent DR13 (JQ023161.1), attenuated CV777 (KT323979), and attenuated DR13 (JQ023162.1) were also
included as references. The blue squares indicate the virulent strains isolated outside of China. The red triangles indicate the cell culture-adapted
vaccine strains or the pandemic strains used to make vaccines. The green upside-down triangles indicate the GI-c viral isolates.
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KC189944.1) and 13 pandemic classical strains (CH/S,
JS2008, JS2008-2, GDS09, AH-M, SC1402, JS-2/2015,
JSLS-1/2015, PEDV-SX, HLJBY, SQ2014, SD-M, and
AH-2018-HF1). GI-c subgroup emerged as a new evo-
lutionary branch and consists of 9 PEDV strains that
were isolated during 2016-2018. These viral isolates
are genetically more distant from those in either GI-a
or GI-b subgroups. The most of PEDV strains that
were isolated in China during 2007-2019 belong to
the GII genogroup, which can be further subdivided
into 10 clusters (C1-C10) (Figure 1 and Additional
file 1).

Recombination of S genes of PEDVs isolated in China

In the full-length S gene-based phylogenetic tree, a set
of viral isolates that emerged from 2016 to 2018 are
sorted into a new subgroup G1l-c (Figure 1), implying
that the emergence of new PEDV variants will con-
tinue and that the virulence-determining S gene may
undergo rapid mutation or natural recombination. To
identify the recombination events within the S gene of
PEDYV isolates in China, the full-length S genes included
in phylogenetic tree construction (Figure 1) were ana-
lyzed using the Recombination Detection Program 4
(RDP4), in which multiple recombination detection
methods including RDP, GENECONYV, Bootscan, Max-
Chi, Chimaera, SiScan, and PhylPro were embedded
[61]. The recombination analysis reveals that most of
PEDV isolates in China seem to arise from 28 poten-
tial recombination events in S gene (Table 1, Figure 2).
In GI-c subgroup, all of the 9 PEDV isolates (Figure 1)
were found to be involved in recombination (Table 1,
Figure 2), of which the virus TW/Yunlin550 (GenBank:
MK673545.1) has been suggested to arise from the
recombination between a Taiwan PEDV GII strain MN
and a wild-type Gl-a strain virulent DR13 [68]. These
results demonstrate that the recombination of S gene is
driving the genetic variability of emerging viral isolates
in China.

The recombination events occurred mainly in
between the PEDVs in GII genogroup (Table 1).
Three GI-a viruses are involved in recombination
(KX839247.1:85—7-mutantl/China-2015 in event 2;
JQO023161.1: Virulent DR13/South Korea-2009 and
EF185992.1:LZC/China-2007 in event 24), whereas
two GI-b viruses (MN315264.1: AH-2018-HF1/China-
2018 in event 5 and KC109141.1:JS2008-2/China-2012
in event 24) are found to participate in the recombi-
nation (Table 1, Figure 2). We also find that 20 PEDV
isolates seem to be involved in multiple recombina-
tion events (Table 2).
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As shown in Figure 2, in 19 out of 28 recombination
events, both beginning and ending breakpoints are
located in 5’- or 3’-proximal regions of S gene, which
encode the N-terminus or C-terminus of S protein,
respectively. In 9 recombination events, i.e. events 15,
16, 18, 20, 21, 23, 24, 26, and 28, the breakpoints are
located in the middle region of S gene.

To further explore the recombination of PEDV S
gene, the phylogenetic trees were constructed based
on the individual gene fragments that encode dif-
ferent domain of S protein. The fragment nt 1-1011
(relative to the S gene of PEDV virulent CV777, Gen-
Bank: AF353511.1) encodes DO and about 100-amino
acids N-terminus of S1 domain of S protein. The frag-
ment nt 1012-2352 encodes mainly the larger part
of S1 domain, whereas the fragment nt 2353-4149
encodes the remaining part of S protein including S2
domain, transmembrane domain (TM), and a short
cytoplasmic tail (CT) (Figure 2A). As shown in Fig-
ure 3, the phylogenetic trees based on the full-length
S gene or individual gene fragments are not superpos-
able to each other. For example, compared with full-
length S gene-based phylogenetic tree (Figure 3A),
the fragment nt 1-1011 of the members of GI-c sub-
group (indicated with the green upside-down trian-
gles) are genetically closer to that of virulent viruses
(CV777 and DR13; indicated with the blue squares)
and 6 vaccine variants (indicated with the red trian-
gles; Figure 3B). However, the fragment nt 1012-2352
(Figure 3C) and fragment nt 2353-4149 (Figure 3D)
of the members of GI-c subgroup are genetically far
more distant from that of virulent or vaccine variants.
These results are reminiscent of the observation that
S gene recombination between GI-a/GI-b and GII
variants may result in the emergence of some GI-c
viruses.

Variations in linear B cell epitopes of PEDV S protein
Analysis of S protein sequence of PEDV prototype
virulent CV777 in NCBI conserved domain data-
base (CDD) [69-72]) reveals that the S1 subunit con-
tains a conserved S1 domain at aa 231-733, whereas
the S2 subunit contains a conserved S2 domain at aa
741-1344 (Figure 4A). The S1 domain can be further
divided into four subdomains including S1-NTD (S1
N-terminal domain, aa 231-471), S1-CTD (S1 C-ter-
minal domain, aa 504-637), and Subdomains 1 and
2 (SD-1 and SD-2, aa 638-733) [24]. The Domain 0
in S1 subunit is located upstream of S1 domain [24],
where no conserved motifs were detected in the CDD
(Figure 4A).

Sequence comparison of the full-length S proteins
reveals that GI-a, GI-b, and GI-c strains share 99%,
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Figure 2 S gene recombination. (A) Diagram showing the full-length S gene of PEDV virulent CV777 and the corresponding regions encoding
Domain 0, ST domain, S2 domain, transmembrane domain (TM), and a short cytoplasmic tail (CT). The ST domain is composed of four subdomains
including S1-NTD (S1 N-terminal domain), S1-CTD (51 C-terminal domain), SD-1, and SD-2. (B) Schematic representation of potential recombination

events listed in Table 1. The recombination event serial number and the description of potential recombinants (GenBank ID: virus name/
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corresponding recombinant viruses on the left.
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Table 2 The PEDVs isolated in China and involved in multiple recombination events in the full-length spike genes

Recombination Event
serial number (see Table 1)

GenBank ID: Virus name/country-year

Recombination Event
serial number (see

GenBank ID: Virus name/country-year

Table 1)
MN486588.1:Ah2016f2/China-2016 Event2,8, 14 MH581489.1:CH/HBTS/2017/China-2017 Event 15, 21
MK140813.1:CH/TP-4-3/2018/China-2018 Event 4, 11 MHO061342.1:CH/SCZJ/2018/China-2018 Event 26, 27
MK138516.1:V7-HB2018/China-2018 Event5, 15 KM609208.1:PEDV-15F/China-2012 Event 18, 19, 27
KM609204.1:PEDV-7C/China-2011 Event 8,10,12,13 MH726406.1:GDS49/China-2017 Event 1,6,7,13,16
MH726374.1:.GDS11/China-2014 Event 8, 10 MHO061337.1:CH/SCZG/China-2017 Event 4, 13
KM609209.1:PEDV-CHZ/China-2013 Event7,9,11,14 MH726401.1:.GDS41/China-2011 Event 3,22
KM609203.1:PEDV-1C/China-2012 Event 4, 17 MHO056657.1:JSX2014/ATT/China-2018 Event 10, 12
MK644601.1:G2-HE2017/China-2017 Event 11,15 MK409659.1:2J15X50101-P120/China-2016 Event 16, 26, 27
MNO037494.1:.WHLL/China-2017 Event 19, 21 KX812523.1:XM1-2/China-2016 Event 20, 23
KF761675.1:CH/YNKM-8/China-2013 Event 2, 23 MK409659.1:2)J15XS0101-P120/China-2016 Event 26, 27

96%, and 95% of amino acid sequence with proto-
type strain CV777 respectively, but GII strains share
only 93% (Table 3), indicating that GII strains are
less closely related to that in GI genogroup. Fur-
ther amino acid sequence comparison of individual
regions of S protein demonstrates that Domain 0 of
S protein in GI-a, GI-b, GI-c, and GII exhibit 98%,
96%, 93%, and 85% of identities with that of proto-
type CV777 (Table 3). When compared with the
identities for S1 domain or S2 domain, Domain 0 of
S protein is the most variable, particularly for that
from GII genogroup (Table 3).

PEDV AJ1102 (GenBank:JX188454) is a GII-
C8 strain that was isolated in a PEDV epidemic in
China in 2011 [73]. This strain is currently being
developed into a potential vaccine [50]. To explore
the potential effects of amino acid variations on the
antigenicity of S protein, we compare the linear B
cell epitopes of S proteins between 6 PEDV strains
from GI and GII genogroups. The BepiPred-2.0
server was used to predict the potential linear B
cell epitopes [62]. As shown in Figure 4B, the full-
length S proteins from GI-a (virulent CV777 and
DR13) and G1-b (attenuated CV777 and DR13)
subgroups exhibit the similar distribution pattern
of predicted B cell epitopes. However, the Domain
0 of GII genogroup strain (AJ1102) shows the most
obvious differences in distribution of B cell epitopes
when compared with other virus strains (Figure 4B).
Furthermore, we used I-TASER server [63-65] to
visualize the 3-dimentional structures for Domain
0, S1 and S2 domains, where the amino acid vari-
ations in the B cell epitopes will be structurally
compared. As shown in Figure 5A, the Domain 0
of AJ1102 S protein contains a 4-amino acids inser-
tion (58NQGV61), a 1-amino acid insertion (139 N),

and a 2-amino acids deletion (in between aal60-
161) when compared with that of prototype virulent
CV777. This insertion-deletion genetic signature of
S protein as S INDEL (S insertion-deletion) has been
well known for PEDV strains [43, 74]. Those varia-
tions are all located in the sequence of predicted
epitopes (Figures 5A-C). The mutation of 5 con-
secutive amino acids (68AGQHP72) and one amino
acid mutation (185F) lead to the generation of novel
potential epitopes in AJ1102 S protein (D0-E3 and
DO-E7, respectively) (Figures 5A-C).

When compared with prototype strain virulent
CV777, the amino acid variations in S1 domain of
AJ1102 are found in 6 potential epitopes, but does
not generate novel epitopes nor eliminate the exist-
ing ones (Figure 6A). All those epitopes are located in
the coiled region or at the end of B-sheets (Figure 6B).
S1-E6 has been experimentally confirmed to be a lin-
ear neutralizing epitope [36].

In S2 domain of PEDV S protein, the predicted B cell
epitopes S2-E1 to S2-E4 are located at the N-terminal
region, whereas epitopes S2-E5 to S2-E8 at the C-ter-
minal region (Figures 7A and B). 7 of total 8 epitopes
are found to be affected by amino acid variations (S2-
E2 to E8). The epitope S2-E1 is identical between viru-
lent CV777 and AJ1102 strains. This epitope has been
experimentally confirmed to be a linear neutralizing
epitope [36]. Collectively, the hypervariable Domain 0
of S protein (Figures 4 and 5) may represent one of the
major factors driving the antigenic drift of S protein,
which may contribute largely to the ineffectiveness
of GI genogroup-based vaccines including attenuated
PEDV prototype CV777 in protecting piglets from the
GII genogroup virus-caused epidemics in China since
2010 [3, 53, 55]. This situation poses a major chal-
lenge to the prevention and control of PED in China.
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Figure 3 The phylogenetic trees based on the full-length or indicated fragments of PEDV S genes that have been analyzed in Figure 1.
The blue squares indicate the virulent strains isolated outside of China. The red triangles indicate the cell culture-adapted vaccine strains or the

pandemic strains used to make vaccines. The green upside-down triangles indicate the Gl-c viral isolates.
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including: putative cleavage site between S1 and S2 subunits at aa 726, signal peptide (aa 1-18), Domain 0 (aa 19-230), and the transmembrane
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Table 3 Pairwise comparison of the amino acid sequences of full-length S protein or its individual domains including
Domain 0, S1 and S2 domains from Gl-a, Gl-b, Gl-c, and Gll genogroup with that of PEDV reference strain virulent CV777

(GenBank ID: AF353511.1)

Query: virulent CV777 Full-length Domain 0 S1 domain S2 domain
Gla(n=9) 99.17£0.29 98.23£0.54 99.48 £0.42 99.29+0.24
Gl-b (n=16) 96.77£0.18 96.03£0.07 96.50£0.26 97.30£0.17
Gl-c(n=9) 95.13+£032 93.07£1.61 95.01£0.15 95994032

Gll (n=155) 93.79£049 8541£0.86 94.97 £043 95.97 +£0.68

The percent amino acid identity (%) was presented as the mean =+ standard deviation (SD).

Discussion

The S protein of PEDV plays critical roles in virus infec-
tion. It recognizes the cellular receptor via specific inter-
actions during virus entry into the host cells and elicits
the production of neutralizing antibodies. The S pro-
tein gene was also used to determine the genetic diver-
sity of viral isolates. To explore the genetic relationships
and evolution of PEDVs that circulated in China during
2007-2019, the complete nucleotide and deduced amino
acid sequences of a total of 186 full-length S genes were
analyzed in this report. Wang et al. [50] previously per-
formed phylogenetic analysis of 62 PEDV strains isolated
in China during 2010-2015 on the basis of full-length
genomic sequences and sorted those virus strains into
two genogroups, GI (classical) and GII (field variant).
Each genogroup has two sub-groups: GI-a and GI-b in
GI genogroup, GlI-a and GII-b in GII genogroup [50].
Gl-a subgroup consists of the Chinese classical strains
(LZC, CH/S, and CHM2013), along with the prototype
strains (virulent CV777 and DR13), whereas GI-b sub-
group predominantly contains the cell-culture-adapted
vaccine strains (attenuated CV777 and DR13) and other
pandemic classical strains (AH-M, SD-M, SQ2014, and
SC1402) [50]. The most prevalent strains isolated from
outbreaks during 2010-2015 belong to the GII geno-
group [50]. In our study, 124 more PEDV strains includ-
ing 60 viruses isolated in China during 2015-2019
were included in the analysis. In agreement to Wang
et al’s report [50], most PEDVs isolated from outbreaks
after 2015 (but not including 2015) in China belong
to the GII genogroup (Figure 1). Only one viral isolate
(MN315264.1:AH-2018-HF1/China-2018) is sorted into
GI-b subgroup, whereas no new viral isolate belongs to

GI-a subgroup (Figure 1). Additionally, 9 PEDVs iso-
lated during 2016-2018 emerged as a new subgroup in
GI genogroup (GI-c), in which virus TW/Yunlin550 has
been characterized in a recent report [68]. For GII geno-
group, the PEDVs can be further sorted into 10 clusters
in our study instead of two subgroups (GII-a and GII-b)
classification used by Wang et al. [50].

In this study, we found that the S gene of PEDVs in
China is characterized by high level of the recombina-
tion. A total of 28 potential recombination events was
found in the S genes (Figure 2, Table 1, and Table 2). The
recombination occurred predominantly between GII
genogroup PEDVs, indicating that GII genogroup viruses
remain the major threat to the pig farming industry in
China. The recombination not only drives the expan-
sion of GII genogroup, but also serves as a critical factor
to boost the generation of novel evolutionary lineages,
which were classified into GI-c subgroup and resulted
from the genetic exchanges between GII variants and
GI-a or GI-b variants (Table 1, Figures 2, 3). The emer-
gence of these new recombinants makes the field pan-
demics more complicated and heterogenous in China,
posing extra challenges to the development of effective
prevention strategies. The infectivity and pathogenicity
of the GI-c recombinants have yet to be explored.

The S protein is a major antigen eliciting the pro-
duction of neutralizing antibodies against PEDV.
Several regions of the S protein have been found to
contain neutralizing epitopes. Li et al. reported that
the Domain 0 of the S protein can elicit neutraliz-
ing antibodies [22]. This region is also responsible
for the virus binding to the sialic acid during virus
entry [75]. Amino acid sequence comparison between
GII stain AJ1102 and GI-a prototype virulent CV777
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vCV777 18SLPQDVTRCQSTT30 55SMN----SSSWYCGTGIETA70 82DSGQGFEIGISQEPFDE O3
AJ1102 18SLPODVTRCSANT30 55IGENQGVNSTWYCAGQHPTA7 4 8 6CRGGHGFEIGISQEPFDP102
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DO-E5 DO0-E6 DO-E7
vCV777 126DNKTLGPTV-NDVTTGR141 150PAYMRDGKDI159 179HFYLKNDWS187
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Figure 5 Comparison of linear B cell epitopes affected by amino acid variations in the Domain 0 of S proteins between Gl-a strain
virulent CV777 and Gll strain AJ1102. A The amino acid sequence of predicted linear B cell epitopes are shown with red bold letters. The
numbers indicate the amino acid positions relative to the full-length S protein of indicated PEDVs. B 3-dimentional view of epitopes in the Domain
0 of virulent CV777 spike protein. C 3-dimentional view of epitopes in the Domain 0 of AJ1102 spike protein. The tertiary structure was modeled by
using I-TASER. The individual epitope is circled and the amino acid variations are labeled with black dot. vCV777, virulent CV777.
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Figure 6 Comparison of linear B cell epitopes affected by amino acid variations in the S1 domain of S proteins between Gl-a strain
virulent CV777 and Gll strain AJ1102. A The amino acid sequence of predicted linear B cell epitopes are shown with red bold letters. The
numbers indicate the amino acid positions relative to the full-length S protein of indicated PEDVs. B 3-dimentional view of epitopes in the S1
domain of virulent CV777 spike protein. C 3-dimentional view of epitopes in the ST domain of AJ1102 spike protein. The individual epitope is circled
and the amino acid variations are labeled with black dot. vCV777, virulent CV777.

KA Kk hkKhkAkK ARk o KA KKK K

*kkkk Kkkk*k

COOH

reveals that the antigenicity of this region seems to be
mostly varied as amino acid variations dramatically
affected the predicted linear epitopes (Figures 4 and
5). The amino acid variations were also found in 13
predicted epitopes in S1 and S2 domains (Figures 6
and 7, respectively). The epitopes S1-E3, S1-E4, and
S1-E5 are located in a neutralizing epitope-containing
subdomain [76]. S1-E6, S2-E1, and S2-E2 are located
in a region spanning the S1/ S2 junction of PEDV §
protein, to which a series of monoclonal antibodies
(mAbs) with neutralizing activity have been identi-
fied including SD37-11, SD20-1, SD121-1, SD129-3,
SD129-5, SD131-3, SD137-90, SD138-108, and
SD142-2 [37]. Collectively, these results suggest that
the variations in GII S protein may compromise or
even eliminate the neutralizing activities of antibodies

elicited by GI S proteins in traditional vaccine strains
used in China, which is consistent with the phenom-
enon that the GI-derived vaccines failed to provide
effective protection of piglets from prevailing GII
variants-dominated infections since 2010 in China
[38, 42, 43, 77, 78]. Therefore, the GII-based vaccines
should be given the priority for pig-farming industry
in China.

In summary, the study of S genes and proteins of
PEDVs circulating during 2007-2019 in this report dem-
onstrates that GII genogroup and GI-c subgroup repre-
sent two major targets for the development of effective
prevention strategies in China. The information pre-
sented here would benefit the design of novel vaccines for
PEDVs circulating in China.
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S2-E1 S2-E2 S2-E3 S2-E4
vCV777 T48¥SNIGVCK755 761¥VPSQYGQVKIAP/ 73 839RLESVEVNSS47 875LGASVYDPASGRVVOKRS 91
AJ1102 751¥SNIGVCK758 764¥XVPSQSGOVKIAP 776 842RLESAEVNSS50 87 8LEVSVYDPASGRVVOKRS 94
* ok k ok k ok ok ok *khkkkk khkkkkkk ****.**** **.**************
S2-ES S2-E6 S2-E7 S2-E8
vCV777 1190ELQTYTAT1197 1206MFEPRKPTVS1215 1230LTSDOQLPDVIPDYID1244 1257PNRTGPSLPLDVEN1270
AJ1102 1193ELON-TAT1199 1208MYEPRKPTVG1217 1232LTRDOQLPDVIPDYID1246 1259PNRTGPSLSLDVEN1272
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Figure 7 Comparison of linear B cell epitopes affected by amino acid variations in the S2 domain of S proteins between Gl-a strain
virulent CV777 and Gll strain AJ1102. A The amino acid sequence of predicted linear B cell epitopes are shown with red bold letters. The
numbers indicate the amino acid positions relative to the full-length S protein of indicated PEDVs. B 3-dimentional view of epitopes in the S2
domain of virulent CV777 spike protein. C 3-dimentional view of epitopes in the S2 domain of AJ1102 spike protein. The individual epitope is circled
and the amino acid variations are labeled with black dot. vCV777, virulent CV777.
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