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Abstract

Porcine epidemic diarrhea (PED), caused by porcine epidemic diarrhea virus (PEDV), is a
highly contagious, acute enteric viral disease of swine characterized by vomiting, watery di-
arrhea, dehydration and death. To identify and characterize the field PEDVs associated
with the outbreaks of severe diarrhea in piglets in Jiangxi, 2013, the complete genome se-
quences of two representative strains of PEDV, designated CH/JX-1/2013 and CH/JX-2/
2013, were determined and analyzed. The genome sequences of both emergent Jiangxi
PEDV strains, CH/JX-1/2013 and CH/JX-2/2013, were 28,038 nucleotides in length exclud-
ing 3’ poly (A) tail. Compared to the PEDV CV777 strain, CH/JX-1/2013 and CH/JX-2/2013
had some unique genetic characteristics in the proximal region of the 5-UTRs. Phylogenet-
ic analysis of the complete genomes and the structural proteins revealed that CH/JX-1/
2013 and CH/JX-2/2013 had a close relationship with post-2010 Chinese PEDV strains and
US strains identified in 2013. The nucleotide identity between the two Jiangxi strains (CH/
JX-1/2013 and CH/JX-2/2013) and 30 strains of PEDV identified ante-2010 and post-2010
ranged from 96.3-97.0% and 97.3—-99.7%, respectively. Multiple nucleotide and deduced
amino acid mutations were observed in the ORF1a/b, S, ORF3, E, M and N genes among
the current field PEDV strains when compared to the CV777 strain. Some of the mutations
altered the amino acid charge and hydrophilicity, and notably, there was an amino acid sub-
stitution in the middle of one neutralizing epitope (L13711) of the S gene of both CH/JX-1/
2013 and CH/JX-2/2013. Taken together, the accumulated genetic variations of the current
field PEDV strains might have led to antigenic changes of the viruses, which might confer
the less effectiveness or failure of the CV777-based vaccines currently being widely used in
Jiangxi, China.

PLOS ONE | DOI:10.1371/journal.pone.0120310 March 19, 2015

1/16


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0120310&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.nsfc.gov.cn/

@’PLOS | ONE

Mol and Phy Analysis of 2013 Jiangxi PEDV's

Introduction

Porcine epidemic diarrhea (PED) is a highly contagious, acute enteric viral disease of swine
characterized by vomiting, watery diarrhea, and dehydration and has become a devastating
issue in many pig-raising countries [1]. PED was first reported in feeding and fattening pigs in
England in 1971 [2] and then emerged in many European and Asian countries [3,4]. In late
April 2013, PED was first confirmed in the United States, and quickly spread to all over the
country [5-7]. In China, PED was identified as a sporadic viral enteric disease in pig-herds be-
fore 2010 [8-10]. However, outbreaks of PED with an increased severity of diarrhea, vomiting
and dehydration have occurred in China since 2010, and the disease approached a mobility of
as high as 100% and a mortality of 80-100% in piglets less than 10 days old, being recognized
as a devastating illness causing death in neonatal piglets [11,12]. Pig farms in Jiangxi, one of
the major pig-raising provinces located in eastern China, were severely affected by the out-
breaks of PED accompanying with certain unique characteristics. Unlike its intrinsic seasonal
epidemics ever seen before 2010, the PED prevalent in Jiangxi in 2013 has emerged all year
round even in the midst of summer, and much worse, some of pig-raising farms repeatedly got
affected from the disease, resulting in massive deaths of neonatal piglets. Likewise, the pigs vac-
cinated with inactivated CV777-based vaccines could also get affected with the disease [8,12].
The epidemiology of the 2013 PED outbreaks in Jiangxi suggested genetic/antigenic variations
of PED virus (PEDV), the etiologic agent of PED, might occur so that the antigenicity, immu-
nogenicity and virulence of the PEDV's had altered. Hence, in this study, we attempted to reveal
the molecular characterizations of the PEDV strains currently circulating in Jiangxi, China and
elucidate their phylogenetic relationship with PEDV vaccine strains and other reference
strains.

PEDV is an enveloped, positive-sense, single-stranded RNA virus with large nested-set ar-
rangement of the subgenomic mRNAs (sgmRNA), classified under the genus Coronavirus
within the family Coronaviridae, order Nidovirales [13,14]. The genome of PEDV is approxi-
mately 28 kb nucleotides (nt) in length, containing 5 “untranslated region (UTR), 3"'UTR with
a polyadenylated tail and at least seven open reading frames (ORFs), arranged in the order of 5
"UTR-ORF1a/1b-spike glycoprotein (S)-hypothetical protein gene (ORF3)-envelope (E)-mem-
brane (M)-nucleocapsid (N)-3 "UTR [15,16]. The 5"UTR is about 291-296 nt, and the 3'UTR
is about 334 nt in length. The polymerase gene, occupying about 5 'two thirds of the complete
genome, consists of ORFla and ORF 1b, which encodes the polyprotein 1ab (PP lab). The four
structural protein genes, occupying the 3 one-third part of the PEDV genome, encode S, E, M,
and N proteins, respectively. The hypothetical accessory protein ORF3 is encoded by the gene
located between S- and E-protein encoding regions. Previous analyses on the entire genome se-
quences indicated that the recent PEDV field strains circulating in China were genetically dif-
ferent from CV777 strain, from which vaccines have been generated and widely used in China
for years [17-21].

In this study, a total of 125 fecal and intestinal samples from neonatal piglets with severe di-
arrhea from premises in different districts of Jiangxi Province, China were collected. Of which,
96 were detected to be positive for PEDV by a reverse transcription polymerase chain reaction
(RT-PCR) established in our laboratory (S1 Table). To address the potential genetic/antigenic
variations and phylogenetic characteristics of the PEDV strains associated with 2013 Jiangxi
PED outbreaks, the complete genome of two representative intestinal specimens from 96
PEDV positive samples identified were sequenced and analyzed.
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Materials and Methods
Ethics statement

The ethics committee of Jiangxi Agricultural University approved the animal protocol for this
study (protocol number P-2013-03). All the procedures involving animals in this study were
carried out in accordance with The Care and Use Guidelines of Experimental Animals estab-
lished by the Ministry of Agriculture of China. Intestinal and fecal samples were collected ac-
cording to the approved procedures. The intestinal samples used in this study were obtained
from the dead piglets and the fecal samples were non-invasively collected immediately after ex-
cretion from healthy and diarrheal pigs from premises with PED outbreaks in Jiangxi, China
(S1 Table).

Virus identification

Fecal and intestinal samples (N = 125) were collected from < 10-day-old suckling piglets with
severe watery diarrhea, vomiting and dehydration from different premises in Jiangxi Province,
China (25-29°N and 114-118°E) in 2013. All the samples were examined by a RT-PCR estab-
lished in our laboratory. Briefly, the total RNA was extracted from the samples using RNAplus
Reagent (TaKaRa, Japan) following the manufacturer’s instructions. The one-step RT-PCR for
determination of PEDV-positive samples was carried out using 50-200 ng of extracted RNA,
forward primer (5’-GTATTGGTGGTGAGCGGAAT-3"), reverse primer (5 - CCTGTTCC
GCCATTCTATCA-3") and OneStep RT-PCR kit (Qiagen, Valencia, CA, USA) according to
the manufacturer’s protocol. To eliminate possible co-infections caused by porcine transmissi-
ble gastroenteritis virus (TGEV), porcine rotavirus (PoRV), and other common pathogenic in-
testinal pathogens, differentiation assays were performed using standard protocols. Ninety-six
out of 125 samples were tested positive for PEDV, and all samples had been confirmed to be
free of TGEV, PoRV and other common enteric pathogens (data not shown). To address the
genetic/antigenic variations, and phylogenetic characteristics of PEDV strains associated with
2013 Jiangxi PED outbreaks, two representative PEDV strains, designated CH/JX-1/2013 and
CH/JX-2/2013 (the GenBank accession numbers are KF760557 and KJ526096, respectively),
were used for sequencing the full-length genome.

Full-length genome sequencing

Total RNAs were extracted from the feces and small intestinal homogenates by RNAplus Re-
agent (TaKaRa, Japan) according to the manufacturer’s instructions. The concentrations of the
extracted RNAs were measured by NanoDrop 2000 spectrophotometer (Thermo Scientific,
USA) and then stored at —80°C until use. The first-strand cDNA synthesis was performed at
42°C for 50 min and then 95°C for 5 min to inactivate the M-MLV reverse transcriptase
(TaKaRa, Japan) and followed by 4°C for 5 min. The entire PEDV genome was amplified by 33
pairs of primer designed with Primer 3 software (http://primer3.ut.ee/) based on the conserved
regions determined by a multiple alignment analysis of the reference strains and CV777 (S2
Table). Fragments were amplified on the conditions of a denaturation at 94°C for 4 min, 35
cycles (94°C x 45 sec, 53°C x 45 sec, 72°C x 1.5 min), and then with a final extension at 72°C
for 10 min. PCR products obtained were subjected to gel purification using a gel extraction kit
(TaKaRa, Japan), and afterwards cloned into pMD 18-T vectors (TaKaRa, Japan) following
the manufacturer’s protocols. Five positive clones of each amplicon were submitted to a com-
mercial sequencing company (Sangon Biotech, Shanghai, China) for sequencing at both direc-
tions by Sanger sequencing methodology. The 5’- and 3’- RACE for the determination of the
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terminal sequences of both CH/JX-1/2013 and CH/JX-2/2013 were performed by using 5'/3’
SMARTer RACE kit (Clontech, Beijing, China) following the manufacturer’s instructions.

Sequence and phylogenetic analysis

The raw sequence fragments were imported to SeqMan in DNAStar Lasergene V 7.10 (DNAStar,
Inc., Madison, WI) for assembly and annotation. Nucleotide and deduced amino acid (aa) se-
quences of both CH/JX-1/2013 and CH/JX-2/2013 and 30 reference PEDV sequences retrieved
from GenBank were comparatively analyzed. A summary of the background information of
PEDVs used in this study is shown in Table 1. The complete genome sequences of CH/JX-
1/2013 and CH/JX-2/2013 were deposited into GenBank. Phylogenetic trees based on the entire
genomes, and deduced aa sequences of S, ORF3, E, M, and N genes were constructed using the
neighbor-joining method of MEGA 5.2.2 (http://www.megasoftware.net/) with a bootstrap of
1,000 replicate datasets. Primary sequences of 5-proximal region of 5'-UTRs (nt 42 to 133)
were pairwise compared between the two Jiangxi strains (CH/JX-1/2013 and CH/JX-2/2013)
and the reference strains. Antigenicity and hydrophilicity analyses based on the aa sequence
from 1 to 350 at N-terminal of the S proteins were carried out by Protean software of DNAStar
Lasergene V7.10 (DNAStar, Inc., Madison, WI).

Table 1. Summary of the background information of CH/JX-1/2013, CH/JX-2/2013 and 33 reference strains used in this study.

Strains Countries  Accession Collection Strain Country Accession Collection date
Numbers date Numbers
Cv777 Belgium AF353511 1978 Attenuated vaccine P China KC189944 2012
CH/JX-1/2013 China KF760557 2013 SD-MP China JX560761 2012
CH/JX-2/2013 China KJ526096 2013 SM98 South GU937797 1998
Korea
AH2012 China KC210145 2012 JS-HZ/2012 China KC210147 2012
AJ1102 China JX188454 2011 LC China JX489155 2011
Attenuated South JQ023162 2003 Virulent DR13 South JQ023161 1999
DR13° Korea Korea
BJ-2011-1 China JNB825712 2011 ZJCZ4 China JX524137 2012
CH/FJND-3/2011  China JQ282909 2011 Chinju99 South AY167585 1999
Korea
CH/FJZZ-9/2012  China KC140102 2012 83P-5 Japan AB548621 1983
CH/GD-01 China JX261936 2012 Brl/87 France 725483 1987
CH/GDGZ/2012  China KF384500 2012 LzC China EF185992 <2006%
CH/S China JN547228 1986 1A1 USA KF468753 2013
CH/ZMDZ/Y 11 China KC196276 2011 USA/Indiana/17846/2013 USA KF452323 2013
GD-1 China JX647847 2011 1ISU13-22038-IA- USA KF650373 2013
homogenate
GD-A China JX112709 2012 ISU13-22038-1A-P9 USA KF650375 2013
GD-B China JX088695 2012 Co/13 USA KF272920 2013
JS2008 China KC109141 2008 13-019349 USA KF267450 2013
JS2008new China KC210146 2008

@ The accurate isolation year of LZC is unknown, but it is estimated to be before 2006 according to the GenBank submission date.
® cell adapted PEDV strains.

doi:10.1371/journal.pone.0120310.t001
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Results
Complete genome sequence comparison and phylogenetic analysis

The full-length genome of CH/JX-1/2013 and CH/JX-2/2013 was 28,038 nt in length excluding
the 3 "poly (A) tail. The genomic organization of CH/JX-1/2013 and CH/JX-2/2013 was similar
to the reference PEDV strains. There was a ribosomal frameshift positioned 9 nt upstream of
the slippery sequence 12610UUUAAAC12616 during the aa translation of ORF1 a/b. Thus,
nucleotides encoding the PP lab were confirmed to be 293-12601 and 12601-20637" in both
CH/JX-1/2013 and CH/JX-2/2013. The full-length sequence of S, ORF3, E, M and N gene of
both CH/JX-1/2013 and CH/JX-2/2013 was 4,161 nt, 675 nt, 231 nt, 681 nt and 1,326 nt, re-
spectively. CH/JX-1/2013 and CH/JX-2/2013 shared 99.9% nucleotide identity with each other.
A total of 27 nt differences were identified when compared to the whole genome of CH/JX-
1/2013 and CH/JX-2/2013, and 14 out of 27 mutations led to aa changes. Of which, most were
located in ORF1b and S gene (data not shown). The results from the genome-wide comparative
analysis showed that the nucleotide identity between the Jiangxi PEDV strains and strains
identified post-2010 ranged from 97.3-99.7%, while the nucleotide identity with those deter-
mined ante-2010 (CV777, attenuated vaccine_ KC189944, SM98, JS2008, JS2008new and LZC)
ranged from 96.3-97.0% (S3 Table). A total of 26 unique nucleotide substitutions were identi-
fied between two Jiangxi PEDV strains (CH/JX-1/2013 and CH/JX-2/2013) and 30 reference
PEDV strains, which resulted in 14-aa changes, and most of them were located in ORF1a,
ORF1b and S gene. Two of the nucleotide substitutions led to aa changes along with the charge
variations (Table 2).

The phylogenetic tree based upon the full-length genome sequence of CH/JX-1/2013, CH/JX-
2/2013 and 30 reference PEDVs indicated that the PEDV strains could be divided into two groups,
designated for groupl (G1) and group 2 (G2): G1 could be further divided into three subgroups,
ie, la, 1band R, a tentative cluster consisting of virulent DR13 isolated in South Korea in 1999
and CH/S isolated in China in 1986; and G2 was split into two subgroups, 2a and 2b (Fig. 1A).
Notably, all the strains identified from 2011 to 2013 were fallen into G2; while the prototype of
CV777, together with three Korean strains (SM98, virulent DR13 and attenuated DR13), and
four earlier Chinese strains (JS2008, JS2008new, LZC and CH/S) were fallen into another group,
i.e.,, group 1. Genetic characteristics were observed between the two groups: 1) compared to ge-
nome sequences of the members in G1, four insertions, 20803G, 20810CAGGGTGTCAA20820,
20830G, 21042AAT21044 and two deletions, 20842A, 21097CGTGAT21102, existed in the N-ter-
minal domain (NTD) of the S protein in G 2 members; 2) the three field PEDV strains of JS2008,
JS2008new and SD-M together with two attenuated PEDV strains, DR13 and vaccine_KC189944,
were clustered into subgroup 1b. All of the five PEDV strains aforementioned had 24-nt deletions
in nsp3 of ORF1a and 49-nt deletions in the C terminus of ORF3; 3) CH/JX-1/2013 and CH/JX-
2/2013 along with three Chinese strains (GD-B, JS-HZ2012 and BJ-2011-1) were clustered into an
independent clade, and CH/JX-1/2013 and CH/JX-2/2013 had 99.7%, 99.7% and 99.6% nucleotide
identity with the three Chinese strains, respectively. These strains shared six additional unique nu-
cleotide substitutions (T227A, C2342T, G2346T, T2724C, T6331C, C7233T) with the rest of refer-
ence PEDV strains. Of which, one led to an aa change (T682M in ORFla, from hydrophilic
polarity T to hydrophobic polarity M).

Comparative analysis of structural genes

The full-length of S gene of CH/JX-1/2013 and CH/JX-2/2013 was 4,161 nt in size, which was 9-
nt longer than that of the prototype of PEDV CV777 strain. The results from nucleotide sequence
comparisons of the S gene of 34 strains of PEDV, including CH/JX-1/2013, CH/JX-2/2013 and
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Table 2. Unique nucleotide/amino acid substitutions among the coding regions and UTRs between CH/JX-1/2013, CH/JX-2/2013 and the

reference strains®.

Gene or ORF nucleotide® changes amino acid® changes
Position in Reference CH/JX- CH/JX- Position in aa Reference CH/JX- CH/JX-
genome® strains 1/2013 2/2013 sequence® strains 1/2013 2/2013
ORF1a (293- 1152 T C C
12646) 1196 A G G aa 300 N s S
1311 G T T
4124 C T T aa 1276 A \Y \Y
5298 C T T
8032 C T T aa 2579 H Y Y
8605 G T T
9057 T C C
9267 G T T
9991 C T T aa 3232 H Y Y
ORF1b (12811—- 13511 T C C
20637) 16502 T c c
17462 C A A
19240 A G G aa 2142 K R R
20112 G T T aa 2433 \ F F
20404 C T T aa 2530 A \Y \Y
20443 C A A aa 2543 P Q Q
S (20634— 21650 C T T aa 337 A \Y Vv
24794) 21955 c T T
21937 C T T
22402 T G G aa 587 D E E
22485 T A A aa 615 7 Y Y
22893 C T T aa 751 T I I
24779 C A A aa 1380 L | |
N (26379- 26614 A T T
27704) 27638 G T T aa 408 v L L

& No nucleotide or amino acid changed in 5’UTR, 3'UTR and ORF3, E, and M genes

® All nt mutations in the genome, including both nonsynonymous and silent mutations

¢ Amino acids changes of replicase and structural protein genes at the position numbered in accordance with the aa sequence of individual protein
Bold letters indicate the amino acids with changed charge.

doi:10.1371/journal.pone.0120310.t002

other 32 reference PEDV strains from China, United States, UK, South Korea, Belgium, France
and Japan showed that the two Jiangxi strains had a 99.8% nucleotide identity with each other,
and 96.7% nucleotide identity with CV777. CH/JX-1/2013 and CH/JX-2/2013 shared 97.3—
99.6% nt identity and 93.1-99.1% aa identity with the post-2010 PEDV strains, respectively. By
contrast, the two Jiangxi strains showed only 93.5-95.0% nt identity, and 92.5-94.8% aa identi-
ty with the ante-2010 PEDV strains and attenuated vaccine strains, respectively (S4 Table).
The phylogenetic tree based on the aa sequences of the S protein of 34 strains of PEDV
showed that they could be classified into two major groups, and each group contained two sub-
groups (Fig. 1B). Both CH/JX-1/2013 and CH/JX-2/2013 belonged to subgroup 2b, which also
included five newly identified US strains (13-019349, Co/13, IA1, ISU13-22038-IA-homoge-
nate and ISU13-22038-1A-P9) and 13 Chinese strains identified at the same period or later
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Fig 1. Phylogenetic trees based on the complete genome, aa sequences of structural proteins and ORF3 of PEDV strains. The trees were
constructed by the distance-based neighbor-joining algorithm using MEGA 5.2.2 software. Bootstrap was set in 1,000 replicates with a value >70% to
assess the significance of the tree topology. A bar of 0.002/0.005 indicates nucleotide or amino acid substitutions per site. “®” indicates the strains identified
in this study, “o” indicates the strains from China, “#” indicates the strains from Belgium, “®”indicates the strains from USA, “s”indicates the strains from South
Korea, “v”indicates the strains from France, “¢”indicates the strains from Japan. 1A: Phylogenetic tree generated on the basis of nucleotide sequences of the
complete genome of 33 PEDVs. 1B to 1F: Phylogenetic trees based on deduced amino acid sequences of S glycoprotein genes, ORF3, envelope,

membrane, and nucleocapsid genes, respectively.

doi:10.1371/journal.pone.0120310.g001

than 2010. Compared to G1, there were two insertions (61VNST64 and 136N) and one dele-
tion (155DG156) in the G2 members. Amino acid differences were also present between G1
and G2, and most of them were located in the area of aa 1 to 350 at N-terminal of the S protein
(Table 3). The analysis based on aa from positioned 1 to 350 of the S protein suggested that the
antigenicity and hydrophilicity of S protein of CH/JX-1/2013, CH/JX-2/2013 might have al-
ready changed due to the mutated amino acids with changes of charges and polarities (Fig. 2).
Notably, an amino acid substitution was found in the middle of one neutralizing epitope
(L1371I) of the S gene in both CH/JX-1/2013 and CH/JX-2/2013 when compared to CV777.

The ORF3 of both CH/JX-1/2013 and CH/JX-2/2013 was 675 nt in length, encoding a pro-

tein of 224 aa. Both CH/JX-1/2013 and CH/JX-2/2013 shared 91.6-99.7% aa identity with
other PEDV strains used in this study, and had the highest identity with a newly isolated US
strain 13-019349 and a Chinese isolate JS-HZ/2012. A hexameric motif sequence of CTAGAC
was observed in CH/JX-1/2013 and CH/JX-2/2013, positioning at 46 nt upstream of the initia-
tor ATG in the ORF3 gene, which was similar to the situation of hexameric motifs XUA(A/G)
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Table 3. Comparison of amino acid substitutions in S protein of the PEDV strains in phylogenetic group 1 and group 2.

Position in S protein AA in group 1 AA in group 2
aa charge polarity aa charge polarity

55 N M - | M -
65 M M - G M +
57 N M - E N +
58 S M + N M -
59 S M + Q M +
60 S M + G M -
72 E N + P M -
84 D N + R P +
86 K B + S M +
87 R N + G M -
89 Q M + H?2 P +
120 | M - T M +
164 | M - S M +
188 H P + Y M -
201 K P + S M +
202 R P + G M -
203 S M + G M -
228 Y M - S M +
248 S M + P° M -
554 T M + S M +
599 G M - S M +
964 A M - Vv M -
1049° S M + A M -
1178 G M - D° N

1237 S M + R P

@ Strain CH/ZMDZY/11 is R at residue 89

® |solate CH/S is R at residue 248

¢ Isolate CH/S is A at residue 1049, Strain CH/FIJND-3/2011 is S at residue 1049
9 Strain CH/FJND-3/2011 is G at residue 1178.

“P” indicates positive charge

“N” indicates negative charge

“M” indicates neutral charge

“" indicates hydrophobic polarity

“+” indicates hydrophilic polarity

“ND” indicates the aa polarity is not determined yet.

doi:10.1371/journal.pone.0120310.t003

AC existing in adjacent ORFs of PEDVs. Compared to CV777, a few nucleotide changes were
found in both CH/JX-1/2013 and CH/JX-2/2013, and of which eight led to the aa changes
(Table 4). The phylogenetic tree based on the deduced aa sequences of the ORF3 of the earlier
European strains, CV777, Korean strains, US strains and Chinese strains identified ante or
post-2010 revealed that those strains were grouped into two different groups (Fig. 1C). CV777
and two early strains SM98 and LZC, and two cell-adapted strains SD-M and attenuated DR13
were classified into group 1; while the 24 strains, including CH/JX-1/2013, CH/JX-2/2013, 15
Chinese PEDV strains, a Korean strain (virulent DR13), five newly determined US strains, and
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Fig 2. Antigenic and hydrophilic analyses of the amino acid sequences of partial S protein of nine PEDV strains. Antigenic index was calculated by
using Protean of DNAStar Lasergene under the Jameson-Wolf method. Hydrophilicity plot was constructed by Kyte-Doolittle method. The arrows indicate the
discrepancy of antigenic and hydrophilic plots of partial S protein of PEDV strains between phylogenetic group 1 (CV777, LZC, SM98 and virulent DR13) and
group 2 (CH/JX-1/2013, CH/JX-2/2013, BJ-2011-1, GD-B and IA1) PEDV strains. Panel A: antigenic analysis, and panel B: hydrophilic analysis.

doi:10.1371/journal.pone.0120310.g002
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Table 4. Nucleotide and amino acid mutations in ORF 3 of CH/JX-1/2013 and CH/JX-2/2013 when compared to PEDV CV777.

nucleotide change amino acid change

Position in ORF3 gene  CV777

CH/JX-1/2013  CH/JX-2/2013 Position in ORF3 protein CVv777  CHMJX-1/2013  CH/JX-2/2013

54

62

63

160
162
235
237
238
243
264
274
301
369
360
393
439
450
489
537
546

= 4 0004400000100 -100-40

O 44 004>» 4446 4>»0>4H0 >»

9]

A

C

T 21 \' A A
A

C 54 \' L L
A

T 7 \ L L
G 80 F

T

T

T 92 L F F
A 101 A T T
T

C

C

T

T

T

C 179 N S S
G 182 H® Q Q

@ Bold letters indicate the amino acids with changed charge.

doi:10.1371/journal.pone.0120310.t004

an early isolated Chinese strain CH/S were classified into group 2. Compared to CV777, all the
other strains, except attenuated DR13, SM98, SD-M and LZC, shared 6-aa substitutions, at res-
idues 21 (V21A), 54 (V541), 79 (V791), 92 (L92F), 101 (A101T, from hydrophobic polarity A
to hydrophilic polarity T) and 166 (N166S, from hydrophobic N to hydrophilic S) in the

OREFS3 protein.

The E gene of CH/JX-1/2013 and CH/JX-2/2013 was 231 nt in size, encoding a protein of
76-aa. The sequence of E protein is extremely conserved. Although six nucleotide substitutions
(T90C, C150T, TT165-166CC, A194G, and A198T) were observed in both CH/JX-1/2013 and
CH/JX-2/2013 when compared to CV777, these mutations were all synonymous mutations.
The phylogenetic tree constructed based on the deduced aa sequences of the selected reference
PEDV strains showed that all the sequences could be classified into two groups, that is, Group
1 and Group 2 (Fig. 1D). The M gene of CH/JX-1/2013 and CH/JX-2/2013 had an ORF of 681
nt, encoding a 226-aa protein. Sequence comparison with 31 other PEDV strains revealed that
the M protein was highly conserved, and CH/JX-1/2013 and CH/JX-2/2013 had a 97.8-100%
aa identity with the reference strains of PEDV.

The phylogenetic analysis of M protein demonstrated that all PEDV strains were divided
into two groups, i.e., Group 1 and Group 2 (Fig. 1E). Group 2 contained 15 Chinese strains, in-
cluding CH/JX-1/2013 and CH/JX-2/2013, and six recent US strains. There was only one aa
difference (V42A) in M protein between Group 1 and Group 2. Compared to CV777, CH/JX-
1/2013 and CH/JX-2/2013 showed that three aa (E13Q, V42A and A214S) in M protein were
changed. However, the aa substitution at position 13 (E13Q) altered the charge and polarity
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Fig 3. Comparison of primary sequence of 5-proximal region (nt 42-133) in 5'UTRs between CH/JX-1/2013, CH/JX-2/2013 and reference strains.
The core sequences (CUAAAC) of leader transcription-regulating sequences (CS-L) are highlighted in gray, nucleotide insertions are highlighted in red, and
mutations are highlighted in blue. The stem-loop 2 (SL 2) and stem-loop 4 (SL 4) are marked with braces. An ‘A’ deletion is seen in both CH/JX-1/2013 and
CH/JX-2/2013 identified in this study and other strains excluding CV777 and LZC.

doi:10.1371/journal.pone.0120310.9003

(from negative charge/hydrophilic polarity E to neutral charge/ hydrophobic polarity Q) of the
N terminus of the M protein, which might have an impact on its antigenicity/immunogenicity.

The entire N gene of CH/JX-1/2013 and CH/JX-2/2013 was 1,326 nt long, encoding a pro-
tein of 441-aa. Sequence analyses revealed that the aa homology between CH/JX-1/2013 and
CH/JX-2/2013 and other PEDV strains used in this study varied from 95-98.9%. The nucleo-
tide and amino acid sequences of N protein were highly conserved and neither insertion nor
deletion was found in all these PEDV strains analyzed in the study except a few sporadic muta-
tions. Multi-alignment results of the aa sequences of the PEDV N proteins indicated that all
the strains could be divided into two groups, i.e., Group 1 and Group 2. Each group contained
two subgroups (Fig. 1F). The phylogenetic topology of N protein was similar to that of ORF3.
Three specific aa changes were present between group 1 and group 2, at the residue 142
(A142T), 242 (H242L, from hydrophilic polarity I to hydrophobic polarity T) and 397
(Q397L). Five aa substitutions at the residue 84 (G84A), 205 (N205K, from neutral charge N to
positive K), 381(L381P), 395 (L395Q, from hydrophobic L to hydrophilic Q), and 398 (H398N,
from hydrophilic H to hydrophobic N) existed in subgroup 2a when compared with other
three subgroups, i.e., subgroup 2b, subgroupla and subgroup 1b.

Nucleotide sequence comparison and structure prediction of 5-RNA
terminus

The 5"UTRs of CH/JX-1/2013 and CH/JX-2/2013 were 292 nt in length, which was 4-nt
shorter than that of CV777, resulting from 5-nt deletion and one nt insertion in the proximal
region of 5'-UTRs of the two Jiangxi strains (Fig. 3). The core sequence (CUAAAC) of the
PEDV leader transcription-regulating sequence (TRS) was extremely conserved with no nucle-
otide substitutions in all the PEDV strains. An ‘A’ deletion was observed immediately following
the core sequence of these PEDYV strains except the strains of CV777 and LZC. In comparison
with CV777 and early isolated strains of SM98 and LZC, a ‘U’ insertion in loop 2 was found in
both CH/JX-1/2013 and CH/JX-2/2013 and other six PEDV strains, such as GD-B, JS-HZ-
/2013, attenuated vaccine_ KC189944, Co/13, CH/FJZZ-9/2012, and GD-1. The third nucleo-
tide in loop 4 of recently determined strains of CH/JX-1/2013, CH/JX-2/2013, GD-B,
JS-HZ/2012, Co/13, CH/FJZZ-9/2012 and GD-1 was a C, rather than a U at the same position
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in other four PEDV strains isolated earlier (CV777, Attenuated vaccine, LZC, and SM98).
Compared to CV777, a 4-nt deletion (UUCC) existed in the stem region of SL4 of CH/JX-1-
/2013, CH/JX-2/2013 and other six PEDV strains. However this deletion would not impact the
secondary structure of the SL4 as demonstrated by an analysis (data not shown). The 3’UTRs
of both CH/JX-1/2013 and CH/JX-2/2013 were 334 nt in size, and no insertion and deletion
was observed (Table 2).

Discussion

PED affected massive pig farms in Jiangxi, China in 2013, causing substantial economic losses
in the pig industry of Jiangxi. To elucidate the molecular characterization and phylogeny of the
PEDV field strains associated with 2013 Jiangxi PED outbreaks, the entire genome sequences
of two representative PEDV strains confirmed in Jiangxi were determined and analyzed. Phylo-
genetic analyses demonstrated that CH/JX-1/2013 and CH/JX-1/2013 defined in this study
along with the strains determined post-2010 were clustered into group 2, whereas the strains
detected ante-2010 were clustered into group 1. The results of phylogenetic analyses of those
PEDV strains examined in this study were similar to that of described elsewhere [22]. CH/JX-
1/2013 and CH/JX-1/2013 showed the highest nucleotide identity (>99%) with six newly con-
firmed US strains (IA1, Co/13, USA/Indiana, ISU13-22038-IA-homogenate, ISU13-22038-
IA-P9, and 13-019349) and five Chinese strains (GD-B, AH2012, BJ-2011-1, CH/ZMD/ZY,
and CH-HZ/2012) identified post-2010, suggesting these PEDV strains might have evolved
from the same origin although the mechanisms of the evolution of the viruses are roughly un-
known yet. Three field PEDV strains, JS2008, JS2008new and SD-M together with two attenu-
ated PEDV strains, DR13 and vaccine_ KC189944, were clustered into an independent cluster
and showed 24-nt deletions in nsp 3 of ORFla and 49-nt deletions in the C terminus of ORF3.
These unique characteristics suggested that the three field PEDV strains might derive from the
same source, and a recombination event might have occurred between these three viruses and
the two vaccine strains in the same subgroup. Interestingly, a comparison analysis revealed
that CH/JX-1/2013 and CH/JX-1/2013 had 99.7% nucleotide identity to the strain of GD-B
(GenBank accession NO.JX088695) isolated from Guangdong, an adjacent province of Jiangxi,
in which the severe PED outbreaks emerged in October 2010 [11,23]. Pigs are frequently traded
between Jiangxi and Guangdong, which might be one of important factors causing the cross
dissemination of PEDVs in this region. However, further study needs to be performed.

The findings from this study demonstrated that the 5'-UTR and ORF3 protein of CH/JX-
1/2013 and CH/JX-2/2013 and all other PEDV strains analyzed were highly conserved, which
were consistent with the studies reported previously [5,9]. In general, strict conservation of
these regions is essential for the PEDV life cycle. It is known that the 5-UTRs of coronaviruses
form conserved RNA structural elements which are critical for viral replication, sgmRNA tran-
scription, and translation [24]. Studies on the betacoronavirus have indicated that the stem-
loop 2 (SL2) in 5" UTR is extremely conserved in all coronaviruses, and plays a cis-acting reac-
tion on transcription and replication, and more importantly the replication of the virus re-
quires the conservative sequence and a firm number of nucleotides with specific properties in
SL2 in 5"UTR [25]. Although the ‘U’ insertion in SL2 does not alter the RNA secondary struc-
ture, it might slightly affect the efficiency of virus replication, which needs to be addressed in
the future studies. The core sequence (5'-CUAAAC-3") in TRS of PEDV, which was also pres-
ent in CH/JX-1/2013 and CH/JX-2/2013, has reported to be a determinant factor in transcrip-
tional regulation in coronavirus because the synthesis of sgmRNA requires the appropriate
tertiary structure of core sequence [26]. Both PEDV and TGEV belong to the alphacoronavirus
genus within the Coronaviridae family and possess the conserved core sequence structure.

PLOS ONE | DOI:10.1371/journal.pone.0120310 March 19, 2015 12/16



@’PLOS | ONE

Mol and Phy Analysis of 2013 Jiangxi PEDV's

Studies based on the infectious genomic TGEV ¢cDNAs have proved that the nucleotides imme-
diately flanking the TRS sequence could apparently affect the expression of the sgmRNA. And
the nucleotides adjacent to core sequences of the leader TRS (CS-L) by the 3 ‘region are more
decisive for mRNA synthesis than nucleotides in the 5" region. The motif of 5'-GAAA-3" with-
in3’CS-L (5'-CUAAACGAAA-3") shows a higher expression than that of other motifs [27].
In respect of the PEDV, an ‘A’ deletion immediately followed the CS-L sequence in the 5"UTR
of CH/JX-1/2013 and CH/JX-2/2013 as well as other post-2010 PEDV strains analyzed in the
study and thus, this deletion formed a four base oligonucleotide (5’-GAAA-3) adjacent to the
CS-L by the 3 'region, which might up-regulate the sgnRNA expression in PEDV [24].

The S protein of PEDV is known to play pivotal roles in viral entry and inducing the neu-
tralizing antibodies in natural hosts, and thus makes it become a primary target for the devel-
opment of effective vaccines against PEDV [28-31]. It was demonstrated that there were
significant genetic variations in the S gene between the newly determined PEDV field strains
and early isolates [20,32]. The results in this study agreed with previous documentations. Addi-
tionally, CH/JX-1/2013 and CH/JX-2/2013 showed extremely high nucleotide and aa identity
with each other but less to CV777 and attenuated strains (attenuated vaccine_ KC18944 and at-
tenuated DR13). There were significant aa differences between the G1 and G2 members, and
most of them were located in NTD of the S protein of PEDVs. When compared to the group 1
strains of PEDV, CH/JX-1/2013 and CH/JX-2/2013, members of group 2, showed significant
antigenic and hydrophobic differences, and some of which were located in the neutralizing epi-
tope regions. Those genetic variations made the CH/JX-1/2013 and CH/JX-2/2013 and post-
2010 field PEDV strains different from the ante-2010 strains, especially the CV777. It might ex-
plain why the recent PED outbreaks were significantly different from the previous sporadic
outbreaks. Present PED became a devastating enteric viral disease causing substantial econom-
ic losses in the pig industry in major pig-raising countries in the world, and recently made it be-
come a reportable disease by USDA [33]. Moreover, the present PEDV field strains displayed
considerable genetic variations from CV777-based vaccine strain, a strain being widely used
for production of PEDV vaccines in China for many years. Notably, Leucine, a highly hydro-
phobic aa residue in the middle of one neutralizing epitope (L1371I) of the S gene of CV777
was substituted by an Isoleucine, a higher hydrophobic index aa residue in both CH/JX-1/2013
and CH/JX-2/2013 strains. This variation might provide a possible mechanism for a poor pro-
tection on swine vaccinated with the CV777-based vaccines.

Park et al. [29] have reported that a reduced cell-culture-adapted PEDV strain (attenuated
DRI13, passage 100) has a truncated ORF3 of a 51-nt deletion, suggesting that this gene may be
involved in cell tropism and is essential for the virulence of PEDVs. By contrast, CH/JX-1/2013
and CH/JX-2/2013, together with the post-2010 variant PEDV strains had an intact ORF3 of
675 nucleotides encoding a protein of 224 aa. The phylogenic analysis demonstrated that the
OREF3-based tree had a similar topology with the one generated from the entire genome se-
quences. And thus the ORF3 of PEDV may serve as a useful target gene for phylogenetic analy-
sis of newly emerging field PEDV strains since its small size. As recognized previously [34,35],
there is a large deletion region existing in PEDV isolates attenuated DR13 (51-nt at the position
of 245-295), SM98 (210 nt at the position of 1-210) and SD-M (51-nt at the position of 245-
295), a Chinese strain propagated only four passages on cell lines.

In summary, the findings obtained in this study provide some insight into the genetic-
/phylogenetic variations and molecular characterizations of the Jiangxi field PEDV strains as-
sociated with the outbreaks in piglets in Jiangxi, China 2013. The comparisons of the full-
length genome and the structural protein genes and deduced aa sequences revealed that two
Jiangxi strains CH/JX-1/2013 and CH/JX-2/2013 defined in this study had a close relationship
with the recent prevailing field PEDV strains in China and the United States. Differences at the
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level of the nucleotides and deduced aa between the present field PEDV strains and CV777, es-
pecially the aa substitutions in the neutralizing epitope of PEDV field strains, might have con-
ferred the less effectiveness of the vaccines currently widely being used in China. It might be
urgently needed to develop improved efficacious and safe vaccines against field PEDV's being
currently circulating in China.

Supporting Information

S§1 Table. Background information of fecal and intestinal samples collected from diarrheal/
dead piglets from premises with PED in Jiangxi, China 2013.
(XLS)

S2 Table. Primers used for the amplification of full-length genomes of the PEDYV strains
CH/JX-1/2013 and CH/JX-2/2013.
(XLS)

S3 Table. Percent nucleotide identity for the complete genomes of 32 strains of PEDV.
(XLS)

$4 Table. Percent nucleotide and amino acid identities for the complete S genes of 34
strains of PEDV.
(XLS)

Acknowledgments

Xiangbai Hua and Jiaxiang Li are greatly appreciated for their help in sampling campaign.

Author Contributions

Conceived and designed the experiments: DS DH YT. Performed the experiments: DS DH QP
TH YC TZ XN QL. Analyzed the data: DS DH YT. Wrote the paper: DS DH HH PW YT.

References

1. Pensaert MB, de Bouck P. A new coronavirus-like particle associated with diarrhea in swine. Arch Virol.
1978; 58(3):243-247. PMID: 83132

2. Oldham J. Pig Farming (Oct suppl). 1972:72-73.

Song D, Park B. Porcine epidemic diarrhoea virus: a comprehensive review of molecular epidemiology,
diagnosis, and vaccines. Virus Genes. 2012; 44(2):167—175. doi: 10.1007/s11262-012-0713-1 PMID:
22270324

4. Van Reeth K, Pensaert M. Prevalence of infections with enzootic respiratory and enteric viruses in feed-
er pigs entering fattening herds. Vet Rec. 1994; 135(25):594-597. PMID: 7900243

5. Huang YW, Dickerman AW, Pineyro P, LiL, Fang L, Kiehne R, et al. Origin, evolution, and genotyping
of emergent porcine epidemic diarrhea virus strains in the United States. MBio. 2013; 4 (5):e00737—
00713. doi: 10.1128/mBi0.00737-13 PMID: 24129257

6. Marthaler D, Jiang Y, Otterson T, Goyal S, Rossow K, Collins J. Complete Genome Sequence of Por-
cine Epidemic Diarrhea Virus Strain USA/Colorado/2013 from the United States. Genome Announc.
2013; 1(4):e00555—00513. doi: 10.1128/genomeA.00555-13 PMID: 23929470

7. Cima G. Fighting a deadly pig disease Industry, veterinarians trying to contain PED virus, new to the U.
S. JAVMA News. 2013; 243:469-470. PMID: 24058997

8. ChenJ, Wang C, ShiH, QiuH, Liu S, Chen X, et al. Molecular epidemiology of porcine epidemic diar-
rhea virus in China. Arch Virol. 2010; 155:1471-1476. doi: 10.1007/s00705-010-0720-2 PMID:
20544234

9. BiJ,ZengS, Xiao S, Chen H, Fang L. Complete genome sequence of porcine epidemic diarrhea virus
strain AJ1102 isolated from a suckling piglet with acute diarrhea in China. J Virol. 2012; 86 (19):10910—
10911. doi: 10.1128/JVI.01919-12 PMID: 22966198

PLOS ONE | DOI:10.1371/journal.pone.0120310 March 19, 2015 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120310.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120310.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120310.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120310.s004
http://www.ncbi.nlm.nih.gov/pubmed/83132
http://dx.doi.org/10.1007/s11262-012-0713-1
http://www.ncbi.nlm.nih.gov/pubmed/22270324
http://www.ncbi.nlm.nih.gov/pubmed/7900243
http://dx.doi.org/10.1128/mBio.00737-13
http://www.ncbi.nlm.nih.gov/pubmed/24129257
http://dx.doi.org/10.1128/genomeA.00555-13
http://www.ncbi.nlm.nih.gov/pubmed/23929470
http://www.ncbi.nlm.nih.gov/pubmed/24058997
http://dx.doi.org/10.1007/s00705-010-0720-2
http://www.ncbi.nlm.nih.gov/pubmed/20544234
http://dx.doi.org/10.1128/JVI.01919-12
http://www.ncbi.nlm.nih.gov/pubmed/22966198

@’PLOS | ONE

Mol and Phy Analysis of 2013 Jiangxi PEDV's

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

LiW, LiH, LiuY,PanY, Deng F, Song Y, et al. New variants of porcine epidemic diarrhea virus, China,
2011. Emerg Infect Dis. 2012; 18(8):1350—1353. doi: 10.3201/eid1808.120002 PMID: 22840964

Sun RQ, Chen YQ, Liang PS, Chen DK, Song CX. Outbreak of porcine epidemic diarrhea in suckling
piglets, China. Emerg Infect Dis. 2012; 18 (1):161-163. doi: 10.3201/eid1801.111259 PMID: 22261231

Ge FF, Yang DQ, Ju HB, Wang J, Liu J, Liu PH, et al. Epidemiological survey of porcine epidemic diar-
rhea virus in swine farms in Shanghai, China. Arch Virol. 2013; 158:2227—2231. doi: 10.1007/s00705-
013-1722-7 PMID: 23685898

Spaan W, Cavanagh D, Horzinek MC. Coronaviruses: structure and genome expression. J Gen Virol.
1988; 69 (Pt 12):2939-2952. PMID: 3058868

Duarte M, Gelfi J, Lambert P, Rasschaert D, Laude H. Genome organization of porcine epidemic diar-
rhoea virus. Adv Exp Med Biol. 1993; 342:55-60. PMID: 8209771

Bridgen A, Kocherhans R, Tobler K, Carvajal A, Ackermann M. Further analysis of the genome of por-
cine epidemic diarrhoea virus. Adv Exp Med Biol. 1998; 440:781-786. PMID: 9782358

Rolf Kocherhans AB, Ackermann M, Tobler K. Completion of the Porcine Epidemic Diarrhoea Corona-
virus (PEDV) Genome Sequence. Virus Genes. 2001; 23(2):137—-144. PMID: 11724265

Chen J, Wang C, Shi H, Qiu HJ, Liu S, Shi D, et al. Complete genome sequence of a Chinese virulent
porcine epidemic diarrhea virus strain. J Virol. 2011; 85(21):11538—11539. doi: 10.1128/JV1.06024-11
PMID: 21980030

LiZ,ChenF, Yuan, Zeng X, Wei Z, Zhu L, et al. Sequence and phylogenetic analysis of nucleocapsid
genes of porcine epidemic diarrhea virus (PEDV) strains in China. Arch Virol. 2013; 158(6):1267-1273.
doi: 10.1007/s00705-012-1592-4 PMID: 23389550

Yang X, Huo JY, Chen L, Zheng FM, Chang HT, Zhao J, et al. Genetic variation analysis of reemerging
porcine epidemic diarrhea virus prevailing in central China from 2010 to 2011. Virus Genes. 2013; 46
(2):337-344. doi: 10.1007/s11262-012-0867-x PMID: 23269482

Gao Y, Kou Q, Ge X, Zhou L, Guo X, Yang H. Phylogenetic analysis of porcine epidemic diarrhea virus
field strains prevailing recently in China. Arch Virol. 2013; 158(3):711-715. doi: 10.1007/s00705-012-
1541-2 PMID: 23151819

Pan'Y, Tian X, Li W, Zhou Q, Wang D, Bi Y, et al. Isolation and characterization of a variant porcine epi-
demic diarrhea virus in China. Virol J. 2012; 9:195. doi: 10.1186/1743-422X-9-195 PMID: 22967434

Lee S, Lee C. Outbreak-related porcine epidemic diarrhea virus strains similar to US strains, South
Korea, 2013. Emerg Infect Dis. 2014; 20(7):1223—1226. doi: 10.3201/eid2007.140294 PMID:
24960370

LuoY, Zhang J, Deng X, Ye Y, Liao M, Fan H. Complete genome sequence of a highly prevalentisolate
of porcine epidemic diarrhea virus in South China. J Virol. 2012; 86(17):9551. doi: 10.1128/JVI.01455-
12 PMID: 22879620

Raman S, Brian DA. Stem-loop IV in the 5' untranslated region is a cis-acting element in bovine corona-
virus defective interfering RNA replication. J Virol. 2005; 79(19):12434-12446. PMID: 16160171

Liu P, Li L, Millership JJ, Kang H, Leibowitz JL, Giedroc DP. A U-turn motif-containing stem-loop in the
coronavirus 5' untranslated region plays a functional role in replication. RNA. 2007; 13(5):763-780.
PMID: 17353353

Alonso S, Izeta A, Sola |, Enjuanes L. Transcription regulatory sequences and mRNA expression levels
in the coronavirus transmissible gastroenteritis virus. J Virol. 2002; 76(3):1293—-1308. PMID: 11773405

Solal, Moreno JL, Zuniga S, Alonso S, Enjuanes L. Role of nucleotides immediately flanking the tran-
scription-regulating sequence core in coronavirus subgenomic mRNA synthesis. J Virol. 2005; 79
(4):2506—2516. PMID: 15681451

Sun D, Feng L, Shi H, Chen J, Cui X, Chen H, et al. Identification of two novel B cell epitopes on porcine
epidemic diarrhea virus spike protein. Vet Microbiol. 2008; 131(2):73-81.

Park SJ, Moon HJ, Yang JS, Lee CS, Song DS, Kang BK, et al. Sequence analysis of the partial spike
glycoprotein gene of porcine epidemic diarrhea viruses isolated in Korea. Virus Genes. 2007; 35
(2):321-332. PMID: 17436070

Cruz DJ, Kim CJ, Shin HJ. Phage-displayed peptides having antigenic similarities with porcine epidem-
ic diarrhea virus (PEDV) neutralizing epitopes. Virology. 2006; 354(1):28—-34. PMID: 16950494

Chang SH, Bae JL, Kang TJ, Kim J, Chung GH, Lim CW, et al. Identification of the epitope region capa-
ble of inducing neutralizing antibodies against the porcine epidemic diarrhea virus. Mol Cells. 2002; 14
(2):295-299. PMID: 12442904

Lee DK, Park CK, Kim SH, Lee C. Heterogeneity in spike protein genes of porcine epidemic diarrhea vi-
ruses isolated in Korea. Virus Res. 2010; 149(2):175-182. doi: 10.1016/j.virusres.2010.01.015 PMID:
20132850

PLOS ONE | DOI:10.1371/journal.pone.0120310 March 19, 2015 15/16


http://dx.doi.org/10.3201/eid1808.120002
http://www.ncbi.nlm.nih.gov/pubmed/22840964
http://dx.doi.org/10.3201/eid1801.111259
http://www.ncbi.nlm.nih.gov/pubmed/22261231
http://dx.doi.org/10.1007/s00705-013-1722-7
http://dx.doi.org/10.1007/s00705-013-1722-7
http://www.ncbi.nlm.nih.gov/pubmed/23685898
http://www.ncbi.nlm.nih.gov/pubmed/3058868
http://www.ncbi.nlm.nih.gov/pubmed/8209771
http://www.ncbi.nlm.nih.gov/pubmed/9782358
http://www.ncbi.nlm.nih.gov/pubmed/11724265
http://dx.doi.org/10.1128/JVI.06024-11
http://www.ncbi.nlm.nih.gov/pubmed/21980030
http://dx.doi.org/10.1007/s00705-012-1592-4
http://www.ncbi.nlm.nih.gov/pubmed/23389550
http://dx.doi.org/10.1007/s11262-012-0867-x
http://www.ncbi.nlm.nih.gov/pubmed/23269482
http://dx.doi.org/10.1007/s00705-012-1541-2
http://dx.doi.org/10.1007/s00705-012-1541-2
http://www.ncbi.nlm.nih.gov/pubmed/23151819
http://dx.doi.org/10.1186/1743-422X-9-195
http://www.ncbi.nlm.nih.gov/pubmed/22967434
http://dx.doi.org/10.3201/eid2007.140294
http://www.ncbi.nlm.nih.gov/pubmed/24960370
http://dx.doi.org/10.1128/JVI.01455-12
http://dx.doi.org/10.1128/JVI.01455-12
http://www.ncbi.nlm.nih.gov/pubmed/22879620
http://www.ncbi.nlm.nih.gov/pubmed/16160171
http://www.ncbi.nlm.nih.gov/pubmed/17353353
http://www.ncbi.nlm.nih.gov/pubmed/11773405
http://www.ncbi.nlm.nih.gov/pubmed/15681451
http://www.ncbi.nlm.nih.gov/pubmed/17436070
http://www.ncbi.nlm.nih.gov/pubmed/16950494
http://www.ncbi.nlm.nih.gov/pubmed/12442904
http://dx.doi.org/10.1016/j.virusres.2010.01.015
http://www.ncbi.nlm.nih.gov/pubmed/20132850

el e
@ ) PLOS | ONE Mol and Phy Analysis of 2013 Jiangxi PEDV's

33. Mole B. Deadly pig virus slips through US borders. Nature. 2013; 499(7459):388. doi: 10.1038/
499388a PMID: 23887408

34. SunR, LengZ, Zhai SL, Chen D, Song C. Genetic variability and phylogeny of current Chinese porcine
epidemic diarrhea virus strains based on spike, ORF3, and membrane genes. ScientificWorldJournal.
2014;2014:208439. doi: 10.1155/2014/208439 PMID: 24578626

35. Park SJ, Moon HJ, Luo Y, Kim HK, Kim EM, Yang JS, et al. Cloning and further sequence analysis of
the ORF3 gene of wild- and attenuated-type porcine epidemic diarrhea viruses. Virus Genes. 2008; 36
(1):95-104. PMID: 17932736

PLOS ONE | DOI:10.1371/journal.pone.0120310 March 19, 2015 16/16


http://dx.doi.org/10.1038/499388a
http://dx.doi.org/10.1038/499388a
http://www.ncbi.nlm.nih.gov/pubmed/23887408
http://dx.doi.org/10.1155/2014/208439
http://www.ncbi.nlm.nih.gov/pubmed/24578626
http://www.ncbi.nlm.nih.gov/pubmed/17932736


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


