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a b s t r a c t

Severe outbreaks of porcine epidemic diarrhea virus (PEDV) have re-emerged in Korea and rapidly swept
across the country, causing tremendous economic losses to producers and customers. Despite the avail-
ability of PEDV vaccines in the domestic market, the disease continues to plague the Korean pork industry,
raising issues regarding their protective efficacy and new vaccine development. Therefore, PEDV isolation
in cell culture is urgently needed to develop efficacious vaccines and diagnostic assays and to conduct fur-
ther studies on the virus biology. In the present study, one Korean PEDV strain, KOR/KNU-141112/2014,
was successfully isolated and serially propagated in Vero cells for over 30 passages. The in vitro and in vivo
characteristics of the Korean PEDV isolate were investigated. Virus production in cell culture was con-
firmed by cytopathology, immunofluorescence, and real-time RT-PCR. The infectious virus titers of the
viruses during the first 30 passages ranged from 105.1 to 108.2 TCID50 per ml. The inactivated KNU-141112
virus was found to mediate potent neutralizing antibody responses in immunized guinea pigs. Animal
studies showed that KNU-141112 virus causes severe diarrhea and vomiting, fecal shedding, and acute

atrophic enteritis, indicating that strain KNU-141112 is highly enteropathogenic in the natural host. In
addition, the entire genomes or complete S genes of KNU-141112 viruses at selected cell culture passages
were sequenced to assess the genetic stability and relatedness. Our genomic analyses indicated that the
Korean isolate KNU-141112 is genetically stable during the first 30 passages in cell culture and is grouped
within subgroup G2b together with the recent re-emergent Korean strains.

© 2015 Elsevier B.V. All rights reserved.
. Introduction

Porcine epidemic diarrhea (PED) is a devastating disease in pigs
hat is characterized by acute enteritis and lethal watery diarrhea
ollowed by dehydration with high mortality in suckling piglets
Debouck and Pensaert, 1980; Saif et al., 2012; Pijpers et al., 1993).
he disease was initially recognized in England in 1971 and has then
pread to swine-producing European countries (Oldham, 1972;
ensaert et al., 1981). Since the 1990s, PED has become rare in
urope and is more often associated with post-weaning diarrhea in
dult pigs (Saif et al., 2012). PED was first reported in Asia in 1982

nd has since had a great economic impact on the Asian pork indus-
ry (Chen et al., 2008; Kweon et al., 1993; Li et al., 2012; Puranaveja
t al., 2009; Takahashi et al., 1983). In May 2013, PED outbreaks

∗ Corresponding author at: School of Life Sciences College of Natural Sci-
nces Kyungpook National University, Daegu 702−701, Republic of Korea.
ax: +82 53 955 5522.

E-mail address: changhee@knu.ac.kr (C. Lee).
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168-1702/© 2015 Elsevier B.V. All rights reserved.
suddenly appeared in the United States and have rapidly spread
nationwide as well as to Canada and Mexico, causing high mor-
tality in newborn piglets and significant financial concerns (Mole,
2013; Stevenson et al., 2013 Vlasova et al., 2014).

The etiological agent of PED, PED virus (PEDV), was identified as
a coronavirus in 1978, which is a member of the genus Alphacoron-
avirus within the family Coronaviridae of the order Nidovirales (Lai
et al., 2007; Pensaert and de Bouck, 1978; Saif et al., 2012). PEDV
is a large, enveloped virus possessing a single-stranded positive-
sense RNA genome of approximately 28 kb with a 5′ cap and a 3′

polyadenylated tail (Pensaert and de Bouck, 1978; Saif et al., 2012).
The spike (S) protein of PEDV is the major envelope glycoprotein
of the virion and plays pivotal roles in interacting with the cellular
receptor for virus entry and mediating neutralizing antibodies in
the natural host (Jackwood et al., 2001; Lai et al., 2007; Lee et al.,
2010). Therefore, the PEDV S glycoprotein is known to be an appro-

priate viral gene for determining the genetic relatedness among
PEDV isolates and for developing diagnostic assays and effective
vaccines (Chen et al., 2014; Gerber et al., 2014; Lee et al., 2010; Lee
and Lee, 2014; Oh et al., 2014).

dx.doi.org/10.1016/j.virusres.2015.07.010
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2015.07.010&domain=pdf
mailto:changhee@knu.ac.kr
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The first PED epizootic in Korea was confirmed in 1992 (Kweon
t al., 1993). However, a retrospective study revealed that PEDV
lready existed as early as 1987 (Park and Lee, 1997). Since the
mergence, PED outbreaks occurred every year, resulting in sub-
tantial economic losses to the Korean swine industry until early
010. After severe outbreaks of foot-and-mouth disease (FMD) dur-

ng 2010 to 2011, however, the prevalence of PEDV infections was
ccasional with only sporadic outbreaks in Korea. This epidemic
ituation probably resulted from the mass culling of more than
ne-third of the entire domestic pig population in Korea during the
010–2011 FMD outbreaks. However, starting in November 2013,
evere PED epidemics re-emerged in Korea and swept more than
0% of pig farms (Lee and Lee, 2014; Lee et al., 2014a,b). Although
oth modified live and killed vaccines against PED are commer-
ially available in Korea, continuous PED epidemics indicate a low
ffectiveness of the domestic vaccines. This result appears to be
ue to genetic and antigenic differences between S proteins of vac-
ine and field strains (Lee et al., 2010; Oh et al., 2014; Lee and Lee,
014). Thus, the lack of effective vaccines enhances the need for the
evelopment of next-generation vaccines to control PED.

PEDV isolation in cell culture is critical for developing effective
accines for PED prevention as well as performing various PEDV
esearch. However, the cell culture isolation of PEDV has shown to
e difficult and even the isolated virus may be unable to maintain

nfectivity upon further passages in cell culture (Chen et al., 2014).
o date, there have only been two reports in more than two decades
n the cultivation of the Korean PEDV strain that is genetically
ivergent from field PEDVs (Kweon et al., 1999; Song et al., 2003),
hile a number of PEDV strains have been recently isolated in the
S and successfully grown in cell culture for a year (Chen et al.,
014; Oka et al., 2014), In the present study, we attempted to iso-

ate PEDV from various PEDV-positive samples using Vero cells. At
his time, one highly virulent Korean strain KOR/KNU-141112/2014
as been successfully isolated and serially propagated in cell culture

or over 30 passages. We aimed to characterize the growth and titer
f the PEDV isolate KNU-141112 during the serial passages and the
athogenicity of the virus in suckling piglets. Our in vivo assessment
emonstrated that KNU-141112 is highly entero-pathogenic in
iglets, exhibiting severe clinical symptoms as well as macroscopic
nd microscopic lesions typical for PEDV infection. In addition, the
omplete genome or full-length S gene sequences of KNU-141112
ere determined at selected passages to study the genetic stabil-

ty and relationship. Our data indicated that KNU-141112 isolate is
elatively stable during the first 30 passages in cell culture and is
lassified into subgroup G2b that includes PEDV strains responsible
or recent severe outbreaks in Korea and the US.

. Materials and methods

.1. Cells, clinical samples, virus, and antibody

Vero cells (ATCC CCL-81) were cultured in alpha minimum
ssential medium (�-MEM; Invitrogen, Carlsbad, CA) with 5%
etal bovine serum (FBS; Invitrogen) and antibiotic-antimycotic
olutions (100×; Invitrogen) and maintained at 37 ◦C in a humid-
fied 5% CO2 incubator. Seven small intestinal homogenates and
0 stool specimens that tested positive by RT-PCR using an i-
GE/PED Detection Kit (iNtRON Biotechnology, Seongnam, South
orea) were selected for virus isolation experiments. Intestinal
omogenates were prepared to 10% (wt/vol) suspensions with
hosphate-buffered saline (PBS) using a MagNA Lyser (Roche Diag-

ostics, Mannheim, Germany) by three repetitions of 15 s at a speed
f 7000 rpm. Fecal samples were diluted with PBS to be 10% (wt/vol)
uspensions. The suspensions were then vortexed and centrifuged
or 10 min at 4500 × g (Hanil Centrifuge FLETA5, Incheon, South
208 (2015) 215–224

Korea). The supernatant was filtered through a 0.22-�m-pore-size
syringe filter (Millipore, Billerica, MA) and stored at −80 ◦C as an
inoculum for virus isolation until use. Virus isolation of PEDV was
attempted on Vero cells as described previously with some modifi-
cations (Hofmann and Wyler, 1988). Briefly, prior to inoculation,
inocula were prepared by adding trypsin (USB, Cleveland, OH)
to intestinal or fecal suspensions prepared above to give a final
concentration of 10 �g/ml. Confluent Vero cells grown in 6-well
plates were washed with PBS and inoculated with 400 �l of each
inoculum containing trypsin. After incubating at 37 ◦C for 1 h, 2 ml
of virus growth medium [�-MEM supplemented with antibiotic-
antimycotic solutions, 0.3% tryptose phosphate broth (TPB; Sigma,
St. Louis, MO), 0.02% yeast extract (Difco, Detroit, MI), 10 mM HEPES
(Invitrogen), and 5 �g/ml of trypsin] was added. The inoculated
cells were maintained at 37 ◦C under 5% CO2 and monitored daily
for cytopathic effects (CPE). When 70% CPE appeared, inoculated
cells were subjected to three rounds of freezing and thawing. The
culture supernatants were then collected and centrifuged at 400 × g
for 10 min. The clarified supernatants were aliquoted and stored
at −80 ◦C as ‘passage 1 (P1)’ viral stocks until use. One hundred
millimeter diameter tissue culture dishes were used for serial pas-
sages of the isolate. If no CPE was shown in inoculated cells for
7 days, the plates were frozen and thawed three times, and the
supernatants were harvested by centrifugation and inoculated on
fresh Vero cells for the next passage. If CPE and RT-PCR results were
negative after 6 blind passages, the virus isolation was considered
negative. The PEDV N protein-specific monoclonal antibody (MAb)
was obtained from ChoogAng Vaccine Laboratory (CAVAC; Daejeon,
South Korea).

2.2. Virus titration

Vero cells were infected with each passage KNU-141112 virus
stock in the presence of trypsin as described above. The culture
supernatants were collected at 24 or 48 h postinfection (hpi) at
which a 70% CPE is commonly developed. For growth kinetics
experiments, the supernatants were harvested from cells infected
with each selected passage virus at different time points (6, 12, 24,
36, and 48 hpi) and stored at −80 ◦C. Virus titers were measured in
96-well plates by 10-fold serial dilution of the samples in triplicate
per dilution to determine the quantity of viruses required to pro-
duce CPE in 50% of inoculated Vero cells and calculated as TCID50
per ml using the Reed–Muench method (Reed and Muench, 1938).
The PEDV titer was also determined by a plaque assay using Vero
cells and quantified as plaque-forming units (PFU) per ml.

2.3. Immunofluorescence assay (IFA)

Vero cells grown on microscope coverslips placed in 6-well tis-
sue culture plates were mock infected or infected with PEDV at a
multiplicity of infection (MOI) of 0.1. The virus-infected cells were
subsequently propagated until 24 hpi, fixed with 4% paraformalde-
hyde for 10 min at room temperature (RT) and permeabilized with
0.2% Triton X-100 in PBS at RT for 10 min. The cells were blocked
with 1% bovine serum albumin (BSA) in PBS for 30 min at RT and
then incubated with N-specific MAb for 2 h. After being washed
five times in PBS, the cells were incubated for 1 h at RT with a
goat anti-mouse secondary antibody conjugated to Alexa Fluor
488 (Invitrogen), followed by counterstaining with 4′,6-diamidino-

2-phenylindole (DAPI; Sigma). The coverslips were mounted on
microscope glass slides in mounting buffer and cell staining was
visualized using a fluorescence Leica DM IL LED microscope (Leica,
Wetzlar, Germany).
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.4. Quantitative real-time RT-PCR

Viral RNA was extracted from virus isolates or fecal samples
repared as described above using an i-TGE/PED Detection Kit
ccording to the manufacturer’s protocol. Quantitative real-time
T-PCR was performed using a One Step SYBR PrimeScript RT-PCR
it (TaKaRa, Otsu, Japan) as described elsewhere (Kim et al., 2007;
agong and Lee, 2011). The reaction took place using a Thermal
ycler Dice Real Time System (TaKaRa) and the results were ana-

yzed by the system software as described previously (Sagong and
ee, 2011).

.5. Immunization of guinea pigs

Eight 3–4 month-old guinea pigs (weighing 300–350 g) were
andomly allocated into inoculated (n = 6) and control (n = 2)
roups. Six guinea pigs were immunized subcutaneously with
.5 ml of binary ethylenimine (BEI)-inactivated KNU-141112-P10
irus in the presence of Freund’s complete adjuvant (Sigma) and
oosted once with a freshly prepared emulsion of the inactiv-
ted virus and Freund’s incomplete adjuvant (Sigma) at a 2-week
nterval. Two sham-inoculated guinea pigs were administered and
oosted with cell culture media in the presence of the respec-
ive adjuvant. Pre-immune sera were collected before starting the
mmunization and antisera were collected at 2 weeks after the final
oost.

.6. Serum neutralization

The presence of PEDV-specific neutralizing antibodies in serum
amples collected from guinea pigs in all groups was determined
sing a serum neutralization (SN) test in 96-well microtiter plates
sing PEDV isolate KNU-141112 or vaccine strain SM98-1 as previ-
usly described (Oh et al., 2014) with minor modifications. Briefly,
ero cells were grown at 2 × 104/well in 96-well tissue culture
lates for 1 day. The KNU-141112-P10 virus stock was diluted in
erum-free �-MEM to make 200 TCID in a 50 �l volume. The diluted
irus was then mixed with 50 �l of 2-fold serial dilutions of indi-
idual inactivated sera in 96-well plates and incubated at 37 ◦C for
h. The mixture was inoculated into Vero cells and incubated at
7 ◦C for 1 h. After removing the mixture, the cells were thoroughly
insed 5 times with PBS and maintained in virus growth medium
t 37 ◦C in a 5% CO2 incubator for 2 days. For the SN test using the
accine strain, PEDV strain SM98-1 propagated in the absence of
rypsin was diluted in serum-free �-MEM to make 200 PFU in a
0 �l volume. The diluted virus was then mixed with each serum
ample in 96-well plates as described above and incubated at 37 ◦C
or 1 h. Subsequently, approximately 1 × 104 Vero cells in 100 �l of
-MEM containing 5% FBS were added to each well and the mix-

ure was maintained at 37 ◦C in a 5% CO2 incubator for 3 days. The
eutralization titer was calculated as the reciprocal of the high-
st dilution of serum that inhibited virus-specific CPE in all of the
uplicate wells.

.7. Pig infection experiments

The in vivo swine studies described here were performed at the
mproAH Animal Facility under the guidelines established by its
nstitutional Animal Care and Use Committee. A total of 8 suck-
ing piglets of 7 days of age were obtained from a commercial pig
arm with no known prior PED outbreak or vaccination with PEDV.
ll animals were determined to be free of antibodies to PEDV as

ell as to transmissible gastroenteritis virus (TGEV) and porcine

eproductive and respiratory syndrome virus. Pigs were randomly
ssigned to 3 experimental groups housed in 2 separated rooms:
EDV-inoculated (n = 4) and contact control (n = 2) in room 1 and
208 (2015) 215–224 217

sham-inoculated control (n = 2) group in room 2. Following a 1
day acclimation period, only piglets in the PEDV-inoculated group
orally received a 1 ml dose of 103 TCID50/ml of KNU-141112-P10
virus. Two piglets were exposed to the virus by direct contact with
inoculated piglets in the same room. The sham-inoculated pigs
were administered with cell culture media as a placebo. Clinical
signs of diarrhea and mortality were monitored daily for the dura-
tion of the study. Stool samples from all groups were collected prior
to inoculation and daily with 16 inch, cotton-tipped swabs and sub-
jected to RT-PCR using an i-TGE/PED Detection Kit and real-time
RT-PCR as described above. PEDV-inoculated piglets were necrop-
sied daily (days 1, 2, 3, and 4) after challenge for post-mortem
examinations throughout the study, whereas all pigs from the con-
tact and control groups were euthanized at 4 days post-challenge
for post-mortem examinations. Small intestinal tissue specimens
(<3 mm thick) collected from each piglet were fixed with 10% for-
malin for 24 h at RT and embedded in paraffin according to standard
laboratory procedures. The formalin-fixed paraffin-embedded tis-
sues were cut at 5–8 �m thick on a microtome (Leica), floated on
a 40 ◦C water bath containing distilled water, and transferred onto
glass slides. The tissues were then deparaffinized in xylene for 5 min
and washed in decreasing concentrations of ethanol (100%, 95%,
90%, 80%, and 70%) for 3 min each. The deparaffinized intestinal tis-
sues sections were stained with hematoxylin and eosin (Sigma) for
histopathology or subjected to immunofluorescence assay using
PEDV N-specific MAb as described above.

2.8. Immunohistochemistry

The paraffin-embedded tissue sections were deparaffinized,
treated with 0.01 M citrate buffer (pH 6.0) in a microwave oven
for 5 min, chilled at RT for 20 min, and then incubated with 0.3%
hydrogen peroxide in DW for 20 min to block endogenous perox-
idase. After being washed three times in PBS, the sections were
blocked with normal horse serum (VECTASTAIN ABC Kit; Vec-
tor Laboratories, Burlingame, CA) and incubated 1 h at RT with
N-specific MAb. After rinsing in PBS, the samples were reacted
for 45 min at RT with a horse anti-mouse secondary antibody
(VECTASTAIN ABC Kit), incubated with avidin-biotin peroxidase
complex for 45 min (VECTASTAIN ABC Kit), and developed using
the DAB substrate Kit (Vector Laboratories) according to the manu-
facturer’s instructions. The slides were then counterstained with
hematoxylin, dehydrated, cleared with xylene, and mounted on
microscope glass slides in mounting buffer and tissue staining was
visualized using a microscope.

2.9. Nucleotide sequence analysis

The complete genomic sequences of the original fecal sample as
well as those of the P5 and P10 isolates were determined by next-
generation sequencing (NGS) technology. Total RNA was extracted
from the feces as well as P5 and P10 isolates using a RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions and used as a template to amplify cDNA fragments as
described elsewhere (Lee and Lee, 2014; Lee et al., 2014b). Ten over-
lapping cDNA fragments were generated to encompass the entire
genome of each sample, pooled in equimolar amounts, and sub-
jected to NGS using the Ion Torrent Personal Genome Machine
(PGM) Sequencer System (Life Technologies, Carlsbad, CA) and a
316 v2 sequencing chip (Life Technologies) as described previ-
ously (Lee and Lee, 2014; Lee et al., 2014b; Rothberg et al., 2011).
The single-nucleotide variants (SNVs) were analyzed using the

CLC Genomic Workbench version 7.0 (CLC Bio, Cambridge, MA)
and the individual NGS reads were assembled using the complete
genome of PEDV reference strain KOR/KNU-1305/2013 (Genbank
accession no. KJ662670). The 5′ and 3′ ends of the genomes of
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he original feces and the P5 and P10 isolates were determined
y rapid amplification of cDNA ends (RACE) as described pre-
iously (Lee and Lee, 2013). The full-length genomic nucleotide
equences of the KNU-141112-feces, KNU-141112-P5, and KNU-
41112-P10 were deposited in GenBank under accession numbers
R873431, KR873434, and KR873435, respectively. The S glycopro-

ein gene sequences of the virus isolates were also determined by
he traditional Sanger method. Two overlapping cDNA fragments
panning the entire S gene of each isolate were RT-PCR ampli-
ed as described previously (Lee et al., 2010). The individual cDNA
mplicons were gel-purified, cloned into pGEM-T easy (Promega,
adison, WI), and sequenced in both directions using two com-
ercial vector-specific T7 and SP6 primers and the S gene-specific

rimers. In addition, the complete structural gene sequences of the
irus isolate at selected passages (KNU-141112-P3, KNU-141112-
4, KNU-141112-P20, and KNU-141112-P30) were determined by
he Sanger method as described above and deposited to the Gen-
ank database under their accession numbers shown in Fig. 5.

.10. Phylogenetic analysis

The sequences of 42 fully sequenced S genes and 25 com-
lete genomes of PEDV isolates were independently used in
equence alignments and phylogenetic analyses. The multiple-
equencing alignments were generated with the ClustalX 2.0
rogram (Thompson et al., 1997) and the percentages of nucleotide
equence divergences were further assessed with the same soft-
are program. Phylogenetic trees were constructed from the

ligned nucleotide or amino acid sequences by using the neighbor-
oining method and subsequently subjected to bootstrap analysis

ith 1000 replicates in order to determine percentage reliability
alues on each internal node of the tree (Saitou and Nei, 1987). All
ree figures were produced using Mega 4.0 software (Tamura et al.,
007).

.11. Statistical analysis

Student’s t test was used for all statistical analyses, and p-values
f less than 0.05 were considered statistically significant.

. Results

.1. Virus isolation and in vitro characterization

We attempted to isolate PEDV from PCR-positive clinical sam-
les, including 50 feces and 7 intestinal homogenates on Vero cells.
ne PEDV isolate designated KNU-141112 was successfully iso-

ated from the feces of a naturally infected piglet from a commercial
arm located in Kyungpook Province obtained on September 29,
014. The KNU-141112 virus was capable of producing distinct
PEs typical for PEDV infection, such as cell fusion, syncytium, and
etachment, in infected Vero cells from passage 3 (P3). We then

nvestigated whether the isolate can be efficiently cultivated and
aintained in cell culture. Thus, the isolated PEDV strain KNU-

41112 was further serially passaged in Vero cells for a total of
0 passages (P1 to P30). The time of CPE onset was at 24 hpi and,
ccordingly, prominent CPE was observed within 48 hpi in the
rst 2 productive passages (P3 and P4). In the later passages, vis-

ble CPE appeared at 12 hpi and became predominant by 24 hpi.
irus propagation was confirmed by detecting PEDV antigens by

FA using a PEDV N protein-specific MAb. The distinct staining was
istributed in the cytoplasm of typical syncytial cells. In contrast, no

PE and N-specific staining was evident in mock-inoculated Vero
ells. Examples of CPE and corresponding IFA images in selected
assages are shown in Fig. 1. The level of viral genome in each
elected passage was further assessed by real-time RT-PCR and the
208 (2015) 215–224

mean cycle threshold (Ct) value was determined to be 16.7, ranging
from 15.3 (P10) to 18.7 (P5). The infectious titer of the isolate ranged
from 105.1 to 106.1 TCID50/ml up to P5, whereas it was determined
to be approximately 107 TCID50/ml in the later passages. The peak
viral titer reached 107.8 TCID50/ml (equivalent to 107.5 PFU/ml) or
more since passage 10 (Fig. 2A). The growth kinetics study further
showed that KNU-141112 replicated rapidly and efficiently in Vero
cells, reaching a maximum titer >107 TCID50/ml by 24 dpi (Fig. 2B).

3.2. Antibody response and pathogenicity of KNU-141112

Guinea pig antisera were collected before immunization (pre-
immune) and at 2 weeks after the final boost and tested for their
neutralizing activity against the isolate KNU-141112 or vaccine
strain. As shown in Fig. 3, the guinea pig antisera were highly effec-
tive in inhibiting KNU-141112 infection with mean neutralizing
antibody (NA) titers of 1:112, whereas the antisera at relatively low
dilution fully protect Vero cells from SM98-1 infection with mean
NA titers of 1:37. In contrast, none of the pre-immune and non-
immunized sera showed neutralizing activity against either strain.
Taken together, our data indicated that the isolate KNU-141112
elicits potent antibody responses in immunized animals. However,
the antisera strongly recognized the homologous field isolate, but
inefficiently the heterologous PEDV vaccine strain, suggesting the
antigenic variations between the vaccine strain and field PEDVs.

Four piglets were challenged orally with the KNU-141112 virus,
while 2 control animals were inoculated with cell culture media.
Two piglets were housed together with inoculated piglets in the
same room for direct contact exposure. During the acclimation
period, all piglets were active and had normal fecal consistency.
PEDV-challenged piglets exhibited clinical signs including lethargy
and diarrheic feces by 1 day post-inoculation (DPI) and experienced
severe watery diarrhea with vomiting thereafter. PEDV-associated
mortality occurred in one of the inoculated pigs at 1 DPI. Contact
piglets housed with the inoculated group exhibited diarrheic feces
with vomiting by 2 DPI and the progression of clinical signs was
similar to that of the inoculated animals. Furthermore, all inocu-
lated and contact piglets were positive for PEDV, as determined by
RT-PCR, by 1 or 2 DPI and shed PEDV in feces with mean Ct values
of 18.7 (range 16.4–21.0) and 20.1 (range 15.4–23.1), respectively.
Negative control pigs remained active with normal feces and con-
tinued to be undetectable for fecal shedding of PEDV throughout
the study period.

One piglet died from PEDV and was subsequently necropsied at
1 DPI and the remaining inoculated piglets were randomly selected
for necropsy thereafter. All contact and control animals were euth-
anized at the end of the study for postmortem assessments. All
inoculated and naïve contact pigs macroscopically displayed typical
PED-like lesions. The small intestine was dilated and accumulated
with yellow fluid and its wall was thin and transparent, due to
the villous atrophy (Fig. 4, panel A). The stomach was distended
and filled with curdled and undigested milk. In contrast, the other
intestinal organs appeared grossly normal. Microscopic intestinal
observations consistent with viral enteritis were developed in all
inoculated and contact piglets, which included vacuolation of small
intestinal enterocytes and shortening and fusion of small intesti-
nal villi (Fig. 4, panels B and C). Similar microscopic lesions were
continuously present in the challenged and contact pigs through 4
DPI. Furthermore, both IFA and IHC staining revealed that the viral
antigen was predominantly detected in the cytoplasm of epithelial

cells on atrophied villi in all segments of the small intestines (Fig. 4,
panels D–F). These finding are comparable to those in pigs naturally
or experimentally infected with virulent strains of PEDV (Debouck
et al., 1981; Jung et al., 2014; Madson et al., 2014; Stevenson et al.,
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Fig. 1. Cytopathology and IFA of a PEDV isolate KNU-141112 in infected Vero cells. Vero cells were mock infected or infected with PEDV KNU-141112-P5 and KNU-141112-P10
isolates. PEDV-specific CPEs were observed daily and were photographed at 24 hpi using an inverted microscope at a magnification of 200× (first panels). For immunostaining,
infected cells were fixed at 24 hpi and incubated with MAb against the N protein, followed by Alexa green-conjugated goat anti-mouse secondary antibody (second panels).
The cells were then counterstained with DAPI (third panels) and examined using a fluorescence microscope at 200× magnification. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Growth kinetics of KNU-141112 in Vero cells. (A) Virus titers at selected passages. Vero cells were infected with PEDV KNU-141112 harvested at indicated passage
numbers. At 24 or 48 hpi, the virus supernatants were collected and virus titers were determined. (B) One-step growth curves for KNU-141112 strains. Vero cells were
i ed tim
d are ex
d

2
o

3

1
v
g
e

ndependently infected with PEDV KNU-141112-P10, -P20, and -P30. At the indicat
etermined. The 50% tissue culture infectious dose (TCID50) was calculated. Results
eviations.

013). Neither macroscopic nor microscopic intestinal lesions were
bserved in the negative control piglets during the experiment.

.3. Complete genomic characterization of KNU-141112

Entire genome sequence data of the original fecal sample (KNU-

41112-feces) and cell culture-passaged KNU-141112-P5 and -P10
iruses were determined using the NGS technology. The full-length
enome of KOR/KNU-1305/2013 PEDV was used as the initial ref-
rence for each NGS read and the individual complete genome
e points postinfection, culture supernatants were harvested and virus titers were
pressed as the mean values from triplicate wells and error bars represent standard

sequences were successfully obtained by the assembly of respective
NGS reads. The 5′ and 3′ ends of their genomes were also sequenced
by RACE. All three genomes were 28,038 nucleotides (nt) in length,
excluding the 3′ poly(A) tail and exhibited the genomic organiza-
tion typical of all previously sequenced PEDV strains, consisting of
the 292-nt 5′ UTR, the 20,345-nt ORF1a/1b (nt 293 to 12,601 for 1a
and nt 12,601 to 20,637 for 1b), the 4161-nt S gene (nt 20,634 to

24,794), the 675-nt ORF3 (nt 24,794 to 25,468), the 231-nt E gene
(nt 25,449 to 25,679), the 681-nt membrane (M) gene (nt 25,687
to 26,367), the 1326-nt N gene (nt 26,379 to 27,704), and the 334-
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Fig. 3. Virus-neutralizing antibody titers in the sera of guinea pigs inoculated with
a PEDV KNU-141112 isolate. Guinea pigs were immunized twice with inactivated
KNU-141112-P10 virus by subcutaneous injection. Blood samples were collected
prior to immunization and at 2 weeks after the second immunization and subjected
to the virus neutralization assay using homologous (KNU-141112; solid circles) and
heterologous (SM98-1; solid diamonds) strains. Neutralizing antibody titers for indi-
v
t
s

n
a
P
s

p

F
p
1
F
u

idual infected animals were spotted as a log2 scale. Values are representative of
he mean from three independent experiments in duplicate and error bars denote
tandard deviations.

t 3′ UTR. The slippery heptamer sequence, TTTAAAC, followed by
stem-loop structure was present at the 3′ end of ORF1a in the
EDV genome, which is a potential signal for a ribosomal frame
hift during translation to generate the pp1ab.

The complete genome sequences of all three viruses were com-
ared, and the results are summarized in Table 1. Compared to

ig. 4. Macroscopic and microscopic examinations of the intestine of piglets inoculated
ig at 2 DPI showing thin and transparent intestinal walls and extended stomach filled
41112-inoculated pig at 3 DPI (100× and 200× magnifications, respectively). (D) IHC an
) Immunofluorescence staining in small intestine sections from pigs inoculated with KN
sing a fluorescence microscope at 400× magnification. (For interpretation of the referen
208 (2015) 215–224

the KNU-141112-feces, KNU-141112-P5 showed one different nt
at position 21,756 resulting in one amino acid (aa) change (Leu
to Phe) in the S protein, while KNU-141112-P10 gained two addi-
tional nt changes at positions 21,448 and 24,492 causing two aa
mutations located in the S protein. The full-length S genes of the
original feces and KNU-141112 viruses at selected passages (P3,
P4, P5, P10, P20, and P30) were also sequenced using the traditional
sequencing method. The S protein sequences of KNU-141112-feces,
-P5, and -P10 were completely identical to those determined by
NGS. One nt change present in the S gene of KNU-141112-P5 had
been acquired since passage 3 (KNU-141112-P3). A total of three
nt mutations, identified at passage 10 compared to the feces, were
sustained through passage 30 (KNU-141112-30). In addition, com-
pared to KNU-141112-P10, we were able to detect two independent
mutations at positions 24,869 and 25,656, resulting in amino acid
changes in ORF3 (Asp to Tyr) and E (Pro to Ser) of KNU-141112-P20,
respectively, which were maintained at passage 30. Altogether, our
results revealed that the PEDV isolate KNU-141112 is genetically
stable during serial passages in cell culture.

The entire genome sequences of PEDVs determined in this study
were further compared to those of 3 other Korean and 8 non-Korean
PEDV strains available in GenBank, and the nucleotide homology
and difference data are described in Table 2. KNU-141112 isolates
(feces, P5, and P10) had the highest nucleotide identity (99.9%)
with the Korean re-emergent strain KOR-KNU-1305 and US strains,
IN17846 and MN, showing 8 to 46 different nt at the genomic level.
All three viruses were genetically distinct from the Korean vaccine
strains, SM98-1 and DR-13, and the prototype CV777 strain and

exhibited relatively low nucleotide identity ranging from 96.3% to
96.8%. By alignment of the global PEDV strains, a single-nucleotide
insertion between nucleotides 20,204 and 20,205 has been pre-
viously identified in one Chinese AH2012 and three US strains,

with the Korean PEDV strain KNU-141112. (A) Small intestines of an inoculated
with curdled milk. (B and C) Hematoxylin and eosin-stained jejunum of a KNU-
alysis of jejunum tissue sections from a pig at 3 DPI (100× magnification). (E and

U-141112 at 3 or 4 DPI. The sections were counterstained with DAPI and examined
ces to color in the text, the reader is referred to the web version of this article.)
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Table 1
Nucleotide and amino acid changes of KNU-141112 during serial passages in cell culture.

Genome region (nucleotide length) Nucleotide Amino acid

Position feces P3 P4 P5 P10 P20 P30 Position feces P3 P4 P5 P10 P20 P30

5′ UTR (292) –a – NDb ND – – ND ND – – ND ND – – ND ND
ORF1a (12,354) – – ND ND – – ND ND – – ND ND – – ND ND
ORF1ab (20,345) – – N D ND – – ND ND – – ND ND – – ND ND
S
(4,161)

21448 A A A A C C C 272 K K K K T T T
21756 C T T T T T T 375 L F F F F F F
24492 G G G G C C C 1287 E E E E Q Q Q

ORF3 (675) 24869 G G G G G T T 26 D D D D D Y Y
E (231) 25656 C C C C C T T 70 P P P P P S S
M (681) – – – – – – – – – – – – – – – –
N (1,326) – – – – – – – – – – – – – – – –
3′UTR (334) – – – – – – – – – – – – – – – –

r
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4

i
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a No nucleotide change found.
b Not determined (ND).

esulting in the shorter pp1ab protein in length (Chen et al., 2014).
owever, none of the genomes of the three PEDVs included such an

nsertion, and this result was further confirmed by the traditional
anger sequencing method (data not shown).

In agreement with previous results (Lee et al., 2010; Lee and
ee, 2014; Lee et al., 2014a,b), the full-length S gene-based phyloge-
etic tree revealed that the global PEDV strains were clearly defined

nto 2 separate clusters, designated genogroup 1 (G1; classical) and
enogroup 2 (G2; field epidemic). Each genogroup can be further
ivided into subgroups 1a, 1b, 2a, and 2b (Fig. 5A). All original feces
nd passaged PEDV viruses through passages 30 were classified into
ubgroup 2b along with the recent Korean field isolates, which were
ost closely clustered together with the emergent US strains in an

djacent clade with the same subgroup. Subsequent phylogenetic
nalysis of the S1 region showed the same grouping structure as
he S gene-based tree (data not shown). In addition, phylogenetic
nalysis based on the entire genome sequences demonstrated that
train KNU-141112 is grouped within the same cluster with the
ecent Korean and US stains (Fig. 5B).

. Discussion

In Korea, three PEDV strains, SM98-1, DR-13, and Chinju99, were
nitially isolated almost two decades ago in Korea. Genetic and phy-
ogenetic analyses revealed that SM98-1 and DR-13 belong to the
lassical group 1, whereas Chinju99 is classified into the field epi-
emic group 2. Of these, only SM98-1 and DR-13 isolates can be
rown in cell culture and, accordingly, have been used as com-
ercial vaccine seeds. Since 2008, we have been monitoring the

enetic diversity of PEDV prevalent in the field based on the S gene.
ur data demonstrated the existence of antigenic and genetic vari-
tions between vaccine and field strains, exhibiting a more than
0% amino acid difference in the S1 domain (Lee et al., 2010; Lee
nd Lee, 2014; Oh et al., 2014). This may be one of the reasons
or the incomplete efficacy of current vaccines in Korea, suggest-
ng that the isolation of field PEDV is required for the development
f a next-generation vaccine. Although virus isolation in cell cul-
ure from clinical samples of naturally or experimentally infected
igs is fastidious, recent studies reported the successful isolation
nd propagation of several US original PEDV strains using Vero
ells (Chen et al., 2014; Oka et al., 2014). In this study, we initially
ought to isolate PEDV efficiently propagated in vitro from 7 intes-
ine homogenates and 50 fecal samples of naturally infected piglets
field cases) and were able to obtain only 1 isolate from feces in Vero

ell culture. The virus isolation rate, in the present study, was less
han 2% and was relatively lower than that in recent US studies
anging from 5 to 10% (Chen et al., 2014; Oka et al., 2014). In pre-
ious studies, all isolated PEDV strains originated from intestinal
contents of naturally infected or experimentally inoculated pigs,
suggesting that intestine samples may be a better source for virus
isolation (Chen et al., 2014; Oka et al., 2014). However, we failed
to isolate PEDV from intestine homogenates, which may be due
to the number of intestinal contents (n = 7) included in our study
and be responsible for the low isolation rate. Although PEDV isola-
tion might be affected by multiple factors, it appears to depend on
the number of samples with good quality rather than the type of
samples (intestinal contents or feces). Further studies are needed
to improve the isolation methodology or to determine the con-
tributing factor(s) to enhance the success rate of PEDV isolation
in cell culture. The PEDV isolate, KNU-141112, was cytopathogenic
in Vero cells from passage 3 and after passage 5, exhibited more
severe and rapid CPE characterized by fusion of infected cells (syn-
cytium or polykaryon formation). The initial viral infectious titers
ranged from approximately 5 to 6 log10 TCID50/ml and increased
after several more passages reaching to 8 log10 TCID50/ml or more.
These growth characteristics, including cytopathology, infectious
titer, and growth kinetics were unchanged or even more efficient
throughout the experiment (30 passages), indicating that the iso-
late KNU-141112 is phenotypically stable during serial passages in
Vero cells.

Since the antibody response is a critical indicator to prove the
cause of viral infection, we immunized guinea pigs twice with the
inactivated isolate (KNU-141112-P10) and determined whether
the animals developed humoral immunity using an SN test. The
guinea pig sera raised against the isolate contained high levels of
NA (6.4 log2), demonstrating the ability of KNU-141112 to elicit
immune responses. On the other hand, the antisera showed a rel-
atively weak neutralizing response (an almost 2-log2 reduction),
when the heterologous vaccine strain SM98-1 was used for an SN
test. This weak neutralizing activity of the anti-KNU-141112 guinea
pig sera against SM98-1 was somewhat expected because of a high
degree of genetic diversity between the S proteins of the vaccine
strain and field isolates (Lee et al., 2010; Lee and Lee, 2014; Oh et al.,
2014).

Experimental oral inoculation of nursery pigs with PEDV isolate
KNU-141112 induced severe clinical disease typical of acute enteri-
tis throughout the study, demonstrating that the isolate was highly
enteropathogenic in neonatal piglets. Onset of clinical signs includ-
ing lethargy and watery diarrhea in inoculated pigs was found as
early as 1 DPI. The PEDV genome was detected in feces in 100%
of challenged pigs on DPI 1 and virus quantities from fecal shed-
ding were maintained thereafter in all challenged pigs throughout
the study period, leading to the source for direct transmission of

virus to other animals. This result is inconsistent with a previous
study using a US PEDV strain that demonstrated virus fecal shed-
ding on DPI 1 in only one-fourth of the challenged pigs (Madson
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Fig. 5. Phylogenetic analyses based on the nucleotide sequences of the spike genes (A) and the full-length genomes (B) of PEDV strains. A putative similar region of the spike
protein and the complete genome sequence of TGEV was included as an outgroup in each panel. Multiple-sequencing alignments were performed using ClustalX program
a y usin
g solati
s rcles.

e
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t
t
s

1

nd the phylogenetic tree was constructed from the aligned nucleotide sequences b
reater than 50% of 1000 replicates. Names of the strains, countries and years of i
tudy are shown. The PEDV isolates identified in this study are indicated by solid ci

t al., 2014). The difference between the current and previous stud-
es is the age of the pigs: 1-week-old neonatal pigs and 3-week-old

eaned pigs used in the present and previous experiments, respec-
ively. Therefore, younger piglets in this study were more sensitive
o PEDV infection shedding virus in feces earlier than older pigs,
robably due to an age-dependent disease severity as previously
escribed (Shibata et al., 2000). IHC and IFA revealed that viral anti-
en in villous enterocytes were observed at 1 DPI in all segments
f the small intestine of inoculated piglets. The onset of clinical
igns and viral fecal shedding and the detection time of viral anti-
en in the target tissue were similar to recent independent reports
sing different US PEDV strains (Madson et al., 2014; Jung et al.,
014). Two non-challenged piglets were included in this study for
irect contact to inoculated piglets in the same space. All contact
iglets displayed PED-like symptoms within 24 h after the onset of
linical signs in inoculated piglets. The presence of PEDV in feces
nd infected tissues was further verified in contact piglets, show-
ng 100% morbidity in our study. Mortality averages 50% in suckling
iglets up to 1 week of age, often approaching 100% in 1- to 3-day-
ld piglets, and decreases to 10% thereafter (Saif et al., 2012). In our
tudy, mortality was observed only in one out of four inoculated
iglets, resulting in 25% mortality in the current study involving
-day-old piglets. For reproducible challenge studies in vivo using
he isolate in the future, a neonatal swine bioassay will be needed

o determine either the median pig diarrhea dose or lethal dose as a
tandardized dose and this aspect is currently under investigation.

Whole-genome sequences of 3 Korean PEDV strains (KNU-
41112-feces, P5, and P10) were determined using NGS approaches
g the neighbor-joining method. Numbers at each branch represent bootstrap values
on, GenBank accession numbers, and genogroups and subgroups proposed in this
Scale bars indicate nucleotide substitutions per site.

coupled with RACE experiments. Regions covering the structural
genes were also sequenced at the selected passages by the Sanger
method for confirmation. Compared to the original feces (KNU-
141112-feces), only one nt difference at position 21,756 was
identified for the first 5 passages (KNU-141112-P5) in cell culture,
which led to a non-synonymous mutation at the corresponding
position 375 of the S protein. This nt change was initially found at
passage 3 and further maintained through passage 30. However,
we were unable to investigate whether this mutation had been
acquired at the beginning of the Vero cell culture since infectious
virus was not obtained during the first two passages. Interestingly,
the identical C21756T mutation at the whole-genome level (L375F
at the aa level of S) has been previously reported in a US PEDV
isolate ISU-19338E during cell culture passage (Chen et al., 2014),
suggesting its potential importance for adaption of the field virus to
growth in vitro. At passage 10, two more nt differences at positions
21,448 and 24,492 of the genome (A21448C and G24492C) were
detected when compared to KNU-141112-feces. All of the changes
acquired in KNU-141112-P10 led to non-synonymous mutations
at the respective positions 272 and 1287 of the S protein (K272T
and E1287Q). These findings were similar to recent data reported
by Chen et al. (2014) that two US isolates individually gained the
4 mutations located in ORF1b, S, and E through passage 9 in cell
culture. However, no nucleotide changes were identified in ORF1b

and E for the first 10 passages in Vero cells. The 3 mutations in
the S protein were persistent for 30 passages in cell culture. Cell-
adapted PEDV vaccine strains, SM98-1 and DR-13, are known to
contain a 52-nt deletion spanned from the end of S to the start of
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ORF3 and a 49-nt deletion in the middle of ORF3. Thus, we further
sequenced structural genes of KNU-141112-P20 and -P30 and iden-
tified two additional nucleotide changes (G24869T and C25656T)
acquiring non-synonymous amino acid mutations in ORF3 and E,
respectively. Except for those nucleotide substitutions, the isolate
had no extra change, including such large deletions in structural
genes through passage 30, indicating the genetic stability of KNU-
141112 during serial passages in Vero cells. Sequence comparisons
with other PEDV strains showed that KNU-141112 isolates are
genetically most similar to recent Korean and US epidemic strains
with 99.8–99.9% identities, but most distinctly related to classical
strains, CV777, SM98-1, and DR-13, with 96.3–96.8% identities at
the genomic level. All phylogenetic analyses based on the com-
plete genome, the full-length S gene, and the S1 portion formed
the similar tree structure, revealing that the Korean KNU-141112
strains are clustered together with the re-emergent Korean strains
in subgroup 2b that also includes 2013 emergent US strains and
2011-2012 field epidemic Chinese strains.

In conclusion, we isolated and serially propagated PEDV in cell
culture that is phenotypically and genotypically identical to field
strains responsible for the recent severe PED outbreaks in Korea. To
our knowledge, this is the first report describing the isolation and
in vitro and in vivo characterization of Korean PEDV associated with
the field epidemic. With the availability of the Korean isolate, we
are now able to spur the development of new effective and safe vac-
cines for PED prevention. Indeed, our PEDV isolate has been used for
the development of an inactivated vaccine that is currently being
evaluated under experimental and field conditions. Furthermore,
we are continuing to passage the isolate in Vero cells to develop
a live attenuated vaccine that generally prove to provide a more
efficient protective immunity than killed viral vaccines. For this
purpose, pathogenic and molecular characterization of the isolates
at selected passages will be assessed to determine their pheno-
types in pigs and to identify the genetic changes involved in PEDV
attenuation.
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