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Development of rapid
immunochromatographic strip test
for the detection of porcine epidemic

diarrhoea virus
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Daesub Song?

Porcine epidemic diarrhoea virus (PEDV) causes acute and severe watery diarrhoea and dehydration, as well as
50-100 per cent mortality in piglets. For the PEDV diagnosis, a rapid test kit that is specific and sensitive to PEDV
is critical to monitor this disease at pig farms. The present study aimed to develop an immunochromatographic
assay (ICA) strip test for detecting PEDV in faecal swabs. The newly developed diagnostic test showed a detection
limit of 10%° TCID, /ml of PEDV. Using faecal swab samples, the relative sensitivity and specificity of the ICA kit
were 95.0 per cent and 98.6 per cent, respectively, compared with those of real-time RT-PCR. In samples from pig-
lets experimentally infected with PEDV, the results showed 100 per cent agreement with those found by real-time
RT-PCR. Our developed test strip will be useful for rapid diagnosis and can be used for epidemiological surveil-

lance of PEDV infection.

Introduction

Porcine epidemic diarrhoea virus (PEDV) is a highly
contagious pathogen that causes acute and severe
watery diarrhoea, vomiting and dehydration, and shows
50-100 per cent mortality in up to one-week-old piglets
and less severe disease in older pigs.! PEDV belongs
to genus Alphacoronavirus, family Coronaviridae, and
is an enveloped single-stranded positive sense RNA
virus.?? Outbreaks of porcine epidemic diarrhoea (PED)
have been reported in several countries in Europe, as
well as in Asian countries including China, Thailand
and South Korea, since the disease was first identi-
fied in England in the early 1970s.! 3 Recently, PEDV
was diagnosed in the midwestern region of the USA in
2013.%> Since then, the virus has spread rapidly and
was confirmed throughout 30 states in the USA. PEDV
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has significant economic impacts on the pig industry,
causing the loss of approximately seven million piglets
within the one-year epidemic period in the USA.> More-
over, the emergence of PEDV has been reported in
western, central and eastern Europe, and the genome
sequences were found to be closely related to PEDV
strains from the USA, showing a sequence identity of
more than 99 per cent.®®

The genome of PEDV is approximately 28 kb in size
and encodes four structural proteins, including spike
(S), membrane (M), envelope (E) and nucleocapsid (N),
and four non-structural proteins, including 1a, 1b, 3a
and 3b.2 The S protein is critical to regulating interac-
tions between receptor glycoproteins and virus ligands
and for mediating viral entry into host cells, while the
N protein is a basic phosphor-protein important for
maintaining the nucleocapsid structure. Epitopes of
the N protein may play a role in inducing cell-mediated
immunity.? Additionally, the N protein may be an ap-
propriate target because it is the predominant antigen
expressed in coronavirus-infected cells.’

To diagnose PEDV, laboratory-based techniques are
necessary, because PED is clinically indistinguishable
from other diarrhoea diseases such as transmissible
gastritis-enteritis virus infection.!® To detect the PEDV
antigen, virus isolation, immunofluorescence testing,
immunohistochemical techniques, ELISA, and molecu-
lar techniques including RT-PCR and real-time RT-PCR
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are currently used in most laboratories. However, to
obtain accurate results, these methods require well-
trained technicians and specific equipment, and are
time-consuming. Moreover, issues such as transpor-
tation delays or temperature changes during shipping
from outbreak locations to diagnostic laboratories may
affect the diagnosis results.! 1 Therefore, a rapid test
kit that is specific and sensitive to PEDV is critical to
monitoring this disease on pig farms. Here, we aimed
to develop and validate an immunochromatographic
assay (ICA) for the rapid and qualitative detection of
PEDV antigen from diseased animals. The assay detects
N protein of PEDV using highly selective monoclonal
antibodies.

Materials and methods

Preparation of PEDV recombinant nucleocapsid protein

To express the PEDV-N protein, cDNA was generated
by RT-PCR using RNA extracted from the PEDV-DR13
strain (accession no. JQ023161) provided by Green
Cross Veterinary Product (Suwon, Korea). The N protein
gene was amplified using primers 5-GGA TCC ATG
GCT TCT GTC AGC TTT-3 and 5-GTC GAC TTA ATT TCC
TGT GTC AAA-3. The PCR products were cloned into
the BamH 1/Sal 1 restriction site (underlined) of the
pFastBac vector (Invitrogen, Carlshad, CA, USA), and
this recombinant plasmid was transformed into Escher-
ichia coli DH10Bac containing a baculovirus shuttle
vector (Bacmid, Invitrogen). The recombinant Bacmid
DNA carrying the PEDV-N protein gene was transfected
using Cellfectin Reagent (Invitrogen) into Spodoptera
frugiperda (Sf-9) cells. Expression of the N protein gene
of PEDV was confirmed by immunoblot analysis using
SDS-PAGE. For immunoblotting, Sf-9 cells expressing N
protein of PEDV were lysed in radioimmunoprecipita-
tion assay buffer (RIPA) lysis buffer (1 per cent Triton
X-100, 1 per cent deoxycholate and 0.1 per cent SDS).
The proteins were then separated on 10 per cent SDS
polyacrylamide gels, and then transferred onto a nitro-
cellulose membrane. The membrane was blocked in
5 per cent skimmed milk buffer and incubated with
polyclonal anti-PEDV from mice immunised with PEDV
at 4°C overnight. For protein detection, the membrane
was incubated with antimouse IgG horseradish peroxi-
dase (HRP)-conjugated secondary antibody and visual-
ised using the ATTO Ez-Capture II system (ATTO, Tokyo,
Japan). Recombinant baculoviruses expressing PEDV-N
protein were propagated in Sf-9 cells. The recombinant
N protein was purified by affinity chromatography using
Ni-NTA resin (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol.

Preparation of monoclonal antibody against PEDV

To produce monoclonal antibodies, BALB/c mice (six
to eight weeks old) were intraperitoneally immunised
with the purified N protein antigen emulsified in
complete Freund’s adjuvant. Three identical boosters
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were administrated with the N protein emulsified with
incomplete Freund’s adjuvant one-week intervals. The
immunised mice were sacrificed to isolate spleen cells,
which were washed in serum-free cell culture medium.
Splenocytes (1x10%) were mixed with myeloma cells
line Sp2/0-Ag-14 (ATCC CRL 1581) (2x107) in a ratio
of 5:1 in the presence of polyethylene glycol for cell
fusion. The fused cells were seeded into 96-well tissue
culture plates with hypoxanthine-aminopterin-thy-
midine (HAT) selection medium. Culture medium was
exchanged with fresh HAT selection medium eight days
after fusion. On day 11, the supernatants were screened
by ELISA, and then mAb anti-PED 3B12-1A6 and mAb
anti-PED 1H12-1C6 hybridomas, which strongly reacted
with the PEDV protein, were selected. Each hybridoma
cell was intraperitoneally injected into naive BALB/C
mice to generate ascetic fluid. The ascetic fluid was
then purified on protein G Sepharose 4 Fast Flow (GE
Healthcare, Uppsala, Sweden) according to the manu-
facturer’s protocol. The antibody concentrations were
measured using the Bradford protein assay (Bio-Rad
Laboratories, Hercules, CA, USA).

The binding affinity of the mAbs was calculated fol-
lowing surface plasmon resonance (SPR) analysis using
ProteOn XPR36 system (Bio-Rad Laboratories). Purified
mAb 3B12-1A6 or mAb 1H12-1C6 was immobilised
to a GLC chip (Bio-Rad Laboratories) using a standard
Ethyl-3-(3-dimethylaminopropyl)-carbodiimide  (ED-
C)/N-hydroxysuccinimide (NHS) cross-linking reaction,
and affinity values (ka, kd, KD) of each mAb for PEDV
were determined by ProteOn Manager RM 2.1 software.
Calculation of the binding affinity was performed in
Gyeonggi Bio-Center (Suwon, Republic of Korea). To
further characterise the mAbs for epitope recognition,
we used a competition ELISA to test whether the mAbs
recognise different epitopes of PEDV as in a previously
described method.!* Briefly, the recombinant N protein
was coated onto a microtitre plate, and the plate was
blocked with casein buffer. Biotinylated mAb and/or
non-biotinylated mAb were added to the wells, and the
plate was reacted with HRP-conjugated avidin (Thermo
Fisher Scientific, Waltham, MA, USA). The colour reac-
tion was stopped and read as optical density at 450 nm
using an automated plate reader.

Characterisation of the monoclonal antibody was
conducted by indirect immunofluorescence assay (IFA).
For IFA, Vero cells inoculated with PEDV, ST cells inoc-
ulated with transmissible gastroenteritis virus (TGEV)
or porcine respiratory coronavirus (PRCV), and MA-104
cells inoculated with porcine rotavirus were grown in
cell culture chamber slides. The slides fixed with cold
acetone were incubated with the PEDV mAbs at 37°C
for 45 minutes. After washing, the slides were reacted
with goat antimouse IgG conjugated with FITC at 37°C
for 45 minutes and examined under a fluorescence mi-
croscope.
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Establishment and assembly of the ICA kit

For establishment of ICA kit, the monoclonal anti-
body, anti-PED 3B12-1A6, purified from ascetic fluid
using protein G resin (GE Healthcare) was coated onto
a specific area (test line) of a nitrocellulose membrane,
while goat antimouse IgG was coated onto another
specific area (control line) on the same membrane. To
produce the test conjugate, a different monoclonal anti-
body, anti-PED 1H12-1C6, was mixed with colloidal
gold prepared by trisodium citrate reduction method as
previously described,*? and then the antibody mixture
was treated by a previously described method.!? The
assay strips were prepared by assembly with the
colloidal gold-conjugated glass fibre, the nitrocellulose
membrane and an absorbent paper using polyvinyl
chloride self-adhesive floor.

Validation of specificity and sensitivity of the ICA kit

The specificity of the ICA kit for other PEDV strains was
tested with PEDV-KNU1309 (accession no. KJ451044),
PEDV-KNU1303 (accession no. KJ451038) and
PEDV-KNU1402 (accession no. KJ451048), which have
99 per cent identity with the viruses identified in the
US pig populations. Additionally, the specificity of the
ICA kit against PEDV was evaluated for other porcine
viruses including TGEV, PRCV and porcine rotavirus
obtained from Green Cross Veterinary Product. For the
ICA Kkit test, the culture supernatant (100 pul) of each
virus or cell culture medium as a negative control was
transferred into a test tube containing 100 ul of assay
diluent (50 mM Tris (pH 8.5), 10 mM NacCl, 0.1 per cent
Tween 20, 1 parts per million ProClin 300). The mixture
(100 pul) was applied to the sample well of the test kit
and the test signal for each test was visualised after
15 minutes.

The sensitivity of ICA was evaluated by comparing
the detection limit using real-time RT-PCR as previously
described with some modifications.® Briefly, real-time
RT-PCR was carried out in a total volume of 20 pul con-
taining viral RNA, PEDV forward (5’-CGCAAAGACTG
AACCCACTAATTT-3’) and reverse (5’-TTGCCTCTGTT
GTTACTTGGAGAT-3’) primers, probe (6-carboxyflu-
orescein  [FAM]-5’-TGTTGCCATTGCCACGACTCCTGC-
3’-BHQ1), 4x TagMan Fast Virus 1-Step Master Mix
(Thermo Fisher Scientific) and water. The reaction was
performed on a LightCycler 480 System (Roche Diag-
nostics, Basel, Switzerland) beginning with reverse
transcription at 58°C for 30 minutes, followed by heat
denaturation at 95°C for 5 minutes, 40 cycles of dena-
turation at 95°C for 30 seconds, and annealing and ex-
tension at 60°C for 1 minute. The data were analysed
using LC480 software (Roche Diagnostics). Serial ten-
fold dilutions of the PEDV-DR13 strain including TEGV,
PRCV and porcine rotavirus corresponding 1x10%°to
1x10*° TCID, /ml were analysed with the ICA kit and
real-time RT-PCR.
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Evaluation of ICA kit using clinical samples

A total of 130 rectal swab samples consisting of faeces
were collected from pig farms in eight provinces in
South Korea between January 2012 and May 2014.
These herds were suspected to have enteric viral infec-
tion showing typical clinical signs such as diarrhoea,
vomiting, high mortality and no response to antibiotic
treatment. All samples were tested to detect PEDV infec-
tion by real-time RT-PCR and evaluated using the ICA kit
to determine the relative specificity and sensitivity. For
the experimental infection study, a total of eight piglets
(three-day-old, seronegative for PEDV) were obtained
from sows with no disease history.

These piglets were orally inoculated with 3ml of
PEDV-DR13 strain (10*° LD, /ml) in minimum essential
medium cell culture medium, and clinical signs in all
piglets were monitored for 10 consecutive days postin-
oculation (dpi). The rectal cavity of piglets was gently
rubbed with a sterile moistened cotton swab, which
were taken daily for monitoring. To evaluate the appli-
cability of the ICA kit for diagnosing PEDV infection in
pigs, 100l rectal swab transport medium was trans-
ferred into a test tube containing 100 pl of the assay dil-
uents, and then a total of 100 ul of the supernatant was
added to the test well of the ICA kit using a disposable
dropper. All animal experiments complied with the cur-
rent laws in the Republic of Korea.

Results

Expression of the PEDV N protein was confirmed by
immunoblot analysis (Fig 1a). The binding affinity
calculated by SPR analysis of mAb 3B12-1A6 and mAb

PEDV (3B12-1A6) PEDV (1H12-1C6 )

PRCV TGEV

porcine rotavirus

M12 M1?2

|
’L—sokoa

LaneM: protein ladder
Lanel : sf9 cell
Lane2 : pFastBacGST PED NP

FIG1: SDS-PAGE and western blot analysis for the expressed N protein

of PEDV (A). Lane M: protein marker; lane 1: Sf-9 cell; lane 2: expressed N
protein of PEDV. SDS-PAGE gel viewed after Coomassie blue staining and
western blot showing the protein detected using polyclonal anti-PEDV. The
specificity of PEDV mAb by indirect immunofluorescence assay (B). Vero
cells infected by PEDV and stained with PEDV mAbs (3B12-1A6 or 1H12-1C6)
show typical cytoplasmic fluorescence, while cells infected by other porcine
viruses and stained with PEDV mAbs (3B12-1A6 or 1H12-1C6) did not show
the fluorescence. PEDV, porcine epidemic diarrhoea virus; PRCV, porcine
respiratory coronavirus; Sf-9, Spodoptera frugiperda; TGEV, transmissible
gastroenteritis virus.
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TABLE1: Competition ELISA of monoclonalantibodies

Biotinylated mAb 3B12-1A6 2.788+0.027
Biotinylated mAb 3B12-1A6 and non-biotinylated mAb 1H12-1C6 2.569+0.031
Biotinylated mAb 1H12-1C6 3.066+0.049
Biotinylated mAb 1H12-1C6 and non-biotinylated mAb 3B12-1A6 3.051£0.038
0D, optical density.

1H12-1C6 were KD: 4.91E-09 M (ka: 1.97E+05 1/Ms;
kd: 9.67E-04 1/s) and KD: 5.09E-09 M (ka: 6.00E+04 1/
Ms; kd: 3.05E-04 1/s), respectively. The kinetics of the
mAbs to bind PEDV were similar in the examination. A
competition ELISA was performed to test whether the
mAbs recognise different epitopes of PEDV. As shown
Table 1, recognition level of mAb 3B12-1A6 to its
epitope was not blocked either alone or in combination
with different mAb, and binding of mAb 1H12-1C6 to
its epitope was also not blocked. These results indicate
that both mAbs recognise different epitopes on PEDV.
Cells infected with PEDV and stained with mAb
3B12-1A6 or mAb 1H12-1C6 showed typical cytoplas-
mic fluorescence of PEDV on the IFA, while the other
cells infected with TGEV, PRCV and porcine rotavirus
did not show fluorescence for both PEDV mAbs (Fig
1b). The best result for detecting the PEDV detection
threshold was obtained using the optimised concen-
tration of the monoclonal antibodies in the ICA Kkit.
We applied 0.60+0.12 pg mAb anti-PED 3B12-1A6 to
a nitrocellulose membrane. The maximum intensity
of test line colouring was detected when the mAb an-
ti-PED 1H12-1C6 conjugated with 0.1+0.02 pg colloi-
dal gold of coated on a glass fibre membrane for immo-
bilisation. Further increasing the mAb concentration
did not increase test line intensity. Positive results for
PEDV-DR13, PEDV-KNU1309, PEDV-KNU1303 and
PEDV-KNU1402 strains were demonstrated by the vis-
ualisation of two red-purple bands at the test line and
control line on the ICA kit. However, TGEV, PRCV and
porcine rotavirus were considered negative when only
one band appeared in the control line, such as the cell
culture medium. In the determination of the sensitivi-
ty of the ICA kit, real-time RT-PCR showed a sensitivity

TABLE2: Comparison of sensitivity between real-time RT-PCR and the ICA
kit to detect PEDV

1060 16.58 + - - -
10°° 20.18 + - - -
1040 25.27 + - - -
10%° 28.81 - - - -
102° 3224 - - - -
1010 n.d. - - - -

*Threshold cycle.

tPorcine rotavirus.

ICA, immunochromatographic assay; n.d., not detected; PEDV, porcine epidemic diarrhoea virus; PRCV,
porcine respiratory coronavirus; TGEV, transmissible gastroenteritis virus.
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TABLE3: Comparison between performances of the
immunochromatographic assay (ICA) kit and real-time RT-PCR for field
samples

ICA Positive 57 1 58
Negative 3 69 72
Total 60 70 130

of up to 10*° TCID, /ml of PEDV, while the detection
limit of the ICA kit was 10*° TCID, /ml (Table 2).

Of the 130 swab samples tested, 58 were positive
for PEDV and 72 were negative according to the ICA
kit, whereas 60 were positive and 70 were negative
according to real-time RT-PCR (Table 3). Thus, three
samples were positive (threshold cycle value of 29.5,
30.2 and 31.7) by real-time RT-PCR, but not detected
in the ICA kit test. The relative sensitivity and speci-
ficity of the ICA kit compared with those of real-time
RT-PCR were 95.0 per cent (95 per cent confidence
interval: 86.08-98.96) and 98.6 per cent (95 per cent
confidence interval: 92.30-99.96), respectively.

Piglets inoculated with the PEDV strain experienced
moderate to severe diarrhoea starting on 1 dpi. Most
infected piglets showing clinical signs died between 2
and 9 dpi except for one piglet, which recovered from
clinical signs at 9 dpi and survived during the experi-
mental challenge (Table 4). In a comparison of the di-
agnosis methods, examination with the ICA kit using
swab samples showed consistent results with real-time
RT-PCR in identifying PEDV.

Discussion

Since the PEDV emergency in the USA in 2013, PED
outbreaks have occurred worldwide. The prototype of
PEDV is the CV777 strain, which was identified in 1977
in Belgium. Next, PEDV spread throughout Europe
and Asia during the 1980s and 1990s and recently
emerged in the USA. Based on extensive phylogenetic
analysis using obtained sequences, PEDV strains are
classified into two major categories: the classical PEDV
strain showing lower pathogenicity and highly viru-
lent PEDV strain that emerged in 2010. However, most
studies aimed at developing techniques for diagnosing
PEDV infection have attempted to differentiate various
diarrhoea-causing antigens rather than differentiating
between classical and novel PEDV strains. In the present
study, we established an ICA kit that can be universally
applied for PEDV infection screening without differen-
tiation. The first advantage of this diagnostic kit is that
it can be used for any diarrhoea case in which viral
infection is suspected, but for which there is no avail-
able information regarding PEDV strain involvement.
Second, ICA is useful upon emergence of novel PEDV
strains, for which a strain-specific diagnostic method
may be ineffective. Thus, another optimised diagnostic
method should be considered to differentiate classical
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TABLE 4:

Results of real-time RT-PCR and the ICA kit for detection of PEDV in experimentally infected piglets

A Sign* n.ct s.d. s.d s.d D
PCR# - + + +
Ct§ 38.4 22.5 18.6 213
ICA - + + +
B Sign n.c. s.d. s.d. s.d. s.d. s.d. m.d. m.d. m.d. n.c.
PCR - + + + + + + - - -
Ct 37.2 25.4 22.1 26.0 22.7 21.9 257 38.6 39.7 40.2
ICA - + + + + + + - - -
C Sign n.c. s.d. s.d. s.d. s.d. D
PCR - + + + +
Ct 39.2 20.9 16.5 18.3 21.8
ICA = + + + +
D Sign n.c. s.d. D
PCR - +
Ct 38.4 19.3
ICA - +
E Sign n.c. s.d. s.d. s.d. s.d s.d m.d. m.d D
PCR - + + + + + + -
Ct 41.6 21.6 19.4 16.0 17.1 21.7 23.0 27.3
ICA - + + + + + + -
F Sign n.c. s.d. s.d. D
PCR - + +
Ct 40.5 226 157
ICA - + +
G Sign n.c. s.d. s.d. s.d. D
PCR - + + +
Ct 39.0 22.8 18.4 17.3
ICA - + + +
H Sign n.c. s.d. s.d. s.d. s.d. s.d. m.d. m.d. m.d. D
PCR - + + + + + + - -
Ct 42.2. 24.9 22.1 18.2 16.4 20.0 237 29.2 28.4
ICA - + + + + + + - -
*Clinical sign.
tNo clinical signs.
$Real-time RT-PCR.
§Threshold cycle value of real-time RT-PCR.
D, death; ICA, immunochromatographic assay; m.d., mild diarrhoea; PEDV, porcine epidemic diarrhoea virus; s.d., severe diarrhoea.

and novel PEDV strains if additional detection becomes
essential for epidemiological studies or disease control.

The detection limit of the ICA kit was10*° TCID, /
ml, while its sensitivity was less than that of real-time
RT-PCR (10*° TCID, /ml). It is generally accepted that
rapid screening test kits may not be as sensitive as gold
standard methods for virus diagnosis such as real-time
PCR. However, high relative specificity and sensitivity
results for PEDV were observed using field samples.
Considering the performance of the ICA kit, we addi-
tionally assessed the sensitivity of the test in samples
from piglets experimentally infected with PEDV; the
results showed 100 per cent agreement with real-time
RT-PCR results. These results of the challenge study
clearly indicate the value of well-defined serial stool
samples from experimentally infected animals, as the
results of these samples are not influenced by previous
infections with PEDV or other gastroenteric pathogens.
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Furthermore, the ICA kit targets the nucleocapsid pro-
tein of PEDV, which is a conserved region that may be
applicable for assessing not only prototype strains, but
also novel strains of PEDV from different geographical
regions.'* 1> Therefore, the presence of new PEDV vari-
ant strains should be monitored, and the test kit may be
useful for rapid diagnosis of PEDV in the USA and other
countries.

The ICA kit has the advantages of being easy, us-
er-friendly and deliverable without specific equipment
available in field conditions. Examination of clinical
samples showed that the sensitivity and specificity of
the assay approached 95.0 per cent and 98.6 per cent,
respectively, compared with those of the real-time RT-
PCR, and 100 per cent agreement of the results were ob-
served in faecal samples from experimentally infected
piglets. Thus, the ICA kit developed in this study can be
used for rapid diagnosis and can assist in epidemiolog-
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ical surveillance of PEDV infection. The development
of a rapid and easily confirmed diagnosis for PEDV
antigen detection is important for controlling PED out-
breaks and limiting their spread; however, the ICA kit
cannot differentiate novel variant strains. Therefore, an
ICA kit that can differentiate PEDV variant strains using
a multiplex strip should be developed in future studies.
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