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Abstract
Porcine epidemic diarrhea virus (PEDV) is a devastating swine infectious disease. Development of high-performance methods to diagnose 
and evaluate viral immune status remains very important to control PEDV. Here, a recombinant S1 protein-based indirect enzyme-linked 
immunosorbent assay (rpS1-iELISA) was developed to monitor IgA antibody in the colostrum. Optimized cut-off value of the rpS1-iELISA was 
determined as 0.448. Results yielded a sensitivity of 96.87% and a specificity of 100.0%. Repeatability tests indicated that the coefficients of 
variation of the colostrum samples within and between runs were both less than 8%. Test results of 523 field colostrum samples showed that 
the rpS1-iELISA had excellent agreement with immunofluorescence assay (kappa = 0.958) and better test performance than a commercial 
ELISA kit. This test will aid in future diagnostics and assessment of the protective levels of mucosal immune response against PEDV by 
measuring IgA levels in the colostrum.
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Kolostrumda Domuz Epidemik Diare Virus-Spesifik IgA Antikorlarının 
Belirlenmesinde ELISA Sisteminin Geliştirilmesi ve Değerlendirilmesi

Öz
Domuz Epidemik Diare Virus (DEDV) enfeksiyonu domuzların oldukça yıkıcı enfeksiyöz bir hastalığıdır. Virusa karşı bağışıklık durumunu 
değerlendirmek ve tanıyı koyabilmek için yüksek performanslı metotların gelişimi hastalığın kontrol altına alınabilmesi için elzemdir. Bu 
çalışmada, kolostrumdaki IgA antikorlarını taramak amacıyla rekombinant S1 protein temelli indirekt enzime bağlı immunosorbent metot 
(rpS1-iELISA) geliştirildi. rpS1-iELISA için optimize edilmiş eşik değeri 0.448 olarak belirlendi. Sonuçlar %96.87 duyarlılık ve %100 özgüllük 
gösterdi. Tekrarlanabilirlik testleri kolostrum örnekleri ve koşumlar arasında varyasyon katsayısıının %8’den daha az olduğunu gösterdi. 
Toplam 523 adet saha kolostrum örneklerinin test sonuçları rpS1-iELISA’nın immunofloresans testi (kappa = 0.958) ile mükemmel uyumlulukta 
olduğunu ve ticari ELISA kitinden daha iyi performansa sahip olduğunu gösterdi. Mevcut test kolostrumda IgA seviyesini ölçerek DEDV’e 
karşı mukozal bağışıklık yanıtın koruyuculuk seviyesini tahmin etmede ve tanıyı koymada yardımcı olacaktır.

Anahtar sözcükler: ELISA, IgA antikoru, Kolostrum, Domuz Epidemik Diare Virus, Spike proteini

INTRODUCTION
Porcine epidemic diarrhea virus (PEDV) is a member of the 
coronavirus family which causes vomiting, watery diarrhea, 
and dehydration in pigs and high mortality in neonatal 
piglets [1]. The first outbreak of PEDV was recognized in 

England in 1971 [2]. Since then, especially from 2010, PEDV 
outbreaks have been documented in many countries and 
severely affected the swine industry [3-5]. PEDV circulating 
in the world can be separated into three groups (G1, G2, 
G3), which have three subgroups (G1-1, G1-2, G1-3) [6]. 
Recent reports on PEDV recombinant strains in Italy 
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and China have indicated the new evolution strategy of  
PEDV [7,8], which increases our insight into PEDV genetic 
variation and bring new challenge for PEDV control.

After an acute outbreak, PEDV can persist longer in 
affected herds and cause an enzootic infection [9]. Although 
several commercial vaccines have been used to control 
large outbreaks, PEDV remains one of the most important 
causes of economic loss in many pig farms in China [10]. 
In addition to effective vaccines, high-throughput and 
reliable methods to diagnose and monitor the immune 
levels of PEDV vaccine in herds are urgently needed for 
PEDV surveillance and control. 

Porcine epidemic diarrhea virus is an enveloped coronavirus 
containing a positive-stranded RNA genome. This virus is 
approximately 28 kb in length and has a 5’ cap and a 3’ 
polyadenylated tail. Four structural proteins, including 
spike (S), membrane (M), envelope (E), and nucleocapsid 
(N) proteins are encoded by the PEDV genome. The S 
protein, which is a type I membrane glycoprotein, can 
induce neutralizing antibodies and interacts with cell 
receptor in the host. The S protein can be divided into 
S1 (1-789 aa) and S2 (790-1.383 aa) domains. S1, as an 
immunodominant region, can induce an active immune 
response of host and has been an attractive target to 
develop PEDV vaccine and serologic test methods [9]. 

Given the special features of the porcine mucosal immune 
system, the presence of serum antibodies against PEDV is 
not always correlated with protection. Sow immunity plays 
an important role in preventing viral infection and disease 
in newborn piglets, and the IgA level in the colostrum is a 
better marker of protection from PEDV infection than serum 
neutralizing (SN) titer from serum samples [4,11]. The current 
vaccination evaluation systems for PEDV that focus mainly 
on the immune response at the systemic level and mucosal 
immunity associated with PEDV is relatively insufficient. 
Therefore, measuring the localized IgA immune responses 
is essential to evaluate the protection derived either by 
vaccines or by previous PEDV exposure [12]. In this study, 
an IgA ELISA method based on the recombinant partial S1 
protein of PEDV isolate (CH/HNQX-3/14), which is a novel 
strain currently circulating in Henan, China, was developed 
to detect IgA antibody in the colostrum of PEDV-infected 
and vaccinated sows. 

MATERIAL and METHODS
Ethics Approval

According to the Animals Use in Research Committee 
(AURC) of Henan Institute of Science and Technology, this 
study does not require any special approval.

Colostrum Samples

Thirty-six negative control colostrum specimens used in 
the test were derived from unvaccinated healthy sows, and 

32 positive control colostrum specimens were supplied 
kindly by Prof. Yanyan Yang (Key Laboratory of Animal 
Immunology of Agriculture Ministry of China) and retested 
by Western blot and immunofluorescence assay (IFA). 
The positive control colostrum for transmissible gastro- 
enteritis virus (TGEV), classical swine fever virus (CSFV), 
porcine reproductive and respiratory syndrome virus 
(PRRSV), foot and mouth disease virus (FMDV), and porcine 
pseudorabies virus (PRV) were obtained from the Henan 
Center for Animal Disease Prevention and Control. These 
positive control colostrum were further validated with their 
corresponding ELISA kits and found to be strong positive 
and had no cross-reactivity with other swine pathogens. 

Expression and Purification of Recombinant PEDV S1 
Protein

The region encoding the partial S1 domain (aa 492-796) 
of PEDV variant CH/HNQX-3/14 (GenBank No. KR095279.1) 
was amplified by reverse transcriptase polymerase chain 
reaction (RT-PCR) using a forward primer (5’-GGGGATCC 
TCTTTTGTTACTTTGCC-3’) and a reverse primer (5’-GC 
GAATTCAGGCGTGTTGTAAAGC-3’). Reverse transcription 
was performed according to kit protocol (ThermoFisher 
Scientific, Shanghai, China). In brief, 1 µL of total RNA (1-2 
µg) was added to reaction mixture containing 5×reaction 
buffer, 10 mM dNTP mix, 1 µL Oligo(dT)18 Primer, 20 U 
RNAse inhibitor and 200 U M-MuLV Reverse Transcriptase 
to 20 µL of final volume. cDNA was synthesized at 42°C 
for 1 h. Remaining enzymes were heat-inactivated at 70°C 
for 5 min. PCR of S1 gene was performed as follows: initial 
denaturing at 95°C for 5 min; followed by 30 cycles at 
95°C for 30 s, 57°C for 40 s, and 72°C for 1 min; and a final 
extension at 72°C for 10 min. The amplified products were 
purified by a QIAquick Gel Extraction kit (Qiagen China 
Co., Shanghai, China), and then cloned into pET-30a(+) 
(Invitrogen) between the BamHI and EcoRI restriction 
sites to generate an expression construct designated as 
pET30a(+)-pS1.

The recombinant plasmid pET30a(+)-pS1 was transformed 
into Escherichia coli BL21 (DE3) competent cells and grown 
at 37°C in Luria-Bertani broth supplemented with 100 μg/
mL kanamycin to an optical density (OD) of 0.6 at 600 
nm. The expression products were purified using nickel-
nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Shanghai, 
China) following the manufacturer’s protocol. The final 
protein products were quantified by micro BCA protein 
assay kit (ThermoFisher Scientific) and analyzed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot hybridization.

Development of Indirect ELISA Test with Recombinant 
S1 Protein

Colostrum samples were tested for IgA antibodies against 
PEDV by the recombinant partial S1 protein-based indirect 
enzyme-linked immunosorbent assay (rpS1-iELISA). Briefly, 
the optimal coating concentration of recombinant pS1 
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protein and optimum colostrum dilutions for ELISA were 
determined using a checkerboard titration. The antigen 
was diluted in coating buffer (50 mM carbonate buffer, 
pH 9.6) and incubated overnight at 4°C. The following  
day, plates were washed thrice with phosphate-buffered 
saline containing 0.05% Tween 20 (PBST) and then 
blocked with casein/PBST blocking buffer (ThermoFisher 
Scientific) for 2 h at 37°C, followed by incubation with 
colostrum samples diluted in PBS for 30 min at 37°C. After 
a wash step, an optimal diluted horseradish peroxidase 
(HRP)-conjugated goat anti-porcine IgA secondary anti-
body (Bethyl Laboratories) was added and incubated at 
37°C for 30 min. The reaction was developed using tetra-
methylbenzidine (TMB) peroxide (ThermoFisher Scientific) 
as the substrate and stopped by adding 50 μL of 2 M 
sulfuric acid. ODs were measured at 450 nm using an ELISA 
plate reader (BioTek). Positive, negative, and blank (sterile 
water) samples were tested in triplicate and recorded for 
statistical analysis.

ELISA Cut-Off Values and Assay Performance 

The threshold cut-off value was evaluated by receiver 
operator characteristic (ROC) analysis (MedCalc software, 
Mariakerke, Belgium) using 36 PEDV negative colostrum 
samples and 32 PEDV positive colostrum samples, with 
IFA as the reference method to classify all samples. Positive 
colostrum samples from PEDV (n=10), TGEV (n=5), CSFV 
(n=9), PRRSV (n=7), FMDV (n=5), PRV (n=5), and 10 PEDV-
negative colostrum samples were used to evaluate the 
diagnostic specificity. Each sample was tested in triplicate, 
and the mean OD450 nm value and standard deviation (SD) 
were calculated. 

The rpS1-iELISA reproducibility within and between runs 
was evaluated as previously proposed [13]. Six colostrum 
samples (3 IFA-positive and 3 IFA-negative samples) were 
selected for the reproducibility experiments. For intra-assay 
reproducibility, three replicates of each colostrum sample 
were assigned to the same plate. For inter-assay (between-
run) reproducibility, three replicates of each sample were 
run on different plates. The mean OD450 nm values, SD, and 
coefficient of variation (CV) were calculated.

Application of The rpS1-iELISA in The Field

The rpS1-iELISA was applied to test 523 field colostrum 
samples collected from 16 pig farms in Henan province. The 
colostrum samples were also evaluated for anti-PEDV IgA 
antibodies using IFA and a commercial ELISA kit (coELISA, 
BIONOTE) following the manufacturer’s instruction. Cohen’s 
kappa (κ) value was introduced as a measure of agreement 
between these assays. Additionally, the rpS1-iELISA was 
used to evaluate the immune efficacy of a commercial 
PEDV vaccine (WEIKE Biotech Company, Harbin, China) by 
measuring the IgA antibody in the colostrum from two sow 
herds with or without vaccination. The vaccinated sows 
were intramuscularly immunized with PEDV vaccine (2 mL 
per sow) at 6 and 2 (booster) weeks before parturition. The 

unvaccinated healthy pregnant sows were selected from a 
farm with no history of PEDV exposure.

IFA 

IFA was performed as described previously [14]. Vero cells 
were grown in 24-well plates and inoculated with the 
cell culture-adapted PEDV strain (CH/HNQX-3/14) at a 
multiplicity of infection of 0.05 with MEM supplemented 
with 2.5 μg/mL trypsin (Sigma). PBS-treated cells were 
used as negative control. After incubation at 37°C for 
72 h, the cells were washed thrice with PBST and fixed 
with 80% acetone for 20 min. Cells were then washed 
thrice with PBST and blocked with casein/PBST blocking 
buffer at 37°C for 2 h. After three washes with PBST, the 
colostrum samples were added and incubated at 37°C for 
30 min. Next, fluorescein isothiocyanate-conjugated goat 
anti-porcine IgA (Thermo Scientific™ Pierce) was added 
at a dilution of 1:100 with PBST to each well. After 30 min 
of incubation at 37°C, the plates were rinsed thrice with 
PBST and examined using fluorescent microscopy (Zeiss, 
Germany).

Statistical Analysis

ELISA data were collected at OD450 nm and expressed as the 
mean±SD. Statistical analyses were performed by one-
way ANOVA followed by Bonferroni multiple comparison 
post hoc test (GraphPad Prism 6.0 software), and P value of 
<0.05 was considered significant. 

RESULTS
The cloned pS1 gene of PEDV was expressed as a soluble 
protein with an N-terminal His-tag. SDS-PAGE results 
showed that, after the cells were induced with 0.8 
mM IPTG (30°C for 8 h), the pS1 gene exhibited higher 
expression level at the position corresponding to the 
expected molecular mass of approximately 45 kDa (Fig. 
1). Expressed PEDV pS1 protein was purified by Ni-NTA, 
and the protein bound to Ni-NTA was eluted with 200 
mM imidazole. SDS-PAGE and Western blot hybridization 
further demonstrated that purification removed, to a large 
extent, other proteins, leaving a predominant band at 45 
kDa (Fig. 1) and achieving a protein yield of over 10 mg/L 
of culture, with purity greater than 95%.

The rpS1-iELISA was optimized in a checkerboard fashion to 
maximize signal-to-noise ratios. The optimal concentration 
of coating antigen was achieved at a concentration of 1.25 
μg/mL recombinant pS1 protein. To further determine the 
optimum colostrum dilution for the testing platform, a 
well-characterized PEDV “high” positive control colostrum 
was serially diluted two-fold against antigen-coated 
ELISA wells at a fixed concentration. Colostrum dilution of 
1/100 was found to provide the highest absorbance value 
and was selected for subsequent assays. The secondary 
antibody (HRP-conjugated goat anti-porcine IgA) dilutions 
of 1/10,000 was selected for this assay. 
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Based on the ROC curve analysis of the rpS1-iELISA, the 
OD450 nm values of the 36 negative colostrum samples varied 
from a minimum of 0.014 to a maximum of 0.448 and from 
0.185 to 1.188 for the 32 positive colostrum samples. The 
OD450 nm of 0.448 was selected as the optimal cut-off value, 
with an area under the curve (AUC) of 0.998±0.00212 and 
95% confidence interval (CI) ranging from 0.944 to 1.000, 
giving sensitivity and specificity of 96.87% (95% CI: 83.8%, 
99.9%) and 100.0% (95% CI: 90.3%, 100.0%), respectively 
(Fig. 2). By contrast, the ROC analysis for the coELISA 
showed a lower AUC value (0.970±0.00223, 95% CI: 0.896-
0.996) and lower sensitivity (93.75%, 95% CI: 79.2%-99.2%) 
compared with the rpS1-iELISA (Fig. 3). 

To evaluate the specificity of the developed rpS1-iELISA, 
positive colostrum samples for TGEV, CSFV, PRRSV, FMDV, 

Fig 1. Expression and purification analysis of PEDV pS1 protein by SDS-
PAGE and Western blot. Lane M: pre-stained protein molecular weight 
marker (10-180  KDa); Lane 1: SDS-PAGE of unpurified recombination 
pS1 protein, which was expressed in Escherichia coli BL21 (DE3) induced 
by 0.8 mM IPTG for 8 h at 30°C; Lanes 2-6: SDS-PAGE of purified 
recombination pS1 protein by Ni-NTA; Lane 7: Reaction of pS1 protein 
with PEDV positive swine sera by Western blot; 8: pET30a(+)/BL21 
vector control

Fig 2. Determination of the cut-off value. (a) ROC analysis of the rpS1-
iELISA. The area under the ROC curve was 0.998 when the optimal cut-
off OD450 nm value was 0.448. (b) Distribution of the rpS1-iELISA OD450 nm 
values according to the classification of the colostrum by IFA results. 
The horizontal solid line represents the cut-off value

Fig 3. Comparison of test performance between rpS1-iELISA and 
coELISA by ROC analysis using known 32 positive and 36 negative 
colostrum samples. (a) The area under the ROC curve (AUC) for the 
rpS1-iELISA and coELISA are 0.998±0.00212 and 0.970±0.00223, 
respectively; (b) Distribution of the rpS1-iELISA and coELISA OD450 nm 
values according to the classification of colostrum by IFA results. The 
horizontal solid line represents the cut-off value
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and PRV were used to analyze the cross-reaction with 
purified recombinant PEDV pS1 antigen. Three replicates 
of each sample were run on the same occasion. The OD 

values (mean±SD) were 0.083±0.008 for TGEV, 0.087±0.011 
for CSFV, 0.056±0.019 for PRRSV, 0.091±0.014 for FMDV, 
and 0.073±0.010 for PRV. These results indicate that the 
PEDV pS1 protein-based ELISA had high specificity for 
detecting the anti-PEDV-specific IgA in the colostrum 
without antigenic cross-reactivity to the antibodies against 
other porcine viruses.

Reproducibility experiments within and between rpS1-
iELISA plates were performed with three positive and 
three negative colostrum samples. The results showed that 
the CVs of intra-assay and inter-assay for three positive 
colostrum samples were both less than 5.0%. The intra-
assay and inter-assay CVs of the three negative colostrum 
samples ranged from 3.46% to 7.94% and from 3.11% to 
6.02%, respectively. These data indicated that the rpS1-
iELISA was highly repeatable (Table 1). 

A total of 523 clinical colostrum samples were collected 
from 16 commercial pig farms in Henan province which 
had a history of diarrhea. From the 523 field colostrum 
samples, 65.58% (343/523) positive and 34.42% (180/523) 
negative samples were determined by IFA. Further 
analyses revealed that 334 of 343 positive colostrum 
samples determined by IFA were also positively analyzed 
by the rpS1-iELISA, while 179 of 180 negative colostrums 
were negatively confirmed by the rpS1-iELISA. The  

LI, TIAN, YU, JIANG, WANG
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Table 1. Assessment of intra-assay and inter-assay repeatability of the rpS1-iELISA using 3 positive- and 3 negative colostrum 
samples

Colostrum
Sample

Intra-assay Variability Inter-assay Variability

X±SD CV X±SD CV

1 1.043±0.045 4.30% 1.031±0.037 3.80%

2 1.036±0.033 3.20% 1.101±0.029 3.61%

3 1.048±0.036 4.40% 1.054±0.056 4.38%

4 0.087±0.014 3.46% 0.093±0.009 3.11%

5 0.081±0.005 4.72% 0.090±0.011 6.02%

6 0.091±0.008 7.94% 0.089±0.007 4.32%

Note: Data are the mean±standard deviation of three replications; CV, coefficient of variation; 1, 2 and 3 indicate positive 
samples; 4, 5 and 6 indicate negative samples

Table 2. Evaluation of statistical agreement among three tests. Kappa values shown represent a statistical measure of test agreement and were calculated 
using MedCalc Software

Reference test
rpS1-iELISA coELISA

Positive Negative APa Positive Negative APa 

IFA
Positive 334 9 0.656 318 25 0.656

Negative 1 179 0.344 2 178 0.344

APa 0.641 0.359 0.612 0.388

Kappa value b 0.958 0.888
a Apparent prevalence (AP) of the IFA, rpS1-iELISA or coELISA: positive ≡ positive number/total number; negative ≡ negative number/total number
b Observed proportional agreement between rpS1-iELISA and IFA: (334+179)/523=0.981; chance proportional agreement: (0.641×0.656)+(0.359×0.344)=
0.545; observed minus chance agreement: (0.981-0.545)=0.436; maximum possible agreement beyond chance level: (1-0.545)=0.455; agreement quotient 
(Kappa value) between rpS1-iELISA and IFA: (0.436/0.455)=0.958. The same method was used for calculating the agreement between the coELISA and IFA 
and obstained a Kappa value of 0.888

Fig 4. Distribution of anti-PEDV IgA antibodies in colostrum obtained 
from known PEDV vaccinated- and unvaccinated sows. Data presented 
as ELISA OD450 nm values ± SD. The assay cut-off (OD450 nm value of 0.448) 
is indicated by the dashed line
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ratios of positive and negative consistency for the two 
methods were 97.38 (334/334) and 99.44% (179/180), 
respectively. 

To further assess the agreement between rpS1-iELISA and 
IFA, κ value was calculated using the formula described 
in Table 2. The p and pe values were calculated as 0.981 
and 0.545, respectively. The agreement quotients (κ 
value) of the rpS1-iELISA was 0.958, which indicates that 
a satisfactory agreement between the rpS1-iELISA and 
IFA was obtained. Moreover, the rpS1-iELISA displayed 
significantly higher sensitivity and greater κ value than 
the coELISA (positive ratio of 334/523, 63.86% for rpS1-
iELISA vs. 318/523, 60.8% for coELISA; κ value of 0.958 for 
rpS1-iELISA vs. 0.888 for coELISA, P<0.05) (Table 2). This 
result suggested that rpS1-iELISA was preferable to the 
coELISA when applied to detect PEDV IgA antibody in the 
colostrum.

The IgA antibody in the colostrum was measured using 
the rpS1-iELISA to gain further insight into the efficacy 
of PEDV vaccine and impact of prefarrowing vaccination 
on maternal transfer of the IgA antibody. A total of 103 
colostrum samples from healthy PEDV-vaccinated sows 
and 105 colostrum samples from unvaccinated healthy 
sows were examined. Comparing the average post-
vaccination titers, the IgA levels of vaccinated sows were 
significantly higher than those of non-immunized ones 
(P<0.05). However, when the actual distribution values 
were evaluated within the groups, data from the two herds 
showed their respective homogeneous profiles, except for 
two cases in vaccinated sows with OD450 nm below the 
cut-off value of 0.448 (Fig. 4). These data indicated that 
IgA levels in the two sow herds were reliable, and the 
vaccine actually increased IgA antibody responses in the 
colostrum.

DISCUSSION
Porcine epidemic diarrhea is a highly infectious disease 
that currently poses a serious threat to the swine industry. 
Precise diagnostics of PEDV and immune surveillance 
methods to monitor disease outbreaks and evaluate 
vaccine efficacy are required to implement control 
strategies. Previous studies confirmed that the colostral 
IgA level, but not the serum neutralization titer, induced by 
immunization against PEDV is correlated with protection 
of newborn piglets against virulent PEDV challenge [9]. 
Therefore, the evaluation of IgA level in the colostrum 
could be very useful to ensure that the piglets receive 
adequate passive immunity. 

ELISA has been applied widely in diagnosis and antibody 
detection for animal infectious disease [15-21]. Several 
studies have used recombinant expressed and purified S 
protein of PEDV for ELISA serodiagnosis [12,22-24]. However, 
these studies focused mainly on the IgG test, and the 
numbers of known positive and negative samples used 

in these assays were relatively smaller than in the present 
study. Additionally, for mucosal infection, measurement  
of localized IgA level is critical to evaluate protection 
derived either by vaccines or by previous pathogen 
exposure [23]. In this study, a truncated spike gene pS1 
domain from a novel PEDV variant (CH/HNQX-3/14) was 
expressed in E. coli and used as coating antigen to develop 
indirect ELISA to measure IgA antibody in the colostrum. 
Furthermore, a comparative analysis between rpS1-iELISA 
and IFA was performed, and the results showed an overall 
testing agreement of 95.8%. This phenomenon indicated 
that the rpS1-iELISA had approximately the same reliability 
as the PEDV whole virus-based IFA, whereas rpS1-iELISA 
avoided several disadvantages of IFA, such as high cost 
and relatively subjective interpretation. Moreover, rpS1-
iELISA showed better test performance than a commercial 
IgA ELISA kit, and a higher specificity compared to another 
S1-protein based ELISA described by Gerber et al.[25].  
No cross-reactivity with TGEV, CSFV, PRRSV, FMDV, or PRV 
was detected with the assay developed in the present 
study. Nevertheless, further studies are needed to assess 
whether this assay is suitable for the detection of IgA 
antibodies in fecal and oral fluid samples, and improve  
its test performance to distinguish IgA antibodies induced 
by vaccination from those resulting from PEDV infection.

In addition, the protection ability of IgA levels from 
immunized sows by artificial infection with PEDV was 
not evaluated because of the constraints of experimental 
conditions. However, our tracking survey confirmed that 
the proportion of piglets showing any abnormal intestinal 
symptoms at least once at any of the examination 
time points was lower in vaccinated sow herds than in 
unvaccinated ones (data not shown). This result suggested 
that the vaccine was apparently effective for protecting 
piglets from virulent PEDV challenge. An infectious 
challenge study is needed to determine whether such IgA 
levels can protect sows or piglets against PEDV infection, 
as well as clarifying IgA antibody kinetics in colostrum.

The current study reports the adaptation of a recombinant, 
highly purified partial S1 protein of PEDV to develop 
indirect ELISA platform for detecting PEDV IgA antibodies 
in the colostrum. This assay could be useful for PEDV 
diagnostics and evaluation of PEDV colostral immunity.

Acknowledgements

This study was supported by grants from the Key 
Research Project of Henan Higher Education Institutions 
(18A230004), the Doctoral Scientific Research Foundation of 
Henan Institute of Science and Technology (206010617002), 
the Program for Innovative Research Team (in Science and 
Technology) in University of Henan Province (18IRTSTHN019), 
the Excellent Youth Foundation of Henan Scientific 
Committee (174100510005), and the Program for Science 
and Technology Innovation Talents in Universities in Henan 
Province (14HASTIT026).



723

REFERENCES

1. Bridgen A, Duarte M, Tobler K, Laude H, Ackermann M: Sequence 
determination of the nucleocapsid protein gene of the porcine epidemic 
diarrhoea virus confirms that this virus is a coronavirus related to human 
coronavirus 229E and porcine transmissible gastroenteritis virus. J Gen 
Virol, 74 (9): 1795-1804, 1993. DOI: 10.1099/0022-1317-74-9-1795

2. Pensaert MB, de Bouck P: A new coronavirus-like particle associated 
with diarrhea in swine. Arch Virol, 58 (3): 243-247, 1978. DOI: 10.1007/
BF01317606

3. Choudhury B, Dastjerdi A, Doyle N, Frossard JP, Steinbach F: From 
the field to the lab-An European view on the global spread of PEDV. Virus 
Res, 226, 40-49, 2016. DOI: 10.1016/j.virusres.2016.09.003

4. Song D, Park B: Porcine epidemic diarrhoea virus: A comprehensive 
review of molecular epidemiology, diagnosis, and vaccines. Virus Genes, 
44 (2): 167-175, 2012. DOI: 10.1007/s11262-012-0713-1

5. Trujillo-Ortega ME, Beltrán-Figueroa R, García-Hernández ME, 
Juárez-Ramírez M, Sotomayor-González A, Hernández-Villegas 
EN, Becerra-Hernández JF, Sarmiento-Silva RE: Isolation and 
characterization of porcine epidemic diarrhea virus associated with the 
2014 disease outbreak in Mexico: Case report. BMC Vet Res, 12: 132, 2016. 
DOI: 10.1186/s12917-016-0763-z

6. Park SJ, Song DS, Ha GW, Park BK: Cloning and further sequence 
analysis of the spike gene of attenuated porcine epidemic diarrhea virus 
DR13. Virus Genes, 35 (1): 55-64, 2007. DOI: 10.1007/s11262-006-0036-1

7. Li R, Qiao S, Yang Y, Guo J, Xie S, Zhou E, Zhang G: Genome 
sequencing and analysis of a novel recombinant porcine epidemic 
diarrhea virus strain from Henan, China. Virus Genes, 52 (1): 91-98, 2016. 
DOI: 10.1007/s11262-015-1254-1

8. Boniotti MB, Papetti A, Lavazza A, Alborali G, Sozzi E, Chiapponi 
C, Faccini S, Bonilauri P, Cordioli P, Marthaler D: Porcine epidemic 
diarrhea virus and discovery of a recombinant swine enteric coronavirus, 
Italy. Emerg Infect Dis, 22 (1): 83-87, 2016. DOI: 10.3201/eid2201.150544

9. Carvajal A, Arguello H, Martinez-Lobo FJ, Costillas S, Miranda R, 
de Nova PJG, Rubio P: Porcine epidemic diarrhoea: New insights into an 
old disease. Porcine Health Manag, 1, 12, 2015. DOI: 10.1186/s40813-015-
0007-9

10. Fan B, Jiao D, Zhao X, Pang F, Xiao Q, Yu Z, Mao A, Guo R, Yuan W, 
Zhao P, He K, Li B: Characterization of chinese porcine epidemic diarrhea 
virus with novel insertions and deletions in genome. Sci Rep, 7, 44209, 
2017. DOI: 10.1038/srep44209

11. Baek P, Choi H, Lee S, Yoon I-J, Lee YJ, Lee DS, Lee S, Lee C: Efficacy 
of an inactivated genotype 2b porcine epidemic diarrhea virus vaccine 
in neonatal piglets. Vet Immunol Immunopathol, 174, 45-49, 2016. DOI: 
10.1016/j.vetimm.2016.04.009

12. Wang X, Wang Z, Xu H, Xiang B, Dang R, Yang Z: Orally administrated 
whole yeast vaccine against porcine epidemic diarrhea virus induced 
high levels of iga response in mice and piglets. Viral Immunol, 29 (9): 526-
531, 2016. DOI: 10.1089/vim.2016.0067

13. Jacobson RH: Validation of serological assays for diagnosis of 
infectious diseases. Rev Sci Tech Off Int Epiz, 17 (2): 469-486, 1998. DOI: 
10.20506/rst.17.2.1119

14. Okda F, Liu X, Singrey A, Clement T, Nelson J, Christopher-

Hennings J, Nelson EA, Lawson S: Development of an indirect ELISA, 
blocking ELISA, fluorescent microsphere immunoassay and fluorescent 
focus neutralization assay for serologic evaluation of exposure to North 
American strains of Porcine Epidemic Diarrhea Virus. BMC Vet Res, 11:180, 
2015. DOI: 10.1186/s12917-015-0500-z

15. Wang XX, Wang FX, Li ZG, Wen YJ, Wang X, Song N, Wu H: 
Development of an indirect enzyme-linked immunosorbent assay 
(ELISA) to differentiate antibodies against wild-type porcine reproductive 
and respiratory syndrome from the vaccine strain TJM-F92 based on 
a recombinant Nsp2 protein. J Virol Methods, 251, 151-154, 2018. DOI: 
10.1016/j.jviromet.2017.09.001

16. Jittimanee S, Nuntawan Na Ayudhya S, Kedkovid R, Teankum 
K, Suradhat S, Thanawongnuwech R: An indirect enzyme-linked 
immunosorbent assay using a recombinant truncated capsid protein 
of Porcine circovirus-2. J Vet Diagn Invest, 24 (6): 1129-1132, 2012. DOI: 
10.1177/1040638712461251

17. Liu C, Kokuho T, Kubota T, Watanabe S, Inumaru S, Yokomizo Y, 
Onodera T: A serodiagnostic ELISA using recombinant antigen of swine 
transmissible gastroenteritis virus nucleoprotein. J Vet Med Sci, 63 (11): 
1253-1256, 2001. DOI: 10.1292/jvms.63.1253

18. Fu Y, Li P, Cao Y, Wang N, Sun P, Shi Q, Ji X, Bao H, Li D, Chen Y, Bai 
X, Ma X, Zhang J, Lu Z, Liu Z: Development of a blocking elisa using 
a monoclonal antibody to a dominant epitope in non-structural protein 
3A of foot-and-mouth disease virus, as a matching test for a negative-
marker vaccine. PLos One, 12 (1): e0170560, 2017. DOI: 10.1371/journal.
pone.0170560

19. Genç O, Büyüktanir Ö, Yurdusev N: Development of Qualitative and 
quantitative ELISA models for bovine brucellosis diagnosis. Kafkas Univ 
Vet Fak Derg, 16 (2): 287-291, 2010. DOI: 10.9775/kvfd.2009.692

20. Kalkanov I, Dinev I, Aleksandrov M, Dimitrov K, Zarkov I: 
Morphological and etiological investigations in a rotaviral enteritis 
outbreak in calves. Kafkas Univ Vet Fak Derg, 22 (2): 309-313, 2016. DOI: 
10.9775/kvfd.2015.14365

21. Song L, Zhang H, Hou P, Wang H, Zhao G, Xia X, He H: Development 
and preliminary application of an indirect ELISA to detect infectious 
bovine rhinotracheitis virus using recombinant glycoprotein D of IBRV 
strain SD. Kafkas Univ Vet Fak Derg, 22 (4): 503-509, 2016. DOI: 10.9775/
kvfd.2015.14890

22. Yuan X, Lin H, Li B, He K, Fan H: Efficacy and immunogenicity of 
recombinant swinepox virus expressing the truncated S protein of a 
novel isolate of porcine epidemic diarrhea virus. Arch Virol, 162 (12): 3779-
3789, 2017. DOI: 10.1007/s00705-017-3548-1

23. Gerber PF, Opriessnig T: Detection of immunoglobulin (Ig) A 
antibodies against porcine epidemic diarrhea virus (PEDV) in fecal 
and serum samples. MethodsX, 2, 368-373, 2015. DOI: 10.1016/j.mex. 
2015.10.001

24. Li Y, Zheng F, Fan B, Muhammad HM, Zou Y, Jiang P: Development 
of an indirect ELISA based on a truncated S protein of the porcine 
epidemic diarrhea virus. Can J Microbiol, 61 (11): 811-817, 2015. DOI: 
10.1139/cjm-2015-0213

25. Gerber PF, Gong Q, Huang YW, Wang C, Holtkamp D, Opriessnig T: 
Detection of antibodies against porcine epidemic diarrhea virus in serum 
and colostrum by indirect ELISA. Vet J, 202 (1): 33-36, 2014. DOI: 10.1016/j.
tvjl.2014.07.018

LI, TIAN, YU, JIANG, WANG
WANG, MA, WANG, ZHANG, YANG

http://jgv.microbiologyresearch.org/content/journal/jgv/10.1099/0022-1317-74-9-1795
https://link.springer.com/article/10.1007%2FBF01317606
https://www.sciencedirect.com/science/article/pii/S0168170216303574?via%3Dihub
https://link.springer.com/article/10.1007%2Fs11262-012-0713-1
https://bmcvetres.biomedcentral.com/articles/10.1186/s12917-016-0763-z
https://link.springer.com/article/10.1007%2Fs11262-006-0036-1
https://link.springer.com/article/10.1007%2Fs11262-015-1254-1
https://wwwnc.cdc.gov/eid/article/22/1/15-0544_article
https://porcinehealthmanagement.biomedcentral.com/articles/10.1186/s40813-015-0007-9
https://www.nature.com/articles/srep44209
https://www.sciencedirect.com/science/article/pii/S0165242716300666?via%3Dihub
https://www.liebertpub.com/doi/10.1089/vim.2016.0067
http://www.oie.int/doc/ged/d9467.pdf
https://bmcvetres.biomedcentral.com/articles/10.1186/s12917-015-0500-z
https://bmcvetres.biomedcentral.com/articles/10.1186/s12917-015-0500-z
https://www.sciencedirect.com/science/article/pii/S0166093416303202?via%3Dihub
http://journals.sagepub.com/doi/10.1177/1040638712461251
https://www.jstage.jst.go.jp/article/jvms/63/11/63_11_1253/_article
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0170560
http://vetdergi.kafkas.edu.tr/extdocs/2010_2/287_291.pdf
http://vetdergi.kafkas.edu.tr/extdocs/2016_2_1/309-313.pdf
http://vetdergi.kafkas.edu.tr/extdocs/2016_4_1/503-509.pdf
https://link.springer.com/article/10.1007%2Fs00705-017-3548-1
https://www.sciencedirect.com/science/article/pii/S2215016115000497?via%3Dihub
http://www.nrcresearchpress.com/doi/10.1139/cjm-2015-0213#.Wz0KitIzbIU
https://www.sciencedirect.com/science/article/pii/S1090023314003104?via%3Dihub

	(Fig. 4)

