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Background: Porcine epidemic diarrhea (PED), a swine epidemic disease caused by porcine epidemic diarrhea

virus (PEDV), is characterized by severe watery diarrhea, vomiting, dehydration and high mortality in piglets, and

has caused serious economic losses to the global porcine industry. The level of PEDV IgA antibody is a key marker to
assess the extent of passive immunity of the resistance against PEDV infection. However, current commercial structure
proteins-based kits for detection of PEDV antibody are not affordable, and those kits require complicated antigen
preparation procedures, which cannot meet the scope of economic benefits of many large-scale pig companies in
China. Therefore, there is an urgent need to develop an accurate, simple, and economical method for IgA detection in
clinical samples. In this study, an indirect ELISA (i-ELISA) method was developed based on a purified PEDV epidemic

Results: The results show that optimal working dilution ratios of PEDV antigen and HRP anti-swine IgA are at 1: 1000
and 1:15000 respectively. The sensitivity of this method is high with the maximum dilution of samples up to 1:160,
and coefficients of variation (CV) of both the intra assays and inter assays were no more than 15%. In addition, the
relative sensitivities of the i-ELISA were above 90% compared with values from commercial kits in both serum and oral

Conclusions: Our results suggested that the i-ELISA developed in this study was an accurate, simple, and economical

Background

Porcine epidemic diarrhea (PED) is a highly contagious
intestinal disease caused by porcine epidemic diarrhea
virus (PEDV), which is characterized by severe watery
diarrhea, vomiting and dehydration of piglets, causing
huge economic losses to the global pig industry [1, 2].
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PEDV, a member of the Alphacoronavirus genus within
the Coronaviridae family, was first detected in Belgium
in 1971 [3]. PEDV strains can be classified into two
genotypes by phylogenetic analyses based on the whole
genome: Genotype I and Genotype II [4]. The CV777
strain, a member of Genotype I first isolated in 1978,
was epidemic in Europe, and reached South East Asia
in the 1980s [3, 5]. Some highly virulent strains belong
to Genotype II were reported and isolated in China in
2010, resulting in the more than one million death of pig-
lets and the mortality rate of suckling piglets approach-
ing 100% [6]. An inspection report of diarrhea samples
in China collected from 2011 to 2014 showed that the
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positive rate of PEDV was about 61.10%-78.49%, higher
than that of other diarrhea viral infection, indicating that
PEDV was the major pathogen of swine viral diarrhea
in China [7]. Low effectiveness of the prototype strain
CV777-inactivated or related vaccines in many pig herds
in China were observed, indicating variations of Chinese
pandemic strains [6, 8]. It has been shown that variation
of the virulence gene, S gene, can change the pathogenic-
ity of PEDV [9, 10]. A molecular epidemiological inves-
tigation of Chinese PEDV strains from 2015 to 2018
identified 10 novel mutation positions of the S1 gene
compared with PEDV CV777 strain and 10-11 novel
mutation positions compared with 2011-2014 PEDV
strains [11, 12]. These variations of S gene occurred gave
more challenges to the prevention and diagnose of PEDV
in China.

PEDV can infect pigs of all ages, but show lower patho-
genicity in older pigs compared with neonatal pigs [13].
The protection of piglet is the most important factor to
reduce the loss of PEDV outbreak. Currently, there is no
specific drugs or effective vaccines against PEDV. The
whole-herd feedback is an effective way before the appli-
cations of effective vaccines [14]. For example, Goede, D.
et al. have reported one case that piglets born to a viru-
lent PEDV isolate-exposed sow herd were all survived
while piglets born to the control sow group had a 33%
mortality rate [15]. Immunization of pregnant sows or
gilts is undertaken by exposure to virulent autogenous
virus, such as minced intestines from infected neonatal
piglets negative for other infectious agents [14, 16]. Such
feed-back loop stimulates neutralization antibody and
PEDV-specific IgG or IgA antibody responses in serum
7-14 days later [13, 17, 18]. Although these systemic
antibodies may contribute to PEDV clearance, protection
of neonatal piglets can be attributed mostly to maternal
secretory IgA (sIgA) antibodies [19, 20]. PEDV-specific
sIgA antibody cannot be produced by mammary glands
of female sows due to the absence of lymphoid follicles
in mammary glands. However, it can be produced by
effector B cells or plasmablasts that migrate from the gut-
associated lymphoid tissue of the PEDV-infected intes-
tine to the mammary gland and released to the colostrum
and milk via the gut-mammary sIgA axis [19, 21]. There-
fore, the levels of PEDV-specific sIgA antibody are keys
to assess the extent of passive immunity of the PEDV
resistance against PEDV infection in piglets [13].

ELISA is a convenient and rapid way for detection of
the PEDV specific antibodies. In recent decades, three
types of ELISA have been widely used to detect the level
of PEDV antibodies in serum and colostrum, includ-
ing indirect ELISA [22], competitive ELISA [23] and
blocked ELISA [24]. The indirect ELISAs are developed
based on recombinant viral structural proteins, including
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N protein [25], S protein [26, 27], and M protein [28].
The PEDV competitive or blocking ELISAs are based
on the use of PEDV-specific monoclonal or polyclonal
antibodies and have higher specificity compared to the
indirect ELISA [29, 30]. The procedures of the antigen
preparation in the methods mentioned here are relatively
complicated and not cost effective, therefore, many loss-
making companies or farms reduce application of these
methods, especially in the period of African swine fever
virus (ASFV) outbreak in China.

PEDV NH-TA2020 strain was an epidemic strain iso-
lated from a PEDV-positive pig in Northern China in
2020. This strain showed a high progeny virus production
in Vero cells in the laboratory. Here, taking advantage of
the NH-TA2020 strain, we developed an i-ELISA method
to detect IgA levels in clinical samples from pig farms.
The viral antigen is easy to get and the i-ELISA method
is suitable to evaluate the level of PEDV IgA antibody
in different types of samples, including serum, oral fluid
and colostrum. Our results showed similar sensitivity of
i-ELISA compared to that in the commercial kit.

Results

PEDV antigen propagation and Purification

PED antigen was purified using the method of sucrose
density-gradient ultracentrifugation. To verify the purifi-
cation of PEDV antigens, we first used TEM to observe
PEDV virions. As shown in Fig. 1A, many virus-like par-
ticles were observed, and the diameters of these parti-
cles were from 100 to 200 nm, which was consistent the
literature [16, 31]. Furthermore, in the SDS-PAGE gel
(Fig. 1B), there were two distinct bands, one at the posi-
tion of near 75 kDa and the other one at the position near
35 kDa, which were consistent with the sizes of PEDV-
N protein [32] and PEDV-M protein [33] respectively.
Whereas, there were no bands observed in the ultracen-
trifuge products from PBS-adsorbed Vero cells. The raw
image of Fig. 1B was shown in Supplementary Informa-
tion file 1. Therefore, PEDV antigens were purified suc-
cessfully and suitable to use in next steps.

Optimization of working conditions

The OD450 ratios between the positive and negative sam-
ples (P/N values) with different dilution ratios of PEDV
antigen and HRP anti-swine IgA antibody were shown
in Fig. 2A. The maximum value of P/N was 7.09 with the
dilution ratios of PEDV antigen at 1:1000 and HRP anti-
swine IgA at 1:15000. The optimal incubation time were
analyzed in Fig. 2B and the maximum value of P/N was
23.863 at the incubation time of 30 min. To sum up, the
optimal working conditions of the i-ELISA method were
with the dilution ratios of antigen and antibody at 1:1000
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as the control

Fig. 1 Purification of the whole-virus PEDV antigen. A The observation of purified PEDV particles by TEM, scale bar: 0.2 um; B The detection of PEDV
structural proteins by SDS-PAGE analysis, including N and M proteins (Black arrows). The ultracentrifuge products from PBS-adsorbed Vero cells were
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Fig. 2 Optimization of working conditions. A Results of P/N values at different dilution ratios of PEDV antigen and HRP anti-swine IgA antibody. B
Results of P/N values at different incubation times of samples with PEDV antigens
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and 1:15000 respectively, and with the incubation time
between samples and antigen for 30 min.

Optimization of the dilution of samples

As shown in Fig. 3, the maximum P/N values of serum,
oral fluid and colostrum, were 24.74 at the dilution of
1:10 (Fig. 3A), 5.89 at the dilution of 1:1 (Fig. 3B), and

2.62 at the dilution of 1:100 (Fig. 3C) respectively. There-
fore, the optimal working dilutions of serum, oral fluid
and colostrum were 1:10, 1:1 and 1:100 respectively.

The determination of cut-off value
As shown in Table 1, the results from PEDV antibody-
negative samples, including serum (N=160), oral fluid
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Table 1 Determination of cut-off values of the i-ELISA in

different sample types

Sample type X SD Cut-off value
Serum 0.170 0.063 0.361
Oral fluid 0.102 0.078 0.336
Colostrum 0.303 0.101 0.606

(N=128) and colostrum (N = 68), showed the cut-off val-
ues of serum, oral fluid and colostrum were 0.361, 0.336
and 0.606 (X + 3SD). Therefore, serum samples with
OD450 values > 0.361 were considered as positive, while
samples with OD450 values <0.361 were considered neg-
ative. Oral fluid samples with OD450 values > 0.336 were

considered as positive, whereas samples with OD450 val-
ues < 0.336 were considered negative. Colostrum samples
with OD450 values > 0.606 were considered as positive
while samples with OD450 values<0.606 were consid-
ered negative.

The evaluation of sensitivity and specificity

PEDV-positive serum was diluted in double propor-
tions and tested both by i-ELISA and a commercial kit
(IDEXX). As shown in Fig. 4A and B, serum samples were
diluted at the maximum dilution ratio of 1:160, which was
similar to that of IDEXX kit. The results indicated that
the sensitivity of i-ELISA is as good as IDEXX kit. The
i-ELISA method was used to detect serum samples with
antibody positive of porcine transmissible gastroenteritis
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Fig. 4 Sensitivity and specificity of the i-ELISA. (A and B) OD 45, Values of the positive serum with different dilution ratios were tested by both
i-ELISA (A) and IDEXX (B) to determine the sensitivities; (C) Samples containing antibodies against other seven porcine viruses were test by the
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Table 2 Results of the repeatability assay for the i-ELISA

The range of CV value  Median value

2.29-861 749
6.44-11.44 945

Intra-plate repetition (CV%)
Inter-plate Repetition (CV%)

Table 3 Comparison between i-ELISA and IDEXX with serum

IDEXX Total
+ -
i-ELISA + 28 3 31
- 2 27 29
Total 30 30 60

Relative sensitivity =28/30=93.33%
Relative specificity =27/ 30=90.00%
Compliance rate=55/60=91.67%

Table 4 Comparison between i-ELISA and IDEXX with oral fluid
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virus (TGEV), Porcine reproductive and respiratory syn-
drome virus (PRRSV), Swine influenza virus (SIV), Clas-
sical Swine Fever Virus (CSFV), porcine circovirus (PCV)
and Pseudorabies virus (PRV), porcine deltacoronavirus
(PDCoV), but negative of PEDV. As shown in Fig. 4C, all
pathogen-positive serum tested negative except for the
40 PEDV antibody-positive samples, indicating no cross-
reactivity with other common swine pathogens.

Evaluation of coefficient of variation (CV)

As shown in Table 2, the ranges of CV value were from
2.29% to 8.61% in intra-plate repetition and from 6.44 to
11.44% in inter-plate repetition, which were all no more
than 15% and indicated that the established i-ELISA had
good repeatability.

Comparison between i-ELISA and a commercial kit

with clinical samples

As shown in Tables 3 and 4, when samples were tested
by both i-ELISA and IDEXX, the relative sensitivities

IDEXX Total
—_— of i-ELISA method were 93.33% and 91.67% in serum
+ ) and oral fluid respectively, indicating high sensitivity
I-ELISA + 33 10 43 compared with those of IDEXX kit. The relative spe-
- 3 14 17 cificities of i-ELISA method were 90.00% and 58.33%,
Total 36 24 60 indicating high specificity in serum samples while there
Relative sensitivity =33/36 =91.67% is an improved specificity in oral fluid samples. The IgA
Relative specificity = 14/ 24 = 58.33% levels of samples from a sow herd with the whole-herd
Compliance rate=47/ 60=7833% feedback treatment were tested by the i-ELISA method
(Fig. 5). There was a significant increase of IgA levels in
serum samples from 7 to 14 days (p<0.001), indicating
a successful whole-herd feedback treatment. IgA levels
i-ELISA
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Fig. 5 Determination of IgA levels of clinical samples by the i-ELISA. Serum (N =40) and oral fluid (N =40) samples were tested by the i-ELISA to
evaluate changes of IgA levels in a sow herd with the whole-herd feedback treatment for 7 days and 14 days. ***p <0.001
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of oral fluid samples increased significantly (p<0.001),
which was similar to findings found in serum samples.

Discussion

The current commonest method to monitor the level of
PEDV antibody is ELISA. Most ELISA methods aim to
detect IgG levels, and only a few mature methods were
developed for detection of IgA [34]. The mucosal immu-
nity in the oral cavity and intestine plays a major anti-
viral role in PEDV infection [35]. When pregnant sows
are inoculated with PEDV vaccine, intestinal mucosal
immunity is activated with a mass of IgA production. The
secretory cells with IgA production migrate and colonize
near the mammary gland of sows and release anti-PEDV
specific IgA to colostrum/milk, which is received by new-
born piglets to prevent PEDV from invading the body
through intestinal epithelial cells [20, 36]. Therefore, IgA
is important for prevention of PEDV for newborn piglets
[37]. Detection of IgA level in the colostrum/milk and
serum is necessary for sows and newborn piglets. Our
company has developed a complete whole-herd feedback
procedure, which can provide strong protection to pig-
lets, but there is a lack of effective methods to evaluate
the efficiency, especially for the regulation of IgA. There-
fore, we further developed an indirect ELISA method to
detect the level of anti-PEDV IgA based on the antigen of
the whole virus.

The coated antigen (NH-TA2020) was a pandemic viru-
lent strain circulating from a swine herd in Shangdong,
China. The use of whole PEDV strain as the antigen in
ELISA method has been proved to be an efficient way to
test serum antibody IgG antibodies [38], which is more
economical and practical than serum neutralization
test [39]. To obtain purified virus particles, we used the
method of sucrose density-gradient centrifugation, which
was an improved method on the basis of Thomas JT’s
method [38]. The consistency of morphological features
of viral particles in Fig. 1A indicated the success of virus
purification, and these particles seem like aggregations
of several virions and were surrounded by black border
areas, like the envelopes of coronavirus. The antigen
preparation of this ELISA method was also simpler and
more economical than that of PEDV structural protein-
based methods [22, 25, 30, 39, 40].

This method could be used in different sample types,
including serum, oral fluid and colostrum, and we have
evaluated the optional working conditions of different
sample types, which could support a clearer guideline
for clinical application. The i-ELISA method could
detect positive serum with PEDV antibody at a maxi-
mum dilution of 1:160. All six positive samples were
tested positive by i-ELISA (6/6) at the dilution of 1:160,
whereas only four samples tested positive by the IDEXX
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kit (4/6), indicating a better sensitivity of i-ELISA.
Moreover, this method did not have cross-reaction with
antibodies of some other pig virus, including TGEV,
PRRSYV, SIV, CSEV, PCV, PRV and PDCoV. The CV val-
ues both in intra-batch and inter-batch were no more
than 15%, indicating high repeatability of this method.
Furthermore, the relative sensitivity was both above
90% in serum and oral fluid compared to the IEDXX
kit, indicating that this method can be used clinically.
The relative specificities were 90.00% in serum while
just 58.33% in oral fluid compared to the IEDXX Kkit,
which might be due to complex components and impu-
rities in oral fluid. Recently, much attention has been
paid to PEDV-specific IgG and IgA antibodies detec-
tion in oral fluid samples as collection procedures of
oral fluid were easier and faster, and even cheaper than
that of collecting serum samples [41, 42]. Moreover,
levels of IgA antibodies in oral fluid seem to increase
for 100 days post-infection and may serve as a better
marker to monitor the IgA levels of a whole sow herd
[41, 42]. Another possible reason for relatively low
specificity between i-ELISA and IDEXX in oral fluid
samples was that the IDEXX kit was not suitable for
IgA detection in oral fluid samples according to manu-
facturer’s instructions. Interestingly, our results showed
that the trend of IgA changes in oral fluid was similar to
that of serum in the monitorization of prior herd expo-
sure to PEDV, indicating that the i-ELISA was suitable
to detect IgA levels in oral fluid samples and monitor
the effect of whole-feedback treatments.

In summary, the i-ELISA method developed this study
was sensitive, specific, repeatable and suitable in test-
ing antibody levels in serum, oral fluid and colostrum. It
can serve as a simpler and cheaper method to monitor
prior herd exposure to PEDV and assess the resistance
of piglets to PEDV infection. Further application of this
method in the detection of IgA levels in oral fluid sam-
ples provides a new idea for the prevention and control of
PEDV in pig farms.

Methods

Viruses, cell lines, antibodies, chemicals and clinical
samples

PEDV NH-TA2020 strain (CCTCC NO. V202097) was
stored in our laboratory. Vero cells (Cat.No SCSP-520)
were obtained from Cell bank of Chinese Academy of
Sciences (Shanghai, China). HRP anti-swine IgA (H+L)
(ab112746) were purchased from Abcam (Shanghai,
China). TMB solution (PR1200) was purchased from
Solarbio (Beijing, China). Serum, oral fluid and colos-
trum with or without PEDV infection were collected and
stored in -80 °C in our laboratory.
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PEDV propagation and purification

Vero cells were incubated with Dulbecco’s modified
Eagle’s medium (DMEM) with 0.05% (V/V) trypsin for
3 min and then replaced by PBS or PEDV stock for virus
adsorption. After 1 h of absorption, cells were cultured
with 3% (W/V) citric acid and DMEM with 1% Fetal
bovine serum (FBS) (PAA, A15-151/101, Austria), and
the final concentration of citric acid was 0.1% (W/V).
Vero cells with progeny virus were harvested when cyto-
pathic effect (CPE) reached over 80%. Each batch of one
liter of PEDV propagated in harvested cells (infectious
titers ranging from 10%°-107° TCID50 /mL) were sub-
jected to freeze—thaw for three times and centrifuged
at 8,000 x g for 30 min at 4 °C to remove cell debris. The
supernatant was transferred to 32Ti centrifuge tube fol-
lowed by ultracentrifugation at 100,000 x g for 2 h at 4 C.
Then, the virus pellet was resuspended in 1 mL of sterile
PBS and applied to a sucrose gradient of 20%, 40% and
60% (1.3 mL volume each) in 32Ti centrifuge tubes and
centrifuged at 100,000 x g for 2 h at 4 “C. The fractions
on the border between 40 and 60% sucrose solutions
were collected, resuspended in 4 mL PBS and ultracen-
trifuged at 100,000 x g for 2 h at 4 °C to remove sucrose.
Finally, the pellet was resuspended in 400 pL sterile PBS
and stored at -80 °C until use, and the protein concentra-
tion of the resuspended virus pellet in each batch was
2.0-2.4 mg/mL. Vero cells with PBS adsorption were as
the control.

SDS-PAGE

20 uL purified PEDV suspension were boiled for 5 min in
4 x SDS-PAGE loading buffer, and then were run by SDS-
PAGE at 80 V for 30 min in stacking gels and 120 V for
90 min in 10% separating gels. The gel was subsequently
stained with Coomassie Brilliant Blue Fast Staining solu-
tion (Solarbio, P1300, Beijing, China) according to the
manufacturer’s instructions and imaged by ChemiDoc
MP (Bio-Rad, Hercules, California, USA).

Transmission electron microscopy (TEM)

The purified PEDV viruses were sent to Analytical &
Testing Center, Sichuan University for TEM observation.
Images were obtained with a JSM-7500F transmission
electron microscope (JEOL).

Optimization of working conditions

The dilution ratios of PEDV antigen and HRP anti-swine
IgA antibody were optimized by checkerboard titra-
tion. The purified-PEDV antigen was diluted with car-
bonate buffer solution (CBS) by 1:500, 1:1000, 1:1500,
and 1:2000, coated in an enzyme plate with 100 pL per
well overnight at 4 °C, sealed with 200 pL skim milk (5%
W/V) at 37 'C for 1 h and washed with PBST for three
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times. Then, serum samples were added into the coated
plate with 100 pL per well and incubated at 37 °C for 1 h.
The HRP anti-swine IgA antibody was diluted by 1:8000,
1:10000, 1:15000, 1:20000, added into each well, incu-
bated at 37 °C for 1 h, and washed with PBST for three
times. Finally, the plate was incubated with TMB for
10 min and then read at OD value of 450 nm. The condi-
tion with the maximum P/N value was considered as the
optimal antigen and antibody dilution ratios.

To find out the optimal incubation time of samples with
PEDV antigens, the positive and negative serum samples
were tested as the procedure above and the incubation
time were 10 min, 20 min, 30 min and 40 min respec-
tively. The condition with the maximum P/N value was
considered as the optimal incubation time.

Optimization of dilutions of samples

Serum samples with the dilution ratios of 1:20, 1:40, 1:60,
1:80, 1:160, oral fluid samples with the dilution ratios of
1:1, 1:2, 1:5, 1:10, and 1:20, and colostrum samples with
the dilution ratios of 1:50, 1:100, 1:200, 1:300, 1:400 1:500
were tested by the i-ELISA. In addition, colostrum sam-
ples were left to stand for 4 h at 4 “C to remove fat and
100uL. colostrum were then aspirated from the middle
layer for diluting. All samples were diluted in skim milk
(5% W/V) and the condition with the maximum P/N
value was considered as the optimal working dilution.

Determination of cut-off value

Negative serum samples (N=160), negative oral fluid
samples (N=128) and negative colostrum (N=68), were
tested following i-ELISA procedure mentioned above,
and the mean value (X) and standard deviation (SD) of
the OD450 values were calculated. The cut-off value was
determined as X + 3SD.

Evaluation of sensitivity and specificity

PEDV-positive serum was diluted by 1:20, 1:40, 1:80,
1:160 and 1:320, and tested by i-ELISA to determine the
sensitivity. A commercial kit, IDEXX PEDV IgA (IDEXX,
CAT# 99-55,550, Shanghai, China), was used as the
control. PEDV antibody-negative while TGEV (N=30),
PRRSV (N=26), SIV (N=20), CSFV (N=30), PCV
(N=22), PRV (N=25) and PDCoV (N=20) antibody-
positive serum samples, as well as PEDV antibody-pos-
itive (N=40) serum samples were tested by the i-ELISA
to analyze the specificity.

Evaluation of coefficient of variation (CV)

PEDV antibody-positive sera (N=9) were randomly
selected. Each sample with three replicates were assayed
in the same plate to evaluate the intra-assay, and in three
different plates to evaluate the inter-assay variation.
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Comparison between i-ELISA and a commercial kit

with clinical samples

Clinical samples of serum (N=60) and oral fluid
(N=60) from PEDV-positive farms were collected
and tested by the i-ELISA method and a commer-
cial kit. Results were compared with the commercial
kit (IDEXX) to assess the performance of i-ELISA in
terms of relative sensitivity [(true positive/(true posi-
tive 4 false negative)] x100% and relative specificity
[(true negative/(true negative + false positive)]* 100%
[43].

In addition, serum (N=40) and oral fluid (N=40)
samples were collected from a sow herd with the
whole-herd feedback treatment [14] for 7 days and
14 days. The IgA levels of these samples were tested by
the i-ELISA to assess the effect of the whole-herd feed-
back treatment.

Statistical analysis

All data were analyzed by the two-tailed independent
Student’s t-test using the GraphPad Prism software
(version 8.0). A P value of<0.05 was considered to be
statistically significant.

Abbreviations

PED: Porcine epidemic diarrhea; PEDV: Porcine epidemic diarrhea virus; i-ELISA:
Indirect ELISA; CV: Coefficients of variation; ASFV: African swine fever virus;
DMEM: Dulbecco’s modified Eagle’s medium; CBS: Carbonate buffer solution.
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