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Summary. – The main immunogenic protein of the porcine epidemic diarrhea virus (PEDV) is the spike
protein (S protein), which plays an important role in receptor binding, membrane fusion, and viral invasion of
the host. In this paper, the linear epitope of the 3F10 non-neutralizing monoclonal antibody that was previously
prepared in our laboratory was identified. The expression of truncated forms of the S protein for 3F10 reaction
studies proved that the epitope was located between amino acids (aa) 674 and 791. To further locate the core aa
of the 3F10 epitope, 12 random peptide libraries were used, and the result showed that the key aa located at aa
685–688 of the S protein (LLAF) were recognized by 3F10. Homology analysis of the regions corresponding to
20 typical strains of different PEDV subtypes showed that the epitope is highly conserved. Identifying the epitope
recognized by an antibody helps to improve our understanding of the structure and function of the antigen.
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Introduction
Porcine epidemic diarrhea (PED), which is caused by
porcine epidemic diarrhea virus (PEDV), is a severe porcine
infectious disease that is mainly characterized by severe
watery diarrhea, vomiting, dehydration and even death in
unweaned piglets (Song et al., 2012). Clinically, unweaned
piglets less than 10 days old are the most susceptible and
have the most severe clinical manifestations (Jung et al.,
2015). PED is one of the most widespread porcine diseases
in the world; it was reported for the first time in the UK
and Belgium in 1978 and later spread to many countries in
Asia and Europe (Oldham, 1972; Song et al., 2012). PED
broke out for the first time in America in 2013, causing
substantial economic losses for the global pig husbandry
industry (Mole, 2013). The incidence of diarrhea in pig
farms is currently high, the morbidity is increasingly com-
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plicated, and mixed infections are reported frequently. Thus,
the clinical diagnosis of PEDV is attracting more attention
among researchers.
PEDV belongs to the genus Alphacoronavirus (the family
Coronaviridae) and contains positive-strand RNA with a
cap at the 5' end and a poly (A) tail at the 3' end. The major
structural proteins of PEDV include the spike protein (S),
membrane protein (M), nucleocapsid protein (N), and small
envelope protein (E) (Lee, 2015). The main immunogenic
protein of PEDV is the S protein, which is located on the
surface of the virus and is the main envelope protein (Oh et
al., 2014). The S protein plays an important role in receptor
binding, membrane fusion, and viral invasion into the host
and contains the main antigenic epitopes that induce the host
to produce neutralizing antibodies (Li et al., 2016). Based on
the Flynn-like protease cleavage site, the S protein is divided
into two parts, S1 and S2, of which S1 is the head and S2 is
the neck (Wang et al., 2016a). Recent studies showed that the
S1 protein contains four linear epitopes, 744–759, 756–771,
748–755 and 764–771 (Sun et al., 2008; Cao et al., 2015). In
addition, two conformational epitope regions (499–638 and
636–789) were identified that can induce the production of
neutralizing antibodies (Chang et al., 2002; Sun et al., 2007).
S2 protein region 1368–1374 is also a neutralizing epitope
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(Cruz et al., 2006). Neutralizing antibody production has a
strong protective effect against reinfection with PEDV, so the
S protein is the most important target protein in the development of a genetically engineered PEDV vaccine.
However, the antibodies against immunodominant
epitopes secreted by most B cells do not have neutralizing
activity (Burton, 2002). Extensive evidence shows that nonneutralizing antibodies play a crucial role in reducing the
viral load and in providing full or partial protection (Howell
et al., 2017; Mayr et al., 2017). An improved understanding of non-neutralizing antibodies will contribute to the
development of new vaccine development strategies, and
the right combination of different antibodies can exhibit a
good synergistic effect.
In our laboratory, 10 monoclonal antibodies (mAbs)
against PEDV were obtained by the hybridoma technique,
and the 3F10 antibody was reacting with the S protein (amino
acids (aa) 21–791) expressed by baculovirus (Gong et al.,
2018). In this study, the 3F10 mAb was selected to identify
and analyze the antigenic epitopes of the viral S protein. This
investigation helps to provide the foundation for further
studies of the function of non-neutralizing antibodies and
the establishment of specific diagnostic methods.
Materials and Methods
Cells, viruses and reagents. African green monkey kidney
(Vero) cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% serum at 37°C and 5% CO2. The PEDV
strains GDS01 and GDS03 were isolated and preserved in our own
experiments. The virus was proliferated on Vero cells with a trypsin
concentration of 10 μg/ml. mAbs and polyclonal antibodies were
prepared in our laboratory. Twelve random peptide libraries were
purchased from New England BioLabs (NEB).
Preliminary epitope localization analysis. A previous study
showed that the 3F10 antibody could react with the S protein
1–954 aa fragment. According to the truncation approach reported
by Hao's research (Hao et al., 2017), S protein (21–954 aa) was
divided into 7 segments, which were cloned into the PBCX vector
and named SP1 (21–247 aa), SP2 (499–790 aa), SP3 (248–498 aa),
SP4 (791–954 aa), SP5 (143–344 aa), SP6 (437–667 aa) and SP7
(674–899 aa). The recombinant plasmids were transformed into
BL21, and the different segments were expressed by means of isopropyl β-D-1-thiogalactopyranoside (IPTG) induction and purified
by a Ni column. Seven purified fusion proteins were detected on
western blots (WBs) by the 3F10 mAb.
B cell epitope prediction. A bioinformatics website (http://
imed.med.ucm.es/Tools/antigenic.pl) was used to predict the B
cell epitopes of the PEDV S protein (674–791 aa). The system is
based on the algorithm developed by Kolaskar and Tongaonkar,
with a 75% accuracy rate over years of application (Kolaskar and
Tongaonkar, 1990).
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Phage screening and enrichment. To accurately pinpoint key aa
of the 3F10 epitope, the 3F10 mAb was subjected to 5 rounds of
biopanning according to the instruction manual for the 12 phage
display peptides from NEB. The concentration of the target protein
used for coating was decreased to 20 μg, 10 μg, 5 μg, 2 μg, and 1 μg
per round, while the concentration of Tris-buffered saline with
Tween 20 (TBST) was increased to 0.1%, 0.2%, 0.3%, 0.4%, and
0.5% per round. The purified mAb was diluted in coating liquid
(0.1 mol/l NaHCO3, pH 8.6); then, 100 μl of coating liquid was
added to microtiter wells and incubated overnight at 4°C. The coating liquid was removed on the second day, and 5% bovine serum
albumin (BSA) was added at 4°C for 1 h. The blocking liquid was
removed, and the sample was washed with 0.1% TBST. Then, 1011
plaque-forming units (PFU)/100 µl of the original phage library
was added to each well, and the samples were rocked gently for 1 h
at room temperature. Uncombined phage was removed, and the
samples were washed 10 times with 0.1% TBST. Then, 100 µl of eluent buffer (0.2 mol/l glycine-HCl, pH 2.2, 1 mg/ml BSA) was added,
and the samples were rocked for 15 min at room temperature. A
total of 15 μl of 1 mol/l Tris-HCl, pH 9.1, was added. The eluate
was used for phage amplification and titering. The eluate was added
to 20 ml of ER2738 culture, which was particularly well-suited for
M13 propagation. (the thallus was in the early-log phase, OD600
0.01–0.05) with shaking for 4.5 h at 37°C. The culture was moved
into a fresh tube and centrifuged for 10 min at 12,000 x g at 4°C.
The supernatant was moved to a fresh tube and recentrifuged. Then,
80% of the upper supernatant was transferred into a fresh tube, and
a 1/6 volume of polyethylene glycol (PEG)/NaCl was added. The
phage was subjected to overnight sedimentation at 4°C. The PEG
was centrifuged to absorb residual supernatant. The sample was
suspended in 1 ml of Tris-buffered saline (TBS) and centrifuged at
12,000 x g for 5 min at 4°C. Then, the supernatant was transferred
into another fresh tube. A 1/6 volume of PEG/NaCl was added,
and the sample was incubated for 15–60 min and centrifuged at
12,000 x g for 10 min at 4°C. The supernatant was then discarded.
The precipitate was suspended in 200 µl of TBS and centrifuged
for 1 min. The supernatant was transferred into a fresh tube and
represented the amplified eluate. A plate was coated to be used in
next round of panning.
Plaque amplification and sequencing. An overnight culture of
ER2738 was diluted and inoculated into Luria-Bertani (LB) medium. Plates with less than 100 blue plaques in the fifth round were
removed to determine the titer of the eluate. Blue bacteriophage
plaques on the plate were selected with a sterilized toothpick and
amplified. A total of 200 µl of PEG/NaCl was added, and the sample
was mixed and incubated for 10 min at room temperature. The tube
was subjected to centrifugation at 12,000 x g for 10 min at 4°C.
The supernatant was discarded. The precipitate was suspended in
100 µl of iodide buffer solution, and 250 µl of ethanol was added
to the solution. The solution was incubated for 20 min at room
temperature, and single-stranded phage DNA was precipitated. The
solution was subjected to centrifugation at 12,000 x g for 10 min at
4°C. The supernatant was discarded. Then, 0.5 ml of 70% ethanol
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Fig. 1

Fig. 2

Western blotting analysis of recombinant proteins with mAb 3F10
(a) His-labeled antibody; (b) anti-PEDV polyclonal antibody; and (c): 3F10
mAb. Lanes 1–7 represent SP1-SP7, respectively.

Enrichment efficacy of the 3F10 mAb
The log output of the selected phage per unit mass of 3F10 is shown on the
y-axis. The round of biopanning is shown on the x-axis.

(pre-cooled at -20°C) was used to wash the precipitate. The precipitate was then subjected to short vacuum drying. The precipitate
was re-suspended in 30 µl of ddH2O. 96 gIII sequencing primer
(5'-HOCCCTCATAGTTAGCGTAACG-3') was applied to a 96-well
plate for automatic sequencing.
Affinity test. The sequenced phage was subjected to amplification
and titering. Then, 10 μg of mAb was used to coat each well of an
ELISA plate overnight at 4°C; the coating solution was discarded
on the second day. The plate was washed 3 times with 0.05% TBST,
and phage that had been diluted tenfold continuously was added
to each well for 1 h at room temperature. Then, 0.05% TBST was
used to remove uncombined phage after the solution was discarded.
An anti-m13 phage antibody (diluted 1:1000) was added after the
plate had been washed 3 times, and the plate was incubated for 1 h
at 37°C and then washed. Then, a horseradish peroxidase (HRP)labeled goat anti-mouse IgG (diluted 1:5,000) was added for 1 h
at 37°C, and 0.05% TBST was used to wash the plate 3 times. The
3,3',5,5'-tetramethylbenzidine (TMB) colorimetric liquid substrate
was used to develop the results. The OD value at 450 nm was read
by a Biotek elx800.
ELISA reaction of polypeptides with 3F10. Thirty-six base
sequences could be inferred from the sequencing results. Those
sequences were translated into 12 aa and compared with protein S
(674–791 aa). Twelve deduced peptides were obtained by chemical synthesis with a purity of 95% from the BGI company. Then,
100 μg/100 μl of polypeptide was incubated in an ELISA plate
overnight at 4°C, and 5% BSA was used for blocking. The 3F10
antibody was added at a 1:1000 dilution and incubated for 1 h at
room temperature. The HRP-labeled goat anti-mouse IgG secondary antibody (1:4,000 dilution) was used for ELISA detection.
The values were read at an OD of 450 nm. Meanwhile, 12 random
peptides were set as the negative control. Each well had 3 duplicates,
which were used for error calculation.

3F10 antigenic epitope analysis. The key aa sequences of the
antigenic epitope of 3F10 that were obtained through analysis were
subjected to specificity comparison and analysis with 9 representative strains of prevalent PEDV strains and 11 representative strains
of classic PEDV strains.
Cross-reaction between 3F10 and classical virus strains – indirect
immunofluorescence assay (IFA). Reactions between 3F10 and the
GDS03 strain were evaluated by an indirect immunofluorescence
assay (IFA). A monolayer of Vero cells was grown to 90% to 100%
confluence, washed with phosphate-buffered saline (PBS) three
times and then inoculated with GDS03 at 100 folds of tissue culture
infective dose (TCID)50 with 10 μg/ml tyrosine. Approximately 24 h
to 36 h after infection, 4% paraformaldehyde was used to fix the
cells for 15 min, and the cells were washed with PBS three times
after the cells exhibited evident pathological changes. For cell permeabilization, 0.5% Triton X-100 was added for 15 min, and the
cells were washed with PBS 3 times. A blocking solution containing
3% BSA was added for 1 h at 37°C and then discarded. The diluted
mAb (1:1000) with 1% BSA was added for 1 h at 37°C. The primary
antibody solution was absorbed and discarded, and the samples
were washed with PBS three times for 5 min each time. The diluted
secondary antibody (1:500) containing 1% BSA was added for 1 h at
37°C. The secondary antibody solution was absorbed and discarded,
and the samples were washed with PBS three times for 5 min each
time. A Nikon fluorescence microscope was used for observation.

Results
Analysis of preliminary positions of the antigenic epitope
To accurately position the functional domain of the 3F10
antigenic epitope, protein S (21–794 aa) was divided into
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7 peptide fragments for prokaryotic expression. The 3F10
mAb, a His-labeled antibody and an anti-PEDV polyclonal
antibody were used for SDS-PAGE to identify the 7 polypeptides. The result shows that 3F10 can react only with SP7.
There was an overlapping area between SP4 (791–954 aa)
and SP7 (674–899 aa). 3F10 could react with SP7 rather than
SP4, which indicates that the identified region of 3F10 was aa
674–791 (Fig. 1). In terms of the results obtained for the Hislabeled antibody and the polyclonal antibody, the epitope
identified by SP7 may be the immunodominant epitope.
Fig. 3

Phage screening and enrichment
To identify key aa of the 3F10 mAb epitope, the purified 3F10 mAb was used as a target molecule to conduct 5
rounds of phage screening. The mAb quantity and the input
and output of phage were calculated in each round of the
screening process, and the output/input ratio per microgram
of mAb was compared for each round. As shown in Fig. 2,
if the coating quantity of 3F10 gradually decreased with
unchanged input, the phage absorbed by the mAb per unit
of mass exhibited a trend toward a progressive increase; thus,
the phage was obviously enriched after 5 rounds of screening.
Affinity determination and sequence alignment
The elution product screened in the fifth round was
titered, and plates with less than 100 blue colonies were
selected. Nineteen blue colonies of monoclonal phages
were selected for amplification and sequencing. The result
shows that the 19 monoclonal phages are divided into two
categories. The peptide fragment of Phage1 (Ph1) was SFM
SHAGIFKSY, and the peptide fragment of Phage2 (Ph2) was
LLAFMGLHKGRW. Ph1 and Ph2 had high affinity for 3F10
through the indirect ELISA method, while wild-type phage
did not react with 3F10 (Fig. 3). This finding showed that the
screened phage was a positive phage clone that targeted mAb
3F10 through a specific reaction to a protein encoded by the
phage. Twelve peptides from Ph1 and Ph2 were subjected

Binding analysis of the selected phage and 3F10 by indirect ELISA
A phage containing LLAFMGLHKGRW, a phage containing SFM
SHAGIFKSY and a wild-type phage were incubated with the 3F10 mAb to
assess their binding affinities. The OD450 values of the individual phages
are shown on the y-axis. The log values of the phage titers are shown on
the x-axis.

to multiple sequence alignment with S protein 674–791
aa, which indicated that aa 683–686 of LLAF in Ph2 and
the S protein had high similarity (Fig. 4). The data showed
that peptide fragment LLAF of Ph2 was the virtual epitope
identified by 3F10.
Association between the polypeptide and the 3F10 mAb
The methods described by Kolaskar and Tongaonkar
(1990) were used to predict the B cell epitopes of the S
protein 674–791 aa fragment. The result showed that the
peptide fragment may contain three B cell epitopes. The
first peptide fragment (7–14 aa, SGQLLAFK) completely
includes the key aa from Ph2 (Table 1). As the peptide fragment presented on the phage could not represent the true
epitope of 3F10 in the S protein, S protein fragment pepLLAF
(680SDSGQL LAFKNV691), which included LLAF; S protein
fragment pepΔLLAF (680SDSGQHTTPKNV691), which was a
random replacement of LLAF; and the unrelated peptide
fragment pepran (DANYWWDLTSTQ) were manually syn-

Fig. 4
Sequence alignment of the PEDV spike protein (674–791 aa)
The peptide motifs SFMSHAGIFKSY (represented by Ph1) and LLAFMGLHKGRW (represented by Ph2) were aligned with PEDV GDS01 (NCBI
GenBank Acc. No. KM089829) using Lasergene MegAlign.
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Table 1 Prediction of the B cell epitopes of the PEDV spike protein (674–791 aa)
No.

Start position

1
2
3

682
690
744

Sequence

End position

SGQLLAFK
TSGAVYSVTPCSFSEQAAYVDDDIVGVISSLSS
CTEPVLVYSNIGVCKSGSIGYVRSQSGQVKIAP

690
722
777

The number 1 B cell epitope of the PEDV S protein, which encompasses the putative LLAF binding site of 3F10, is presented in bold.

Fig. 6
Conservation of newly identified epitopes among 20 different representative strains of PEDV
The LLAF epitope motif is indicated by a red box. The GenBank Acc. Nos and strain names for each sequence are shown on the left side. The subgroups
of the virus strains are shown to the right of the strain names. All sequences were aligned by Lasergene MegAlign.

thesized. The reactions of the synthesized peptides with 3F10
were tested by ELISA. The result shows that only 680SDSGQL
LAFKNV691 had specific reaction with 3F10 mAb, while
the peptide fragment that replaced LLAF and the unrelated

polypeptide had no reaction with 3F10, which indicates a
highly significant difference (Fig. 5). This finding showed
that LLAF were key aa for recognition by 3F10.
Conservation analysis and cross-reactions of 3F10
antigenic epitopes
The corresponding areas from 20 representative strains
of PEDV were analyzed. The result showed that strains of all
subtypes are completely homologous with the 3F10 epitope
region sequence, except the JS strain, in which aa 686 was
mutated from F to L, which indicates that the epitope is
highly conserved (Fig. 6). To determine whether 3F10 can
cross-react with a classic strain, GDS03 (belongig to the G1a
subclass), which is kept in our laboratory, was selected. Vero
cells incubated with the GDS03 virus were subjected to the
IFA test, which showed that 3F10 could specifically recognize
GDS03. The positive polyclonal antibody and negative serum
controls were valid (Fig. 7).

Fig. 5
Binding analysis of synthetic peptides and the 3F10 mAb
The OD450 values are shown on the y-axis. The sequences of the synthetic
peptides are shown on the x-axis. The positive control was detected by a
positive polyclonal antibody. The negative control was detected by negative serum.

Discussion
Antigenic epitopes that contain approximately 5–15 aa
have the function of stimulating immune cells to generate
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3F10

Positive
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Negative

Fig. 7
3F10 cross-reaction with GDS03-infected cells was detected by IFA
A positive polyclonal antibody and negative serum were used as controls.

a specific antibody or a specific immunological reaction
(Abbas, 2011). Antigenic epitopes can be divided into linear
epitopes and conformational epitopes (Burton, 2002). However, most antigenic epitopes are conformational epitopes.
Linear epitopes are several aa that are next to each other in
the primary structure. Conformational epitopes refer to a
discontinuous primary structure or spatial structure that is
formed by some aa residues that are next to each other (Burton, 2002). Both linear epitopes and conformational epitopes
combine with specific antibodies in a manner dependent on
the key aa residues of the epitope; one aa mutation during
the process of viral evolution can lead to a loss of or change
in the antigenic epitope. Prokaryotic expression systems
have the advantages of simple operation, rapid results, a high
output of expressed recombinant protein, easy purification,
low costs, etc. and are extensively used in gene engineering.
However, the expressed proteins have low bioactivity and
cannot be subjected to posttranslational modification for
the folding of higher-order structures, such as glycosylation, phosphorylation, oligomerization, etc. In this study,
3F10 reacted with the SP7 protein expressed by prokaryotic
cells, which indicates that it identified a linear epitope that
is exposed on the surface of the virion.
Phage display biopanning technology has an important role in the identification of key antigen sites (Wang
et al., 2017, 2018a,b), as it provides basic guidance for the
prevention or diagnosis of target antigens and is extensively
used for identifying linear epitopes. The screening process
for target molecules was optimized as follows: 1. It successively reduces the coating quantity of the target molecule in
each round; and 2. It gradually increases the concentration
of Tween 20 in TBST to screen ligands of the 3F10 mAb
with high affinity and to reduce false-positive results caused
by nonspecific adsorption. The time requirement of 4.5 h
was strictly obeyed during the phage amplification process
to avoid the generation of a phage with a strong preference caused by long-term amplification, which could have
serious influence on the follow-up screening process. Two
phages, Ph1 and Ph2, with high affinity peptide fragments

SFMSHAGIFKSY and LLAFMGLHKGRW were screened
through five rounds of strict screening. The LLAF aa sequence in Ph2 was found to be highly homologous with aa
683–686 in the SP7 peptide fragment after sequence alignment with target peptide fragment SP7. The peptide fragments shown in Ph1 and Ph2 were virtual epitopes of 3F10,
which may not represent its true epitopes in PEDV. S protein
fragment pepLLAF (680SDSGQLLAFKNV691), which included
LLAF, S protein fragment pepΔLLAF (680SDSGQHTTPKNV691),
which included a random replacement of LLAF, and the
unrelated peptide fragment pepran (DANYWWDLTSTQ)
were manually synthesized. The results show that only pepLcan react with 3F10, which indicates that LLAF is a key
LAF
aa sequence, by which 3F10 identifies the PEDV S protein
epitope. To investigate the specificity and conservation of the
above-identified antigenic epitope, different representative
strains of PEDV were selected to analyze and compare the
corresponding S protein aa sequence 683–686. The results
show that the sequences of PEDV strains from different
branches were highly conserved at the identified locus. IFA
results show that 3F10 can identify both classic strains and
variant strains, which is consistent with the high conservation of the antigenic epitope for the antibody. Positions with
conserved epitopes are of great value in the development of
epitope-based vaccines and are helpful for the establishment
of highly sensitive and specific diagnostic methods (Oem et
al., 2007).
Accumulating evidence proves that non-neutralizing antibodies play an important role in immunoprotection. Cooperation between non-neutralizing antibodies can neutralize
the virus, and non-neutralizing antibodies can strengthen the
neutralization by a neutralizing antibody (Howell et al., 2017;
Mayr et al., 2017). Combining mAbs targeting receptor binding domain (RBD) and non-RBD of middle east respiratory
syndrome coronavirus can delay the neutralization escape
(Wang et al., 2018c). Different immunodominant severe
acute respiratory syndrome coronavirus epitopes can elicit
disparate effects on infection in non-human primates (Sui
et al., 2004; Wang et al., 2016b). However, the mechanisms

94

GONG, L. et al.: A NOVEL LINEAR EPITOPE IN THE SPIKE PROTEIN

have not been thoroughly elucidated. The determination of
the antigenic epitope recognized by an antibody has great
significance for understanding the structure and function of
an antigen, the interactions between antibodies and other
information related to immunoreactions, the development of
a safe and effective vaccine strategy based on the epitope, and
the development of diagnostic reagents based on the epitope.
There are currently few studies of the antigenic epitopes of
antibodies against the PEDV S protein. The identification of
an antigenic epitope in the S protein lays the foundation for
research on the pathogenic mechanism and function of the
S protein and provides a basis for PEDV diagnosis and the
development of an epitope vaccine.
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