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Abstract

Porcine deltacoronavirus (PDCoV) is an emerging swine enteropathogenic coronavirus that caused diarrhea and/or vomit-
ing in neonatal piglets worldwide. Coronaviruses nucleocapsid (N) protein is the most conserved structural protein for viral
replication and possesses good antigenicity. In this study, three monoclonal antibodies (mAbs), 3B4, 4D3, and 4E3 identified
as subclass IgG2ax were prepared using the lymphocytic hybridoma technology against PDCoV N protein. Furthermore,
the B-cell epitope recognized by mAb 4D3 was mapped by dozens of overlapping truncated recombinant proteins based on
the western blotting. The polypeptide QFRGNGVPLNSAIKPVE* (EP-4D3) in the N-terminal of PDCoV N protein was
identified as the minimal linear epitope for binding mAb 4D3. And the EP-4D3 epitope’s amino acid sequence homology
study revealed that PDCoV strains are substantially conserved, with the exception of the Alanine*? substitution Valine*?
in the China lineage, the Early China lineage, and the Thailand, Vietnam, and Laos lineage. The epitope sequences shared
high similarity (94.1%) with porcine coronavirus HKU15-155 (PorCoV HKU15), Asian leopard cats coronavirus (ALC-
CoV), sparrow coronavirus HKU17 (SpCoV HKU17), and sparrow deltacoronavirus. In contrast, the epitope sequences
shared a very low homology (11.8 to 29.4%) with other porcine CoVs (PEDV, TGEV, PRCV, SADS-CoV, PHEV). Overall,
the study will enrich the biological function of PDCoV N protein and provide foundational data for further development of
diagnostic applications.

Key points

o Three monoclonal antibodies against PDCoV N protein were prepared.

e Discovery of a novel B-cell liner epitope (**QFRGNGVPLNSAIKPVE*) of PDCoV N protein.
o The epitope EP-4D3 was conserved among PDCoV strains.
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Introduction

Coronaviruses (CoVs) are single positive-stranded, envel-
oped RNA viruses which belong to the order Nidovirales,
family Coronaviridae, and subfamily Orthocoronavirinae
comprising of four genera, Alpha-, Beta-, Gamma-, and Del-
tacoronavirus. CoVs are regarded as the largest proportion
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of bat-borne viruses that can infect mammals and birds, and
cause respiratory, gastrointestinal, and neurological disease
(Tian et al. 2022; Woo et al. 2012). With the ongoing Severe
Acute respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
of the genus Beta-CoVs, the CoVs have been posing a seri-
ous threat to public health and economy on a global scale
(Nguyen et al. 2022; Zhai et al. 2020). Porcine deltacoro-
navirus (PDCoV) as an emerging member in Delta-CoVs
has been detected and reported in many countries’ swine
population around the world since its first detected in 2009,
in China Hong Kong (Le et al. 2018; Lee et al. 2016; Li
et al. 2018a; Lorsirigool et al. 2017; Lorsirigool et al. 2016;
Perez-Rivera et al. 2019; Wang et al. 2014; Woo et al. 2012).
Its clinical symptoms are similar to those of the porcine epi-
demic diarrhea virus (PEDV), which causes diarrhea and/
or vomiting in newborn piglets, but with milder virulence
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than PEDV(Wang et al. 2014). However, studies in recent
years have reported PDCoV spillover occurrences into other
species, with chickens, turkey poults, and calves being sus-
ceptible to PDCoV infection (Boley et al. 2020; Jung et al.
2017; Liang et al. 2019). Remarkably, the PDCoV mutated
in the non-structural protein (Nsp) 15 and the spike (S) gly-
coprotein genes can infect children with mild illness (fever,
cough, and abdominal pain) in Haiti (Lednicky et al. 2021).
It is the first detected event that PDCoV of swine population
successfully spilled into humans, suggesting that the PDCoV
possesses the potential ability of cross-species transmission
of CoVs (He et al. 2022b). Therefore, we urgently need to
keep on conducting more researches to understand and pre-
vent the PDCoV.

Among the four structural proteins of CoVs, the S protein
and the nucleocapsid (N) protein are two main immunogens
(Meyer et al. 2014). The CoVs S protein is a trimeric class
I transmembrane protein which stimulates cell tropism and
virus entry and induces neutralizing antibodies and protec-
tive immunity in the host system (He et al. 2006; Simmons
et al. 2004). In order to monitor and evaluate the genetic
evolution of PDCoVs well, PDCoV have been divided into
four lineages based on the phylogenetic tree of the S protein
because of its higher mutation rate, including the Thailand,
Vietnam, and Laos lineage; the Early China lineage; the
USA, Japan, and South Korea lineage; and the China line-
age (He et al. 2020; Zhang et al. 2019). The N protein of
the CoVs packages the viral genome RNA (gRNA) into a
helical ribonucleocapsid (RNP) and plays an important role
in transcription and replication in viral life cycle. (Chang
et al. 2014; McBride et al. 2014). Since the PDCoV N pro-
tein exhibited the highest conservation level sharing 96.94
to 100.00% amino acid homologies, so it has been used as
diagnostic marker and immunogen in the in the develop-
ment of diagnostic applications. Wang et al. developed a
N protein-based blocking enzyme-linked immunosorbent
assays (ELISA) for the detection of PDCoV antibodies, the
diagnostic sensitivity of the blocking ELISA were 98.7%
(326/330), which is slightly lower than 100% (330/330) sen-
sitivity by IFA identified 330 positive samples in 384 swine
serum samples (Wang et al. 2022). Yu et al. developed an
Epitope-ELISA diagnostic method based on SARS-CoV N
protein that can successfully distinct from the SARS-CoV
antibodies in serological detection of COVID-19 patients
(Yu et al. 2022). In view of the abovementioned, it is attrac-
tive and effective that has been developing serological diag-
nostic method based on the CoVs N proteins.

Here, in order to have a better understanding of the biolog-
ical function of PDCoV N protein, we purified recombinant
His-tagged PDCoV N protein and prepared three monoclonal
antibodies (mAbs) (3B4, 4D3, and 4E3) with the lympho-
cytic hybridoma technology. Due to the mAb 4D3 has the
highest antibody affinity, accordingly, we further identified
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the precise B-cell linear epitope of mAb 4D3. Furthermore,
homology analysis revealed that the sequence of novel liner
B-cell epitope, EP-4D3 was highly conserved among PDCoV
strains. The identification of novel epitope can assist us in
comprehending the antigenic structure of viral protein and be
used for further developing diagnostic methods for PDCoV.

Materials and methods
Virus strains and cells

PDCoV SD2018/10 (Genbank accession No.MN520194)
and AH2019/H (Genbank accession No.MN520198) strains
were preserved in our laboratory. The myeloma cell line SP
2/0 was cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (HyClone, USA) with 15% fetal bovine serum
(Gibco, USA) under a humidified 5% CO, atmosphere at
37 °C. The LLC-PKI1 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, USA) with 10%
fetal bovine serum (Gibco, USA) at 37 °C with 5% CO,. All
culture media contained 1% penicillin—streptomycin antibi-
otics (NCM Biotech, China).

Expression and purification of PDCoV N protein

The PDCoV full-length N protein gene was subcloned into
pET-32a (+) vector (EcoR I and Xho I) with 6 X His-Tag,
using the amplification primers listed in Table 1, and then
transformed into E.coli BL.21 (DE3). The recombinant His-
PDCoV N protein was purified by Ni-NTA His-Bind Resin
after induction at 16°C for 12 h with 1 mM Isopropyl-beta-
D-thiogalactopyranoside (IPTG), and evaluated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and western blotting.

Preparation and identification of mAbs
against PDCoV N protein

Six- to-8week female BALB/c mice were immunized subcu-
taneously with 100 pg recombinant His-PDCoV N protein
emulsified with freund complete adjuvant (Sigma-Aldrich,
USA), followed by immunized with 100 pg recombinant
His-N protein emulsified with incomplete adjuvant (Sigma-
Aldrich, USA) every two weeks. One week after the third
immunization, the antibody titer of mice was measured, once
the antibody titer of immunized mice reached 1076, 50 pg
recombinant His-PDCoV N protein without adjuvant was
injected intraperitoneally. Three days later, spleen B lympho-
cytes and SP 2/0 cells were collected and fused with polyeth-
ylene glycol 2000 (Sigma-Aldrich, USA). Hybridoma cells
were selected in RPMI 1640 medium containing hypox-
anthine-aminopterin-thymidine (HAT) (Sigma-Aldrich,
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Table 1 Primers used in this study

Primer names Primer sequence (5'-3')

Negative sense

Size of amplicon

(bp)

Sense

N protein CGGAATTCATGGCTGCACCAGTAGTCCCTAC

aa 1-142 GGAATTCATGGCTGCACCAGTAGTCCC

aa 128-242  GGAATTCTTCCCAACCGGAGATGGCCC

aa 227-342  GGAATTCCCTCGCATCATGGCTCTAGC

aa 1-60 GGAATTCATGGCTGCACCAGTAGTCCC

aa 50-110 GGAATTCCTGCGTTACACCAGACAAAA

aa 100-142  GGAATTCGGTTCGGGAGCTGACACTTC

aa 1-35 GGAATTCATGGCTGCACCAGTAGTCCC

aa 25-60 GGAATTCACTCATCCTCAGTTTCGTGG

aa 2040 GGAATTCCAAAATAAAAAGGCTACTCA

aa 2548 GGAATTCACTCATCCTCAGTTTCGTGG

aa 39-60 GGAATTCGCCATCAAACCCGTTGAAAA

aa 31-54 GGAATTCGGCAATGGAGTTCCGCTTAA

aa 2648 GGAATTCCATCCTCAGTTTCGTGGCAA

aa 2748 GGAATTCCCTCAGTTTCGTGGCAATGG

aa 2848 GGAATTCCAGTTTCGTGGCAATGGAGT

aa 2948 AATTCTTTCGTGGCAATGGAGTTCCGCTT

AACT-
CCGCCATCAAACCCGTTGAAAACCATGGCT
ACC

aa 2545 GGAATTCACTCATCCTCAGTTTCGTGG

aa 2544 GGAATTCACTCATCCTCAGTTTCGTGG

aa 2543 GGAATTCACTCATCCTCAGTTTCGTGG

aa 25-42 GGAATTCACTCATCCTCAGTTTCGTGG

aa 25-41 AATTCACTCATCCTCAGTTTCGTGGCAAT-
GGAGTTCCGCTTAACTCCGCCATCAAAC

aa 2844 AATTCCAGTTTCGTGGCAATGGAGTTCCG-

CTTAACTCCGCCATCAAACCCGTTGAAC

CCGCTCGAGTCGCTGCTGATTCCTGCTTTA 1026

TCTC
CCGCTCGAGTGGGGTCAACTCTGAAACCTTG 426
CCGCTCGAGTCATCTCCTGAACACCAGGCA 345
CCGCTCGAGTCGCTGCTGATTCCTGCTTTA 348
CCGCTCGAGAGTACCACCTGGCTTTTGTC 180
CCGCTCGAGATGAGGCTTAATAGAAGTGT 183
CCGCTCGAGTGGGGTCAACTCTGAAACCT 129
CCGCTCGAGCGGAACTCCATTGCCACGAA 105
CCGCTCGAGAGTACCACCTGGCTTTTGTC 108
CCGCTCGAGGATGGCGGAGTTAAGCGGAA 63
CCGCTCGAGGTAGCCATGGTTTTCAACGG 72
CCGCTCGAGAGTACCACCTGGCTTTTGTC 66
CCGCTCGAGTCTGGTGTAACGCAGCCAGT 72
CCGCTCGAGGTAGCCATGGTTTTCAACGG 69
CCGCTCGAGGTAGCCATGGTTTTCAACGG 66
CCGCTCGAGGTAGCCATGGTTTTCAACGG 63
TCGAGGTAGCCATGGTTTTCAACGGGTTT 60

GATG-
GCGGAGTTAAGCGGAACTCCATTGCCACGA

AAG
CCGCTCGAGGTTTTCAACGGGTTTGATGG 63
CCGCTCGAGTTCAACGGGTTTGATGGCGG 60
CCGCTCGAGAACGGGTTTGATGGCGGAGT 57
CCGCTCGAGGGGTTTGATGGCGGAGTTAA 54

[CGAGTTTGATGGCGGAGTTAAGCGGAAC-
TCCATTGCCACGAAACTGAGGATGAGTG

TCGAGTTCAACGGGTTTGATGGCGGAGTT-
AAGCGGAACTCCATTGCCACGAAACTGG

51

51

USA). The positive cell clones were screened by indirect
indirect ELISA, then subcloned by limited dilution method
at least three rounds. To generate monoclonal antibodies,
the obtained antibody-secreting cells were intraperitoneally
injected into sensitized mice with incomplete adjuvant. The
subtypes of monoclonal antibodies were identified using the
monoclonal antibody isotyping determination kit (Biodragon
Immunotechnologies, China).

Indirect ELISA detection of positive and monoclonal
hybridoma cell lines

The purified recombinant His-PDCoV N protein was diluted
to 2 pg/mL with bicarbonate buffer and coated overnight at
4°C on ELISA plates. After five washes with phosphate buffer
saline (PBS) supplemented with 0.05% Tween-20 (PBST), the
plates were blocked for 1 h at 37°C incubated with 1.0% bovine
serum albumin (BSA). After another wash, 100 pL hybridoma
supernatant was added and incubated at the condition of 37°C

for 1 h, while the SP 2/0 cells supernatants and mice posi-
tive serum were used as negative control and positive control,
respectively. After washing with PBST five times, horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (1:10,000)
(KPL, USA) was used as a secondary antibody incubating
for 1 h at 37°C. Washing again, 100 pL 3,3',5,5' tetramethyl
benzidine (TMB) color developing solution was added and
reacted at 37°C for 10 min before being terminated with 50
pL H,SO, (2 M). The OD value was read at 450 nm with
an enzyme reader (TECAN, Switzerland). The positive wells
were screened out using P/N >2.1 as the positive criteria.

Western blotting

The recombinant N proteins with 6 X His-Tag or GST-Tag
and native PDCoV N protein were transferred onto the nitro-
cellulose (NC) membrane after separation by SDS-PAGE.
The NC membrane blocked with 5% skim milk for 1 h at
37°C after washing five times with PBST, then incubated

@ Springer



654

Applied Microbiology and Biotechnology (2023) 107:651-661

overnight at 4°C with the monoclonal antibody (1:1000,
1:2500, 1:5000) as the primary antibody. After five washes
with PBST, the HRP-conjugated goat anti-mouse (1:10,000)
with 5% skim milk was used as the secondary antibody for
1 h at 37°C. The incubated substrate solution was exposed
for development after being washed.

Indirectimmunofluorescence assay (IFA)

PDCoV strains SD2018/10 and AH2019/H were respectively
inoculated into LLC-PK1 cells at 24-well plates with MOI
of 0.01. After 16 h post-inoculation, the cells were fixed
with ice methanol at -20°C for 10 min, washed three times
with PBS, and then blocked at 37°C for 1 h with 1.0% BSA.
Following PBS washing, a monoclonal antibody (1: 1000)
was used as the primary antibody and incubated at 37°C for
2 h. After washing five times with PBS, fluorescein isothio-
cyanate (FITC)-labeled goat anti-mouse IgG (1: 400) (KPL,
USA) was used as the secondary antibody and incubated
at 37°C for 1 h. After washing with PBS, 4',6-diamidino-
2-phenylindole (DAPI) (1:1000) was added to observe fluo-
rescence under a fluorescence microscope.

Precise epitope of PDCoV N protein

In order to identify the precise epitope of the PDCoV N
protein recognized by mAb 4D3, we truncated PDCoV N
protein into a series of fragments or polypeptides for five
rounds based on the prediction results of online B-cell

Fig.1 Schematic diagram of the
relative locations of truncated

epitope prediction website (http://www.iedb.org/). The first
truncated three overlapped fragments were amplified and
subcloned into pET-32a (+) vector (EcoR I and Xho I) with
6 x His-Tag. Primers used for the truncated fragments were
listed in Table 1. After the fourth round, the amino acids
(aa) at the C-terminus and N-terminus of polypeptide aa
25-48 were deleted one by one until the smallest binding
domain was recognized by the mAb 4D3 (Fig. 1). For certain
shorter polypeptides, we employed complementary primer
pairs for some shorter polypeptides that were annealed at
99°C for 10 min and then cooled to room temperature for
ligation. The truncated polypeptides from the second to the
fifth round, were subcloned into pGEX-4 T-1 vector (EcoR
I and Xho I) with GST-Tag. After accurately sequencing of
recombinant plasmids, they were all induced expression in
E.coli BL21 (DE3), after induction with 1 mM IPTG at 16°C
overnight, and tested the molecular weight of these polypep-
tides by SDS-PAGE. The reactivity of the truncated proteins
for binding the mAb 4D3 was detected by western blotting.

Sequence homology analysis

To analyze the sequence homology of the identified epitope
among PDCoV strains, Delta-CoVs, and porcine CoVs,
we used the DNAstar MegAlign (Madison, WI, USA) and
MEGAT7.0 software to compare the sequences of identified
epitope and reference strains. All reference strain sequences
in our study were obtained from Genbank (Tables S1, S2,
and S3).

PDCoV N protein (342aa)

aal aa342
fragments of PDCoV N protein
for epitope mapping. The {7 aal aal42
blue fragment represented the Round1 aal28 aa242
complete PDCoV N protein. aa227 aa342
The orange fragments showed { pa] ee— 060
that the regions could react with Round 2 2a50 2al10
mAb 4D3. The gray fragments ‘ 2al00 aal42
were thc-:' correspondlgg regions aal 2260
which did not react with mAb -
aal aa35s
4D3 Round 3 aa25 2a60
aa20 2a40
| aa25 m— 048
Round 4 aa39 2a60
i aa3l aa54
""" aa26 aa48 HPQFRGNGVPLNSAIKPVENHGY
aa27 aa48 PQFRGNGVPLNSAIKPVENHGY
2a28 aa48 QFRGNGVPLNSAIKPVENHGY
aa29 aa48 FRGNGVPLNSAIKPVENHGY
aa25 aads THPQFRGNGVPLNSAIKPVEN
Round 5 aa25 aad4 THPQFRGNGVPLNSAIKPVE
aa25 aa43 THPQFRGNGVPLNSAIKPV
225 2242 THPQFRGNGVPLNSAIKP
aa25 aadl THPQFRGNGVPLNSAIK

2228 t— 2244
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Spatial conformation

To understand the spatial distribution of the identified
epitope, the three-dimensional (3D) model of PDCoV N
protein was modeled with the SWISS-MODEL (https://
swissmodel.expasy.org) online tools using the N-terminal
RNA-binding domain of SARS-CoV-2 N protein as a
template (Kang et al. 2020; Khan et al. 2020); then, the
visualized analysis of the epitope was structured by the
PyMOL software (https://pymol.org/2). The hydrophilicity,
antigenicity, and surface possibility of the epitope were
analyzed by the DNAstar Protean (Madison, WI, USA)
software.

Results
Expression of recombinant proteins

The PDCoV N gene was amplified based on the PDCoV
SD2018/10 strain; then, the DNA fragment of complete
PDCoV N protein was subcloned into prokaryotic
expression vector the pET-32a (+); the recombinant plasmid
pET-32a-PDCoV N was then induced to express in E. coli
BL21 (DE3) cells. As shown in SDS-PAGE (Fig. 2A), the
recombinant His-PDCoV N successfully expressed in the
supernatant (Lane 3); the molecular weight of purified His-
PDCoV N protein is approximately 58 kDa (Lane 4). The
western blotting (Fig. 2B) indicated that the recombinant
His-PDCoV N protein was expressed as predicted and
recognized specifically by anti-His mAb.

Production and characterization of mAbs
against the N protein

Purified recombinant His-PDCoV N protein was used as
immunogen to immunize BALB/c mice for preparing the
mADb against PDCoV N. After three immunizations, the
mouse with the highest antibody titer assessed by specific
indirect ELISA of PDCoV N was sacrificed for hybridoma

A
M 1 2 3 4
100kDa
70kDa | v
SDS-PAGE

Fig.2 Analysis of recombinant His-PDCoV N protein by SDS-PAGE
(A) and western blotting (B) with His-Tag mAb. Lane M: protein
marker; Lane 1: sonication lysates of recombinant plasmid pET-
32a-N transformed E. coli BL21 (DE3) without IPTG induction;

production. The antibodies secreted by hybridoma cells
in supernatant were analyzed by indirect ELISA and IFA,
and then, the positive and growing well hybridoma cells
were subcloned at least three times with the limiting limited
dilution method to generate the monoclonal hybridoma cell
lines. Isotype determination revealed that the heavy chain
and light chain of three mAbs, 3B4, 4D3, and 4E3, were
all belong to IgG2a and « subtype. The antibody titer of
our obtained three mAbs measured by the indirect ELISA
were around 1x107°, illustrating that the recombinant His-
PDCoV N protein induced an effective immunological
reaction in mice. As demonstrated by the results of IFA
(Fig. 3A) and western blotting (Fig. 3B), the three mAbs
could respectively and specifically recognize native N
proteins from the LLC-PK1 cells respectively infected with
PDCoV SD2018/10 and PDCoV AH2019/H, but not the
mock sample, indicating that the prepared mAbs can be used
for identification of viruses isolated and applied to other
relevant molecular biology research.

Epitope mapping of PDCoV N protein

Epitope mapping designed in Fig. 1, the complete N
protein was truncated into three overlapped fragments, aa
1-142, aa 128-242, and aa 227-342, fused with His-Tag
and expressed in E. coli BL21 (DE3). Western blotting
results showed that only aa 1-142 could react with mAb
4D3 (Fig. 4A), indicating the epitope binding for the mAb
4D3 was located in the region of aa 1-142 of PDCoV N
protein. During the second to fourth rounds of screening
and identification, the polypeptide aa 25-48 fused with
GST-Tag could be recognized by mAb 4D3 (Fig. 4B).
To further determine the precise epitope, the N-terminal
and C-terminal of polypeptide aa 25-48 were truncated
one by one and fused with GST-Tag to induce expression
in the fifth round. Ultimately, these results demonstrated
that polypeptide 2QFRGNGVPLNSAIKPVE* (EP-4D3)
located in the N-terminal of PDCoV N protein was the
minimal linear epitope for binding mAb 4D3 (Fig. 4C).

B
M 1 2 3 4
100kDa
70kDa
55kDa -

Western Blotting: mAb His-Tag

Lane 2: precipitates of pET-32a-N transformed E. coli BL21 (DE3)
with IPTG induction; Lane 3: cell supernatant of pET-32a-N trans-
formed E. coli BL21 (DE3) with IPTG induction; Lane 4: purified
recombinant His-N protein
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§ Western Blotting: PDCoV N mAb
=
g
<
Mock

SD2018/10

AH2019/H

Fig.3 Reactivity of three mAbs of PDCoV N by IFA (A) and west-
ern blotting (B). IFA was detected with mAb 3B4, 4D3, and 4E3 with
1:1000 dilution, respectively. Western blotting was performed using

Conservation analysis of epitope sequences

The conservation analysis of identified epitope EP-4D3
between diverse PDCoV strains (Table S1), together with
other Delta-CoVs (Table S2) and porcine CoVs (Table S3)
were respectively analyzed using the Megalign and
MEGA?7.0 software. Alignment results showed that the
EP-4D3 epitope was a conserved epitope in all PDCoVs,
despite the existence of two residues, valine*® and alanine®
that were simultaneously presented in the Thailand,
Vietnam, and Laos lineage and China lineage. The amino
acid at 43 site of the USA, Japan, and South Korea lineage
was valine, but this position was alanine in the early China
lineage (Fig. 5A). In comparison with other Delta-CoVs,
EP-4D3 epitope sequence shared 35.3 to 94.1% sequence
similarity with alignment sequences, and five residues
(F¥-G¥V3*P*3.N?") in the identified epitope sequence
were determined to be substantially conserved. The
porcine coronavirus HKU15-155 (PorCoV HKU15), Asian
leopard cats coronavirus (ALCCoV), sparrow coronavirus
HKU17 (SpCoV HKU17), and sparrow deltacoronavirus
all shared 94.1% sequence similarity with the identified
epitope EP-4D3 sequence. Notably, the Alanine*’ in the
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mAb 3B4, 4D3, and 4E3 at 1:1000, 1:2500, and 1:5000 dilutions,
respectively. Lane M: protein marker; Lane 1: PDCoV SD2018/10
strain; Lane 2: PDCoV AH2019/10 strain; Lane 3: Mock

N epitope (**QFRGNGVPLNSAIKPAE*) of the bulbul
coronavirus HKU11 (BuCoV HKU11), munia coronavirus
HKU13 (MunCoV HKU13), SpCoV HKU17, sparrow
deltacoronavirus, and night heron coronavirus HKU19
(NHCoV HKU19) were identical to those of the ALCCoV
and PorCoV HKUI1S5 (Fig. 5B). In addition, there was a
low level of sequence homology of the EP-4D3 epitope
among PDCoV and other porcine CoVs (PEDV, TGEV,
PRCYV, SADS-CoV, PHEV), ranging from 11.8 to 29.4%,
with the valine®* and proline® in the corresponding epitope
sequences being relatively conserved in all alignment
sequences (Fig. 5C).

Spatial position of epitope binding

The spatial distribution of the identified epitope EP-4D3
(*3QFRGNGVPLNSAIKPVE*) was located on a 3D model
of the N-terminal of the PDCoV N protein constructed by
the SWISS-MODEL and highlighted in red using PyMOL
software (Fig. S1A and S1B). The structure of the identified
epitope showed a typical B-cell epitope characterization
with a high antigenic index and hydrophilicity (Fig. S1C).
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Western Blotting: mAb 4D3

Fig.4 Epitope mapping of mAb 4D3 by western blotting. The
expression of truncated fragments or polypeptides was detected by
SDS-PAGE. A MADb 4D3 specifically reacted with truncated frag-
ment aa 1-60 after the first two rounds of identification. B In the

third and fourth round identification, the polypeptide aa 25-48 was
recognized by mAb 4D3. C The polypeptide QFRGNGVPLNSAI-
KPVE.* in the fifth round was the minimal epitope for binding mAb
4D3
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KJ462462| OH1987|pig| USA Ohio| 20140131 100.0% &South Korea lineage
KT381613|OH11846| pig| USA Ohio| 20140507 100.0%
KY354363|DH1|porcine| South Korea Kyunggido| 20160401 100.0%
KT021234|CH/SXD1/2015|porcine| China| 20150320 100.0%
g JQ065042|HKU15-44|pig| China Hong Kong| 2009 100.0% .
(o) KY513725|CH/Jiangsu/2014|pig| China Jiangsu|2014 94.1% A
&) NC 039208|HKU15-155]pig| China Hong Kong|2010 94.1% A China lineage
a MF948005|HB-BD|porcine|China|20170810 94.1% A
o KY513724|CH/Hunan/2014|pig| China Hunan|2014 100.0%
s PDCoV SD2018/10|China Shandong|201810 / 580 5 5 o o o o o 5 s o o o o o 5 oBo
KP757890| CHN-AH-2004| pig| China| 20040524 94.1% . . . LA L Early China lineage
MF642322| CHN/GS/2016/1| Tibetan pig| China| 201608 94.1% i . . . . . . . . . . . . . .A
KX834351| PDCoV/Swine/Vietnam/HaNoi6/2015|piglet|Viet Nam| 20151010 100.0% . :
KX834352| PDCoV/Swine/Vietham/Binh21/2015|pig| Viet Nam|20151208  100.0% Thailand & Vietnam
KX118627|P1 16 BTL 0115/PDCoV/2016/Lao|pig|Laos| 20160120 94.1% i, . . . . . . . . .. . . . A .. )
KUO51641|PDCoV/Swine/Thailand/S5011/2015|pig| Thailand| 20150610 ~ 94.1% .:. . . . . . . . . . . . . . . A .:. |&Laocslineage
KUO051649| PDCoV/Swine/Thailand/S5015L/2015|pig| Thailand| 20150630  94.1% . : A G
2 e ae e .
B PPQFRGNGVPLNSATKPVENHomology
 PDCoV/SD2018/10|China Shandong|201810 o o c o o 6 0 o000 e s s 6 0 o ofa /
PDCoV/AH2019/H|China Anhui|2019 G 100.0%
NC 039208|HKU15-155|pig|China Hong Kong|2010 : A i 94.1%
EF584908| ALC/Guangxi/F230/2006|Asian leopard cat|China|200502-200603 G . A 94.1%
NC 011547|HKU11-934|red-whiskered bulbul|China Hong Kong|200701 iK . K .D I . A 70.6%
NC 011550|HKU13-3514|white-rumped munia|China Hong Kong|200704 I (< i - A 82.4%
MG812375|ISUB90-4|sparrow| USA lllinois| 2017 : A 94.1%
n NC 016992|HKU17-6124|sparrow|China Hong Kong|2007 . - I 94.1%
% NC 016994|HKU19-6918|night-heron| China Hong Kong|2007 i8S . KK ... .V.ASLQAADQ 353%
| LC364342|FalCoV UAE-HKU27 988F|falcons| United Arab Emirates| 20131205 o8 o D i . AP i  765%
@ LC364343|HouCoV UAE-HKU28 285F|houbara bustard|United Arab Emirates| 20130407 .: . D | A [P . 76.5%
= LC364344|PiCoV UAE-HKU29 271F|pigeon|United Arab Emirates|unkown o3 D | ATPY .: 76.5%
O  1c364345|QuaCoV UAE-HKU30 411F|quaill United Arab Emirates| 20130623 s 94.1%
O MH532440/G032/2015| Coturnix japonical Poland] 20150303 . s 94.1%
MT 138109|deltacoronavirus sp. isolate thr147cor1|unkown|China|2018 D Q 88.2%
NC 011549|HKU12-600|grey-backed thrush|China Hong Kong|200701 D . . @ 88.2%
NC 016991|HKU16-6847|white-eye| China Hong Kong| 2007 D N . A Q 76.5%
NC 016993| HKU18-chu3|magpie-robin| China Hong Kong| 2007 ST (< [ Vo . Q .:. 82.4%
NC 016995| HKU20-9243|wigeon|China Hong Kong|2008 LA . K . D | . TTLPKEMC 35.3%
NC 016996| HKU21-8295|common moorhen|China Hong Kong|2007 iS . K. D | TSLDHKAIA 35.3%
44
C Homology PIQFRGNGVPLNEATKPVEIN
NC 003436|PEDV/CV777|Pig|Beigium| 1977 29.4% KiVLAN.A T.KGN.D-Q:iQ
MF577027| PEDV/Belgorod/dom/2008| Pig| Russia| 2008 29.4% KiVLAN.A T.KGN.D-QiQ
KRO078299| PEDV/PC21A| Pig| USA Ohio| 201306 29.4% KivL AN . A T . KGN .D-aQiQ
| 1Q023161|PEDVIDR13|Pig|South Korea| 2009 29.4% KiVLAN. A T KGN .D-aQiQ
>| KU847996|PEDV/ZL29|Pig|China|201507 294% KiVLAN.A. T . KGN .D-aQiQ
O | MF346935/PEDVICH/JLDH/2016| Pig|China Jilin|201607 294% KiVLAN.A. .T.KGN.D-QQ
O| MH052687|PEDV/KNU-1708|Pig|South Korea| 201706 294% KIVLAN.A . .T.KGN.D - QiQ |Alphacoronavirus
© | NC038861|TGEV/PURA46|Pig|USA Indianal 118% NiLCPRDF . . KG IGNRD - QiQ
E| Kx900402| TGEV/Mex/145/2008| Pig| USA| 200804 118% N:LCPRDF . . KGIGNRD - Q:Q
O KX900393|TGEV/USA/Z/1986|Pig| USA| 200612 118% N:LCPRDF . .KGIGNRD - QiQ
O| KR270796|PRCV/OH7269|Pig|USA Ohio|201407 118% NiLCPRDF . .KGIGNRD - QQ
O | Ky406735/PRCVIUSAMinnesota-46140/2016| Pig| USA| 201611 11.8% N:LCPRDF . .KGIGNRD - Q:Q
MH8615810|SADS-CoV-CH-FJWT-2018| Pig| China| 201803 23.5% NiVMPR . _.TGKGTPD - QiQ
KY994645| PHEV/JL/2008| Pig| China| 200808 29.4% EiF AE . Q I AP GV P ST .:A | Betacoronavirus
* PDCoV/SD2018/10|China Shandong| 201810 h
PDCoV/AH2019/H| China Anhui| 2019 100.0% Deltacoronavirus

Fig.5 Conservation analysis of identified epitope for mAb 4D3. A software; the precise epitope QFRGNGVPLNSAIKPVE.* were
Amino acid alignment of diverse PDCoV strains, B comparison the surrounded by black dotted box; the dark spot represented the same
B-cell epitope sequences with other Delta-CoVs, and C homology amino acid as the B-cell epitope of mAb 4D3

analysis with other porcine CoVs using the Megalign and MEGA7.0
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Discussion

CoVs N protein is the most abundant and highly immuno-
genic viral protein in infected cells which can stimulate B
lymphocytes to secrete specific and abundant antibodies
against N protein in a short time (Seah et al. 2000), making
CoV N protein as optimal candidate for diagnosis develop-
ment. Therefore, the prepared specific monoclonal antibod-
ies and identified novel B-cell linear epitope of PDCoV N
are of great help to understand the antigenic structure of
PDCoV N. Previous study revealed that PDCoV AH2019/H
and SD2018/10 respectively belong to the USA, Japan, and
South Korea lineage and the China lineage (He et al. 2020).
In our study, all three generated mAbs (3B4, 4D3, and 4E3)
can react to native N protein of PDCoV SD2018/10 and
AH2019/H strains in IFA (Fig. 3A) and western blotting
assay (Fig. 3B), which means that these three mAbs all
have specific reactivity and can be widely used to iden-
tify PDCoV isolated strains in labs. The mAbs obtained in
our study were identified as subclass IgG2axk, and with an
antibody titer of 1x 107, So far, only few B-cell epitopes
SGTPIPPSYAFYY?, 'NFQAG-PDYER?’S, 3’ NKRET-
TLQQ?!7, and **QDWEWDDA** of N protein have been
reported(Fu et al. 2020; Ren et al. 2022; Wei et al. 2021).
Given that the highest affinity of antibody, we investi-
gated the B-cell epitope of mAb 4D3. The polypeptide
QFRGNGVPLNSAIKPVE* (EP-4D3) in the N-terminal
of PDCoV N protein was identified as the minimal linear
epitope for binding mAb 4D3 (Fig. 1, Fig. 4, and Fig. S1).

Homology analysis revealed that EP-4D3 epitope
sequences were highly conserved among PDCoV
strains, with different amino-acid residues at the 43
position of EP-4D3 epitope sequence and sharing 94.1%
sequence similarity between the first detected porcine
deltacoronavirus PorCoV HKU15 (alanine*’) and PDCoV
SD2018/10 (valine*?) which both belong to China lineage
(Fig. 5A) (He et al. 2020). Previous studies discovered that
the avain and mammalian CoVs of Deltacoronavirus shared
similar comparable genome structures and characteristics,
and that the avian CoVs serve as the gene source for
Gammacoronavirus and Deltacoronavirus (Woo et al.
2009, 2012). It reported that real-time RT-PCR targeting
the N protein gene in molecular investigation of PDCoV can
cross-react with sparrow deltacoronavirus because of high
sequence similarity between the two N proteins (Chen et al.
2018). One study found that PDCoV’s functional engagement
of orthologous receptors offers credible evidence for
PDCoV’s ancestor breaching the species barrier between
avian and mammals (Li et al. 2018b). It is interesting that the
N protein epitope sequences (> QFRGNGVPLNSAIKPAE*)
of PorCoV HKU15, ALCCoV, SpCoV HKU17, and sparrow
deltacoronavirus shared 100% sequence identity (Fig. 5B),

once again suggesting that PDCoV may have originated from
an avian-to-mammalian host-jump, which is consistent with
the viewpoint that mammalian Delta-CoVs (PorCoV HKU15
and ALCCoV) may have evolved from recombination events
within SpCoV HKU17, BuCoV HKU11, or other CoVs (Lau
et al. 2018). In short, the amino acid homology analysis of
EP-4D3 identified in this study gives us an insight into the
evolution of CoVs.

Up to now, six porcine CoVs have been described,
including PEDV (He et al. 2022a; Pensaert and de Bouck
1978), transmissible gastroenteritis virus (TGEV) (Laude
et al. 1990), porcine respiratory coronavirus (PRCV)
(Costantini et al. 2004), SADS-CoV (Zhou et al. 2018),
porcine hemagglutinating encephalomyelitis virus (PHEV)
(Roe and Alexander 1958), and PDCoV (Woo et al.
2012). PDCoV and SADS-CoV are regarded as emerging
CoVs comparison to the other swine CoVs; there are
few available diagnostic methods for the emerging swine
CoVs at present. The EP-4D3 epitope sequence showed a
relatively lower homology (11.8 to 29.4%) comparing with
other porcine CoVs’ s corresponding sequences (Fig. 5C).
It is noteworthy that the inter-genus and intra-genus cross-
reactivity of porcine CoVs poses a significant obstacle
to develop specifically diagnostic techniques (Gimenez-
Lirola et al. 2017; Lin et al. 2015; Ma et al. 2016).
Detected by the IFA and western blotting, the mAb 4D3
did not react to the native PEDV and TGEYV strains in our
lab (data not shown), which implying that this novel B-cell
epitope could not be recognized by the PEDV and TGEV
strains. Nevertheless, we also noticed that the novel B-cell
epitope sequence contains a number of T-cell epitopes
through IEDB online prediction, the two larger T-cell
epitopes among which were *GNGVPLNSAIKPVE*
and *’NGVPLNSAIKPVE*. Based on its high PDCoV-
specificity and immunogenicity, the novel B-cell linear
epitope recognized by mAb 4D3 can be exploited to
develop epitope-based serological diagnostics method in
the future.

In summary, we successfully prepared three mAbs (3B4,
4D3, and 4E3) against PDCoV N protein which showing
good specificity and sensitivity, and identified a novel linear
B-cell epitope 22QFRGNGVPLNSAIKPVE* in the N-ter-
minal of PDCoV N protein as the minimal linear epitope
for binding mAb 4D3. Our findings added to the rapidly
expanding field of PDCoV N protein antigenic structure and
offered foundation data for further development of diagnos-
tic applications.
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