
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Guo et al. BMC Veterinary Research           (2024) 20:22 
https://doi.org/10.1186/s12917-023-03863-2

BMC Veterinary Research

†Zhenhua Guo and Qingxia Lu contributed equally to this work.

*Correspondence:
Gaiping Zhang
zhanggaip@126.com
1Key Laboratory of Animal Immunology of the Ministry of Agriculture, 
Henan Provincial Key Laboratory of Animal Immunology, Henan Academy 
of Agricultural Sciences, Zhengzhou 450002, China

2School of Advanced Agricultural Sciences, Peking University, Beijing, 
China
3Jiangsu Co-innovation Center for Prevention and Control of Important 
Animal Infectious Diseases and Zoonoses, Yangzhou, China
4Vet Diagnostic & Production Animal Medicine, Iowa State University, 
Ames, IA, USA

Abstract
Background Porcine deltacoronavirus (PDCoV) is one of the emerging swine enteric coronaviruses (SECoVs), which 
has been widely prevalent in the North America and Asia. In addition to causing severe diarrhea in piglets, PDCoV also 
shows the potential to infect diverse host species, including calves, chickens, turkey poults, and humans. However, the 
clinical pathogenicity and genetic evolution of PDCoV is still not fully understood.

Results Here, we recorded an outbreak of a novel recombinant PDCoV strain (CHN-HeN06-2022) in a large nursery 
fattening pig farm. Genomic analysis showed that the CHN-HeN06-2022 strain shared 98.3-98.7% sequence identities 
with the Chinese and American reference strains. To clarify the evolutionary relationships, phylogenetic analysis was 
performed using the PDCoV genome sequences available in the GenBank database. Based on genetic distance and 
geographical distribution, the phylogenetic tree clearly showed that all the PDCoV sequences could be divided into 
lineage 1 and lineage 2, which were further classified into sublineage 1.1 (Chinese strains), 1.2 (the North American 
strains), 2.1 (the Southeast Asian strains), and 2.2 (Chinese strains). Corresponding to the evolutionary tree, we found 
that, compared to lineage 1, lineage 2 strains usually contain a continuous 6-nt deletion in Nsp2 and a 9-nt deletion 
in Nsp3, respectively. Furthermore, recombination analysis suggested that the CHN-HeN06-2022 occurred segments 
exchange crossed Nsp2 and Nsp3 region between sublineage 1.1 and sublineage 2.1. Combined with previously 
reported recombinant strains, the highest recombination frequency occurred in Nsp2, Nsp3, and S gene. Additionally, 
we identified a total of 14 amino acid sites under positive selection in spike protein, most of which are located in the 
regions related with the viral attachment, receptor binding, and membrane fusion.

Conclusions Taken together, our studies provide novel insights into the genetic diversity and adaptive evolution of 
PDCoV. It would be helpful to the development of vaccine and potential antiviral agent.
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Background
Coronaviruses (CoVs) are enveloped singe positive-
stranded RNA viruses belonging to the Coronaviri-
dae family, order Nidovirales [1]. Based on the genetic 
diversity, CoVs are further classified into four genera: 
Alphacoronavirus (α-CoV), Betacoronavirus (β-CoV), 
Gammacoronavirus (γ-CoV), and Deltacoronavirus 
(δ-CoV) [2]. Coronaviruses (CoVs) are important viral 
pathogens which can cause severe respiratory, digestive, 
and nervous diseases in mammals and birds [1]. In pigs, 
the swine enteric coronaviruses (SECoVs) are the most 
important ones which lead to severe clinical diseases and 
huge economic losses. To date, four different SECoVs 
have been reported, including porcine epidemic diarrhea 
virus (PEDV), transmissible gastroenteritis coronavirus 
(TGEV), porcine deltacoronavirus (PDCoV), and swine 
acute diarrhea syndrome coronavirus (SADS-CoV) [3]. 
Among them, PEDV and TGEV belong to α-CoV and 
have been prevalent in pigs for decades, whereas the 
δ-CoV PDCoV and α-CoV SADS-CoV are newly emerg-
ing SECoVs in recent years [4–6]. All of them cause 
similar clinical symptoms including vomiting, watery 
diarrhea, anorexia, dehydration, weight loss, and lethargy 
in neonatal piglets [3, 7].

The genome size of PDCoV is about 25.4  kb. The 
genome organization is consistent with the other CoVs, 
including 5′ untranslated region (UTR), open reading 
frames1a/1b (ORF1a/1b), spike protein (S), envelope (E), 
membrane (M), nonstructural protein 6 (NS6), nucleo-
capsid (N), NS7, 3′ UTR, and poly (A) tail [8]. PDCoV 
was first reported to cause severe diarrhea in suckling 
piglets in the United States in 2014 [9, 10]. However, the 
genomic information of PDCoV had been found from 
porcine rectal swabs as early as 2009 in Hong Kong 
(reported in 2012) [6]. Retrospective studies revealed 
that PDCoV was detectable in clinical samples col-
lected from 2004 in China [11], which suggested that 
PDCoV has been circulating in pigs more than ten years 
before its first report. Currently, PDCoV has been found 
widely circulating in pigs in the North America, China, 
East Asia and Southeast Asia [1, 2]. Although it is well 
known that PDCoV infection lead to severe diarrhea in 
suckling piglets with very high morbility and mortality, 
its clinical pathogenicity on pigs of other ages still needs 
to be further elucidated. On the other hand, recent stud-
ies showed that PDCoV also can infect calves, chickens, 
and turkey poults [1, 12]. Lednicky et al. reported that 
PDCoV was detected in plasma samples of three Hai-
tian children with an acute undifferentiated febrile illness 
[13]. All these studies suggest that PDCoV has the poten-
tial to infect diverse host species, raising the possibility of 
cross-species transmission of δ-CoVs.

High frequency of genetic variation and recombina-
tion is a significant characteristic for the RNA viruses 

[2]. In PDCoV, genetic diversity based on geographi-
cal dispersion and recombination strains have been 
identified by several studies [2, 14, 15]. The increase of 
genome sequences will facilitate us to better understand 
the genetic evolution and molecular characteristics of 
PDCoV. In present study, we recorded an outbreak of 
PDCoV in a large nursery pig farm. The genetic evolu-
tion and molecular characterization of the PDCoV strain 
were also analyzed. Furthermore, we detailedly ana-
lyzed the molecular epidemiology and adaptive evolu-
tion of PDCoV based on the currently available genome 
sequences in the GenBank database.

Results
Clinical status and laboratory diagnosis
On April 30, 2022, severe diarrhea broke out in a com-
mercial nursery to fattening pig farms in Henan province, 
central China. The farm owned approximate 7000 pigs 
which were purchased from a breeding company about 
400 km away on April 10, 2022. The disease originally was 
first spotted in one barn. And the infected pigs showed 
syndromes of vomiting, watery diarrhea, and dehydration 
(Fig. 1A), which is similar with the clinical symptoms of 
the infection of SECoVs. To confirm the causative agent, 
fecal swabs were delivered to our lab and screened for 
enteric virus using RT-PCR assay. The test result showed 
that only the nucleic acid of PDCoV was positive, and 
that of the PEDV, TGEV, PoRV and SADS-CoV were not 
detected (Fig. 1B). Although farm technicians took thera-
peutic and biosafety measures (antibiotic treatment, reg-
ular disinfection, management of personnel and material 
movement), the disease eventually spread throughout the 
pig farm. The epidemic lasted about 105 days, and a total 
of 1050 pigs were dead or culled, with loss rate of approx-
imate 15% (1050/7000).

Genome sequencing and homology analysis
Next, we sequenced the complete genome of the PDCoV 
strain and submitted to GenBank under the accession 
number OP501870, named CHN-HeN06-2022. The 
genomic length of CHN-HeN06-2022 is 25,403 nucleo-
tides (nt) (Supplementary file 1). The genome structure 
is similar to previous report, with the typical gene order 
5′ UTR, ORF1a/1b, S, E, M, NS6, N, NS7, 3′ UTR, and 
poly(A) tail. Then, the identities of CHN-HeN06-2022 
nucleotide and deduced amino acid (aa) sequences were 
analyzed using the Clustal W method by the MegAlign 
program (Table 1). The CHN-HeN06-2022 shared 98.3–
98.7% genomic sequence identities with the Chinese and 
American reference strains (GenBank no. KP757890, 
JQ065042, KP757891, and KT381613), and 97.5% simi-
larities with the Southeast reference strain S5011/
Thailand/2015 (GenBank no. KU051641), respectively. 
Furthermore, compared with the reference strains, the S 
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gene showed the most genetic diversity, with the identi-
ties of 95.9–97.9% at nt level and 96.8–98.1% at aa level, 
respectively. While the E gene was the most conserved, 
with 99.2–100% (nt) and 100% (aa) similarities to the ref-
erence strains.

Genetic evolution and molecular characteristics of PDCoVs
To better understand the evolutionary relationship of 
PDCoVs, the isolate and the other 182 genome sequences 
(Table S1) collected from GenBank (Oct. 20, 2022) were 
firstly aligned by MAFFT. And then the phylogenetic 
analysis was performed in MEGA11.0. As shown in Fig. 2, 
the phylogenetic tree showed that all the PDCoVs could 
be clearly divided into two lineages-lineage 1 and lineage 
2. Lineage 1 contains the strains mainly prevalent in the 
North America, China and East Asia. Lineage 2 strains 
were mainly distributed in the Southeast Asia and China. 
Moreover, lineage 1 was further divided into sublineage 
1.1 and sublineage 1.2. The sublineage 1.1 has three evo-
lutionary branches (clade 1, clade 2 and clade 3) and was 
mainly distributed in China, while sublineage 1.2 was 
main prevalent in the America, Japan, and South Korea. 
Similarly, lineage 2 was also divided into sublineage 2.1 
(prevalent in Vietnam, Thailand, and Laos) and sublin-
eage 2.2 (only reported in Guangxi and Anhui provinces 
in China) (Fig. 2). Our data indicate that genetic diversity 
in PDCoV is geographically distributed.

Additionally, we also compared the molecular char-
acteristics among different phylogenetic branches (rep-
resentative sequences alignment were shown in Fig.  3). 
Using the earliest strain CHN-AH-2004 (GenBank no. 
KP757890) as the prototype, most of sublineage 1.1 and 
sublineage 2.2 strains (Chinese strains) have 1 aa dele-
tion at the 52th position of S gene, while no such deletion 
was found in most of sublineage 1.2 strains (the North 
American and East Asia strains) and sublineage 2.1 

Table 1 Nucleotide and amino acid sequence similarity analysis between CHN-HeN06-2022 and the reference strains
CHN-HeN06-2022 
(OP501870)

Similarity (nt/aa)
CHN-AH-2004/
China/2004 (KP757890)

HKU15-44/
China/2009 
(JQ065042)

CHN-HB-2014/
China/2014 
(KP757891)

OH11846/USA/2014 
(KT381613)

S5011/
Thai-
land/2015 
(KU051641)

Genome 98.3/– 98.4/– 98.7/– 98.5/– 97.5/–
5′ UTR 99.4/– 99.4/– 99.4/– 99.3/– 99.3/–
ORF1a 98.2/98.9 98.1/98.8 98.6/99.2 98.3/99.1 97.6/98.3
ORF1b 98.8/99.7 98.6/99.7 99.1/99.8 99.0/99.7 97.8/99.4
S 97.4/97.8 97.9/98.0 97.9/98.1 97.8/98.3 95.9/96.8
E 99.2/100.0 100.0/100.0 100.0/100.0 99.6/100.0 100.0/100.0
M 98.9/98.6 98.8/98.6 98.8/98.6 98.6/98.6 98.3/98.6
N 98.1/98.8 98.8/99.7 98.7/99.7 98.8/99.7 97.3/98.8
NS6 98.9/98.9 99.3/99.3 99.3/99.3 98.9/98.9 98.2/98.2
NS7 98.8/97.5 99.3/98.5 99.2/98.0 99.2/98.0 97.7/94.5
3′ UTR 98.4/– 98.4/– 98.4/– 98.4/– 97.4/–

Fig. 1 Clinical symptoms and laboratory diagnosis. (A) The diseased pigs 
displayed anorexia, vomiting, watery diarrhea, dehydration, and weight 
loss. (B) The PCR result of nucleic acids testing of the potential viral patho-
gens. PEDV (line 1 and 6), TGEV (line 2 and 7), PoRV (line 3 and 8), SADS-CoV 
(line 4 and 9), and PDCoV (line 5 and 10). The original full-length gels for 
the PDCoV laboratory diagnosis were presented in supplementary file 2
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strains (the Southeast Asia strains). On the other hand, 
lineage 2 always has a deletion pattern comprised of 6-nt 
deletion at positions 1,198–1,203 in Nsp2 and 9-nt dele-
tion at positions 2,281–2,289 in Nsp3, which are rarely 

found in lineage 1 except of the recombinant strains 
that exchanged gene segments with the Southeast Asia 
strains. Besides, we also found the CH/Sichuan/S27/2012 
(GenBank no. KT266822) and CH-01 (GenBank no. 

Fig. 2 Phylogenetic analysis based on the complete genomes of PDCoVs. The isolate CHN-HeN06-2022 and other 182 genome sequences collected 
from GenBank (Oct. 20, 2022) were used to perform nucleotide alignment by MAFFT software. Then, the evolutionary analyses were conducted in 
MEGA11 using the neighbor-joining method and the Kimura-2-parameter nucleotide substitution model with 1000 bootstrap replicates. The red square 
symbol indicates the CHN-HeN06-2022 strain. The blue dots represent the early strains in China
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KX443143) may be as the intermediate strains between 
lineage 1 and lineage 2 (Fig. 2), which has a deletion pat-
tern containing 6-nt deletion in Nsp2, 9-nt deletion in 
Nsp3, and 3-nt deletion in S gene (Fig.  3). Interestingly, 
although the CHN-HeN06-2022 was clustered into clade 
3 in sublineage 1.1 (Fig. 2), the deletion pattern of Nsp2 
and Nsp3 in CHN-HeN06-2022 was completely con-
sistent with the representative sequences of sublineage 
2.1 and 2.2 (Fig.  3), which suggests that possibly there 
occurred a recombinant event in the CHN-HeN06-2022.

Recombination analysis
To explore the potential recombinant event in CHN-
HeN06-2022, we performed a screening by RDP4.0 using 
seven algorithms. The statistical results suggested that 
CHN-HeN06-2022 was a recombinant strain between 
the sublineage 1.1 (Chinese strains) and sublineage 
2.1 (Southeast Asian strains) (P < 0.001, recombinant 
score = 0.65), which used CHN-HB-2014 (GenBank no. 
KP757891) as the major parent and NKP-1/2016/Thai-
land (GenBank no. MZ802775) as the minor parent 

Fig. 3 The insertion and deletion patterns of PDCoVs. The multiple sequence alignment was analyzed by the clustal W (codons) method in MEGA11. The 
earliest strain CHN-AH-2004 and the isolate CHN-HeN06-2022 were shown in bold. Using the CHN-AH-2004 strain as prototype, the insertion and deletion 
characteristics were displayed in Nsp2, Nsp3 (A), and S gene (B)
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(Table  2). The recombinant event was also confirmed 
by SimPlot 3.5.1. The similarity plot showed that the 
potential breakpoints in CHN-HeN06-2022 to be at nt 
1009 and 2449, which crossed the Nsp2 and Nsp3 genes 
(Fig.  4A). Moreover, phylogenetic analysis based on the 
major or minor parental sequences further indicated 
that the recombination event had occurred between the 
sublineage 1.1 and sublineage 2.1 (Fig.  4B, C). Next, we 
wonder whether there are recombination hotspots over 
the PDCoV genome. As shown in Table 3 and Fig. 5, all 
the reported recombinant PDCoV strains were summa-
rized and analyzed [14, 16–22]. The data displayed that 
the recombinant events often occurred in Nsp2 (5 times) 
and Nsp3 (4 times), followed by S gene (3 times), Nsp12 
(2 times), Nsp13 (2 times), M gene (2 times), 5′ UTR (1 
time), Nsp4 (1time), Nsp15 (1 time), and NS6 (1 time). 
We also found that most of the recombinant strains usu-
ally exhibited gene segments exchange between Chinese 
strains (sublineage 1.1) and the Southeast Asian strains 
(sublineage 2.1). There are still no recombination reports 
in the North American strains (sublineage 1.2).

Amino acid selection analysis of spike protein
The CoVs S gene is the main determinant of host tropism 
and related to the cross- species transmission [12]. To 
better understand the adaptive evolution, we investigated 
the positive amino acids selection in S gene of PDCoV 
using the Datamonkey (http://www.datamonkey.org/). 
Finally, we identified 14 aa sites under the positive selec-
tion in the S gene (Table  4; Fig.  6A). Among them, 11 
sites (residues 40, 44, 46, 62, 123, 136, 137, 149, 169, 183, 
and 397) were distributed in S1 subunit, which is mainly 
responsible for receptor binding and immune response 
[23]. While 3 sites (residues 630, 642, and 968) were 
located in the S2 subunit, which is mainly responsible for 
membrane fusion [23]. Besides, the residues 149 had the 
highest variability among the PDCoVs, followed by resi-
dues 44 and 169.

Then, the positive selective aa sites were further visu-
alized on a three-dimensional cartoon diagram using the 
cryo-electron microscopy (cryo-EM) structure of PDCoV 
S-e (residues 52-1017) (Fig. 6B, C) [23]. Specifically, the 
residues 62, 123, 136, 137, 149, 169, and 183 are on the 
surface of homotrimer. And all of them are located on the 
N-terminal domain of S1 (S1-NTD) which may facilitate 
the initial viral attachment to cells. The residue 397 is 
inner of the trimeric structure and mapped in the recep-
tor binding domain (RBD) that may alter the receptor 
specificity and consequently tissue tropism. The residue 
630 and 642 are located in the central helices N (CH-N) 
region consisting of four helices and a connecting loop. 
And the residue 698 is distributed in the fusion peptide 
(FP) region which can insert into the target membrane 
after a conformation change. On the other hand, the Ta
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residues 40, 44, and 46 are not resolved in the known 
crystallographic structure, possibly due to the fact that 
the fragment is too flexible to be seen by cryo-EM.

Discussion
It is well known that PDCoV causes severe diarrhea 
in suckling piglets. However, there are very few clini-
cal reports on the pathogenicity of PDCoV in nursery 
pigs. Here, we recorded an outbreak of PDCoV in a large 
nursery pig farm which raised about 7000 pigs. The dis-
eases lasted more than 3 months and almost all of the 
pigs were infected. Finally, approximate 1050 pigs were 
dead or culled. The direct loss rate was about 15%. More 
importantly, the growth performance of most infected 
pigs was severely affected, manifesting obvious wast-
ing and growth retardation. Our detailed document will 
provide valuable information for the clinical prevention 
and control strategies of PDCoV. Given the growing epi-
demic of PDCoV and the huge economic loss, it is urgent 
to develop effective vaccines or drugs for prevention and 
treatment.

The PDCoV strain was successfully sequenced and 
named CHN-HeN06-2022. Homological analysis showed 
that the CHN-HeN06-2022 have the highest nt identity 
with the reference strain CHN-HB-2014 (GenBank no. 
KP757891). Specifically to the ORFs, the S gene exhib-
ited the most genetic diversity and the E gene had the 
highest conservation, which are consistent with previ-
ous reports [10]. To clarify the evolutionary relationship, 
the CHN-HeN06-2022 and other 182 genome sequences 
of PDCoVs were used to perform phylogenetic analy-
sis. The results indicated that all of the PDCoVs could 
be divided into two lineages-lineage 1 and lineage 2, 
which were further splitted into sublineage 1.1 (Chinese 
strains), sublineage 1.2 (the North American strains), 
sublineage 2.1 (the Southeast Asian strains), and sublin-
eage 2.2 (Chinese strains). Based on the geographical dis-
tribution of PDCoV strains, previous studies divided the 
PDCoV full genomes into three major lineages, including 
the Southeast Asia (SEA) lineage, America lineage, and 
China (CHN) lineage [1, 2, 7]. However, the classifica-
tion can’t fully reflect the genetic evolution of the PDCoV 

Fig. 4 Recombination analysis of CHN-HeN06-2022. (A) The mosaic regions were verified by SimPlot 3.5.1 software. The X-axis shows the location of the 
query strain CHN-HeN06-2022, and the Y-axis displays the percentage of similarity. The major parental strain (red) and the minor parental strain (green). 
(B) and (C) The phylogenetic trees were constructed based on the major and minor exchanged sequences using MEGA11, respectively

 



Page 8 of 12Guo et al. BMC Veterinary Research           (2024) 20:22 

strains. In this study, by combining genetic distance and 
geographical distribution, our research showed that 
the PDCoVs could be clearly divided into two lineages-
lineage 1(Mainly prevalent in the North America, China 
and East Asia) and lineage 2 (Mainly prevalent in the 
Southeast Asia and China), which provides a new per-
spective to understand the evolutionary relationships of 
PDCoVs. In China, most PDCoV strains were clustered 
into sublineage 1.1, with a small number of them belong-
ing to sublineage 2.2, and a very few classified into sublin-
eage 1.2 or sublineage 2.1. Given that China is the largest 
consumer of pork and maintains frequent pig industry-
related trades with other major pig raising countries, it is 
not surprising that PDCoV strains are so complicated in 
China. For example, the PDCoV strains belonging to sub-
lineage 2.2 were mainly from Guangxi province, which is 
adjacent to Vietnam. It is reasonable to speculate that the 
sublineage 2.1 strains were introduced into Guangxi from 
Vietnam and went through locally genetic evolution or 
recombination to form a novel phylogenetic branch.

Several studies have reported that, in some PDCoV 
strains, continuous 3-nt, 6-nt, or 9-nt deletion could 
occur in S gene, Nsp2 gene, or Nsp3 gene, respectively 

Table 3 The recombinant PDCoV strains and the recombination 
regions
Strain 
name

Major 
parent

Minor 
parent

Breakpoints References

CHN-
GX01-2018

CHN-
HB-2014

Vietnam/
Binh21/2015

Nsp2 (124)-
Nsp3 (3447); 
Nsp12 
(12,843)-
Nsp13 
(14,847)

Huang et al. 
Vet Med Sci. 
2020CHN-

GX09-2018
CHN-
GX11-2018
CHN-
GX12-2018
CHN-
GX81-2018

Vietnam/
Binh21/2015

CHN-HB-2014 Nsp2 
(3465)-Nsp12 
(12,843); 
Nsp13 
(15,406)-
Nsp15 
(17,631)

CHN-
HG-2017

CH/
SXD1/2015

Vietnam/
HaNoi6/2015

Nsp3 
(3153–4249)

Zhang et al. 
Arch Virol. 
2018

CHN-SC2015 SHJS/
SL/2016

TT-1115 Nsp3 (6020)-
Nsp4 (7069)

Zhao et al. 
Viruses. 2019

CHN/CQ/
BN23/2016

CHN-
AH-2004

Thailand/
S5015L/2015

5′ UTR (471)-
Nsp2 (1442)

Wang et al. 
Arch Virol. 
2022

P29_15_
VN_1215

P12_14_
VN_0814

USA/
Minneso-
ta159/2014

S (19,454)-M 
(23,512)

Saeng-
chuto et al. 
Transbound 
Emerg Dis. 
2020

P30_15_
VN_1215
P1_16_
VN_0116
Binh21 S5011 HKU15-44 Nsp2 (1007)-

NS6 (23,846)
Le et al. Arch 
Virol. 2018HaNoi6 S5011 HKU15-44

CHN-
GD16-03

CHN-JS-2014 P1_16_
BTL_0115

S (19,251)-M 
(23,074)

Mai et al. 
Genome 
Announce-
ments 2017

CH-HA2–
2017

CH-HA3–
2017

HKU15–155 S (27-1234) Zhang et al. 
Infect Genet 
Evol. 2019

CHN-
HeN06-2022

CHN-
HB-2014

PDCoV/
NKP-1/2016
/Thailand

Nsp2 (1009)-
Nsp3 (2449)

This study

Table 4 Amino acid selection analysis of the PDCoV S protein
No. Site FUBAR (Post.

pro)
FEL (P 
value)

MEME (P 
value)

Amino 
acid

1 40 0.971 0.0554 0.08 Ser
2 44 0.988 0.0259 0.04 Ser
3 46 0.974 0.0361 0.05 Tyr
4 62 0.976 0.0259 0.04 Pro
5 123 0.989 0.0194 0.03 Tyr
6 136 0.98 0.0279 0.04 Thr
7 137 0.986 0.0205 0.03 Ala
8 149 0.998 0.0053 0.01 His
9 169 0.998 0.0032 0.01 Asn
10 183 0.981 0.0271 0.04 Thr
11 397 0.979 0.0428 0.06 Asn
12 630 0.961 0.029 0.01 Ala
13 642 0.992 0.0433 0.05 Gln
14 698 0.954 0.0398 0.06 Ser

Fig. 5 The distribution of recombinant breakpoints in the PDCoV genome. All the reported recombinant breakpoints (Oct. 20, 2022) including CHN-
HeN06-2022 in this study were exhibited in the PDCoV genome
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[14, 21, 22]. However, it is not clear whether this inser-
tion or deletion pattern is associated with the PDCoVs 
classification. Here, we confirmed that, corresponding to 
the genetic evolution, specific insretion or deletion pat-
tern could be as molecular features in different lineages. 
Briefly, compared to lineage 1, lineage 2 strains usu-
ally contain continuous 6-nt deletion in Nsp2 and 9-nt 
deletion in Nsp3. On the other hand, the S gene of most 
Chinese strains has 1 aa deletion at the 52th position, 
which are rarely found in the North American strains 
(sublineage 1.2) and Southeast Asian strains (sublineage 
2.1). Furthermore, it seems that the specific insertion 
or deletion pattern is not related with the pathogenic-
ity of PDCoV, since the PDCoV strains from different 
sublineages displayed similar pathogenicity to newborn 
piglets [16–19, 24, 25]. Interestingly, although the CHN-
HeN06-2022 was clustered into sublineage 1.1, it has the 
same deletion pattern with the sublineage 2.2 strains, 
suggesting that there may be a potential recombinant 

event. Indeed, we confirmed that the CHN-HeN06-2022 
was a recombinant strain between CHN-HB-2014 (major 
parent) and NKP-1/2016/Thailand (minor parent). The 
breakpoint region crossed Nsp2 and Nsp3, which make 
it obtain the specific deletion pattern in sublineage 2.2 
strains. Combined with the previous reported recom-
binant strains, we found that the Nsp2, Nsp3, and S 
gene were the regions with the highest recombination 
frequency.

The S gene of CoVs usually acts as the major determi-
nant of host cell tropism and the mediator of viral entry 
into host cells [26]. Thus, we further analyzed the codon 
sites under positive selection of S gene, which might have 
played an important role in the adaptation of PDCoV to 
swine. Finally, we identified a total of 14 aa sites under 
the positive selection. Interestingly, seven residues (sites 
62, 123, 136, 137, 149, 169, and 183) are distributed on 
the surface of spike trimer in the S1-NTD region, which 
attaches to the cellular carbohydrates to keep the virus 

Fig. 6 The location of the positive selection amino acid sites in spike protein. (A) The selection sites were showed in the schematic structure of S gene. 
The spike protein contains S1 subunit and S2 subunit. S1-NTD, N-terminal domain of S1. S1-CTD, C-terminal domain of S1. RBD, receptor binding domain. 
CH-N and CH-C, central helices N and C. FP, fusion peptide. HR-N and HR-C, heptad repeats N and C. (B) Cartoon representation of the spike homotrimer. 
The blue spheres indicate the selected amino acid sites and most of them are distributed on the surface. (C) The selected sites (purple spheres) were 
displayed on the structure of PDCoV S monomer using PyMOL software. The residue sites (62, 123, 136, 137, 149, 169, and 183) are in the S1-NTD. The 
site 397 is located in the RBD. The residue 630 and 642 are in the CH-N region and the residue 698 is the FP region. The residues 40, 44, and 46 are not 
resolved in the known crystallographic structure. The raw data of positive selection analysis across the spike gene was provided in supplementary file 3
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in close proximity to the host cell surface [23, 26]. One 
residue (site 397) is located in the RBD (S1-CTD) and 
buried inner of homotrimer. As we know, it is a criti-
cal step that the RBD binds to host cell receptors for the 
CoVs infection [27]. Thus, the aa positive selection in this 
region might facilitate the infection of PDCoV to the por-
cine cells. Besides, we also identified that the residue site 
698 is located the FP region, which is responsible for the 
membrane fusion and finally leads to the delivery of the 
viral genome to the cytosol [23]. Interestingly, there are 
no obvious association between positive selection aa sites 
and PDCoV sublineages. It will be important to illustrate 
whether these positive selection aa sites could result 
in advantageous infection and replication capability of 
PDCoV in the future. Taken together, our results demon-
strates that most of the positive selection sites are distrib-
uted on the surface of the spike trimer and located in the 
regions related with the viral attachment, receptor bind-
ing, and membrane fusion. These sites might be playing a 
positive role during the viral adaptive evolution.

Currently, PDCoVs have been widely prevalent in the 
major pig breeding regions and become one of the most 
important SECoVs to the pig industry. Here, we provided 
novel insights to better understand the clinical pathoge-
nicity, evolutionary characteristics, and adaptive evolu-
tion of PDCoV. In the future, it will be valuable to explore 
the pathogenicity differences and immune cross-protec-
tion among the different PDCoV lineages. And it is also 
urgent to develop efficient vaccine and antiviral agent.

Materials and methods
Clinical samples collection and treatment
In April 2022, a severe diarrhea broke out in a large 
nursery-fattening pig farm, which is located in Xinxiang, 
Henan province, China and named Xingwang Farm-
ing Co., LTD. The clinical manifestations strongly sup-
ported the potential infection of enteric viral infection. 

To confirm the causative agent, 6 fecal swabs were col-
lected and submitted to our lab. The fecal swabs were 
placed into 2 tubes (3 were mixed into 1). Then, 1 mL 1 
× phosphate buffer saline (PBS) was added to each tube 
and went through suspension by vortex mixer. After cen-
trifugation at 5,000 rpm for 5 min, the supernatants were 
collected and stored in −40 °C for the following study.

Nucleic acid extraction and specific RT-PCR detection
The nucleic acids of samples were extracted using the 
FastPure Viral DNA/RNA Mini Kit (Nanjing Vazyme 
Biotech Co., Ltd.) according to manufacturer’s instruc-
tion. Then, the cDNA was generated by the PrimeScript 
RT Master Mix Kit (TaKaRa Biotechnology Co., Ltd.). 
To confirm the potential viral agent, the specific detec-
tion primers against the PEDV, TGEV, porcine rotavi-
rus (PoRV), PDCoV, and SADS-CoV were used for the 
PCR test (Table  5) [4, 5, 28]. All the primers were syn-
thesized by Sangon Biotech (Shanghai) Co., Ltd. For the 
PCR assay, a total of 25µL reaction system was used, 
which contains 2µL of cDNA templates, 1µL of primer 
pairs (2.5µM), 12.5µL 2 × Taq Plus PCR PreMix reagent 
(TIANGEN Biotech Co., Ltd., China). The PCR proce-
dure was as follow: one cycle at 95 °C for 3 min; 30 cycles 
at 95  °C for 30  s, 55  °C for 30  s and 72  °C for 45  s, fol-
lowed by elongation at 72 °C for 5 min and held at 16 °C. 
The products were visualized and imaged by 1.50% aga-
rose gel electrophoresis and ultraviolet light.

Genome sequencing
To sequence the complete genome of PDCoV strain, a 
total of 25 primer pairs were designed based on the ref-
erence strain CHN-HeB-A1 (GenBank no. MG242062) 
(Table S2). The amplicons were purified by SanPrep Col-
umn PCR Product Purification Kit and sequenced using 
the Sanger method (Sangon Biotech Co., Ltd.). Then, the 
complete genome sequence of PDCoV was obtained by 
sequence alignment and splicing using the DNASTAR 
software.

Homology, sequence alignment, and phylogeny analysis
Several bioinformatics methods were used to investigate 
the genetic characteristics and evolution of the PDCoV 
strain. Briefly, the homology of nucleotide and deduced 
amino acid (aa) sequences were analyzed using clustal 
W method by the MegAlign program (DNASTAR, 
Inc., Madison, WI, USA). The multiple sequence align-
ment was performed by the clustal W (codons) method 
through Molecular Evolutionary Genetics Analysis 
(MEGA 11.0) to determine the genetic variations [29]. 
To conduct the evolutionary analysis, numerous PDCoV 
genome sequences were firstly went through alignment 
using the Multiple Alignment using Fast Fourier Trans-
form (MAFFT) software [30]. Then, the phylogenetic tree 

Table 5 Detection primers used in this study
Primer name Sequence 5′–3′ Prod-

uct 
size 
(bp)

Resource

PEDV-S-For TTCTGAGTCATGAACAGCCA 650 Dae S. 
Song et 
al., 2006

PEDV-S-Rev CATATGCAGCCTGCTCTGAA
TGEV-S-For GTGGTTTTGGTYRTAAATGC 858
TGEV-S-Rev CACTAACCAACGTGGARCTA
PoRV-VP6-For AAAGATGCTAGGGACAAAATTG 308
PoRV-VP6-Rev TTCAGATTGTGGAGCTATTCCA
PDCoV-N-For TTTCAGGTGCTCAAAGCTCA 694 Leyi Wang 

et al., 2014PDCoV-N-Rev GCGAAAAGCATTTCCTGAAC
SADS-CoV-
RdRp-For

TTTTGGTTCTTACGGGCTGTT 753 Xinliang 
Fu et al., 
2018SADS-CoV-

RdRp-Rev
CAAACTGTACGCTGGTCAACT
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was constructed using neighbor-joining method with 
Kimura 2-parameter model in MEGA 11.0 software [29].

Recombination analysis
For recombinant analysis, all the genome alignment 
sequences were screened by recombination detection 
program 4 (RDP 4.0) using seven methods including 
RDP, GENECONV, BootScan, Maxchi, Chimaera, Sis-
can and 3Seq [31]. The recombinant events were consid-
ered to be occurred if at least six of the seven methods 
have a p value cut-off of 0.05. Then, the putative segment 
exchanges were further verified using Simplot 3.5.1 soft-
ware to scan the genomic sequences, with a sliding win-
dow of 200 bp (20 bp step size) [32].

Amino acid sites selection analysis of spike protein
To explore the evolutionary selection, we further inferred 
the positive selection of aa sites on the spike protein 
using the Datamonkey (http://www.datamonkey.org/). 
The methods to analyze the codon sites under the posi-
tive selection included Fast Unconstrained Bayesian 
AppRoximation (FUBAR), Fixed Effects Likelihood 
(FEL), and Mixed Effects Model of Evolution (MEME) 
[2, 33]. The aa sites were recognized as positive selection 
when they were identified by all these three algorithms. 
The spike protein models were constructed using the 
cryo-electron microscopy structure of PDCoV S-e (PDB 
ID. 6B7N) by PyMol 2.5 software (the PyMOL Molecular 
Graphics System, Version 2.0 Schrödinger, LLC. https://
pymol.org/2/). The exhibition of the selection sites were 
completed with the wizard tool of the program.
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