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Abstract
In order to understand the prevalence and genetic diversity of porcine deltacoronavirus (PDCoV) in diarrhoeal pigs in 
Sichuan province, 634 clinical samples were collected from individual pigs with diarrhoea in 13 regions of Sichuan province, 
China, from January 2017 and June 2019. The detection results showed that the infection rate of PDCoV was relatively low 
in diarrhoeal pigs, 13.25% (84/634), but the infection rate of PEDV (porcine epidemic diarrhea virus) was high, 32.18% 
(204/634). Coinfection with PEDV was common (55.95%, 47/84) in PDCoV-infected diarrhoeal pigs. Additionally, the 
chance of PDCoV infection was 2.77 times higher in suckling piglets than in sows, and about 3.30 times higher in spring 
and winter than in summer. PDCoV/PEDV coinfection was 75% less likely in sows than in suckling piglets. The complete 
genomes of four Sichuan PDCoV strains were sequenced and analysed. There were some insertion-deletion signatures in the 
whole genome sequences of four strains, including a 6-nt deletion in the non-structural gene 2 region, a 9-nt insertion in the 
non-structural gene 3 region, a 3-nt deletion in the S gene region, and a distinguishing 11-nt deletion in the 3’UTR region. 
Phylogenetic analysis based on complete genome sequences revealed that the PDCoV Sichuan strains were closely related 
to other Chinese PDCoV reference strains; however, phylogenetic analysis based on S gene sequences showed that the CH/
SC/2019 strain clustered in a large clade with strains from the USA, Japan, and Korea. These data advance our understand-
ing of the genetic diversity and evolutionary characteristics of PDCoV in China and may contribute to vaccine development.

Introduction

Porcine deltacoronavirus (PDCoV), a member of the genus 
Deltacoronavirus, is a single-stranded, positive-sense envel-
oped RNA virus that causes enteritis and watery diarrhoea 
in pigs, especially nursing piglets [1]. The full genome of 
PDCoV is approximately 25.4 kb long, which is the smallest 
genome size among the porcine coronaviruses, arranged in 
the order 5′ untranslated region (UTR), open reading frame 
1a and b (ORF1ab), spike (S), envelope (E), membrane 
(M), non-structural gene 6 (NS6), nucleocapsid (N), non-
structural gene 7 (NS7), and 3′UTR [2]. The PDCoV S gene 
is frequently used for studying genetic relationships among 

different PDCoV strains and for performing epidemiological 
investigations [3].

PDCoV was first discovered in Hong Kong, and has since 
been reported in many countries, including the USA, Can-
ada, Korea, China, Thailand, Laos, and Vietnam [4–9]. In 
China, PDCoV had been reported in many provinces, but 
little has been reported regarding the prevalence and epide-
miology of PDCoV in Sichuan province, a major pig-rais-
ing province of China. Thus, in this study, we investigated 
the prevalence of PDCoV in diarrhoeal pigs and analysed 
the complete genome sequences of PDCoV isolates from 
Sichuan, China.

Materials and methods

Sampling

In this study, a total of 634 intestinal and faecal clinical sam-
ples (405 intestinal samples and 229 faecal samples) were 
collected from pigs with diarrhoea outbreaks diagnosed by a 
pig farm veterinarian from January 2017 and June 2019. All 

Handling Editor: Tim Skern.

 * Zhiwen Xu 
 abtcxzw@126.com

1 College of Veterinary Medicine, Sichuan Agricultural 
University, No. 211 Huiming Road, Chengdu 611130, China

2 Animal Biology Technology Center, Sichuan Agricultural 
University, Chengdu, China

http://orcid.org/0000-0002-9508-6593
http://crossmark.crossref.org/dialog/?doi=10.1007/s00705-020-04796-z&domain=pdf


2884 Y. Feng et al.

1 3

samples were collected from suckling piglets and sows and 
from pig farm in 13 regions in Sichuan province. The sam-
pling locations are shown in Table 1. Soon after sampling, 
faeces and intestinal contents were prepared as 10% suspen-
sions in phosphate-buffered saline (PBS). The suspensions 
were then vortexed and centrifuged at 8000 g at 4°C for 10 
min. The clarified supernatants were stored at -80°C until 
use for RNA extraction. Total RNAs were extracted using 
TRIzol Reagent (Invitrogen, USA) according to the manu-
facturer’s instructions. RT-qPCR was carried out to assess 
the frequency of PDCoV monoinfections and coinfections 
with PEDV and transmissible gastroenteritis virus (TGEV). 
We used the virotype PEDV/TGEV/PDCoV RT-PCR Rgt 
(QIAGEN) following the manufacturer’s protocol.

Complete genome sequences and phylogenetic 
analysis

Representative PDCoV strains from four different pig farms 
where severe or moderate diarrhoea had been reported 
were selected for sequencing of the complete genome by 
RT-PCR amplification of 24 regions covering the PDCoV 
genome as described previously [10]. These representative 
PDCoV strains were named CH/SC/2017, CH/SC/2018/1, 
CH/SC/2018, and CH/SC/2019 (GenBank accession nos. 
MK211169, MK005882, MK330605, and MK993519). 
The PCR products were purified and cloned into the vector 
pMD18-T. Positive clones of each amplicon was sequenced 
twice (Sangon Biotech, Shanghai, China). At least three 
independent PCR amplicons were sequenced to obtain a 
consensus sequence. Complete sequences of four PDCoV 
strains were assembled by combining overlapping contigs 
and trimming off primer sequences using the DNASTAR 
software package (DNASTAR Inc., Madison, WI, USA). 
Sequence alignment analysis of these four strains and other 
PDCoV strains with sequences in the GenBank database 
was conducted using the Megalign program. Phylogenetic 
trees based on complete genome and S gene sequences 
were constructed by the maximum-likelihood method using 
MEGA software version 6 with bootstrap analysis of 1,000 
replicates.

Statistical analysis

The rates of infection with PDCoV and coinfection with 
PDCoV and PEDV in diarrhoeal pigs were analysed accord-
ing to age, year, and season. Significance was set at p < 0.05. 
Possible risk factors associated with virus infection were 
analysed by univariate and multivariate exact logistic regres-
sion models using Stata/SE 15.1 (Stata Corporation, USA). 
For each model the odds ratio (OR) and 95% confidence 
interval (CI) were calculated.

Results

Prevalence of PDCoV

Of the 634 clinical samples tested in our PDCoV preva-
lence survey, 84 (13.25%) were positive for PDCoV and 
204 (32.18%) were PEDV positive. The positive rate for 
PDCoV in sows and piglets was 6.80% (14/206) and 16.36% 
(70/428), respectively. All of the samples were negative 
for TGEV, as shown in Table 2. The results indicate that 
the prevalence rate of PDCoV was relatively low in diar-
rhoeal pigs in Sichuan and that PEDV was the main patho-
gen causing diarrhoea in pigs. It is also noteworthy that 47 
samples that were positive for PDCoV were also positive 
for PEDV, showing that mixed infections with these viruses 
are relatively common. The PDCoV infection rates in dif-
ferent regions of Sichuan province are shown in Table 1. 
Twelve out of the 13 regions were considered PDCoV posi-
tive, including the regions of Mianyang (14.93%), Deyang 
(16.67%), and Guanan (22.73%), suggesting that PDCoV is 
widespread on pig farms in Sichuan province.

As shown in Table 3, The results show that the preva-
lence of PDCoV in diarrhoeal pigs increased from 10.53% 
in 2017 to 17.24% in 2019; however, based on statistical 
analysis, we could not conclude that PDCoV infection in 
diarrhoeal pigs has been increasing from year to year (p 
> 0.05). More clinical samples are needed to determine 
whether the PDCoV infection rate is correlated with the 

Table 1  The number of samples 
and PDCoV positive rates in 
different regions in Sichuan, 
China

Region Number of 
samples

PDCoV positive (%) Region Number of 
samples

PDCoV positive (%)

Mian Yang 67 10 (14.93%) Ya An 55 5 (9.09%)
Guan Yuan 30 4 (13.33%) De Yang 48 8 (16.67%)
Guan An 44 10 (22.73%) Nan Chong 93 13 (13.98%)
Sui Ning 23 2 (8.70%) Zi Yang 50 8 (16.00%)
Mei Shan 49 6 (12.24%) Da Zhou 41 7 (17.07%)
Le Shan 31 0 (0%) Nei Jiang 25 3 (12.00%)
Yi Bing 78 8 (10.26%) Total 634 84 (13.25%)
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year of sample collection. Moreover, analysis of individ-
ual variables revealed that suckling piglets were 2.77 (OR) 
times more likely to be infected than sows. Additionally, 

the PDCoV positive rates in spring (15.46%, 32/207) and 
winter (16.22%, 36/222) were clearly higher than in summer 
(5.26%, 4/76). Pigs had about 3.30 (OR) times more risk 
of PDCoV infection in spring and winter than in summer. 
PDCoV/PEDV coinfection was statistically correlated with 
age. Coinfection was 75% less likely in sows than suckling 
piglets.

Complete genomic characterisation of Sichuan 
PDCoV strains

The complete genomes of four novel PDCoV strains, rep-
resentative of epidemic strains, were sequenced and ana-
lysed to perform a molecular characterisation of PDCoV 
in Sichuan. The results showed that the complete genomic 
sequences of strains CH/SC/2017, CH/SC/2018/1, CH/
SC/2018, and CH/SC/2019 were 25,402 nt, 25,413 nt, 
25,414 nt, and 25,392 nt in length, respectively, and all 
had a typical PDCoV genome organisation. Sequence 
alignment analysis showed that the CH/SC/2017 and CH/
SC/2019 strains both had an 11-nt deletion in the 3′UTR 
region when compared with strains CH/SC/2018 and CH/
SC/2018/1 (Fig. 1). All four sequenced strains had a 6-nt 
deletion in the non-structural gene (ns) 2 region (ORF1ab), 
which has been observed in some other Chinese strains. 
Additionally, CH/SC/2019 had a 9-nt deletion in the ns 3 
region (ORF1ab) when compared with most Chinese strains. 
This deletion is also present in strain CH/Sichuan/S27/2012, 
detected previously in Sichuan, and in strains from Thailand 

Table 2  Detection of PDCoV, PEDV, and TGEV in diarrhoeal samples from pigs in Sichuan, China, 2017-2019

Sows Suckling piglets Total

Year Virus Number 
of sam-
ples

Positive Positive rate, % Number 
of sam-
ples

Positive Positive rate, % Number 
of sam-
ples

Positive Positive rate, %

PDCoV 76 5 6.58 152 19 12.50 228 24 10.53
PEDV 17 22.37 53 34.87 70 30.70

2017 TGEV 0 0 0 0 0 0
PDCoV+PEDV 1 1.32 13 8.55 14 6.14
PDCoV 94 6 6.38 196 34 17.35 290 40 13.79
PEDV 21 22.34 71 36.22 92 31.72

2018 TGEV 0 0 0 0 0 0
PDCoV+PEDV 3 3.19 23 11.73 26 8.97
PDCoV 36 3 8.33 80 17 21.25 116 20 17.24
PEDV 10 27.78 32 40.00 42 36.21

2019 TGEV 0 0 0 0 0 0
PDCoV+PEDV 0 0 7 8.75 7 6.03
PDCoV 206 14 6.80 428 70 16.36 634 84 13.25

2017- PEDV 48 23.30 156 36.45 204 32.18
2019 TGEV 0 0 0 0 0 0

PDCoV+PEDV 4 1.94 43 10.05 47 7.41

Table 3  Analysis of univariate and multivariate exact logistic regres-
sion models of possible risk factors associated with PDCoV and 
PDCoV-PEDV coinfection

ref, reference variable; OR, odds radio; CI, confidence interval

Variable OR 95%CI p-value

Univariate
Age

Sow 1 ref
Piglet 2.77 1.52-5.04 0.001

Year
2017 1 ref
2018 1.36 0.79-2.33 0.263
2019 1.77 0.93-3.36 0.081

Season
Summer 1 ref
Spring 3.30 1.12-9.65 0.030
Autumn 1.85 0.57-5.94 0.304
Winter 3.32 1.19-9.13 0.022

Multiple model
Age of piglet 2.67 1.46-4.87 0.001
Spring season 3.24 1.32-8.78 0.028
Winter season 3.30 1.40-9.08 0.022

Coinfection multivariate model
Age of piglet 3.98 1.14-13.97 0.031
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and Vietnam. Moreover, compared with strains from other 
countries, a 3-nt (TAA) deletion was observed in the S gene 
of the four novel strains, which is also present in most Chi-
nese PDCoV strains, except early Chinese strains (CHN-GD 
and CHN-AH).

Pairwise nucleotide sequence comparisons showed that 
the four sequenced strains shared 98.9%-99.3% nucleotide 
sequence identity with each other, and shared 97.6%-99.0% 
nucleotide and 98.0%-99.5% aa sequence identity with refer-
ence PDCoV sequences. Interestingly, the full genomes of 
the CH/SC/2017, CH/SC/2018, and CH/SC/2018/1 strains 
all had low nucleotide sequence identity (97.6%) to strains 

from Vietnam and Thailand, while the CH/SC/2019 strain 
shared relatively high nucleotide sequence identity (98.9%) 
with these strains, suggesting that the Sichuan PDCoV 
strains might have undergone genetic changes and contin-
ued to evolve.

Phylogenetic analysis of PDCoV Sichuan strains

Phylogenetic analysis was carried out using the whole-genome 
and S gene sequences of the four sequenced strains and other 
reference PDCoV strains (Fig. 2A and B. The phylogenies 
based on the complete genome sequences and the S gene both 

Fig. 1  The four main deletions or insertions in the complete genome 
sequence alignment. A multiple sequence alignment was constructed 
using ClustalW in the DNASTAR software. The four PDCoV strains 
sequenced in this study are indicated by black triangles. A dot (•) 

indicates that the nucleotide exactly matches the reference sequence. 
A dash (-) indicates that the nucleotide is deleted relative to the refer-
ence sequence
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revealed that the PDCoV strains showed obvious regional 
characteristics, as has been reported previously [11]. Phyloge-
netic analysis based on whole genome sequences indicated that 
the PDCoV CH/SC/2017, CH/SC/ 2018/1, and CH/SC/ 2018 
strains grouped within the Chinese clade and are more closely 
related to strains SHJS/SL/2016 and CH/HN/2014. However, 
the CH/SC/2019 strain is located in another subcluster and is 
similar to the CH/QH/2017 and CH/GS/2017 strains, which 
were isolated from piglets in recent years, suggesting that the 
origin of these isolates may be different.

A phylogenetic tree based on S gene sequences revealed 
that CH/SC/2017, CH/SC/2018/1, and CH/SC/2018 belong 
to the same group, while the CH/SC/2019 strain clustered in a 
large clade with strains from the USA, Japan, and Korea and 
demonstrated genetic differences when compared to the other 
Sichuan strains.

Discussion

In this study, RT-PCR analysis of 634 clinical samples 
from pigs with diarrhoea collected from 13 regions 
in Sichuan province from January 2017 and June 2019 
revealed a positive rate of PDCoV of 13.25%, while that 
of PEDV was 32.18%, indicating that PEDV is still the 
primary pathogen causing porcine diarrhoea, which is 
consistent with previous studies [12]. The prevalence 
of PDCoV in diarrhoeal pigs in Sichuan was somewhat 
lower than in other provinces, such as Henan (23.49%) 
and Guangdong (21.8%), but a molecular-based detection 
study showed a similar low prevalence of PDCoV infection 
in Jiangsu (4.94%) and Hubei (6.45%) [13]. The preva-
lence of PDCoV in Qinghai and Tibet is also low, with a 

Fig. 2  Maximum-likelihood phylogenetic analysis based on (A) full-length genome sequences and (B) S gene sequences of PDCoV isolates. The 
scale bar indicates the number of nucleotide substitutions per site. The four strains sequenced in this study are indicated by black triangles
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positive rate of only 3.70% [14]. These data show that the 
prevalence of PDCoV in diarrhoeal pigs differs among the 
Chinese provinces, and more information regarding the 
molecular epidemiology of PDCoV in China is needed. 
In this study, the number of samples collected and regions 
investigated was limited, and therefore more samples need 
to be collected and tested, and PDCoV surveillance should 
be continued. Also, since the aim of this study was only to 
monitor the prevalence of PDCoV in diarrhoeal pigs more 
samples, including those from pigs without diarrhoea, are 
needed to evaluate the prevalence of PDCoV in Sichuan 
pig herds.

Although the overall prevalence of PDCoV in this study 
was relatively low, PDCoV was detected in most regions of 
Sichuan, implying that PDCoV prevention measures have 
not been very effective, and further study is needed to pre-
vent and control this novel enteric virus. Statistical analysis 
demonstrated a higher chance of PDCoV infection in winter 
and spring, which is consistent with previous studies [15], 
suggesting that we should pay more attention to preventing 
infections during these seasons. Furthermore, we detected 
PDCoV in sows, as described previously [16]. However, 
unlike a previous study, our results showed that suckling 
piglets had a 2.77 times higher risk of PDCoV infection than 
sows. Previous reports have suggested that older pigs are 
more susceptible to PDCoV than piglets, which was not con-
firmed by our results [17]. Therefore, more clinical samples 
from older pigs are needed to test this conclusion. We plan 
to continue to monitor PDCoV infections in sows. Moreover, 
it has been reported that PDCoV/PEDV coinfection is more 
common in Chinese pigs than PDCoV/porcine rotavirus 
coinfection in US pig herds [18, 19]. Our detection data are 
consistent with this, also showing that suckling piglets have 
a higher chance of PDCoV/PEDV coinfection.

The results of sequence analysis showed that the four 
strains had some unique deletions/insertions compared to 
other PDCoV strains. The CH/SC/2019 strain, like the CH/
Sichuan/S27/2012 strain, had a 6-nt deletion in the ns 2 
region and a 9-nt deletion in the ns 3 region, respectively, 
while the others strains only had a 6-nt deletion in ns 2. 
Moreover, four stains had a 3-nt deletion in the deletion 
of the S gene, resulting in one amino acid. This deletion 
exists in most Chinese PDCoV isolates. The S1 region is 
responsible for virus receptor binding [20], suggesting 
that this aa deletion may have some biological significance 
regarding viral replication or pathogenesis. Importantly, the 
CH/SC/2017 and CH/SC/2019 strains had a unique 11-nt 
deletion in the 3′UTR region. This is the first report of a 
PDCoV strain with such a deletion. However, we do not 
know whether these naturally occurring deletions or inser-
tions have biological significance in PDCoV biology and 
pathogenesis. The four sequenced PDCoV strains were all 
collected from suckling piglets, but the clinical signs in 

these piglets were different. The piglets infected with the 
CH/SC/2017 and CH/SC/2019 strains suffered from severe 
watery diarrhoea and died after three days of diarrhoea, 
while the suckling piglet with the CH/SC/2018 and CH/
SC/2018/1 strains had moderate diarrhoea and then recov-
ered. Were these different clinical signs associated with 
the 11-nt deletion in the 3′UTR or another deletion/inser-
tion? We will continue to isolate PDCoV strains for further 
investigation.

A phylogenetic tree constructed based on complete 
genome sequences indicated that these strains might have 
evolved from different Chinese strains. In the phylogenetic 
tree based on the S gene, the Sichuan strains clustered in a 
different clade. The CH/SC/2017, CH/SC/2018/1, and CH/
SC/2018 strains are in the China lineage, like most Chinese 
PDCoVs, while the CH/SC/2019 strain is in the USA/Japan/
South Korea lineage. This is possibly due to recombina-
tion or separate evolution Additional PDCoV sequences are 
needed to identify possible recombination and evolution 
events.

In summary, we report for the first time the prevalence 
and genetic properties of PDCoV in diarrhoeal pigs in 
Sichuan, which could provide further insights into the epi-
demiology and evolution of PDCoV in China.
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