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1  | INTRODUC TION

Coronaviruses (CoVs), including four genera of these viruses (alpha-, 
beta-, gamma- and delta-CoVs), are present in a wide variety of 
animals (Wang, Su, Bi, Wong, & Gao, 2018; Wertheim, Chu, Peiris, 
Kosakovsky Pond, & Poon, 2013). Five porcine CoVs that cause 

diarrhoea in pigs have been identified: porcine epidemic diarrhoea 
virus (PEDV) (Wang, Lan, & Yang, 2016), transmissible gastroenteritis 
virus (TGEV) (Sirinarumitr, Paul, Kluge, & Halbur, 1996), porcine respi-
ratory coronavirus (PRCV) (Sirinarumitr et al., 1996), porcine enteric 
alphacoronavirus (PEAV) (Fu et al., 2018; Mandelik et al., 2018; Xu 
et al., 2019; Zhou et al., 2018) and porcine deltacoronavirus (PDCoV) 
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Abstract
Porcine deltacoronavirus (PDCoV) has been detected sporadically in China since its 
first description in 2012. In our study, 62 faecal and intestinal samples from pigs 
with diarrhoea were collected in Guangxi Province, China, during 2017 and 2018. 
Twelve samples (19.4%, 12/62) were positive for PDCoV. Five complete genomes 
of PDCoV were then determined, and sequence alignment revealed that the five 
strains had discontinuous deletions at 400–401 aa in non-structural protein 2 (NSP2) 
and 758–760 aa in non-structural protein 3 (NSP3) compared with the respective 
proteins in the HKU15-44 strain. Notably, the CHN-GX81-2018 strain contained 
two insertions in the S gene and 3′-UTR. Multiple sequence alignment and phylo-
genetic analysis showed that four strains shared 98.2%–98.4% nucleotide identity 
with CHN-AH-2004 and were classified into a new cluster of China lineage strains, 
whereas the CHN-GX81-2018 strain shared 98.7% nucleotide identity with Vietnam/
Binh21/2015 and belonged to the Vietnam/Laos/Thailand lineage. Recombination 
analyses revealed that four strains were the result of recombination between 
CHN-HB-2014 and Vietnam/Binh21/2015 strains. This study demonstrated the co-
existence of multiple lineages of PDCoV in China, and our findings will aid the reor-
ganization and evolution of the virus.
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(Wang, Byrum, & Zhang, 2014). PDCoV, an emerging enveloped, 
positive-sense RNA virus, belongs to the genus Deltacoronavirus in 
the family Coronaviridae and has attracted considerable attention 
due to its pathogenicity to newborn piglets (Ajayi et al., 2018; Chen 
et al., 2015). The genome of PDCoV is 25.4 kb in length, contain-
ing eight open reading frames (ORFs): four nonstructural proteins 
(ORF1a, ORF1b, NS6 and NS7) and four structural proteins (the spike 
(S), envelope (E), membrane (M) and nucleoprotein (N)), arranged 
in the order 5′-UTR-ORF1a-ORF1b-S-E-M-NS6-N-NS7-3′-UTR 
(Li et  al.,  2014). The polyproteins pp1a and pp1b, encoded by the 
ORF1a and ORF1b genes, are cleaved into a total of 15 functional 
proteins, these proteins, known as NSP2 to NSP16, are involved in 
viral replication and transcription. (Chen et al., 2015). Among these 
structural proteins, the S protein is the pivotal surface glycoprotein 
involved in viral attachment and contains immunologically import-
ant B cell epitopes associated with viral neutralization (Dong et al., 
2015). Significantly, the S protein is a useful marker for determining 
the genetic diversity of PDCoVs (Zhai et al., 2016).

Since the first discovery of PDCoV in 2012 (Woo et al., 2012), 
outbreaks of this virus have been reported in the United States 
(Homwong et al., 2016), Canada (Ajayi et al., 2018), China (Dong et al., 
2015; Liu et al., 2018; Mai, Feng, et al., 2018; Mai, Li, et al., 2018; 
Wang, Wang, et al., 2018; Zhang, Liang, et al., 2019), South Korea 
(Jang, Lee, Kim, & Lee, 2017), Lao People's Democratic Republic 
(Lorsirigool et al., 2016), Thailand, Vietnam (Janetanakit et al., 2016), 
Japan (Suzuki, Shibahara, Imai, Yamamoto, & Ohashi, 2018), Taiwan 
(Hsu et  al.,  2018) and Mexico (Perez-Rivera, Ramirez-Mendoza, 
Mendoza-Elvira, Segura-Velazquez, & Sanchez-Betancourt,  2019), 
and these have caused enormous economic losses. Phylogenetic 
divergence analyses based on the S protein have revealed that the 
majority of PDCoV strains in the world can be classified into three 
lineages: the China lineage, the US/Japan/South Korea lineage and 
the Vietnam/Laos/Thailand lineage. Among these three lineages, 
strains from the China lineage have been prevalent since 2014 and 
have led to pandemics in large areas of China between 2014 and 
2019 (Zhang, Cheng, et al., 2019). The US/Japan/South Korea lin-
eage was first reported in the United States in 2014 and led to pan-
demics in large areas of North America, Japan and Korea between 
2014 and 2019. In contrast, the Vietnam/Laos/Thailand lineage, 
which was first reported in Thailand in 2015, has been identified 
in Southeast Asian countries, including Thailand, Vietnam and Laos 
(Zhang, Cheng, et al., 2019).

PDCoVs induce major clinical manifestations, including diar-
rhoea, vomiting, dehydration and lethality, in new-born piglets (Xu 
et al., 2018). PDCoVs are geared for rapid variation through mutation 
or recombination, resulting in the production of new isolates with dif-
ferent levels of pathogenicity and virulence (Perez-Rivera et al., 2019; 
Sun et al., 2020; Zhang, Liu, et al., 2019). At present, multiple-recom-
bination types of PDCoVs exist in Chinese swine herds, and these 
have caused concern regarding the pathogenicity of the variants. Few 
studies have reported the presence of multilineage strains in China. 
However, the pathogenesis of diarrhoea caused by PDCoVs belonging 
to different lineage strains has not been well studied. The aim of this 
study was to detect the epidemiological and evolutionary character-
istics of PDCoVs between 2017 and 2018 through the analysis of 62 
clinical samples from pigs in Guangxi Province, China.

2  | MATERIAL S AND METHODS

2.1 | Sample collection

A total of 62 intestinal samples (jejunum and duodenum tissue sec-
tions) and faecal samples were collected from five cities (Nanning, 
Beihai, Baise, Yulin and Fangcheng gang) between 2017 and 2018. 
Information on the samples collected in this study is provided in 
Table 1. All clinical samples were transported to the Guangxi Center 
for Animal Disease Control and Prevention and stored at −80°C.

The experimental protocols used for obtaining the clinical pig 
samples used in this study were obtained from Guangxi Center 
for Animal Disease Control and Prevention and performed in strict 
accordance with the Animal Welfare and the Animal Experimental 
Ethical Committee (Guangxi University, No. Xidakezi2000138). All 
pig owners agreed to use the samples prior to participation in the 
study.

2.2 | RNA extraction and RT-PCR

Total RNA from intestinal contents and/or faeces was extracted using 
the UNlQ-10 Column TRIzol Total RNA Reagent (Sangon Biotech) fol-
lowing the manufacturer's instructions. The PrimeScript RT reagent kit 
(Takara Co.) was used for RT-PCR according to the manufacturer's rec-
ommended protocol. Previous studies confirmed PDCoV coinfections 

Prefecture
No. of 
farms

No. of 
samples

No. of positive samples (%)

PDCoV PEDV TGEV PoRV

Yulin 2 10 2 (20.0%) 1 (10.0%) 0 (0%) 1 (10.0%)

Nanning 3 22 6 (27.3%) 10 (45.5%) 1 (4.5%) 2 (9.1%)

Beihai 1 12 1 (8.3%) 4 (33.3%) 0 (0%) 0 (0%)

Baise 1 13 3 (23.1%) 2 (15.4%) 1 (7.7%) 0 (0%)

Fangcheng gang 1 5 0 (0%) 3 (60.0%) 1 (20.0%) 1 (20.0%)

Total (%) 8 62 12 (19.4%) 20 (32.3%) 3 (4.8%) 4 (6.5%)

TA B L E  1   RT-PCR detection of PDCoV, 
PEDV, PoRV, and TGEV in the samples
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with PEDV, porcine rotavirus (PoRV) and TGEV in the diarrhoeal speci-
mens from pigs. Specific primers were used for amplifying the PDCoV, 
PEDV, PoRV and TGEV genes, as previously described (Jang et al., 
2017). The experimental design is shown in Figure 1.

2.3 | Complete genome amplification of PDCoV

Twenty-five pairs of primers were used to amplify the complete 
PDCoV genomes (Table  S1). The amplified products were puri-
fied and cloned into pMD-18T. The cloned products were then 
sequenced (Takara Co.). For each of the amplified fragments, two 
clones were sequenced.

2.4 | Analysis of PDCoV sequences

Reference PDCoV strains were retrieved from GenBank (Table S2) 
for genetic analysis. The nucleotide and deduced amino acid se-
quences were aligned by ClustalW using the Lasergene sequence 
analysis software package (MegAlign). Phylogenetic trees were gen-
erated using the neighbour-joining (NJ) method with 1000 bootstrap 
replicates with the MEGA package (version 7.0).

2.5 | Recombination analysis

For the investigation of putative recombination events, we identified 
possible recombination breakpoints using Recombination Detection 
Program version 4.0 (RDP4). To visualize the recombination events 

and breakpoints, a similarity analysis was implemented in SimPlot 
software (v3.5.1) with a 200-bp window width and a 20-bp step size.

2.6 | Virus isolation and propagation

PDCoV-positive samples were diluted with serum-free Dulbecco's 
Modified Eagle Medium (DMEM) and centrifuged at 4,000g and 4°C 
for 4 min, and the supernatants were collected and filtered through a 
syringe filter with a 0.22-μm pore size. The samples were separately 
inoculated onto monolayers of LLC-PK1 cells and ST cells. The virus 
was determined by RT-PCR.

3  | RESULTS AND DISCUSSION

Previous studies have identified PDCoV in samples from pigs with 
diarrhoea symptoms co-infected with PEDV, TGEV and PoRV. In 
this study, 19.4% (12/62) of the samples were positive for PDCoV, 
as detected by RT-PCR, which suggests that PDCoV was prevalent 
in Guangxi Province. Among the 62 porcine samples examined, 20 
(32.3%, 20/62) were positive for PEDV, three (4.8%, 3/62) were posi-
tive for TGEV and four (6.5%, 4/62) were positive for PoRV. PDCoV/
PEDV coinfections were the most common (12.9%) (Table 1).

Five positive samples were used for further complete se-
quencing. The complete genomic sequences of CHN-GX01-2018, 
CHN-GX11-2018, CHN-GX12-2018, CHN-GX81-2018 and 
CHN-GX09-2018 were determined and deposited in the 
GenBank database under the accession numbers MK359104 and 
MN173779-MN173782, respectively. The five PDCoV genomes 

F I G U R E  1   Experimental design
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were 25,406 and 25,408 nucleotides (nt) in length, which encom-
passed the 5′-untranslated region (UTR) and 3′-UTR, respectively.

A comparative analysis of the whole genome sequence of those 
five strains shared 99.1%-99.9% identity among themselves and 
98.1%–98.3%, 97.8%–98.1%, 98.2%–98.4% and 98.1%–98.6% nucle-
otide identity with HKU15-44, USA/Iowa136/2015, CHN-AH-2004 
and Vietnam/Binh21/2015, respectively. The S genes of four PDCoV 
strains (CHN-GX01-2018, CHN-GX09-2018, CHN-GX11-2018 
and CHN-GX12-2018) showed 97.4%-97.7% aa identity with the 
CHN-AH-2004 sequence. The S gene of the CHN-GX81-2018 
strain shared 96.6%-96.8% nucleotide identity with the USA/
Iowa136/2015 and CHN-AH-2004 strains and 98.7% nucleotide 
identity with the Vietnam/Binh21/2015 strain.

To establish the genetic relationships of the five PDCoV strains in-
vestigated in this study with other reference strains, we constructed 
phylogenetic trees based on their S genes and their complete ge-
nomic sequences. The genetic evolution analysis based on the com-
plete genome failed to classify the five strains (Figure 2a), while the 
genetic evolution analysis based on the S gene showed that these 
PDCoV strains could be divided into two lineages: CHN-GX01-2018, 
CHN-GX09-2018, CHN-GX11-2018 and CHN-GX12-2018 were 
classified into the China lineage, and the CHN-GX81-2018 strain was 
classified into the Vietnam/Laos/Thailand lineage (Figure 2b). This 
study provides the complete sequence of a strain belonging to the 
Vietnam/Laos/Thailand lineage in China. The China lineage has be-
come predominant in China's pig farms since 2012, but the Vietnam/
Laos/Thailand lineage also exists in China. However, the source of 
the virus has not yet been determined.

In comparison with the strains from the China lineage, the 
strains from the Vietnam/Laos/Thailand lineage identified the fol-
lowing unique sequence characteristics: 3-nt (TCT) deletions in the 
5′-UTR, 6-nt (AGTTTG) and 9-nt (GAGCCAGTC) deletions in open 
reading frame 1a/b, 3-nt (AAT) insertions in the S gene, and 3-nt 
(CTC) insertions in the 3′-UTR. Five strains had a 6-nt deletion in 
NSP2, a 9-nt deletion in the NSP3-coding region and a 3-nt (CCC) 
in the 5′-UTR. In addition, four PDCoV genomes (CHN-GX01-2018, 
CHN-GX09-2018, CHN-GX11-2018 and CHN-GX12-2018) ex-
hibited a 3-nt (AAT) deletion in the S gene and a 3-nt (CTC) inser-
tion in the 3′-UTR. However, CHN-GX81-2018 contained a 3-nt 
(AAT) in the S gene and no insertion in the 3′-UTR (Figure 3). The 
sequence alignment of the deduced amino acids of the S protein 
showed that CHN-GX81-2018 had the same substitutions as the 
Vietnam/Laos/Thailand strains at positions 8C/S, 14V/A, 47S/L, 
149H/R, 229H/Q, 431D/G, 571V/I and 698 A/S. Four PDCoV ge-
nomes (CHN-GX01-2018, CHN-GX09-2018, CHN-GX11-2018 and 
CHN-GX12-2018) had two additional unique substitutions at posi-
tions 44S/I and 539 Y/H (Figure S1).

Recombination plays a pivotal role in the evolution of coronavi-
ruses by creating new strains with altered virulence. Previous stud-
ies have shown that a large number of new strains were recombined 
from strains belonging to the China and Vietnam/Laos/Thailand lin-
eages (Dong et al., 2016; Zhang, Liu, et al., 2019; Zhang, Cheng, et al., 
2019), e.g., the CHN-HG-2017 recombinant strain originated from the 
CH/SXD1/2015 and Vietnam/HaNoi6/2015 strains. Furthermore, 
the challenged piglets developed typical symptoms, such as vom-
iting, anorexia, diarrhoea and lethargy, between 1 and 7  days after 

F I G U R E  2   Phylogenetic analyses of PDCoV based on the complete genome (a) and S gene (b) using the neighbour-joining algorithm and a 
heuristic search with 1,000 bootstrap replications implemented in MEGA7
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inoculation. Our research confirms previous studies describing the dis-
covery of Vietnam/Laos/Thailand lineage strains in China and obtains 
a Vietnam/Laos/Thailand lineage CHN-GX81-2018 strain in China.

Alignments of the complete genes of these PDCoVs with three 
lineage sequences were analysed using several methods included in 
RDP4 and confirmed by SimPlot. The genomes of CHN-GX01-2018, 
CHN-GX09-2018, CHN-GX11-2018 and CHN-GX12-2018 shared 
the same recombination pattern. Four strains were the result of 
recombination between the CHN-HB-2014 (China lineage) and 
Vietnam/Binh21/2015 (Vietnam/Laos/Thailand lineage) strains. 
Two recombination breakpoints were identified in CHN-GX11-2018: 
region A located in the NSP2-NSP3 and region B located in NSP12-
NSP13 (Figure S2 and Table S3).

According to previous reports, efforts to isolate this virus have 
failed (Hu et al., 2015; Jung, Hu, & Saif, 2016). We thus visually in-
spected inoculated monolayers of ST and LLC-PK1 cells, and nega-
tive RT-PCR results were obtained after 10 passages. To date, the 
Vietnam/Laos/Thailand lineage strain has been successfully isolated 
in Vietnam (Saeng-Chuto et al., 2020).

The results of this study demonstrated that multiple lineages of 
PDCoV, including the China and Vietnam/Laos/Thailand lineages, 
coexisted in China. An increase in recombination events between 
different lineages of PDCoV strains could result in greater PDCoV 
pathogenicity. Further research is needed to elucidate the prevalence 
and pathogenesis of novel Vietnam/Laos/Thailand-like strains and to 
determine the origin and evolution characteristics of the strains.
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