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Abstract
Porcine epidemic diarrhea (PED) virus (PEDV) is a highly contagious virus. PED was first identified in 2008 and has greatly 
affected the Vietnamese pig production economy. The aim of this study was to investigate the epidemiological and genetic 
characteristics of PEDV in piglet herds in the Mekong Delta, Vietnam. Diarrheal stool and intestinal samples from 2262 
piglets from 191 herds in five provinces were collected to test for the presence of PEDV. Ten PEDV strains were randomly 
selected for sequencing, and four genes encoding PEDV structural proteins were analyzed. The rates of herds and samples 
positive for PEDV were 27.23% and 27.72%, respectively. In positive herds, the morbidity and mortality of PEDV-positive 
piglets were 97.97% and 79.06%, respectively, with most of the infected piglets under 7 days of age. Phylogenetic analysis 
showed that the 10 PEDV strains from this study clustered with genotype G2 strains from Vietnam and neighboring countries. 
Many amino acid substitutions were identified in important antigenic regions in the spike protein of the 10 strains when 
compared to four PEDV vaccine strains. This study provides novel insights into the epidemiology and genetic diversity of 
circulating PEDV strains, which could facilitate the development of an appropriate and proactive strategy for controlling PED.

Introduction

Porcine epidemic diarrhea (PED) virus (PEDV) is a highly 
contagious virus belonging to the genus Alphacoronavirus, 
family Coronaviridae [19]. PEDV is an enveloped virus 
with a diameter of approximately 95-190 nm [9]. The PEDV 
genome is a single-stranded positive RNA containing at least 
seven open reading frames (ORFs), which encode four struc-
tural proteins (S, E, M, and N) and three nonstructural pro-
teins (replicase enzymes 1a, 1b, and ORF3) [5].

PED can spread very quickly in PEDV-negative herds and 
cause high morbidity (100%) and mortality (30% to 90%) in 
piglets. PED first occurred in Vietnam at the end of 2008 and 
caused heavy losses in pig herds in the Southeast provinces, 
with various mortality rates in piglets (50%-100%) [14]. 
PEDV did not cause death in mature pigs but did greatly 
affect reproductive performance, with a 12.6% reduction in 
farrowing rate, 5.7% failure to breed, 1.3% abortion rate, and 
2.0% mummified fetuses [27].

The genetic and molecular epidemiological characteris-
tics of PEDV in countries differ [17, 18]. In Vietnam, most 
PEDV isolates have belonged to the genotypes G1 and G2 
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and have very high genetic similarity to strains isolated from 
neighboring countries such as China and Thailand [3, 24].

The Mekong Delta is located in western Vietnam and 
is an important pig-production area. Although epidemio-
logical and genetic studies of PEDV have been conducted in 
southeastern and northern Vietnam, a comprehensive survey 
of these features in the Mekong Delta has not been under-
taken. In this study, we investigated the mortality, morbidity, 
and genetic characteristics of PEDV in the Mekong Delta, 
thereby providing new insights into PED in Vietnam.

Materials and methods

Study design and sample collection

This study was conducted on 63 commercial pig farms in 
five provinces in the Mekong Delta of Vietnam from 2015 to 
2017. On these farms, a large number of piglets showed ano-
rexia, depression, and yellow or watery diarrhea. In addition, 
some gastrointestinal lesions were observed in dead piglets, 
which had thin intestinal walls and distended stomachs filled 
with undigested milk (Fig. 1). We randomly selected about 
three herds per farm to collect diarrheal stools and intesti-
nal samples. A total of 2262 samples from 191 herds were 
obtained and tested for the presence of PEDV using RT-
PCR. The morbidity and mortality were also examined based 
on age and locality in PEDV-infected herds. Ten PEDV 
strains were selected from five provinces for sequencing of 
the four structural genes to investigate the genetic diversity 
of PEDV in the Mekong Delta region.

RNA extraction and RT‑PCR

Total RNA from diarrheal stools and intestinal samples was 
extracted using a GenJET Gel Extraction and DNA Cleanup 
Micro Kit (Thermo Fisher, USA) according to the manufac-
turer's protocol. The extracted RNA was used to synthesize 
cDNA using a RevertAid First Strand cDNA Synthesis Kit 

(Thermo Fisher, USA). A 412-bp fragment of the M gene 
was amplified using a pair of specific primers [12]. The ther-
mocycling conditions included a 5-min initial denaturation 
step at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s at 
55°C, and 30 s at 72°C, and then a 10-min final elongation 
step at 72°C.

Genetic sequencing and analysis

Ten PEDV-positive samples were selected randomly for 
sequencing of the four genes encoding structural proteins (S, 
E, M, and N). The primer pairs used to amplify the complete 
S, E, M, and N genes are shown in Supplementary Table S1. 
The structural genes were sequenced on both strands at Mac-
rogen (Korea), using the primers T7 and SP6. Sequence data 
were processed and assembled using Sequencher 5.4.6 soft-
ware (Genecodes). The nucleotide sequences determined in 
this study were deposited in the GenBank database under 
the accession numbers shown in Supplementary Table S2.

Nucleotide and amino acid sequences were analyzed 
and compared with reference sequences (Supplementary 
Table S3) using Bioedit 7.2.6 software [8]. Phylogenetic 
trees based on the S, E, M, and N genes were built using the 
maximum-likelihood method in MEGA 6.06 software [23] 
with 1000 replicates.

Results and discussion

The prevalence of PEDV in piglets in the Mekong 
Delta provinces

Out of 191 herds of piglets with diarrhea, 52 (27.23%) tested 
positive for PEDV (Table 1), which was a higher rate than 
that reported previously for the southern region of Vietnam 
(16.96%) [15]. Tien Giang and Ben Tre had the highest rates 
of PEDV-positive herds, with 33.33% and 32.65%, respec-
tively, followed by Vinh Long (24.13%). The percentage of 
PEDV-infected herds in Can Tho and Dong Thap was the 

Fig. 1  Representative images of PEDV-infected piglets. (A) Weak piglets lying on top of each other. (B) Severe stomach hemorrhage. (C) Thin 
small intestine and severe large intestinal hemorrhage
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lowest (18.75% and 20%, respectively). The proportion of 
PEDV-positive samples in the total samples collected was 
27.72%. Tien Giang and Ben Tre had the highest proportion 
of infected samples, with 33.79% and 32.20%, followed by 
Vinh Long, Dong Thap, and Can Tho (23.42%, 20.19%, and 
19.67%, respectively).

Of the 640 piglets in the positive herds, 627 (97.97%) 
tested positive for PEDV, and 506 (79.06%) died from 
PEDV infection (Table 2). This is consistent with the rates of 
PEDV-infected pigs found previously in the southern region 
(93.94% and 81.67%, respectively) and some northern prov-
inces (96% and 68.6%, respectively) [14, 16]. A survey in 
the USA also showed high morbidity and mortality rates in 
infected piglets, with rates of 100% and 90-95%, respec-
tively [20]. These results show that most of the piglets in 
the positive herd were infected with PEDV and died. Can 
Tho had the highest infection rate (100%) but the lowest 
mortality rate (73.24%). Meanwhile, the remaining prov-
inces had similar infection and mortality rates, ranging from 
97.37% to 98.48% and from 78.46% to 83.91%, respectively. 
The morbidity and mortality of piglets up to 28 days old in 
PEDV-positive herds were recorded for three age groups: 
under 7 days old, 7-10 days old, and over 10 days old. Piglets 
under 7 days of age had the highest PEDV morbidity and 
mortality (100% and 84.47%, respectively), and the lowest 
morbidity and mortality were in piglets older than 10 days 
(88.10% and 64.86%, respectively) (p < 0.05). In Europe, 

it has been reported that the mortality rate can reach 100% 
in suckling piglets, while it is less than 10% in piglets older 
than 10 days of age, and less than 5% in adult and fattening 
pigs [1]. This seems to be due to differences in resistance 
and immune status among the animals. In previous studies, 
piglets were found to be very sensitive to PEDV, especially 
those under a week of age [18, 20, 22]. In PED outbreaks 
in 2010, the morbidity and mortality of piglets under 7 days 
of age were 100% and 80-100%, respectively [22]. In PED 
outbreaks in Taiwan, these rates were also very high (80-
100% and 90-100%, respectively) [13].

Genetic characteristics of PEDV strains

Phylogenetic analysis based on four structural gene 
sequences showed that the 10 PEDV strains isolated from 
PEDV-positive piglets in this study belonged to the G2 
genotype (Fig. 2). This contrasts with previous studies con-
ducted in southern Vietnam, where all six PEDV strains col-
lected in three provinces in southern Vietnam in 2009-2010 
belonged to the G1 genotype [4]. More recently, two strains 
(HUA-PED176 and HUA-PED254) isolated in the south 
of Vietnam in 2015-2016 also belonged to the G1 geno-
type [24]. However, 23 out of 25 PEDV strains collected 
in northern Vietnam during 2012–2015 belonged to the G2 
genotype [3]. Twenty-eight (100%) PEDV strains isolated in 
the northern and central regions of Vietnam between 2015 
and 2016 belonged to the G2 genotype [24]. Furthermore, 
the majority of PEDV strains collected in northern Viet-
nam in 2018–2019 also belonged to the G2 genotype [7]. 
Together, these data show that PEDV strains belonging to 
genotype G2 have become more prevalent in Vietnam. The 
PEDV strains from this study had a very close genetic rela-
tionship to three strains from Vietnam that were isolated 
in the northern region in 2013-2014 (VN/VAP1113-1, VN/
JFP1013-1, and HUA-14PED96), the CBR1 strain from 
Thailand, and three Chinese strains (CHGD-01, CH/FJZZ-
9/2012, and PEDV-CHZ).

Multiple sequence alignments of the S, E, M, and N 
genes showed that the 10 PEDV strains from this study 

Table 1  Prevalence of PEDV in piglets from the Mekong Delta prov-
inces

Province/
city

No. of herds No. of posi-
tive herds 
(%)

No. of 
samples 
collected

No. of posi-
tive samples 
(%)

Ben Tre 49 16 (32.65) 618 199 (32.20)
Can Tho 32 6 (18.75) 361 71 (19.67)
Dong Thap 30 6 (20) 322 65 (20.19)
Tien Giang 51 17 (33.33) 645 218 (33.79)
Vinh Long 29 7 (24.13) 316 74 (23.42)
Total 191 52 (27.23) 2.262 627 (27.72)

Table 2  Number of PEDV-
positive and dead piglets in 
PEDV-positive herds according 
to age and province

No. of piglets No. of positive 
piglets (%)

No. of dead piglets (%)

Province/city Ben Tre 204 199 (97.55) 167 (83.91)
Can Tho 71 71 (100) 52 (73.24)
Dong Thap 66 65 (98.48) 51 (78.46)
Tien Giang 223 218 (97.76) 175 (80.28)
Vinh Long 76 74 (97.37) 61 (82.43)

Age (days) < 7 425 425 (100) 359 (87.47)
7 - 10 131 128 (97.71) 99 (77.34)
> 10 84 74 (88.10) 48 (64.86)
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shared a very high degree of similarity at the nucleotide 
and amino acid levels (97.2-100% and 93.0-100% identity, 
respectively) (Supplementary Table S4). They also had very 
high sequence similarity to three reference strains isolated 
in northern Vietnam (96.0-99.8% and 89.2-100% identity, 
respectively). Although the 10 PEDV strains exhibited high 
similarity at the nucleotide and amino acid levels in the E, 
M, and N genes to reference strains isolated from Korea, 
Japan, Thailand, China, and the USA (94.6-99.8% and 97.2-
100% identity, respectively), the S gene had low sequence 
identity (81.5-98.3% and 73.5-95.5%, respectively). A com-
parison of the S genes of the 10 strains from this study and 
four PEDV vaccine strains (CV777, SM98, DR13/virulent, 
and DR13/attenuated) revealed that the sequence identity 
was only 92.3-94.3% at the nucleotide level and 83.5-88.1% 
at the amino acid level. In particular, these strains lacked 15 
nucleotides (167, 176-186, and 430-432) and had an extra 
six nucleotides (492-497) when compared to the CV777, 
DR13/Attenuated, and DR13/Virulent strains, and they 
lacked 32 nucleotides (167, 176-186, 430-432, 4167-4183) 
and had an extra 18 nucleotides (344-355, and 492-497) 
when compared to the SM98 strain. Meanwhile, these 10 
strains and the four vaccine strains showed low similarity 
at the nucleotide and amino acid levels in the E, M, and N 
genes (Supplementary Table S4).

Because of the large differences at the amino acid 
level, the predicted amino acid sequences of four major 
epitopes in the spike proteins of the 10 PEDV strains and 
four PEDV vaccine strains were compared (Fig. 3). There 
were many amino acid substitutions in the S gene of the 
10 PEDV strains compared to the four PEDV vaccine 
strains. The S protein consists of 1383 amino acids and is 
divided into two subunits: S1 (1-789) and S2 (790-1383) 
[6]. In the S1 subunit, there were amino acid substitutions 
(S508A, L531I, A533S, Q550R, K568T, V581A, V592L, 
G599S, Y608H, A/E610D, G614S, and L/F617Y) in the 
core neutralizing epitope (aa 504-643), which contains 
the antigen-determining group that induces neutralizing 
antibodies and is also a variable region [10]. The specific 
mutation Y/D771S has been identified in a B cell epitope 
(aa 769-776) of the S1 region [21]. No amino acid substi-
tutions were found in the epitope 1373GPRLQPY1379, 
which induces anti-PEDV neutralizing antibodies [2]. 
Although the S protein plays an important role in recep-
tor binding and viral entry, the amino acid mutation rate 
of the PEDV S gene is very high, up to 10% [11, 25], 
and multiple epitopes that induce neutralizing antibodies 
have been identified in this protein. Thus, mutations in 
the antigenic determinant regions of PEDV can lead to a 
decrease in the ability of vaccines to protect against field 
strains [26]. It is therefore important to select vaccines 

Fig. 2  Phylogenetic trees based on the nucleotide sequences of the 
genes encoding the S (A), E (B), M (C), and N (D) proteins of 10 
PEDV strains. The neighbor-joining method was used for the con-
struction of the phylogenetic trees in MEGA 6.06 software. Numbers 

at branches are bootstrap values >50% (1000 replicates). Red trian-
gles and black circles indicate PEDV strains from this study and vac-
cine strains, respectively. Scale bars represent nucleotide substitutions 
per site
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with high similarity to the strains of PEDV that are circu-
lating on farms for PED prevention and mitigation.

Conclusions

In this study, 27.23% of the 191 herds and 27.72% of the 
2262 samples from five provinces in the Mekong Delta, 
Vietnam, that we tested were positive for PEDV, 97.97% 
of the piglets in the positive herds were PEDV-positive, 
and 79.06% died from PEDV infection. Ten PEDV strains 
from this study belonged to the G2 genotype and had a 
close relationship to PEDV strains isolated in Vietnam and 
neighboring countries. Fourteen amino acid substitutions 
were found in key antigenic regions of the spike protein.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00705- 023- 05779-6.
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