Veterinary Research Communications (2021) 45:75-86
https://doi.org/10.1007/511259-021-09808-0

REVIEW ARTICLE

=

Check for
updates

Porcine enteric coronaviruses: an updated overview
of the pathogenesis, prevalence, and diagnosis

Qiang Liu’' - Huai-Yu Wang'

Received: 18 January 2021/ Accepted: 22 June 2021 / Published online: 12 July 2021

© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract

The recent prevalence of coronavirus (CoV) poses a serious threat to animal and human health. Currently, porcine enteric
coronaviruses (PECs), including the transmissible gastroenteritis virus (TGEV), the novel emerging swine acute diarrhoea
syndrome coronavirus (SADS-CoV), porcine delta coronavirus (PDCoV), and re-emerging porcine epidemic diarrhoea virus
(PEDV), which infect pigs of different ages, have caused more frequent occurrences of diarrhoea, vomiting, and dehydration
with high morbidity and mortality in piglets. PECs have the potential for cross-species transmission and are causing huge
economic losses in the pig industry in China and the world, which therefore needs to be urgently addressed. Accordingly,
this article summarises the pathogenicity, prevalence, and diagnostic methods of PECs and provides an important reference

for their improved diagnosis, prevention, and control.

Keywords Porcine delta coronavirus - Porcine enteric coronavirus - Porcine epidemic diarrhoea virus - Swine acute
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Introduction

Infectious diseases caused by coronaviruses (CoVs) in
recent years, including severe acute respiratory syndrome
(SARS), Middle East respiratory syndrome (MERS), and
coronavirus disease 2019 (COVID-19), pose a great threat
to human and animal health, as they can infect many kinds
of mammals and birds (Cui et al. 2019; Liu et al. 2020b).
CoVs are the largest single-stranded RNA viruses, belong-
ing to the subfamily Coronavirinae, family Coronaviridae,
and order Nidovirales (Su et al. 2016). To date, four genera
have been described in the subfamily Coronavirinae, includ-
ing Alphacoronavirus, Betacoronavirus, Gammacoronavi-
rus, and Deltacoronavirus (Weiss and Navas-Martin 2005).
CoVs can cause respiratory and digestive tract infections
in humans and animals (Woo et al. 2012). Piglet diarrhoea,
mainly caused by CoVs, is one of the most difficult problems
in the pig industry worldwide. Currently, four CoVs, trans-
missible gastroenteritis virus (TGEV), porcine epidemic
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diarrhoea virus (PEDV), swine acute diarrhoea syndrome
coronavirus (SADS-CoV), and porcine deltacoronavirus
(PDCoV), are known to cause intestinal diseases, watery
diarrhoea, and high mortality in infected piglets (Yang et al.
2020). Thus, the prevalence of porcine enteric coronaviruses
(PECs) poses a great threat to the pig industry in China
and the world, given the additional risk of cross-species
transmission.

Transmissible gastroenteritis virus

Transmissible gastroenteritis (TGE) of pigs is a highly con-
tagious digestive tract infection caused by TGEV and char-
acterised by vomiting, severe diarrhoea, dehydration, and
high mortality of piglets, within 2 weeks of age (Garwes
1988). The disease was first reported in 1946 in the United
States (US), followed by outbreaks in many countries in the
Americas, Asia, and Europe (Doyle and Hutchings 1946;
Kim et al. 2000; Stevenson et al. 2013). The severity of clini-
cal signs caused by TGEV is inversely proportional to the
age of the pig population. Piglets less than 2 weeks of age
are the most susceptible to infection, developing vomiting,
watery, or slushy diarrhoea, and yellow faeces, often with
undigested curd. The piglets lose weight rapidly, become
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dehydrated, and die within 1 week of onset, with mortality
rates often reaching 100%. Infected lactating sows show a
transient temperature increase, lactation cessation, vomit-
ing, anorexia, and diarrhoea, which last for a short time, and
they rarely die, whereas some lactating sows show no clini-
cal signs (Ding et al. 2017; Penzes et al. 2001; Saif 1999).
Histopathological changes have been mainly found to occur
in the stomach and small intestines of pigs. Microscopic
examination has shown that the villi of the small intes-
tine are atrophied, shortened, and even necrotic (Table 1).
Histochemical analysis demonstrated that the number of
CD3 + T cells, SIgA-positive cells, and dendritic cells were
decreased, whereas the number of microfold (M) cells and
cell proliferation were increased in the jejunum of TGEV-
infected pigs. Moreover, this study also found that the gene
copy numbers of Enterobacteriaceae were increased and the
number of Lactobacillus was decreased in mucosal scrap-
ing samples from TGEV-infected pigs (Xia et al. 2018a, b).

TGEV has a non-segmented, single- and positive-
stranded RNA genome of ~28.5 kb, and both ends of the
genome are 5'-cap and 3'-poly (A) tail structures. The open
reading frame (ORF) arrangement is 5'-ORF1a-ORF1b-
ORF2-ORF3a-ORF3b-ORF4-ORF5-ORF6-ORF7-3', with
ORFla and 1b occupying two-thirds of the length of the
genome and encoding ppla and pplb, respectively. ORF2,
ORF4, ORF5, and ORF6 encode four structural proteins,
including spike protein (S), membrane protein (M), nucle-
ocapsid protein (N), envelope protein (E), and three acces-
sory proteins encoded by ORF3a, ORF3b, and ORF7,
respectively (Fig. 1A) (Alonso et al. 2002).

The first step for coronavirus to infect the organism is
to recognise and bind to host cell membrane receptor mol-
ecules, which then initiate the process of invasion and mem-
brane fusion, and ultimately the release of the viral genome
into the infected cell (Fehr and Perlman 2015). The whole
process is mediated by the S protein of coronavirus (Bel-
ouzard et al. 2012; Bosch et al. 2003). S protein is a large
type I transmembrane glycoprotein, which is functionally
divided into two subunits, denoted S1 and S2, both of which
are responsible for receptor binding and fusion with the cel-
lular membrane, respectively (Belouzard et al. 2012; Bosch
et al. 2003). The binding site between the virus and amino
peptidase N (APN) receptor is located on the S1 subunit
C-terminal domain of the TGEV S protein (Belouzard et al.
2012).

The type of receptor recognised by the S protein of coro-
navirus and the distribution of the receptor in the host are the
key factors that determine the species and tissue tropism for
susceptible animals. At present, there are four known func-
tional receptors of coronavirus, namely APN (which is used
as a receptor for TGEV) (Delmas et al. 1992), angiotensin-
converting enzyme 2 (ACE2; used as a receptor for severe
acute respiratory syndrome coronavirus) (Li et al. 2003),
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carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAMLI; used as a receptor for murine hepatitis virus)
(Williams et al. 1991), and dipeptidyl peptidase 4 (DPP4,
also known as CD26; used as a receptor for Middle East
respiratory syndrome coronavirus) (Raj et al. 2013).

The functional receptor of TGEV was the first identified
among porcine enterocoronavirus (Delmas et al. 1992). The
reason why TGEV mainly infects the small intestine might
be due to the expression of APN in villous epithelial cells
of the small intestine. APN, also known as CD13, is a type
II transmembrane glycoprotein, of approximately 150 kDa,
which is highly expressed in intestinal brush border, renal, and
respiratory epithelial cells. Its main functions include peptide
metabolism, cell movement, and adhesion (Chen et al. 2012a,
b; Mina-Osorio 2008). Studies have confirmed that APN is
the functional receptor of TGEV infection, and the regions
36-223 aa, 349-591 aa, and 592-963 aa might be the three
main regions binding to TGEV S protein (Ren et al. 2010).
Meanwhile, it was also confirmed that TGEV S protein has
red blood cell agglutination activity. This process is realised by
the combination of the S protein and sialic acid on the surface
of red blood cells (Schultze et al. 1996; Schwegmann-Wessels
et al. 2003). Studies have shown that TGEV has different affin-
ities for different sialic acids. At present, three kinds of sialic
acids have been identified as coronavirus receptors or recep-
tor binding co-factors, namely namely 5-N-acetylneuraminic
acid (Neu5Ac), 5-N-glycolylneuraminic acid (Neu5Gc), and
5-N-acetyl-9-O-acetylneuraminic acid (Neu5,9Ac2). The affin-
ity of TGEV for Neu5Gc is higher than that for NeuSAc and
Neu5,9Ac2 (Krempl et al. 1997; Schwegmann-Wessels and
Herrler 2006; Schwegmann-Wessels et al. 2003). Studies have
shown that although TGEV infection of cultured cells in vitro
does not rely on its sialic acid activity as the basic condition
of infection, the infection of gastrointestinal tissues must be
combined with sialic acid. Owing to the interaction between
TGEYV, sialic acid might help itself pass through the sialic
acid-rich mucus layer coated on the surfaces of intestinal epi-
thelial cells (Matrosovich et al. 2015; Schwegmann-Wessels
et al. 2003). In addition, one study confirmed that epidermal
growth factor receptor (EGFR) is used as a cofactor and plays
a synergistic role with APN, early in TGEV infection (Hu et al.
2018). TGEV S1 protein interacts with EGFR extracellular
receptor binding domain 1 to induce EGFR internalisation
and promote APN and EGFR aggregation, which synergically
stimulate PI3K/Akt and MEK/ERK1/2 endocytosis signalling
pathways in the early stage of TGEV infection and promote
TGEV entry (Hu et al. 2018). These findings contribute to the
understanding of the mechanisms of TGEV invasion and pro-
vide a potential target for the development of new anti-TGEV
therapies. Moreover, EGFR play an important role in the regu-
lation of glucose uptake during TGEV infection (Xia et al.
2018a, b). One study found that in IPEC-J2 cells, TGEV infec-
tion enhances the expression of caveolin-1, down-regulates
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Fig.1 Genomic structures of porcine enteric coronavirus, includ-
ing TGEV (A), PEDV (B), SADS-CoV (C), and PDCoV (D). Viral
structural genes and presumed accessory genes are shown. There are
5'-terminal cap structures and 3'-terminal poly (A) tails at both ends

arginine uptake (which mediates important regulatory func-
tions that affect nutrient metabolism and immune responses),
and attenuates cationic amino acid transporter 1 expression to
affect nutrient absorption via the induction and activation of
phospho-protein kinase C a (p-PKC o) and phospho-epidermal
growth factor receptor (p-EGFR) (Xia et al. 2018a, b).

The traditional TGEV strains can be further divided into
Miller and Purdue subgroups (Zhang et al. 2017). Recently,
TGEV was found to have a lower incidence rate than other
enteric coronaviruses and is often mixed with other patho-
gens, such as PEDV and rotavirus (Luo et al. 2020; Zhu
et al. 2017a, b, c). A highly virulent TGEV JS2012 strain
was isolated from a pig farm in Jiangsu Province, China.
Recombinant analysis showed that the strain was a new natu-
ral recombinant strain between Miller M6 and Purdue 115,
which resulted in 100% mortality in new-born piglets (Guo
et al. 2020).

Porcine epidemic diarrhoea virus
Porcine epidemic diarrhoea (PED) is a highly contagious

intestinal disease caused by PEDV and characterised by
acute watery diarrhoea, vomiting, and dehydration (Li et al.
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of the genome. TGEYV, transmissible gastroenteritis virus; SADS-
CoV, swine acute diarrhoea syndrome coronavirus; PDCoV, porcine
delta coronavirus; PEDV, porcine epidemic diarrhoea virus

2018c). The first PEDV case was reported on a swine farm
in the UK in 1971, but PEDV was first isolated in Belgium
in 1978 (Pensaert and de Bouck 1978; Song and Park 2012).
In China, PEDV was first discovered in the 1980s and has
been reported in some Asian countries, including Japan and
South Korea (Kusanagi et al. 1992; Takahashi et al. 1983).

Pigs of all ages can be infected with the virus, but pig-
lets, especially those less than 2 weeks of age, have a high
mortality rate of 95%. The clinical signs are very similar to
those of TGE, but the mortality rate is slightly lower than
that of TGE, and the speed of transmission in pigs is also
slower (Jung and Saif 2015). PEDV mainly infects the vil-
lous intestinal epithelial cells of the small intestine, result-
ing in significant atrophy of the intestinal villi (Table 1) (Li
et al. 2018c¢). In the small intestine of PEDV-infected pigs,
the tight junction of villous intestinal cells is destroyed,
the number of mucins is reduced, and many intestinal cells
(such as epithelial cells and goblet cells) are lost, followed
by brush border membrane-bound digestive enzymes, such
as disaccharidase (lactase, sucrase and maltase), leucine
aminopeptidase, and alkaline phosphatase, being signifi-
cantly decreased, resulting in malabsorption and dyspepsia
(Curry et al. 2017; Jung and Saif 2015, 2017; Jung et al.
2006, 2015). Impaired intestinal integrity might lead to the
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ingestion of intraluminal food and bacteria, causing allergic
reactions and co-infection, further aggravating the disease
(Jung et al. 2020). Additionally, PEDV has also been found
to infect alveolar macrophages of the respiratory tract, lead-
ing to pulmonary lesions (Park and Shin 2014).

The PEDV genome (~28 kb) is similar to that of TGEV
and contains 5'-cap structures, a 3'-poly(A) tail, and the
ORF arrangement 5’-ORF1a-ORF1b-ORF2-ORF3-ORF4-
ORF5-ORF6-3'. ORF1la encodes a large polyprotein, ppla,
whereas ORF1b is expressed as a pplab fusion protein via
ribosomal frameshifting in the first 2/3 of the 5’ end of the
genome. ppla and pplb are further processed into 16 non-
structural proteins (NSPs) by the proteinase activity of NSP3
and NSP5. The terminal 1/3 of the genome contains five
ORFs, which encode four structural proteins (S, E, M, N),
and an accessory protein, respectively (Fig. 1B) (Hou and
Wang 2019).

Similar to other enveloped viruses, PEDV also mediates
virus adsorption and invasion to cells through its S protein,
and S protein cleavage is crucial for virus invasion (Deng
et al. 2016; Liu et al. 2015; Nam and Lee 2010). in-vitro
studies confirmed that cell lines, such as MDCK cells, with
over-expression of pAPN could support the replication and
continuous passage of PEDV in non-susceptible cells. In
contrast, MDCK cells that are neutralised by the pAPN anti-
body could limit the infection of PEDV (Li et al. 2007).
These results suggest that pAPN is a functional receptor
for PEDV infection. Similar studies have shown that over-
expression or knockdown of pAPN in porcine intestinal
epithelial cells (PIECs) by transient expression and siRNA
could increase or decrease PEDV infection, respectively
(Cong et al. 2015). in-vivo experiments confirmed that
although pAPN transgenic mice show no obvious disease
signs, PEDV could infect pAPN transgenic mice but could
not infect wild-type mice (Park et al. 2015). These studies
have shown that pAPN is a functional receptor of PEDV-
infected cells. However, several studies have pointed out that
pPAPN is not a functional receptor for PEDV (Ji et al. 2018;
Shirato et al. 2016). The main contradiction is that Vero cells
supports PEDV infection and replication, but Vero cells do
not express endogenous pAPN (Ji et al. 2018). Moreover,
human HeLa cells expressing pAPN and pAPN-positive por-
cine CPK cells fail to support PEDV infection (Shirato et al.
2016). In vivo experiments using pAPN-knockout transgenic
pigs with TGEV or PEDV challenge confirmed that pigs
without pAPN could not be infected by TGEV but could
still be infected by PEDV (Whitworth et al. 2019). There-
fore, further experiments are needed to verify whether an
additional cellular receptor is involved in PEDV infection.

Similar to TGEV, PEDV can also bind sialic acid (Deng
et al. 2016; Liu et al. 2015). Further studies confirmed that
PEDV S1 not only interacts with pAPN through its C-ter-
minal domain, but also interacts with saccharide co-receptor

Neu5Ac through its N-terminal (Deng et al. 2016). Envel-
oped viruses can invade cells directly by binding to recep-
tors on the cell surface or are capable of being internalised
by endocytosis via fusion occurring in the endosomal com-
partment. In addition, one study demonstrated for the first
time that PEDV instantaneously infects nasal epithelial cells
(Li et al. 2018b). Dendritic cells (DCs) in the nasal submu-
cosa could extend out dendrites and enter the nasal cavity
to absorb PEDV and assist PEDV in crossing the mucosa.
DCs carrying PEDV then deliver the virus to CD3 + T cells.
Via the blood and lympbh circulation, virus-carrying CD3+T
cells reach the intestinal epithelial cells, where infection
occurs (Li et al. 2018b). The results of this study revealed
a new mechanism by which PEDV could cause intestinal
pathogenicity through nasal transmission.

There are two known PEDV genotypes, Genogroup I (GI)
and Genogroup II (GII). GII-type can be divided into GII-
a, GII-b, and GII-c subtypes. China and the United States
are dominated by the GII strain (Antas and Wozniakowski
2019; Lin et al. 2016). In October 2010, a severe PED epi-
demic caused by a highly virulent variant of PEDV broke
out in southern China, with a mortality rate of 70-100% (Li
et al. 2012; Sun et al. 2012). Ever since that, the detection
of highly virulent strains of PEDV has also been reported
in other countries, including the United States, Canada,
Mexico, Austria, Belgium, France, Germany and Italy (Chen
et al. 2012a, b; Ojkic et al. 2015; Tian et al. 2014). Currently,
PEDV strains circulating in the US include NON-INDEL
(USA/Kansas29/2013) and S-INDEL (USA/OH851/2014),
both of which are classified as GII (Antas and Wozniakowski
2019). In experimental infections, the NON-INDEL strains
showed higher pathogenicity and mortality (up to 100%)
than S-INDEL strains (mortality rate ranging from O to
70%), although S INDEL strains are less frequently diag-
nosed (Vlasova et al. 2014; Wang et al. 2014a, b).

Swine acute diarrhoea syndrome
coronavirus

In 20162017, Chinese scientists discovered a new enteric
coronavirus in diarrheal pigs from four farms in Guangdong
Province, China, and named it SADS-CoV, also known as
SeACoV and PEAV (Gong et al. 2017; Pan et al. 2017; Yang
et al. 2019a, b). As of May 2017, SADS-CoV had caused
approximately 25,000 pig deaths. Gene sequencing and
analysis showed that the SADS-CoV genome sequence was
more than 95% consistent with that of a bat coronavirus,
HKU?2, isolated from the Chinese chrysanthemum bat (found
in a cave not far from the pig farm with the SADS-CoV out-
break) in Hong Kong and Guangdong in 2013-2016 (Gong
et al. 2017; Pan et al. 2017; Yang et al. 2019a, b). These
results confirmed that the novel CoV originating from bats
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was the pathogen causing fatal diarrhoea in piglets on pig
farms in Guangdong in 2016-2017 (Gong et al. 2017; Yang
et al. 2019a, b; Zhou et al. 2019b).

The SADS-CoV genome is~27.2 kb, and the ORF
sequence is 5'-ORF1a-ORF1b-ORF2-ORF3-ORF4-ORFS5-
ORF6-ORF7a/b-3'. ORF1la and 1b encode ppla and pplb,
respectively, within the 5’ terminal end of the SADS-CoV
genome, whereas the 3'-terminal region encodes four struc-
tural proteins (S, E, M, N) and some genus-specific acces-
sory genes. A putative ORF, which encodes NSP7a and a
downstream NSP7b (overlapping NSP7a), is located at the
3’ terminus of the N gene of the SADS-CoV genome. Both
HKU?2 and SADS-CoV strains contain NSP7a, whereas
NSP7b only exists in SADS-CoV (Fig. 1C) (Lau et al. 2007;
Pan et al. 2017; Zhou et al. 2018b).

As a newly discovered porcine enterovirus, the functional
receptor of SADS-CoV is also of concern. Compared with
that of HKU2-CoV, there are many base insertions or dele-
tions in the genome of SADS-CoV, especially a 75 amino
acid substitution and 2 amino acid insertion in the S protein.
This might be related to transformation of the infection spec-
trum of SADS-CoV (Pan et al. 2017). In addition, it was
found that the evolutionary distance between SADS-CoV
and human coronavirus 229E / NL63 is close, and SADS-
CoV and NL63 have similar receptor-binding domains, the
latter able to use ACE2 as the invasion receptor, suggesting
that SADS-CoV might use ACE2 as a receptor, implying
the threat of transspecies transmission to humans (Hofmann
et al. 2005; Wang et al. 2018a, b, c). However, SADS-CoV
receptor interactions using in vitro infection assays showed
that the known coronavirus receptors, including ACE2,
DPP4, CEACAMIa, and APN, are not necessary for the
entry of SADS-CoV into a variety of mammalian cell lines,
such as MDCK cells and HeLa cells (Edwards et al. 2020;
Yang et al. 2019a, b; Zhou et al. 2018a, b). Therefore, the
host receptors of SADS-CoV need to be further studied.

There are relatively few reports about SADS-CoV, as it
has only been detected in the Guangdong and Fujian prov-
inces of China, with a 10% incidence rate (Li et al. 2018a).
The clinical signs of the disease are very similar to those
caused by other known PECs, and the main characteristics
are vomiting, diarrhoea, and a high mortality rate in new-
born piglets (Table 1). After infection with SADS-CoV, the
lesions mainly occur in the small intestine, especially in the
jejunum and ileum, resulting in thinning of the intestinal
wall and the filling of large amounts of yellow watery faeces
in the intestinal cavity (Pan et al. 2017; Zhou et al. 2018a, b).
SADS-CoV infection leads to the shortening of villi and the
destruction of capillaries and the central chylous duct, which
might be the main reason for the loss of intestinal function.
It should be noted that there is no cross-reaction between
SADS-CoV and TGEYV, PEDV, or PDCoV, which are cur-
rently prevalent in pig farms, suggesting that the existing
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PEC vaccine has no cross-protective effect on SADS-CoV
infection (Gerdts and Zakhartchouk 2017; Pascual-Iglesias
et al. 2019).

Porcine deltacoronavirus

Porcine deltacoronavirus disease (PDCoVD) of pigs is a
new enteric infectious disease mainly caused by PDCoV and
characterised by clinical signs such as watery diarrhoea and
vomiting (Song et al. 2015). PDCoVD was first reported in
Hong Kong, China in 2012, and broke out in the US for the
first time in 2014 (Wang et al. 2014a; Woo et al. 2012). Sub-
sequently, it has been reported successively in many coun-
tries, including Canada, South Korea, and Vietnam, causing
serious economic losses (Janetanakit et al. 2016; Koonpaew
et al. 2019; Lee and Lee 2014).

Compared with those of PEDV, the clinical signs caused
by PDCoV infection were found to be less sever, and the
mortality rate of new-born piglets is 30 to 40%. However,
co-infection with PEDV, TGEYV, or porcine rotavirus is more
common and leads to more serious clinical signs (Mar-
thaler et al. 2014). The histopathological changes caused
by PDCoV are similar to those of other PECs, which cause
acute necrosis of intestinal epithelial cells and then shrink-
age and abscission of intestinal villi, as well as intestinal
wall thinning, intestinal dysfunction, and the body’s absorp-
tion of water decreased, leading to diarrhoea (Table 1) (Pan
et al. 2017; Suzuki et al. 2018).

The PDCoV genome is ~25.4 kb long and has a similar
structure to that of other CoVs, with non-coding regions
at both ends. The 5’ terminal 3/4 of the genome contains
two overlapping ORFs, ORF1la and ORF1b, which encode
two polymerase proteins, ppla and pplb, respectively, and
the remaining genome, encodes four structural proteins
(S, E, M, and N). PDCoV also expresses three accessory
proteins, NSP6 (between the M and N genes) and NSP7/
NSP7a (within the N gene) (Fig. 1D) (Wang et al. 2019).
PDCoV can inhibit the production of interferon (IFN) by
using its NSPs to inhibit the body’s innate immunity (Fang
et al. 2018; Zhu et al. 2017a, b, c). Studies have shown that
the NSP5 of PDCoV can inhibit the production of IFN-f
by cleaving the nuclear factor-kappa B (NF-kB) essential
modulator (NEMO) molecule in the IFN signalling path-
way and reducing its expression (Zhu et al. 2017a, b, c).
Moreover, NSP5 can also reduce the expression of f signal
transducer and activator of transcription 2 (STAT2), which
is the key molecule in the JAK-STAT signalling pathway,
to inhibit the activation of interferon downstream signal-
ling molecules and the transcription of antiviral genes in
porcine kidney epithelial (PK-15) cells, thus antagonising
the body’s innate immunity and promoting its infection and
replication (Zhu et al. 2017a, b, ¢). In addition, the accessory
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protein NS6 can inhibit the recognition of RNA mediated
by RIG-I/MDAJS by interacting with RIG-I/MDAS in cells,
thereby inhibiting intracellular beta interferon production to
antagonise innate immune processes mediated by RIG-I-like
pattern recognition receptors (Fang et al. 2018).

The S protein of PDCoV plays an important role in the
binding of viruses to cell receptors and mediating viral inva-
sion and infection (Wang et al. 2018a, b, c¢). The usage of
PDCoV receptors is controversial. On the one hand, studies
have shown that pAPN is a functional receptor for PDCoV
infection (Wang et al. 2018a, b, ¢). Wang et al. proved that in
non-susceptible cells, such as Vero and BHK?21 cells, which
could not be infected by PDCoV, overexpression of pAPN
could lead to infection by PDCoV (Wang et al. 2018a, b,
¢). According to studies, PDCoV could also use chicken
APN, human APN, and feline APN as receptors (Jung et al.
2017; Li et al. 2018b). The specific mechanism by which
PDCoV can use APN of different species as receptors might
be that PDCoV S protein binds to the phylogenetically con-
served catalytic domain of APN from different species (Li
et al. 2018b). These research results suggest that the risk of
PDCoV cross-species transmission and its potential threat
to human health should be taken seriously. However, some
studies have shown that cell lines, such as porcine intestinal
epithelial cells (IPI)-2I cells, lacking pAPN retain permis-
siveness to PDCoV infection (Zhu et al. 2018). Moreover,
after pAPN antibody treatment or the knockout of pAPN,
PDCoV infection could only be slightly inhibited in IPI-21
cells (Zhu et al. 2018). Further, an in vivo study constructed
double-gene knockout pigs with the deletion of APN/CD163
and then challenged them with PDCoV (Xu et al. 2020). The
results showed that pigs without pAPN could be infected by
PDCoV, but the efficiency of PDCoV infection was reduced
(Xu et al. 2020). The results of this study indicated that
DKO pigs were less sensitive to PDCoV, providing direct
in vivo evidence for pAPN, which is involved in PDCoV
infection, as one of the PDCoV receptors but not a critical
functional receptor for PDCoV infection. In addition, swine
testicular (STs) with a knockout of pAPN expression retain
a small capacity to support PDCoV infection. This result
suggested that in addition to pAPN, PDCoV infection might
also require the involvement of a second receptor, the func-
tion of which is independent of pAPN (Stoian et al. 2020;
Wang et al. 2018a, b, ¢).

PDCoV has been found in China, the US, South Korea,
and Thailand (He et al. 2020; Zhang 2016). In these coun-
tries, the prevalence of PDCoV is lower than that of PEDV.
Co-infection with other enteric pathogens, such as PEDV, is
common in PDCoV-positive samples, and 56% of diarrhoeal
pigs infected with PDCoV were found to be infected with
PEDV (Dong et al. 2015; Feng et al. 2020). By comparing
the existing PDCoV genome sequences, it was found that
the nucleic acid sequences of PDCoV strains isolated from

different countries (e.g. China, the USA and South Korea)
are highly homologous. They are also highly homologous to
the original sequence HKU15, indicating that the evolution
of PDCOV is relatively conservative (Wang et al. 2016).

Diagnostic methods for porcine enteric
coronavirus disease

Since the clinical signs and pathological characteristics of
the four kinds of PECs are similar, differential diagnoses
cannot only be made according to the necropsy results but
also depend on accurate laboratory diagnosis. The main
methods for laboratory diagnosis of pathogens include virus
isolation and culture, observation of cytopathy, immuno-
fluorescence, immunohistochemistry, in-situ hybridisation,
electron microscopy, and polymerase chain reaction (PCR)
(Zhang 2016). These traditional and emerging technologies
provide important detection methods for investigating PEC
diseases, but they are time-consuming, laborious, and unsuit-
able for early and rapid PEC detection. Currently, various
PCR methods have been widely used to diagnose individual
PEC infections. In 2011, Li et al. established a real-time
reverse transcription loop-mediated isothermal amplifica-
tion method based on the conserved N gene of the TGEV
for rapid TGEV diagnosis (Li and Ren 2011). In 2018, Wang
et al. developed a real-time reverse transcription recombi-
nase polymerase amplification assay PEDV detection based
on the N gene (Wang et al. 2018a, b, c), and Zhou et al.
designed a TagMan-based real-time RT-PCR assay based on
the conserved region within the N gene of the viral genome,
to detect SADS-CoV (Zhou et al. 2018a). In 2015, Song
et al. reported a nested RT-PCR method for PDCoV detec-
tion based on the N gene sequence of the PDCoV HKU15
strain (Song et al. 2015). In addition, various PCR-based
design methods have also been widely used to diagnose
co-infections of PECs. In 2017, Zhang et al. designed two
pairs of primers based on the M gene sequences of PEDV
and PDCoV and established two single-plex RT-iiPCR tests
and a duplex real-time RT-PCR test (Zhang 2016). In 2017,
Zhu et al. established a nanoparticle-associated PCR assay
for the detection of TGEV and PEDV using two pairs of
primers designed based on the N gene sequences of TGEV
and PEDV (Zhu et al. 2017a, b, c). Based on the highly
conserved regions of the N gene of TGEYV, the M gene of
PEDV, the M gene of PDCoV, and N genes of SADS-CoV,
a TagMan-probe-based multiplex real-time RT-qPCR assay
was also designed and used to detect these pathogens in clin-
ical samples with single or co-infections (Huang et al. 2019).

Serological methods are also commonly used to detect
viral infections. Since the immune system of piglets is not
well developed, serological methods for detecting anti-
bodies against PECs are not suitable for rapid and early
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detection (Fu et al. 2020). However, the combination of
serological methods and PCR-based detection technology
can complement each other and improve the detection
rate. To detect latent infectious animals in particular, the
enzyme-linked immunosorbent assay (ELISA) is regarded
as the most sensitive and specific method for serum anti-
body detection. In 2013, Zou et al. described a phage-
ELISA, based on an M protein-binding peptide, to dif-
ferentiate TGEV from other CoVs (Zou et al. 2013). In
2019, Chang et al. designed an ELISA for PEDV antibody
detection based on recombinant trimeric full-length and
truncated spike proteins (Chang et al. 2019). In 2017, Luo
et al. reported an indirect ELISA based on a recombinant
M protein for the detection of PDCoV IgG antibodies (Luo
et al. 2017). In 2020, Malbec et al. developed a multiplex
immunoassay for the differential serodiagnosis of PEDV,
TGEYV, and PDCoV based on virus-specific recombinant
S1 proteins printed in an array of spots at the bottom of a
96-well microplate (Malbec et al. 2020). In addition, other
serum methods have often been used to detect PECs. In
2020, Liu et al. reported a rapid immunochromatographic
strip test for the detection of PEDV-specific secretory
immunoglobulin A in colostrum (Liu et al. 2020a).

Future perspectives

Although TGEV and other PECs have been circulating in
pig populations for decades, PEDV, PDCoV, and SADS-
CoV are regarded as new CoVs, and they were all first
detected in Chinese pig populations (Fu et al. 2020; Lee
2015; Lee and Lee 2014). To date, PEDV variant strains
have become prevalent in Asia, North America, and
Europe, but no other country has reported SADS-CoV,
apart from China (Yang et al. 2020). Sequence analyses
have shown that PEDV and SADS-CoV might have origi-
nated from bat CoV, whereas PDCoV, which also dem-
onstrates the cross-species transmission characteristics
of CoV, originated from sparrow CoV (Cui et al. 2019;
He et al. 2020; Yang et al. 2019a, b; Zhou et al. 2019a).
Therefore, it is of great significance for animal and human
health safety to continue to conduct large-scale epidemio-
logical investigations. Currently, there are more studies on
PEDV than on the other three PECs, and different vaccines
have been developed, but further improvement is needed
in terms of their efficacy and safety. The prevention and
control of PEC diseases mainly depend on the manage-
ment levels of pig farms, with an emphasis on improv-
ing biosafety measures within and between farms. Rapid,
accurate, and practical detection methods are of great sig-
nificance for the monitoring, prevention, and control of

@ Springer

PECs, and new detection methods are still worth further
development.
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