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Simple Summary: Porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus
(TGEV), porcine deltacoronavirus (PDCoV), and swine acute diarrhea syndrome coronavirus (SADS-
CoV) cause similar manifestations of diarrhea, vomiting, and dehydration. In this study, a quadruplex
real-time quantitative PCR (qRT-PCR) assay was developed for the differential detection of PEDV,
TGEV, PDCoV, and SADS-CoV. A total of 3236 clinical fecal samples from Guangxi province, China,
were tested to evaluate the application of the quadruplex qRT-PCR, and the positive rates of PEDV,
TGEV, PDCoV, and SADS-CoV were 18.26%, 0.46%, 13.16%, and 0.15%, respectively. The developed
assay showed extreme specificity, high sensitivity, and excellent reproducibility for the simultaneous
detection and differentiation of PEDV, TGEV, PDCoV, and SADS-CoV.

Abstract: Porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus (TGEV), porcine
deltacoronavirus (PDCoV), and swine acute diarrhea syndrome coronavirus (SADS-CoV) are four
identified porcine enteric coronaviruses. Pigs infected with these viruses show similar manifestations
of diarrhea, vomiting, and dehydration. Here, a quadruplex real-time quantitative PCR (qRT-
PCR) assay was established for the differential detection of PEDV, TGEV, PDCoV, and SADS-CoV
from swine fecal samples. The assay showed extreme specificity, high sensitivity, and excellent
reproducibility, with the limit of detection (LOD) of 121 copies/µL (final reaction concentration of
12.1 copies/µL) for each virus. The 3236 clinical fecal samples from Guangxi province in China
collected between October 2020 and October 2022 were evaluated by the quadruplex qRT-PCR,
and the positive rates of PEDV, TGEV, PDCoV, and SADS-CoV were 18.26% (591/3236), 0.46%
(15/3236), 13.16% (426/3236), and 0.15% (5/3236), respectively. The samples were also evaluated by
the multiplex qRT-PCR reported previously by other scientists, and the compliance rate between the
two methods was more than 99%. This illustrated that the developed quadruplex qRT-PCR assay can
provide an accurate method for the differential detection of four porcine enteric coronaviruses.

Keywords: porcine enteric coronavirus; porcine epidemic diarrhea virus (PEDV); transmissible
gastroenteritis virus (TGEV); porcine deltacoronavirus (PDCoV); swine acute diarrhea syndrome
coronavirus (SADS-CoV); multiplex qRT-PCR; detection method

1. Introduction

Coronaviruses (CoVs) in the Coronaviridae family are enveloped RNA viruses with
single-stranded, positive-sense genomes [1], and they cause gastrointestinal and respiratory
diseases in animals and humans [2]. To date, six CoVs have been identified as causing
respiratory illness or gastroenteritis in pigs, which include transmissible gastroenteritis
virus (TGEV), porcine hemagglutinating encephalomyelitis virus (PHEV), porcine epidemic
diarrhea virus (PEDV), porcine respiratory coronavirus (PRCoV), porcine deltacoronavirus
(PDCoV), and swine acute diarrhea syndrome coronavirus (SADS-CoV) [3]. Of these,
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the four porcine enteric coronaviruses, PEDV, TGEV, PDCoV, and SADS-CoV, have been
reported to cause acute gastroenteritis in neonatal piglets, characterized by loss of weight,
diarrhea, vomiting, and dehydration [4,5]. In 1971, PEDV was first identified in England,
and has been reported worldwide since then [6]. In 2010, PED, caused by a novel mutant
PEDV strain, outbroke in China, which resulted in an almost 100% morbidity rate and
about an 80–100% mortality rate in neonatal piglets under seven days of age [7]. In 2013, the
mutant PEDV strain was also discovered in the United States, and, subsequently, in other
countries of America, Asia, and Europe [8–10]. TGEV was first reported in the United States
in 1946, and has been identified in America, Europe, Asia, and Africa [4,11]. TGEV was first
identified in China in the 1980s, and has still been circulating in recent years [12,13]. In 2017,
SADS-CoV was first found in suckling piglets with acute diarrhea symptoms in Guangdong
province, Southern China [14]. Subsequently, SADS-CoV was found in Guangdong, Fujian,
and Guangxi provinces in Southern China, while no SADS-CoV has been discovered in
other countries until now [15–17]. A new porcine deltacoronavirus (PDCoV) called HKU15
coronavirus was found in Hong Kong, China, in 2009 [18]. In 2014, PDCoV was reported to
be associated with an outbreak of severe acute pig diarrhea in the United States [19], and
was subsequently identified in diarrheal piglets in major pig breeding countries around
the world [20–22]. These enteric CoVs have caused huge damage to the swine industry
throughout the world [11,23].

PEDV, TGEV, PDCoV, and SADS-CoV cause similar signs of diarrhea, vomiting, and
dehydration in neonatal piglets and it is hard to differentiate by clinical manifestations [4,5].
Furthermore, co-infection of two or more of these viruses has been reported in some pig
farms [13,24,25]. Thus, it is necessary to differentiate these diseases through laboratory
diagnosis since it is hard to differentiate these diseases based solely on clinical manifes-
tations. To date, the multiplex RT-PCR [26–33] and the multiplex quantitative RT-PCR
(qRT-PCR) [34–39] are two common methods that have been used in the laboratory for
the differential detection of two or more than two of the four porcine enteric CoVs, and
also used for differentiation of the porcine enteric CoVs and other circulating porcine
viruses. Of the previous reports, there were two reports on the multiplex qRT-PCR for
the differentiation of PEDV, TGEV, PDCoV, and SADS-CoV [37,39], and one report used
PEDV M, TGEV N, PDCoV M, and SADS-CoV N genes as target templates, while the other
report used PEDV N, TGEV S, PDCoV N, and SADS-CoV N genes as target templates. The
qRT-PCR has advantages of a low chance of contamination, fast reaction speed, and high
sensitivity, and has been widely used for the detection of viral nucleic acids. In this study, a
quadruplex qRT-PCR based on PEDV N, TGEV M, PDCoV M, and SADS-CoV N genes was
developed for the differential detection of the four porcine enteric CoVs, and its application
was evaluated for clinical samples.

2. Materials and Methods
2.1. Vaccine Strains and Clinical Samples

The vaccine strains were as follows: CV777 strain of PEDV, H strain of TGEV, NX strain
of porcine rotavirus (PoRV), O strain of foot-and-mouth disease virus (FMDV), C strain of
classical swine fever virus (CSFV), TJM-F92 strain of porcine reproductive and respiratory
syndrome virus (PRRSV), Bartha-K61 strain of pseudorabies virus (PRV), and SX07 strain
of porcine circovirus type 2 (PCV2), which came from commercial attenuated live or
inactivated vaccines. The positive samples of African swine fever virus (ASFV), PCV1, and
PDCoV came from the clinical samples and were confirmed by genetic sequencing. The
vaccine solutions and the clinical positive samples were used to construct the standard
recombinant plasmids of PEDV, TGEV, and PDCoV or used as viral control samples in the
specificity test during experiments.

All 3236 clinical fecal samples from 218 different pig farms in Guangxi province,
Southern China, were collected from diarrheal piglets between October 2020 and October
2022. All clinical samples and vaccine strains were stored at −80 ◦C.
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2.2. Design of Primers and Probes

Based on the genomic sequences of PEDV (AF353511), TGEV (DQ811789), PDCoV
(JQ065042), and SADS-CoV (FJ617209) published in NCBI GenBank, the primers and
TaqMan probes were designed to use the conserved regions of the N gene of PEDV and
SADS-CoV, and the M gene of TGEV and PDCoV as the target templates, respectively
(Table 1).

Table 1. The sequences of the primers and probes used to differentiate PEDV, TGEV, PDCoV, and
SADS-CoV.

Primer/Probe Sequence (5′→3′) Product/bp

PEDV(N)-U CTGGAATGAGCAAATTCGCTG
140PEDV(N)-D CAACCCAGAAAACACCCTCAG

PEDV(N)-P JOE-AGCGAATTGAACAACCTTCCAATTGGCA-BHQ1
TGEV(M)-U GCAATTCTTTGCGTTAGTGCAT

102TGEV(M)-D AGCGTACAAATTCCCTGAAAGC
TGEV(M)-P Texas Red-CTTCCTCTCGAAGGTGTGCCAACTGG-BHQ2

PDCoV(M)-U ATCGACCACATGGCTCCAA
72PDCoV(M)-D CAGCTCTTGCCCATGTAGCTT

PDCoV(M)-P FAM-CACACCAGTCGTTAAGCATGGCAAGCT-BHQ1
SADS-CoV(N)-U TACTGGTCCTCACGCAGATG

120SADS-CoV(N)-D ACGATTGCGAACACCAAGAC
SADS-CoV(N)-P Cy5-CAACAGCGACCCAATGCACACCCT-BHQ3

2.3. Nucleic Acid Extraction

The clinical fecal samples were resuspended with phosphate-buffered saline (PBS,
pH 7.2) (in a ratio of 1:4, W/V), vortexed (5 min), and centrifuged at 4 ◦C (12,000 rpm,
10 min) to obtain the supernatants for extraction of total DNA and RNA, and then stored at
–80 ◦C until used to test PEDV, TGEV, PDCoV, and SADS-CoV.

2.4. Construction of the Standard Plasmids

The PEDV and TGEV vaccines, PDCoV positive samples, synthesized plasmid con-
taining SADS-CoV N gene (TaKaRa, Dalian, China) were used to construct the standard
plasmids according to the procedure reported by Liu et al. [40] with some modifica-
tions. The standard plasmids were named p-PEDV, p-TGEV, p-PDCoV, and p-SADS-
CoV, respectively. The following formula was used to determine their concentration:

plasmid (copies/µL) = (6.02×1023)×(X ng/µL×10−9)
plasmid length (bp)×660 .

2.5. Optimization of the Multiplex qRT-PCR

All qRT-PCR experiments were performed using the Q5 qPCR system (ABI, Carlsbad,
CA, USA). The optimal conditions were determined by altering the annealing temperature
(56 ◦C–62 ◦C) and the concentration of each primer and probe (0.2–0.5 µL) (20 pmol/µL).
The reaction systems of the multiplex qRT-PCR contained: 10 µL 2 × TaKaRa One-Step
RT-PCR Buffer III, 0.4 µL TaKaRa Ex Taq HS (5 U/µL), 0.4 µL TaKaRa PrimeScript RT
Enzyme Mix II (RNA/DNA), 0.2–0.3 µL primer mixtures [PEDV(N)-U/D, TGEV(M)-
U/D, PDCoV(M)-U/D, and SADS-CoV(N)-U/D] (20 pmol/µL), 0.2–0.3 µL probe mixtures
[PEDV(N)-P, TGEV(M)-P, PDCoV(M)-P, and SADS-CoV(N)-P] (20 pmol/µL), 2 µL tem-
plates, and nuclease-free distilled water to a final volume of 20 µL. The following parameters
were used: 42 ◦C 5 min, 95 ◦C 10 s, and then 40 cycles of 95 ◦C 5 s, 57 ◦C 34 s. At the end of
each cycle, the fluorescence signals were automatically recorded. The optimal conditions
were determined to obtain the maximum ∆Rn and the minimal cycle threshold (Ct) value.

2.6. Construction of Standard Curves

The four standard plasmids were adjusted to 1.21× 109 copies/µL, mixed together at a
ratio of 1:1:1:1, and ten-fold serially diluted (1.21× 109–1.21× 102 copies/µL). Then, 2 µL of
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each concentration of the mixed plasmids were used as a template and amplified according
to the optimized quadruplex qRT-PCR reaction conditions to construct a standard curve.

2.7. Specificity Analysis

The RNA or DNA of PEDV, TGEV, PDCoV, SADS-CoV, ASFV, FMDV, CSFV, PRRSV,
PRV, PoRV, PCV1, and PCV2 were used as templates, and the four standard plasmids and
distilled water were used as positive and negative controls for amplification to evaluate the
specificity of the quadruplex qRT-PCR.

2.8. Sensitivity Analysis

The four standard plasmids were mixed together with a ratio of 1:1:1:1, then ten-fold
serially diluted. The plasmid mixtures from 1.21 × 109 to 1.21 × 100 copies/µL (final
reaction concentrations ranging from 1.21 × 108 to 1.21 × 10−1 copies/µL) were used as
templates for amplification to determine the limit of detection (LOD) of each plasmid for
the quadruplex qRT-PCR.

2.9. Repeatability Analysis

The repeatability of the quadruplex qRT-PCR was determined by evaluating the
coefficients of variance (CVs) of the intra-assay and inter-assay. The four standard plasmids
were mixed together with a ratio of 1:1:1:1 and ten-fold serially diluted, and the plasmids of
1.21× 109, 1.21× 107, 1.21× 105 copies/µL (1.21× 108, 1.21× 105, 1.21× 104 copies/µL for
final reaction concentrations) were used as templates. For the intra-assay of repeatability, all
templates were performed in triplicate. For the inter-assay of reproducibility, all templates
were performed on three different days.

2.10. Detection of the Clinical Samples

The 3236 clinical fecal samples were resuspended, vortexed, and centrifuged. Then,
the total nucleic acids were extracted, and used to test PEDV, TGEV, PDCoV, and SADS-CoV
by the developed quadruplex qRT-PCR. At the same time, these samples were also tested
by the multiplex qRT-PCR developed by Huang et al. with some modifications [37], and
the compliance rate of these two methods was further evaluated.

3. Results
3.1. Construction of Standard Plasmids

After PCR amplification, the purified target fragments of PEDV N, TGEV M, PDCoV M,
and SADS-CoV N genes were used to construct the standard plasmids. Finally, the original
concentrations of the standard plasmids named p-PEDV, p-TGEV, p-PDCoV, and p-SADS-
CoV were 3.53 × 1010, 1.34 × 1010, 2.13 × 1010, and 1.21 × 1010 copies/µL, respectively.

3.2. Determination of the Optimal Reaction Conditions

After optimizing the annealing temperature, and the concentrations of primer and
probe, the total 20 µL volume of the optimal reaction system for the quadruplex qRT-PCR
was determined (Table 2). The following amplified parameters were obtained: 42 ◦C
for 5 min, 95 ◦C for 10 s, and then 40 cycles of 95 ◦C for 5 s and 57 ◦C for 34 s. The
fluorescence signals were recorded for each cycle. The cutoff Ct value of 36 cycles was set
for a positive sample.

3.3. Generation of Standard Curves

The four standard plasmids were mixed together with a ratio of 1:1:1:1, ten-fold serially
diluted, and amplified with the optimized quadruplex qRT-PCR system at a concentra-
tion of 1.21 × 109 to 1.21 × 102 copies/µL (final reaction concentration: 1.21 × 108 to
1.21 × 101 copies/µL). The standard curves were generated, indicating that the slope of
equation, correlation coefficient (R2), and amplification efficiency (E) were −3.130, 0.999,
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and 108.684% for PEDV;−3.148, 0.999, and 107.798% for TGEV;−3.189, 0.999, and 105.858%
for PDCoV; and −3.100, 0.999, and 110.185% for SADS-CoV, respectively (Figure 1).
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Figure 1. Generation of the standard curves. The amplification curves were generated from the
standard plasmid p-PEDV (A), p-TGEV (B), p-PDCoV (C), and p-SADS-CoV (D) with different
concentrations from 1.21 × 109 to 1.21 × 102 copies/µL (final reaction concentration: 1.21 × 108 to
1.21 × 101 copies/µL), respectively. The standard curves (E) showed excellent linear relationship
(R2 ≥ 0.999) between logarithm of templates and their Ct values.

Table 2. The components of the optimal reaction system.

Reagent Volume (µL) Final Concentration (nM)

2× One-Step RT-PCR Buffer III (TaKaRa) 10 /
Ex Taq HS (5 U/µL) (TaKaRa) 0.4 /

PrimeScript RT Enzyme Mix II (TaKaRa) 0.4 /
PEDV(N)-U (20 pmol/µL) 0.2 200
PEDV(N)-D (20 pmol/µL) 0.2 200
PEDV(N)-P (20 pmol/µL) 0.3 300
TGEV(M)-U (20 pmol/µL) 0.3 300
TGEV(M)-D (20 pmol/µL) 0.3 300
TGEV(M)-P (20 pmol/µL) 0.3 300
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Table 2. Cont.

Reagent Volume (µL) Final Concentration (nM)

PDCoV(M)-U (20 pmol/µL) 0.2 200
PDCoV(M)-D (20 pmol/µL) 0.2 200
PDCoV(M)-P (20 pmol/µL) 0.2 200

SADS-CoV(N)-U (20 pmol/µL) 0.3 300
SADS-CoV(N)-D (20 pmol/µL) 0.3 300
SADS-CoV(N)-P (20 pmol/µL) 0.3 300

Nucleic acid template 2.0 /
RNase-free distilled H2O Up to 20 /

3.4. Specificity Analysis

Different porcine viruses were tested to evaluate the specificity of the quadruplex
qRT-PCR. The results illustrated that only PEDV, TGEV, PDCoV, and SADS-CoV recorded
corresponding signals and generated specific amplification curves, while ASFV, FMDV,
CSFV, PRRSV, PRV, PoRV, PCV1, and PCV2, could not detect any positive signals and did
not demonstrate any amplification curves (Figure 2), indicating the extreme specificity of
the quadruplex qRT-PCR.
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Figure 2. Specificity analysis. 1: p-TGEV; 2: p-PDCoV; 3: p-SADS-CoV; 4: p-PEDV; 5: PEDV; 6:
SADS-CoV; 7: PDCoV; 8: TGEV; 9–16: ASFV, FMDV, CSFV, PRRSV, PRV, PoRV, PCV1, and PCV2;
17: negative control. There were specific amplification curves only for PEDV, TGEV, PDCoV, and
SADS-CoV.

3.5. Sensitivity Analysis

The four standard plasmids were mixed together with a ratio of 1:1:1:1, ten-fold serially
diluted from 1.21 × 109 to 1.21 × 100 copies/µL (final reaction concentrations: 1.21 × 108

to 1.21 × 10−1 copies/µL), and the sensitivity of the assay was determined. A Ct value
higher than 36 cycles was considered as a negative sample. The LOD of each of PEDV,
TGEV, PDCoV, and SADS-CoV was 1.21 × 102 copies/µL (final reaction concentration:
1.21 × 101 copies/µL) (Figure 3), indicating the high sensitivity of the quadruplex qRT PCR.

3.6. Repeatability Analysis

To estimate the repeatability of the assay, three plasmid mixtures of 1.21 × 109,
1.21 × 107, and 1.21 × 105 copies/µL (final reaction concentrations: 1.21 × 108, 1.21 × 106,
and 1.21 × 104 copies/µL) were used to determine the intra-assay and inter-assay variation.
The coefficients of variation (CVs) of the intra-assay, and the inter-assay for all the four
plasmids ranged from 0.16% to 1.48%, and from 0.34% to 1.87%, respectively (Table 3),
indicating the excellent repeatability of the quadruplex qRT-PCR.
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Figure 3. Sensitivity analysis. 1–10: 1.21 × 109–1.21 × 100 copies/µL (final reaction concentrations:
1.21 × 108 to 1.21 × 10−1 copies/µL) of the standard plasmids. The limit of detection (LOD) of
all PEDV, TGEV, PDCoV, and SADS-CoV was 1.21 × 102 copies/µL (final reaction concentration:
1.21 × 101 copies/µL).

Table 3. The Ct values and coefficients of variation for repeatability analysis.

Plasmid
Concentration

(Copies/µL)
Intra-Assay Inter-Assay

x SD CV (%) x SD CV (%)

p-PEDV
1.21 × 109 11.96 0.13 1.09 11.88 0.04 0.34
1.21 × 107 18.36 0.14 0.76 18.30 0.18 0.98
1.21 × 105 24.44 0.06 0.25 24.52 0.16 0.65

p-TGEV
1.21 × 109 12.97 0.05 0.39 12.87 0.12 0.93
1.21 × 107 19.26 0.03 0.16 19.12 0.17 0.89
1.21 × 105 25.12 0.19 0.76 25.10 0.09 0.36

p-PDCoV
1.21 × 109 11.84 0.10 0.84 11.72 0.12 1.02
1.21 × 107 18.27 0.27 1.48 18.55 0.10 0.54
1.21 × 105 24.41 0.14 0.57 24.67 0.15 0.61

p-SADS-CoV
1.21 × 109 11.51 0.02 0.17 11.79 0.22 1.87
1.21 × 107 17.81 0.06 0.34 17.95 0.18 1.00
1.21 × 105 24.51 0.35 1.43 24.75 0.11 0.44

3.7. Detection Results of the Clinical Samples

The developed assay was used to evaluate the 3236 clinical fecal samples from Guangxi
province, China. The positive rates of PEDV, TGEV, PDCoV, and SADA-CoV were 18.26%
(591/3236), 0.46% (15/3236), 13.16% (426/3236), and 0.15% (5/3236), respectively (Table 4).
Furthermore, the co-infection rates of PEDV/TGEV and PEDV/PDCoV were 0.06% (2/3236)
and 1.42% (46/3236), respectively (Table 4).

All of the 3236 clinical samples were also evaluated by the multiplex qRT-PCR estab-
lished by Huang et al. [37], and the positive rates of PEDV, TGEV, PDCoV, and SADS-CoV
were 17.67% (572/3236), 0.46% (15/3236), 12.89% (417/3236), and 0.15% (5/3236), respec-
tively. The coincidence rates between these two methods were 99.41%, 100%, 99.72%, and
100%, respectively (Table 5).
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Table 4. Evaluation results of the clinical samples.

Date Number

Number of Positive Samples

PEDV (%) TGEV (%) PDCoV (%) SADS-CoV
(%)

PEDV + TGEV
(%)

PEDV + PDCoV
(%)

October, 2020 200 26 (13.00%) 3 (1.50%) 30 (15.00%) 0 0 15 (7.50%)
March, 2021 112 32 (28.57%) 1 (0.89%) 71 (63.39%) 0 1 (0.89%) 12 (10.71%)

October, 2021 37 6 (16.22%) 0 0 0 0 0
November, 2021 217 3 (1.38%) 0 1 (0.46%) 0 0 0

January, 2022 314 90 (28.66%) 0 64 (20.38%) 0 0 4 (1.27%)
February, 2022 394 110 (27.92%) 0 74 (18.78%) 0 0 1 (0.25%)

March, 2022 244 16 (6.56%) 0 40 (16.39%) 0 0 0
April, 2022 378 95 (25.13%) 1 (0.26%) 26 (6.88%) 0 0 2 (0.53%)
May, 2022 30 4 (13.33%) 0 0 0 0 0
June, 2022 496 58 (11.69%) 0 2 (0.40%) 0 0 0
July, 2022 287 47 (16.38%) 0 33 (11.50%) 0 0 4 (1.39%)

August, 2022 76 14 (18.42%) 2 (2.63%) 11 (14.47%) 0 0 0
September, 2022 92 23 (25.00%) 2 (2.17%) 16 (17.39%) 1 (1.09%) 0 2 (2.17%)

October, 2022 359 67 (18.66%) 6 (1.67%) 58 (16.16%) 4 (1.11%) 1 (0.28%) 6 (1.67%)

Total 3236 591 (18.26%) 15 (0.46%) 426 (13.16%) 5 (0.15%) 2 (0.06%) 46 (1.42%)

Table 5. Agreements of the detection results by the developed and the reference multiplex qRT-PCR.

Method
Positive Samples

PEDV (%) TGEV (%) PDCoV (%) SADS-CoV (%)

The developed
quadruplex qRT-PCR

591/3236
(18.26%)

15/3236
(0.46%)

426/3236
(13.16%)

5/3236
(0.15%)

The reference multiplex
qRT-PCR

572/3236
(17.67%)

15/3236
(0.46%)

417/3236
(12.89%)

5/3236
(0.15%)

Agreements 99.41% 100% 99.72% 100%

4. Discussion

PEDV, TGEV, PDCoV, and SADS-CoV cause similar symptoms of dehydration, diar-
rhea, vomiting, and loss of weight in infected piglets [4,5], and the accurate differential
diagnosis of these diseases has depended on laboratory testing and diagnosis. The multi-
plex RT-PCR/qRT-PCR have been reported for the differential detection of two or more than
two of these four porcine enteric CoVs [26–39]. In our developed quadruplex qRT-PCR, the
specific primers and probes targeted the conserved regions of PEDV N, TGEV M, PDCoV
M, and SADS-CoV N genes, respectively. The assay could specifically detect PEDV, TGEV,
PDCoV, and SADS-CoV, and had no cross-reaction with other porcine viruses that are
circulating in Chinese pig herds at present. The LOD was 121 copies/µL (final reaction
concentration of 12.1 copies/µL) for four standard plasmids, and the intra- and inter-assay
CVs were between 0.16% and 1.87%. These showed the extreme specificity, high sensitivity,
and excellent repeatability of the assay. Furthermore, to validate its application in the
field, the 3236 clinical samples were tested by the developed assay. Meanwhile, these 3236
clinical samples were also tested by the multiplex qRT-PCR established by Huang et al. [37],
and the results indicated that the two methods had a compliance rate of more than 99%,
which confirmed the usefulness of the developed quadruplex qRT-PCR. This assay used
the combination of PEDV N, TGEV M, PDCoV M, and SADS-CoV N genes, which was
different from the combination of the different genes in the previous reports [37,39], and
provided a new choice for the detection of these four porcine enteric coronaviruses.

The 3236 field samples from Guangxi province between October 2020 and October
2022 were tested by the developed assay. The positive rates of PEDV, TGEV, PDCoV,
and SADS-CoV were 18.26% (591/3236), 0.46% (15/3236), 13.16% (426/3236), and 0.15%,
respectively, indicating that PEDV and PDCoV were the predominant porcine enteric
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CoVs circulating in Guangxi province, and TGEV still occasionally occurred in pig herds,
while positive samples of SADS-CoV were also found in three pig farms in 2022. It was
noteworthy that the co-infection rates of PEDV/PDCoV and PEDV/TGEV were 1.42%
(46/3236), and 0.06% (2/3236), respectively, indicating that PEDV and PDCoV co-infection
remained prevalent in pig herds in Guangxi province. Recently, some reports showed
that PEDV, TGEV, and PDCoV were common in many pig herds in China, and PEDV was
usually more frequently found than other porcine enteric CoVs, while the co-infection of
PEDV/PDCoV was the most common [13,24,32,33,36–39,41]. For example, Li et al. reported
that 7107 samples from South–Central China showed positive rates of 56.13%, 0.91%, 8.24%,
and 2.11% for PEDV, TGEV, PoRV-A, and PDCoV, respectively, and co-infection rates of
1.36%, 0.31%, and 0.04% for PEDV and PoRV-A, PEDV and PDCoV, and PEDV and TGEV,
respectively [13]. Zhang et al. reported that 2987 samples from Eastern–Southern China
showed positive rates of 57.32%, 27.22%, 0.70%, 0.84%, and 0.23% for PEDV, PDCoV, TGEV,
PoRV, and SADS-CoV, respectively, and PEDV/PDCoV co-infection was the most frequent
(12.72%) [24]. Si et al. reported that 181 samples from Southern China showed positive
rates of 30.94%, 17.67%, 11.6%, 9.39%, and 0.55% for PEDV, PDCoV, SADS-CoV, PoRV-A,
and TGEV, respectively, with the highest co-infection rate (9.39%) of PEDV/PDCoV [32].
Compared with PEDV and PDCoV, the positive rate of TGEV was relatively low in many
provinces in China [13,24,32,39], but more attention still needs to be paid to this virus
since it might cause high morbidity and mortality [42]. Furthermore, since co-infections
of different enteric CoVs enhance the disease severity in piglets, aggravating the diseases
and resulting in heavy losses [43,44], great attention should be attached to the harm of the
co-infection of porcine enteric CoVs to the pig industry.

From October 2016 to May 2017, SADS was observed in Guangdong province, South-
ern China, with up to 90% mortality for piglets younger than 5 days old. The causative
agent, SADS-CoV, was identified in 2017 [14]. SADS-CoV was subsequently reported in
Fujian province in 2018 [24], and in Guangxi province in 2021 [17]. To date, SADS-CoV
has only been reported in Guangdong, Fujian, Liaoning, Gansu, and Guangxi provinces
of China, and not yet discovered in other countries [16,17,24,37,45]. However, the disease
re-emerged in Guangdong province one year after the first outbreak [46]. Therefore, this
virus needs to be continuously surveyed in Guangxi province in case of it re-emerging. In
our study, the 3236 clinical samples from Guangxi province were evaluated for SADS-CoV,
and 0.15% (5/3236) of the samples were found to be positive for SADS-CoV, indicating that
SADS-CoV has been circulating in some pig herds since it was first identified in Guangxi
province in 2021, even if the virus has not yet caused massive piglet diarrhea in Guangxi
province since the outbreak of SADS in Guangdong province in 2017. Furthermore, since
Guangxi province is located to the west of Guangdong province and has a border of nearly
1000 km with Guangdong province, and a huge amount of people and vehicles travel
between the two provinces, and with a large volume of animal and animal product trades,
there is a great risk of SADS-CoV spreading from Guangdong to Guangxi province, which
raises more than 40-million pigs each year. Therefore, it is necessary to strengthen mon-
itoring, ensure a timely grasp of any epidemic situation, and provide basic data for the
accurate prevention and control of SADS, and this developed assay can provide a specific,
sensitive, and accurate method for testing this pathogen.

It is noteworthy that only ASFV, FMDV, CSFV, PRRSV, PRV, PoRV, PCV1, and PCV2
were used to evaluate the specificity of the developed quadruplex qRT-PCR in this study.
These viruses are the common pathogens circulating in the field in China nowadays, so
they were used as the control viruses for specificity analysis of the developed assay. Other
commonly circulating viruses, for example, hepatitis E virus (HEV), porcine kobuvirus,
porcine astrovirus, and porcine torovirus, were not used to evaluate the specificity of the
developed assay. The other issue is that genetic diversity of these viruses exists in the
field, and these viruses should be consistently monitored to obtain information on their
genetic variation promptly in order to adjust the primers and probes timely according
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to the genetic variation in the circulating viruses, which will ensure that the established
method can accurately detect the clinical epidemic strains.

5. Conclusions

PEDV, TGEV, PDCoV, and SADS-CoV are the important porcine enteric coronaviruses
that seriously threaten the pig industry all over the world. In this study, a quadruplex qRT-
PCR was developed to differentially detect these four viruses, with extreme specificity, high
sensitivity, and excellent repeatability. The assay could be used to test the four pathogens
in one reaction at the same time and was an efficient method to simultaneously detect and
differentiate PEDV, TGEV, PDCoV, and SADS-CoV.

Author Contributions: H.Z. and F.L. contributed to the experiments and manuscript drafting. K.S.
contributed to the study design and manuscript revision. K.Z., S.F., Y.Y., C.X., S.Q. and W.L. con-
tributed to sample collection and data analysis. Z.L. contributed to manuscript editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Key Research and Development Program (No. AB21238003)
of Guangxi Science and Technology Bureau, China, and the Agricultural Science and Technology
Program (No. Z2022193, No. Z2022202) of Guangxi Agricultural and Rural Bureau, China.

Institutional Review Board Statement: This study was approved by Guangxi Center for Animal
Disease Control and Prevention (CADC) (No. 2020-A-02).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Guangxi CADC provided the vaccine strains and clinical samples used in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chen, Y.; Liu, Q.; Guo, D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. J. Med. Virol. 2020, 92,

418–423. [CrossRef] [PubMed]
2. Cui, J.; Li, F.; Shi, Z.L. Origin and evolution of pathogenic coronaviruses. Nat. Rev. Microbiol. 2019, 17, 181–192. [CrossRef]

[PubMed]
3. Wang, Q.; Vlasova, A.N.; Kenney, S.P.; Saif, L.J. Emerging and re-emerging coronaviruses in pigs. Curr. Opin. Virol. 2019, 34,

39–49. [CrossRef] [PubMed]
4. Liu, Q.; Wang, H.Y. Porcine enteric coronaviruses: An updated overview of the pathogenesis, prevalence, and diagnosis. Vet. Res.

Commun. 2021, 45, 75–86. [CrossRef] [PubMed]
5. Luo, X.; Zhou, G.Z.; Zhang, Y.; Peng, L.H.; Zou, L.P.; Yang, Y.S. Coronaviruses and gastrointestinal diseases. Mil. Med. Res. 2020,

7, 49. [CrossRef]
6. Lee, C. Porcine epidemic diarrhea virus: An emerging and re-emerging epizootic swine virus. Virol. J. 2015, 12, 193. [CrossRef]
7. Sun, R.Q.; Cai, R.J.; Chen, Y.Q.; Liang, P.S.; Chen, D.K.; Song, C.X. Outbreak of porcine epidemic diarrhea in suckling piglets,

China. Emerg. Infect. Dis. 2012, 18, 161–163. [CrossRef]
8. Stevenson, G.W.; Hoang, H.; Schwartz, K.J.; Burrough, E.R.; Sun, D.; Madson, D.; Cooper, V.L.; Pillatzki, A.; Gauger, P.; Schmitt,

B.J.; et al. Emergence of porcine epidemic diarrhea virus in the United States: Clinical signs, lesions, and viral genomic sequences.
J. Vet. Diagn. Investig. 2013, 25, 649–654. [CrossRef]

9. Vlasova, A.N.; Marthaler, D.; Wang, Q.; Culhane, M.R.; Rossow, K.D.; Rovira, A.; Collins, J.; Saif, L.J. Distinct characteristics and
complex evolution of PEDV strains, North America, May 2013-February 2014. Emerg. Infect. Dis. 2014, 20, 1620–1628. [CrossRef]

10. Lin, C.M.; Saif, L.J.; Marthaler, D.; Wang, Q. Evolution, antigenicity and pathogenicity of global porcine epidemic diarrhea virus
strains. Virus Res. 2016, 226, 20–39. [CrossRef]

11. Turlewicz-Podbielska, H.; Pomorska-Mól, M. Porcine coronaviruses: Overview of the state of the art. Virol. Sin. 2021, 36, 833–851.
[CrossRef] [PubMed]

12. Yuan, D.; Yan, Z.; Li, M.; Wang, Y.; Su, M.; Sun, D. Isolation and characterization of a porcine transmissible gastroenteritis
coronavirus in northeast China. Front. Vet. Sci. 2021, 8, 611721. [CrossRef] [PubMed]

13. Li, C.; Lu, H.; Geng, C.; Yang, K.; Liu, W.; Liu, Z.; Yuan, F.; Gao, T.; Wang, S.; Wen, P.; et al. Epidemic and evolutionary
characteristics of swine enteric viruses in South-Central China from 2018 to 2021. Viruses 2022, 14, 1420. [CrossRef] [PubMed]

14. Zhou, P.; Fan, H.; Lan, T.; Yang, X.L.; Shi, W.F.; Zhang, W.; Zhu, Y.; Zhang, Y.W.; Xie, Q.M.; Mani, S.; et al. Fatal swine acute
diarrhoea syndrome caused by an HKU2-related coronavirus of bat origin. Nature 2018, 556, 255–258. [CrossRef] [PubMed]

http://doi.org/10.1002/jmv.25681
http://www.ncbi.nlm.nih.gov/pubmed/31967327
http://doi.org/10.1038/s41579-018-0118-9
http://www.ncbi.nlm.nih.gov/pubmed/30531947
http://doi.org/10.1016/j.coviro.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30654269
http://doi.org/10.1007/s11259-021-09808-0
http://www.ncbi.nlm.nih.gov/pubmed/34251560
http://doi.org/10.1186/s40779-020-00279-z
http://doi.org/10.1186/s12985-015-0421-2
http://doi.org/10.3201/eid1801.111259
http://doi.org/10.1177/1040638713501675
http://doi.org/10.3201/eid2010.140491
http://doi.org/10.1016/j.virusres.2016.05.023
http://doi.org/10.1007/s12250-021-00364-0
http://www.ncbi.nlm.nih.gov/pubmed/33723809
http://doi.org/10.3389/fvets.2021.611721
http://www.ncbi.nlm.nih.gov/pubmed/33738304
http://doi.org/10.3390/v14071420
http://www.ncbi.nlm.nih.gov/pubmed/35891398
http://doi.org/10.1038/s41586-018-0010-9
http://www.ncbi.nlm.nih.gov/pubmed/29618817


Vet. Sci. 2022, 9, 634 11 of 12

15. Gong, L.; Li, J.; Zhou, Q.; Xu, Z.; Chen, L.; Zhang, Y.; Xue, C.; Wen, Z.; Cao, Y. A New Bat-HKU2-like coronavirus in swine, China,
2017. Emerg. Infect. Dis. 2017, 23, 1607–1609. [CrossRef]

16. Yang, Y.L.; Yu, J.Q.; Huang, Y.W. Swine enteric alphacoronavirus (swine acute diarrhea syndrome coronavirus): An update three
years after its discovery. Virus Res. 2020, 285, 198024. [CrossRef]

17. Xing, J.; Xu, Z.Y.; Gao, H.; Xu, S.J.; Liu, J.; Zhu, D.H.; Guo, Y.F.; Yang, B.S.; Chen, X.N.; Zheng, Z.Z.; et al. Re-emergence of severe
acute diarrhea syndrome coronavirus (SADS-CoV) in Guangxi, China, 2021. J. Infect. 2022, 85, e130–e133.

18. Woo, P.C.; Lau, S.K.; Lam, C.S.; Lau, C.C.; Tsang, A.K.; Lau, J.H.; Bai, R.; Teng, J.L.; Tsang, C.C.; Wang, M.; et al. Discovery of
seven novel mammalian and avian coronaviruses in the genus deltacoronavirus supports bat coronaviruses as the gene source of
alphacoronavirus and betacoronavirus and avian coronaviruses as the gene source of gammacoronavirus and deltacoronavirus. J.
Virol. 2012, 86, 3995–4008.

19. Wang, L.; Byrum, B.; Zhang, Y. Porcine coronavirus HKU15 detected in 9 US states, 2014. Emerg. Infect. Dis. 2014, 20, 1594–1595.
[CrossRef]

20. Duan, C. An updated review of porcine deltacoronavirus in terms of prevalence, pathogenicity, pathogenesis and antiviral
strategy. Front. Vet. Sci. 2021, 8, 811187. [CrossRef]

21. Vlasova, A.N.; Kenney, S.P.; Jung, K.; Wang, Q.; Saif, L.J. Deltacoronavirus evolution and transmission: Current scenario and
evolutionary perspectives. Front. Vet. Sci. 2020, 7, 626785. [CrossRef] [PubMed]

22. More-Bayona, J.A.; Ramirez-Velasquez, M.; Hause, B.; Nelson, E.; Rivera-Geronimo, H. First isolation and whole genome
characterization of porcine deltacoronavirus from pigs in Peru. Transbound. Emerg. Dis. 2022, 69, e1561–e1573. [CrossRef]
[PubMed]

23. Yan, Q.; Liu, X.; Sun, Y.; Zeng, W.; Li, Y.; Zhao, F.; Wu, K.; Fan, S.; Zhao, M.; Chen, J.; et al. Swine enteric coronavirus: Diverse
pathogen-host interactions. Int. J. Mol. Sci. 2022, 23, 3953. [CrossRef] [PubMed]

24. Zhang, F.; Luo, S.; Gu, J.; Li, Z.; Li, K.; Yuan, W.; Ye, Y.; Li, H.; Ding, Z.; Song, D.; et al. Prevalence and phylogenetic analysis of
porcine diarrhea associated viruses in southern China from 2012 to 2018. BMC Vet. Res. 2019, 15, 470. [CrossRef] [PubMed]

25. Shi, Y.; Li, B.; Tao, J.; Cheng, J.; Liu, H. The complex co-infections of multiple porcine diarrhea viruses in local area based on the
Luminex xTAG multiplex detection method. Front. Vet. Sci. 2021, 8, 602866. [CrossRef] [PubMed]

26. Kim, O.; Choi, C.; Kim, B.; Chae, C. Detection and differentiation of porcine epidemic diarrhoea virus and transmissible
gastroenteritis virus in clinical samples by multiplex RT-PCR. Vet. Rec. 2000, 146, 637–640. [CrossRef]

27. Zhao, J.; Shi, B.J.; Huang, X.G.; Peng, M.Y.; Zhang, X.M.; He, D.N.; Pang, R.; Zhou, B.; Chen, P.Y. A multiplex RT-PCR assay for
rapid and differential diagnosis of four porcine diarrhea associated viruses in field samples from pig farms in East China from
2010 to 2012. J. Virol. Methods 2013, 194, 107–112. [CrossRef]

28. Zhao, Y.; Liu, F.; Li, Q.; Wu, M.; Lei, L.; Pan, Z. A multiplex RT-PCR assay for rapid and simultaneous detection of four RNA
viruses in swine. J. Virol. Methods 2019, 269, 38–42. [CrossRef]

29. Hu, H.; Jung, K.; Wang, Q.; Saif, L.J.; Vlasova, A.N. Development of a one-step RT-PCR assay for detection of pancoronaviruses
(α-, β-, γ-, and δ-coronaviruses) using newly designed degenerate primers for porcine and avian fecal samples. J. Virol. Methods
2018, 256, 116–122. [CrossRef]

30. Liu, G.; Jiang, Y.; Opriessnig, T.; Gu, K.; Zhang, H.; Yang, Z. Detection and differentiation of five diarrhea related pig viruses
utilizing a multiplex PCR assay. J. Virol. Methods 2019, 263, 32–37. [CrossRef]

31. Nan, P.; Wen, D.; Opriessnig, T.; Zhang, Q.; Yu, X.; Jiang, Y. Novel universal primer-pentaplex PCR assay based on chimeric
primers for simultaneous detection of five common pig viruses associated with diarrhea. Mol. Cell Probes 2021, 58, 101747.
[CrossRef] [PubMed]

32. Si, G.; Niu, J.; Zhou, X.; Xie, Y.; Chen, Z.; Li, G.; Chen, R.; He, D. Use of dual priming oligonucleotide system-based multiplex
RT-PCR assay to detect five diarrhea viruses in pig herds in South China. AMB Express 2021, 11, 99. [CrossRef] [PubMed]

33. Ding, G.; Fu, Y.; Li, B.; Chen, J.; Wang, J.; Yin, B.; Sha, W.; Liu, G. Development of a multiplex RT-PCR for the detection of major
diarrhoeal viruses in pig herds in China. Transbound. Emerg. Dis. 2020, 67, 678–685. [CrossRef]

34. Kim, S.H.; Kim, I.J.; Pyo, H.M.; Tark, D.S.; Song, J.Y.; Hyun, B.H. Multiplex real-time RT-PCR for the simultaneous detection and
quantification of transmissible gastroenteritis virus and porcine epidemic diarrhea virus. J. Virol. Methods 2007, 146, 172–177.
[CrossRef]

35. Masuda, T.; Tsuchiaka, S.; Ashiba, T.; Yamasato, H.; Fukunari, K.; Omatsu, T.; Furuya, T.; Shirai, J.; Mizutani, T.; Nagai, M.
Development of one-step real-time reverse transcriptase-PCR-based assays for the rapid and simultaneous detection of four
viruses causing porcine diarrhea. Jpn. J. Vet. Res. 2016, 64, 5–14.

36. Jia, S.; Feng, B.; Wang, Z.; Ma, Y.; Gao, X.; Jiang, Y.; Cui, W.; Qiao, X.; Tang, L.; Li, Y.; et al. Dual priming oligonucleotide
(DPO)-based real-time RT-PCR assay for accurate differentiation of four major viruses causing porcine viral diarrhea. Mol. Cell
Probes 2019, 47, 101435. [CrossRef]

37. Huang, X.; Chen, J.; Yao, G.; Guo, Q.; Wang, J.; Liu, G. A TaqMan-probe-based multiplex real-time RT-qPCR for simultaneous
detection of porcine enteric coronaviruses. Appl. Microbiol. Biotechnol. 2019, 103, 4943–4952. [CrossRef]

38. Pan, Z.; Lu, J.; Wang, N.; He, W.T.; Zhang, L.; Zhao, W.; Su, S. Development of a TaqMan-probe-based multiplex real-time PCR for
the simultaneous detection of emerging and reemerging swine coronaviruses. Virulence 2020, 11, 707–718. [CrossRef]

39. Zhu, J.H.; Rawal, G.; Aljets, E.; Yim-Im, W.; Yang, Y.L.; Huang, Y.W.; Krueger, K.; Gauger, P.; Main, R.; Zhang, J. Development and
clinical applications of a 5-Plex real-time RT-PCR for swine enteric coronaviruses. Viruses 2022, 14, 1536. [CrossRef] [PubMed]

http://doi.org/10.3201/eid2309.170915
http://doi.org/10.1016/j.virusres.2020.198024
http://doi.org/10.3201/eid2009.140756
http://doi.org/10.3389/fvets.2021.811187
http://doi.org/10.3389/fvets.2020.626785
http://www.ncbi.nlm.nih.gov/pubmed/33681316
http://doi.org/10.1111/tbed.14489
http://www.ncbi.nlm.nih.gov/pubmed/35184388
http://doi.org/10.3390/ijms23073953
http://www.ncbi.nlm.nih.gov/pubmed/35409315
http://doi.org/10.1186/s12917-019-2212-2
http://www.ncbi.nlm.nih.gov/pubmed/31881873
http://doi.org/10.3389/fvets.2021.602866
http://www.ncbi.nlm.nih.gov/pubmed/33585617
http://doi.org/10.1136/vr.146.22.637
http://doi.org/10.1016/j.jviromet.2013.08.008
http://doi.org/10.1016/j.jviromet.2019.04.001
http://doi.org/10.1016/j.jviromet.2018.02.021
http://doi.org/10.1016/j.jviromet.2018.10.009
http://doi.org/10.1016/j.mcp.2021.101747
http://www.ncbi.nlm.nih.gov/pubmed/34116142
http://doi.org/10.1186/s13568-021-01255-z
http://www.ncbi.nlm.nih.gov/pubmed/34196816
http://doi.org/10.1111/tbed.13385
http://doi.org/10.1016/j.jviromet.2007.06.021
http://doi.org/10.1016/j.mcp.2019.101435
http://doi.org/10.1007/s00253-019-09835-7
http://doi.org/10.1080/21505594.2020.1771980
http://doi.org/10.3390/v14071536
http://www.ncbi.nlm.nih.gov/pubmed/35891517


Vet. Sci. 2022, 9, 634 12 of 12

40. Liu, H.; Shi, K.; Zhao, J.; Yin, Y.; Chen, Y.; Si, H.; Qu, S.; Long, F.; Lu, W. Development of a one-step multiplex qRT-PCR assay for
the detection of African swine fever virus, classical swine fever virus and atypical porcine pestivirus. BMC Vet. Res. 2022, 18, 43.
[CrossRef]

41. Su, M.; Li, C.; Qi, S.; Yang, D.; Jiang, N.; Yin, B.; Guo, D.; Kong, F.; Yuan, D.; Feng, L.; et al. A molecular epidemiological
investigation of PEDV in China: Characterization of co-infection and genetic diversity of S1-based genes. Transbound. Emerg. Dis.
2020, 67, 1129–1140. [CrossRef]

42. Guo, R.; Fan, B.; Chang, X.; Zhou, J.; Zhao, Y.; Shi, D.; Yu, Z.; He, K.; Li, B. Characterization and evaluation of the pathogenicity of
a natural recombinant transmissible gastroenteritis virus in China. Virology 2020, 545, 24–32. [CrossRef] [PubMed]

43. Saeng-Chuto, K.; Madapong, A.; Kaeoket, K.; Piñeyro, P.E.; Tantituvanont, A.; Nilubol, D. Coinfection of porcine deltacoronavirus
and porcine epidemic diarrhea virus increases disease severity, cell trophism and earlier upregulation of IFN-α and IL12. Sci. Rep.
2021, 11, 3040. [CrossRef]

44. Zhang, H.; Han, F.; Shu, X.; Li, Q.; Ding, Q.; Hao, C.; Yan, X.; Xu, M.; Hu, H. Co-infection of porcine epidemic diarrhoea virus and
porcine deltacoronavirus enhances the disease severity in piglets. Transbound. Emerg. Dis. 2022, 69, 1715–1726. [CrossRef]

45. Zhou, L.; Sun, Y.; Lan, T.; Wu, R.; Chen, J.; Wu, Z.; Xie, Q.; Zhang, X.; Ma, J. Retrospective detection and phylogenetic analysis of
swine acute diarrhoea syndrome coronavirus in pigs in southern China. Transbound. Emerg. Dis. 2019, 66, 687–695. [CrossRef]
[PubMed]

46. Zhou, L.; Li, Q.N.; Su, J.N.; Chen, G.H.; Wu, Z.X.; Luo, Y.; Wu, R.T.; Sun, Y.; Lan, T.; Ma, J.Y. The re-emerging of SADS-CoV
infection in pig herds in Southern China. Transbound. Emerg. Dis. 2019, 66, 2180–2183. [CrossRef] [PubMed]

http://doi.org/10.1186/s12917-022-03144-4
http://doi.org/10.1111/tbed.13439
http://doi.org/10.1016/j.virol.2020.03.001
http://www.ncbi.nlm.nih.gov/pubmed/32174456
http://doi.org/10.1038/s41598-021-82738-8
http://doi.org/10.1111/tbed.14144
http://doi.org/10.1111/tbed.13008
http://www.ncbi.nlm.nih.gov/pubmed/30171801
http://doi.org/10.1111/tbed.13270
http://www.ncbi.nlm.nih.gov/pubmed/31207129

	Introduction 
	Materials and Methods 
	Vaccine Strains and Clinical Samples 
	Design of Primers and Probes 
	Nucleic Acid Extraction 
	Construction of the Standard Plasmids 
	Optimization of the Multiplex qRT-PCR 
	Construction of Standard Curves 
	Specificity Analysis 
	Sensitivity Analysis 
	Repeatability Analysis 
	Detection of the Clinical Samples 

	Results 
	Construction of Standard Plasmids 
	Determination of the Optimal Reaction Conditions 
	Generation of Standard Curves 
	Specificity Analysis 
	Sensitivity Analysis 
	Repeatability Analysis 
	Detection Results of the Clinical Samples 

	Discussion 
	Conclusions 
	References

