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Abstract: The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) was transmitted from
humans to dogs and cats (reverse zoonosis) during the COVID-19 pandemic. SARS-CoV-2 has been
detected in fecal samples of infected dogs and cats, indicating potential fecal–oral transmission,
environmental contamination, and zoonotic transmission (i.e., spillback). Additionally, gastroin-
testinal viral infections are prevalent in dogs and cats. In this study, we developed and validated a
panel of multiplex one-step reverse transcription–quantitative polymerase chain reaction (RT-qPCR)
assays for the simultaneous detection of SARS-CoV-2 and common canine enteric viruses: Canine
Enteric Assay_1 (CEA_1) for the detection of canine adenovirus-1, canine enteric coronavirus, canine
distemper virus, and canine parvovirus, and CEA_2 for the detection of rotavirus A (RVA), and SARS-
CoV-2); or common feline enteric viruses (Feline Enteric Assay_1 (FEA_1) for the detection of feline
enteric coronavirus, feline panleukopenia virus, RVA, and SARS-CoV-2). All assays demonstrated
high analytical sensitivity, detecting as few as 5–35 genome copies/µL in multiplex format. The
repeatability and reproducibility of the multiplex assays were excellent, with coefficient of variation
<4%. Among the 58 clinical samples tested, 34.5% were positive for at least one of these viruses,
and SARS-CoV-2 was detected in two samples collected from one dog and one cat, respectively. In
conclusion, these newly developed one-step multiplex RT-qPCR assays allow for rapid diagnosis of
enteric viral infections, including SARS-CoV-2, in dogs and cats.

Keywords: reverse transcription–qPCR (RT-qPCR); multiplex; feline enteric virus; canine enteric
virus; SARS-CoV-2; diagnostics; zoonosis; reverse zoonosis

1. Introduction

The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) [1,2], had a significant impact on human health and the global economy.
While human-to-human transmission remains the primary route of infection, interspecies
transmission has been demonstrated, including to companion animals [3,4]. Among those,
dogs and cats, which share close contact with humans, have received particular attention
as potential sources of SARS-CoV-2 infection following transmission from humans [5,6].
In addition to human respiratory secretions, SARS-CoV-2 has been detected in various
biological samples, including feces, suggesting the potential for viral shedding through the
gastrointestinal tract [7–10]. The detection of viral RNA in the feces of infected humans
has prompted the development of surveillance systems by testing wastewater, as well as
investigations into the possibility of fecal–oral transmission [11–14]. Several studies have
also reported the detection of SARS-CoV-2 RNA in the feces and rectal swabs collected
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from naturally infected dogs [15–18] and cats [19–22]. Furthermore, Gaudreault et al. [23]
demonstrated viral RNA presence in the fecal samples of experimentally infected cats,
highlighting the potential for viral dissemination via fecal shedding. Additionally, viral
RNA was detected in rectal swabs collected from experimentally infected dogs [24]. These
observations raise important questions regarding the infectivity of SARS-CoV-2 shed in
feces, and the duration of viral excretion in companion animals.

Besides SARS-CoV-2, gastrointestinal diseases are frequently reported in companion ani-
mals [25]. Bacterial, parasitic, and viral agents can all contribute to the development of enteric
illnesses in dogs and cats, leading to high mortality rates in kittens, puppies, and unprotected
populations [26,27]. Canine parvovirus (CPV) and canine enteric coronavirus (CECoV) are
widely recognized as the most prevalent enteric pathogens worldwide [28,29]. Additionally,
canine distemper virus (CDV) is commonly implicated in enteric disorders [30,31]. Canine
adenovirus type 1 (CAdV-1) is typically associated with infectious canine hepatitis, but it
can also cause severe gastrointestinal disease with shedding through feces and urine [32].
Feline enteric coronavirus (FCoV) [33,34] and feline panleukopenia virus (FPV) [35,36] are
the two most important viral causes of feline gastrointestinal disease worldwide. Although
canine and feline rotavirus A (RVA) are not commonly found as enteric pathogens and
rarely cause severe illness, their zoonotic potential makes them significant [37–39].

The conventional diagnostic methods for detecting viral infections often involve
separate testing procedures, such as virus isolation, classical PCR/reverse transcription
(RT)-PCR and quantitative PCR (qPCR)/RT-qPCR, which are laborious and expensive,
requiring multiple tests to be performed for each individual infectious agent of interest. To
overcome these limitations, multiplex qPCR/RT-qPCR assays have gained popularity due
to their ability to simultaneously detect multiple viral DNA and RNA agents in a single
reaction. This approach offers several advantages, including reduced turnaround time,
improved cost-effectiveness, and enhanced diagnostic accuracy [40]. This technique is
now widely used in diagnostic laboratories for the detection of human and animal enteric
viruses [41–44]. Recently, our team developed panels of multiplex qPCR/RT-qPCR for
the simultaneous detection of SARS-CoV-2 and pathogens associated with respiratory
disorders in cats and dogs [45,46], as well as a quadruplex real-time RT-PCR assay to detect
equine rotavirus in diarrheic foals [47].

Testing for SARS-CoV-2 and other cross-species-transmissible viruses (e.g., RVA) in
dog and cat fecal samples, coupled with the search for gastrointestinal diseases associated
viruses in these species is crucial for proper diagnosis, evaluating zoonotic transmission, as-
sessing environmental contamination, and embracing the One Health approach. Thus, this
article describes the development and the validation of a panel of two one-step multiplex
RT-qPCR assays for the simultaneous detection and differentiation of canine enteric viruses
along with SARS-CoV-2 (Canine Enteric Assay_1 (CEA_1) for the detection of CAdV-1,
CECoV, CDV and CPV, and CEA_2 for the detection of RVA and SARS-CoV-2), and a one-
step multiplex RT-qPCR assay for the simultaneous detection and differentiation of feline
enteric viruses along with SARS-CoV-2 (Feline Enteric Assay_1 (FEA_1) for the detection
of FCoV/FIPV, FPV, RVA and SARS-CoV-2). These new assays were used to test clinical
specimens submitted to the Louisiana Animal Disease Diagnostic Laboratory (LADDL)
from dogs and cats in Louisiana, USA, between 2020 and 2023. The multiplex RT-qPCR
assays developed here present a valuable tool for rapid diagnosis, efficient surveillance, and
effective disease management of enteric viruses in companion animals. By combining the
detection of these viruses in a single reaction, veterinarians, researchers, and public health
professionals can obtain comprehensive information on the presence and distribution of
these viruses.

2. Materials and Methods
2.1. Viruses and Bacteria

The panel of reference viruses used for evaluating the specificity (inclusivity/exclusivity)
of each RT-qPCR assay in singleplex and in multiplex format is presented in Table 1.
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The FCoV L1911652 RNA sample was obtained from a formalin-fixed paraffin-embedded
section of colon from a deceased cat submitted to the Louisiana Animal Disease Diagnostic
Laboratory (LADDL) for routine postmortem examination and confirmed positive for FCoV
antigen and negative for FPV antigen via indirect immunofluorescence. Total DNA/RNA
was obtained from ten serial 5-micron sections using the QIAamp DNA FFPE Tissue Kit
(QIAGEN, Germantown, TN, USA). Canine respiratory coronavirus VSL-1471 and canine
influenza A H3N2 VSL-1355 nucleic acids were kindly provided by Dr. Diego Diel (Cornell
University). Canine influenza A H3N8 A/Ca/FL/15592/04 nucleic acids were kindly
provided by Dr. Edward Dubovi (Cornell University). All other prototype strains were
obtained from the American Type Culture Collection (ATCC®; Manassas, VA, USA), or BEI
Resources (Manassas, VA, USA).

Table 1. Panel of prototype SARS-CoV-2 variants of concern, canine and feline enteric viruses, and
canine and feline respiratory viruses used to assess the specificity of each RT-qPCR assay.

Pathogens Reference Strain Source

SARS-CoV-2 USA-WA1/2020 NR-52281 BEI Resources
SARS-CoV-2 Alpha (B.1.1.7) NR-54020 BEI Resources
SARS-CoV-2 Beta (B.1.351) NR-55282 BEI Resources

SARS-CoV-2 Delta (B.1.617.2) NR-55671 BEI Resources
SARS-CoV-2 Omicron (B.1.1.529) NR-56461 BEI Resources

Canine Distemper Virus (CDV) Lederle
Avirulent

NR-3845 BEI Resources

Canine Parvovirus (CPV) VR-953TM ATCC®

Canine Enteric Coronavirus (CECoV),
UCD1

NR-868 BEI Resources

Canine Adenovirus 1 (CAdV-1) VR-293TM ATCC®

Canine Rotavirus (CRV) VR-964 TM ATCC®

Feline Panleukopenia Virus (FPV) VR-648TM ATCC®

Feline Coronavirus (FCoV) L1911562 LADDL
Feline Infectious Peritonitis Virus (FIPV) NR-43287 BEI Resources

Canine Adenovirus 2 (CAdV-2) VR-800TM ATCC®

Canine Respiratory Coronavirus
(CRCoV)

VSL-1471 Cornell University a

Canine Parainfluenza Virus (CPiV) VR-399TM ATCC®

Canine Herpesvirus 1 (CHV-1) VR-522TM ATCC®

Canine Pneumovirus (CPnV) 124423 LADDL
Canine Influenza A H3N2 VLS-1355 Cornell University a

Canine Influenza A H3N8 A/Ca/FL/15592/04 Cornell University b

Felid Herpesvirus 1 (FHV-1) VR-814TM ATCC®

Feline Calicivirus (FCV) VR-782TM ATCC®

a Kindly provided by Dr. Diego Diel. b Kindly provided by Dr. Edward Dubovi.

2.2. Clinical Specimens

A total of 58 rectal swabs collected from 27 dogs and 31 cats with clinical signs of
enteric disease submitted for routine diagnostic testing at the LADDL between 2020 and
2023 were used in this study. The specimens were submitted by practicing veterinarians or
the attending veterinarian from the LSU School of Veterinary Medicine Shelter Medicine
Program. Rectal specimens were collected using sterile oropharyngeal/nasal swabs (VMRD,
Pullman, WA, USA) and resuspended in either 2 mL of BHI Broth (Hardy Diagnostics,
Santa Maria, CA, USA) or 2 mL of PrimeStore® molecular transport medium (VMRD).
Swab samples were vortexed and clarified with centrifugation at 500× g for 5 min at 4 ◦C.

2.3. Nucleic Acid Extraction

Nucleic acids were extracted using the tacoTM mini nucleic acid automatic extraction
system (GeneReach, Taichung, Taiwan) following the manufacturer’s recommendations.
One hundred microliters of rectal swab suspensions were extracted and eluted in the same
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volume of elution buffer. The extracted nucleic acid samples were stored at −80 ◦C until
used.

2.4. Multiplex TaqMan® Reverse Transcription qPCR (RT-qPCR) Assays for the Detection of
Canine and Feline Enteric Viruses

Three multiplex one-step RT-qPCR assays were developed and designated as canine
enteric assay 1 (CEA_1; targeting CAdV-1, CECoV, CDV, and CPV), CEA_2 (targeting
RVA, and SARS-CoV-2) and feline enteric assay 1 (FEA_1; targeting FcoV, FPV, RVA, and
SARS-CoV-2). All assays were performed in a total volume of 25 µL containing 12.5 µL
of 2X QuantiTectTM Multiplex RT-PCR Master Mix (Qiagen, Hilden, Germany), 0.25 µL
of QuantiTectTM RT Mix, 1.25 µL of primers (200 nM) and fluorogenic probes (200 nM)
mix, 6 µL of Rnase-free water and 5 µL of template DNA/RNA. All reactions were run
on a 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) with
the following thermal profile: a reverse transcription step (20 min at 50 ◦C) followed by
an initial activation step (15 min of at 95 ◦C) and 40 cycles of denaturation and anneal-
ing/extension (45 s at 94 ◦C and 75 s at 60 ◦C). All primers and probes for the detection
of canine and feline enteric viruses were adopted from previous studies (Table 2). The
RVA NSP3-specific (gene segment 7; pan-rotavirus A) assay was established as previously
described by Freeman et al. [48] with the addition of a nucleotide degeneracy in position
2 of the NVP3-Fdeg primer (C→Y) based on in silico analysis of the canine and feline RVA
NSP3 sequences (available on GenBank https://www.ncbi.nlm.nih.gov/genbank/, ac-
cessed on 16 May 2022; Figure S1). Sequences specificities were first verified in silico using
NCBI Basic Local Alignment Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi?
PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome, accessed on 16
May 2022) and self-annealing sites, hairpin loop formation, and 3′ complementarity were
evaluated using IDT’s OligoAnalyzer tool (https://www.idtdna.com/calc/analyzer, ac-
cessed on 16 May 2022). Primers and probes were synthesized using Invitrogen (Waltham,
MA, USA) and the specificity was evaluated using the panel of prototype strains de-
scribed above. The complete step-by-step protocols for the detection of both canine and
feline enteric viruses have been deposited on https://protocols.io, accessed on 25 July
2023, with the following DOIs: dx.doi.org/10.17504/protocols.io.e6nvwd5z9lmk/v1 and
dx.doi.org/10.17504/protocols.io.3byl4qk5jvo5/v1, respectively.

Table 2. Primers and probe sequences used for the detection of SARS-CoV-2 and other viruses
associated with enteric diseases in dogs and cats.

Target
(Gene)

Oligonucleotide
ID Primers and Probe Sequences (5′-3′) Nucleotide

Position
Product

Size (bp)
GenBank

Accession # Reference

SARS-CoV-2
(Nucleocapsid)

2019-nCoV_N1-F GACCCCAAAATCAGCGAAAT 28,287–28,306
72 MN985325.1 [42]2019-nCoV_N1-R TCTGGTTACTGCCAGTTGAATCTG 28,358–28,335

2019-nCoV_N1-P FAM-ACCCCGCATTACGTTTGGTGGACC-
QSY 28,309–28,332

CDV
(Phosphoprotein)

CDV_P-F ACTATTGAGAGACCTCCAGCTGAAA 1296–1320

79 AB028914.1 [45]CDV_P-R TGCGGTATCCTTCGGTTTGT 1374–1355

CDV_P-P JUN-CCGATTGCCGAGCTAGACTCTTTGTCA-
QSY 1352–1326

CPV/FPV
(VP2)

CPV-For AAACAGGAATTAACTATACTAATATATTTA 4102–4131

93 M38245.1 [49]
CPV-Rev AAATTTGACCATTTGGATAAACT 4194–4172

CPV-Pb
VIC-

TGGTCCTTTAACTGCATTAAATAATGTACC-
QSY

4139–4168

https://www.ncbi.nlm.nih.gov/genbank/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://www.idtdna.com/calc/analyzer
https://protocols.io
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Table 2. Cont.

Target
(Gene)

Oligonucleotide
ID Primers and Probe Sequences (5′-3′) Nucleotide

Position
Product

Size (bp)
GenBank

Accession # Reference

CECoV
(ORF5)

CcoV-For TTGATCGTTTTTATAACGGTTCTACAA 26,449–26,475

99 JQ404409.1 [50]
CcoV-Rev AATGGGCCATAATAGCCACATAAT 26,547–26,524

CcoV-Pb
FAM-

ACCTCAATTTAGCTGGTTCGTGTATGGCATT-
QSY

26,484–26,514

CAdV-1
(Hexon)

CAV-F AGTAATGGAAACCTAGGGG 17,681–17,699
17,760–17,743
17,710–17,734

80 U55001.1 [51]CAV-R TCTGTGTTTCTGTCTTGC

CAV1-Pb ABY-TCAATCGTCTCAACTAAATGCCGTG-
QSY

RVA
(NSP3)

NVP3-FDeg AYCATCTWCACRTGACCCTC 992–1011

87 MT364832.1 [42,48] with
modification

NVP3-R1 GGTCACATAACGCCCCTATA 1078–1059

NVP3-Probe
JUN-

ATGAGCACAATAGTTAAAAGCTAACACTGTCAA-
QSY

1013–1045

FCoV/FIPV
(ORF7b)

FCoV1128f GATTTGATTTGGCAATGCTAGATTT 29,150–29,170
102 FJ938059.1 [52]FCoV1229r AACAATCACTAGATCCAGACGTTAGCT 29,251–29,225

FCoV1200p ABY-TCCATTGTTGGCTCGTCATAGCGGA-
QSY 29,198–29,222

ABY, ABYTM dye; F: forward primer; FAM, 6-carboxyfluorescein dye; JUN, JUN™ dye; P: probe; QSY, QSY™
quencher; R: reverse primer; VIC, VIC™ dye.

2.5. Synthesis of In Vitro Transcribed RNA

Target-specific in vitro transcribed (IVT) RNA was synthesized in order to determine
the analytical sensitivity of each multiplex RT-qPCR assay as previously described [45–47].
Inserts containing the target regions of each assay (flanked by PstI and HindIII restriction
enzymes) were chemically synthesized and cloned into the multiple cloning site of the
pGEM®-3Z vector (Promega, Madison, WI, USA).

2.6. Analytical Parameters Determination and Statistical Analysis

Analytical parameters were determined as previously described [45–47]. Briefly, the
analytical specificity (inclusivity/exclusivity) of the RT-qPCR assays were evaluated in
singleplex and multiplex using nucleic acids extracted from the panel of prototype viruses
associated with enteric, respiratory, and systemic diseases in dogs and cats, as well as
different SARS-CoV-2 variants of concern (VOC). Standard curves were generated using a
ten-fold dilution of IVT RNA (107 to 102 copies/µL) in triplicate. The analytical sensitivity
was assessed by calculating the following parameters: coefficient of determination (R2),
amplification efficiency (E [%]), Limit of detection with 95% confidence (LOD95%) and cycle
threshold (Ct) cut-off values. R2 was calculated to assess curve fitness. E [%] was calculated
after regression analysis using the following formula: E = [10–1/slope − 1] × 100. LOD95% of
each assay was determined by statistical probit analysis (non-linear regression model) using
SPSS 14.0 software (SPSS Inc., Chicago, IL, USA) from twelve replicates per dilution ranging
from 103 to 100 copies/µL. Ct cut-off values were determined using the following formula:
Ct cut-off = Average replicate values of the endpoint dilution + (3 × standard deviation
[SD]) [53]. Intra-run variability (repeatability) and inter-run variability (reproducibility)
were determined by performing 12 replicates on the same run or three replicates on two
independent runs of IVT RNA containing 105 to 103 copies/µL, respectively. The coefficient
of variation (%CV) was calculated using the following formula: %CV = 100 × (standard
deviation of replicates [log10 copies/µL] ÷ average of replicates [log10 copies/µL]). All
graphs were created using GraphPad Prism v9.3.1 statistical analysis software (GraphPad,
San Diego, CA, USA).

3. Results
3.1. Analytical Specificity of the Singleplex and Multiplex Assays for the Detection of Canine and
Feline Enteric Viruses

The analytical specificity (inclusivity/exclusivity) of the seven RT-qPCR assays were
evaluated in singleplex and multiplex using a panel of prototype viruses associated with
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enteric, respiratory, and systemic diseases in dogs and cats, as well as different SARS-CoV-2
variants of concern (VOC). All assays used and developed in this study showed exclusive
specificity for their respective targets and did not cross-react between each other under
multiplex conditions (Supplementary Figure S2).

3.2. Analytical Sensitivity of the Singleplex and Multiplex Assays for the Detection of Canine and
Feline Enteric Viruses

To evaluate the analytical sensitivity of all assays in singleplex and multiplex format, a
linear standard curve was generated by performing ten-fold serial dilutions (107 copies/µL
to 102 copies/µL) of IVT RNA containing the target sequences (Figure 1).
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Figure 1. Comparison of analytical sensitivity of each singleplex and multiplex RT-qPCR assays
for the detection of SARS-CoV-2 and canine and feline enteric viruses. CEA: Canine enteric assay;
Ct: Cycle threshold; FEA: Feline enteric assay; IVT RNA: in vitro transcribed RNA; R2: linearity; E:
Efficiency.

Whenever these assays were used in singleplex and in multiplex, the coefficient of
linear regression (R2) was ≥ 0.997 and the amplification efficiency was between 96.22%
and 107.52% (Table 3), indicating excellent amplification. The lower limit of detection
(LOD95%) varied between <1 and 25 genome copies/µL for each assay in singleplex format
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and varied between 5 and 35 genome copies/µL for each assay in multiplex format (Table 3,
Figure S3). A similar detection rate limit (100%) was calculated for each assay when used
in both singleplex and multiplex conditions (1 to 100 copies/µL) and the Ct cut-off values
ranged from 35 to 40 (Table 3). Altogether, these results demonstrate the high analytical
sensitivity of our panel of RT-qPCR assays for the detection of canine and feline enteric
viruses. In addition, no impact on the analytical sensitivity was observed when these assays
were used under multiplex conditions.

Table 3. Analytical performance of singleplex and multiplex RT-qPCR assays for the detection of
SARS-CoV-2 and canine and feline enteric viruses.

Panel Target Parameter Slope Linearity
(R2)

Efficiency (E
[%])

LOD95%
(Copies/µL)

Detection
Rate Limit

(Copies/µL)
Ct Cut-Off

CEA_1

CAdV-1 (H) Singleplex −3.343 0.9984 99.13 25 100 31
4-plex −3.169 0.9992 106.80 6 10 38

CECoV
(ORF5)

Singleplex −3.377 0.9994 97.75 4 10 36
4-plex −3.180 0.9991 106.28 6 10 40

CDV (P) Singleplex −3.255 0.9971 102.87 4 10 36
4-plex −3.154 0.9993 107.52 5 10 38

CPV (VP2) Singleplex −3.368 0.9990 98.11 4 10 36
4-plex −3.225 0.9990 104.21 14 100 32

CEA_2

SARS-CoV-2
(N1)

Singleplex −3.369 0.9999 98.07 <1 10 40
2-plex −3.321 0.9998 100.04 5 10 35

RVA (NSP3) Singleplex −3.275 0.9969 102.00 14 100 34
2-plex −3.374 0.9991 97.87 14 100 33

FEA_1

FCoV
(ORF7b)

Singleplex −3.372 0.9999 97.95 11 100 35
4-plex −3.332 0.9991 99.58 14 100 38

SARS-CoV-2
(N1)

Singleplex −3.369 0.9999 98.07 <1 1 40
4-plex −3.313 0.9999 100.37 6 10 35

RVA (NSP3) Singleplex −3.275 0.9969 102.00 14 100 34
4-plex −3.191 0.9966 105.77 35 100 33

FPV (VP2) Singleplex −3.333 0.9999 99.54 <1 1 40
4-plex −3.416 0.9979 96.22 8 10 39

CEA: Canine enteric assay; FEA: Feline enteric assay; R2: Linearity; LOD95%: Limit of detection 95%; Ct: Cycle
threshold.

3.3. Repeatability and Reproducibility of the Multiplex TaqMan® RT-qPCR Assays for the
Detection of Canine and Feline Enteric Viruses

The repeatability and reproducibility of the developed multiplex assays were mea-
sured by determining the intra-run and inter-run imprecision, respectively. A range of
three concentrations—105 copies/µL (high target concentration), 104 copies/µL (medium
target concentration), and 103 copies/µL (low target concentration)—of IVT RNA was used
to determine the coefficient of variability (CV) of each assay. Both intra- and inter-run
imprecision were <4% for the high, medium, and low concentration (Table 4). These data
indicate that all multiplex assays have a high repeatability and reproducibility.
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Table 4. Precision assessment of each multiplex RT-qPCR assay.

Panel Target

Intra-Run Variability
CV (%) #

Inter-Run Variability
CV (%) #

105

Copies/µL
104

Copies/µL
103

Copies/µL
105

Copies/µL
104

Copies/µL
103

Copies/µL

CEA_1

CAdV-1 (H) 0.93 1.40 2.61 1.11 1.16 1.84

CECoV (ORF5) 0.73 0.99 2.88 0.89 2.66 3.57

CDV (P) 1.54 2.12 3.84 0.75 1.36 2.65

CPV (VP2) 1.17 1.15 3.14 0.83 0.83 2.48

Table 4. Cont.

Panel Target

Intra-Run Variability
CV (%) #

Inter-Run Variability
CV (%) #

105

Copies/µL
104

Copies/µL
103

Copies/µL
105

Copies/µL
104

Copies/µL
103

Copies/µL

CEA_2
SARS-CoV-2

(N1) 1.38 2.67 2.59 0.45 1.13 1.93

RVA (NSP3) 2.38 1.00 1.45 1.16 2.61 3.05

FEA_1

FCoV (ORF7b) 0.71 1.34 1.17 0.79 1.15 1.90

SARS-CoV-2
(N1) 0.57 0.79 1.20 0.81 1.78 2.05

RVA (NSP3) 3.55 3.62 2.71 2.80 2.44 2.99

FPV (VP2) 0.90 0.94 0.87 1.53 0.39 0.30

# CV (%): Coefficient of variation = (standard deviation of replicates [log10 copies/µL] ÷ Average of replicates
[log10 copies/µL]) × 100.

3.4. Assays Validation on Clinical Samples Collected from Dogs with Clinical Signs of
Enteric Disease

Both CEA_1 and CEA_2 multiplex assays were used to analyze 27 clinical samples
collected from domestic dogs with clinical signs of enteric disease. Eight (29.6%) samples
were positive for one of the seven viruses tested: four (14.8%) were positive for CECoV,
two (7.4%) were positive for CDV, one (3.7%) was positive for CPV, and one (3.7%) was
positive for SARS-CoV-2 (Table 5). The SARS-CoV-2 positive rectal swab was collected from
a household case of COVID-19 in 2021. The dog was a 4-year-old female goldendoodle
presenting with leukocytosis, fever, lethargy, anorexia, and semi-solid stools for 48 h prior
to sample collection. CAdV-1 and RVA, as well as co-infections, were not detected in the
tested samples.

Table 5. Detection rate of canine enteric-associated viruses in the clinical specimens used to evaluate
the CEA_1 and CEA_2 assays.

Viruses No. of Positive (n = 8/27) Positive (%)
(29.6%)

CDV 2 7.4

CPV 1 3.7

CECoV 4 14.8

CadV-1 0 0

RVA 0 0

SARS-CoV-2 1 3.7
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3.5. Assays Validation on Clinical Samples Collected from Cats with Clinical Signs of
Enteric Disease

The FEA_1 multiplex assay was used to analyze 31 clinical samples collected from
domestic and feral cats. Among these samples, eleven (35.5%) tested positive for one of
the four viruses tested: six (19.4%) were positive for FPV, four (12.9%) were positive for
FcoV, one (3.2%) was positive for SARS-CoV-2, and none of the samples were positive for
RVA (Table 6). The SARS-CoV-2-positive sample was collected in 2021 from the feces of
a 6-year-old captive male African lion unvaccinated against SARS-CoV-2, who presented
coughing and mild lethargy. The National Veterinary Services Laboratories in Ames, IA,
conducted partial sequencing of the SARS-CoV-2 Spike protein gene (ORF2), revealing
that the SARS-CoV-2-positive sample corresponded to the Delta variant (clade B.1.617.2).
Co-infection was not detected in any of the tested samples.

Table 6. Detection rate of feline enteric-associated viruses in the clinical specimens used to evaluate
the FEA_1 assay.

Viruses Positive (n = 11/31) Positive (%)
(35.5%)

FCoV 4 12.9

FPV 6 19.4

RVA 0 0

SARS-CoV-2 1 3.2

4. Discussion

Gastrointestinal infections in dogs and cats can be caused by a wide range of pathogens,
including viruses, bacteria, and parasites. Among the viral agents, coronaviruses such as
CECoV and FCoV/FIPV are well-known to be responsible for inducing gastroenteric dis-
orders in canine and feline populations [54,55]. Additionally, SARS-CoV-2, the causative
agent of COVID-19, has been reported to infect dogs and cats, and can be found in fecal
samples collected from naturally and experimentally infected companion animals [15–21,23].
Parvoviruses (CPV and FPV) are also well known to induce severe gastroenteric disease
and are often fatal for puppies and kittens [36,56]. Co-infection and recombination be-
tween CPV and FPV have also been documented [57,58]. CAdV-1 and CDV are capable
of inducing a wide range of clinical signs in dogs, as they are considered multisystemic
infections [59,60]. While RVA is a significant cause of diarrhea in children and various
animal species [42,61–63], canine and feline RVA typically do not lead to severe illness and
are not considered a major gastrointestinal pathogen in these species. However, similarities
in their genomic constellation with some human RVA strains indicate that the latter have
likely originated from canine and feline RVA [64,65]. Detecting canine and feline RVA is
crucial not only for monitoring animal health but also due to its zoonotic potential. There-
fore, its detection is essential to prevent potential transmission of the virus from animals to
humans.

Rapid diagnosis of the causative agent in gastrointestinal disease is crucial to provide
the appropriate treatment and implement vaccination and control measures. However,
confirmatory diagnosis requires laboratory testing. In this study, a multiplex one-step
RT-qPCR panel was developed and validated for the detection of SARS-CoV-2 and the
most common canine and feline enteric viruses. These multiplex assays were designed
using a combination of well-established qPCR/RT-qPCR singleplex assays [42,48–52,66].
The detection of canine and feline RVA was included in our panel by using the assay
previously established by Freman et al. [48], which is now commonly used for the detection
of equine RVA [42,47]. Addition of a nucleotide degeneracy in position 2 of the NVP3-FDeg
primer (C→Y) was added. This assay was able to detect the canine RVA prototype without
detection of other canine and feline viruses. The specificity of this assay was not assessed
against feline RVA, as no prototype strain is currently available. However, in silico analysis
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demonstrated high specificity of this assay against the few canine and feline NSP3 RVA
nucleotide sequences available, with only 1.4% of nucleotide differences in seven of the
26 available sequences (Figure S1).

In this study, analytical performance was appropriate under multiplex conditions,
with a limit of detection (LOD95) ranging from 5 to 35 genome copies/µL. Even though
under singleplex conditions the LOD95 was ranged between <1 to 25 genome copies/µL,
this difference compared to multiplex conditions is considered negligible as it is a <10-fold
difference and might be attributed to competition between assays and potential reagent
exhaustion, as previously suggested [47]. The multiplex assays demonstrated excellent
reproducibility and repeatability, indicating their high accuracy. The analytical parameters
of these multiplex assays were similar to other assays recently developed in our laboratory
for the detection of canine and feline respiratory pathogens [45,46]. Moreover, in this study,
the LOD95 for CPV and CECoV showed a one log10 improvement compared to previously
published multiplex qPCR assays (LOD95 was 1 × 102 copies/µL) [44], and a three log10
improvement compared to a multiplex RT-PCR assay designed for detecting CPV, CECoV,
and CAdV-1 [67]. Similarly, our FEA_1 assay displayed a reduction of more than one
log10 in detecting FPV when compared to another multiplex RT-qPCR assay designed for
detecting FPV, feline bocavirus 1, feline astrovirus, and feline kobuvirus [68]. Furthermore,
all the previous assays were conducted in two separate steps (reverse-transcription and
subsequent qPCR amplification), while our newly developed one-step assays combined
both the reverse-transcription and qPCR amplification steps. This significantly reduces
labor, minimizes the risk of pipetting errors, and shortens the time required to obtain
results. To our knowledge, no previous multiplex RT-qPCR assays were developed for
the simultaneous detection of the six canine enteric viruses (CPV, CECoV, CAdV-1, CDV
(CEA_1), RVA, and SARS-CoV (CEA_2)); and for the detection of the four feline enteric
viruses (FCoV/FIPV, FPV, RVA, and SARS-CoV-2 (FEA_1)). The sensitivity of the qPCR
reaction may vary depending on the reagents and thermocycler used. The parameters
established in this study were derived from a specific platform. Consequently, any mod-
ification of reagents or thermocycler would necessitate a reassessment of the analytical
sensitivity.

As only 29.6% and 35.5% of the samples collected from dogs and cats suspected to
have gastroenteric disease tested positive for the enteric viruses examined in this study,
it is presumed that other pathogens, such as bacteria and parasites, may be involved as
primary causative agents. No RVA was detected in the collected specimens. However, it
is important to note that, due to the limited number of samples collected and tested in
this study, the absence of canine and feline RVA detection does not necessarily indicate
their absence in this particular region of the world. To determine the prevalence and
genetic diversity of canine and feline RVA strains circulating in the USA, a larger-scale
study is necessary. Interestingly, SARS-CoV-2 was detected in a rectal swab collected from
a household dog and feces from a captive feral cat. This underscores the importance of
detecting such viruses to prevent potential transmission at the human–animal interface.

The main limitation of this study is associated with the limited number of available
samples during the study period and, therefore, limited our ability to assess its clinical
performance. In addition, the absence of coinfection is most likely due to the limited
number of samples collected during this study. The versatility of this panel allows the
possibility of expansion to include additional viral targets or the incorporation of emerging
viruses in the future.

5. Conclusions

In conclusion, this article describes the development and validation of a panel of robust
multiplex RT-qPCR assays (CEA_1, CEA_2, and FEA_1) capable of simultaneous detection
of SARS-CoV-2 and the most relevant enteric viruses in dogs and cats. The implementation
of such a comprehensive diagnostic tool has the potential to improve disease surveillance,
diagnosis, and management of potential zoonotic diseases.



Viruses 2023, 15, 1890 11 of 14

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15091890/s1, Figure S1: Canine and feline RVA-NSP3 nucleotide
sequences alignment with the NVP3-FDeg primer, the NVP3-R1 primer and NVP3-Probe; Figure S2:
Assessment of the specificity of each RT-qPCR assay using nucleic acids derived from prototype
viruses; Figure S3: Limit of detection with 95% confidence (LOD95%) determination of singleplex and
multiplex RT-qPCR assays.

Author Contributions: Conceptualization U.B.R.B. and L.P.; Specimen submission W.W.; Data cura-
tion C.J.T.; Formal analysis C.J.T.; Funding acquisition U.B.R.B., M.C. and L.P.; Investigation C.J.T.;
Methodology C.J.T., M.C. and U.B.R.B.; Software C.J.T.; Supervision M.C. and U.B.R.B.; Visualization
C.J.T.; Roles/Writing—original draft C.J.T.; and Writing—review and editing C.J.T., M.C., L.P., W.W.
and U.B.R.B. All authors have read and agreed to the published version of the manuscript.

Funding: This study entitled “Development of multiplex real-time PCR assays for differentiating
SARS-CoV-2 from other respiratory and enteric pathogens and enteric pathogens and an IgM/IgG
ELISA for the serologic diagnosis of COVID-19 in dogs and cats” was funded by the Vet-LIRN COVID-
19 Capacity Grant number 1U18FD007514 and supported by the Food and Drug Administration
(FDA) of the U.S. Department of Health and Human Services (HHS) as part of a financial assistance
award totaling USD 100,000 with 100 percent funding by FDA/HHS. The contents are those of the
author(s) and do not necessarily represent the official views of, nor an endorsement, by FDA/HHS, or
the U.S. Government. Reference to any commercial materials, equipment, or process does not in any
way constitute approval, endorsement, or recommendation by the Food and Drug Administration.
Côme J. Thieulent is partially funded by the NIH-USDA NIFA R01 Research Grant Program Dual
Purpose with Dual Benefit: Research in Biomedicine and Agriculture Using Agriculturally Important
Domestic Animal Species grant number 2019-67016-29102 (award number AWD-47990-1) from the
USDA National Institute of Food and Agriculture.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: All samples utilized in this study were clinical samples submitted to
the Louisiana Animal Disease Diagnostic Laboratory, LA, USA. No specimens from experimental
animals were utilized in this study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The following reagents were obtained through BEI Resources, NIAID, NIH:
SARS-Related Coronavirus 2, Isolate hCoV-19/USAWA1/2020, NR-52281, Centers for Disease Con-
trol and Prevention; SARS-Related Coronavirus 2, Isolate hCoV-19/USA/CA_UCSD_5574/2020, NR-
54020, contributed by Aaron Carlin; SARS-Related Coronavirus 2, Isolate hCoV-19/USA/MDHP01542/
2021 (Lineage B.1.351), in Homo sapiens Lung Adenocarcinoma (Calu-3) Cells, NR-55282 (contributed
by Andrew S. Pekosz); SARS-Related Coronavirus 2, Isolate hCoV-19/USA/MDHP05285/2021 (Lin-
eage B.1.617.2; Delta Variant), NR-55671, contributed by Andrew S. Pekosz; SARS-Related Coron-
avirus 2, Isolate hCoV-19/USA/MDHP20874/2021 (Lineage B.1.1.529; Omicron Variant), NR-56461,
contributed by Andrew S. Pekosz; Bordetella bronchiseptica, Strain E014, NR-44164; Mycoplasma canis,
Strain PG 14, NR-3865; Alphacoronavirus 1, 79-1146 [formerly Feline Infectious Peritonitis Virus
(FIPV)], NR-43287. The authors would like to kindly acknowledge Diego Diel, Department of Popu-
lation Medicine and Diagnostic Sciences, Cornell University College of Veterinary Medicine, Ithaca,
NY and Edward Dubovi for providing RNA derived from canine influenza A viruses.

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

References
1. Hu, B.; Guo, H.; Zhou, P.; Shi, Z.-L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141–154.

[CrossRef]
2. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; et al. A New Coronavirus

Associated with Human Respiratory Disease in China. Nature 2020, 579, 265–269. [CrossRef]
3. Michelitsch, A.; Allendorf, V.; Conraths, F.J.; Gethmann, J.; Schulz, J.; Wernike, K.; Denzin, N. SARS-CoV-2 Infection and Clinical

Signs in Cats and Dogs from Confirmed Positive Households in Germany. Viruses 2023, 15, 837. [CrossRef]

https://www.mdpi.com/article/10.3390/v15091890/s1
https://www.mdpi.com/article/10.3390/v15091890/s1
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.3390/v15040837


Viruses 2023, 15, 1890 12 of 14

4. Tan, C.C.S.; Lam, S.D.; Richard, D.; Owen, C.J.; Berchtold, D.; Orengo, C.; Nair, M.S.; Kuchipudi, S.V.; Kapur, V.; van Dorp, L.; et al.
Transmission of SARS-CoV-2 from Humans to Animals and Potential Host Adaptation. Nat. Commun. 2022, 13, 2988. [CrossRef]
[PubMed]

5. Barroso-Arévalo, S.; Barneto, A.; Ramos, Á.M.; Rivera, B.; Sánchez, R.; Sánchez-Morales, L.; Pérez-Sancho, M.; Buendía, A.;
Ferreras, E.; Ortiz-Menéndez, J.C.; et al. Large-Scale Study on Virological and Serological Prevalence of SARS-CoV-2 in Cats and
Dogs in Spain. Transbound. Emerg. Dis. 2022, 69, e759–e774. [CrossRef] [PubMed]

6. Meekins, D.A.; Gaudreault, N.N.; Richt, J.A. Natural and Experimental SARS-CoV-2 Infection in Domestic and Wild Animals.
Viruses 2021, 13, 1993. [CrossRef] [PubMed]

7. Cerrada-Romero, C.; Berastegui-Cabrera, J.; Camacho-Martínez, P.; Goikoetxea-Aguirre, J.; Pérez-Palacios, P.; Santibáñez, S.;
José Blanco-Vidal, M.; Valiente, A.; Alba, J.; Rodríguez-Álvarez, R.; et al. Excretion and Viability of SARS-CoV-2 in Feces and Its
Association with the Clinical Outcome of COVID-19. Sci. Rep. 2022, 12, 7397. [CrossRef]

8. Park, S.; Lee, C.-W.; Park, D.-I.; Woo, H.-Y.; Cheong, H.S.; Shin, H.C.; Ahn, K.; Kwon, M.-J.; Joo, E.-J. Detection of SARS-CoV-2 in
Fecal Samples From Patients With Asymptomatic and Mild COVID-19 in Korea. Clin. Gastroenterol. Hepatol. 2021, 19, 1387–1394.e2.
[CrossRef]

9. Vaselli, N.M.; Setiabudi, W.; Subramaniam, K.; Adams, E.R.; Turtle, L.; Iturriza-Gómara, M.; Solomon, T.; Cunliffe, N.A.; French,
N.; Hungerford, D.; et al. Investigation of SARS-CoV-2 Faecal Shedding in the Community: A Prospective Household Cohort
Study (COVID-LIV) in the UK. BMC Infect. Dis. 2021, 21, 784. [CrossRef]

10. Wong, M.C.; Huang, J.; Lai, C.; Ng, R.; Chan, F.K.L.; Chan, P.K.S. Detection of SARS-CoV-2 RNA in Fecal Specimens of Patients
with Confirmed COVID-19: A Meta-Analysis. J. Infect. 2020, 81, e31–e38. [CrossRef]

11. Guo, M.; Tao, W.; Flavell, R.A.; Zhu, S. Potential Intestinal Infection and Faecal–Oral Transmission of SARS-CoV-2. Nat. Rev.
Gastroenterol. Hepatol. 2021, 18, 269–283. [CrossRef] [PubMed]

12. Wu, F.; Xiao, A.; Zhang, J.; Moniz, K.; Endo, N.; Armas, F.; Bushman, M.; Chai, P.R.; Duvallet, C.; Erickson, T.B.; et al. Wastewater
Surveillance of SARS-CoV-2 across 40 U.S. States from February to June 2020. Water Res. 2021, 202, 117400. [CrossRef] [PubMed]

13. Galani, A.; Aalizadeh, R.; Kostakis, M.; Markou, A.; Alygizakis, N.; Lytras, T.; Adamopoulos, P.G.; Peccia, J.; Thompson, D.C.;
Kontou, A.; et al. SARS-CoV-2 Wastewater Surveillance Data Can Predict Hospitalizations and ICU Admissions. Sci. Total Environ.
2022, 804, 150151. [CrossRef] [PubMed]

14. McClary-Gutierrez, J.S.; Mattioli, M.C.; Marcenac, P.; Silverman, A.I.; Boehm, A.B.; Bibby, K.; Balliet, M.; De Los Reyes, F.L.;
Gerrity, D.; Griffith, J.F.; et al. SARS-CoV-2 Wastewater Surveillance for Public Health Action. Emerg. Infect. Dis. 2021, 27, e210753.
[CrossRef] [PubMed]

15. de Souza Barbosa, A.B.; Kmetiuk, L.B.; de Carvalho, O.V.; Brandão, A.P.D.; Doline, F.R.; Lopes, S.R.R.S.; Meira, D.A.; de Souza,
E.M.; da Silva Trindade, E.; Baura, V.; et al. Infection of SARS-CoV-2 in Domestic Dogs Associated with Owner Viral Load. Res.
Vet. Sci. 2022, 153, 61–65. [CrossRef]

16. Padilla-Blanco, M.; Vega, S.; Enjuanes, L.; Morey, A.; Lorenzo, T.; Marín, C.; Ivorra, C.; Maiques, E.; Rubio, V.; Rubio-Guerri, C.
Detection of SARS-CoV-2 in a Dog with Hemorrhagic Diarrhea. BMC Vet. Res. 2022, 18, 370. [CrossRef]

17. Pascucci, I.; Paniccià, M.; Giammarioli, M.; Biagetti, M.; Duranti, A.; Campomori, P.; Smilari, V.; Ancora, M.; Scialabba, S.;
Secondini, B.; et al. SARS-CoV-2 Delta VOC in a Paucisymptomatic Dog, Italy. Pathogens 2022, 11, 514. [CrossRef]

18. Sit, T.H.C.; Brackman, C.J.; Ip, S.M.; Tam, K.W.S.; Law, P.Y.T.; To, E.M.W.; Yu, V.Y.T.; Sims, L.D.; Tsang, D.N.C.; Chu, D.K.W.; et al.
Infection of Dogs with SARS-CoV-2. Nature 2020, 586, 776–778. [CrossRef]

19. Lenz, O.C.; Marques, A.D.; Kelly, B.J.; Rodino, K.G.; Cole, S.D.; Perera, R.A.P.M.; Weiss, S.R.; Bushman, F.D.; Lennon, E.M.
SARS-CoV-2 Delta Variant (AY.3) in the Feces of a Domestic Cat. Viruses 2022, 14, 421. [CrossRef]

20. Neira, V.; Brito, B.; Agüero, B.; Berrios, F.; Valdés, V.; Gutierrez, A.; Ariyama, N.; Espinoza, P.; Retamal, P.; Holmes, E.C.; et al. A
Household Case Evidences Shorter Shedding of SARS-CoV-2 in Naturally Infected Cats Compared to Their Human Owners.
Emerg. Microbes Infect. 2021, 10, 376–383. [CrossRef]

21. Sailleau, C.; Dumarest, M.; Vanhomwegen, J.; Delaplace, M.; Caro, V.; Kwasiborski, A.; Hourdel, V.; Chevaillier, P.; Barbarino, A.;
Comtet, L.; et al. First Detection and Genome Sequencing of SARS-CoV-2 in an Infected Cat in France. Transbound. Emerg. Dis.
2020, 67, 2324–2328. [CrossRef]

22. Akhtardanesh, B.; Jajarmi, M.; Shojaee, M.; Salajegheh Tazerji, S.; Khalili Mahani, M.; Hajipour, P.; Gharieb, R. Molecular Screening
of SARS-CoV-2 in Dogs and Cats from Households with Infected Owners Diagnosed with COVID-19 during Delta and Omicron
Variant Waves in Iran. Vet. Med. Sci. 2023, 9, 82–90. [CrossRef]

23. Gaudreault, N.N.; Trujillo, J.D.; Carossino, M.; Meekins, D.A.; Morozov, I.; Madden, D.W.; Indran, S.V.; Bold, D.; Balaraman, V.;
Kwon, T.; et al. SARS-CoV-2 Infection, Disease and Transmission in Domestic Cats. Emerg. Microbes Infect. 2020, 9, 2322–2332.
[CrossRef]

24. Lyoo, K.-S.; Lee, H.; Lee, S.-G.; Yeom, M.; Lee, J.-Y.; Kim, K.-C.; Yang, J.-S.; Song, D. Experimental Infection and Transmission of
SARS-CoV-2 Delta and Omicron Variants among Beagle Dogs. Emerg. Infect. Dis. 2023, 29, 782–785. [CrossRef]

25. Hubbard, K.; Skelly, B.J.; McKelvie, J.; Wood, J.L.N. Risk of Vomiting and Diarrhoea in Dogs. Vet. Rec. 2007, 161, 755–757.
[CrossRef]

26. Duijvestijn, M.; Mughini-Gras, L.; Schuurman, N.; Schijf, W.; Wagenaar, J.A.; Egberink, H. Enteropathogen Infections in Canine
Puppies: (Co-)Occurrence, Clinical Relevance and Risk Factors. Vet. Microbiol. 2016, 195, 115–122. [CrossRef]

https://doi.org/10.1038/s41467-022-30698-6
https://www.ncbi.nlm.nih.gov/pubmed/35624123
https://doi.org/10.1111/tbed.14366
https://www.ncbi.nlm.nih.gov/pubmed/34724350
https://doi.org/10.3390/v13101993
https://www.ncbi.nlm.nih.gov/pubmed/34696423
https://doi.org/10.1038/s41598-022-11439-7
https://doi.org/10.1016/j.cgh.2020.06.005
https://doi.org/10.1186/s12879-021-06443-7
https://doi.org/10.1016/j.jinf.2020.06.012
https://doi.org/10.1038/s41575-021-00416-6
https://www.ncbi.nlm.nih.gov/pubmed/33589829
https://doi.org/10.1016/j.watres.2021.117400
https://www.ncbi.nlm.nih.gov/pubmed/34274898
https://doi.org/10.1016/j.scitotenv.2021.150151
https://www.ncbi.nlm.nih.gov/pubmed/34623953
https://doi.org/10.3201/eid2709.210753
https://www.ncbi.nlm.nih.gov/pubmed/34424162
https://doi.org/10.1016/j.rvsc.2022.10.006
https://doi.org/10.1186/s12917-022-03453-8
https://doi.org/10.3390/pathogens11050514
https://doi.org/10.1038/s41586-020-2334-5
https://doi.org/10.3390/v14020421
https://doi.org/10.1080/22221751.2020.1863132
https://doi.org/10.1111/tbed.13659
https://doi.org/10.1002/vms3.1036
https://doi.org/10.1080/22221751.2020.1833687
https://doi.org/10.3201/eid2904.221727
https://doi.org/10.1136/vr.161.22.755
https://doi.org/10.1016/j.vetmic.2016.09.006


Viruses 2023, 15, 1890 13 of 14

27. Marks, S.L.; Willard, M.D. Diarrhea in Kittens. In Consultations in Feline Internal Medicine; Elsevier: St. Louis, MO, USA, 2006; pp.
133–143. [CrossRef]

28. Decaro, N.; Desario, C.; Billi, M.; Mari, V.; Elia, G.; Cavalli, A.; Martella, V.; Buonavoglia, C. Western European Epidemiological
Survey for Parvovirus and Coronavirus Infections in Dogs. Vet. J. 2011, 187, 195–199. [CrossRef]

29. Sykes, J.E. Canine Parvovirus Infections and Other Viral Enteritides. In Canine and Feline Infectious Diseases; Saunders: Philadelphia,
PA, USA, 2014; pp. 141–151. [CrossRef]

30. da Fontoura Budaszewski, R.; Pinto, L.D.; Weber, M.N.; Caldart, E.T.; Alves, C.D.B.T.; Martella, V.; Ikuta, N.; Lunge, V.R.; Canal,
C.W. Genotyping of Canine Distemper Virus Strains Circulating in Brazil from 2008 to 2012. Virus Res. 2014, 180, 76–83. [CrossRef]

31. Li, C.; Guo, D.; Wu, R.; Kong, F.; Zhai, J.; Yuan, D.; Sun, D. Molecular Surveillance of Canine Distemper Virus in Diarrhoetic
Puppies in Northeast China from May 2014 to April 2015. J. Vet. Med. Sci. 2018, 80, 1029–1033. [CrossRef]

32. Pratelli, A.; Martella, V.; Elia, G.; Tempesta, M.; Guarda, F.; Capucchio, M.T.; Carmichael, L.E.; Buonavoglia, C. Severe Enteric
Disease in an Animal Shelter Associated with Dual Infections by Canine Adenovirus Type 1 and Canine Coronavirus. J. Vet. Med.
B Infect. Dis. Vet. Public Health 2001, 48, 385–392. [CrossRef]

33. Felten, S.; Klein-Richers, U.; Unterer, S.; Bergmann, M.; Leutenegger, C.M.; Pantchev, N.; Balzer, J.; Zablotski, Y.; Hofmann-
Lehmann, R.; Hartmann, K. Role of Feline Coronavirus as Contributor to Diarrhea in Cats from Breeding Catteries. Viruses 2022,
14, 858. [CrossRef] [PubMed]

34. Pedersen, N.C.; Allen, C.E.; Lyons, L.A. Pathogenesis of Feline Enteric Coronavirus Infection. J. Feline Med. Surg. 2008, 10,
529–541. [CrossRef] [PubMed]

35. Parrish, C.R. 3 Pathogenesis of Feline Panleukopenia Virus and Canine Parvovirus. Baillieres Clin. Haematol. 1995, 8, 57–71.
[CrossRef]

36. Stuetzer, B.; Hartmann, K. Feline Parvovirus Infection and Associated Diseases. Vet. J. 2014, 201, 150–155. [CrossRef] [PubMed]
37. Charoenkul, K.; Janetanakit, T.; Bunpapong, N.; Boonyapisitsopa, S.; Tangwangvivat, R.; Suwannakarn, K.; Theamboonlers, A.;

Poovorawan, Y.; Amonsin, A. Molecular Characterization Identifies Intra-host Recombination and Zoonotic Potential of Canine
Rotavirus among Dogs from Thailand. Transbound. Emerg. Dis. 2021, 68, 1240–1252. [CrossRef] [PubMed]

38. Martella, V.; Pratelli, A.; Elia, G.; Decaro, N.; Tempesta, M.; Buonavoglia, C. Isolation and Genetic Characterization of Two
G3P5A[3] Canine Rotavirus Strains in Italy. J. Virol. Methods 2001, 96, 43–49. [CrossRef]

39. Wu, F.-T.; Bányai, K.; Lin, J.-S.; Wu, H.-S.; Hsiung, C.A.; Huang, Y.-C.; Hwang, K.-P.; Jiang, B.; Gentsch, J.R. Putative Canine
Origin of Rotavirus Strain Detected in a Child with Diarrhea, Taiwan. Vector Borne Zoonotic Dis. 2012, 12, 170–173. [CrossRef]

40. Elnifro, E.M.; Ashshi, A.; Cooper, R.J.; Klapper, P.E. Multiplex PCR: Optimization and Application in Diagnostic Virology. Clin.
Microbiol. Rev. 2000, 13, 559–570. [CrossRef]

41. Beuret, C. Simultaneous Detection of Enteric Viruses by Multiplex Real-Time RT-PCR. J. Virol. Methods 2004, 115, 1–8. [CrossRef]
42. Carossino, M.; Barrandeguy, M.E.; Erol, E.; Li, Y.; Balasuriya, U.B.R. Development and Evaluation of a One-Step Multiplex

Real-Time TaqMan® RT-QPCR Assay for the Detection and Genotyping of Equine G3 and G14 Rotaviruses in Fecal Samples.
Virol. J. 2019, 16, 49. [CrossRef]

43. Jiang, Y.; Fang, L.; Shi, X.; Zhang, H.; Li, Y.; Lin, Y.; Qiu, Y.; Chen, Q.; Li, H.; Zhou, L.; et al. Simultaneous Detection of Five
Enteric Viruses Associated with Gastroenteritis by Use of a PCR Assay: A Single Real-Time Multiplex Reaction and Its Clinical
Application. J. Clin. Microbiol. 2020, 52, 1266–1268. [CrossRef] [PubMed]

44. Wang, R.; Zhang, W.; Ye, R.; Pan, Z.; Li, G.; Su, S. One-Step Multiplex TaqMan Probe-Based Method for Real-Time PCR Detection
of Four Canine Diarrhea Viruses. Mol. Cell. Probes 2020, 53, 101618. [CrossRef] [PubMed]

45. Thieulent, C.J.; Carossino, M.; Peak, L.; Strother, K.; Wolfson, W.; Balasuriya, U.B.R. Development and Validation of a Panel of
One-Step Four-Plex qPCR/RT-qPCR Assays for Simultaneous Detection of SARS-CoV-2 and Other Pathogens Associated with
Canine in-Fectious Respiratory Disease Complex. Viruses 2023, 15, 1881. [CrossRef]

46. Thieulent, C.J.; Carossino, M.; Peak, L.; Wolfson, W.; Balasuriya, U.B.R. Development and Validation of Multiplex One-Step
QPCR/RT-QPCR Assays for Simultaneous Detection of SARS-CoV-2 and Pathogens Associated with Feline Respiratory Disease
Complex. PLoS ONE, 2023; under review.

47. Carossino, M.; Balasuriya, U.B.R.; Thieulent, C.J.; Barrandeguy, M.E.; Vissani, M.A.; Parreño, V. Quadruplex Real-Time TaqMan®

RT-QPCR Assay for Differentiation of Equine Group A and B Rotaviruses and Identification of Group A G3 and G14 Genotypes.
Viruses 2023, 15, 1626. [CrossRef]

48. Freeman, M.M.; Kerin, T.; Hull, J.; McCaustland, K.; Gentsch, J. Enhancement of Detection and Quantification of Rotavirus in
Stool Using a Modified Real-Time RT-PCR Assay. J. Med. Virol. 2008, 80, 1489–1496. [CrossRef]

49. Decaro, N.; Elia, G.; Martella, V.; Desario, C.; Campolo, M.; Trani, L.D.; Tarsitano, E.; Tempesta, M.; Buonavoglia, C. A Real-Time
PCR Assay for Rapid Detection and Quantitation of Canine Parvovirus Type 2 in the Feces of Dogs. Vet. Microbiol. 2005, 105,
19–28. [CrossRef]

50. Decaro, N.; Pratelli, A.; Campolo, M.; Elia, G.; Martella, V.; Tempesta, M.; Buonavoglia, C. Quantitation of Canine Coronavirus
RNA in the Faeces of Dogs by TaqMan RT-PCR. J. Virol. Methods 2004, 119, 145–150. [CrossRef]

51. Dowgier, G.; Mari, V.; Losurdo, M.; Larocca, V.; Colaianni, M.L.; Cirone, F.; Lucente, M.S.; Martella, V.; Buonavoglia, C.; Decaro,
N. A Duplex Real-Time PCR Assay Based on TaqMan Technology for Simultaneous Detection and Differentiation of Canine
Adenovirus Types 1 and 2. J. Virol. Methods 2016, 234, 1–6. [CrossRef]

https://doi.org/10.1016/B0-72-160423-4/50018-4
https://doi.org/10.1016/j.tvjl.2009.10.027
https://doi.org/10.1016/B978-1-4377-0795-3.00014-4
https://doi.org/10.1016/j.virusres.2013.12.024
https://doi.org/10.1292/jvms.17-0559
https://doi.org/10.1046/j.1439-0450.2001.00466.x
https://doi.org/10.3390/v14050858
https://www.ncbi.nlm.nih.gov/pubmed/35632600
https://doi.org/10.1016/j.jfms.2008.02.006
https://www.ncbi.nlm.nih.gov/pubmed/18538604
https://doi.org/10.1016/S0950-3536(05)80232-X
https://doi.org/10.1016/j.tvjl.2014.05.027
https://www.ncbi.nlm.nih.gov/pubmed/24923754
https://doi.org/10.1111/tbed.13778
https://www.ncbi.nlm.nih.gov/pubmed/32772501
https://doi.org/10.1016/S0166-0934(01)00312-3
https://doi.org/10.1089/vbz.2011.0708
https://doi.org/10.1128/CMR.13.4.559
https://doi.org/10.1016/j.jviromet.2003.09.005
https://doi.org/10.1186/s12985-019-1149-1
https://doi.org/10.1128/JCM.00245-14
https://www.ncbi.nlm.nih.gov/pubmed/24478418
https://doi.org/10.1016/j.mcp.2020.101618
https://www.ncbi.nlm.nih.gov/pubmed/32534013
https://doi.org/10.3390/v15091881
https://doi.org/10.3390/v15081626
https://doi.org/10.1002/jmv.21228
https://doi.org/10.1016/j.vetmic.2004.09.018
https://doi.org/10.1016/j.jviromet.2004.03.012
https://doi.org/10.1016/j.jviromet.2016.03.011


Viruses 2023, 15, 1890 14 of 14

52. Gut, M.; Leutenegger, C.M.; Huder, J.B.; Pedersen, N.C.; Lutz, H. One-Tube Fluorogenic Reverse Transcription-Polymerase Chain
Reaction for the Quantitation of Feline Coronaviruses. J. Virol. Methods 1999, 77, 37–46. [CrossRef]

53. Burd, E.M. Validation of Laboratory-Developed Molecular Assays for Infectious Diseases. Clin. Microbiol. Rev. 2010, 23, 550–576.
[CrossRef]

54. Stavisky, J.; Pinchbeck, G.L.; German, A.J.; Dawson, S.; Gaskell, R.M.; Ryvar, R.; Radford, A.D. Prevalence of Canine Enteric
Coronavirus in a Cross-Sectional Survey of Dogs Presenting at Veterinary Practices. Vet. Microbiol. 2010, 140, 18–24. [CrossRef]
[PubMed]

55. Tekes, G.; Thiel, H.-J. Chapter Six—Feline Coronaviruses: Pathogenesis of Feline Infectious Peritonitis. In Advances in Virus
Research; Ziebuhr, J., Ed.; Coronaviruses; Academic Press: Cambridge, MA, USA, 2016; Volume 96, pp. 193–218.

56. Decaro, N.; Buonavoglia, C. Canine Parvovirus—A Review of Epidemiological and Diagnostic Aspects, with Emphasis on Type
2c. Vet. Microbiol. 2012, 155, 1–12. [CrossRef]

57. Ohshima, T.; Mochizuki, M. Evidence for Recombination between Feline Panleukopenia Virus and Canine Parvovirus Type 2. J.
Vet. Med. Sci. 2009, 71, 403–408. [CrossRef] [PubMed]

58. Battilani, M.; Balboni, A.; Giunti, M.; Prosperi, S. Co-Infection with Feline and Canine Parvovirus in a Cat. Vet. Ital. 2013, 49,
127–129.

59. Mira, F.; Puleio, R.; Schirò, G.; Condorelli, L.; Di Bella, S.; Chiaramonte, G.; Purpari, G.; Cannella, V.; Balboni, A.; Randazzo,
V.; et al. Study on the Canine Adenovirus Type 1 (CAdV-1) Infection in Domestic Dogs in Southern Italy. Pathogens 2022, 11, 1254.
[CrossRef]

60. da Rocha Gizzi, A.B.; Oliveira, S.T.; Leutenegger, C.M.; Estrada, M.; Kozemjakin, D.A.; Stedile, R.; Marcondes, M.; Biondo,
A.W. Presence of Infectious Agents and Co-Infections in Diarrheic Dogs Determined with a Real-Time Polymerase Chain
Reaction-Based Panel. BMC Vet. Res. 2014, 10, 23. [CrossRef]

61. Parashar, U.D.; Gibson, C.J.; Bresee, J.S.; Glass, R.I. Rotavirus and Severe Childhood Diarrhea. Emerg. Infect. Dis. 2006, 12, 304–306.
[CrossRef] [PubMed]

62. Vlasova, A.N.; Amimo, J.O.; Saif, L.J. Porcine Rotaviruses: Epidemiology, Immune Responses and Control Strategies. Viruses
2017, 9, 48. [CrossRef]

63. Kopper, J.J. Equine Rotaviral Diarrhea. Vet. Clin. N. Am. Equine Pract. 2023, 39, 47–54. [CrossRef]
64. De Grazia, S.; Giammanco, G.M.; Martella, V.; Ramirez, S.; Colomba, C.; Cascio, A.; Arista, S. Rare AU-1-Like G3P[9] Human

Rotaviruses with a Kun-Like NSP4 Gene Detected in Children with Diarrhea in Italy. J. Clin. Microbiol. 2008, 46, 357–360.
[CrossRef]

65. De Grazia, S.; Martella, V.; Giammanco, G.M.; Gòmara, M.I.; Ramirez, S.; Cascio, A.; Colomba, C.; Arista, S. Canine-Origin G3P[3]
Rotavirus Strain in Child with Acute Gastroenteritis. Emerg. Infect. Dis. 2007, 13, 1091–1093. [CrossRef] [PubMed]

66. Lu, X.; Wang, L.; Sakthivel, S.K.; Whitaker, B.; Murray, J.; Kamili, S.; Lynch, B.; Malapati, L.; Burke, S.A.; Harcourt, J.; et al. US
CDC Real-Time Reverse Transcription PCR Panel for Detection of Severe Acute Respiratory Syndrome Coronavirus 2. Emerg.
Infect. Dis. 2020, 26, 1654–1665. [CrossRef] [PubMed]

67. Deng, X.; Zhang, J.; Su, J.; Liu, H.; Cong, Y.; Zhang, L.; Zhang, K.; Shi, N.; Lu, R.; Yan, X. A Multiplex PCR Method for the
Simultaneous Detection of Three Viruses Associated with Canine Viral Enteric Infections. Arch. Virol. 2018, 163, 2133–2138.
[CrossRef] [PubMed]

68. Zou, J.; Yu, J.; Mu, Y.; Xie, X.; Wang, R.; Wu, H.; Liu, X.; Xu, F.; Wang, J.; Wang, Y. Development of a TaqMan-Based Multiplex
Real-Time PCR for Simultaneous Detection of Four Feline Diarrhea-Associated Viruses. Front. Vet. Sci. 2022, 9, 1005759. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0166-0934(98)00129-3
https://doi.org/10.1128/CMR.00074-09
https://doi.org/10.1016/j.vetmic.2009.07.012
https://www.ncbi.nlm.nih.gov/pubmed/19647379
https://doi.org/10.1016/j.vetmic.2011.09.007
https://doi.org/10.1292/jvms.71.403
https://www.ncbi.nlm.nih.gov/pubmed/19420841
https://doi.org/10.3390/pathogens11111254
https://doi.org/10.1186/1746-6148-10-23
https://doi.org/10.3201/eid1202.050006
https://www.ncbi.nlm.nih.gov/pubmed/16494759
https://doi.org/10.3390/v9030048
https://doi.org/10.1016/j.cveq.2022.11.003
https://doi.org/10.1128/JCM.01593-07
https://doi.org/10.3201/eid1307.070239
https://www.ncbi.nlm.nih.gov/pubmed/18214189
https://doi.org/10.3201/eid2608.201246
https://www.ncbi.nlm.nih.gov/pubmed/32396505
https://doi.org/10.1007/s00705-018-3828-4
https://www.ncbi.nlm.nih.gov/pubmed/29675651
https://doi.org/10.3389/fvets.2022.1005759

	Introduction 
	Materials and Methods 
	Viruses and Bacteria 
	Clinical Specimens 
	Nucleic Acid Extraction 
	Multiplex TaqMan® Reverse Transcription qPCR (RT-qPCR) Assays for the Detection of Canine and Feline Enteric Viruses 
	Synthesis of In Vitro Transcribed RNA 
	Analytical Parameters Determination and Statistical Analysis 

	Results 
	Analytical Specificity of the Singleplex and Multiplex Assays for the Detection of Canine and Feline Enteric Viruses 
	Analytical Sensitivity of the Singleplex and Multiplex Assays for the Detection of Canine and Feline Enteric Viruses 
	Repeatability and Reproducibility of the Multiplex TaqMan® RT-qPCR Assays for the Detection of Canine and Feline Enteric Viruses 
	Assays Validation on Clinical Samples Collected from Dogs with Clinical Signs of Enteric Disease 
	Assays Validation on Clinical Samples Collected from Cats with Clinical Signs of Enteric Disease 

	Discussion 
	Conclusions 
	References

