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Abstract

Viral respiratory and intestinal infections are the most common causes of canine viral illness.

Infection with multiple pathogens occurs in many cases. Rapid diagnosis of these multiple

infections is important for providing timely and effective treatment. To improve diagnosis, in

this study, two new multiplex polymerase chain reactions (mPCRs) were developed for

simultaneous detection of canine respiratory viruses (CRV) and canine enteric viruses

(CEV) using two separate primer mixes. The viruses included canine adenovirus type 2

(CAV-2), canine distemper virus (CDV), canine influenza virus (CIV), canine parainfluenza

virus (CPIV), canine circovirus (CanineCV), canine coronavirus (CCoV) and canine parvovi-

rus (CPV). The sensitivity of the mPCR results showed that the detection limit of both mPCR

methods was 1×104 viral copies. Twenty nasal swabs (NS) and 20 anal swabs (AS) col-

lected from dogs with symptoms of respiratory disease or enteric disease were evaluated

using the novel mPCR methods as a clinical test. The mPCR protocols, when applied to

these respiratory specimens and intestinal samples, could detect 7 viruses simultaneously,

allowing rapid investigation of CRV (CAV-2, CDV, CIV and CPIV) and CEV (CAV-2, Cani-

neCV, CCoV and CPV) status and prompt evaluation of coinfection. Our study provides an

effective and accurate tool for rapid differential diagnosis and epidemiological surveillance

in dogs.

Introduction

Pet dogs play an important role in humans’ daily lives. Recently, the emergence of new patho-

gens and the continuous circulation of common etiological agents in dog populations have

complicated canine diseases [1]. Among these diseases, canine infectious respiratory diseases

(CIRD) and viral enteritis pose notable threats to dog health.
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CIRD are complex and include canine adenovirus type 2 (CAV-2), canine distemper virus

(CDV), canine influenza virus (CIV), canine parainfluenza virus (CPIV), canine herpesvirus

(CHV), canine reovirus, Bordetella bronchiseptica and other pathogenic agents [2–4]. Among

these, CAV-2, CDV or CPIV have frequently been detected in dogs with CIRD, according to

previous studies [5, 6]. Avian-origin H3N2 CIV has been detected in domestic dogs in South

Korea and China since 2007 [7, 8]. H3N2 CIV is now circulating in dog populations in China,

South Korea, Thailand, and even the United States [9–11]. Distinguishing these pathogens can

be challenging, because dogs often show similar clinical signs of infection with these viruses,

such as low-grade fever, nasal discharge and cough. These respiratory symptoms are flu-like

and difficult to diagnose.

Canine viral enteritis is common in dogs with acute vomiting and diarrhea [12]. Canine

parvovirus (CPV) is one of the major viruses leading to acute gastroenteritis in dogs; CPV

infection is characterized by fever, severe diarrhea and vomiting, with high morbidity [13].

Puppies tend to be intolerant of CPV infection and have higher mortality than adult dogs

because of myocarditis and dehydration [14, 15]. Canine coronavirus (CCoV) is characterized

by high morbidity and low mortality. Dogs infected with CCoV alone are likely to have mild

diarrhea, whereas the disease may be fatal when coinfection by CCoV and CPV, CDV or

canine adenovirus type 1 (CAV-1) occurs [16, 17]. CAV-2 is associated with mild respiratory

infection and episodic enteritis [18, 19]. Canine circovirus (CanineCV), a newly discovered

mammalian circovirus, was first reported by Kapoor et al. in 2012 [20]. CanineCV has been

detected in dogs with severe hemorrhagic diarrhea, and it is more common in puppies than in

adults [21, 22]. Coinfection of CanineCV with other intestinal pathogens (CPV or CCoV) is

closely related to the occurrence of intestinal diseases [23, 24]. Dogs with intestinal diseases are

often infected with one or more viruses, and their clinical symptoms are similar [17, 25, 26],

making clinical differential diagnosis difficult. To date, no multiplex PCR (mPCR) method has

been developed to detect CanineCV and other enteropathogens.

An effective diagnostic tool is important for the prevention, control and treatment of CIRD

and viral-enteritis-related viral diseases. Although many methods exist to detect CIRD and

canine viral enteritis, most can detect only 2 or 3 pathogens, and the current lack of systematic

and comprehensive detection methods makes diagnosis impractical and time consuming [4,

27, 28]. Because mPCR can simultaneously detect multiple pathogens in a timely and inexpen-

sive manner, this technique has become increasingly popular [29]. Therefore, in this study,

two new mPCR methods were developed for the detection of canine respiratory viruses (CRV,

including CAV-2, CDV, CIV and CPIV) and canine enteric viruses (CEV, including CAV-2,

CanineCV, CCoV and CPV), and we indicated that the mPCR methods established here are

simple and effective tools for detecting the viruses of interest.

Materials and methods

Viruses and bacterial strains

The CAV-2-, CDV-, CPIV- and CPV-positive samples were obtained from the live vaccine

Nobivac DHPPi (MSD Animal Health Trading Co., Ltd., Shanghai, China), which contains

CAV-2 (104.0 TCID50/ml), CDV (104.0 TCID50/ml), CPIV (105.5 TCID50/ml) and CPV (107.0

TCID50/ml). The rabies virus (RABV) was obtained from the inactivated vaccine Nobivac

Rabies. The positive CanineCV, CCoV, and H3N2 CIV strains used in this study were main-

tained in our laboratory. The Escherichia coli (E. coli, ATCC-29522) and Salmonella enterica
samples were kindly provided by Associate Prof. Zhang, College of Veterinary Medicine,

South China Agricultural University.
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Specific primer design

Primer pairs for the detection of CPV and H3N2 CIV were adopted from previous studies [30,

31]. To design primers for viral conserved regions, several sequences of CDV, CPIV, Cani-

neCV and CCoV were compared by multiple alignments using BioEdit Sequence Alignment

Editor Version 7.0.9.0 (Ibis Biosciences, Carlsbad, CA, U.S.A.), and primers specific to highly

conserved regions of these viruses were designed using Primer Premier 5.0 software (Premier

Biosoft International). Primers for the detection of CAV-2 were designed by reference to pre-

vious studies with some modification [32]. All primers used for mPCRs were required to have

similar annealing temperatures, lack dimmers or hairpin structures, and used degenerate bases

as little as possible to avoid mismatches. The primers (Table 1) were synthesized by Tianyi-

huiyuan Gene Technology Co., Ltd. (Guangzhou, China).

Viral nucleic acid extraction and reverse transcription

Total nucleic acids (TNAs) from the positive controls and twenty nasal swabs (NS) and 20 anal

swabs (AS) for clinical samples were extracted using the RaPure Viral RNA/DNA Kit (Magen,

Guangzhou, China) according to the manufacturer’s protocol. The extracted TNA was divided

into two parts; one was used for the amplification of the DNA viruses (CAV-2, CanineCV and

CPV) and the other for the reverse transcription (RT) and amplification of the RNA viruses

(CDV, CIV, CPIV and CCoV). The RNA extracted from the positive controls and clinical sam-

ples was reverse transcribed to cDNA using random primer (TaKaRa, Dalian, China) and

Moloney murine leukemia virus (M-MLV) reverse transcriptase (TaKaRa, Dalian, China)

according to the manufacturer’s instructions. The cDNA and DNA were stored at -20˚C until

PCR amplification.

Standard plasmid preparations

The extracted DNA viruses (CAV-2, CanineCV and CPV) and cDNA of RNA viruses (CDV,

CIV, CPIV and CCoV) were used in simplex PCR amplification. The reaction for each virus

was performed in a 20-μl volume that contained 10 μl of 2 × Taq Master Mix (Vazyme Biotech,

Nanjing, China), 1 μl each of the various templates described above, and 0.5 μl each of the for-

ward primer (10 mM) and reverse primer (10 mM) and 8 μl double distilled water (ddH2O).

The procedure for simplex PCR was as follows: 95˚C for 5 min, followed by 35 cycles of 95˚C

for 30 s, 57˚C for 30 s, and 72˚C for 60 s, with a final extension at 72˚C for 8 min. The PCR

products were evaluated by 1.5% agarose gel electrophoresis.

To construct standard plasmids, the specific PCR products of CAV-2 (1020 bp), CDV

(794 bp), CIV (544 bp), CPIV (386 bp), CanineCV (819 bp), CCoV (477 bp) and CPV (337

bp) were ligated into the pMD-18T simple vector (TaKaRa, Dalian, China) after being

extracted from the gel using a Universal DNA Purification Kit (Tiangen Biotech, Beijing,

China) according to the manufacturer’s instructions. Following transformation, the selected

monoclonal bacterial strains were cultured, and the extracted plasmids were verified by

PCR.

Establishment of mPCR methods

The mPCRs were optimized separately for CRV and CEV. Two mixtures containing standard

plasmid were used as templates to optimize the annealing temperature (Ta). The primer con-

centrations used in this study were 10 mM. The reaction for detection of CRV was performed

in a 20-μl volume that contained 10 μl of 2× Taq Master Mix, 0.25 μl each of CAV-2-F and

CAV-2-R, 0.25 μl each of CDV-F and CDV-R, 0.25 μl each of CIV-F and CIV-R, 0.25 μl each
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of CPIV-F and CPIV-R, and 40 ng of mixed template (pMD-CAV-2, pMD-CDV, pMD-CIV,

pMD-CPIV) and ddH2O. The reaction for detection of CEV was also performed in a 20-μl vol-

ume; this mixture contained 10 μl of 2 × Taq Master Mix, 0.25 μl each of CAV-2-F and CAV-

2-R, 0.5 μl each of CanineCV-F and CanineCV-R, 0.25 μl each of CCoV-F and CCoV-R,

0.25 μl each of CPV-F and CPV-R, 40 ng of mixed template (pMD-CAV-2, pMD-CanineCV,

pMD-CCoV, pMD-CPV), and ddH2O. Gradient mPCR was performed for each mixture to

optimize the reaction with gradient annealing temperatures (Ta) ranging from 55˚C to 65˚C.

Both reaction procedures were as follows: initial denaturation at 97˚C for 5 min; 30 cycles of

denaturation at 97˚C for 30 s, varied Ta for 45 s and 72˚C for 1 min; and a final extension at

72˚C for 8 min. 10 μl of mPCR product loans were evaluated by 1.5% agarose gel

electrophoresis.

Specificity of mPCR methods

To evaluate the specificity of the mPCRs, we performed specificity assays on CRV and CEV

with CRV- and CEV-specific primers, respectively. Similar procedures were used to detect

possible cross-reaction of CRV and CEV primers with RNA/DNA extracted from MDCK

cells or from other pathogens (RABV, E. coli and Salmonella enterica). The nucleic acid

extraction products of the MDCK cells, E. coli and Salmonella enterica were used directly as

PCR templates. In contrast, the viral RNA extraction products of RABV required RT prior to

use as templates. Both the individual plasmid and premixed plasmids were tested separately

in this assay. The empty pMD-18T vector was used as a negative control.

Sensitivity of mPCR methods

The sensitivity of the mPCR assays was also examined. The concentrations of the seven

plasmids (pMD-CAV-2, pMD-CDV, pMD-CIV, pMD-CPIV, pMD-CanineCV, pMD-CCoV

and pMD-CPV) were measured using a NanoDrop 2000 UV-vis spectrophotometer

(Thermo Scientific, Wilmington, USA). Copy number was calculated by the following

Table 1. Primers used for PCR amplification of CRV and CEV.

Virus Primer name Primer sequence (5’ to 3’) PCR products

CAV-2 CAV-2-Fa CGCTGARCAYTACTACCTTGTCTATATTTATG 1020 bp

CAV-2-Rb GGTAGAGCWCTTCGTGTCCGCTT

CDV CDV-F AGATTCAGCCATTTGTAGCCA 794 bp

CDV-R GTTGGACTACCTGAGCCCTA

CIV CIV-F CAAGCACTAATCAAGAACAAAC 544 bp

CIV-R TCTGCTGCTTGTCCTGTACCTT

CPIV CPIV-F ACAAAAATGTCATCCGTGCT 386 bp

CPIV-R ATCTCTCCACGGCTCATACC

CanineCV CanineCV-F GCGTTTACCTGTTCACCC 819 bp

CanineCV-R AACTGTTTCATCTGCGRCTG

CCoV CCoV-F AGGAAGGCAACAATCCAATA 477 bp

CCoV-R GCCACCTCTGATGGACGA

CPV CPV-F AAGACGTGCAAGCGAGTCC 337 bp

CPV-R GAGCGAAGATAAGCAGCGTAA

aF, forward primer
bR, reverse primer

https://doi.org/10.1371/journal.pone.0213295.t001
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formula [33]:

copies=ml ¼
6� 1023ðcopies=molÞ � concentrationðg=mlÞ

MWðg=molÞ

The plasmid mixtures (pMD-CAV-2/pMD-CDV/pMD-CIV/pMD-CPIV for CRV and

pMD-CAV-2/pMD-CanineCV/pMD-CCoV/pMD-CPV for CEV) were diluted from 1×109 to

1×101 copies/μl, the calculation method of copy number of individual plasmid was the same as

the previous one, and each individual plasmid was diluted from 1×1010 to 1×101 copies/μl. Then,

the dilutions were used to determine the minimum detection limits of the mPCR methods.

Reproducibility of mPCR methods

To verify the stability of the assay, the established mPCR methods were performed as three

independent mPCR assays by using three different PCR instruments at different times. The

plasmid mixtures for CRV and CEV were used as templates after dilution from 1×105 copies/

μl to 1×103 copies/μl.

Evaluation of clinical samples

In the period of February to May 2018, 20 NS and 20 AS were randomly collected from dogs

with symptoms of respiratory disease or enteric disease at different animal hospitals in Guang-

dong Province, China. In this study, NS and AS were selected because they were easy to be col-

lected from animals and can reduce the pain of animals compared with blood samples or other

animal samples. Clinical samples were collected with the consent of the animal owners. All swabs

were placed in 1 ml ice-cold Dulbecco’s modified Eagle medium (DMEM) containing 10,000 U/

ml each of penicillin and streptomycin and centrifuged at 12,000 rpm for 10 min at 4˚C to

remove impurities. Then, all samples were stored at -80˚C until RNA/DNA extraction. Each

swab sample was extracted with a volume of 200 μl according to the manufacturer’s protocol.

The template was a mixture of 1 μl DNA extracted from each sample and 1 μl cDNA obtained by

RT. Finally, each mixed template from the swab samples was subjected to the mPCR methods.

Ethics statement

All procedures in the sample collection met the requirements and were approved by the Exper-

imental Animal Welfare Ethics Committee of the South China Agricultural University.

Results

Establishment of mPCR methods

The optimal reaction conditions were explored by adjusting the annealing temperature, primer

concentration, extension time, and cycle number. Premixed plasmids of CRV and CEV were

used as templates to verify the mPCRs, and the products were visualized by 1.5% agarose gel

electrophoresis. Ta was evaluated using a gradient, and the optimum Ta values were 59.4˚C

and 58.2˚C, which yielded no primer dimers or nonspecific amplicons for CRV (Fig 1A) or

CEV (Fig 1B).

Specificity of mPCR methods

The specificity of the mPCRs was evaluated using other pathogens (RABV, E. coli and Salmo-
nella enterica) and MDCK cells as templates. No specific amplicons showed in the lanes repre-

senting negative controls, E. coli, Salmonella enterica, RABV and MDCK cells, whereas the

Multiplex PCR for detection of canine respiratory and enteric diseases viruses
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lanes for detection of CRV and CEV showed amplified bands in both CRV mPCR (Fig 2A)

and CEV mPCR (Fig 2B).

Sensitivity of mPCR methods

Each plasmid was used as a template to evaluate the sensitivity of the mPCRs. For CRV, the

minimum detection limits for pMD-CAV-2, pMD-CDV, pMD-CIV and pMD-CPIV were

1×103 (Fig 3A), 1×103 (Fig 3B), 1×104 (Fig 3C) and 1×104 (Fig 3D) viral DNA copies, respec-

tively. For CEV, the minimum detection limits for pMD-CAV-2, pMD-CanineCV,

pMD-CCoV and pMD-CPV were 1×104 (Fig 4A), 1×104 (Fig 4B), 1×103 (Fig 4C) and 1×103

(Fig 4D) viral DNA copies, respectively. The sensitivity test results revealed that the minimum

simultaneous detection limit for mPCR of CRV was 1 × 104 viral copies (Fig 3E), and the limit

for CEV (Fig 4E) was also 1×104 viral copies.

Reproducibility of mPCR methods

To evaluate the reproducibility of the assay, the detection mPCRs for both CRV and CEV were

performed as three independent mPCR assays by using three different PCR instruments at

Fig 1. Optimal annealing temperatures in mPCRs. (A) Lane M, 100 bp DNA ladder; Lane NC, negative control for detection of CRV; Lanes 1~12, gradient

annealing temperatures were 55.0˚C, 55.5˚C, 56.0˚C, 57.0˚C, 58.2˚C, 59.4˚C, 60.6˚C, 61.8˚C, 63.0˚C, 64.0˚C, 64.5˚C, and 65.0˚C, respectively. (B) Lane M, 100 bp

DNA ladder; Lane NC, negative control for detection of CEV; Lanes 1~12, gradient annealing temperatures were 55.0˚C, 55.5˚C, 56.0˚C, 57.0˚C, 58.2˚C, 59.4˚C,

60.6˚C, 61.8˚C, 63.0˚C, 64.0˚C, 64.5˚C, and 65.0˚C, respectively.

https://doi.org/10.1371/journal.pone.0213295.g001
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different times. Three premixed plasmids for CRV (Fig 5A) and CEV (Fig 5B), with different

dilutions, could be amplified under different conditions and showed similar results among the

assays.

Evaluation of clinical samples

The mPCRs for detection of CRV (Fig 6A) and CEV (Fig 6B) were tested on 20 NS and 20 AS

clinical samples, respectively, and the statistics are shown in Table 2.

Detection of CRV in clinical NS samples: 80% (16/20) of the samples were virus positive.

Among single infections, CDV was the predominant virus, appearing in 45% (9/20) of NS.

Both CAV-2 and CIV were detected in 5% (1/20) of the NS samples. Among dual infections,

CDV and CPIV coinfection was identified in 5% (1/20) of NS samples, and CAV-2 and CPIV

coinfection was found in 5% (1/20) of NS samples. Only one sample demonstrated triple

Fig 2. Specificity of the mPCR methods. Agarose gel electrophoresis (1.5%) of specific fragments amplified by mPCRs from the proviral DNAs and cDNA of

MDCK cells, E. coli, Salmonella enterica and RABV. (A) CRV mPCR: Lane M, 100 bp DNA ladder; Lane NC, negative control; Lane 1, E. coli; Lane 2, Salmonella
enterica; Lane 3, RABV; Lane 4, MDCK cells; Lanes 5~8, pMD-CPIV, pMD-CIV, pMD-CDV, and pMD-CAV-2; Lane 9, mixed standard of pMD-CPIV/

pMD-CIV/pMD-CDV/pMD-CAV-2 plasmids. (B) CEV mPCR: Lane M, 100 bp DNA ladder; Lane NC, negative control; Lane 1, E. coli; Lane 2, Salmonella
enterica; Lane 3, RABV; Lane 4, MDCK cells; Lanes 5~8, pMD-CPV, pMD-CCoV, pMD-CanineCV, and pMD-CAV-2; Lane 9, mixed standard of pMD-CPV/

pMD-CCoV/pMD-CanineCV/pMD-CAV-2 plasmids.

https://doi.org/10.1371/journal.pone.0213295.g002
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infection (CAV-2, CPIV and CDV coinfection). Furthermore, two dogs with particularly

severe respiratory symptoms were demonstrated to be infected with CAV-2, CDV, CIV and

CPIV.

Detection of CEV in clinical AS samples: 85% (17/20) of the samples were virus positive.

Among single infections, CPV was the most common virus, appearing in 70% (14/20) of AS,

and CCoV was detected in 10% (2/20) of AS samples. Among dual infections, CPV and CCoV

coinfection represented 5% (1/20) of AS samples. Notably, CAV-2 and CanineCV were not

detected in any of the clinical samples.

Discussion

At present, the emergence of new pathogens and the continuous circulation of common etio-

logical agents in dogs have made canine diseases more complex and difficult to diagnose. Dog

infectious diseases mainly include respiratory and intestinal viral diseases, including CRV

(CAV-2, CDV, CIV and CPIV) and CEV (CAV-2, CanineCV, CCoV and CPV). However, the

traditional methods of virus identification and isolation are time consuming, causing delays in

Fig 3. Sensitivity of the mPCR method for CRV detection. The four single plasmids (pMD-CAV-2, pMD-CDV, pMD-CIV and pMD-CPIV), diluted

from 1×1010 to 1×101 copies/μl, and the mixed plasmids (pMD-CAV-2/pMD-CDV/pMD-CIV/pMD-CPIV), diluted from 1×109 to 1×101 copies/μl, were

used to determine the minimum detection limit of the CRV mPCR method. (A) The sensitivity of pMD-CAV-2; (B) the sensitivity of pMD-CDV; (C) the

sensitivity of pMD-CIV; (D) the sensitivity of pMD-CPIV; (E) the sensitivity of pMD-CAV-2/pMD-CDV/pMD-CIV/pMD-CPIV; Lane M, 100 bp DNA

ladder; Lane NC, negative control.

https://doi.org/10.1371/journal.pone.0213295.g003
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treatment initiation. A few methods for detecting virus-induced respiratory or enteric disease

have been developed [4, 27, 28, 34], but no previous study had developed a systematic way to

detect both CRV and CEV in dogs. Here, we developed two mPCR methods for detection of

the most frequently coinfected viruses; these methods could be performed to diagnose dogs

according to their clinical symptoms.

Primer design is the first and most important step in the process of establishing a detection

method, and the following conditions must be satisfied: primers were designed to bind to con-

served sequence regions, to have similar annealing temperatures, and to lack dimers or hairpin

structures [28]. In these novel mPCR methods, the primer combination produced amplicons

that were easy to distinguish from each other, the primer annealing temperatures were similar,

and degenerate bases were required only infrequently. The specificity, sensitivity and repro-

ducibility tests all showed good results.

The mPCR methods were tested on 20 NS and 20 AS samples collected from dogs with

symptoms of respiratory disease or enteric disease. The ratio of positive samples to total sam-

ples was 80% (16/20) for CRV detection and 85% (17/20) for CEV detection. Because the

Fig 4. Sensitivity of the mPCR method for CEV detection. The four single plasmids (pMD-CAV-2, pMD-CanineCV, pMD-CCoV and pMD-CPV),

diluted from 1×1010 to 1×101 copies/μl, and the mixed plasmids (pMD-CAV-2/pMD-CanineCV/pMD-CCoV/pMD-CPV), diluted from 1×109 to 1×101

copies/μl, were used to determine the minimum detection limit of the CEV mPCR method. (A) The sensitivity of pMD-CAV-2; (B) the sensitivity of

pMD-CanineCV; (C) the sensitivity of pMD-CCoV; (D) the sensitivity of pMD-CPV; (E) the sensitivity of pMD-CAV-2/pMD-CDV/pMD-CIV/pMD-CPIV;

Lane M, 100 bp DNA ladder; Lane NC, negative control.

https://doi.org/10.1371/journal.pone.0213295.g004
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sample number was insufficient, these results were not statistically significant. However, CPV

and CDV clearly remain two of the more serious and epidemic diseases in dogs in worldwide

at present [35–38]. Epidemiological monitoring of CPV is particularly important because CPV

evolves at a rapid rate, similar to that of Porcine Circovirus 3 [39, 40]. Because a small number

of dogs were negative for the viruses tested by the CRV or CEV detection assays, although they

suffered respiratory illness or intestinal problems, we suggest that some viruses with low preva-

lence and pathogenic bacteria may also cause disease in dogs [2, 41]. A variety of pathogenic

bacteria are often present along with viruses in canine infections [42, 43], and thus, it is essen-

tial to expand the coverage of mPCR detection in the future. For example, CIRD also include

CHV-1, canine reovirus, and Bordetella bronchiseptica and so on. At the same time, other

pathogens causing serious zoonotic diseases, such as pseudorabies virus, should also be moni-

tored in future [44, 45].

In this study, the detection of CanineCV was added to an mPCR method for the first time,

because coinfection of this pathogen with other pathogens is common [46]. Though the

Fig 5. Reproducibility of the mPCR methods. Mixed CRV and CEV plasmids were diluted as templates from 1×105 to 1×103 copies/μl to amplify specific

fragments by using three different PCR instruments at different times. (A) CRV: Lane M, 100 bp DNA ladder; Lanes 1, 5, and 9, negative controls for the three

tests; Lanes 2~4, mPCR amplifying 1×105 copies/μl, 1×104 copies/μl, and 1×103 copies/μl CRV plasmids; Lanes 6~8, mPCR amplifying different dilutions of

mixed plasmids a second time; Lanes 10~12, mPCR amplifying different dilutions of mixed plasmids a third time. (B) CEV: Lane M, 100 bp DNA ladder;

Lanes 1, 5, and 9, negative controls for the three tests; Lanes 2~4, mPCR amplifying 1×105 copies/μl, 1×104 copies/μl, and 1×103 copies/μl CEV plasmids;

Lanes 6~8, mPCR amplifying different dilutions of mixed plasmids a second time; Lanes 10~12, mPCR amplifying different dilutions of mixed plasmids a

third time.

https://doi.org/10.1371/journal.pone.0213295.g005
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pathogenic mechanism of CanineCV is unclear, epidemiological testing is important for future

research. CanineCV was not detected from the AS clinical samples; perhaps the limited source

of these clinical samples was responsible for this result. We didn’t get a lot of clinical samples

because it was not easy to get disease samples. CAV-2 mostly replicates in the lower respiratory

Fig 6. Evaluation of clinical samples. 20 NS and 20 AS clinical samples were tested by established mPCRs respectively. (A) CRV: Lane M, 100 bp DNA

ladder; Lanes PC, positive controls; Lanes NC, negative controls; Lanes 1~20, multiplex PCR tested on NS samples. (B) CEV: Lane M, 100 bp DNA ladder;

Lanes PC, positive controls; Lanes NC, negative controls; Lanes 1~20, multiplex PCR tested on AS samples.

https://doi.org/10.1371/journal.pone.0213295.g006

Table 2. Detection of CRV and CEV in clinical samples using mPCRs.

Target canine respiratory viruses Target canine enteric viruses

Single infection NS (a) (n = 11) Single infection AS (b) (n = 16)

CAV-2 1 CAV-2 0

CDV 9 CanineCV 0

CIV 1 CCoV 2

CPIV 0 CPV 14

Dual infection NS (n = 2) Dual infection AS (n = 1)

CDV+CPIV 1 CCoV+CPV 1

CAV-2+CPIV 1

Triple infection NS (n = 1) Triple infection AS (n = 0)

CAV-2+CDV+CPIV 1

Fourfold coinfection NS (n = 2) Fourfold coinfection AS (n = 0)

CAV-2+CDV+CIV+CPIV 2

a) NS, nasal swabs;
b) AS, anal swabs; n, number

https://doi.org/10.1371/journal.pone.0213295.t002
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tract and was detected in the NS samples [2]; however, the CAV-2 primer pair used in this

study was probably able to amplify the CAV-1 DNA virus despite the optimization performed

[32]. Notably, the live vaccine strains used may have an unavoidable impact on disease detec-

tion using the methods developed in this study. Additionally, discriminating between wild-

type infections and vaccines is important [34], and therefore, a trend exists toward later devel-

opment of broad-spectrum and accurate mPCR detection methods. Sometimes, cross contam-

ination may lead to experimental failure. It is worth noting that PCR pretreatment and post-

treatmen performed in different isolation zones can effectively avoid pollution. Besides, regu-

lar air spray cleaning will also play a role.

In conclusion, these newly established mPCR methods provide an efficient, sensitive, spe-

cific and low-cost testing tool for the detection of CRV (CAV-2, CDV, CIV and CPIV) and

CEV (CAV-2, CanineCV, CCoV and CPV). The use of Taq Master Mix makes the detection

process more convenient and reduces the chance of contamination during the process of sam-

ple addition; PCRs can be initiated by simply adding enzyme, ddH2O, premixed primers, and

template, and thus, this method is superior to other mPCR detection methods. Here, detection

of CanineCV was added to mPCR for the first time, making this method suitable for the fur-

ther study of coinfection by CanineCV and other pathogens. This study provides a novel tool

for systematic clinical diagnosis and laboratory epidemiological surveillance of CRV and CEV

among dogs.
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