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Canine infectious respiratory disease complex (CIRDC) viruses have been detected in dogs with respiratory illness.
The CIRDC is associated with multiple factors depending on host susceptibility, environment and pathogens. Canine influenza
virus (CIV), canine parainfluenza virus (CPIV), canine distemper virus (CDV), canine respiratory coronavirus (CRCoV), canine
adenovirus type 2 (CAdV-2) and canine herpesvirus 1 (CaHV-1), are all associated with the CIRDC. Environmental factors serve
as the one key point for infection. The transmission route can be via community-acquired infection (CAl) or hospital-associated
infection (HAI), but the variable factors within these two routes are not well described. Moreover, novel pathogens that could
not be identified, were detected from dogs showing respiratory problem. Thus, to allow diagnosis, establish the CIRDC viruses
with associated risk factors for infection and discover the other novel pathogen causing respiratory disease in dogs, two
conventional multiplex polymerase chain reactions (PCR) were developed to simultaneously identify four RNA and two DNA
viruses associated with CIRDC. The developed multiplex PCRs were tested by sensitivity and specificity determination in
comparison to conventional simplex PCR and a rapid three-antigen test kit. The two multiplex PCR assays were then validated
on 418 respiratory samples collecting from 209 respiratory illness dogs locating in Thailand. In term of analysis of possible risk
factors of CIRDC, the sample population of 209 dogs were divided in 133 community acquired infection (CAl) and 76 Hospital
associated infection (HAI) groups. Essential signalments, clinical signs, vaccination status, and route of transmission were
recorded for further analysis. Either negative-multiplex PCRs or interesting samples were subjected to further investigation by
metagenomic analysis using Next Generation Sequencing (NGS) technology. Here, we established the developed multiplex
PCR assays, which had a > 87% sensitivity and 100% specificity compared to their simplex counterpart. Compared to the
three-antigen test kit, the multiplex PCR assays yielded 100% sensitivity and more than 83% specificity for detection of CAdV-
2 and CDV, but not for CIV. Interestingly, all common six viruses were detected in both groups with CIV and CRCoV being
predominantly found. Only CDV was significantly more prevalent in CAl than HAI dogs but not for the others. Multiple infections
were found in 81.2% and 78.9% of CAl and HAI, respectively. Co-detection of CIV and CRCoV was significantly associated
among study groups. Moreover, the clinical severity level was notably related to age of infected dogs, neither vaccination
status, sex nor transmission route were noted. Surprisingly, a novel strain of canine bocavirus type 2 (CBoV-2) and canine
circovirus (CanineCV) were identified in the samples from dogs that died in Thailand from acute disease, for which no causal
etiological pathogen could be identified in routine screening assays. These novel CBoV-2 and CanineCV strains were named
as CBOV TH-2016 and CanineCV TH/2016, respectively. Analysis of the complete coding sequences of CBoV TH-2016 and
CanineCV TH/2016 showed that these viruses showed evidence of genetic recombination among other published strains by
using similarity plot, bootscanning and cocktailed of statistical maximum likelihood algorithms. Use of both conventional or
quantitative PCR and in situ hybridization showed the presence of these viruses in several tissues, suggesting hematogenous
virus spread. Histopathological lesions associated with these viral infections in several organs and confirming of presence of
the CBoV-2 infection using transmission electron microscope provided novel insights in the pathogenicity of canine bocavirus
and canine circovirus infections and suggests that a novel recombinant of those viruses, which was discovered from deceased

dogs showing negative for routine tests, may result in atypical syndrome.
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CHAPTER 1

INTRODUCTION

1.1 The relation between all manuscripts in the thesis

Canine infectious respiratory disease complex (CIRDC) viruses have been detected
in dogs with respiratory illness. Canine influenza virus (CIV), canine parainfluenza virus
(CPIV), canine distemper virus (CDV), canine respiratory coronavirus (CRCoV), canine
adenovirus type 2 (CAdV-2) and canine herpesvirus 1 (CaHV-1), are all associated with
the CIRDC. To achieve diagnosis, two conventional multiplex polymerase chain
reactions (mPCR) were developed to simultaneously identify four RNA and two DNA
viruses associated with CIRDC that revealed on “Development and application of
multiplex PCR assays for detection of virus-induced respiratory disease complex in
dogs”. The two mPCR assays were then validated on 102 respiratory samples collected
from 51 dogs with respiratory illness by sensitivity and specificity determination in
comparison to conventional simplex PCR and a rapid three-antigen test kit. All six
viruses were detected in either individual or multiple infections. The developed mPCR
assays had a more than 87% sensitivity and 100% specificity compared to their simplex
counterpart. Compared to the three-antigen test kit, the mPCR assays yielded 100%
sensitivity and more than 83% specificity for detection of CAdV-2 and CDV, but not for
CIV. Therefore, the developed mPCR modalities were able to simultaneously diagnose
a panel of CIRDC viruses and facilitated specimen collection through nasal (NS) or
oropharyngeal (OS) swabs. This study also gave information of CaHV-1 in acute
respiratory distress dogs in Thailand that was reported in “Viral molecular and
pathological investigations of Canid herpesvirus 1 infection associated respiratory
disease and acute dead in dogs”. The CIRDC is commonly associated with multiple
factors. The transmission route can be via community-acquired infection (CAl) or
hospital-associated infection (HAI), but the variable factors within these two routes are
not well described. The cross-sectional prevalence of all six CIRDC viruses detected in

respiratory-disease dogs was investigated using developed mPCR assays as well as the
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possibly related risk factors were analyzed. The study was revealed on “Cross-sectional
investigation and risk factor analysis of community-acquired and hospital-associated
canine infectious respiratory disease complex”. Two hundred and nine ill dogs
consisting of 133 CAl and 76 HAI dogs were sampled through NS and OS separately.
Signalments, clinical signs, vaccination status, and route of transmission were recorded
for further analysis. All six viruses were detected in both groups with CIV and CRCoV
being predominantly found. Only CDV was significantly more prevalent in CAI than HA
dogs but not for the others. Multiple infections were found in 81.2% and 78.9% of CAl
and HAI, respectively. Co-detection of CIV and CRCoV was significantly associated
among study groups. Moreover, the clinical severity level was notably related to age
of infected dogs; neither vaccination status, sex nor transmission route was noted.
Furthermore, novel canine bocavirus type 2 (CBoV-2) and canine circovirus (CanineCV)
were discovered from dogs showing respiratory problem and yielding negative result
for CIRDC screening, by using next generation sequencing (NGS) and metagenomic
analysis. This investigation was shown in “A novel strain of canine bocavirus type-2
infection associated with intestinal lesions reminiscent of canine bocavirus type-1
infection” and “Genomic analysis of novel canine circovirus strains from Thailand:
evidence for natural genetic recombination.” Also, phylogenetic analysis revealed that
the novel CBoV-2 strain discovered in Thailand has genetically closed to the CBoV-2
strains isolated from South Korea and Hong Kong. The discovered CBoV-2 also
exhibited the pathological lesions reminiscent to CBoV-1 infection, confirming by in
situ hybridization. Although the CanineCV strains in Thailand are closely related to
CanineCV strains discovered from American dog sera, they showed significantly
different from those strains by pairwise identity matrix analysis. Possible genetic
recombination conducted by different clades of phylogenetic tree, constructed by
individual CBoV-2 and CanineCV strains discovering worldwide. Here, this study
documented the novel CBoV-2 and CanineCV are recently circulating in Thailand.
Further study of an association of disease in dogs should be taken into account.

AWl of manuscripts in partial fulfillment of the requirements for the degree of

Doctor of Philosophy program in Veterinary Pathobiology.
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1.2 Importance and rationale

Canine infectious respiratory disease (CIRD) is a complex disease occurring in dogs,
affecting the larynx, trachea, bronchi, and occasionally the nasal mucosa (Buonavoglia
and Martella, 2007). Kennel cough or infectious tracheobronchitis (ITB) is the term used
to describe highly acute respiratory disease in dogs. Recently, either kennel cough, ITB
or CIRD is usually used interchangeably for canine infectious respiratory disease
complex (CIRDC) (Weese and Stull, 2013). The CIRDC is not only associated with germs,
but also with environmental factors and host immune responses that playing an
equally important role in this complex disease (Erles et al,, 2004). The pathogens
causing CIRDC are consisted of either viruses, bacteria or both, which transmit by
aerosol from infected dogs particularly living in poor ventilation kennels, animal
shelters and veterinary hospitals (Buonavoglia and Martella, 2007). The clinical
manifestation is various ranging from asymptomatic clinical sign to fatal lung infection.
Mild dry hacking cough and nasal discharge are predominately displayed as common
clinical signs which disappear within a short period in most infected dogs. However,
some hosts may develop a severe bronchopneumonia and immunosuppression which
become fatal (Erles et al., 2004). Several natural outbreaks of the disease have shown
that the etiology is complex and involves with a variety of viruses and bacteria. Viral
pathogens associated with CIRDC include canine parainfluenza virus (CPIV) (Appel and
Percy, 1970; Posuwan et al., 2010), canine adenovirus type 2 (CAdV-2) (Ditchfield et al.,
1962; Binn et al., 1967; Wright et al,, 1972; Erles et al., 2004; Posuwan et al., 2010),
canine distemper virus (CDV) (Posuwan et al., 2010; Radtanakatikanon et al., 2013),
canine herpes virus (CaHV) (Erles et al., 2004; Buonavoglia and Martella, 2007), canine
influenza virus (CIV) (Buonavoglia and Martella, 2007; Payungporn et al., 2008; Posuwan
et al,, 2010) and canine respiratory coronavirus (CRCoV) (Erles et al., 2003; Ellis et al,,
2005; Erles and Brownlie, 2005; Buonavoglia and Martella, 2007; Decaro et al., 2007).

Canine parainfluenza virus (CPIV) is a highly contagious paramyxovirus causing
coughing, nasal discharge and fever when infected (Posuwan et al, 2010).
Simultaneous infection with other viruses or secondary bacterial attack such as

Bordetella bronchiseptica always promotes worse clinical symptoms (Binn et al., 1979,
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Ueland, 1990). The parainfluenza virus is genetically similar to the simian virus 5 (SV5),
which have been detected in humans occasionally although the relationship to any
human disease remains contentious (Randall et al., 1987; Chatziandreou et al., 2004).

Canine adenovirus type 2 (CAdV-2) is more frequently associated with the CIRDC.
The CAdV-2 infection usually occurs in puppies but sporadically detected in adult dogs
(Buonavoglia and Martella, 2007). The host range of the virus is broad including a
number of mammalian species such as foxes (Garcelon et al.,, 1992; Robinson et al,,
2005), black bears, fishers, polar bears, wolves (Philippa et al., 2004) and Steller sea
lions (Burek et al., 2005). Thus, wild-life animals might be a potential source of infection
for domestic dogs (Buonavoglia and Martella, 2007).

Canine distemper virus (CDV) is one of highly contagious CIRDC viruses and belongs
to morbillivirus, family Paramyxoviridae (Radtanakatikanon et al., 2013). The CDV is
usually associated with severe respiratory symptoms and accompanied by systemic
lesions such as gastrointestinal, integumentary, and central nervous systems (Erles et
al., 2004, Carvalho et al., 2012; Radtanakatikanon et al., 2013; Pratakpiriya et al., 2017).
Interestingly, CDV-infected dogs are considered as an animal model for spontaneous
human demyelination which is analogous to multiple sclerosis (Beineke et al., 2009;
Wyss-Fluehmann et al., 2010).

Canine herpes virus type 1 (CaHV-1) is Alphaherpes virus. The CaHV-1 has been
isolated from dogs with CIRDC, but its pathogenic role remains uncertain (Binn et al,,
1979; Erles et al,, 2004). The CaHV-1 infected puppies show fatal generalized
necrotizing and hemorrhagic lesions. The CaHV-1 is persisted and it becomes to latent
infection; however, the virus can be reactivated when the dogs are under stress and
immunosuppressive (Okuda et al., 1993; Miyoshi et al., 1999).

Canine influenza virus (CIV) has been isolated from dogs since 2004 and almost
dogs that are infected with CIV show respiratory illness ranging from mild to severe
symptoms (Crawford et al., 2005; Yoon et al., 2005; Payungporn et al., 2008). The virus
belongs to influenza A virus, H3N8, which is genetically related with equine influenza
virus (Crawford et al., 2005). Moreover, the CIV subtype H3N2 is originated from avian
influenza subtype H3N2 as well(Song et al., 2008). These findings also explained that

emerged CIVs are consistent with a single interspecies virus transfer. Thus, the virus
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likely got adapted to the dogs by accumulation of point mutations rather than genetic
reassortment with other strains of influenza A virus (Crawford et al., 2005). Such a
scenario provokes a public health concern that may raise possibility of the emergence
of the new recombinant companion canine and feline influenza viruses. Therefore,
zoonotic potential cannot be excluded (Song et al., 2011).

Recently, canine respiratory coronavirus (CRCoV) is usually detected in kennels
and mostly associated with mild respiratory symptoms (Erles et al., 2003; Erles et al,,
2004; Buonavoglia and Martella, 2007). The CRCoV is genetically closed to human
coronavirus OC43 (HCOV-OC43) and bovine coronavirus. This finding suggests a recent
common ancestor of these viruses and demonstrates the occurrence of repeated host-
species shifts (Erles et al, 2003). The emerged CRCoV replicates in respiratory
epithelium, leading to secondary bacterial or other viral infection (Buonavoglia and
Martella, 2007).

Diagnosis of CIRDC virus becomes important for appropriate treatment plan,
prognosis and preventive strategies. Various diagnostic tests are available for these
infections; however, many are not practical due to long processing time, poor
specificity or sensitivity, and costly diagnostic tools (Posuwan et al., 2010). Some of
these methods include viral culture and isolation technique. Such modalities cannot
be performed in all viruses due to poor ability of virus growth in cell culture. Moreover,
evaluation of serum antibody titer is usually requiring convalescent testing weeks later
to identify a rise in the titer. Thus, the rapid method for detection of CIRDC viruses is
in need (Payungporn et al., 2006). Genetic molecular technique is an appropriate
method to detect these viruses. Multiplex polymerase chain reaction (mPCR)
technique has been used to diagnose multiple pathogens (Payungporn et al., 2006;
Thontiravong et al., 2007). In addition, it shortens the processing time allowing rapid
diagnosis and quick implementation of appropriate treatment and isolation
precautions when necessary. The mPCR also provides acceptable sensitive and specific
test results, serving a screening method. Furthermore, similarity of clinical signs in
different viral infections and a lack of the CIRDC prevalence in dogs in Thailand may
contribute confusion for tentative primary etiology. Thus, clinical signs or lesion

relationship among virus infection and information of the prevalence of CIRDC infected
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dogs must be intensively studied. Even though most of viruses that cause of CIRDC can
be controlled by vaccine, suffering dogs from respiratory infections remain increasingly
(Erles et al., 2004, Posuwan et al., 2010). Thus, improper vaccination and/or the viruses
may adapt its virulence, might play roles in the increasing number of CIRDC affected
dogs.

Meanwhile many novel viruses are discovered recently, the emerging viruses have
been reported continuously such as Human immunodeficiency virus (HIV) (Hirsch et
al., 1995), Ebola virus (Pourrut et al., 2005), SARs virus (Chan et al., 2003), avian
influenza A H5N1 (Payungporn et al., 2006) and a variety of hepatitis viruses such as
Non-primate hepacivirus (NPHV), which is genetically closed to human hepatitis C virus
(HCV) (Kapoor et al., 2011; Lyons et al.,, 2012). Hepatitis E virus is discovered from pigs
and causes hepatic infection in humans as well (Meng et al., 1997). Thus, many viruses
in animals play roles in zoonotic potential. Moreover, some viruses may increasingly
turn virulence of infectivity and expand to new hosts. Therefore, monitoring of
emerging viruses is important. Many viruses were discovered since genetic researches
and its applications were famous. Recently, pyrosequencing has been developed as
alternative sequencing method (Ronaghi, 2001). This technique has been widely
performed to approach for the characterization of nucleic acid in deep details,
potentially providing advantages of accuracy, flexibility, parallel processing and can be
easily automated. In addition, the pyrosequencing has been used for both de novo
sequencing and confirmatory sequencing for metagenomic analyses successfully
(Ronaghi, 2001; Fakruddin et al,, 2012). Viral metagenomics avoid the potential
limitations of traditional methods, including the failure of virus to replicate in cell
cultures, unsuccessful PCR amplification or microarray hybridization due to high-level
genetic divergence from known viruses, and the failure of antibodies binding to known
viruses or producing the cross-reaction. The application of viral metagenomics may
also be useful for the study of diseases with unexplained etiologies possibly involving
uncharacterized viruses or combined viral infections. Thus, the next generation
sequencing and metagenomic analysis have been mostly used to discover novel

viruses (Handelsman, 2004).
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Despite the fact that viruses can adapt and infect cross-species of hosts, both
genetic sequencing and phylogenetic analysis are useful applications to analyze and
provide genetic relationship among subtypes of the viruses. These methods can follow
and quarantine new emerging viruses, which may adapt to higher infectivity. The CIRDC
dog prevalence in Thailand is still questioned. Alternatively, most viruses that cause
CIRDC in dogs are genetically similar to viruses that cause respiratory disease in humans
as well. Thus, this study was subdivided into 3 parts; (1) Development of multiplex
reverse transcription polymerase chain reaction (mRT-PCR) for virus detection in canine
infectious respiratory disease complex (CIRDC); (2) Simultaneous viral detection of
canine infectious respiratory disease complex (CIRDC) by a multiplex reverse
transcription polymerase chain reaction (mRT-PCR) assay with clinical and pathological
changes in respiratory disease dogs and (3) The metagenomic analyses of viruses

isolated from respiratory distress in dogs with unknown causes.
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1.3 Literature review

Canine infectious respiratory disease complex (CIRDC) or canine infectious
tracheobronchitis (ITB) has been known as kennel cough, is a highly contagious
respiratory disease in dogs that is transmitted by aerosol from infected dogs
(Buonavoglia and Martella, 2007). The disease is characterized by dry coughing, which
is cleared within short times in most cases; however, some dogs become fatal when
severe bronchopneumonia is developed (Erles et al., 2004). The CIRDC is a very
common disease complex caused by many different viruses and bacteria. Moreover,
stress, overcrowded animals and poor ventilation in kennels, animal shelters and
veterinary hospitals are prone to be the risk of infections (Erles et al., 2004; Weese and
Stull, 2013). Several studies revealed the disease is a complex, which is caused by
variety of pathogens, especially viruses. The viruses that have been recognized as
pathogen of CIRDC are consisted of canine parainfluenza virus (CPIV) (Appel and Percy,
1970; Posuwan et al., 2010), canine adenovirus type 2 (CAdV-2) (Ditchfield et al., 1962,
Binn et al., 1967; Wright et al., 1972; Erles et al,, 2004; Posuwan et al., 2010), canine
distemper virus (CDV) (Posuwan et al.,, 2010; Radtanakatikanon et al., 2013), canine
herpes virus 1 (CaHV-1) (Erles et al,, 2004; Buonavoglia and Martella, 2007), canine
influenza virus (CIV) (Buonavoglia and Martella, 2007; Payungporn et al., 2008; Posuwan
et al., 2010) and canine respiratory coronavirus (CRCoV) (Erles et al., 2003; Ellis et al,,
2005; Erles and Brownlie, 2005; Buonavoglia and Martella, 2007; Decaro et al., 2007).

Viral information

Canine parainfluenzavirus (CPIV)

Canine parainfluenza virus is belonging to family Paramyxoviridae that is
composed of a single stranded RNA genome of negative polarity, surrounded by a lipid
envelope of host cell origin (Lamb and Kolakofsky, 2001). There are 7 genes which
encode 8 proteins: nucleoprotein (N), V/phosphoprotein (V/P), matrix (M), fusion (F),
small hydrophobic (SH), hemagglutinin-neuraminidase (HN) and large (L) genes. The HN
protein is involved in cellular attachment to initiate virus infection. The F protein can

mediate fusion of viral envelope with cell membrane (Buonavoglia and Martella, 2007).
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The CPIV is genetically similar to simian virus 5, which had been isolated from humans,
suggesting the closed relationship among two viruses (Randall et al, 1987;
Chatziandreou et al., 2004). The CPIV mostly replicates in epithelial-lining cells of nasal
mucosa, pharynx, trachea and bronchi. Thus, CPIV infection is usually restricted to
upper respiratory tract; however, CPIV could be isolated from local respiratory lymph
nodes (Binn et al., 1979; Buonavoglia and Martella, 2007). In addition, the virus also
promotes Bordetella bronchiseptica infection in respiratory tract (Binn et al,, 1979;
Ueland, 1990). The CPIV infected dogs usually show catarrhal rhinitis and tracheitis with
mononuclear and polymorphonuclear inflammatory cell infiltration into mucosal and

submucosal layers of respiratory tract (Appel and Percy, 1970).

Canine adenovirus type 2 (CAdV-2)

Canine adenovirus (CAdV), a double stranded DNA virus, is belonged to
Adenoviridae family. CAdV is subdivided into two types; CAdV-1 and CAdV-2, with
different target cells (Buonavoglia and Martella, 2007). Vascular endothelial cells, liver
and lung parenchyma serve as target cells of CAdV-1, while respiratory tract epithelium
is target cells of CAdV-2 (Buonavoglia and Martella, 2007; Chvala et al., 2007). Moreover,
intestinal epithelium can be infected with CAdV-2 in limited degree (Chvala et al,,
2007). Oro-nasal transmission is a route of infection for CAdV-2. The virus replicates in
respiratory epithelium and mucosal epithelium of pharynx as well as tonsillar crypts
and type Il pneumocyte. Respiratory signs are shown with varying degree. Some dogs
can develop bronchiolitis obliterans due to type Il pneumocyte infection (Buonavoglia
and Martella, 2007). The host range of CAdV-2 includes a large number of mammalian
animals. Thus, wild-life mammalians may play a role in CAdV-2 infection (Buonavoglia

and Martella, 2007).

Canine distemper virus (CDV)

Canine distemper virus (CDV), a single-stranded negative-sense RNA virus,
belongs to Paramyxoviridae family. The virus composes of six protein genes; the

nucleocapsid (N), phosphoprotein (P), large (L) protein as a helical nucleocapsid



core, the hemagglutinin (H) glycoprotein, and the fusion (F) protein as an enveloped
protein and matrix (M) protein is assembling between the envelope and
nucleocapsid core. P protein that acts as a co-factor is the most conserved structure
among the Morbillivirus. The F protein mediates the fusion of the viral and cellular
membrane which enables the entry of the viral genome into host cells (von
Messling et al.,, 2001) and play a key in determinant of persistent infection (Plattet
et al.,, 2005). H protein is responsible for viral attachment to the host’s cell and
fusogenic activity, and may also play a role in host’s humoral immune response.
Thus, the F and H proteins are the most variable parts of virus and have often been
used to assess genetic changes between CDV isolates (Pardo et al., 2005; Lee et al,,
2010; Radtanakatikanon et al., 2013). Lymphocytes and epithelial cells serve as a
cellular tropism of CDV after dogs are infected by aerosol (Carvalho et al.,, 2012).
Therefore, respiratory tract, gastrointestinal tract, integumentary system, lymphatic
system, urinary bladder and central nervous system are affected by CDV infection

(Erles et al., 2004; Carvalho et al.,, 2012; Radtanakatikanon et al., 2013).

Canine herpesvirus type 1 (CaHV-1)

Canine herpes virus (CaHV-1) is classified to Alphaherpesviridae family. The
CaHV-1 appears to be a monotypic virus, which genetically similar to feline
herpesvirus-1 (FHV-1), phocid herpesvirus-1 (PhHV-1) and equine herpesvirus-1 (EHV-
1) and -4 (EHV-4) (Rota and Maes, 1990; Remond et al.,, 1996). However, the host
range of CaHV-1 is restricted to dogs only. The viruses infect dogs by direct contact.
Moreover, the virus can be transmitted transplacentally, leading to fatal disease in
very young puppies and causing generalized necrotizing and hemorrhagic disease
(Hashimoto et al., 1982). While adult infected dogs often show asymptomatic signs
or mild rhinitis and pharyngitis (Carmichael et al.,, 1995). The virus becomes latent
by persisting in trigerminal ganglia and reactivates by stress induction (Okuda et al,,
1993; Miyoshi et al., 1999). Several studies revealed that co-infection of other viruses
with CaHV-1 leads to severity. However, the role of CaHV-1 associated with CIRDC

remains unclear (Binn et al., 1979; Erles et al., 2004).
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Canine influenza virus (CIV)

Canine influenza virus is influenza A virus in family Orthomyxoviridae, which
is a single stranded RNA virus and composed of eight segments (Fouchier et al,,
2005). The CIV has been reported to infect and cause respiratory disease in dogs.
Canine influenza subtype H3N8 had been reported in 2004 (Crawford et al., 2005).
The virus emerged in Florida, USA by direct transmission from equine influenza
subtype H3N8 to the greyhound sheltering dogs with signs of respiratory distress.
Moreover, the virus spreads to 11 states throughout the USA rapidly (Yoon et al,,
2005). Molecular and antigenic analyses proved that CIV is closely related to H3N8
equine influenza virus (Crawford et al.,, 2005; Yoon et al., 2005). Sequence and
phylogenetic analysis of CIV genomes revealed that CIV forms a monophyletic
group, consisting with a single interspecies virus transfer. The virus likely got adapted
to canine host by accumulation of point mutations rather than by exchange of
genome segments as genetic reassortment (Crawford et al., 2005). In addition, the
CIV also emerged in Korea in 2007 and was different from CIV that emerged in USA.
The CIV in Korea was originated from avian influenza subtype H3N2 (Song et al,,
2008). In Thailand, there is a report of CIV infection in dogs during 2008-2009 with
prevalence 2.94% in healthy dogs and 1.83% in respiratory-infected dogs (Posuwan
et al,, 2010). In addition, one influenza A was characterized as an avian-like influenza
H3N2 in 2012 in a dog (Bunpapong et al., 2014). CIV infected dogs showed ranging
clinical signs from mild to severe respiratory illness. Mild illness is described in most
cases which show fever, cough and nasal discharge while severe signs are
characterized by bronchopneumonia and hemorrhage in respiratory tract (Crawford
et al,, 2005; Yoon et al.,, 2005; Payungporn et al., 2008; Posuwan et al., 2010).
Recently, the CIV can transmit from CIV-infected dogs to pet cats directly, suggesting
that the virus may adapt or increase its infectivity. This finding raises public health

concern for monitoring the new zoonotic disease (Song et al., 2011).



Canine respiratory coronavirus (CRCoV)

Canine respiratory coronavirus (CRCoV) belongs to Coronaviridae family.
CRCoV is classified to coronavirus group 2 as well as bovine coronavirus and human
coronavirus OC43 (Erles et al., 2003). The virus is a novel pathogen which detected
in respiratory tract of dogs with varied respiratory symptoms ranging from mild to
severe illness, leading to respiratory distress caused by the virus replication in
respiratory epithelium (Chilvers et al., 2001; Erles et al., 2003). Thus, the CRCoV is
counted for a causative agent of CIRDC (Erles et al., 2003). Recently, few CRCoV
strains have been discovered in some countries such as UK (Priestnall et al., 2006),
Japan (Yachi and Mochizuki, 2006), Italy (Decaro et al., 2007), and Korea (An et al,,
2010a). The virus can be detected at any ages of dogs but the prevalence is higher
in aged dogs that suffered from respiratory distress (Priestnall et al., 2006; Priestnall
et al,, 2009). The role of CRCoV associated with CIRDC is still unclear. The
seroconversion is observed in naive immune responses with clinical symptoms,
suggesting CRCoV may likely play a role in CIRDC directly (Erles et al., 2003).
According to CRCoV replication, damaging of respiratory epithelium leads to super-
infection and colonization of other pathogens (Buonavoglia and Martella, 2007).
Recently, a novel coronavirus which has been called Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) was firstly isolated from sputum of a patient with
acute pneumonia in Saudi Arabia (Zaki et al.,, 2012). The MERs-CoV has spread
rapidly as evidence of human infection in Saudi Arabia, Qatar and United Arab
Emirates. Furthermore, a tourist in UK, France, Jordan and Malaysia who returning
from middle-east countries got illness and transmitted the infection to at least one
other person (de Groot et al, 2013). To date, the largest cluster of MERS-CoV
infections has been reported to 23 confirmed cases with 15 of them are dead.
Interestingly, the infected cases involved ICUs, general patients and hemodialysis
cases. Thus, most of those cases were hospital acquired infection. A MERS-CoV
reservoir has yet to be identified; however, the MERS-CoV has genetically similar to
as-yet-unclassified viruses from insectivorous European and African bats (Annan et

al., 2013; Cotten et al,, 2013). Moreover, recent studies suggest that MERS-CoV has
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been circulating among camels (Reusken et al., 2013) and proving that the camels

serve as a reservoir hosts for MERS-CoV infection in humans (Azhar et al., 2014).

Diagnostic modules

Currently, virus isolation in tissue culture serves as the gold standard diagnostic
method. This method is high accurate for virus detection even though it is laborious
and time consuming. Moreover, the various serological tests are available for diagnosis
of many infectious diseases; however, time consuming and defection of accuracy of
current infection become disadvantage of this method. Polymerase chain reaction
(PCR) technique has been used for detection of various infections due to more rapid,
sensitive and specific than conventional methods. However, using simplex PCR
technique for detection of several infectious pathogens is labor-intensive and
expensive. Moreover, low amount of sample is not suitable for this assay. These
limitations of simplex PCR can be overcome by applying a multiplex PCR (mPCR) assay.
This method is significantly improved to cover the disadvantages of simplex PCR
technique. The mPCR is achieved by incorporating of multiple primers, which
simultaneously amplify several nucleic acids in a single reaction.

Numerous studies that using mPCR or multiplex reverse transcription PCR (mRT-
PCR) technique for DNA or RNA viral detection in respiratory distress patients were
documented including Influenza A, B, and C viruses, Respiratory syncytial virus,
adenoviruses, human parainfluenza viruses, human coronaviruses, human
enteroviruses and rhinoviruses (Coiras et al., 2003; Coiras et al., 2004). Moreover, typing
and subtyping influenza viruses in humans are successfully performed by this assay
(Payungporn et al., 2004). In veterinary medicine, this technique was rarely used to
detect respiratory viruses; however, various target genes of H5N1 influenza A virus were
detected by using single step multiplex real-time RT-PCR (Payungporn et al., 2006).
Therefore, the H5 and H7 avian influenza A and B viruses have been effectively
detected by using mRT-PCR (Thontiravong et al., 2007; Wu et al., 2008). Besides, the
MPCR is easily adapted to conventional PCR, real-time PCR and nested PCR as well.

Although, such technique has been known to detect various viruses simultaneously,
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the CIRDC viruses are never detected by this technique in Thailand. Thus, the method
will be further developed and hence, reported an even more rapid, specific and
sensitive assay based on mRT- PCR using primers for specific respiratory viral pathogens.

Canine respiratory disease complex (CIRDC) is a disease complex which is
pronounced from multifactorial etiologies including host susceptible, pathogens and
environmental factors. Hospital-associated infections are an ever-present risk in
veterinary health care facilities. Thus, there has been increasing monitor about these
infections in recent years because of emergence and dissemination of multidrug
resistant pathogens. Nearly half of CIRDC infected dogs may concern to classify the
primary cause of infection from veterinary facilities, leading to superimpose of multiple
pathogen results to sudden fatal disease (Weese and Stull, 2013). However, some
CIRDC-infected dogs may have etiology of infection from endemic disease from
community without any hospital visit. Thus, classifying of presumable etiology of
infection might play an important role to CIRDC quarantines.

The prevalence of each CIRDC virus is varied on geographic distribution,
seasons, sample sizes and sample collection site. Previous studies showed that CAdV-
2, CIV, CDV, and CPIV were isolated from respiratory distress dogs in Thailand for 9.71%,
1.83%, 2.75% and 11.93%, respectively (Posuwan et al., 2010). However, 12.8% of CPIV
infected dogs were detected in USA even though CAdV-2 was not detected (Erles et
al., 2004). In addition, CPIV and CaHV-1 were isolated in dogs in USA that suffered from
respiratory diseases in 19.4% and 12.8%, respectively (Erles et al., 2004). The novel
CRCoV was also detected in UK (Erles et al., 2003), USA (Priestnall et al., 2006), Japan
(Yachi and Mochizuki, 2006) and South Korea (An et al., 2010a). Recently, information
of CRCoV infection in Thailand has been published that the coronavirus genetic
materials were detected from respiratory samples in respiratory suffered dog using
polymerase chain reaction (PCR) (Piewbang et al., 2016). This research also presumed
that virus is the CRCoV infection. However, information of CaHV-1 infection in Thailand
is still questioned. Recently, serology against some CIRDC viruses was documented.
Antibodies against CRCoV are commonly detected in UK, Republication of Ireland, USA,
Japan, Korea, Italy and New Zealand for 36.2% 30.3%, 54.7%, 17.8%, 12.8%, 32.1%and
29%, respectively (Erles et al,, 2003; Kaneshima et al., 2006; Priestnall et al., 2006;
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Decaro et al., 2007). Alternatively, the seropositive for CaHV-1 in house hold colony-
bred dogs was 889%, 45.83%, 27.9% and 39.3% in England, Belgium, Italy and
Netherlands, respectively (Reading and Field, 1999a; Rijsewijk et al., 1999; Ronsse et
al., 2002). However, CIV serological prevalence was increased in pet dogs in Korea from
5.1% to 12.8% in 2007 and 2010 (Song et al., 2011) as well as 6.7% in China (Li et al,,
2010).

Information of target cells in some CIRDC viruses has been published; however,
some the viruses are still questioned. A canine adenovirus type 2 virus (CAdV-2) mostly
replicates in non-ciliated bronchiolar epithelium, surface cells of nasal mucosa, tonsil,
pharynx, trachea and its regional lymph nodes and type 2 alveolar epithelial cells.
Thus, clinical signs of CAdV-2 infection might be consistent with damage of bronchial
epithelial cells as evidence of bronchiolitis and bronchiolitis obliterans associated with
interstitial pneumonia (Buonavoglia and Martella, 2007). Canine herpes virus (CaHV)
often causes of fatal septicemic disease in puppies. Moreover, the virus can cause a
fatal generalized necrotizing and hemorrhagic disease in various tissues; however, some
infected dogs might show only upper respiratory distress (Hashimoto et al., 1982).
Although canine influenza virus (CIV)-infected dogs revealed extensive hemorrhagic
pneumonia and hemothorax. Infected lungs exhibited red to red-black discoloration
with marked palpable firmness. Dogs with the CIV infection are histologically revealed
inflammation of trachea and bronchus. Lung sections revealed severe hemorrhagic
interstitial pneumonia with alveolar septal thickening. Atelectasis associated with
pyogranulomatous bronchointerstitial pneumonia was observed in CIV infected dogs
(Crawford et al., 2005; Yoon et al., 2005). In case of the canine parainfluenza virus
(CPIV) infection, the infected dogs are mostly characterized by upper respiratory
problems. Histologically, catarrhal rhinitis and tracheitis with mono- and poly-
morphonuclear cells infiltrated in the mucosa and submucosa were observed. Infected
bronchi may contain leukocytes and cellular debris (Buonavoglia and Martella, 2007).
Canine distemper virus (CDV) infection usually causes fatal illness. Macroscopic finding
in CDV infected dogs showed pneumonia associated with pulmonary edema and
congestion. Interstitial pneumonia, syncytial formation of bronchiolar epithelium,

proliferation of pulmonary alveolar macrophages and bronchiolar epithelium sloughing
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have been noted in CDV infection (Radtanakatikanon et al., 2013). In contrast, the
CRCoV infection may contribute the various pathology begins mild tracheitis with blunt
cilia until severe hemorrhagic pneumonia (Buonavoglia and Martella, 2007).

Some human patients showed signs of infection, but any pathogens cannot be
detected in these patients meanwhile many viruses were discovered as novel viruses
recently. The emerging viruses have been reported continuously such as Human
immunodeficiency virus (HIV) (Hirsch et al., 1995), Ebola virus (Pourrut et al., 2005),
SARs virus and avian influenza H5N1 (Payungporn et al,, 2006). These viruses are
previously discovered from animals; however, they also being isolated from humans
with diseases. Although HIV is found in monkeys and the SARS is found in various
animals. This particular virus was completely new. It is rather difficult to predict what
those are going to cause any disease. On the contrary, some causative viruses found
in humans were also isolated from animals such as nonprimate hepacivirus (NPHV)
(Kapoor et al., 2011; Lyons et al,, 2012). The NPHV is genetically closed to human
hepatitis C virus (HCV) and it has been isolated from dogs with respiratory illness and
horse with normal clinical appearance. Hepatitis E virus is discovered from pigs and it
causes hepatic infection in humans as well (Meng et al., 1997). Thus, many viruses in
animals play roles in zoonotic potential. Moreover, some viruses may increasingly turn
virulence of infectivity and expand their host tropism. Thus, monitoring of emerging
viruses is important. Many viruses were discovered since genetic researches and its
applications were famous. Currently, genetic sequencing is one of the most important
platforms to study organisms in biological system, giving more knowledge of hidden or
novel organisms (Cheung et al., 2013). The application of genetic sequencing has been
used for grouping or classification of unknown organisms as well. Chain termination
sequencing method, which is known as Sanger sequencing method, has been widely
used for the study of genetic alignment of any organisms (Sanger et al., 1977). Although,
the Sanger method is worldwide manipulated, there are limitations of this method has
been recognized.

Recently, next generation sequencing (NGS) is adopted as an alternative
sequencing method and widely performed to approach the nucleic acid

characterization in deep details (Ronaghi, 2001). It potentially provides advantages of
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accuracy, flexibility, parallel processing and can be easily automated (Fakruddin et al,,
2012). In addition, the NGS has been used for both de novo sequencing and
confirmatory sequencing successfully (Fakruddin et al., 2012). Applications of NGS have
been recognized for analysis of Single Nucleotide Polymorphisms (SNPs) as well as
identification of various pathogens, especially viruses (Ahmadian et al., 2000a; Cheung
et al,, 2013). Moreover, the NGS has been demonstrated the ability to detect mutation
and to determine the difficult secondary gene structures (Ronaghi et al., 1999;
Ahmadian et al., 2000b). The NGS also provides the sequencing ability more than 1,000
bp, which is impossible to gain by conventional Sanger sequencing method (Fakruddin
et al,, 2012). Another highly significant application is whole genome analysis, preferring
metagenomic library (Handelsman, 2004). Viral metagenomics avoids the potential
limitations of traditional methods, including the failure of virus to replicate in cell
cultures, unsuccessful PCR amplification or microarray hybridization due to high-level
genetic divergence from known viruses, and the failure of antibodies to known viruses
to cross-react (Victoria et al., 2009). The application of viral metagenomics may also
be useful for the study of diseases with unexplained etiologies possibly involving
uncharacterized viruses or combined viral infections. Thus, the NGS has been mostly
used to discover novel viruses such as porcine stool-associated circular virus 2 and 3
(PoSCV2 and PoSCV3) (Cheung et al., 2013), porcine astroviruses (PAstVs) (Xiao et al,,
2013), Lamivudine-resistant Hepatitis B virus (Lindstrom et al,, 2004)and Canine
hepatitis C virus in dogs (Kapoor et al., 2011).

Thus, this method provides more accuracy for genetic sequencing which is

mostly modestly used for modern field research on virus discovery.
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1.4 Objectives

° To develop the diagnostic tool for viral associated pathogens of CIRD
by the simplex and multiplex reverse transcription polymerase chain reaction (mRT-
PCR) with sensitivity and specificity comparison.

L] To establish disease surveillance of each particular virus for
epidemiological monitoring the potentially air-borne zoonoses from animals to
humans.

° To investigate the prevalence and genetic diversity of currently
circulating CIRD associated viruses in Thailand and compare with the previous known

sequences deposited in GenBank.

® To discover the novel strain of virus or novel virus that can be or not
associated with respiratory illness in dogs.

® To monitor the emerging virus which is possible to transmit to other

animals and humans, alerting to public health concerns.



1.5 Conceptual framework

DEVELOPMENT OF MULTIPLEX RT-PCR AND METAGENOMIC ANALYSES OF CANINE

INFECTIOUS RESPIRATORY DISEASE COMPLEX ASSOCIATED VIRUSES IN DOGS

28

Part I. Development of multiplex reverse
transcription polymerase chain reaction (mRT-PCR)
for virus detection in canine infectious respiratory

disease complex (CIRDC).

Development of simplex RT-PCR for each

CIRDC-virus detection

-Primer design for each CIRDC virus

with optimized annealing temperature-
Sensitivity and specificity tests.
Development of multiplex RT-PCR for CIRDC-

virus detections

clinical and pathological changes in respiratory disease dogs.

Part Il. Simultaneous viral detection of canine infectious respiratory disease complex

(CIRDQ) by a multiplex reverse transcription polymerase chain reaction (mRT-PCR) assay with

418 Nasal/oral swabs of respiratory illness 200
dogs

- Samples of Hospital associated group (HAI)

- Samples of Community acquired group (CAI)

*General signalments and respiratory signs were

rallartad anA aradad

- Prevalence of CIRDC virus infection in

Thailand
- Genetic diversity of currently circulating CIRD
viruses in Thailand

- Relationship of source of infection,

clinical signs and positive PCR results.

distress in dogs with unknown causes.

Part lll. The metagenomic analyses of viruses isolated from respiratory

the unidentified viruses that may associated with CIRDC.

against all 6 viruses detected by mRT-PCR. Therefore, the

introduced metagenomic analyses can be used for discovery

Respiratory distress in some dogs shows PCR negative results Preparation for viral metagenomic

libraries- Metagenomic library

- Data assembling and analysis

infection.

Full filling of cause of canine infectious respiratory diseases

Some new pathogen may be discovered and served as a new pathogen for CIRDC
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1.6 Advantages of the study

®  Fstablishment the mRT-PCR assays as diagnostic tool for viral associated
pathogens of CIRD with high sensitivity and specificity.

®  Documentation the disease surveillance of each particular virus for
further epidemiological monitoring and vaccine development.

®  Computation the prevalence and genetic diversity of currently
circulating CIRD associated viruses in Thailand and compare with the previous known
sequences deposited in GenBank.

® Estimation the risk factors associated to CIRDC-virus infection, giving
awareness information to veterinarians and pet owners.

] Establishment the novel strain of canine bocavirus 2 (CBoV-2) and
canine circovirus (CanineCV), circulating in Thailand and giving information of such

natural recombination events.
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ABSTRACT

Canine infectious respiratory disease complex (CIRDC) viruses have been
detected in dogs with respiratory illness. Canine influenza virus (CIV), canine
parainfluenza virus (CPIV), canine distemper virus (CDV), canine respiratory coronavirus
(CRCoV), canine adenovirus type 2 (CAdV-2) and canine herpesvirus 1 (CaHV-1), are all
associated with the CIRDC. To allow diagnosis, two conventional multiplex polymerase
chain reactions (PCR) were developed to simultaneously identify four RNA and two
DNA viruses associated with CIRDC. The two multiplex PCR assays were then validated
on 102 respiratory samples collected from 51 dogs with respiratory illness by sensitivity
and specificity determination in comparison to conventional simplex PCR and a rapid
three-antigen test kit. All six viruses were detected in either individual or multiple
infections. The developed multiplex PCR assays had a > 87% sensitivity and 100%
specificity compared to their simplex counterpart. Compared to the three-antigen test
kit, the multiplex PCR assays yielded 100% sensitivity and more than 83% specificity
for detection of CAdV-2 and CDV, but not for CIV. Therefore, the developed multiplex
PCR modalities were able to simultaneously diagnose a panel of CIRDC viruses and
facilitated specimen collection through being suitable for use of nasal or oral samples.

KEYWORDS: CIRD, diagnosis, multiplex PCRs, Thailand
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INTRODUCTION

Canine infectious respiratory disease complex (CIRDC), also known as kennel
cough or infectious tracheobronchitis, is a highly acute respiratory disease in dogs that
affects the larynx, trachea, bronchi and, occasionally, the nasal mucosa (Decaro et al,,
2010; Weese and Stull, 2013). The CIRDC is not only associated with infectious
pathogens, but environmental factors and host immune responses also play an equally
important role (Erles et al,, 2004). The pathogens causing CIRDC consist of viruses,
bacteria or both, and are airborne-transmitted from infected dogs, particularly those
living in poorly ventilated kennels, animal shelters and veterinary hospitals (Decaro et
al.,, 2010). A CIRDC infection usually results in delaying of rehoming, interruption of
training courses and requires high cost treatments (Erles et al., 2003). Mildly productive
cough and nasal discharge initially present as the most common clinical signs, which
is self-limited within a short period in most infected dogs. It is not fatal unless other
complicating factors are involved, such as secondary bacterial infection or an
immunosuppressed condition (Erles et al., 2004). Several episodes of CIRDC infection
have been shown for a variety of viral agents. Canine parainfluenza virus (CPIV) is the
most frequently detected agent in CIRDC dogs (Posuwan et al., 2010). Canine
adenovirus type 2 (CAdV-2) and canine distemper virus (CDV) have also frequently
been reported in dogs with severe respiratory distress (Erles et al., 2004; Posuwan et
al,, 2010; Radtanakatikanon et al., 2013). Canine herpesvirus 1 (CaHV-1) has been
isolated from both puppies and adult dogs with fatal dyspnea (Erles et al., 2004; Decaro
et al,, 2010). Canine influenza virus (CIV) (Payungporn et al., 2008; Posuwan et al., 2010)
and canine respiratory coronavirus (CRCoV) have recently been discovered from the
respiratory tract of dogs with flu-like symptoms during a massive human flu outbreak
(Erles et al., 2003; Erles and Brownlie, 2005; Decaro et al., 2007).

Diagnosis of CIRDC-associated virus(es) is important for giving the appropriate
treatment plan, prognosis and preventive strategies. Various diagnostic tests are
available for these infections. However, many are not practical due to their time-
consuming process, poor specificity or sensitivity, and costly diagnostic tools (Jeoung

et al,, 2013). Thus, a rapid molecular technique is an appropriate method of choice for
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CIRDC virus detection. Because multiple viruses cause CIRDC, including co-infections, a
multiplex polymerase chain reaction (PCR) was developed and has become
commercially available as a test for respiratory tract infections (Bellau-Pujol et al.,
2005; Payungporn et al., 2006; Suwannakarn et al., 2008; Jeoung et al., 2013). Recently,
multiplex real-time PCR (gPCR) has largely replaced the conventional counterpart in
order to increase the sensitivity. However, it is challenging, in terms of financial support,
in developing countries and so is limited in clinical and practical uses. Thus, using a
multiplex PCR would be simple, sensitive and cost-effective to screen for CIRDC viruses.
Accordingly, two multiplex PCR assays were developed in this study for the

simultaneous detection of CIV, CPIV, CDV, CRCoV, CAdV-2, and CaHV-1.

MATERIALS AND METHODS
Positive control preparations

The positive control for CDV, CPIV and CAdV-2 was obtained from the modified-
live vaccine Vanguard® plus 5/CV-L (Zoetis, Michigan, USA), containing CPIV (10°°
TCIDsy/ M), CDV (10%° TCIDsy/ ml) and CAdV-2 (10*® TCIDsy/ ml). Meanwhile, positive
controls for CRCoV, CaHV-1 and CIV were derived from naturally infected dogs that
were confirmed by nucleic acid sequencing. The H3N2 CIV positive control was kindly
provided by Prof. Alongkorn Amornsin, Department of Veterinary Public Health, Faculty

of Veterinary Science, Chulalongkorn University.

Specimens

Nasal (NS) and oropharyngeal swabs (OS) were collected from 51 suspected
CIRDC suffering dogs; they were brought to veterinary hospitals residing in metropolitan
Bangkok, Thailand, during February—August 2014. Those dogs that showed respiratory
problems, such as nasal discharge, cough and evidence of bronchopneumonia were
included, whereas those that revealed secondary respiratory disease caused by
cardiovascular and/or functional tracheal disease were excluded from the study.

Vaccination status of sampled dogs was also recorded.
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After taking the NS and OS using sterile rayon tipped applicators (Puritan®,
Maine, USA), the swabs were immersed in 1% phosphate buffer saline (PBS) and kept
at -80 °C until assayed. The study protocol was approved by Chulalongkorn University
Animal Care and Use Committee (No. 1431005).

Viral nucleic acid extraction, quantification and reverse transcription

Viral nucleic acid from the positive controls and specimens were extracted
using the Viral Nucleic Acid Extraction Kit Il (GeneAid, Taipei, Taiwan) according to
manufacturer’s recommendation. Nucleic acid was quantified and qualified using
Nanodrop® Lite (Thermo Fisher Scientific Inc., Massachusetts, USA) at an absorbance
of 260 and 280 nm to derive the Ays0/Asgy ratio. The extracted nucleic acid was
divided into two aliquots, one for reverse transcription (RT) for detection of the RNA
viruses (CIV, CPIV, CDV and CRCoV) and the other for a direct PCR assay for detection
of the DNA viruses (CAdV-2 and CaHV-1). The RT was performed using 100 ng RNA
as the template for complementary DNA (cDNA) synthesis using the Omniscript®
Reverse Transcription Kit (Qiagen GmbH, Hilden, Germany). The cDNA and DNA were
stored at -20 °C until used for further PCR amplification.

Specific primers for viruses causing CIRDC

The sequences of the primers used for CAdV-2 (E3 gene), CDV (NP gene), CIV
(M gene), CPIV (NP gene), CRCoV (S gene) and CaHV-1 (GB gene) amplification were
retrieved from previous studies (Erles and Brownlie, 2005; Payungporn et al., 2008;
Decaro et al,, 2010; Posuwan et al., 2010) and are shown in Table 1. In order to
ascertain the sensitivity, specificity and interaction of those primers, more than 45
sequences of each target gene were compared by multiple alisnments using BioEdit
Sequence Alignment Editor Version 7.1.3.0 (Ibis Biosciences, Carlsbad, CA, USA). The
in silico specificity test was performed to select the conserved regions using BLASTn
analysis in order to ensure the primer specificity without cross amplification of
canine genes. Degenerate primers for CIV, CDV, CAdV-2 and CRCoV were applied
(Table 1). Moreover, the canine glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) gene was used as internal control as reported previously (Banoo et al.,

2010).

Optimization of the simplex PCR

Prior to performing the PCR for detection of RNA viruses, a first round PCR for
CRCoV was performed in order to increase the detection sensitivity. Reactions were

comprised of a mixture of 2x GoTaq® Hot Start Green Master Mix (Promega, Wisconsin,
USA), 0.4 UM final concentration of each outer primer (CoV 16053 F and

CoV_16594 R) and 2 LU of cDNA, and made up to 25 U with nuclease-free water.
Reactions were performed using 3Prime G Gradient Thermal Cycle (Techne, UK). Cycling
conditions were comprised of an initial denaturation at 94 °C for 5 min, followed by
40 cycles of 95 °C for 30 sec, 55 °C for 30 sec and 72 °C for 30 sec. The final extension
was performed at 72 °C for 7 min. Subsequently, the amplified CRCoV product of the
first round PCR, and cDNA of the other RNA viruses (CIV, CPIV and CDV) and extracted
DNA viruses (CAdV-2 and CaHV-1) were used as a template for further simplex PCR
studies.

Gradient simplex PCR was performed for each virus. All reaction compositions
were as mentioned above, but the gradient annealing temperature (Ta) was
programmed ranging from 50 °C to 59 °C in order to optimize the reaction. Thermal
cycling was performed with 95 °C for 5 min, then 40 cycles of 95 °C for 1 min, varied
Ta for 1 min and 72 °C for 1 min, and then finally 72 °C for 10 min. The amplicons
were resolved by 2% (w/v) agarose gel electrophoresis with 10% ethidium bromide in-
gel staining and visualized by UV transillumination and compared to expected size of

the PCR product (Table 1).



Table 1. Primers used for the PCR amplification of CIRDC viruses.

Virus Primer name Primer sequence (5’ to 3’) Target Product size
gene’ (bp)
Ccliv CIV_M F151 CATGGARTGGCTAAAGACAAGACC M 126
CIV_M _R276 AGGGCATTTTGGACAAAKCGTCTA
Ccbv CDV_N_F768 AACAGRRATTGCTGAGGACYTAT NP 290
CDV_N_R1057 TCCARRRATAACCATGTAYGGTGC
CAdV-2  CadV_E3 F25073 TATTCCAGACTCTTACCAAGAGG E3 551
CadV_E3 R25623 ATAGACAAGGTAGTARTGYTCAG
CPIV CPIV_N_F428 GCCGTGGAGAGATCAATGCCTAT NP 187
CPIV_N R614 GCGCAGTCATGCACTTGCAAGT
CRCoV CoV_16053 F GGTTGGGAYTAYCCTAARTGTGA S 542
(1°T PCR)
CoV_16594 R TAYTATCARAAYAATGTCTTTATGTC
CoV_Pan_16510 R TGATGATGGNGTTGTBTGYTATAA 458
(2"° PCR)
CaHV-1  CaHV_GBF439 ACAGAGTTGATTGATAGAAGAGGTATG GB 136
CaHV_GBR574 CTGGTGTATTAAACTTTGAAGGCTTTA

"M = Matrix, NP = Nucleoprotein, E3 = Early transcribed region, S = Spike protein,

GB = Glycoprotein
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Optimizations of multiplex PCR

The multiplex PCR was optimized separately for RNA- and DNA-associated
CIRDC viruses. The starting genetic material for RNA virus detection was derived from
two compartments: (1) product from the first nested PCR of CRCoV and (2) cDNA of
the other RNA viruses. Reaction composition and condition were optimized as
mentioned above for the simplex PCR. The suitable Ta for all RNA and DNA viruses
were selected for further comparative analysis with simplex PCR.

Sequencing of PCR amplicons was performed to confirm their correct identity
and thus the specificity of the PCR reaction. Amplicons were purified with a NucleoSpin
Extract Il (Macherey-Nagel, Diren, Germany) kit and submitted to The 1st BASE, Pte.
Ltd. (Singapore) for direct sequencing. The derived nucleotide sequences were aligned
using the BioEdit Sequence Alignment Editor version 7.0.9.0 software, and the
respective consensus sequences were compared to those in the GenBank database

using BLASTN analysis.

Analysis of specificity, sensitivity and reproducibility

Specificity test

The analytical specificity of each simplex PCR assay was evaluated by cross-
reaction tests with various CIRDC-associated viruses, as well as canine parvovirus (CPV),

canine enteric coronavirus (CCoV) and Bordetella bronchiseptica.

Sensitivity test

To access the analytical sensitivity of each simplex PCR assay, two-fold serial
dilutions of nucleic extracted positive controls were amplified. The ten dilutions of

tested controls were 2°-2°ng/ PCR reaction.
Reproducibility

Both intra- and inter-assay variations were measured using the positive controls
and sequenced clinical samples. To assess the intra-assay variation, triplicate
amplifications of the 2% and 2°ng/reaction templates for the positive controls and the

samples were performed in a single multiplex PCR assay. To evaluate the inter-assay
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variation, the above single multiplex PCR was performed as three independent

multiplex PCR assays.

Diagnostic performance of the multiplex PCR

To evaluate the reliability of the developed multiplex PCR for clinical testing,
the performance of the assay was compared to those of the simplex PCR and a
commercial test kit (Antigen Rapid CIRD-3 Ag test kit, Bionote, South Korea). The
sensitivity, specificity, positive predictive value and negative predictive value were
determined. Independent t-test was used to evaluate the difference between route of
sample collection and number of viral detection using SPSS 22.0 (IBM Corp, New York,

USA)

RESULTS
Study population

The 51 dogs with respiratory clinical illness included in this study were 29 males
and 22 females. Most of the dogs were puppies (37.3%) or senile (23.5%). Most
presented with a nasal discharge (80.4%), coughing (47.1%), loss of appetite (56.9%)
and bronchopneumonia (41.2%). Only 29.4% (15/51) of dogs were vaccinated.

Optimized and analytical performances of simplex and multiplex PCR assays

Optimization of each simplex PCR was undertaken using positive controls and
clinical samples with different cycling conditions. Different annealing temperatures
were evaluated, with the optimum Ta for all virus detections being 58 °C, at which
temperature no primer dimers or non-specific amplicons were detected (data not
shown). In silico and in vitro analytical specificity tests revealed that each primer was
able to amplify the specific target DNA without any cross amplification among the
CIRDC viruses, CPV, CCoV and B. bronchiseptica. In addition, the sequenced amplicons
showed 100% sequence identity with their respective corresponding sequence in the

GenBank database.
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Analytical sensitivity, specificity and reproducibility

The sensitivity of the multiplex PCR was tested by detection of the various
viruses in serial dilutions and compared with that using the simplex PCR for each
particular virus. The multiplex PCR products of the tested viruses were observed at the
same template dilutions as with the simplex PCR, suggesting a similar sensitivity for the
simplex and multiplex PCRs (Figs. 1 & 2). The highest detection threshold was found
for CDV and CRCoV, then CaHV-1 and CIV, and finally by CPIV and CAdV-2.

The specificity of the tested PCRs was evaluated by using other pathogens as
mentioned above. No specific amplicons were detected in all reactions. For evaluation
of the reproducibility, both intra- and inter-assay variations revealed similar results

among the assays (data not shown).
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Figure 1. Analytical sensitivity test of the (A-D) simplex and (E) multiplex RT-PCR of RNA-associated
CIRDC viruses. (A) CIV, (B) CPIV, (C) CDV and (D) CRCoV. Two-fold serial dilutions of the positive
controls ranging from 2° -27'° ng/reaction were assayed. Detection threshold was equal in both
the simplex and multiplex modalities and revealed minimal detectable dilution at 2°%@v), 27

(CPIV) and >27'° (CDV and CRCoV) ng/reaction. M= DNA marker 100 bp, -ve= negative control.



a1

L
.

|| HRIEE §

CAdV-2

Figure 2. Analytical sensitivity test of (A, B) simplex and (C) multiplex PCR of DNA-
associated CIRDC viruses. (A) CAdV-2 and (B) CaHV-1. Two-fold serial dilutions from 2°
~271% ng/reaction were tested. Detection threshold was similar in both the simplex and
multiplex modalities and revealed minimal detectable dilution at 27 (CAdV-2) and 2°¢

(CaHV-1) ng/reaction. M= DNA marker 100 bp, —ve= negative control.
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Figure 3. Results of the (A) multiplex RT-PCR and (B) multiplex PCR tested on clinical

samples (51-S14). M=DNA marker 100 bp, —ve= negative control, +ve= positive control.
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Evaluation of the multiplex PCR using clinical specimens

The multiplex PCRs were tested on the 51 NS and 51 OS samples (Fig. 3) and
compared with the simplex PCR assays for each respective virus (Table 2.). The CAdV-
2 and CRCoV detection had 100% sensitivity and specificity for both the NS and OS
sampling sites. False negative results were observed in CaHV-1, CIV, CPIV and CDV
detection when performing multiplex PCRs, which resulted in a lower sensitivity of
87.5-97.7%. The PPV (100%) of all multiplex PCRs was consistent with the specificity
(100%), while the NPV (89.5-99.0%) of those reactions was contrary with their
sensitivity. Neither the multiplex RT-PCR nor the multiplex PCR showed false positive
results when compared with its simplex counterpart.

The comparison between the multiplex PCRs and the rapid three-antigen test
kit (CAdV-2, CIV and CDV) was performed on the same samples (Table 3.). With the
clinical samples tested in this study, the rapid test kit yielded 100% sensitivity and a
relatively high specificity for CAdV-2 and CDV. However, for CIV, there were high
numbers of PCR-positive samples detected by multiplex PCR (83/102) whereas the test
kits showed negative results.

Detection of CIRDC viruses in clinical samples by multiplex PCR

In single infections, CIV was the predominant virus detected and accounted for
23.5% (12/51) and 19.6% (10/51) positive NS and OS samples, respectively. The next
most common virus was CPIV, detected at 3.9% (2/51) and 5.8% (3/51) of NS and OS
samples, respectively, with 2% (1/51) being positive for CRCoV infection in both NS and
OS samples. Even though the CDV, CAdV-2 and CaHV-1 were not detected as a single
infection, they were detected in multiple infections in these tested samples (Table 4.).

For dual infections, the most frequently detected viruses were CIV co-infected
with CRCoV at 13.7% and 21.6% in NS and OS, respectively, followed by CIV with CPIV
at 9.8% and 7.8% in NS and OS samples, respectively. For triple infections, CIV and
CRCoV were frequently found together co-infected with other viruses, and especially
with CDV and CPIV. However, one dog was negative for all tested viruses in both the

NS and OS sample.
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Generally, dual infections were predominant in CIRDC suffering dogs (42.2%),
followed by single (28.4%) and triple (22.6%) infections. With regards to the sampling
site, the frequency of positive results was not statistically different between the OS

and NS sampling sites (P>0.05).
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Table 2. Comparison of the results from the simplex PCR and multiplex PCR for

detection of CIRDC associated viruses in clinical samples.

Simplex PCR
CAdV-2 pos* CAdV-2 neg!
CAdV-2
NS? 0s? NS 0s
CAdV-2
Multiplex 4 6 0 0
pos
PCR
CAdV-2
0 0 a7 45
neg
Total 10 92
CaHV-1 pos CaHV-1 neg
CaHV-1
NS oS NS 0Os
CaHVv-1
Multiplex 3 4 0 0
pos
PCR
CaHV-1
1 0 ar a7
neg
Total 8 94
CIV pos CIV neg
Clv
NS oS NS 0os
Multiplex  CIV pos a1 a2 0 0
RT-PCR
ClV neg 1 1 9 8
Total 85 17

Total

10

92

102

95

102

83

19
102

Sensitivity  Specificity ~PPV?

100 100 100
87.5 100 100
91.7 100 100

NPV?

100

99

89.5

'pos = positive, neg = negative. NS = nasal swab, OS = oropharyngeal swab. PPV =

positive predictive value, NPV = negative predictive value



Table 2. Comparison of the results from the simplex PCR and multiplex

PCR for detection of CIRDC associated viruses in clinical samples

(continue).
Simplex PCR Total Sensitivity  Specificity PPV®  NPV?
CPIV pos CPIV neg
CPIV
NS 0s NS 0os
Multiplex  CPIV pos 18 15 0 0 33
RT-PCR
CPIV neg 1 2 32 34 69
Total 36 66 102 91.7 100 100 95.7
CDV pos CDV neg
cbv
NS 0s NS oS
Multiplex  CDV pos 14 13 0 0 27
RT-PCR
CDV neg 2 1 35 37 75
Total 30 72 102 90 100 100 96
CRCoV pos CRCoV neg
CRCoV
NS 0s NS oS
CRCoV
Multiplex 23 23 0 0 a6
pos
RT-PCR
CRCoV
0 28 28 56
neg
Total a6 56 102 100 100 100 100

'pos = positive, neg = negative. NS = nasal swab, OS = oropharyngeal swab. PPV = positive

predictive value, NPV = negative predictive value.

a6



Table 3. Comparison of the results from the multiplex PCR and the rapid
antigen test kit for the detection of CAdV-2, CIV and CDV in clinical samples.

Rapid antigen test kit Total Sensitivity  Specificity =~ PPV? NPV?

CAdV-2 pos! CAdV-2 neg!

CAdV-2
NS? 0s? NS oS

Multiplex  CAdV-2

PCR pos
CAdV-2
0 a7 45 92
neg
Total 1 101 102 100 91.09 10 100
CIV pos CIV neg
Clv
NS 0s NS 0s
Multiplex — CIV pos 0 0 41 42 83
RT-PCR
CIV neg 0 0 10 9 19
Total 0 102 102 uct 18.63 0 100
CDV pos CDV neg
cbv

NS 0os NS oS

Multiplex  CDV pos 6 6 8 2 27
RT-PCR
CDV neg 0 0 37 38 75
Total 12 90 102 100 83.33 44.44 100

! pos = positive, neg = negative. 2 NS = nasal swab, OS = oroph