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Feline calicivirus (FCV) is wildly known as one of the significant causative viral pathogens causing
self-limited upper respiratory tract and oral disease in cats. In the last decade, severe FCV form, as named a
virulent systemic feline calicivirus (VS-FCV), has distinctly emerged worldwide even though commercially
available vaccines for FCV are typically used in Thai cats. However, the data of either prevalence or molecular
characterization has never been officially noticed in Thailand. Thus, this study aimed to provide molecular
epidemiology and characterization of the FCV circulating in Thai cats during 2016-2021. Moreover, the high-
resolution melting analysis (HRM) is  utilized for simultaneous detection and strain  typing.
Immunohistochemical staining (IHC) and in situ hybridization (ISH) were also performed for viral localization in
tissues. Our results demonstrated FCV incidence circulating in Thai cats as 46.7% and associated with
gingivostomatitis lesion with an odds ratio of 9.02 (95% Cl: 2.61-30.46; p<0.001). The FCV Thai strains (FCV-THs)
were clustered in genogroup | without any viral recombination evidence. One of our cases had shown clinical
signs, likely VS-FCV, and became sudden death, and we could complete the whole genome coding sequence
of these samples. Moreover, our study successfully validated the HRM technique that could segregate
between two commercially available FCV vaccine strains and five wild-type FCV Thai strains within a single PCR
reaction. Furthermore, the reverse-transcription polymerase chain reactions (RT-PCRs) disclosed positive results
in various organ tissues in one VS-FCV dead cat, which represented related clinical signs of virulent strain.
Afterward, HC, ISH, and transmission electron microscopy (TEM) were performed to confirm the localization,
distribution, and existence of viral pathogens. As known that target cells of FCV are epithelial and endothelial
cells, interestingly, our findings represented FCV antigen either protein or genomic signal in the neuronal cells.
This was confirmed the existing intranuclear virion by TEM. In conclusion, we suggested that FCV circulation in
Thai cats is still on a big scale, even though the vaccination is wildly used. So, monitoring emerging vaccine
breakdown strains and possibly influencing the evolution undergone positive selection is still needed. Lastly,

the insight study about FCV-associated neuropathy should be more investigated in further research
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CHAPTER |

Introduction

Outline of the thesis

The dissertation is composed of five chapters. The first chapter starts with an
overview of the thesis, including the general introduction, importance and rationale,
objectives of the studies, review literature, and advantages of the studies. Chapter
two to chapter four in the dissertation represent all the studies. Firstly, we provide
the overview of molecular epidemiology and characterization of the feline calicivirus
(FCV) circulating in Thai cats during 2016-2021. Then, the fashionable simultaneous
diagnostic and strain differentiation technique is developed and validated in this
study based on the principal knowledge of molecular characterization of FCV Thai
strains (FCV-THs). Furthermore, viral pathogen localization, distribution, and existence
are achieved by using various techniques, including immunohistochemistry (IHC), in
situ hybridization (ISH), and transmission electron microscope (TEM). Finally, the last

chapter will offer a general discussion and conclusion.

Importance and rationale
Feline upper respiratory tract disease (FURTD) is a complex disease typified by

rhinotracheitis, conjunctivitis, gingivitis, stomatitis, and faucitis. Although there are
several pathogens involved with FURTD, including bacteria and viruses, clinical signs
are similarly revealed. Feline calicivirus (FCV) is recognized as one of the common
viral pathogens of FURTD that cause acute feline respiratory problems and oral
disease (Fernandez et al., 2017) The clinical features present in FCV infected cats are

various, including rhinitis, conjunctivitis, stomatitis, glossitis, oral ulceration, and
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pneumonia (Hurley and Sykes, 2003; Monne Rodriguez et al., 2018). Usually, the
mortality rate of FCV infection is low, and recovery cats can become an
asymptomatic carrier stage after recovering and shedding the virus for more than 30
days (Wardley, 1976; Hou et al., 2016). On the other hand, we occasionally recognize
developing fatal pneumonia in the kitten (Monne Rodriguez et al., 2014; Caringella et
al., 2019).

The common replication site of FCV is the oropharynx (Wardley, 1976), and
most feline chronic gingivostomatitis (FCGS) cases show an association with the
presence of FCV (Thomas et al., 2017). Interestingly, although the typical clinical sign
and detection of FCV is respiratory tract and oral diseases, some publications have
also identified the virus in fecal of healthy and diarrhea cats (Zhang et al., 2014).
Moreover, the replication ability in the enteric tract of some FCV strains has been
reported ( Mochizuki, 1992; Radford et al., 2007), but the etiological role and
pathogenesis are still unclear. Due to other viruses in different genera, but the same
family of FCV, such as Norovirus, can cause gastrointestinal disease in humans.
Recently, it has been demonstrated that FCV and feline norovirus (FNoV) infection
are associated with acute diarrhea in kittens (Castro et al., 2015).

Genetic diversity leads to quasispecies virus evolution, especially RNA virus.
Besides, the mortality rate of FCV infection is previously recognized as low (1-2% )
(Wong et al., 2013). However, a severe clinical sign and a higher mortality rate raising
to 60% have been published several times in the last ten years (Hurley et al., 2004,
Prikhodko et al., 2014). Although the FCV vaccine seems likely to deduct the severity
of classical signs of FCV infection, it does not show potency to protect the animal
from either infection or reduce the clinical sign of virulence systemic FCV (VS-FCV)
symptoms (Radford et al., 2007; Caringella et al., 2019). In addition, genetic
characterization of this atypical FCV is studied and identified as an emerging FCV

virulent strain (Meyer et al.,, 2011; Battilani et al., 2013). Moreover, recombination of
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FCV has been reported both in vitro (Symes et al., 2015) and naturally-occurring
recombinants (Coyne et al., 2006¢).

The traditional and gold standard viral identification method is still a cell
culture technique, but it is a time-consuming, laborious, and high-cost procedure.
High resolution melting (HRM) analysis, in which the broadening application of real-
time PCR, is a rapid, cost-efficient, and close-tube system that post-PCR processing is
unnecessary (Marin et al., 2016). Moreover, HRM is widely used for simultaneous
detection and typing pathogens in humans (Toi and Dwyer, 2008a; Tajiri-Utagawa et
al., 2009) and animal field (Marin et al., 2016; Vaz et al., 2019). On the other hand,
using the HRM technique for differentiation of FCV variant had never been
documented.

Even though there are preliminary reports of FCV prevalence in Thailand
(Phongroop et al., 2018a; Phongroop et al., 2018b), the genetic background of these
have never been identified. Therefore, the genomic approach of FCV circulating in
Thailand may be essential for understanding and surveillance strain diversity of FCV
in Thai cats. Thus, developing a diagnostic technique that is less time-consuming,
affordable advantage, and can perform both detection and typing pathogen

simultaneously, such as the HRM technique, might be helpful.

Literature reviews

Characterization and genome organization of Family Caliciviridae

The Caliciviridae member can wildly infect various animal species, such as
humans, swine, marine mammals, lagomorphs, cattle, sheep, dogs, and cats.
Pathogenic caliciviruses commonly cause signs in their specific host, including enteric,
oral, respiratory, and systemic diseases (Maclachlan et al., 2016). The family
Caliciviridae currently consists of eleven genera, including most members (7 genera)

infect the mammals (Lagovirus, Norovirus, Nebovirus, Recovirus, Sapovirus, Valovirus,
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and Vesivirus), two of genera infect birds (Bavovirus, Nacovirus). In addition, two
genera infect fish (Minovirus and Salovirus) (Vinje et al., 2019). The members of the
Caliciviridae family consist of a virus with a single-stranded, positive-sense RNA
genome ranging from 6.4 to 8.5 kb (Vinje et al., 2019). The calicivirus virions are non-
enveloped icosahedral capsid, 27-40 nm in diameter range (Figure 1) (Conley et al.,
2019). The viral capsid consists of 180 copies of a single major structural protein
(VP1) with 55-70 kDa, which is arranged in a T-3 icosahedral lattice (90 dimers) (Figure

1b).

Figure 1 Cryo-electron microscope structure of Feline calicivirus (FCV).

a, an icosahedral 3D reconstruction of FCV virion by the shells of capsid are shown in
color orange and the outer faces of the protruding capsomeres are demonstrated in
yellow and green (Conley et al., 2019). b, an illustration of T=3 icosahedral capsid

gathers from 90 dimers of major capsid protein (VP1)

The calicivirus genome includes the nonstructural and structural proteins
encoded by a different open reading frame (ORFs). The number of ORFs in the full-
length genome of Caliciviridae members is established into 2-4 ORFs (Figure 2) (Vinje

et al., 2019).
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In all Caliciviridae members, a viral genome-linked protein (VPg), ranging 13-16
kDa, is covalently bound at 5’end, then followed with an un-translation region (UTR);
meanwhile, the polyadenylated (PolyA) is following UTR and attached at the 3’ end
in both genomic RNA (gRNA) and subgenomic RNA (sgRNA) (Figure 3) (Vinje et al.,
2019). Moreover, the transcription of 3’ co-terminal sgRNA also occurs during
infection, so the initial translations are driven by both calicivirus gRNA and sgRNA

(Royall and Locker, 2016; Urban and Luttermann, 2020).

ORF1 ORF2 genera
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Figure 3 Illustration of Caliciviridae members genome organization.

VPg is covalently linked to the 5-ends of both genomic and subgenomic RNAs and is

displayed as a black circle (Vinje et al., 2019).
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Feline calicivirus (FCV)

Genome characterization of FCV

FCV belongs to the genus Vesivirus, the family Caliciviridae (Weiblen et al., 2016).
FCV is a small RNA virus with approximately 7.7 kb that can be separated into 3
ORFs, including ORF1, ORF2, and ORF3 (Figure 4) (Symes et al., 2015; Pereira et al,,
2018; Smertina et al., 2019). ORF1, which is located at the 5’ end of the genome,
encodes the nonstructural proteins, whereas ORF2 encodes the leader capsid (LC)
and the major capsid protein (VP1), and ORF3 encodes the minor structural protein
(VP2) (Radford et al., 2007). Likely other viruses, ORF1 is the largest coding sequence
of FCV and encode the polyproteins that can be post-translational cleaved as six
nonstructural proteins containing p5.6, p32, 2C-like helicase (NTPase), p30, 3C-like
protease (Pro), and RNA dependent RNA polymerase (RdRp), and VPg. In addition,
RdRp plays an important key in being responsible for viral replication; moreover, it
also can speed up the viral evolution cause of its error-prone nature (Smertina et al,,
2019). Additionally, the evidence refers that the sequence identity between ORF1
and ORF2 is susceptible to be a majority recombination hot spot site of some
Caliciviridae member; Noroviruses and Feline calicivirus, has been reported
(Katayama et al., 2002b; Kojima et al.,, 2002; Symes et al., 2015).

A unique characteristic of Vesivirus members is that it has a translation initiation
mechanism by using a LC as a precursor for the initial generator of the VP1 (Urban
and Luttermann, 2020). Following the amino acid sequence alignment and antigenic
analyses, the VP1 can be divided into six distinct regions (A to F), in which region A

corresponds to the LC protein (Cubillos-Zapata et al., 2020)

The LC protein functionally acts as an essential element in viral spread by
associated with cytopathic effect; meanwhile, the VP1 is responsible for capsid
formation and reveals to correlate with the replication complex ( Urban and

Luttermann, 2020). Regions B, D, and F are relatively conserved, whereas regions C
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and E are highly divergent among FCV isolates. Region E is the immunodominant
region where further differentiated into 5° (5’ HVR-E) and 3’ hypervariable regions
(3’HVR-E), split by a conserve central region (Cons-E) (Figure 5) (Radford et al., 1999;
Neill et al., 2000). Importantly, it has been identified that the 5’HVR-E region played a
role as an immunodominant region in which encoded major B-cell epitope being
targeting for virus-neutralizing antibodies (Radford et al., 1999; Geissler et al., 2002;
Pereira et al., 2018). Moreover, the high variation E region is commonly used for

molecular study and differentiated FCV strain (Radford et al., 1998; Sato et al., 2002).

. ORF1
VPg —ps.sl P32 ‘NTPase P30 ’VPg Pro‘ RdRp ORF2
Llc vt
Only VESV A
ORF3
Subgeneric \/pg—«j LC ] VP1
RNA L |

VP2 —A,

Figure 4 Illustration of Feline calicivirus genomic organization.

a, Genomic full-length RNA of about 7.5 kb contains three ORFs; ORF1 encodes a
polyprotein that undergone posttranslational cleavage into non-structural protein;
ORF2 and ORF3 encode the major and minor structural protein (VP1 and VP2)
respectively. b, Sub-genomic RNA of vesiviruses also encode VP1, VP2, and a small
leader of the capsid protein (LC). The coding sequences are demonstrated by color
boxes that flanked by untranslated sequences (line). Circle shapes refer to the viral
protein genome linked (VPg) that are covalently bound to 5’ end of genomic and
sub-genomic RNA. A, substitute the polyA tail at 3’end of genomic and sub-genomic

RNA. (Modified from (Smertina et al., 2019))
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Figure 5 The genome mapping of feline calicivirus (FCV). modified from (Henzel

et al., 2012)

The VP1 monomer contains three structural domains, including an N-terminal
arm (NTA), a shell domain (S), and a protrusion domain (P) (Figure 6). The P domain is
a flexible protruding part and further divided into P1 and P2 subdomains, by the
latter subdomain located as a surface-exposed region of the viral capsid. Likewise,
two distinct linear epitopes that have been recognized by neutralizing and non-
neutralizing monoclonal antibodies were discovered at the outermost capsid surface
(P2 subdomain) of VP1 within the 5”HVR-E region (Cubillos-Zapata et al., 2020). In
addition, some amino acid residues, including 438, 440, 448, 452, and 492 of the
HVR-E regions, had been significantly disclosed associated with VS-FCV pathotype
variance (Brunet et al., 2019). However, a few studies have shown results that do not
support the hypothesis that this amino acid property can differentiate between

respiratory and VS-FCV pathotypes (Di Martino et al., 2020; Bordicchia et al., 2021).

The last FCV genome component, VP2 minor capsid protein, has a function to
form a channel in the capsid via a portal-like assembly for transporting the viral

genome to the cytoplasm of the host cell (Conley et al., 2019).
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Figure 6 Structural of FCV major capsid protein, VP1.

a, Presentation of deduce amino acid region by A refer to leader capsid protein (LC)
position. b, Display the infer amino acid position (Reference GenBank accession
number AAA79324) of VP1 structural protein (NTA, N-terminal arm; S, a shell domain;
P1 and P2, Protruding domain). ¢, Ribbon model refer to the VP1 protein structure
(Protein Data Bank [PDB] accession number 3M8L) and the VP1 structural domains

also demonstrate (Cubillos-Zapata et al., 2020).

Clinical finding of FCV infection

FCV is recognized as one of the primary viral pathogens for FURTD. Most FCV-
infected cats present either non-clinical symptoms (Uri, 2014) or acute respiratory
disease and oral ulceration as the typical sign (Pesavento et al., 2008). Furthermore,
many cats suffering from feline chronic gingivostomatitis (FCGS) are also associated
with FCV infection (Thomas et al., 2017). Prevalence of FCV infection detecting in
both household and shelter cats have been reported worldwide between 8%

(Bannasch and Foley, 2005) to 50% (Schulz et al., 2015; Phongroop et al., 2018a), and
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indistinct predisposing risk factor such as age, sex, and sterilization are demonstrated

(Bannasch and Foley, 2005; Gourkow et al., 2013).

Classically, FCV-infected cats are characterized being self-limited infections and
more rarely relative to sudden death (Gaskell et al., 2012). After recovery, infected
cats mostly became the carriers by shedding the virus for more than 30 days
(Wardley, 1976; Hou et al., 2016). In the last decade, the emerging highly virulent FCV
strain, known as a virulent systemic disease (VS-FCV), was published continuously
(Pesavento et al., 2004; Willi et al., 2016; Caringella et al., 2019). VS-FCV was firstly
described when its outbreak in 1998 (Pedersen et al., 2000a). Clinical signs of VS-FCV
were involved multiple organs, including subcutaneous edema, oral and cutaneous
ulceration, mainly auricle and plantar pad (Pedersen et al., 2000a; Hurley et al,
2004). The mortality rate of VS-FCV highly reaches 50% (Hurley and Sykes, 2003).
Radford et al. (Radford et al., 2009) represented that VS-FCV outbreak is usually
initiated in the multi-cat community, resulting in rapid onset, spread, and high
mortality (Radford et al., 2009). Although several data indicated that VS-FCV emerging
had liberated from genetically distinct FCV strain (Coyne et al,, 2006b; Reynolds et
al.,, 2009; Schulz et al., 2011), assays to characterize genetic pattern to clarify the
highly virulent FCV biotype had been unclear (Abd-Eldaim et al., 2005; Foley et al.,

2006; Rong et al., 2006; Willi et al., 2016).

RNA viruses are acceptable to be the subject with rapid evolution, influenced by
the poor proofreading of the RNA polymerase (Domingo et al., 1996). Caliciviruses are
counted as viral families that show rapid evolution, resulting from intergenomic
recombination (Posada et al., 2002). Many FCV publications have recognized the
recombination both in vitro systems (Symes et al., 2015) and in endemically infected
cat colonies (Coyne et al., 2006a; Symes et al., 2015). Interestingly, Symes et al.

(Symes et al., 2015) have been noticed as a “hot spot” of recombination events
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between ORF1 and ORF2 with a recombination rate of at least 6.8 x 10° single
direction recombinant genomes per parental viral genome. In addition, the viral
recombination may be potentially a consequence of viral evolution producing novel
emerging strain, so understanding and monitoring the viral involvement is essential

(Symes et al., 2015).

Host receptors of FCV

Virus-receptor interaction is crucial in the disease's host range, tissue and cell
tropism, and pathogenesis. The binding of the virus to the receptor at the cell
surface is essential for triggering the downstream mechanism of viral infection. At the
beginning of infection, FCV binds to the feline junctional adhesion molecule A (fJAM-
A). Then, the conformation change in VP1 is initiated after receptor engagement for
genome release after internalization (Conley et al., 2019). FCV passes into cells via
clathrin-mediated endocytosis (Stuart and Brown, 2006). Endosomal acidification is an
essential step for the viral entering process, even though the virus's mechanism
evades the endosomal degradation and transports their genome into host cell

cytosol is uncertain (Penaflor-Tellez et al., 2019).

fJAM-A has been identified as a functional receptor of FCV (Makino et al., 2006).
Junctional adhesion molecules-A (JAMs-A) is a type | transmembrane glycoprotein
containing two extracellular immunoglobulin (lg) like domains, D1 and D2, a
transmembrane domain, and a short cytoplasmic tail (Lu et al., 2018). It is usually
found at the tight junctions of endothelial and epithelial cells and on platelets and
leucocytes (Liu et al., 2000; Ebnet et al., 2004). The previous reports have suggested
that the conserved surface residues on P2 subdomain on the capsid surface are a

key for regulating fJAM-A interaction and downregulating the conformation changes.
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These mechanisms seem likely to influence the kinetics of infection and virulence of

different FCV isolates (Ossiboff et al., 2010; Lu et al., 2018).

Pathogenesis and pathology of FCV

The incubation period of FCV infection is 2-6 days. In cats infected with less
virulent virus strains, the lesions are usually limited within the upper respiratory tract,
oral cavity, and conjunctiva. Additionally, oral ulceration begins as vesicles that
quickly rupture; then, the recovery consumes the subsequent 2-3 weeks. Besides,
oral ulceration is also characteristic of VS-FCV infections. They usually affect the
tongue, gingiva, and hard palate; moreover, they work on the nasal cavity and skin
epithelium. Lesions in the footpads range from mild hyperemia to sloughing of the

entire pad (Maclachlan et al., 2016).

Moreover, subcutaneous edema, mainly on the head and limbs also involves
(Monne Rodriguez et al., 2014). Interstitial pneumonia has developed in cats or
kittens either infected with a virulent strain or co-infected with another feline
respiratory virus, such as feline herpesvirus-1 (FHV-1) (Pesavento et al., 2004; Monne
Rodriguez et al., 2014; Monne Rodriguez et al., 2018). Multiorgan necrosis, especially
in the lung, liver, spleen, and pancreas, is occasionally noticed in VS-FCV infected
cats (Pedersen et al., 2000b) by the antigen of the virions detected on both
intranuclear and intracytoplasmic (Pesavento et al., 2004). Infection of endothelial
cells with subsequent vascular injury potentially describes the striking facial and limb

edema in cats with the systemic form of the disease.

In the last decade, detection of FCV in normal and clinical gastroenteritis has
been frequently presented (Zhang et al., 2014; Castro et al., 2015; Di Martino et al.,
2020). Moreover, the replication ability in the enteric tract of some FCV strains has

been reported ( Mochizuki, 1992; Radford et al., 2007), and there are some
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suggestions that some FCVs strains may promote enteric tropism and ultimately
serve as enteric pathogens (Di Martino et al., 2020). Thus, FCV should be considered
a causative viral pathogen in the diagnostic algorithm of feline viral enteric diseases.
Lastly, Although FCV is not a neurotropic virus, reports of FCV in the neuronal cell
are also discovered (Battilani et al., 2013; Wardhani et al., 2021). However, the way to

deliver the virus to neuronal cells is still poorly understood.

Diagnostic assays of feline upper respiratory virus

Previously, FURTD was diagnosed by relying on clinical signs, epidemiological
data, and medical data, which provided the least accuracy. However, using
laboratory techniques for viral detection directly is preciously enhancing the accuracy
of diagnosis (Weiblen et al., 2016). Nowadays, molecular diagnostic methods, either
conventional polymerase chain reaction (PCR) or quantitative polymerase chain
reaction (gPCR), are more frequently used to diagnose FCV due to its less expensive,
less cumbersome, and rapid turn-around-time than traditional viral identification,
such as viral isolation (Ruch-Gallie et al., 2011). However, conventional PCR assay
cannot differentiate between the vaccine strain and natural strains of FCV (Maggs and
Clarke, 2005). Therefore, the application of genome sequencing is usually additionally
operated to verify between vaccine and field strain (Weiblen et al., 2016), especially

has been utilized to identify vaccine outbreak strain (VBS) of FCV (Ohe et al., 2007).

In the last decade, gPCR application using melting curve analysis (MCA) has been
utilized to differentiate genotype of viral sequence, by without probe, in the
principle of different C:G ration given divergent melting temperature (T,,). Helps et al.
have ever differentiated 17 FCV strains from MCA of 60 PCR products (Helps et al.,

2002). Moreover, Wilhem and Truyen had also presented the advantage of RT-gPCR
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with MCA to detect genomic variation of different FCV isolates (Wilhelm and Truyen,

2006)

Melting curve analysis (MCA)

MCA principally determines the dissociation of double-stranded DNA (dsDNA)
during heating. Double-stranded DNA incorporated with saturated fluorescence will
strongly present in the low-temperature situation of ending PCR reaction. When the
temperature is raised in the melting analytical phase, dsDNA starts to separate by the
temperature that 50% of DNA is denatured, known as the melting temperature (T,,).
In the denaturation phase, the fluorescence signal will decrease slowly at first. Then,
the fluorescence signal will dramatically reduce at a particular temperature,
indicating the melting of double-strand DNA inverts to single-strand DNA (Figure 7)
(Reed et al., 2007). The melting temperature and characteristic pattern in the melting
curve of amplified products are highly influenced by G:C content, length, and the
nucleotide sequence (Marin et al., 2016). Therefore, the fluorescence reporter
molecule is the key to detection in MCA by determining the total amount of
accumulated DNA during DNA amplification (Mao et al., 2007).

Many DNA-binding dyes have been used for the application, including SYBR
Green |, SYTO9, and others (Mao et al., 2007). SYBR Green is the most famous gPCR

dye; however, it still has several disadvantages. One of the problems is that the

limitation concentration, <0.5 UM, can use in the reaction due to their tendency to
inhibit PCR reaction (Figure 8) (Giglio et al., 2003). Consequently, the new generation
of saturated dyes has been developed for a better result to determine the single-

base variant and others applicable of MCA.
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High resolution melting analysis (HRM)

High resolution melting analysis (HRM) is a DNA analysis technique which has
been firstly introduced in 2002 (Reed et al., 2007). HRM is an extended analysis tool
after the gPCR application, by it is a modern high-resolution MCA that uses novel
saturated dye and high-resolution instrument (Reed et al., 2007). It principally
determines the alteration of fluorescence saturating dye that does not inhibit PCR
reaction after the PCR amplification. The melting profile of PCR products that are
influenced by their G:C content, length, and genotyping variation have been utilized

to study DNA structure and arrangement for many years (Vossen et al., 2009).
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Figure 7 Fluorescent melting analysis.

a, the original fluorescence data presenting a linear decrease of signal at low
temperature, then go along with a rapid reduction around the melting temperature
(T). The lowest fluorescence signal is revealed when the DNA is single stranded. b,
the original fluorescence is normalized as 0 to 100 after background withdrawal

(Reed et al., 2007)

Cause of the limitation of SYBER Green | that can inhibit PCR reaction and dye re-

localization possible to occur during melting. Many saturated dyes, such as LCGreen®
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and EvaGreen®, have been established for solving the problem. HRM can detect
genotyping, even single base substitution modified sequence by dispensable
fluorescence probe. HRM has been wildly utilized in several manners, including
mutation scanning, repeat typing, and genetic variants screening (Reed et al., 2007). In
human medicine, HRM is an advantageous technique for simultaneous detection and
pathogen genotyping differentiation. For example, in 2008, Toi and Dwyer had used
an HRM application to detect single nucleotide polymorphism (SNP) and to
differentiate between vaccine and wild-type varicella-zoster virus (VZV) strain (Toi
and Dwyer, 2008a). Moreover, Taijiri-Utagawa et al. had developed HRM for routine
detection and genotyping of Norovirus from clinical samples (Tajiri-Utagawa et al.,

2009).

e G

Figure 8 Intercalating dyes.

a, Nonsaturated intercalating dyes, e.g., SYBER Green I®: some dye molecules
relocate as melting begins. b, Saturated intercalating dyes, e.g., EveGreen®, the dye

saturation leaves no room for relocation during melting.

Besides, HRM is also applied in veterinary medicine; it has been published the
use of HRM for simultaneous detection and identification of Bovine herpesvirus type
1 (BoHV-1) and 5 (BoHV-5) both in vivo and clinical samples (Marin et al., 2016).

Furthermore, Vaz et al. (Vaz et al., 2019) have applied this technique in a molecular
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epidemiological study of 810 koalas. Two Koala gammaherpesviruses, phascolarctid
gammaherpesviruses 1 and 2 ( PhaHV-1 and PhaHV-2) ,had been detected,
discriminated, and shown viral prevalence and clinical association in this study (Vaz
et al., 2019). Moreover, this application is also utilized in companion animals for
detection and differentiation between canine parvovirus and feline parvovirus (Sun et
al., 2019). In addition, HRM seems likely simplicity, rapid, inexpensive closed-tube
format, satisfying sensitivity, and specificity. Thus, this technique is a proper method

for diagnosis and molecular epidemiological study of feline upper respiratory viruses.

Objectives of the study

1. To determine the incidence of feline calicivirus circulating in Thai cats during
2016-2021.

2. To investigate the molecular characterization and diversity of circulating FCV
strains in Thai cats and identify the strain variability between FCV-TH strains
and previously known sequence strains deposited in the database.

3. To establish HRM assay for concurrent diagnosis and strain differentiation,
either FCV vaccine strain (FCV-Vac) and wild-type FCV-THs and between wild-
type FCV-THs from a clinical sample.

4. To localize viral protein, genomic antigen, and virion for determination cell
tropism of VS-FCV circulating in Thai cats using immunohistochemistry (IHC), in

situ hybridization (ISH), and transmission electron microscopy (TEM).

Hypothesis

FCV circulating in Thai cats can be simultaneously detected and differentiated
strain using a high-resolution melting analysis application. In addition, a novel
knowledge of cell tropism of VS-FCV can be disclosed by using IHC, ISH, and TEM

assay.
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Advantages of the study

1.

Establishment of HRM assay as rapid, simultaneous detection and
differentiated strain typing of FCV circulation in Thai cats.

Serving as a fundamental knowledge regarding the genetic variation and
whole-genome sequence of FCV in Thailand.

Acquirement of the current epidemiological and genetic diversity of FCV in
Thai cats.

Establish ISH techniques to understand better cell tropism of VS-FCV infection

in Thai cats.
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Abstract

Feline calicivirus (FCV) is one of the major viral pathogens causing upper
respiratory tract and oral diseases in cats. Virulent systemic feline calicivirus (VS-FCV)
variant has been consistently reported worldwide in the last decade. This study
aimed to determine molecular epidemiology, characterization, and diversity of
circulating FCV strains in Thai cats. Nasal, oropharyngeal, and rectal swabs from 184
cats from various regions were collected to investigate the incidence of FCV and
feline herpesvirus-1 (FHV-1) infection from 2016 to 2021 using reverse transcription
real-time polymerase chain reaction. The overall incidence of FCV, FHV-1, and co-
infection of both viruses was 46.7% (86/184), 65.8% (121/184), and 31.5% (58/184),
respectively. The association between singly FCV infection and the presentation of
gingivostomatitis lesion was shown with an odds ratio (OR) of 9.02 (95% ClI: 2.61-
30.46; p < 0.001). Moreover, the vaccination displayed well protectability to only FCV
infection (OR: 0.31, 95% Cl: 0.10-0.93; p = 0.036). Amino acid sequence analysis of the
VP1 major capsid protein of 14 FCV-Thai (FCV-TH) strains revealed that they could be
segregated as 14 strains with a genetic distance between 0 - 86.6%. The evidence of
physicochemical amino acid criteria like VS-FCV strain was recognized from three
samples (KP100, KP103, and KP105) derived from kittens with mild respiratory illness,
which was incompatible with the previous report. Interestingly, one FCV-TH strain
(KP339) showed phylogenetically related to vaccine strains based on full-length VP1,
P2 subdomain, and hypervariable region E. So, the geographic region where the high
number of circulating FCV detected might result in their rapid response to selective
environmental force. Lastly, the evolutionary vaccine strain for FCV protection
should be further investigated in Thai cats to find the most effective FCV prevention

and control protocol.

Keywords: Cats, Feline calicivirus, Phylogenetic analysis, Physicochemical property,

Strain diversity, Thailand
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Introduction

Feline calicivirus (FCV) is one major viral pathogen causing feline upper
respiratory tract disease (FURTD) and oral disease in cats. The typical clinical signs of
FCV infection are sneezing, nasal and ocular discharge, conjunctivitis, and oral
diseases, such as tongue ulceration, glossitis, gingivostomatitis, and faucitis. Although
FCV-infected cats generally reveal a mild to a moderate symptom and can be self-
limiting, FCV infection associated with severe pneumonia, abortion, and acute febrile
lameness syndrome has been occasionally noticed (Dawson et al., 1994; Gaskell et
al., 2012). Furthermore, the lethal form of severe systemic FCV infection, named
virulent systemic FCV (VS-FCV), has been consistently reported worldwide (Hurley et
al., 2004, Pesavento et al., 2004; Abd-Eldaim et al., 2005; Coyne et al., 2006b; Guo et
al., 2018; Caringella et al., 2019). The target cells of VS-FCV are both epitheliotropic
and endotheliotropic, which commonly induce epithelial cytolysis and systemic
vascular disruption and result in the clinical presentations of severe generalized
edema and ulcerative dermatitis with a high mortality rate (Hurley et al., 2004; Vinje

et al,, 2019).

FCV belongs to the family Caliciviridae, which comprises seven genera that
infect mammals, including Lagovirus, Norovirus, Nebovirus, Recovirus, Sapovirus,
Valovirus, and Vesivirus (Vinje et al., 2019). FCV is a member of the genus Vesivirus;
its genome is characterized as a positive-sense, single-stranded, non-enveloped RNA
virus with approximately 7.6-7.7 kb (Prikhodko et al., 2014; Vinje et al., 2019; Cubillos-
Zapata et al., 2020). FCV genome contains three major open reading frames (ORFs);
ORF1 encodes the nonstructural protein, ORF2 encodes for the leader capsid (LC)

and VP1 major capsid protein, and ORF3 encodes for the VP2 minor capsid protein.

The ORF1 is located at the 5° end of the genome. It mainly encodes a

polyprotein that has undergone post-translational cleavage into six nonstructural
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proteins (p5.6, p32, 2C-like helicase (NTPase), p30, 3C-like protease (Pro), and RNA

7

dependent RNA polymerase (RdRp)), and a viral protein (VPg, for “ virion protein,
genome-linked”) (Smertina et al., 2019). The RdRp plays a primary role as a protein
being accountable for viral replication and can also drive viral evolution owing to its
error-prone nature (Smertina et al., 2019). In FCV, sequence identity between the

RdRp and structural protein-coding region (ORF2) is also focused as a majority

recombinant hot spot site (Symes et al., 2015).

As a unique genetic feature of Vesivirus members, the ORF2 predominantly
encodes a unique VP1 protein that is translated as a precursor protein and then
cleaved by viral protease, resulting in LC protein and VP1 major capsid protein
(Sosnovtsev et al., 1998; Abente et al., 2013; Urban and Luttermann, 2020). Following
the amino acid and antigenic analyses, the ORF2 can be divided into six distinct
regions (A to F), in which region A corresponds to the LC protein (Cubillos-Zapata et
al., 2020). The LC protein functionally acts as a crucial element in viral spread by
associated with a cytopathic effect. Meanwhile, the VP1 is accountable for capsid
formation and has been shown to correlate with the replication complex (Urban and
Luttermann, 2020). Regions B, D, and F are relatively conserved, whereas regions C
and E are highly divergent among FCV isolates. Region E is an immunodominant
region where further differentiated into 5’ (5’ HVR-E) and 3’ hypervariable regions
(3’HVR-E), split by a conserve central region (Cons-E) (Radford et al., 1999; Neill et al,,

2000).

On the other hand, the VP1 monomer is composed of three structural
domains, including an N-terminal arm (NTA), a shell domain (S), and a protrusion
domain (P) (Neill et al., 2000). The P domain is further divided into P1 and P2
subdomains, by the latter subdomain located as a surface-exposed region of viral

capsid (Cubillos-Zapata et al., 2020). Likewise, two distinct linear epitopes that have
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been recognized by neutralizing and non-neutralizing monoclonal antibodies were
discovered at the outermost capsid surface (P2 subdomain) of VP1 within the 5’HVR-
E region (Cubillos-Zapata et al., 2020). Recently, the physicochemical properties of
amino acid residue at positions 438, 440, 448, 452, and 492 of the HVR-E regions had
been significantly disclosed to be associated with VS-FCV pathotype variance (Brunet
et al., 2019). The last FCV genome component, VP2 minor capsid protein, can form a
channel in the capsid via a portal-like assembly to transport the viral genome to the

host cell's cytoplasm (Conley et al., 2019).

FCV has continuously been mentioned being a highly variable RNA virus
possessing genetic heterogeneity (Coyne et al., 2012; Hou et al., 2016). Nevertheless,
it has still been declared that having a single diverse serotype (Ohe et al., 2007;
Afonso et al., 2017). Furthermore, although many publications have represented
vaccine cross-reactivity (Kalunda et al., 1975; Povey and Ingersoll, 1975; Poulet et al.,
2000; Smith et al., 2020), commercial vaccines are widely available in several
different strains (Addie et al., 2009), and the broader use of vaccines worldwide raises
the hypothesis about the evolution of vaccine-resistant strain (Afonso et al., 2017).
While some studies show the contrary idea (Smith et al., 2020), some reports also
display evidence of vaccination failure (Radford et al., 1997, Ohe et al., 2007). In
Thailand, feline vaccination protocol commonly follows the American Animal
Hospital Association (AAHA) and the American Association of Feline Practitioners
(AAFP) guideline (Stone et al., 2020), and both inactivated and attenuated live forms
of feline rhinotracheitis virus (caused by FCV and feline herpesvirus type-1 (FHV-1))
vaccine are available. However, although those vaccines are widely used in Thai cats,
the detection rate of FCV is still higher than 50% (Phongroop et al., 2018b). In
addition, molecular characterization of circulating FCV strains in Thailand is relatively
limited ( Phongroop et al., 2018a). Therefore, this study aimed to determine

molecular epidemiology, genetic and amino acid characterizations, and diversities of
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circulating FCV strains in Thai cats. Moreover, identification of genetic variability and
relationship between FCV Thai strains (FCV-TH) and other strains deposited in the

database, including vaccine strains, were also inspected.

Materials and Methods

Sample collection

The experiment was designed as a cross-sectional study with convenient
randomized sampling in 184 feline patients, either clinically healthy (n=53) or with
clinical signs (n=131) of FURTD and oral diseases, from different regions in Thailand
during 2016-2021. Signalments including age, vaccination history within one year, and
presented respiratory and oral clinical signs were recorded for further analysis. Nasal
swab, oropharyngeal swab, and rectal swab were collected individually from each

cat, immersed separately in 1% sterile phosphate buffer saline (PBS), and then stored

at —80 °C until processing. All procedures were authorized by the Chulalongkorn

University Animal Care and Use Committee (No. 1631002).

Nucleic acid extraction and complementary DNA (cDNA) construction

QlAamp®cador Pathogen Mini Kit (Qiagen GmbH, Germany) was used for viral
genomic extraction. Briefly, the mixture of 200-l sample solution, 100-L buffer VXL
and 20-Ul proteinase K was prepared and incubated for 15 min at room
temperature. Afterward, the protocol was conducted following the manufacturer’s
recommendation. The concentration of extracted nucleic acid was quantified and
qualified using a NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, U.S.A.) and then kept at —80 °C until used. For reverse transcription

(RT), cDNA was constructed using an Omniscript® RT Kit (Qiagen GmbH, Hilden,
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Germany) according to manufacturer’s guidelines, and cDNA products were stored at

—20 °C until assayed (Chaiyasak et al., 2020).

FCV and FHV-1 detection using real-time polymerase chain reaction

(gPCR)

cDNA products (for FCV) and extracted nucleic acids (for FHV-1) were
investigated using gPCR and specific primers that were self-designed by targeting the
ORF1 gene (FCV_NS F2/R2 for FCV) and glycoprotein B (gB) gene (FHV-gB F/R for FHV-

1) (Table 1). The gPCR reaction was conducted using KAPA SYBR® FAST gPCR Master

Mix (2X) KIT ( KAPA BIOSYSTEM, Sigma—ALdrich®, Modderfontein, South Africa)
according to manufacturer’s instruction. All samples were run in duplicate operating

by Rotor-Gene® Q (Qiagen GmbH, Manheim, Germany). The cycling conditions were
composed of an initial denaturation at 95°C for 3 min, 40 cycles at 95°C for 3 sec,

60°C for 20 sec, and 64°C for 20 sec. The melting analysis was further analyzed using
Rotor-Gene Q software version 2.3.1 (Qiagen GmbH, Manheim, Germany). Moreover, a
limit of detection (LoD) of the gPCR assay was determined by employing a 10-fold
serial dilution of string DNA fragment synthesis as a template ( Thermo Fisher
Scientific®, MA, USA) with the concentration ranging from 6.2x10' to 6. 2x10®
copies/pl. Other known feline viral pathogens, including feline morbillivirus (FeMV),
feline bocavirus (FBoV), feline leukemia virus (FelLV), and feline immunodeficiency
virus (FIV), were also tested to validate the specificity of the gPCR (Chaiyasak et al.,,

2020; Chaiyasak et al., 2021; Wardhani et al., 2021).

According to the gPCR result, the positive samples of FCV and FHV-1
(amplicon sizes as 121 bp and 176 bp, respectively) were resolved in 2% (w/v) gel

electrophoresis, purified using NucleoSpin Extract Il kit ( Macherey Nagel, Duren,
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Germany) and submitted for commercial bi-directional Sanger’ s sequencing

(Macrogen Inc., Incheon, South Korea) to verify the presence of FCV and FHV-1.

Table 1 Primer sequences for feline calicivirus (FCV) and feline herpesvirus

type-1 (FHV-1) detection and full-length FCV genome amplification

Primer name Direction  Primer Sequence (5°- 3%) Nucleotide
position1
FCV_NSF1 Forward GTAAAAGAAATTTGAGACAATGTCT 1
FCV_NSRI1 Reverse TGTTGATTGGCGGGTAG 2439
FCV_NSF2 Forward GAACTACCCGCCAATCA 2429
FCV_NSR2 Reverse AGCACRYCATATGCGGC 2550
FCV_NSF3 Forward TGGTGYAAGGAGTATGTC 1931
FCV_NSR3 Reverse TCCACCATGATCTAAATTTTACTGCA 3098
FCV_NSF4 Forward TGCAGTAAAATTTAGATCATGGTGGA 3073
FCV_RdRpFl1 Forward TATGGTGATGATGGWGTKTAYATGTT 4778
FCV_RdRpF2 Forward GGYGTGGAGGCGCGGWC 5237°
FCV_VP1F1 Forward ATGTGCTCAACCTGCGCTAACG 5314
FCV_RdRpR Reverse CGTHAGCGCAGGTTGAGCACAT 5335°
FCV_VP1F2 Forward CCCTCAYGTTCTATTTGATGCT 6066
FCV_VP2R Reverse TGTRTATGAGTAAGGGTCAACC 7568
FHV gBF Forward CTCGATGGCCCTAGAACGTC 60008’
FHV gBR Reverse AGTCATTGAGGGCACGGAAG 60183°

! Nucleotide position based on Accession no. L40021 (for FCV) and MH070336

(for FHV-1)

2 Primers used for FCV and FHV-1 detection
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FCV genetic sequencing

Selected FCV positive samples were subsequently conducted for multiple RT-
PCR amplification to obtain the full-length genome sequence (n= 1), partial RdRp
gene sequences (n=13), full-length VP1 major capsid protein gene (n=13), and VP2
minor capsid protein gene (n=13). Degenerated primer sets were designed based on
multiple alignments of various global strains of the FCV genome published on the

GenBank database (Table 1). Briefly, the RT-PCR reactions were processed employing
Qiagen® OneStep RT-PCR kit (Qiagen, Hilden, Germany) in a reaction volume of 50

L, constituting of a mixture of QIAGEN OneStep RT-PCR Enzyme Mix, 10mM of dNTP

in 5x QIAGEN OneStep RT-PCR Buffer, 10 pM final concentration of each primer and
10 UL of the template. Thermocycler conditions included 50°C for 30 min for the RT
step, and an initial denaturation at 95°C for 15 min, followed by 40 cycles of 94°C

for 10 sec, 58°C for 1 min and 72°C for 2 min, then a final extension at 72°C for 10
min. The PCR products were visualized using 1% (w/v) gel electrophoresis, purified

and submitted for Sanger sequencing as mentioned above.

Genetic characterization and phylogenetic analysis

The acquired nucleotide sequences of FCV-TH strains were assembled and
compared with former published FCV strains retrieved from the GenBank database,
including Urbana strain (Accession no. L40021) as a reference strain using BioEdit
Sequencing Alignment Editor Version 7.2.5. The evolutionary analysis and pairwise
genetic distance were estimated by MEGA X (Kumar et al., 2018) and inferred using
the maximum likelihood (ML) method. The dendrogram of genetic relationship was
established according to the Bayesian information criterion with 1000 bootstrapped
replicates, and bootstrap values were significantly considered when greater than 70.

Substitution models of the evolutionary tree were selected based upon the best fit
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model of both substitution types; nucleotide or amino acid sequence, and sequence
regions, including whole genome sequence, partial RdRp gene, full-length VP1 gene,
P2 subdomain, HVR-E region, and VP2 gene. Derived dendrograms were drawn using
FigTree v. 1.4.4. Twenty percent genetic distance threshold between capsid
sequences was consumed to define the distinct strains (Radford et al., 2001b;

Prikhodko et al., 2014; Hou et al,, 2016)

Recombination and selective pressure analyses

The capability of recombination site in full-length VP1 gene of FCV-TH strains
was identified using the Recombination Detection Program (RDP) version 4.0. Any
analytical methods, including RDP, GENECONV, BootScan, MaxChi, Chimaera, SiScan,
and 3Seq, had proceeded with default setting on the alignment of full-length VP1
gene of FCV sequence. The significant recombination events were noted when more
than four positive analytical methods were illustrated. To determine the mechanism
underlying the genetic diversity of the FCV-TH strain, the evidence of positive
selection was authenticated using the codon-based approach in the Datamonkey
webserver (Pond and Frost, 2005). Single-likelihood ancestor counting (SLAC), Fixed-
effects likelihood ( FEL) , Mixed Effect Model Evolution ( MEME), and Fast

Unconstrained Bayesian AppRoximation ( FUBAR) algorithms were applied with

accepted significance at the p-value < 1.

Statistical analysis

Overall incidences of FCV and FHV-1 detection on each region in Thailand
were demonstrated as descriptive analysis. In addition, the association between FCV
and FHV-1 detection and clinical presentations (respiratory and oral diseases) and

vaccination history was evaluated using Fisher’s exact or Pearson chi-square test. The
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multinomial logistic regression model was used to estimate odds ratios (OR) and 95%
confidence intervals (95% Cl) of associated variables. The statistical significance was
set as p < 0.05 for considerable variables related to FCV and FHV-1 detection. All
statistical analyses were performed using STATA statistical software release 16.1

(Stata Corp., College Station, Texas, USA).

Results

Incidence of FCV and FHV-1 detection circulating in Thai cats

The specimens were derived from 184 cats from various provinces, including
healthy cats at 28.8% (53/184), cats with respiratory illness 60.3% (111/184), and
gingivostomatitis lesion at 22.8% (42/184), in which 12% (22/184) of ill cats presented

both clinical signs.

Of 184 cats, the incidence of FCV detection was found at 46.72 (85/184) of
FHV-1 at 65.8% (121/184) and co-detection at 31.5% (58/184) utilizing gPCR assays
determining at Ct value less than 35 (Table 2). From all 184 cats, the samples
consisted of 138 samples of the nasal swab (NS), 159 samples of the oropharyngeal
swab (0OS), 36 samples of the rectal swab (RS), 1 sample of pleural effusion (PE), and
21 fresh tissue samples (FTS) (Supplementary Table S1). FCV had shown positive
results from NS, OS, RS, PE, and FTS as 35.51% (49/138), 46.54% (74/159), 5.56%
(2/36), 0 (0/1), and 19.05% (4/21) respectively. Besides, FHV-1 also presented positive
from NS, OS, RS, PE, and FTS as 42.03% (58/138), 57.23% (91/159), 33.33% (12/36), O
(0/1), and 61.9% (13/21) respectively. The age of studied cats ranged from 1-154-
month-old. Cats receiving the vaccination against FCV and FHV-1 within a year at
sampling time were accounted for 50.5% (93/184) (Supplement Table S1). The

distribution of FCV detection from each region in Thailand was shown in Table 2.
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Interestingly, a FCV PCR-positive cat (no. 158) showed clinical signs like the
VS-FCV infection, including generalized edema, ulcerative dermatitis at the upper lip,

and severe acute respiratory illness (Supplement table S1, Supplementary figure S1).

Table 2 Incidence of feline calicivirus (FCV), feline herpesvirus type-1 (FHV-1), and
co-detection from 184 cats from different regions in Thailand during 2016-2021

Region / Province % FCV positive(m) % FHV-1 positive (n) % Co-detection (n)
North (n = 33)
- Chiang Mai
- Tak
- Phayao
- Nakhon Sawan
- Uttaradit
Northeast (n=17)
- Khon Kaen 35.3% (6) 94.1% (16) 29.4% (5)
- Sakon Nakhon
East(n=4)
Chonburi
South (n = 11)
Phuket
Central (n=119)
Bangkok and vicinity
Saraburi
Overall incidence 46.2% (85) 65.8% (121) 31.5% (58)

242 % (8) 69.7% (23) 21.2% (7)

25% (1) 25% (1) 0 (0)

100% (11) 81.8% (9) 81.8% (9)

49.58% (59) 60.5% (72) 31.1% (37)

Associations between FCV, FHV-1, and co-detection with clinical variables

The associations between viral detection and clinical variables, including signs
of oral and respiratory diseases and vaccination history against FCV and FHV-1 within
a year before sampling, were analyzed. A significant correlation was observed only
between single FCV detection and oral sign presenting gingivostomatitis (p < 0.001).
The multinomial logistic regression result indicated that the singly FCV detected cats
had a higher risk for developing gingivostomatitis lesion (OR = 9.02, 95% Cl: 2.67-
30.46) than either only FHV-1 or FCV/FHV-1 detected cats. Meanwhile, the presented
respiratory sign was not associated with either single or double viral detection;
nonetheless, the co-detection of FCV/FHV-1 was prone to induce the respiratory

illness cats (Table 3).
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Besides, the significant correlation was evident between previous vaccination
status and the positive detection of FCV and FCV/FHV-1 (p < 0.05). Cats receiving
vaccination showed significantly well protectability in both FCV-positive cats (OR =
0.31, 95% Cl: 0.10-0.93) and FCV/FHV-1 positive cats (OR = 0.21, 95% Cl: 0.08-0.54);

meanwhile this correlation was absent in singly FHV-1 positive cats (Table 3).

Sequencing and phylogenetic analysis

One complete whole genome sequence, thirteen partial RdRp (aa354-502),
full-length VP1, and VP2 coding sequences were achieved (Supplementary Table S1)
from self-designed specific primers. In addition, the 7,671 nucleotides (nt) complete
coding sequence of KP361/ THA/ 2021 FCV-TH strain (Cat no. 158; Accession no.
MZ542330) was accomplished. Overall, the nt identity of the KP361/THA/2021 FCV-
TH strain ranged from 39.1-79.3% compared to the other 32 available FCV whole
genome sequences in GenBank. The highest identity (79.3% ) was closed to two
vaccine strains (Accession no. MC177175 and LP834111). Phylogenetic analysis based
on the complete genome coding sequence of FCV found that KP361/THA/2021 strain
also gathered with other five vaccine strains with nucleotide distance at 49.3-55.6 %

(Figure 9).
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Fisure 9 Phylogenetic tree is constructed based on 33 complete nucleotide

sequences of feline calicivirus (FCV).

The tree is created using the maximum likelihood method with General Time
Reversible (GTR) model. The phylogeny test is encouraged by 1,000 bootstrapped
replicates and bootstrap value is significantly considerate when greater than 70. FCV-
TH strain is labeled with red circle. Interclade divergence of FCV-TH to others is
represented by p-distance threshold limited as < 20 percent divergence for single

strain.
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Deduced amino acid identity of 14 full-length VP1 sequences from this study
was compared with other 43 available sequences in GenBank and showed the
homology as 79.0-96.4% . Likewise, amino acid sequence identities were further
determined separately on two regions: P2 subdomain region (aa 382-550) and HVR-E
region (aa 426-520) by showing as 66.6-90.5% and 60-84.3%, respectively. The highest
identical numbers calculated from the deduced amino acid sequence of either full-
length VP1, P2 subdomain region, or HVR-E region were similarly suggested to the
vaccine strain. The full-length VP1 sequence among FCV-TH strains derived from this

study shared amino acid identity between each other at 84-99.8% (Table 4).

The phylogenetic trees of the full-length VP1, P2 subdomain, and HVR-E were
constructed based on 57 amino acid sequences retrieved from 14 FCV-TH strains
from this study and the other 43 sequences from GenBank (Figure 10 to 12). As the
result of phylogenetic construction, all FCV-TH strains were filled in genotype I.
Interestingly, one of FCV-TH strain (KP339/THA/2020) reveal the phylogenetic related
to commercially available vaccine strain (NobiVac® PTC1), as among amino acid
divergent between KP339/THA/2020 and vaccine strain (NobiVac® PTC1) is computed
according to VP1 capsid protein, P2 subdomain, and HVR-E region as 4.8%, 13.8%,
and 20.8% , respectively. Moreover, the FCV-TH stain acquired from three cats
(KP100/THA/2017, KP103/THA/2017, and KP105/THA/2017) presented the amino acid
homology as 99.7-99.8% , so we assumed that it was the same strain. Besides, this
strain always shared a common ancestor with one published VS-FCV strain (UTCVM-
H2; Accession no. AY56117), whether evolutionary trees were constructed with any

phylogenetic model (Figure 10 to 11).
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Table 4 Deduced amino acid identity between 14 feline calicivirus Thai (FCV-TH)

strains and other 43 FCV strains deposited in GenBank database

Full-length VP1 P2 domain HVR-E

(aa 382-551)  (aa 426-520)

Between FCV-TH strain and other 79.0 -96.4 % 66.6 —90.5% 60.0 —84.3%
strains in GenBank
Within group (FCV-TH strain) 84.0-99.8 % 70.7 - 99.4% 63.5 - 100%

In addition to the statistical association between amino acid residues in the
HVR-E region, including amino acid position 438, 440, 448, 452, 455, 465, and 492,
and the pathotype identification either VS-FCV pathotype or classical ( CLD)
pathotype (Brunet et al., 2019). The amino acid alignment and visual assessment on
this region of our retrieved VP1 sequences had shown that three from fourteen FCV-
TH strains (KP100/THA/2017, KP103/THA/2017, and KP105/THA/2017 were displayed
physicochemical properties associated with the VS-FCV pathotype (Table 5), even
though those cats did not present any severe respiratory symptom. Nevertheless,
one of the sequences of FCV-TH strain (KP361/THA/2021; Accession No. MZ542330)
that conspicuously showed typical clinical sign of VS-FCV pathotype never owned
any related remarkable residue positions as followed by pathotype differentiated

criteria (Table 5)
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Figure 10 Phylogenetic trees of full-length VP1.

The trees were constructed based on deduce amino acid using the maximum
likelihood method with Le Gascuel 2008 model. The statistical support supplied with
bootstrapping of 1,000 replicates and significantly considerate when bootstrap value
greater than 70. FCV-TH strains were presented as red bold letters. Pairwise p-
distance of each group was shown in each box by limited threshold as < 20 percent

divergence for single strain
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Figure

11 Phylogenetic trees of P2 subdomain.

The trees were constructed based on deduced amino acid using the maximum
likelihood method with Whelen and Goldman model. The statistical support
supplied with bootstrapping of 1,000 replicates and significantly considerate when
bootstrap value greater than 70. FCV-TH strains were presented as red bold letters.
Pairwise p-distance of each group was shown in each box by limited threshold as <

20 percent divergence for single strain.
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Figure 12 Phylogenetic trees of Hypervariable E region (HVR-E).

The trees were constructed based on deduced amino acid using the maximum
likelihood method with Le Gascuel 2008 model. The statistical support supplied with
bootstrapping of 1,000 replicates and significantly considerate when bootstrap value
greater than 70. FCV-TH strains were presented as red bold letters. Pairwise p-
distance of each group was shown in each box by limited threshold as < 20 percent

divergence for single strain.
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Recombinant and selective pressure analysis

The dN/dS ratio was acquired from the full-length VP1 gene and partial RdRp
gene of various available FCV strains using a codon-based analysis implemented in
Datamonkey web service. The result of negative selective pressure of VP1 gene
presented mainly on all tested algorithm of evolutionary mechanism including SLAC,
FEL, and MEME with dN/dS ratio <1. In addition, the MEME test revealed potential
evidence of 24 amino acid sites of VP1 that were undergone episodic positive
selection. Three locations of amino acid residues that demonstrated the positive
selection evidence by MEME stood on 3 of 7 remarkable amino acid residues (448,
455, and 492) with a p-value threshold of 0.1 (Table 6). Likewise, the partial RdRp
gene sequence (aa 1615-1737) exhibited positive episodic selection by MEME on four
deduced amino acid sites (1675, 1701, 1708, and 1728). Additionally, some amino
acids represented the characteristic display of FCV-TH strain at 3’ end of ORF1 by the
visualized discovery (Figure 13), including deduced amino acid Q1728, Y1733, T1745,

A1750, A1754.
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Table 6 Evidence of positive and negative selection using various detection

methods

FCV genome Selection pressure analysis SLAC FEL MEME
Positive selection 0 0 242

VP 1 gene Negative selection 593 616 -
Overall dN/dS 0.058 0.058 0.058
Positive selection 0 1° 7°
Partial RdRp

Negative selection 110 113 -

(aa 1615-1737)
Overall dN/dS 0.065 0.054 0.054

Amino acid diversifying selection site

®MEME: 7, 29, 31, 82, 91, 120, 366, 396, 400, 408, 411, 441, 448, 455, 483, 492,

497, 500, 502, 506, 507, 542, 625, 637
b FEL: 1750

¢ MEME: 1675, 1701, 1708, 1728, 1750, 1753, 1754

Discussion

Feline viral upper respiratory tract infection, mainly caused by FCV and FHV-1,
is commonly diagnosed in Thai cats in practice. Although the commercially available
vaccines derived from various FCV strains, including F9, FCV-255, and FCV-G1, are
widely used in Thailand; the relatively high incidence of FCV (46.2% ) circulating in

Thai cats was detected in this study

The result has also shown a statistically significant correlation between only
FCV detection and gingivostomatitis lesion likely the previous studies (Coyne et al.,
2012; Hou et al., 2016), by only 22.8% of the recruited sample became from

gingivostomatitis cats. In addition, the good protectability of vaccination to singly FCV
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detection and co-detection of FCV and FHV had statistically significant demonstrated
in this study. However, our study found that one FCV-TH strain (KP339/THA/ 2020)
reveals the phylogenetic related to the commercially available vaccine strain.
According to the medical history, this cat did not receive any vaccine within three
months before sampling collection, and the cat always had chronic respiratory tract
disease problems. Previously, few studies reported the occurrence of vaccine strain
(F9)-like viruses in the cat population (Radford et al,, 2001a; Coyne et al., 2007b;
Coyne et al,, 2012). However, those detections might be the vaccine-derived viruses
because all those cats received vaccination within 90-day before sample collection.
Following our finding, we suggest that the persistence duration of vaccine shedding in
an unhealthy cat should be more observed. Moreover, the evolution of vaccine-
derived FCV causing vaccine-related respiratory tract disease should be more

concerned and investigated in the future.

The analysis of amino acid physicochemical properties of HVR-E of VP1 capsid
region based on the previous study that has illustrated the statistically significant of
seven notable residues in which potentially segregate between classical and VS-FCV
( Brunet et al., 2019) , remarkably, three sequences ( KP100/ THA/ 2017,
KP103/THA/2017, KP105/THA/2017) in this study dramatically discloses incompatible
result to the previous report. However, all those sequences have shown homology
across their VP1 capsid protein amino acid sequence with the identical score of
99.7% - 99.8%, so it can be assumed that they are the same strain. Moreover, those
sequences share a common ancestor with the VS-FCV UTCVM-H2 strain (Accession
No. AY560117) from the evolutionary analysis. Although their seven amino acid
residue markers associated with VS-FCV criteria and phylogenetic tree also reveal
sharing a common ancestor with other notable VS-FCV strain, all those three

sequences (KP100/THA/2017, KP103/THA/2017, and KP105/THA/2017) were delivered
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from stray unvaccinated kittens that reside in the same area and they presented only

mild clinical respiratory symptom.

On the other hand, one of the FCV-TH sequences (KP361/THA/ 2021) was
acquired from a kitten exhibiting associated clinical signs with VS-FCV symptoms such
as facial edema and epidermal ulceration, glossitis, acute respiratory tract infection,
and death. In evolutionary analysis, it shares a common ancestor with other
circulating FCV-TH strains constructed based on sequence on VP1 gene by genetic
distance within the group as 8.3-21.3% . Nevertheless, the phylogenetic tree was
created based on the whole-genome coding nucleotide  sequence,
FCV/ KP361/ THA/ 2021 had grouped with other five vaccine strains with genetic
divergence as between 49.4% - 55.6% . Besides, seven remarkable amino acid
residues for pathotype differentiation of KP361/ THA/ 2021 are indeed not
characterized by any physicochemical criteria of the VS-FCV pathotype. However, this
study has found that 3 of 7 remarkable amino acid residues (448, 455, and 492) that
have been noticed to be statically significant associated with pathotype
differentiated (Table 5) (Brunet et al., 2019) are driven undergone episodic positive

selection.

Moreover, one of them is also shown in the immunogenicity dominance
domain; aad48. As besides, three amino acid positions (441, 448, 455) that became
evidence of episodic positive selection have ever been identified as Monoclonal
antibodies (MAb) escaped point mutation (Tohya et al., 1997). Likewise, the previous
study has investigated the evolutionary mechanism by emphasizing on persistence
and diversification of FCV. Furthermore, they have annotated the association
between positive selection and immune-mediated mechanism of viral evolution
(Coyne et al,, 2007b). Moreover, another study has also indicated regions that

frequently identified as antibody evasion point mutations locating at amino acid
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position 441, 448, 449, and 455 (Tohya et al., 1997), by aa 445-451 have been
proved to be the neighborhood of neutralizing epitope (Cubillos-Zapata et al., 2020).
In addition, this study demonstrates the multiple variances of FCV circulating in Thai

cats and seem likely to evolve undergone positive selection.

RNA-dependent RNA polymerases ( RdRp) play a role as mainly
essential proteins accountable for viral replication. In Caliciviridae, RdRp encodes the
sequence of viral protease at the 3’ end of ORF1 (Smertina et al., 2019), in which
function to cleave VP1 leader capsid protein producible the mature VP1 (Penaflor-
Tellez et al., 2019). According to the character as an error-prone enzyme of RdRp,
many studies have suggested about higher mutation rate of several viruses of
Caliciviridae (Bull et al., 2010; Bull et al., 2011). Besides, FCV has demonstrated the
recombination hot spot site at the 3’end of ORF1, the junction between ORF1/ORF2
(Symes et al., 2015). Although this study does not find any recombination evidence
in our Thai variance, some amino acid residues demonstrated the unique divergence
of amino acids residue, particularly in FCV-TH strains. Moreover, the pressure analysis
has also found evidence of both episodic positive/ diversifying selection on aa
position S1750 by mostly FCV-TH strain reveal amino acid residue as Ala in this
position. This situation has also related to a previous study that notifies the higher
mutation rate of RdRp capable of increasing genetic diversity and can influence viral

populations fitness undergone selective pressures (Mahar et al., 2013).

Conclusion

This study demonstrates the first report of molecular characterization of FCV
circulation in Thai cats. Besides, some FCV-TH strains revealed the amino acid
physicochemical properties on the capsid hypervariable region contrasted to the

previous hypothesis. Therefore, it can be suggested that in the geographic region in
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which there is a hish number of FCV circulating, the high genomic plasticity of FCV
results in their rapid response to environmental selective force (Radford et al., 2007).
Furthermore, the enhancing amino acid diversity in a gene at numerous phylogenetic
levels, either within or among species, reflects their adaptive ability. Lastly, the
question about FCV vaccine breakdown strain and evolutionary of vaccine strain
related to FURTD should be more investigated in Thailand to find the most effective

FCV prevention and control protocol.

Acknowledgment

KP was granted by Chiang Mai University for Ph.D. Program. CP was supported
by the Ratchadapisek Somphot Fund for Postdoctoral Fellowship, Chulalongkorn
University. This study was supported by the 90" Anniversary of Chulalongkorn
University Fund (Ratchadaphiseksomphot Endowment Fund). The Chulalongkorn
Academic Advancement into Its 2" Century Project, Faculty of Veterinary Science,

Chulalongkorn University is also acknowledged

Ethics Statement
All experimental protocols were approved by the Chulalongkorn University
Animal Care and Use Committee (No. 1631002). All procedures were done following

the relevant guidelines and regulations.

Data accessibility

All the data supporting our findings is contained within the manuscript. One
full-length coding Feline calicivirus sequence has been deposited in NCBI GenBank

under accession MZ542330.



64

Declaration of competing interest

The authors have declared no competing financial or non-financial interests.



65

CHAPTER Il

Simultaneous Detection and Differentiation between Feline Calicivirus Vaccine

and Wild-type Thai Strain in Clinical Samples Using

High-Resolution Melting Analysis

Authors
Kannika Phongroop, Chutchai Piewbang, Somporn Techangamsuwan

Department of Pathology, Faculty of Veterinary Science, Chulalongkorn University,
Bangkok, 10330, Thailand and Animal Virome and Diagnostic Development Research
Group, Faculty of Veterinary Science, Chulalongkorn University, Bangkok 10330,

Thailand

Anudep Rungsipipat

Department of Pathology, Faculty of Veterinary Science, Chulalongkorn University,

Bangkok, 10330, Thailand

Jatuporn Rattanasrisomporn

3Companion Animal Clinical Sciences, Faculty of Veterinary Medicine, Kasetsart

University, Bangkok 10900, Thailand

Sahatchai Tangtrongsub

Department of Companion Animal and Wildlife Clinic, Faculty of Veterinary Medicine,

Chiang Mai University, Chiang Mai 50100, Thailand



Publication status: in preparation

66



67

Abstract

High-resolution melting (HRM) technology overcomes limitations of classical
viral detection and genome identification such as viral isolation and genome
sequencing by providing less complexity and enhancing greater sensitivity and
specificity. HRM analysis is an innovation of post-polymerase chain reaction (PCR)
application that advantage the most straightforward method for simultaneous
detection, genotyping, and mutation scanning. This study aimed to establish reverse
transcription-quantitative PCR (RT-gPCR) and HRM assay for concurrent diagnosis and
genome typing of feline calicivirus (FCV) using clinical samples derived from nasal
and oropharyngeal swabs. This study used RT-gPCR to amplify a 99-base pair target
segment between open reading frame 1 (ORF1) and open reading frame 2 (ORF2) of
FCV. Subsequently, HRM assay was promptly applied as a post-PCR application using
Rotor-Gene Q® Software 2.3.1.49. The results successfully showed detection and
genome differentiation between two commercially available FCV vaccine strains and
five wild-type FCV Thai strains within a single PCR reaction. There was no cross-
reactivity with other viruses in cats, including feline herpesvirus-1, feline infectious

peritonitis virus, feline leukemia virus, feline immunodeficiency virus, and feline

morbillivirus. The detection limit of the assay was 6.18 x 101 copies/ L. The linear
regression analysis revealed a statistically significant correlation between the % C:.G
component and melting temperature shift of each strain typing pattern at 0.250C to
1% C:G alteration. Thus, this study is the first demonstration of the benefits of HRM
assay for spontaneous detection, strain differentiation, and mutation scanning of FCV

on clinical samples.

Keywords: Feline calicivirus, High resolution melting analysis, Simultaneous

detection, Strain differentiation
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Introduction

Feline calicivirus (FCV) is non-enveloped, single-stranded, positive-sense RNA
virus (Weiblen et al., 2016; Pereira et al., 2018). The virus belongs to the family
Caliciviridae, which currently includes eleven viral genera: Lagovirus, Nebovirus,
Norovirus, Sapovirus, Vesivirus, Bavorirus, Nacovirus, Recovirus, Salovirus, Valovirus,
and Minovirus (Vinje et al., 2019), and FCV is the member of genus Vesivirus. FCV is
commonly the causative agent of feline upper respiratory tract disease and stomatitis
in cats. The virus was discovered in 1957 (Fastier, 1957), then now wildly spread in
European, American, and Asian countries (Bannasch and Foley, 2005; Coyne et al,,
2007b; Hou et al, 2016; Afonso et al,, 2017; Zhou et al,, 2021). Formerly, FCV-
infected cats are suggested to be self-limited infections with either mild respiratory
symptoms or oral disease (Gaskell et al., 2012). Meanwhile, other symptoms,
including chronic gingivostomatitis, abortion, ulcerative dermatitis, severe pneumonia,
acute febrile lameness syndrome, and acute jaundice, were also found (Schorr-Evans
et al., 2003; Hurley et al., 2004). In the last decade, the emergence of highly virulent
systemic FCV, called VS-FCV, has been pointed out as the cause of the severe and
acute virulent systemic disease (VSD), resulting in a higher mortality rate even in FCV-
vaccinated cats (Hurley et al., 2004; Reynolds et al., 2009; Battilani et al., 2013).
Indeed, the lack of proofreading of the RNA viral polymerase gene is the essential
factor that makes the RNA virus prone to possess a high evolution rate (Coyne et al,,
2012). In FCV, it has been stated that the majority of recombination event occurs at
the "hot spot" between open reading frame 1 (ORF1) and ORF2, both in vitro (Symes
et al,, 2015) and in natural evidence (Zhou et al., 2021). Therefore, the efficiency and
broadly acting of the FCV vaccine are currently interested and challenged. At
present, two types of FCV vaccine are commercially available in Thailand, consisting
of (1) inactivated vaccine, either single strain (FCV-255) or double strains (FCV-431

and FCV-G1), and (2) modified live attenuated vaccine (FCV-F9). The FCV vaccine
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preferably reduces the severity of clinical signs rather than promotes sterilizing
immunity in cats (Radford et al., 2006). A study has presented the potency of the
modified live vaccine to reduce the duration of RNAemia and lower the number of
viral load shedding after secondary infection (Spiri et al., 2021). On the other hand,
some studies proposed the possibility of prolonged use of the modified live vaccine
could not provide enough cross-protection to wild-type FCV strain in some countries
(Zhou et al., 2021), and it also might capably drive the evolution of circulating FCV
strain turning to vaccine-resistant variants (Lauritzen et al., 1997; Addie et al., 2008).
Moreover, the evidence of the genetic relationship between epidemic FCV strain and

vaccine strain was also notable in the previous study (Zhou et al., 2021).

Although traditional cell culture is still a standard gold method for viral
identification, molecular techniques such as conventional polymerase chain reaction
(PCR), quantitative PCR ( gPCR), or probe-based gPCR have been concurrently
developed, providing a faster and specific viral detection. Additionally, the
application of genome sequencing is still required for genetic analysis and strain
identification. While sequencing is a reliable method, it is also unwieldy and time-
consuming. In the last decade, high resolution melting (HRM) assay has been widely
utilized in several manners both in human and veterinary medicine (Chua et al.,
2015; Sun et al., 2019; Vaz et al.,, 2019) for mutation scanning, repeat typing, genetic
variant scanning, and genotype differentiation (Reed et al., 2007). Following the
principle of saturated fluorescent dye, alteration of the fluorescent signal after PCR
amplification is assembled by gPCR machine, then data are calculated afterward with
the appropriate software. In addition, HRM assay turns into a new trendy method
that seems likely simple, quick, inexpensive, and effective for scanning and
monitoring initially genetic variants from clinical samples (Toi and Dwyer, 2008b;
Tajiri-Utagawa et al.,, 2009; Marin et al., 2016). Therefore, this study established a HRM

assay for concurrent diagnosis and discrimination of either FCV-vaccine strain (FCV-
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Vac) and wild-type FCV-Thai strains (FCV-TH) and between wild-type FCV-TH strains

from clinical samples of infected cats.

Materials and Methods

Sample collection, RNA extraction, and complementary DNA (cDNA)

synthesis

Nasal (NS) and oropharyngeal swabs (OS) were collected from 184 cats with
and without an upper respiratory symptom or oral disease between 2016 and 2021.
The owner signed a consent form before performing sample collection from each
cat. All procedures were approved by the Chulalongkorn University Animal Care and
Use Committee (No. 1631002). The NS and OS were obtained using an individual

sterile cotton swab, then were kept in 1% sterile phosphate buffer saline (PBS) and

stored at —80°C until used.

QlAamp® cador® Pathogen Mini Kit (QiagenGmbH, Hilden, Germany) was used
for RNA extraction by adding 100-Hl of Buffer VXL and 20-Jl of proteinase K in a

200-uL of the sample (in 1% PBS). After incubating the mixture at room temperature
(20-25° C) for 15 min, the extracted procedure was performed following the
manufacturer's instructions. Then reverse transcription (RT) was employed using

Omniscript® RT Kit (QiagenGmbH, Hilden, Germany), and cDNA products were stored

at —20°C until analysis (Chaiyasak et al., 2020).

Primer design
Full-length genomes of global FCV strains, including classical, virulent, and
commercial vaccine strains, were retrieved from the GenBank database. Those strains

were aligned with 14 sequences of partial RNA dependent RNA polymerase (RdRp)
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and full-length VP1 major capsid protein sequences of FCV-TH strains using BioEdit
Sequencing Alignment Editor Version 7.2.5. Primers for HRM assay were initiated at
the location between ORF1 and ORF2 where nucleotide sequence demonstrated
significantly different between available FCV-Vac, wild-type FCV-TH, and other global
FCV strains (Figure 14). The nucleotide sequence of all primers used in this study was

shown in Table 7

FCV screening detection
cDNA products derived from cats' NS and OS were amplified for FCV screening

using conventional RT-PCR. The specific primers for FCV screening were designed for
this study (Table 1). The RT-PCR was operated as follows; briefly, each 25-Lll reaction
contained 3 UL cDNA, 12.5 LUl GoTag® Green Master Mix (2X) (Promega, USA), 7.5 L

nuclease-free water and 1 Ul each forward and reverse primers (ORF1 For and ORF1
Rev). The thermal cycling started with an initial denaturation (95°C, 5 min), followed
by 40 cycles of denaturation (95°C, 30 sec), primer annealing (59°C, 30 sec), and
primer extension (72°C, 1 min). Then, a final extension was continuously run at 72°C
for 5 min. The RT-PCR products were inspected for positive results using capillary
electrophoresis (QIAxcel DNA Screening Kit, Qiaxcel®, Qiagen GmbH, Germany). Then,
the amplicons were purified using a commercial kit ( NucleoSpin® Extract Il kit,
Macherey Nagel, Germany) according to the manufacturer's instructions. Nucleotide

sequencings were operated by Macrogen® (Incheon, South Korea).
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FCV vaccine strain preparation

FCV-Vac template received from commercially available vaccines in Thailand
(Nobivac®1- HCPCh ). cDNA of FCV-Vac templates was amplified for sequence
verification using self-designed primers (RdRp For and RdRp Rev) (Table 7). The RT-
PCR was operated using GoTaq® Green Master Mix and similar thermal cycling
conditions mentioned above except for the primer annealing temperature (60°C).
Then, the derived FCV-Vac amplicons were resolved by 2% (w/v) agarose gel

electrophoresis, purified, and submitted for sequencing as mentioned above.

Standard reference synthesis of FCV strains

Nucleotide sequences of various FCV strains were selected and ordered to
synthesize the string DNA fragments for the HRM assay optimization (Table 8). String
DNA fragments at the region between 3’-terminal of RdRp gene and 5’-terminal of
VP1 major capsid protein gene with a 150-base pair (bp)-product length were
commercially synthesized by Invitrogen™ GeneArt™ Strings™ DNA  Fragments

(ThermoFisher Scientific®, MA, USA).

Two VS-FCV strains consisting of UTCVM-H2 strain (Accession no AY560117)
and GXO01-13 strain ( Accession no KT970059) and possessing a phylogenetic
relationship with FCV-TH strains from our previous study (unpublished data) were
included as the virulent reference strains in this study. Additionally, one selected
known sequence of FCV-TH and a commercial FCV-Vac (Nobivac® 1-HCPCh) were also
synthesized for string DNA template to determine the HRM efficacy for strain

differentiation of mimetically mixed infection.
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RT-gPCR and HRM assay
RT-gPCR was employed to amplify the 99-bp fragment product of FCV, and
then HRM application was subsequently analyzed using Rotor-Gene® Q ( Qiagen

GmbH, Hilden, Germany). Template amplification was generated using the Type-it®

®

HRM™ PCR kit (Qiagen GmbH, Hilden, Germany), in which EvaGreen™ was applied as

an intercalating fluorescent dye. The reaction was conducted in the final volume of
25 W containing 2x HRM PCR Master Mix, 0.5 WM degenerated primers each (HRM

For and HRM Rev), and 2 L of either cDNA from clinical samples or synthesized
string DNA fragment as the template. The gPCR reaction was carried in duplication in
all samples to assure reproducibility of intra-assay. FCV-Vac (Nobivac® 1- HCPCh),
FCV-TH/KP367, and FCV-TH/KP361 (Accession no MZ542330) were incorporated into
each run verify the reproducibility of inter-assay. The thermal cycling condition was
run as follows: initial PCR denaturation at 95°C for 5 min, then 40 cycles of PCR at
95°C for 10 sec, 60°C for 30 sec, and 72°C for 10 sec. Then, the fragments were
ramped from 65°C to 95°C, incrementing at 0.1°C by holding 2 secs at each step. The
data analysis was run on Rotor-Gene Q Software 2.3.1.49 (Qiagen GmbH, Hilden,

Germany) with a generated report.

Sensitivity and specificity evaluation of HRM assay

Ten-fold serial dilutions of reference synthesized string DNA (FCV strain TIG-1),
ranging from 6.18 x 10° to 6.18 x 10° copies/ |, were used as templates for
measurement the limitation of detection of HRM assay. In addition, the cross-
reactivity between FCV and other feline viral pathogens, including feline herpesvirus-
1 (FHV-1), feline infectious peritonitis virus (FIPV), feline leukemia virus (Fel V), feline

immunodeficiency virus (FIV), and feline morbillivirus (FeMV), were also investigated.
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Efficacy to detect a mixed infection

Mimetically mixed infection was manufactured at 6.18 x 10° copies/ L
concentration of synthesized string DNA of FCV-Vac strain, synthesized string DNA of
FCV-TH strain (FCV-TH/KP313), and clinical samples (unknown concentration). The
samples were paired for two different strains in one mixture with altered
concentration ratio ranging from 1:4 to 4:1 (v/v). The sample mixture was conducted
undergone RT-gPCR and HRM assay. Then, the efficacy of the lineage detection on

each concentration was determined as representative of a mixed infection.

Data analysis and interpretation

Normalized and different graph plots of HRM assay were constructed to
determine the sample deviation related to FCV strain typing by generating on the
Rotor-Gene Q Software 2.3.1.49. Linear regression analysis was calculated to identify
the correlation between the % C:G component and melting temperature (T,,) of each
strain typing pattern. STATA statistical software release 16.1 (Stata Corp., College

Station, Texas, USA) was used for all statistical analyses.

Result

FCV screening by RT-PCR

From clinical specimens retrieved from 184 cats, only 86 cats showed positive
FCV detection by screening RT-PCR. Due to the limitation of sample quantity, 44 out
of 184 samples could be used for HRM assay measurement in which positive FCV RT-
PCR was shown in 31 cats and the negative result presented in 13 cats. Among FCV-
positive cats, 14 of 31 samples acquired nucleotide sequence between ORF1 and

ORF2 region, which covered the partial RdRp gene (Figure 14). In addition, one
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retrieved sequence of FCV-TH strain (FCV-TH/KP313) was synthesized as string DNA

for being a known concentration template in a mimetically mixed infection model.

RT-gPCR and HRM assay
The RT-gPCR and HRM assay in this study exhibited the successful

differentiation of all 11 FCV templates, including FCV-Vac (n= 1), VS-FCV reference
strains (n=2), and FCV from clinical samples (n=8). Furthermore, following the results
of HRM melting analysis, both normalized and difference melt plots demonstrated
seven different strain typing patterns in which eight FCV-TH strains deriving from
clinical samples could be distinguished into five strain typing patterns with
confidence percentage over 90% (Figure 15). Besides, the correlation between % C:G
of PCR product sequence in each strain typing pattern and their T,, revealed
conspicuously significant by linear regression model (Figure 16). As shown, we found
that either 1% C:G alteration could significantly encourage 0.25°C of T,, modification

with p-value = 0.000 and R? as 0.9954 (Table 9).

Table 9 Linear regression model showing the relationship between % C:G of

PCR product sequence and melting temperature deriving from HRM assay.

Temp Coef. Std. Err. ¢t P>|t| [95% Conf. Interval]

CG 0.2529 0.0070 35.93 0.000 0.2356 -0.2701

_Cons 71.3463 0.3836 186.00 0.000 70.4077 722849
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Linear regression of melting temperature and % C:G content
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Figure 16 Linear regression analysis of the relationship between % C:G content

of PCR product and T,, value.

Sensitivity and Specificity evaluation
HRM assay's sensitivity was evaluated using a ten-fold serial dilution of

synthesized strings DNAs (FCV strain TIG-1), ranging concentration between 10™ and
10°® ng/pl (6.18 x 10" to 6.18 x 10% copies/[L). As a result, the detection limit of assay

indeed represented as 6.18 x 10' copies/ WLl with cycle threshold (Ct) value lower
than 35 (Figure 17a) and all dilution placed as the same melt curve alignment in

normalized plot curve (Figure 17b). Additionally, the assay efficacy displayed a strong

linear correlation between 10' and 10° copies/ Ll by the slope value as -3.418,

coefficients of correlation (R?) as 0.998, and reaction efficient as 0.96 (Figure 17¢).

To evaluate the specificity of HRM assay, the result highly revealed specificity
to commercially available FCV-Vac (Nobivac® 1-HCPCh) and FCV-TH strain from the
clinical sample. On the other hand, the emerging fluorescent caused by FIV, FelV,
FHV-1, FIP, and FeMV could not be detected before the positive cut-off value at Ct

35 (Figure 18).



81

Efficiency in detecting the FCV mixed infection

The developed HRM assay successfully demonstrated the ability to
distinguish the mock double FCV strains mixed infection in various concentrations
ratio (1:4 to 4:1). Both normalized and difference HRM graph plots exhibited strain
typing patterns in the same direction by the melt graph plot deviated along with a
higher concentration template (Figure 19a, 19b). Meanwhile, the melt curve peaks
also corresponded to T,, of each FCV strain and appeared on the different plots

(Figure 190).

Determination of the clinical sample

Thirty-three of 44 clinical samples could be segregated the strain typing
pattern by HRM assay in which known nucleotide sequences of the region between
ORF1 and ORF2 (nt 5214-5343) were derived from 14 samples. The gPCR
amplification of all 33 samples revealed C; value at less than 30, and the amplicons
contributed to the sufficient quality of signals that could differentiate the strain
typing patterns. Interestingly, two of 33 samples, a previously shown negative result
from RT-PCR, revealed FCV positive with HRM assay and could further differentiate
strain pattern. However, 11 of 44 clinical samples remained to show FCV negative
with HRM assay in which the detectable C; values showed between 33-35 (n = 6) and

over 35 (n = 5).

After HRM analysis of 33 FCV-positive samples, seven different strain typing
patterns of HRM melt plot curve were evident based on the T, shift of altered C:G
content. Those seven strains patterns consisted of two associated FCV-Vac typing
patterns and five wild-types FCV-TH typing patterns by standard deviation on each
group presenting between 0° C to 0.099° C (Table llI-4). Interestingly, nine wild-type

FCV-TH strains showed melt curve patterns related to two vaccine strains that are
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commercially available in Thailand. Additionally, all cats were healthy on the
sampling date. Meanwhile, five cats had been vaccinated over three months before
sample collection, and the other four cats did not receive any vaccination against

the feline rhinotracheitis virus.

Table 10 Mean melting temperature (T,,) and standard deviation (SD) within

the group of each feline calicivirus (FCV) strain detected from clinical samples

Strain typing Number of samples Mean T., SD
FCV-TH wild-type pattern 1 3 84.34 +0.023
FCV-Vac related pattern 1° 6 84.74 +0.018
FCV-Vac related pattern 2° 3 84.99 +0.099
FCV-THA wild-type pattern 2 3 85.46 1 0.094
FCV-TH wild-type pattern 3 5 85.77 +0.074
FCV-TH wild-type pattern 4 12 86.11 +0.068
FCV-TH wild-type pattern 5 1 86.40 0

2 FCV-Vac (Nobivac® 1-HCPCh)

b FCV-Vac (Felocell CVR®)
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Figure 18 Analytical specificity of HRM assay.

40

[} FCV (Clinical sample)

B FIP (Clinical sample;

The result showed HRM specific to both positive control (synthesis string DNA with

concentration as 6.2 x 10° copies/ pl) and positive clinical sample. Non-template

control and other virus templates, including FHV-1, FIV, FelV, FIP, and FeMV, showed

amplification over positive cut-off values (Ct > 35 cycles).
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Discussion

Feline calicivirus (FCV) is still one common pandemic respiratory pathogen in
cats, even though the vaccination is regularly applied. Meanwhile, driving to emerge
the vaccine-resistance strain from long-term using of modified-lived vaccine is
ongoingly concerned (Afonso et al., 2017; Smith et al., 2020). Moreover, FCV is
regarded as a highly genetic diversity RNA virus, in which evolutionary mechanism
usually results from either genetic drift or recombination (Coyne et al., 2006a; Coyne
et al.,, 2006¢; Coyne et al., 2007a). So, identifying genetic markers for differentiation,
either genotype or pathotype, especially between virulent FCV and classical FCV, is
still challenging (Brunet et al., 2019). Thus, a classical method as genome sequencing

is still necessary for strain identification.

The junction between ORF1 and ORF2 has been noticed as a hot-spot
recombination site of some Caliciviridae viruses, including Human Norovirus and FCV
(Katayama et al., 2002b; Tajiri-Utagawa et al., 2009; Symes et al., 2015). Furthermore,
this region has been noticed as a suitable region for genotyping Norwalk-like viruses
(Katayama et al., 2002a). On the other hand, the remarkable region for genotyping of
FCV is uncertainly caught. Hence, our study designed a pair of primers that flanks the
junctional region of ORF1 and ORF2 for targeting to amplify a 99-bp product, which
obviously differs between FCV-TH, vaccine, and other global strains for detection and
strain differentiation. In addition, this study developed a functional diagnosis and
differentiation method in which rapid, inexpensive, sensitive, and specific for FCV

within a closed tube system.

High resolution melting (HRM) assay has been recognized as the simplest
method for genotyping and mutation scanning that can identify a single base change
in short fragments up to 400 bp (Reed and Wittwer, 2004; Tamburro and Ripabelli,

2017). Usually, changing the number of hydrogen bonds makes it easy to indicate a
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purine to pyrimidine sequence modification because the temperature will be altered
by about 1°C (Sun et al., 2019). Nonetheless, the transformation of C/G or A/T is hard
to distinguish due to a slight alteration of T,, (Liew et al., 2004). In this study, our
designated primer targeting to amplify a 99-bp segment revealed the capability to
discern between wild-type FCV-TH and between other FCV global and FCV-Vac
strains. Furthermore, the primers could also segregate between two commercially
available FCV vaccines containing single nucleotide polymorphism (SNP) at T5269C

(Felocell CVR®) and T5270G (Nobivac® 1-HCPCh).

The developed HRM assay in this study demonstrated that this technique
could identify strain differentiation in terms of different strain co-infection by showing
double peaks on melt peak analysis and shifting to the higher concentration
template's side. Despite this, this mimetic mix-infection model could not be used to
represent the recombination evidence that seems possible to emerge in long-term
co-infection. However, we assure that the HRM assay can distinguish the new

recombinant strain if the recombination event occurs at the amplification region.

The developed HRM assay had a detection limit at 6.18 x 10" copies/ Ll and
delicate as 0.25°C T, shift in 1% C:G modification. The quality of the DNA template is
also necessary for the optimal potential of HRM analysis (Toi and Dwyer, 2008b).
According to the result of detection and strain typing of 44 clinical samples in this
study, we found six clinical samples in which the viruses were detected between C;
value at 33-35 and unable to segregate HRM melt curve plot; they presented
relatively faint amplified PCR bands when determined by agarose gel electrophoresis.
Hence, the result should be interpreted cautiously when the late amplification (C;
values are higher than 30) occurs because it is usually accountable for a low amount
of starting template and/or a high degree of sample degradation. On the other hand,

two of 33 clinical samples showed FCV positive results by HRM assay, and even they
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previously showed negative results from conventional RT-PCR. So, it could refer that
HRM assay had more detectability potential than classical molecular technique. As
following nucleotide sequence alignment, the result showed six alignment patterns
of wild-type FCV-TH (Figure 1), while only four melt patterns were demonstrated by
HRM assay (Figure 2). However, one known template sequence (FCV-TH/KP180) was
excluded from the validation due to a depletion of the sample. The other FCV-TH
sequence (FCV-TH/KP313) presented SNP at T5303G but displayed the same melt

curve pattern with others. The mis-sequencing process probably causes it.

HRM analysis of 33 FCV positive samples demonstrated seven melt curve
patterns, two of them referring to FCV-Vac. Additionally, this finding reported nine
wild-type variants presenting the melt cure patterns like vaccine strain. Hence,
expansion sequencing on the VP1 region may be needed to determine whether
there is some FCV-Vac-related strain circulating in Thai cats. Besides, five melt curve
patterns of wild-type FCV-TH revealed a conspicuously different pattern to vaccine

strain in both the normalized melt curve graph and difference graph.

In conclusion, our results indicated that HRM assay is helpful for simultaneous
detection and strain differentiation between the vaccine and wild-type FCV-TH strain.
Moreover, the HRM assay developed in this study can also distinguish between the

virulent FCV-TH (FCV-TH/KP361) and other wild-type FCV-TH strains.
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Abstract

Feline calicivirus (FCV) is a widespread contagious viral pathogen commonly
causing mild self-limiting upper respiratory tract disease and oral disease in cats. In
the last decade, highly virulent FCV strains, known as virulent systemic feline
calicivirus (VS-FCV), had wildly emerged and raised the mortality rate of infected cats.
This study aimed to investigate the pathological change of naturally VS-FCV infected
cats and localize the tissue tropism in various affected organs. Twenty-two
necropsied cats with respiratory-associated symptoms were included in this study.
Different tissue samples were collected for both molecular and pathological
investigations for FCV and other feline pathogens. As a result, the molecular analysis
showed three FCV-positive cats in which a cat (KP361) revealed RT-PCR positive in
numerous organ tissues. In addition, full-length genome sequencing of this cat was
conducted, and it showed nucleotide homology at 79.3% to FCV vaccine strains.
Histopathology findings demonstrated interstitial pneumonia, hydropic degeneration
of epidermal epithelial cells in ulcerative skin lesion, and degeneration of cryptal
cells in the small intestine. Interestingly, the cerebrum and cerebellum represented
lesions of vasogenic edema, sliosis, satellitosis, and apoptosis of neuronal cells.
Immunohistochemistry and in situ hybridization were performed parallelly and
showed immunoreactivity of protein and genomic antigen of FCV in both
intracytoplasmic and intranuclear of the various cell types. Additionally, the
transmission electron microscopy also indicated FCV viral particles in the intranuclear
brain's neuronal cells. In conclusion, this is the first discovery of VS-FCV circulating in
Thai cats. Although FCV is not a neurotropic virus, various cell types in the brain have
shown the existence of FCV, both intranuclear and intracytoplasmic. So, further

insight study about FCV-associated neuropathy should be emphasized.

Keywords: brain, ISH, neurotropism, pathology, TEM, VS-FCV
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Introduction

Feline calicivirus (FCV) is a non-enveloped, single-stranded, positive-sense
RNA virus and belongs to genus Vesivirus, family Caliciviridae (Weiblen et al., 2016).
FCV is a small RNA virus with approximately 7.7 kilobases (kb) that can be separated
into three open reading frames (ORFs) (Symes et al., 2015; Pereira et al., 2018). FCV is
recognized as a common causative viral pathogen of feline upper respiratory tract
disease (FURTD). Classical clinical signs of FCV infection mainly compose ulcerative
glossitis, gingivitis, conjunctivitis, rhinitis, and pneumonia (Hurley and Sykes, 2003;
Radford et al., 2007; Gaskell et al., 2012). Although the mortality rate of FCV infection
is usually low, fatal pneumonia can occasionally be developed in kittens (Monne
Rodriguez et al., 2014). Furthermore, due to the virus's high genetic variability and
variable cell tropism, pathogenesis and virulence are shown in various clinical
manifestations (Monne Rodriguez et al., 2014), like self-limiting, lameness due to
acute synovitis (Dawson et al., 1994), and systemic disease. A few decades ago,
emerging of highly virulent FCV strains, known as virulent systemic FCV (VS-FCV), was
widespread noticed in many countries (Pedersen et al., 2000a; Hurley et al., 2004,
Coyne et al., 2006b; Schulz et al.,, 2011). The typical clinical signs of VS-FCV infection
usually represent cutaneous edema (mostly on head and limb) and mucosa and skin

ulceration (mainly at oral cavity, nares, pinnae, and footpads).

Moreover, multiorgan necrosis is occasionally revealed where the most
commonly affecting organs are liver, spleen, pancreas, and lungs (Pedersen et al,,
2000a; Pesavento et al, 2004; Coyne et al., 2006b). Interestingly, although the
common clinical sign and detection of FCV are associated with the respiratory tract,
there is a publication showing the FCV detection in feces of shelter cats (Zhang et al,,
2014). Accordingly, the replication ability in the enteric tract of some FCV strains has
been reported ( Mochizuki, 1992; Radford et al., 2007), and there are some

suggestions that some FCVs strains may promote enteric tropism and ultimately
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serve as enteric pathogens (Di Martino et al., 2020). Thus, FCV should be considered
as a causative viral pathogen in the diagnostic algorithm of feline viral enteric

diseases.

Genetic diversity leads to quasispecies virus evolution, especially RNA virus.
Besides, the mortality rate of FCV infection is previously recognized as low (1-2% )
(Wong et al., 2013). However, a severe clinical sign and a higher mortality rate raising
to 60% have been published several times in the last ten years (Hurley et al., 2004,
Prikhodko et al., 2014). Although the FCV vaccine seems likely to reduce the severity
of classical signs of FCV infection, it does not show potency to protect animals from
either infection or virulent form (Radford et al., 2007; Caringella et al., 2019). Due to
the genetic instability of FCV, it is being a motivative force to the further investigation
for more understanding the pathogenesis and tissue interaction and searching the

preferable effective disease prevention still challenges.

The traditional and gold standard viral identification method is still a cell
culture technique, but it is time-consuming, laborious, and high cost. Therefore,
molecular techniques, such as reverse transcription polymerase chain reaction (RT-
PCR) (Wilhelm and Truyen, 2006), nested RT-PCR (Marsilio et al., 2005), and
quantitative RT-PCR (gRT-PCR) (Abd-Eldaim et al., 2009), have been developed for
rapid detection and are helpful for clinical diagnosis. Immunohistochemistry (IHC), in
situ hybridization (ISH), and transmission electron microscope (TEM) are the
additional viral identification techniques in tissues and cells. Currently, the
identification effort of FCV in many tissues has been represented continuously
(Pesavento et al., 2004), but it still limits and focuses mainly on the respiratory
system (Monne Rodriguez et al., 2014). Hence, investigation of FCV associated with
tissue localization in multiple organ involvement will advantage and result in more

understanding of FCV cell tropism.
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In this study, we mainly focused on necropsied cats with the respiratory
associated clinical feature. We performed an RT-PCR assay to detect genomic FCV
and conducted IHC, ISH, and TEM for FCV localization in various tissue tropisms of a
VS-FCV infected cat. Our findings also proposed information on the molecular

characterization of the detected FCV strain.

Materials and Methods

Necropsied cats and sample collection

Samples were received from 22 cats that died with clinical signs associated
with respiratory problems and submitted to the Department of Pathology, Faculty of
Veterinary Science, Chulalongkorn University for routine necropsy between 2020-
2021. Postmortem workups were performed, and macroscopic lesions were recorded
systematically. Tissue samples were duplicated collected for histopathological study
as formalin-fixed tissues and molecular analysis as fresh frozen tissues. FCV was
detected using self-designed primers (Phongroop et al., 2018a). In addition, other
feline viral pathogens such as feline herpesvirus-1 (FHV-1), feline panleukopenia virus
(FPLV), feline leukemia virus (FelV), feline immunodeficiency virus (FIV), feline
coronavirus (FCoV), feline morbillivirus (FeMV), and feline bocavirus (FBoV) were
screened using primer set from previous publications (Mochizuki et al., 1996; Ksiazek

et al,, 2003; Piewbang et al., 2019; Chaiyasak et al., 2020).

Samples preparation and feline viral detection by molecular technique

The fresh frozen tissues were homogenized in 1% sterile phosphate-buffered
saline (PBS) and centrifuged at 6000 g for 1 min, and then the supernatants were
collected in a 1.5 ml microcentrifuge tube. Both DNA and RNA nucleic acid were

extracted using QlAamp®cador Pathogen Mini Kit (Qiagen GmbH, Germany). In brief,
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the mixture of 200 WL sample solution, 100 ML of buffer VXL and 20 UL of proteinase
K was prepared and incubated for 15 min at room temperature. Afterward, the
protocol was conducted following the manufacturer’ s recommendation. The
concentration of extracted nucleic acid was quantified and qualified using a

NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific Inc., USA) and then kept

at —80 °C until used.

The genomic extracted samples were used for screening the FCV and other
feline viruses as mentioned above using Qiagen® OneStep RT-PCR Kit (Qiagen GmbH,
Germany) for conventional RT-PCR and GoTaq Green Master Mix (Promega, USA) for
conventional PCR. The primers used for FCV detection were FCV 1F (5 -
GTAAAAGAAATTTGAGACAATGTCT-3’), and FCV 414R (5’ -GTGAGCTGTTCTTTGCACAT-
37), which amplified 414 base pair (bp) fragments consistent to the conserve region
on the ORF-1. The amplification process was run following the manufacturer’ s
protocol. Briefly, a total reaction volume of 25 LIl consisting of a mixture of QIAGEN
OneStep RT-PCR Enzyme Mix, 10mM of dNTP in 5x QIAGEN OneStep RT-PCR Buffer,
0.6 uM final concentration of each primer, and 3 Ul of the template. The cycling
condition was initially started with a reverse transcription step at 50°C for 30 min,
then an initial denaturation at 95°C for 15 min, followed by 40 cycles of 94°C for 30
sec, 59°C for 30 sec and 72°C for 1 min, then a final extension at 72°C for 10 min.
The PCR products were visualized using capillary electrophoresis (Qiaxcel®, Qiagen
GmbH, Germany). Positive amplicons were purified and submitted for commercial bi-

directional Sanger’s sequencing (Macrogen Inc., South Korea) to verify the presence

of FCV.
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Sequencing and phylogenetic analysis

To investigate the genetic correlation of identified FCV strain in this study,
multiple RT-PCR amplifications for whole-genome sequencing were consequently
proceeded in the positive sample using a self-designed primer. Briefly, the RT-PCR

reactions were processed employing Qiagen® OneStep RT-PCR kit in a reaction

volume of 50 U, constituting of a mixture of QIAGEN OneStep RT-PCR Enzyme Mix,

10mM of dNTP in 5x QIAGEN OneStep RT-PCR Buffer, 10 uM final concentration of

each primer and 10 L of the template. Thermocycler conditions included 50°C for
30 min for the RT step, and an initial denaturation at 95°C for 15 min, followed by 40
cycles of 94°C for 10 sec, 60.5°C for 45 sec and 68°C for 2 min, then a final extension
at 72° C for 10 min. The PCR products were visualized using 1% (w/v) gel
electrophoresis, purified, and submitted for bi-directional Sanger sequencing as

mentioned above.

The obtained sequences were assembled and compared with published FCV
genome retrieving from the GenBank database, including Urbana strain (Accession no.
L40021) as a reference strain using BioEdit Sequencing Alignment Editor Version 7.2.5.
The phylogenetic analysis was carried out on the whole genomic nucleotide
sequence by MEGA X (Kumar et al., 2018) and inferred using the maximum likelihood
(ML) method. Dendrogram of genetic relationship was constructed according to the
Bayesian information criterion with 1000 bootstrapped replicates. The bootstrap
values were significantly considered when more than 70. Substitution models of the
evolutionary tree were selected based upon the best fit model. Twenty percent
genetic distance threshold between sequences was consumed to define as the

distinct strains (Radford et al., 2001b; Prikhodko et al., 2014; Hou et al., 2016).
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Histopathology

Formalin-fixed paraffin-embedded ( FFPE) tissues from various organs,

including skin, trachea, lung, mesenteric lymph node, small intestine, and brain were

cut at 3-lUm thickness and stained with hematoxylin and eosin (H&E) following the
standard protocol for histopathological examination. In addition, consecutive sections

for IHC and ISH were also cut and placed on positively charged slides.

Immunohistochemistry (IHC)

Various tissue sections, including lung, trachea, facial skin, intestine, and brain
in which FCV positive by RT-PCR were immunohistochemically stained to confirm and
determine cell tropism and FCV localization pattern. Then, horseradish-peroxidase
(HRP) method was applied using the Dako REAL EnVision Detection System (Dako,
Glostrap, Denmark) for detection of the positive antigen-antibody signal according to

the previous description (Wardhani et al., 2021).

Briefly, after the deparaffinization and rehydration of the FFPE sections, they
were washed with 1x PBS before performing the antigen retrieval step by autoclaving
at 121°C for 15 min in citrate buffer pH 6.0. Then, blocking endogenous peroxidase
activity was conducted by soaking the slides in 3% (v/v) hydrogen peroxide (H,0,) for
15 min at room temperature. Also, the immersion in 5% (w/v) skim milk at 37°C for
60 min was employed to block non-specific reactions. Next, the primary monoclonal
anti-FCV antibody (dilution 1:100; Abcam, ab33990, UK) was applied and incubated
the slide overnight at 4°C. Subsequently, the anti-mouse/rabbit secondary antibody
(Dako REAL EnVision Detection System) was applied and followed by labeling with
3,3’ -diaminobenzine (DAB). Lastly, hematoxylin was used as a counterstain, then

cover slides was applied and determined under the light microscope.
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Riboprobe preparation and in situ hybridization (ISH)

To detect the FCV mRNA in situ, a DNA probe was prepared from the
amplification region of the conserved site on ORF1 (nt 1 to 414) of the FCV genome.
The PCR product amplified from the RNA extracted sample was resolved in 2% (w/v)
gel electrophoresis, then purified using Monarch® DNA Gel Extraction Kit ( New
England BiolLabs Inc, USA). According to the product's instructions, a DNA probe
covering 414 bp of the ORF1 gene of FCV was synthesized using a PCR DIG Probe
Synthesis Kit (Roche Diagnostics, Switzerland). The PCR reaction was performed
under the same thermal cycling conditions described above, except using the
digoxigenin (DIG)-labeled oligonucleotides instead of the normal oligonucleotides. In
addition, the hybridization probe was evaluated by size resolution on 2% (w/ V)

agarose gel electrophoresis.

Examined tissues (included the organs parallel to IHC) were prepared for ISH
procedure. The ISH with chromogenic DNA was performed as previously reported
(Piewbang et al., 2019) with some modifications. Briefly, each 3-um-thick FFPE slide
was deparaffinized, rehydrated, and subsequently rinsed in deionized water (DI). After
that, the slides were treated by incubation in citrate buffer pH 6.0 in 95°C for 20 min.
Slides were then washed three times in DI for 5 min each. Next, cold 3% (v/v) H,0, in
absolute methanol was applied on each slide for 10 min to eliminate the
endogenous alkaline phosphatase. Then, the slides were soaked with DI thrice for
5 min each. Then, slides were prehybridized in prehybridization buffer 50% (v/ V)
formamide, 4X sodium SSC at 37°C for 10 min, followed by incubation with
hybridization buffer containing 5X SSC, 5X Denhardt’ s solution, 100 pg/ mL sperm
DNA, and 0.5% (w/v) sodium dodecyl sulfate, and 10 ng/ul of the synthesized FCV

probe at 50°C for overnight in a moist chamber.
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Meanwhile, a hybridization buffer containing a DIG-labeled FCV probe was
also placed on each FCV negative slide as an additional negative control. Then slides
were soaked in the series of buffer standard saline citrate, including 2X SSC at pH
7.0-7.4 at 37°C for 15 min, 1X SSC at 42°C for 15 min, and 0.5X SSC at 42°C for 15
min. For blocking non-specific binding, all slides were immersed with a blocking
solution mixture composed of 5% (w/v) bovine serum albumin in blocking solution,
then were incubated at room temperature for 1 hr. After non-specific blocking, 100
ul of anti-DIG-AP Fab fragments (Roche Diagnostics, Switzerland) (dilution 1:200 in 1X
Blocking solution) were applied on each slide and further incubated in the moist
chamber for 1 hr at room temperature. After thrice washes with DI for 5 min each,
Liquid permanent red (LPR) (Dako, Denmark) was applied in the dark chamber at
room temperature for 20 min. Slides were then counterstained with hematoxylin and

wright green, dehydrated, and mounted with coverslips.

Transmission electron microscopy (TEM)

TEM technique was used to elucidate the FCV viral particles in selected
positive tissue to support RT-PCR, IHC, and ISH. All TEM procedures were performed
by pop-off technique according to previously described (Piewbang et al., 2020;
Piewbang et al., 2021a; Piewbang et al., 2021b) and FCV virions were inspected at 80

kV by HT7800 (Hitachi, Japan).

Results

Sample collection and FCV molecular screening

Twenty-two necropsied cats with major history of acute respiratory distress
were included. After performing feline viral molecular screening, Four of twenty-two

cats (18.18% ) were positive for FCV. However, all of them were co-detected with
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FHV-1 (cat no.1) and FBoV (cat no.6, 11, 13) (Table 11). In addition, cat no.1, who
presented clinical signs likely VS-FCV infection, demonstrated a strongly positive RT-
PCR reaction in several organs (lung, spleen, facial skin, tongue, mediastinal lymph

node) (Figure 20).



Table 11 Molecular screening result of feline viral pathogen and organs of

detection

Molecular screening of Feline viral

ﬁ? detection. Organs of FCV detection
FCV FHV FBoV FPLV FCoV
Lung, Trachea, Spleen, Cerebellum,
1 + + i i i Cgrebrum, Heart, Sto_mach, Duodenum,
Jejunum, Illeum, Kidney, Pancrease,
Mesenteric lymph node
2 - - - N/A N/A
3 - - - N/A N/A
4 - - - N/A N/A
5 - - - N/A N/A
6 + - + - - Cheek, tongue, tonsil, eyelid, trachea
7 - - - N/A N/A
8 - - - N/A  N/A
9 - - - N/A N/A
10 - - + N/A N/A
11 - - + N/A  N/A Lung (weak signal)
12 - - + - N/A
13 + - + - - Lung (weak signal)
14 - + - N/A N/A
15 - + - N/A N/A
16 - + - N/A N/A
17 - + - N/A N/A
18 - - - N/A N/A
19 - - + N/A N/A
20 - - - N/A N/A
21 - - - N/A N/A
22 - - + N/A N/A

2N/A (not applicable)

102
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AD2 FOV-N

AD3 FOV-P

AD4 5361-Lung
ADS 5361-Sp
ADE 5361-FC
A7 5316-Tongu
ADS 5361-MO_LY
ADR 5362-Lung
A0 5363-Lung
All 5363-5p
A12 5364-5p

AD1 Marker

Peak Size

Figure 20 RT-PCR results of Feline calicivirus (FCV) were determined using

capillary electrophoresis (Qiaxcel®).

The positive control was demonstrated as *. Derived nucleic acids from fresh tissue
extractions including lung, spleen (Sp), facial skin (FC), tongue, and mediastinal lymph

node (MD LN) were investigated for FCV.

Sequencing and phylogenetic analysis

The complete coding sequence from cat no.1 was obtained with 7671
nucleotides (nt). Phylogenetic analysis of various whole-genome FCV strains could
divide FCV into two genogroups (genogroup | and II) in which the genogroup |
composed of four clusters (Figure 21). In addition, cat no.1’s strain (KP361) was filled
in genogroup | in the same cluster with other vaccine strains by sharing 72.7 — 79.3%

nucleotide homology to different strains in the cluster.
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Figure 21 Phylogenetic correlation of FCV from cat. no.1 (red circle) with
distinct strains from the GenBank database.
The phylogeny was constructed based on whole-genome nucleotide sequence using

MEGA X software by maximum likelihood method with 1000 bootstrap values

Gross lesion and histopathology

Twenty one of twenty-two cats did not present any abnormality of external
appearance except one cat. Interestingly, one kitten (cat no.1: KP361) showed gross
lesions similar to the VS-FCV infection, including facial edema, conjunctivitis, skin
ulceration at the nostril, and sudden death. Cat no.1 (KP361) is a 6-month-old, non-
vaccinated, female, domestic short hair cat. She was brought to a private clinic with
clinical signs of subcutaneous edema at face, conjunctivitis, epiphora, respiratory
distress, and acute death. The gross findings revealed pulmonary edema, mild

congestion and grey hepatization at left caudal lobe. In brain, mild congestion was
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observed in the cerebral area (Figure 22). Surprisingly, other organs showed

unremarkable lesions on gross.

Figure 22 Gross lesion of cat no.1.

Displaying facial edema, mild skin ulceration of nostril, mild congestion in the
cerebral and cerebellum, and red hepatization in the right caudal area of a caudal

lung lobe.

The histopathological findings revealed the desquamation of bronchiole and
alveolar epithelial cells, some bronchiole epithelial cell also demonstrated karyolysis
and pyknotic nuclei. Mild interstitial pneumonia with type Il pneumocyte hyperplasia
was also demonstrated (Figure 23a). Moreover, some alveolar macrophages also
infiltrated in the alveolar space (Figure 23b). The skin lesion revealed the diffuse
ballooning degeneration and subepidermal cleft of basal epithelial cells with
subepidermal clefts. The infiltration of neutrophils, lymphocytes, and mononuclear
cells were found in the epidermal and dermal layers (Figure 23c). Intestinal epithelial

cells showed the degeneration of cryptal cells and collapsed villi (Figure 23d). In
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brain, both cerebrum and cerebellum notably presented the histopathological
change. Cerebral grey matter revealed diffuse gliosis ( Figure 23e), whereas
perineuronal satellitosis and some dark neurons are also presented in the cerebral

parenchyma (Figure 23f)

Figure 23 Histological features of FCV were associated with numerous affected
tissues by Hematoxylin & eosin staining (H&E).
(@) Lung; Interstitial pneumonia with type Il pneumocytes hyperplasia and

desquamation of bronchiole and alveolar epithelium cell (100x). (b) Lung; a
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moderate number of alveolar (200x). (c) Skin; ballooning degeneration of basal
epithelium cell with subepidermal clefts (asterisks). Infiltration of inflammatory
mononuclear cells and some neutrophils in effected epidermis and dermis (400x). (d)
Duodenum; degenerated cryptal cells and collapsed ( 100x). (e) Cerebrum;
Presentation of widening space around blood vessel in cerebral grey matter
(vasogenic edema) (inset: 400x) and diffuse gliosis in cerebral parenchyma (100x). (f)
Cerebrum; Demonstration of mild perineuronal satellitosis and some of dark neuron

in cerebral parenchyma. (200x)

Immunohistochemistry

The representation of viral protein antigen in the affected tissue, including
skin, tongue, lung, trachea, intestinal, and brain ( Figure 24) , displayed
immunoreactivity in various cells. Strong immunoreactivity of epithelial cells in the
lesion of skin epithelial necrosis was shown, and intracytoplasmic immunoreactivity
was also demonstrated in the inflammatory mononuclear cells in the dermis (Figure
24a) . Moreover, immunoreactivity to FCV protein antigen was presented
intracytoplasmic of vascular endothelial cell of skin. Tracheal epithelial cells and
epithelial cells lining of the tracheal gland displayed a strong intracytoplasmic
immunoreactivity (Figure 24b). In small intestine, antigen-antibody complex also
strongly presented in the cytoplasm of enterocyte and in the nucleus of submucosal
nerve cells (Figure 24c and 24d). Meanwhile, intranuclear and intracytoplasmic
immunoreactivity to FCV viral protein antigens were also found in neuronal cells and

glial cells in brain tissue (Figure 24e and 24f).



108

Figure 24 Feline calicivirus protein antigen was revealed by

immunohistochemical (IHC) strain in various organs of cat no.1.

(@) Skin; immunoreactivity was showed in the epithelial cell in the lesion of the
epithelial necrosis and intracytoplasm of diffuse dendritic cells (DCs) in the dermis

(inset) (200x). (b) Trachea; strong immunoreactivity in the intracellular ciliated
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epithelium of trachea and epithelium cell lining of the bronchiolar gland (400x). (c)
Small intestine; strong intranuclear immunoreactivity at submucosal nerve ganglion
(inset) (100x). (d) Small intestine; diffuse of strongly immunopositivity of enterocyte
and goblet cell in the mucosal layer (200x). (e) Brain; immunoreactivity of FCV viral
protein antigen was diffusely demonstrated in neuronal cells located in the
cerebellar cortex (200x). (f) Brain; strong intranuclear immunoreactivity in the

neuronal cell (arrowhead) and intracytoplasmic of glial cells (arrow)(400x)

In situ hybridization

Along with the demonstration of FCV protein antigen by IHC, genomic mRNA
of FCV was also displayed by RNA-ISH in various tissue samples of cat no.1. The
respiratory epithelial cells exhibited diffuse intracytoplasmic FCV genomic signal in
bronchiolar epithelial cells (Figure 25). Moreover, the viral nucleic signals also
localized in the intracytoplasmic dermal epithelial cells and necrotic follicular
epithelial cells (Figure 26b). Moreover, the ISH signals were also exhibited within the
intracytoplasmic of various intestinal cells, including intestinal cryptal cells and
stromal supporting cells in villi (Figure 26a). In brain, the positive signal represented

in neuronal cells and glial cells in cerebral parenchyma (Figure 26¢ and 26d).

Transmission electron microscopy

Two sizes of viral particles, approximately 80 nm, and 40 nm, were localized
in the nucleus of neuronal cells of cerebral tissue (Figure 27). The smaller viral
particle measuring about 40 nm displayed icosahedral capsid structure and surface

indentations typical of Caliciviridae.
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Figure 25 In situ hybridization ( ISH) identified FCV genomic antigen in
respiratory epithelial cells.

(a) Bronchiolar epithelial cells diﬁusely',pkésented the ISH signal; (100x) (b) High
magnification displayed intraq}tdp,,tasmic éfrftirgrgi'genomic signal of FCV antigen in

bronchiolar epithelial cell (arrr“c}\//‘\'/‘));,f(’ﬁOOx).

Figure 26 In situ hybridization (ISH) signals indicated the FCV genome in various
cells.

(a), The nucleic signals were displayed in the intracytoplasmic of intestinal cryptal
cells and stromal supporting cells of the small intestine (100x). (b) The strong

genomic signals were identified at the intracytoplasmic of various skin epithelial cells
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(400x). (c) The strong signals were showed in a wide area of the cerebral cortex and
presented the signal in endothelial cell of the blood vessel (arrow in insert) (200x).
(d) The brain tissue revealed the genomic signal of FCV in neuronal cells (arrow)

(400x).

Figure 27 The ultrastructure of the mixed infected brain of cat no 1.

(@) TEM revealed a neuronal cell containing viral particle within the nucleus (N); scale

bars as 1.0 lLm. (b) Two sizes of viral particles were identified. The larger viral particle
(arrowhead) displayed size approximately 2 times compare with the smaller. The
smaller viral particle (arrow), measuring size about 40 nm, displayed an icosahedral
capsid structure and surface indentations typical of Caliciviridae; scale bars as 100

nm.

Discussion

This study demonstrated the first evidence of VS-FCV infection in a Thai cat.
There were three cats whose tissue samples were positive for FCV from RT-PCR. In
addition, one cat (Cat no.1) revealed positive results in numerous tissue samples by
showing clinical signs resembling the previously described VS-FCV cases in several
countries (Pedersen et al.,, 2000a; Schorr-Evans et al., 2003; Coyne et al., 2006b;
Battilani et al., 2013). Furthermore, this finding revealed the remaining FCV genome in

various tissue samples of cat no.1, especially the skin, lung, intestine, and brain. As
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known that the typical cell tropism of FCV is the epithelial cells in which the viral
antigen frequently presents in the cytoplasm of epithelial lining cells of mouth and
tongue (Pesavento et al., 2004). Besides, the molecular detection of viral antigens in
VS-FCV affected cats is also positive in various cell types such as epithelial cells and
endothelial cells in organs (Mochizuki, 1992; Truyen et al., 1999). The finding of
mature viral particles has also been documented within the nucleus of epithelial
cells by TEM (Pesavento et al., 2004). FCV passes into the host cell via feline
junctional adhesion molecule A (fJAM-A) receptor, which presents on the surface of

the epithelial and endothelial cells.

Additionally, fJAM-A is also expressed on the surfaces of erythrocytes,
platelets, and leukocytes (Lu et al., 2018). Besides the epithelial lining of the skin,
intestinal, and lung tissue, the result of this study also displayed FCV antigen
expression in the cytosol of the inflammatory mononuclear cells, as likely have
stated by former studies (Wobus et al., 2004; Monne Rodriguez et al., 2014). Likewise,
our finding presents remarkable detection of both FCV protein antigen and genomic
signal remaining within neuronal cells in various organ tissues, including skin, tongue,
muscular layer of the intestine, and brain. Interestingly, even though FCV is not a
neurotropic virus, the publications to locate FCV in the various neurotropism cells,
including neurons, glial cells, and pericyte, have occasionally been shown (Sato et
al., 2004; Battilani et al., 2013; Wardhani et al., 2021). However, the explanation for

the detection of FCV within neurotropism is still unclear.

On the other hand, Caliciviridae including within the same order as
Piconarviridae; Order Piconavirales, in which blood-brain barrier ( BBB) and
neuromuscular junctions (NMJs) are mainly entry routes to the central nervous
system (Koyuncu et al., 2013). Thus, we hypothesize that the infected leukocytes

may transport the virus pass BBB, which comprises the brain microvascular
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endothelium cells ( BMVECs) with specialized tight junctions, into the brain
parenchyma and other surrounding cells such as microglia, neuron, and pericyte. So,
this is supposed to be the point of interest for further investigating the nervous

system infection of FCV.

In conclusion, this study provides interesting insight into VS-FCV tropism,
especially in neurotropism. Furthermore, our data on viral localization discloses the
potential of VS-FCV to infect brain. Thus, more information about the distribution of

fJAM-A receptors in brain tissue may need in a future study.
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CHAPTER V

DISCUSSION AND CONCLUSION

General discussion

Feline calicivirus (FCV) was noticed as one of the key players in feline upper
respiratory tract disease (FURTD) for over 40 years (Caringella et al., 2019). Although
the primary symptoms of FCV-infected cats are oral diseases and the upper
respiratory tract, some strains could cause of raising in mortality rate up to 50%
(Pesavento et al., 2008) by known as virulent systemic feline calicivirus (VS-FCV).
While the prevalence and molecular characterization of both classic FCV and VS-FCV
is documented worldwide (Sato et al., 2002; Afonso et al., 2017; Zhao et al., 2017;
Caringella et al., 2019), the information of these viruses circulating in Thailand is
entirely limited (Phongroop et al., 2018a; Phongroop et al., 2018b). Thus, this is the
first study enclosing the molecular epidemiology and genetic characterization of FCV
wild-type strains circulating in Thai cats (FCV-THs) from 2016 to 2021. Moreover, we
also established and validated recent diagnostic techniques that could
simultaneously diagnose and differentiate the strain using a clinical sample. Finally,
we identified the localization of VS-FCV's cell tropism, causing acute death in a kitten

in various organ tissues.

In the aspect of FCV-THs molecular characterization, our findings indicated
that all circulating FCV-TH strains clustered in genogroup | compared with the
deduced amino acid sequence of full-length VP1 with other 43 global strains.
Moreover, the diversity of FCV-TH strains did not associate with geographic
distribution. Interestingly, although the previous report had published the association
between the amino acid physicochemical property of HVR-E and potentially

differentiated the classical FCV and VS-FCV pathotype (Brunet et al., 2019), our study
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represented incongruous results that seem likely other (Bordicchia et al., 2021).
Additionally, this study noticed that some FCV-TH strains revealed closely
phylogenetic related to vaccine strain with the low number of amino acid
divergence. Besides, the cat never got any vaccination in nearly a period. Hence,
although our research did not find any recombination evidence of FCV-TH strains in
the study period, we should keep monitoring the event, especially the

recombination between the vaccine strain and some wild-type strains.

According to our molecular study, we found some amino acid residual
showing the particularly disclosure of Thai strain at 3’ end of ORF1, which is the
junction between ORF1 and ORF2 that had ever caution for being a hot spot
recombination site of FCV (Symes et al., 2015). So, we decided to initiate and
validate a fashionable technique named high-resolution melting analysis (HRM) that
could concurrently detect and strain typing. Additionally, this technique could
differentiate between FCV-TH strains and commercial vaccine strains; likewise, our
validated design could also distinguish between FCV-TH strains at the delicate of
detection as 0.25°C T,, shift in 1% C:G contain alteration. However, our validated
HRM technique could detect only a short nucleotide sequence and a snapshot
event, so extended nucleotide sequencing is still required to confirm the definite

strain.

Based on the fact that the VS-FCV infected cat had never been officially
reported in Thailand. Thus, we attempted to investigate it from the necropsy cats
submitted to the Pathology Unit of the Department of Pathology at Faculty of
Veterinary Science, Chulalongkorn University, during 2020-2021. The inclusion criteria
included cats that died from a respiratory-associated illness. Thereby, our last
chapter represented the various cell tropism of the dead cat caused by VS-FCV using

numerous identification methods, including molecular technique,
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immunohistochemistry (IHC), in situ hybridization (ISH), and transmission electron
microscopy ( TEM). Our general findings revealed the cell tropism of VS-FCV
circulating in Thai cats related to the previous publications (Pesavento et al., 2004,
Monne Rodriguez et al., 2014; Monne Rodriguez et al., 2018). Of note, we distinctly
displayed both immunoreactivity of FCV protein antigen and FCV genomic signal in
various neurotropic cell types. Moreover, we also identified intranuclear FCV particles

in brain tissue using TEM.

Although some publications reported the evidence of FCV antigen in
neurotropic cells (Battilani et al., 2013; Wardhani et al., 2021), the understanding of
their pathogenesis is still poorly understood. However, Caliciviridae is the member
within the same order as Piconarviridae; Order Piconavirales, that blood-brain barrier
(BBB) and neuromuscular junctions (NMJs) are mainly entry routes of the virus to the
central nervous system (Koyuncu et al., 2013). Thus, we hypothesize that the
infected leukocytes, macrophages, or dendritic cells (DCs), may transport the virus
pass the BBB, which comprises the brain microvascular endothelium cells (BMVECs)
with specialized tight junctions, into the brain parenchyma and other surrounding

cells such as microsglia, neuron, and pericyte.

Limitation of the study and suggestion for the further study

The animal scale of this survey from each region in Thailand is quite limited
to both live and dead animals. Thus, the expansion of sample size on each
geographical area in Thailand should be considered in the future study. Additional
techniques such as viral isolation may be needed for the investigation of whole-

genome sequencing.
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Conclusion

This thesis provides the picture regarding FCV-TH strains circulating in Thai
cats in many aspects, including overall incidence since 2016-2021, molecular
characterization, and deeply in cell tropism vision. Moreover, we also contribute a
beneficial diagnostic technique for screening FCV infection from clinical samples and

strain-typing in the only one-step closed-tube system.

APPENDIX

Supplementary data of Chapter I
Supplementary Table S1 Demographic data of age, vaccination history, clinical
presentation, and molecular detection of feline calicivirus ( FCV) and feline

herpesvirus-1 (FHV-1) with route of detection of 184 studied cats
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