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Summary

Coronaviruses (CoVs) are a well-known cause of severe enteric, respiratory, and
systemic disease in a wide range of animals and in humans. To understand the route of
disease origin and viral transmission in companion animals, a comparative pan-genomic
analysis of coronavirus sequences originating from major felines and canines were
conducted. The average nucleotide identity (ANI) is a rapid procedure for assessing the
very close antigenic relationship between feline CoV (FCoVs) and canine CoV (CCoVs)
and ANI-based phylogenetic tree that clustered CoVs according to their respective host
species. While pan-genomic analysis demarcated strains clearly. The distribution of the
clinical isolates all across the categories in the hierarchical phylogenetic model enabled
the visualization of their original ecological niche rather than their isolation source, as
infections are extremely rare events and evolutionary dead-ends. In polymorphism
analysis, we found seven accessory gene clusters common to the FCoV/CCoV category
clade, including pantropic strains, that perform functions supporting their pathogenicity.
In addition, the gene presence/absence among FCoVs and CCoVs would provide very
valuable information on species-specific control measures against CoV disease, such as
the selection of good markers for differentiating new species from common and/or
pantropic isolates. Also, the virulent FCoV strains were grouped with human CoV strains
NL63 and 229E confirming hypotheses stating that cats are highly susceptible to HCoVs,
while dogs have low susceptibility to the virus. In conclusion, the combined analysis
allows for better phylogenetic resolution and the implication of virus origins,
recombination, and virus—host interaction, as well as biomarkers.
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1. Introduction

Coronaviruses (CoVs) are a large family of enveloped viruses. These non-segmented,
single-stranded, positive-sense RNA viruses are the well-known causes of severe
respiratory, enteric, and systemic infections in a wide range of hosts, including canines,
felines, murines, equines, and humans. In general, Coronavirinae is divided into four
genera: Alpha-, Beta-, Gamma-, and Deltacoronavirus (Woo et al., 2012). Alpha- and
Betacoronavirus usually infect mammals, while Gamma- and Deltacoronavirus usually
infect birds and fish. The coronaviruses of relevant veterinary species are especially
considered, as the exact source of the current outbreak of coronavirus disease 2019
(COVID-19, caused by SARS-CoV-2) might have originated from an animal source and/
or be transmitted via domestic animals. Feline- and canine-derived coronaviruses are
widespread among dog and cat populations. Canine coronavirus (CCoV), which can
cause mild diarrhea (Decaro and Buonavoglia, 2008, 2011), and feline coronavirus
(FCoV), which can cause the fatal disease known as feline infectious peritonitis (FIP)
(Pedersen et al., 2014), are both Alphacoronaviruses. Betacoronavirus have been
assigned to four distinct lineages (A, B, C, D), and six known coronaviruses capable of
infecting humans (HCoVs) and causing mild illness similar to the common cold and
gastrointestinal tract infection, and respiratory disease, have been distributed to both
Alphacoronavirus (HCoV-229E and HCoV-NL63) and Betacoronavirus (HCoV-OC43
and HCoV-HKUI1 belong to lineage A, SARS-CoV and SARS-CoV-2 to lineage B, and
MERS-CoV to lineage C). CCoV and FCoV are distinct from SARS-CoV and SARS-
CoV-2. However, these animals are clearly susceptible to this family of viruses (OIE,

2020; Shi et al., 2020). There is also currently limited evidence that companion animals



can be infected with SARS-CoV-2, and there is no evidence that canines or felines can be
a source of infection to other animals or to humans. In addition, the worldwide report of
coronaviruses genome sequences isolated from different animal species has attracted the
attention of scientific society. One means of deriving meaningful and useful information
from a large genomic dataset of coronaviruses is through comparative pan-genomic
analysis. This approach can help identify the core genome of host-dependent isolates and
extract accessory genomic features shared by a subset of these viruses or that are unique
to hosts. Whereas core genomic features are required for the virus to be functional,
accessory features are candidates for providing insights into the drivers of the unique
capacities of the virus, explaining adaptive evolution in its reservoir host. Here, we
describe the pan-genomes of the coronaviruses isolated from some veterinary animals,
including CCoVs and FCoVs, based on these available complete genome data to assess
the possible functions of these core/accessory features and to discover approaches for

detection and treatment.

2. Comparative genome analysis of CoVs

2.1 Average nucleotide identity analysis of FCoVs and CCoVs

The average nucleotide identity (ANI) calculation based on the complete genome of
some previously determined animal species sequences (Supplementary Table 1) revealed
that FCoV strains had 85.26—-100% similarity, CCoV strains had 84.45-100% similarity,
murine and rat CoV strains had 89.88-100% similarity, mink CoV strains had 91.15—
100% similarity, equine CoV strains had 98.74-100% similarity, and human CoV
(HCoV) strains had 61.03—100% similarity (Fig. 1). The ANI-based phylogenetic tree

clustered CoV strains according to their respective host species. Whole-genome ANI



between FCoV and CCoV strains showed 80.34—-88.72% similarity, with the exception of
type II CCoV strain KC175339 (ANI value of 85.65-99.89% when compared to FCoV
genomes). This strain shared high similarity (> 99%) with FCoV (serotype II) strains
DQO010921, DQ286389, JQ408980, GQ152141, and JN634064, suggesting the potential
of cross-species jump between cats and dogs. In addition, this result shows that ANI
analysis can be conducted quickly to assess the very close antigenic relationship between
FCoVs and CCoVs and its potential for interspecies transmission (McArdle et al., 1992;
Horzinek et al., 1982).

The high similarity between specific CCoV and FCoV strains also might reflect
interspecies recombination in different parts of the viral genome. In fact, various
sequence analysis studies (e.g. Escutenaire et al., 2007; Naylor et al., 2002; Herrewegh et
al., 1998) have targeted the gene encoding the spike on the viral surface and encoding the
membrane or integral membrane protein for understanding interspecies recombinations
between FCoV and CCoV strains.

In addition, numerous markers have been proposed for the detection of FCoVs and
CCoVs. However, there is major controversy regarding the existence of genetic markers
for differentiating between their interspecies and intraspecies pathotypes (Terada et al.,
2014; Hora et al., 2016). Based on significant antigenic differences between strains,
CCoV and FCoV strains are generally distinguished into low-virulence (predominant
strains causing enteritis disease, or type I) and high-virulence strains (typical strains
causing multisystemic disease in a small percentage of animals, or type II). The genetic
relation of low-virulence CCoV strains is more closely related to FCoV strains (termed

FCoV-like CCoV strains) than typical CCoV strains. In some exceptions, some FCoV-



like CCoV strains are more virulent than typical CCoV strains, and cause severe
hemorrhagic diarrhea (Benetka et al., 2006). In contrast to FCoVs, both type I and II
CCoVs are commonly detected simultaneously in the same host (36.9-76.8% of dogs
with diarrhea) (Terada et al., 2014), thus allowing genetic recombination to occur and
increase CCoV infection severity in dogs and the emergence of CCoV variants (Pratelli et
al., 2004; Escutenaire et al., 2007). Thus, accurate genotyping of field FCoVs and CCoVs

is undoubtedly important.

2.2. Inside the pan-genome of CCoVs and FCoVs

Pan-genome analysis describes the set of all sequence entities (open reading frames
[ORFs], genes, etc.) belonging to the viral genomes of interest. In the present study, pan-
genome analyses of the 104 CoV genomes were performed using EDGAR v2.2 (Blom et
al., 2016), and a total of 43 orthologous groups were identified, which constituted the
CoV pan-genome. Fig. 2 shows that the size of the pan-genome inferred from the genome
sequences of 12 CCoVs and 58 FCoVs was constituted by 15 and 19 orthologous groups,
respectively. The power law coefficient within Heap’s Law function was 0.146 for
CCoVs and 0.147 for FCoVs (between 0 and 1), corresponding to the open pan-genome
model (Tettelin et al., 2008) (Fig. 2C and 2D, respectively).

In contrast to ANI-based phylogenetic analysis (Fig. 1 and S1), pan-genome analysis
revealed different partitioning of the examined CoV strains based on the comparative
gene content of 43 orthologous groups (Fig. 3). The hierarchical clustering of seven
different host CoV strains resulted in seven distinct, host-independent clusters.
Remarkably, most feline-, canine-, and mink-derived strains belonged to cluster 1 and

were distinguished from the equine, murine, and human strains (cluster 2). The feline and



canine cluster 1 was divided into sub-clusters consisting of feline—canine, and feline,
feline—canine—human (HCoV NL63: Accession no. MK334045 originated from China).
This analysis is consistent with the finding that the recombinant CCoV strain HLJ-073
(accession no. KY063618) could replicate effectively in both canine lymphocytes and
human THP-1 cells (Chen et al., 2019). In China, strain HLJ-073 had different biological
characteristics from other reported CCoVs, and the hierarchical clustering can be useful
for screening the special CCoV strains. In contrast, the murine strains in cluster 2 were
divided into sub-clusters of murine, murine—equine—human, and murine-rat, and these
sub-clusters are more closely related to new strains of HCoV (SARS-CoV-2) in cluster 2.
In the analysis with additional HCoV strains HKU1, OC43, NL63, and 229E, virulent
FCoV strains were grouped with HCoV strains NL63 and 229E (Fig. S2). Our results
may support previous hypothesis stating that cats are highly susceptible to HCoVs while
dogs have low susceptibility to the virus (Shi et al., 2020). However, increasing infection
of highly virulent CCoVs that has been documented in puppies without apparent
coinfections (e.g. Escutenaire et al., 2007; Decaro et al., 2007; Zicola et al., 2012) via
recombination may be transmitted from their natural reservoir to a susceptible host,
including humans, in different ways (e.g., in the case of CCoV strain HLJ-073, accession
no. KY063618), as cats and dogs are in close contact with humans.

The comparison of hierarchical clustering and the phylogenetic tree in Fig. 3 shows
some degree of conservation in the grouping of the viral strains. In the field of
phylodynamics, the phylogenetic tree showed low evolution within the viral genome, i.e.,
point mutations associated with disease transmission or severity, compared to the

hierarchical clustering tree (based on complete viral genomes), which describes major



viral genetic divergence and population dynamics (genotypes and sub-genotypes),
pathogenesis, and vectors associated with virus transmission among populations (Faria et
al., 2017, 2018). This pan-genomic analysis clearly demarcates strains; thus, the
combined analysis allows for better phylogenetic resolution and implicates virus origins,
recombination, and virus-host interaction.
3. Gene repertoires in discriminating FCoV and CCoV genotypes

In general, the coronavirus genome contains six ORFs flanked by 5’ and 3’
untranslated regions. The viral RNA is covered by the nucleocapsid protein (N), which is
enveloped by membrane proteins directly encoded by at least three viral genes involved
in the synthesis of the structural spike protein (S), envelope protein (E), and membrane
protein (M). Some coronaviruses have an additional membrane glycoprotein,
hemagglutinin esterase, and the accessory proteins 3a—c and 7a—b (Masters et al., 2006).
Of these important components, the trimeric S protein forms characteristic viral
peplomers, and is a major driver of viral tropism and pathogenesis (Delmas and Laude,
1990; de Groot et al., 1989). This distinctive S protein is found in serotype I viruses with
seropositivity of up to 90% infection of FCoVs, while the S protein of serotype II has
been identified as a recombinant protein between feline and canine enteric coronaviruses
(Shiba et al., 2007). Type II FCoVs can use feline aminopeptidase N (fAPN), a cell
surface metalloprotease on the intestinal, lung, and kidney epithelial cells, as its receptor,
but this is impossible for type I FCoVs, suggesting that the two serotypes use different
receptors for cell entry (Hohdatsu et al., 1998; Dye et al., 2007). In contrast, Tresnan and

colleagues (1996) showed that the type I FCoV strain UCD-1 also can use fAPN



receptors. Evidence regarding the receptor for the attachment and entry of type I FCoVs
remains conflicting.

CCoVs were also divided into two genotypes. Based on their genetic relation to
FCoV-I, FCoV-like CCoVs were designated type I CCoV (accounting for about 20% of
CCoV infections) and the typical reference CCoVs were termed type II CCoVs (Pratelli
et al., 2003). In contrast to FCoVs, both genotypes of CCoV are commonly co-infected
(nearly 36% of CCoV-infected dogs) in dogs with diarrhea, and thus genetic
recombination is allowed to occur (Pratelli et al., 2004; Decaro et al., 2010; Soma et al.,
2011). Type I and type II CCoVs could be differentiated based on the single gene
encoding for S protein, ORF3 (absent in all other alphacoronaviruses), or M protein
(Decaro and Buonavoglia, 2008; Pratelli et al., 2006, Jeoung et al., 2014). In type II
CCoVs (accounting for about 44% of CCoV infections), three sub-genotypes (CCoV-Ila,
IIb, Ilc) were classified based on the sequence of the first 300 amino acids of the N-
terminal domain (NTD) in the S protein that is an important determinant of intestinal
tropism in closely related porcine coronaviruses (TGEV, transmissible gastroenteritis
virus) (Krempl et al., 1997; Schultze et al., 1996; Decaro et al., 2009). Infection by the
type Ila CCoV strain, the highly virulent pantropic CCoV (e.g., strain CB/05), has been
detected in tissues other than the intestine, including the lungs, spleen, liver, kidney, and
brain, and the patient exhibits clinical signs of fever, lethargy, vomiting, hemorrhagic
diarrhea, and acute lymphopenia and neurological signs, followed by death (Buonavoglia
et al., 2006; Decaro et al., 2007, 2008). Moreover, type IIb CCoV is detected in 20% of
type II CCoV infections and is thought to have emerged via double recombination

between CCoV-Ila and TGEV (the so-called TGEV-like CCoVs), suggesting that co-



infection has occurred in at least one host species (Decaro et al., 2009, 2010; Pedersen et
al., 1984). The recently characterized type Ilc CCoV (with strain A76 as a prototype) has
been reported in Sweden and the United States. CCoV strain A76 has a recombinant S
protein, a product of recombination between type I and II CCoV sequences and a
serotype I-like S1 NTD, while the rest of the protein is serotype II-like (Regan et al.,
2012; Whittaker et al., 2018).

In the evolutionary study of FCoVs and CCoVs, it has been proposed that type I
FCoVs and CCoVs originate from a common ancestor. Presumably, the acquisition of the
ORF3 gene after the divergence of type I FCoVs or the loss of this gene in their common
ancestor may have resulted in type I CCoVs. Meanwhile, the gain of the new S gene and
the loss of the ORF3 gene led to the emergence of type II CCoVs and then gave rise to
type Il FCoVs through recombination with type I FCoVs (Lorusso et al., 2008).
Furthermore, no cross-protection from pantropic CCoV infection was observed in a dog
immunized by an enteric CCoV strain (Decaro et al., 2010). These results indicate that
the dynamics of the gain/loss of accessory genes may generally cause shift of infection in
the host and then result in more virulent strains and increased severity of enteritis disease.

The pan-genome analysis with the gene present or absent clearly demarcated strains
not according to which host species the strains infect (Fig. 3), as was observed when
performing the analysis with complete genomes (Whittaker et al., 2018). Moreover, the
distribution of the clinical isolates across the categories in the hierarchical phylogenetic
model enabled the visualization of their original ecological niche rather than their
isolation source, as infections are extremely rare events and evolutionary dead-ends.

Based on the accessory genes, we distinguished FCoVs and CCoVs into seven different



categories (Fig. 4). Among these, category 1 consisted predominantly of type I/Il FCoV
strains, and some strains were closely related to TGEV (Fig. S3), indicating that
recombination events might occur between these FCoVs. In particular, type II FCoV
grouped with the TGEV genetically related CCoV strain HLJ-073 (accession no.
KY063618) in category 2, indicating an approach for identifying sub-genotype CCoV-IIb
(Decaro et al., 2009). On the other hand, the FCoV strain NTU156 in category 2 was
identified as a natural interspecies recombination between type I FCoV and type 11 CCoV
and was originally isolated from the pleural effusion of a FIP cat (Lin et al., 2013). Thus,
the presence of CCoV strain KY063618, an enteric strain with ORF3abc deletion, in
category 2 may indicate its dynamic infection, for example, its alternative tissue tropism
from the intestinal tract to systemic infection and its viral cell tropism from dogs to
humans (Chen et al., 2019). Some studies (e.g. Alfano et al., 2019; Xia et al., 2020) have
described three CCoV strains, i.e., HLJ-071, HLJ-072, and HLJ-073, as belonging to
CCoV-Ila. However, the pan-genome analysis separated strain HLJ-073 (KY063618)
from other identified CCoV-Ila strains (e.g., strain HLJ-072 with accession no.
KY063617 and HLJ-071 with accession no. KY063616). This is consistent with a
previous result that showed a close relationship between strain HLJ-073 with members of
the type II FCoV cluster rather than with members of the CCoV-I or CCoV-II cluster.
Based on recombination analysis of its S, E, and M genes, it is probably a recombinant of
TGEV, FCoV-II, and CCoV-I/Il (Chen et al., 2019). Thus, the pan-genome analysis may
discriminate clearly between the different pathogenic forms of FCoVs and CCoVs,

including their potential threat to distinct host cell tropism.



With the presence of pantropic CCoV (pCCoV)-Ila strain CB/05, the CCoVs in
category 3 are considered sub-genotype Ila (pCCoV-Ila), while type I FCoVs were
mainly distributed in this category. Compared with the closely related TGEV strains, the
FIP virus (FIPV) strain UU17 (accession no. HQ012367) clustered to the TGEV Purdue
and Miller strains (Fig. S3), showing the higher genetic relatedness between pCCoV,
FIPV, and TGEV.

Our findings also show that CCoV strains K378 and 171 appear to be even closer to
FIPVs and FECVs (category 4) than to the other CCoVs, consistent with the previous
conclusion for strain K378 based on analysis of the S protein (Wesseling et al., 1994). In
addition, the pattern of gene repertory similarities may reflect the geographical origin of
these coronaviruses, e.g., two FCoVs originate from the USA and the Netherlands, while
three CCoVs originate from the USA, Italy, and Germany. This may indicate their
epidemiological transition of geographical distribution between FCoVs and CCoVs.

The remaining FCoVs in the other categories are capable of triggering genetic
recombination in both FECVs and FIPVs. FIPV may arise through mutations in the viral
genome during FECV (feline enteric coronavirus) infection and lose its enterocyte
tropism. Factors such as stress, re-infection, or super-infection that may trigger disease
progression have been described for both naturally and experimentally infected cats
(Desmarets et al., 2016). In the host, the virus faces high selection pressure to form a
genetically heterogeneous virus population. For example, the distribution of FCoV
mutations through deletions and/or amino acid changes related to protein M, S1, S2, N,
and 7b has been demonstrated when compared to its originating FECV strain (accession

no. KU125419) and during infection (Lowiese et al., 2016). However, that study could



not find the hitherto described FIPV-specific mutations in the genes encoding spike and
3c, and did not indicate the ability of gradual adaptation of FECV at the level of whole
gene repertory comparison. Here, the pan-genome analysis showed that FCoV with
accession no. KU215420 (exposed cat 1, 7 day(s) post-infection) clustered with type I
FECV, while FCoV with accession no. KU215422 (exp. cat 2, 21 dpi) is close to type I
FIPV (Fig. 4). In late infection, FCoV with accession no. KU215424 (exp. cat 1, 28 dpi)
and KU215427 (with S1 deletion, exp. Cat 3, 28 dpi), isolated from hosts with clinical
signs such as diminished appetite and moderate weight loss, were clustered to type I
FIPVs (with accession no. FJ938061 and KY 566209 harvested from ascites samples) and
type Ilc CCoV strain A76. These data support the rapid adaptation of FECV and its
formation of new variants, posing a threat to the host. Our analysis of the gene repertories
derived from FECV and FIP might indicate the relation of FECV infections; it also useful
for understanding the pathogenesis and further designing accurate biomarkers for
differentiating FIPV and FECV, on which many scientists focus continually (e.g. Guan et
al., 2020).

The four FCoVs assigned by strain HLJ (accession no. KY566209, KY566210,
KY566211, KY292377) were sampled from FIP-suspected cats in China. Previous study
(Li et al., 2019) showed a cluster of three strains (K'Y 566209, KY566210, KY566211) as
a potentially new type I FCoV when compared with reference strains of type I and type II
FCoVs, and the highest phylogenetic relationship was with a reference strain isolated
from Denmark (cat 1 Karlslunde, accession no. KX722530), while strain KY292377
formed in another clade distinguished from three other HLJ strains. This result was not

entirely in line with our pan-genome analysis, where four strains were differently



distributed to category 6 and 7 (Fig. 4). In contrast to the type I FCoV strain with
accession no. KY566211 (from a single-cat household environment) clustered in category
6, three of four FCoV genomes with accession no. KY566209, KY566210, and
KY?292377 [all isolated from multi-cat environments; Li et al., (2019)] clustered in
category 7 and separated into sub-clusters of type I and II FCoVs. In particular, the FCoV
strain with accession no. KY292377 clustered to the strain with accession no. KX722530,
isolated from cat lung (Denmark) and the strain with accession no. KX722529 isolated
from naturally infected cats with FIP (Belgium) and type II FCoV strain 79-1683 with
accession no. JN634064 (Herrewegh et al., 1998; Pedersen et al., 2014). These data
suggest that the high seroprevalence of type I FCoVs in the cat population may be
distinguished well by pan-genome analysis when combined with their isolation sources,
clinical characteristics of infection, and cell tropism. This result is in line with the
conclusion that strain 79-1683 was not a true FECV, where it was demonstrated to grow
readily in Crandell-Rees feline kidney (CRfk) cells and harbor a mutated ORF3c in the
sequences, while FECVs are different (Pedersen et al., 2014). Our pan-genome analysis
can be used to estimate the viral tropism and pathogenesis of coronavirus.

In addition to the strain HLJ-073 (accession no. KY063618), which was separate
from other identified CCoV-Ila strains (e.g., strain HLJ-072 with accession no.
KY063617 and HLJ-071 with accession no. KY063616) based the pan-genome analysis,
these fecal strains can be re-demonstrated as a potential pathogenic species when
clustered together with strains isolated from ascites, pleura, or lung of diseased animals.
Indeed, cell isolation and tropism experiments have shown that fecal isolate HLJ-073

could induce cytopathic effects in CRfk cells, and replicate effectively in canine
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macrophages/monocytes and human THP-1 cells. Likewise, this pantropic isolate has
functional genes form a category 2 with FCoV strain NTU156 (accession no. GQ152141)
isolated from pleura (Fig. 4), indicating an alternative approach to finding a new
pantropic isolate.

Moreover, our findings are in agreement with a recent study (Xia et al., 2020) that
showed CCoV infecting the canine digestive system and that included strain HLJ-071,
HLJ-072, and HLJ-073 with reduced genomic I CpG that could spread to the respiratory
system in canids and that became a severe canine pathogen. These enteric CCoVs also
exhibited a much lower GC% and I CpG combination than CRCoVs infecting the canine
respiratory system. The presumably strong selection against CpG in the viral RNA
genome in canid intestine resulted in rapid evolution of the virus that may suggest a
hypothesis of the origin and initial transmission of pantropic isolates (including other
animal and human strains, e.g., BatCoV RaTG13 and SARS-CoV-2). Likewise, the
category 6 type Il CCoV strain TN 449 (accession no. JQ404410), isolated from the host
died of gastroenteritis, and strain 1 71 (accession no. JQ404409), isolated from the feces
of a diarrheic host, exhibited CpG deficiency (Xia et al., 2020). This suggests the
importance of monitoring coronavirus infections in the canine digestive system, where
the transformation of the viral lineage can be induced to gain a low-GC genome and
spread to other species. Thus, analysis of a pan-genome, CpG, and viral tropism should
be combined to clarify the characteristics of virulent coronaviruses.

4. The identification of biomarkers for diagnosis
Type I CCoV isolates are not culturable in cell culture systems, which has severely

hampered the study of these viruses. /n vivo, type I CCoVs co-circulate extensively with



type II CCoVs, often occurring as co-infections (Decaro et al., 2011; Ntafis et al., 2011;
Costa et al.,, 2013). Classification of CCoV-Ila and CCoV-IIb has been based on
differences in pathogenicity and tissue tropism. The common CCoV-Ila is restricted to
the small intestine and causes enteritis, while the pantropic CCoV-Ila can spread
systemically, and causes leukopenia. Like TGEV, the second variant CCoV-IIb causes
enteritis in neonatal animals. CCoV-IIb has been detected by PCR assays in various
organs outside the intestinal tract primarily in dogs co-infected with canine parvovirus
(Decaro et al., 2008, 2012; Marinaro et al., 2010), but also in dogs with uncertain disease
status (Decaro et al., 2013). In culture, type II CCoV strain 1-71 typically grows readily
with the A-72 cell line, which are canine tumor fibroblast cells widely used for virus
propagation, but also grows well in a variety of feline cell lines (e.g., CRfk). However, it
is not grow in many other canine cell lines (Regan et al., 2012).

Similar to CCoVs, type I strains predominate throughout the world, but type II strains
appear to be more adaptable to tissue culture. Both type I and type Il FCoVs co-circulate
in FIP-affected cats (Li et al., 2019). Measuring antibody levels against FCoV is rarely
of value in etiological diagnosis of FIP, and histopathological examination of infected
tissues is commonly used (O’Brien et al., 2012; Sharif et al., 2010). In spite of the
similarities between these viruses and the frequent sub-clinical infections, it is clear that
systemic and lethal FIP is a much more common outcome for FCoV infection in cats,
compared to CCoV infection in dogs. Thus, there is an urgent need for a universal
method for detecting FCoV/CCoV variants in clinical specimens based on genome-wide
analysis, and numerous studies based on the RT-PCR method have been developed (e.g.

Decaro et al., 2005; Tanaka et al., 2015).



In our analysis, polymorphism of dispensable genes among the FCoV and CCoV
strains provides very valuable information on species-specific control measures against
coronavirus disease. For example, the presence/absence of a gene (Fig. 4, white box) may
be a good marker in molecular techniques, an unending search to accurately identify
pantropic CCoV, and type IIb and IIc CCoV isolates, especially when differentiating new
species from common and/or pantropic species (Licitra et al., 2014; Tanaka et al., 2015).
On further examination, the combination of phenotyping and visualizing differential gene
content with downstream analysis such as GeneMarkS, RAST annotation subsystems, as
well as in silico modeling of surface proteins (UCSF Chimera, University of California)
will help discover new biological insights into the evolution of pathogenesis and explore
strain-specific drug targets against coronavirus disease in animals. Finally, our pan-
genome interpretation, pan-RT-PCR, a highly discriminatory PCR assay based on highly
informative identified genetic targets according to their presence or absence (Yang et al.,
2013), will be a routine tool in the lab that can distinguish all clinically relevant FCoV

and CCoV variants.

5. Conclusions

The amount of coronavirus genetic information available in the NCBI GenBank
Genome database allows us to begin addressing the genetic complexity of veterinary
coronaviruses, which originate from several molecular mechanisms, including
insertion/deletion events, different nucleotide substitution rates, and intragenotype and
intergenotype recombination and re-assortment events. Of course, pan-genome analyses
are an effective tool that could yield deep insights into the comparison of virulence genes

among viral strains, and could also enable further understanding of mutualistic



interactions and/or host—virus interactions. Integrated analyses using tools such as ANI,
pan-genome, and phylogenomic analysis are used for the taxonomy of viral strains
isolated from different host ecosystems. For example, whole-genome ANI showed that
FCoVs and CCoVs had 80.34-88.72% similarity. Serotype II CCoV accession no.
KC175339 shared high similarity (ANI > 99%) with serotype Il FCoVs (accession no.
DQO010921, DQ286389, JQ408980, GQ152141, IN634064), suggesting that ANI analysis
can be conducted quickly for assessing the very close antigenic relationship between
FCoV and CCoV and its potential for cross-species infection. Downstream analysis may
therefore be indicative of whether an isolate is an emerging potential zoonotic pathogen.
For example, strain HLJ-073 in China has biological characteristic differences from other
reported CCoVs, and hierarchical clustering can be useful for screening the CCoV special
strains. In addition, we distinguished FCoVs and CCoVs into seven different categories
based on the distribution of their accessory genes. The distribution of the clinical isolates
across the categories in the hierarchical phylogenetic model enables the visualization of
their original ecological niche rather than their isolation source, as infections are
extremely rare events and evolutionary dead-ends. This interpretation enables the
development of novel control methods against disease, e.g., a rapid detection assay such
as pan-RT-PCR, as well as a promising candidate for vaccine development.
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Figure legends

Figure 1: The Heat-map of Average Nucleotide identity (ANI) matrix and
phylogenetic relationship of 99 CoV genomes. The color bar represents the host species.
Strains names with isolation source and accession numbers are listed in Table S1.

Figure 2: Pan genome analysis of CCoVs and FCoVs. (A and B) Calculated pan
genome of CCoV and FCoV strains, respectively. These were extracted by using EDGAR
(Blom et al., 2016). (C and D) Sizes of pan-genome and core genome of CCoV and
FCoV strains, respectively, indicated an open pan-genome according to Heap’s Law
model.

Figure 3: Comparison of hierarchical clustering and phylogenetic tree of studied
CoVs genomes. Both hierarchical clustering (right panel) based on their relative shared
gene content and phylogenetic tree (left panel) based on their concatenated orthologous
genes were performed on all 99 strains. Color strings connecting the same strains of both
trees aims at highlighting the degree of similarities between both tree methods (Sturn et
al., 2002; Blom et al., 2016).

Figure 4: Comparison of hierarchical clustering of FCoV and CCoV genomes

indicating a potential in discriminating FCoV and CCoV genotypes. Function of gene



presence and absence of gene in each genome are indicated as red and black,
respectively. Strain labeled with colour-dot is closely related to TGEV in Fig. S2.

Supplementary Figure S1: The Heat-map of Average Nucleotide identity (ANI)
matrix and phylogenetic relationship of miscellaneous CoV genomes. The color bar
represents the host species. Strains names with isolation source and accession numbers
are listed in Table S1.

Supplementary Figure S2: Comparison of hierarchical clustering of CoV genomes
derived from many host species indicating a potential relationship of FCoV and HCoV
(NL63, 229E) genotypes. Function of gene presence and absence of gene in each genome
are indicated as red and black, respectively.

Supplementary Figure S3. Comparison of hierarchical clustering of FCoV and
CCoV genomes to TGEV, transmissible gastroenteritis virus. (A) Hierarchical clustering
of CCoV and TGEV genomes indicating a potential in discriminating type IIb/c CCoV.
(B) Hierarchical clustering of FCoV and TGEV genomes indicating a natural interspecies
recombination. Function of gene presence and absence of gene in each genome are
indicated as red and black, respectively. Strains names with isolation source and
accession numbers are listed in Table S1.

Supplementary Table 1. List of CoV genomes in this study.



Highlights

Whole-genome ANI between FCoV and CCoV strains showed 80.3—88.72%
similarity, with some exceptions.

ANI analysis can be quickly conducted to assess the very close antigenic relationship
between FCoVs and CCoVs and its potential for cross-species infection.

Pan-genomic analysis and the hierarchical phylogenetic model clearly demarcate
strains according to the distribution of clinical isolates.

Combined analysis of CCoVs; FCoVs; and the HCoV strains HKU1, OC43, NL63,
and 229E also indicate that cats are highly susceptible to HCoVs, while dogs have low
susceptibility to the virus.

The distribution of the pantropic isolates across the categories in the hierarchical
phylogenetic model allows the prediction of their potential for infection, and the selection

of good markers for differentiating new species from common and/or pantropic isolates.



