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Abstract

Severe clinical diseases associated to aCoronavirus (aCoV) infections were recently demonstrated
for the first time in humans and a closely related but distinct canine CoV (CCoV) variant was
identified in the nasopharyngeal swabs of children with pneumonia hospitalized in Malaysia, in
2017-2018. The complete genome sequence analysis demonstrated that the isolated strain, CCoV-
HuPn-2018, was a novel canine-feline-like recombinant virus with a unique nucleoprotein. The
occurrence of three human epidemics/pandemic caused by CoVs in the recent years and the
detection of CCoV-HuPn-2018, raises questions about the abilitv cf these viruses to overcome
species barriers from their reservoirs jumping to humans. 'aw-estingly, in this perspective, it is
interesting to consider the report concerning new CCoV sucins with a potential dual recombinant
origin through partial S-gene exchange with porcine *ra..<missible gastroenteritis virus (TGEV)
identified in pups died with acute gastroenteritis in “07,9. The significance of the ability of CCoVs
to evolve is still unclear, but several quec‘iors arisen on the biology of these viruses, focusing
important epidemiological outcomes in ti.o field, in terms of both virus evolution and prophylaxis.
The new CCoV-Hupn-2018 should le~d -esearchers to pay more attention to the mechanisms of

recombination among CoVs, rau aer than to the onset of variants as a result of mutations,

suggesting a continuous mor..*n1...g of these viruses and in particular of SARS-CoV-2.
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Introduction

Coronaviruses (CoVs) are enveloped viruses with large and complex RNA genome up to 32 kb that
encodes for 16 non-structural proteins regulating RNA synthesis and modification. The subfamily
Orthocoronaviridae in the Coronaviridae family includes four genera, Alphacoronavirus (aCoV),

Betacoronavirus (5CoV), Gammacoronavirus (»CoV) and Deltacoronavirus (6CoV) characterized



by a variable tissue tropism and by the ability to easily cross interspecies barriers causing diseases
with remarkably differences (Pratelli, 2011). These skills are the expression of the peculiar genome
organization (large single-stranded RNA), of the low fidelity of the viral RNA polymerase, of the
proofreading activity, of the high frequency of recombination and mutations events during RNA
replication, and of the selection pressure during adaptation of the virus to the new host. All events
that allow to escape lethal error and to generate quasispecies pools (Domanska-Blichard et al.,
2020; Pratelli, 2011).

aCoV and pCoV infect mammals, while »CoV and J0CoV irfec. primarily birds with some
mammalian spillover, as observed with the beluga whale ar.d . e pig (Domanska-Blichard et al.,
2020). Anyhow, it is known that CoVs are multitude and ™ai. of these have not yet been identified
and classified and in the future could be found in other “pe.‘es. Human CoVs (HCoVs) are often of
animal origin and most of them originated from k ai. =».d then adapted to humans by direct jumping
or by jumping into an intermediate speces Before the emergence in 2003 of Severe Acute
Respiratory Syndrome (SARS)-CoV, the first highly pathogenic HCoV, information was very
scarce about these viruses, whereas *hei~ was extensive knowledge in veterinary medicine about
animal CoVs, their evolution and heir pathobiology. The known HCoVs were generally associated
with common cold and acute na.**uenteritis in immunocompetent patients and among them, HCoV-
0OC43 and HECoV-4408 criginated by spillover from livestock (Vlasova and Saif, 2021). Before
the first SARS epidemic, bats were not known to be hosts for CoVs, and only later, through in-deph
investigations on various animal species, over 500 aCoV and pCoV were identified in bats all over
the world (Drexler et al., 2014). The subsequent emergence of Middle East Respiratory Syndrome
(MERS)-CoV in 2012 has confirmed that CoVs can cause severe-to-fatal disease and that bats are
realistically the original source of both MERS- and SARS-CoVs (Vlasova and Saif, 2021). In the
late 2019, a novel CoV, SARS-CoV-2, emerged among humans in Wuhan City, Hubei Province,
China, likely, as universally narrated, via a spillover event originated at the largest Chinese wet

market of the region, causing the current pandemic disease (Zhou et al., 2020) and pointing out the
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role of animals as reservoirs of new viruses with increased virulence that can adapt to humans. As a
consequence, considering the latest CoV infections in humans and the main focus on the bats (Li et
al., 2019), it is possible to assume that different animals may act as natural reservoirs/intermediate
hosts for CoVs transmission to humans and among these, the potential threat of dogs and cats was
poorly analyzed.

Recently, clinical diseases associated to aCoV infections were demonstrated for the first time in
humans and two aCoVs, a feline CoV (FCoV)-like (Silva et al., 2014), and a closely related but
distinct canine CoV (CCoV) variants (Xiu et al., 2020), were iden~tn,~d. FCoVs-like were detected
in the nasal swabs from patients with acute respiratory symptouine auring a molecular epidemiologic
investigation of HCoV strains circulating in Arkansas. The 1,~vel CCoV was conversely detected in
the nasopharyngeal swabs from eight children with pneun,~nia hospitalized in Sarawak, Malaysia,
in 2017-2018, during the validation of a sensitive ;-ar-species semi-nested RT-PCR assay for the
detection of CoVs. This was the first repc t s.ggesting that a CCoV, without major genomic re-
arrangements or adaptive modifications 1> the spike (S) protein may replicate in association with
pneumonia in human host (Vlasova et al  2021). The young patients were from rural areas and the
exposure or cohabitation with Jdomcstic and wildlife animals were frequent. Among these
specimens, CCoV was confirmod in two samples with different, less sensitive, one-step RT-PCR
assays. The virus from orn. specimen was cultivated in the canine A72 cell line, and the complete
genome sequence analysis demonstrated that the isolated strain, CCoV-HuPn-2018, was a novel
canine-feline-like recombinant virus with a unique nucleoprotein (N) (Vlasova et al., 2021).
Interestingly, through the analysis of the virus's genes sequences emerged that the new CoV could
have infected cats and pigs at one point, but it likely jumped directly from dogs to humans, as the
majority of the genome was similar to canine strains (CCoV TN-449 and CCoV HLJ-073). The
highest nucleotide (nt) identity of S1 and S2 domains with the canine strain UCD-1 and the feline
strain WSU 79-1683, respectively, the lack of the ORF3 and of the furin-clevage site between S1

and S2 domains, and the ability to replicate in A72 cells, highlighted the recombinant nature of
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CCoV-HuPn-2018 (feature already observed in other CCoVs), and suggested that it belongs to
CCoV genotype Il (Vlasova et al., 2021). Furthermore, a disturbing clue about the virus's future was
observed, as a very unique deletion in the middle portion of the N protein, was discovered. This 12-
aa insertion/deletion within the middle region of SARS-CoVs N protein is not present in any other
known aCoV 1 and CoVs, but it is very similar to one previously found in SARS-CoV and SARS-
CoV-2 very soon after its introduction in human population (He et al., 2004; Vlasova and Saif,
2021). This feature resulted in dramatic changes in its cellular localization soon after its zoonotic
transmission and, similarly, CCoV-HuPn-2018 possesses thic .nique genetic characteristic
suggestive of zoonotic origin. Likely, this deletion may have neined the virus to infect or to persist
in humans from dog, or it could be a key step requirea for CoVs jumping into people. This
intriguing but dangerous observation still remains a hypou>esis, and it’s too early to call this new
canine CoV a human pathogen because the virus ha: or.ty been associated with children pneumonia,
but no one has shown that it causes pneurr ani-.. Therefore, genetic evidence suggests that CCoV-
HuPn-2018 was likely intercepted in the ecrly stages of human jump, while it’s still trying to figure
out how to infect human efficiently frr sy reading from man to man (Vlasova et al., 2021).
Evolution and recombination evnts .n CCoV strains

Regardless of what emerges 1.0 these data and from their possible future evolution, attention
should be paid to canine Cavs and to what these viruses have taught us over time. Since the first
report in 1971 (Binn et al., 1974), CCoV has a preponderant role as a canine enteropathogen and
serological and virological investigations have demonstrated that dogs of all age and breed are
susceptible to infection and that the virus is widely spread in dog population, mainly in kennels and
animal shelters (Bandai et al., 1999; Naylor et al., 2001b; Pratelli, 2011; Rimmelzwaan et al., 1991,
Schulz et al., 2008; Tennant et al., 1993; Yesilbag et al., 2004). As demonstrated for other CoVs,
CCoV underwent mutations/recombination over time and new genetically divergent strains were
detected, some of them with more pronounced pathogenic potential. In 2001, the genetic analysis of

several CCoV detected in fecal samples from pups with diarrhea in the South of Italy and later in
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the feces of two naturally infected pups during the latter stages of long-term viral shedding,
revealed multiple point mutations accumulating over a fragment of the M gene (Pratelli et al., 2001,
2002). These CCoVs showed a genetic drift to FCoV type Il and subsequent sequence analysis
carried out on multiple regions of the genome of CCoV positive samples, demonstrated the
existence of two different genetic clusters of CCoV: the first included strains intermingled with
reference CCoV strains, such as Insavc-1 and K378, and the second, referred to as FCoV-like
CCoV, segregated separately from classic CCoVs, presumably represented a genetic outlier (Pratelli
et al., 2001, 2003b). Several hypotheses were advanced to explain v>is different segregation: i) in
natural conditions homologous recombination between hrgi.:¢ nomologous CoVs may occur
frequently, and even if where the recombination takes place is unknown, CCoV can use the feline
aminopeptidase (fAPN) glycoprotein as a cellular raceptor (Rossen et al.,, 2001) and under
experimental conditions, cats can be infected with C *e'vs (Barlough et al., 1984); ii) recombination
events have taken place in a different hos (i.. wild carnivore), or a wild carnivore might have
harbored the ancestor of CCoV, and CoVv' RNAs analysis from wild carnivore isolates could shed
light on these hypotheses (Pratelli et 2l., 2(,01). These preliminary observations on the genetic drift
of the M gene toward FCoV, gav' a n.eaningful impulse to study the genetic evolution of CCoVs.
The phylogenetic analysis on tr¢ ir.ferred amino acid (aa) sequence of a region encompassing about
80% of the S gene of one of uiese FCoV-like CCoVs, strain EImo/02, clearly showed that the virus
segregates with FCoVs type | (about 81% identity) rather than reference CCoVs and FCoVs type 11
(about 54% identity), and that this novel CCoV circulates among dogs (Pratelli et al., 2003a). On
the basis of the significant genetic similarity between EImo/02 and FCoVs type I, this strain was
designated as the prototype of the newly recognized CCoV type I, whereas reference CCoVs were
designed as CCoV type Il (Figure 1) (Pratelli et al., 2003a). Interestingly, unlike aCoVs, CCoV type
| shares a potential cleavage site in the S protein with members of fCoVs and »CoVs, and the high
divergence in the aa composition compared to the most closely related CoVs (FCoV type I, FCoV

type Il, and typical CCoV), strongly suggests that EImo/02 strain is antigenically poorly correlated
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to other CoVs of carnivores. Moreover, the presence of the stretch of basic residues RRXRR,
present in all fCoVs and »CoVs, is indicative of a potential cleavage of the S protein (Pratelli et al.,
2003a). Lastly, the genome of EImo/02 contains an additional ORF, 624 nt in length and referred as
ORF3, which has not been detected in CCoVs type Il and in other aCoVs (Lorusso et al., 2007).
This ORF encodes for a putative protein 207 aa long (molecular weight of about 24 kDa), and the
analysis of hydrophobic profile showed a neutral median hydrophaty pattern with a highly
hydrophobic region localized at the N-terminus. This region also contains a signal peptide with the
aa cleavage site at position 15 (12VAAKD16), and the observaticn wrat no transmembrane region
has been detected, suggests that the protein is secreted from tr.e 1 fected cells (Lorusso et al., 2008).
Following these preliminary observations, new strains w~a cantinuously reported, proving CCoVs
skill to readily mutate and generate new potentially viruicnt or genetically divergent strains. By
sequence analysis of a fragments of S and p."“~nerase genes from an outbreak of fatal
gastroenteritis in a breeding colony in Aus.-ali 4, Naylor et al. (2001a) identified the presence of a
virulent strain (UWSMN-1) that appeareu *o be divergent from CCoVs type Il circulating in other
countries. Comparing the 751 nt in t*.» 3’~gion of the S gene, UWSMN-1 had 21 unique sites and
there were 112 sites, randomly ii.*arspersed, where the strain differs from other strains analyzed.
These differences demonstraten (“<t, probably, UWSMN-1 is not the result of recombination events
between FCoVs and CCov™. as would be indicated if the S gene shared blocks of homology with
either FCoV or CCoV S genes, but rather it is a divergent strain originated after gradual
accumulation of mutations throughout its genome, which may be reflective of its isolated evolution
in Australia (Naylor et al., 2002).

In 2005, a highly virulent variant of CCoV type Il (strain CB/05) which caused a systemic disease
followed by fatal outcome in pups, was detected in Italy (Buonavoglia et al., 2006). CCoVs type |
and type Il were identified in the intestinal content of all infected pups and unexpectedly, CCoV
type Il RNA was also detected in lungs, spleen, liver, kidney and brain, and the virus was isolated

on A-72 cells from all the examined tissues but brain. Sequence analysis of the 3’end of the
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genome, including ORFs 3a, 3b, 3c, 4 (E gene) 5 (M gene), 6 (N gene), 7a and 7b of this
“pantropic” CCoV strain, showed high degree of aa identity to CCoV type Il, but the S protein
displayed the highest identity to FCoV type Il strain 79-1683. Interestingly, the genetic marker of
CB/05 genome consisted of a 38-nt deletion in the ORF3b which was responsible for a predicted
truncated nonstructural protein 3b (Decaro et al., 2007). Experimental infection of seronegative
pups confirmed the pantropism of the virus and its ability to induce severe clinical signs,
lymphopenia and infection of the lymphoid tissue, strongly suggesting the ability of the virus to
spread from the enteric tract to the internal organs (Decaro et al., 2710}

Another example of the evident evolution of dog CoVs was the iJentification of a canine respiratory
coronavirus (CRCoV) in tissue samples from the respira.cry tract of diseased dogs in United
Kingdom (Erles et al., 2003). The virus resulted only dista. *ly related to known CCoVs, displaying
only a 21.2% aa identity in the S protein, and st."w~.d a close relationship to the fCoVs in the
polymerase and S genes (Erles et al., 2002 Ir. particular, S gene sequence analysis revealed a nt
identity of 97.3% and 96.9% to bovinc coronavirus (BCoV) and HCoV-OC43, respectively,
suggesting a recent common ancestor, < well as the occurrence of repeated host-species shifts
(Vijgen et al., 2005, 2006). The i:-esei.ce of the HE gene in the CRCoV genome, characteristic of
the pCoVs, confirmed the hvnohesis that CRCoV might have originated from BCoV (Erles et al.,
2007).

Lastly, in 2009 CCoVs with a potential dual recombinant origin through partial S-gene exchange
with TGEV were identified in the gastrointestinal tract and organs of pups imported from Hungary
and died with acute gastroenteritis (Figure 1) (Decaro et al., 2009). Recombination events involving
partial S-gene sequences were previously described for FCoV (Herrewegh et al., 1998) and CCoV
(Escutenaire et al., 2007; Wesley, 1999). In particular, Wesley (1999) characterized a TGEV-like
CCoV strain (UCD1) in the feces of a dog with diarrhea, through sequence analysis of the N-
terminal domain of the S protein, but the rest of the genome was strictly related to CCoV type II.

Conversely, the Hungarian viruses with canine/porcine origin formed monophyletic group clustered
8



with TGEV and porcine respiratory CoV and segregated separately from CCoVs type Il in the
5’end of the S gene, but in the C terminus, the TGEV-like CCoVs clustered together with CCoV
type 11 and separately from TGEV/porcine respiratory CoVs. Moreover, these viruses, later detected
in many countries, were identified through the analysis of the 3’end of four strains and the nearly
full-length genome of two of those strains, confirming the stability of the recombination events
(Decaro et al., 2009). Subsequent experimental infections highlighted also an immunological
impairment respect to classical CCoVs and consequently, because of these genetic and antigenic
differences between original CCoVs type Il and recombinant Tk /-like CCoVs, CCoV type Il
were further divided into two different subtypes, CCoV-lla e.iu ~CoV-IIb, including reference and
TGEV-like CCoV type Il isolates, respectively (Decaro ot o', 2009). It is interesting to note that
these recombination events affecting canine and porcire «2Vs represent a kind of “sliding door”
where original CCoV gave rise to TGEV ancd wen, TGEV participated to TGEV-like CCoV
appearance (Figure 1) (Pratelli et al., 2021).

The significance of all these data on the ability of CCoVs to evolve is still unclear, but several
questions regarding the biology of tl=c2 viruses arisen, focusing important epidemiological
outcomes in the field, in terms of : ath virus evolution and prophylaxis.

Genetic plasticity of CoVs

One of RNA’s most inirig-ing feature is their ability to carry genetic information despite its labile
nature (Jarvis and Kirkegaard, 1991; Steinhauer and Holland, 1986). CoVs are unique among RNA
viruses in many aspects of their biology, such as the extremely large genome, the nested set of
subgenomic mRNAs, the discontinuous transcription mechanism, and the high frequency of RNA
recombination events because of the high error frequencies of RNA polymerase that are predicted to
accumulate several base substitutions per round of replication. Genetic recombination ensures the
proliferation of new virus strains, serotypes and subtypes that may have selective advantages over
parental genomes (Dolja and Carrington, 1992), and the consequent acquired characteristics, such

as changes in virulence and tissue tropisms, and/or interspecies transmission, right occur through
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genetic variations in structural and/or non-structural proteins (Decaro and Buonavoglia, 2008; Guan
et al., 2003; Laude et al., 1993; Rottier et al., 2005; Song et al., 2005; Vennema et al., 1998; Vijgen
et al., 2005). The history of animal CoVs has demonstrated that genetic changes can be generated
by mutations (i.e. deletions, insertions and substitutions), but gain/loss mechanisms mainly
concerned accessory protein genes and mostly recombination could generate new strains with
drastic changes, i.e. adaptation to different host, ability to avoid the immune response and variation
in virulence (Domanska-Blichard et al., 2020; Forni et al., 2017). Striking examples emerged from
animal CoVs in which recombination have played a role in the ev~'uuan of different CoV species.

New strains of infectious bronchitis virus (IBV) in poultry floc.s are the results of recombination
between different field and/or vaccinal strains, and some b ."-like strains from turkey CoV (TCoV)
(Bande et al., 2017; Brown et al., 2016). FCoVs type !l cvisen by recombination events between
FCoV type | and CCoV (Figure 1) (Herrewegh 2t «1 1998). The enteric biotype of FCoV in the
persistent infected cats may undergo mutat: 'ns .n the S gene and/or deletions in the genes 3c, 7b or
7a, involving changes in the tropism of u.~ virus causing the appearance of pathogenetic strain of
feline peritonitis virus (FIPV) (Rottier e. 2.., 2005; Vennema et al., 1998). Similar drastic shifts of
tissue tropism have also been ok erved with murine coronaviruses mouse hepatitis virus (MHV)
(Haspel et al., 1978). Swine Co.’s ire the expression of the ability of CoVs to cross species barriers
infecting new hosts. The ~“o» porcine haemagglutinating encephalomyelitis virus (PHEV) was a
derivative of BCoV, which in turn is believed to have descended from a bat virus through
adaptation in a rodent species (Decaro et al., 2020). Sequence alignments based on ORFla and
ORF1b of porcine epidemic diarrhea virus (PEDV) clearly shows that PEDV is most closely related
to HCoV 229E and that HCoV 229E is more similar in sequence to PEDV than it is to TGEV
(Kocherhans et al., 2001). TGEV likely originated from CCoV through cross-species transmission
(adaptation of CCoV type Il to swine apparently was accompanied by inactivation of ORF3b and

loss of ORF7) (Lorusso et al., 2008) and gave rise to the less virulent porcine respiratory CoV
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(PRCoV) that shows a 200-aa deletion in the N-terminus with respect to TGEV (Decaro et al.,
2007; Vaughn et al., 1994).

There is genetic evidence that several aCoVs, such as HCoV-OC43, HECV-4408 and porcine
hemagglutinanting encephalomyelitis virus (PHEV), have arisen by host jumps from BCoV (Erles
et al., 2007; Vijgen et al., 2005, 2006; Zhang et al., 1994), which likely derived from a bat virus
through adaptation in a rodent species, as well as porcine deltacoronavirus (PDCoV) has emerged
from avian 0CoVs (Decaro et al., 2020; Wang et al., 2019). Recently, bovine-like CoVs were
identified in wild or domesticated ruminants, even if the genetic ~vents that have caused the
interspecies transmission have not been identified so far. .~ addition, severe acute diarrhea
syndrome CoV (SADS-CoV), a porcine aCoV recently eme,ned, derived from CoVs circulating in
bats (Decaro et al., 2020).

Conclusion

The occurrence of three human epidemics.2ar iemic caused by CoVs in the recent years and the
detection of CCoV-HuPn-2018 in the ncsopharyngeal swabs from children with pneumonia in
Malaysia, asks questions about the ahili.v of these viruses to overcome species barriers from their
reservoirs and to jump to humans. The viruses’ animal-to-human transmission has already occurred
in the past, but it seems that its ,-er,uency has increased in the last decades, involving in a short time
not only CoVs, but also niony yenetically and biologically different viruses with zoonotic potential,
such as Ebola virus, influenza viruses, flaviviruses, Hendra and Nipah viruses (McMahon et al.,
2018).

CCoVs, and in general aCoVs, have the ability to infect different hosts inducing variable clinical
disease and this emphasizes their complex evolution. Cui et al., (2019) stated that given the great
diffusion and the genetic diversity of bat CoVs related to human SARS-CoVs, novel viruses will
emerge in the future. Despite this dangerous hypothesis, no concrete actions have been performed to
limit strict contact or cohabitation of animals (especially wildlife animals) with humans, and due to

increasing urbanization, in the near future the world will deal with new severe health emergencies.
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The discovery of the likely new human pathogen with CCoV characteristics, along with the report
of a CoV that likely jumped from pigs to people in Haitian pediatric patients (Lednicky et al.,
2021), pose another global threat, and attention should be focused on animals that could act as
reservoirs or intermediate hosts to CoVs transmittable to humans (Vlasova et al.,, 2021).
Considering that molecular analysis has confirmed the animal origin of the recent HCoVs
epidemics/pandemic, important countermeasures should be taken to avoid next viral spillover from
animals to humans, and continuous genomic surveillance in wild/domestic animals, ban of the wet
markets and development of new antiviral drugs and vaccines <ho.ld be carried out to prevent
animal-to-human infections (Decaro and Lorusso, 2020). Cor.siu>ring that, in the past two decades,
animal CoVs have jumped in humans at least three times, *he veterinary medicine should play a
more decisive role in promoting sustainable prevention mc2sures and should support health policy
makers in managing human health in order to adv-ai. e “ne "One Global" Health Movement (Decaro
et al., 2020).

Last but not least, the newly identified TCoV-Hupn-2018 should lead researchers to pay more
attention to the mechanisms of recomhiri»t?on among CoVs, rather than to the onset of variants as a
result of mutations, and continuus inonitoring of these viruses are required because (without
saying as Cassandra...!!!) recoi-hnation observed in CCoVs may represent a warning for SARS-

CoV-2 (Pratelli et al., 2uz.)
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Figure legend
Figure 1. The evolution of CCoVs. The probable origin of FCoV type 1l, CCoV type | and TGEV-

like CCoV as a result of recombination events.
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a) CCoV II: “classical” canine coronavirus type II; b) CCoV I: canine coronavirus type | (in yellow:
the spike protein originated from feline coronavirus type 1); c) FCoV I: feline coronavirus type I; d)
FCoV type IlI: feline coronavirus type Il (in red: the spike protein originated from CCoV II; e)
TGEV: transmissible gastroenteritis virus of swine (in red: the spike protein originated from CCoV
Il; f) TGEV-like: TGEV-like canine coronavirus (in green: the spike protein originated from CCoV

).
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Canine coronavirus undergoes recombination events
A closely related canine coronavirus identified in child with pneumonia
Coronavirus animal-to-human transmission increased in the last decades

Pay attention to recombination among coronaviruses, rather than to mutations
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