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Abstract—Coronaviruses have tremendous evolutionary potential, and three major outbreaks of new human
coronavirus infections have occurred in the recent history of humankind. In this paper, the patterns of occur-
rence of new zoonotic coronavirus infections and the role of bioveterinary control in preventing their poten-
tial outbreaks in the future are determined. The possibility of SARS-CoV-2 infection in companion animals
is considered. Diverse human activities may trigger various interactions between animal species and their
viruses, sometimes causing the emergence of new viral pathogens. In addition, the possibility of using probi-
otics for the control of viral infections in animals is discussed.
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INTRODUCTION
Coronaviruses (Coronaviridae, CoV) are a family

of pathogenic viruses that attack humans and animals
and cause diseases of the respiratory, gastrointestinal,
and nervous systems with varying degrees of severity.
The CoV family includes two subfamilies: Coronaviri-
nae subdividing into four genera (Alphacoronavirus,
Betacoronavirus, Gammacoronavirus, and Deltacoro-
navirus) and Torovirinae consisting of two genera
(Torovirus and Bafinivirus). The genus Betacoronavirus
subdivides into several subgenera designated, before
the revision of taxonomy in 2019, by the first four let-
ters of the Latin alphabet. Now it is commonly consid-
ered that this genus consists of the following subgen-
era: Embecovirus (the former subgenus A), Sarbecovi-
rus (the former subgenus B), Merbecovirus (the former
subgenus C), Nobecovirus (the former subgenus D),
and the subgenus Hibecovirus distinguished for the
first time (Li et al., 2019). The unique mechanism of
CoV replication provides high-frequency genetic
recombinations in their RNAs and subsequent muta-
tions, altogether allowing the rapid adaptation of CoV
to new hosts and ecological niches (Ji et al., 2020; Lu
et al., 2020).

The mutation activity favors changes in CoV viru-
lence; however, the role of animal carriers is not the
least important here, because they are involved in the
global ecosystem, particularly as the core components
of zoonotic viral infections: the primary and second-
ary reservoirs (Omrani et al., 2015; Mohd et al., 2016;
Shi et al., 2017). At the moment, based on retrospec-

tive epidemiological data, it may be asserted confi-
dently that beta-coronaviruses such as SARS-CoV,
MERS-CoV, and SARS-CoV-2 have the greatest
emergent zoonotic potential. It should be noted that
the emergence and distribution of these viruses occur
with the involvement of both domestic and wild ani-
mals, in particular, bats (Sun et al., 2020). The pecu-
liarities of antiviral immune responses of these animals
have formed a good foundation for more intensive
development of progenitors of the above three viruses
(Li et al., 2019). At present, the scientific community
faces the problem of creating a strategy to prevent a
potential fourth outbreak of new coronaviral infection.

MATERIALS AND METHODS

The present systematic review is based on Scopus,
The Cochrane Database, MEDLINE/PubMed Data-
base, Embase-Elsevier, Web of Science Core Collec-
tion, and eLIBRARY (2003–2020) database searching
by the following combinations of keywords and the
SQL operator: “coronavirus” AND (“animal” OR
“bat” OR “dromedary camel” OR “civet” OR “pan-
golin” OR “cat” OR “dog” OR “ferret” OR “animal
model”). We used information from many (91) exten-
sive reviews, as well as the results of systematic analy-
ses and research works discussing the fundamental
and clinical aspects of coronavirus infections in differ-
ent animal species and their zoonotic potential.
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RESULTS AND DISCUSSION
It has been established that all of the known human

coronavirus infections are zoonotic. The systematic
review (Ye et al., 2020) presents seven examples of
detected human CoV formed with the involvement of
no fewer than five representatives of different orders of
mammals.

Animals are considered the primary evolutionary
hosts of human CoV in the event of detection of a pre-
cursor virus homologous to the human one at the
nucleotide sequence level. This virus usually has no
marked virulence against the host animal, and its car-
riage is asymptomatic. In most cases, CoV must over-
come the interspecies barrier to infect humans, which
occurs due to the diversity of genetic and phenotypic
features of the virus resulting from replication mis-
takes, e.g., inactivation of the exoribonuclease
(Ogando et al., 2019). The precursor virus often exhib-
its pathogenicity when it infects an intermediate host,
which plays the role of a reservoir for intensive propa-
gation. In the case of repeated contacts with an
infected animal, the precursor virus has a great chance
to be transmitted to a human being and, if CoV are
capable of human-to-human transmission, they do
not lose the ability to develop and can adapt to a new
host organism, losing their virulent properties. For
example, MERS-CoV has the highest lethality among
the seven detected CoV. At the same time, MERS-
CoV has the lowest contagiousness among people
compared to other representatives of this group of
viruses (Omrani et al., 2015; Chu et al., 2020). At the
same time, HCoV-229E, HCoV-OC43, HCoV-NL63,
and HCoV-HKU1 do not cause any serious or sys-
temic inflammatory diseases in people, indicating the
adaptation of these viruses to new hosts (Corman
et al., 2015; Milewska et al., 2018; Cui et al., 2019).
There is an interesting situation with SARS-CoV-2: in
the course of evolution, the contagious and virulent
properties of this virus formed most favorably for its
pandemic spread. However, this virus demonstrates
the logic of adaptive prevalence of contagiousness over
virulence. Tang et al. discovered two types of SARS-
CoV-2 (the more virulent L-type and the less virulent
S-type) and ascertained that transmission of the
S-type causing relatively less severe inflammatory dis-
eases began to prevail over the L-type due to the sani-
tary and epidemiological control measures taken with
the spread of this virus in China (Tang et al., 2020).

Thus, for detecting potential emergent zoonotic
coronavirus infections, it is necessary to consider the
variants of their asymptomatic carriage in animals,
especially if the infectious agent is a member of the
genus Betacoronavirus.

The members of the order Chiroptera are involved
in numerous epidemiological outbreaks of zoonotic
infections, in particular, those common for other ani-
mals and for people. The human viruses with precur-
sors found in these animals include Filoviridae (Ebola
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and Marburg) (Goldstein et al., 2018; Forbes et al.,
2019), Paramyxoviridae (Nipah, Hendra) (Drexler
et al., 2012), and certainly CoV (Ye et al., 2020). In
addition, it should be noted that now there are no
fewer than 30 established CoV species that use Chirop-
tera as a natural reservoir (Wong et al., 2019). One of
the favorable factors for the existence of such a great
number of zoonotic viruses is the species diversity of
the order Chiroptera (>1300 species) and, conse-
quently, the great number of different cells and recep-
tors that infectious agents can interact with. The fact
that wing-handed animals are the only mammals that
can f ly over long distances, thereby increasing the
number of contacts with other animals, also plays an
important role in extensive interspecies transmission
of zoonotic viruses (Hawkins et al., 2019).

However, the major cause why these animals are
considered to be the ideal “incubators” of new patho-
genic viruses, including CoV, is asymptomatic virus
carriage determined by the limited immunoinflam-
matory responses. Viruses, upon entering into most
mammalian organisms, activate proinflammatory
cytokins, thereby leading to inflammatory diseases
and lethal outcomes (Tseng et al., 2012; Collins et al.,
2014). A recent study (Brook et al., 2020) has demon-
strated that the interaction between the cells of the Old
World fruit bats (Pteropodidae) in vitro and different
subtypes of Indiana vesiculoviruses results in a rather
quick immune response, which however induces high-
frequency replication of the virus in cell culture. In
addition, it has also been shown that the antiviral
interferon-mediated response of bats does not cause
an inflammatory response sufficient for cell damage,
which in turn prolongs the supposed persistence of
viral infection. These results are confirmed by a num-
ber of previous studies. For example, is was shown for
Chiroptera that their NF-κB signaling pathways are
degenerated (Zhang et al., 2013) and the activity of
NLRP3-inflamasomes is suppressed as compared to
those in other animals (Ahn et al., 2019). This is a basis
for the limited inflammatory response and asymptom-
atic course of viral infections. It has also been shown
that the enhanced NKG2/CD94-mediated regulation
of NK-cells and the low expression of the major mol-
ecules of class I histocompatibility in fruit bats can
prevent the function of NK-cells (Pavlovich et al.,
2018).

All these peculiar features of immunity make Chi-
roptera organisms an ideal environment for the devel-
opment and replication of a great number of viruses, in
particular, CoV. Some data also show that reactive
oxygen species formed as a result of active metabolism
in these mammals can have an additional mutagenic
effect on CoV by affecting the RNA-dependent RNA
polymerase (Zhang et al., 2013).

Thus, wing-handed animals are dangerous as the
first link in the chain of emergent coronavirus infec-
tions. The CoV that have acquired higher replication
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activity due to long-term persistence in Chiroptera
organisms have a good chance of acquiring virulent
properties against new hosts during interspecies trans-
mission, as probably occurred during the evolutionary
development of SARS-CoV, MERS-CoV, and SARS-
CoV-2.

The direct transmission of CoV from Chiroptera to
humans is unlikely because of the low frequency of
contacts with these animals. Therefore, in most cases
human CoV have passed through the stage of another
animal carrier as an intermediate host during interspe-
cies transmission.

The first outbreak of human coronavirus infection
was caused by SARS-CoV in November 2002, in
Guangdong province of China (Perlman et al., 2009).
The outbreak initiated extensive research with the pur-
pose to find out the source of infection. In 2003, a
SARS-like CoV with 99.8% homology to SARS-CoV
was found in workers of the animal market in Shen-
zhen and in animals, in particular, Himalayan palm
civets Paguma larvata and raccoon dogs Nyctereutes
procyonoides (Guan et al., 2003). The experimental
modeling of coronavirus infection showed that civets
were susceptible to SARS-CoV and to SARS-like CoV
and thus considered to be an animal reservoir (Wu
et al., 2005); a little later, the supposed CoV-precursor
with 95% nucleotide sequence identity to SARS-CoV
was found in the Chinese rufous horseshoe bat Rhinol-
ophus sinicus (Lau et al., 2005; Li et al., 2005), so that
the chain of viral transmission and evolution was
finally established.

We believe it necessary to mention several import-
ant facts by the example of this outbreak. Firstly, it is
known that Chiroptera had never been considered as a
reservoir of zoonotic viral infections before the detec-
tion of the probable precursor of SARS-CoV (Wong
et al., 2019). Hence, humans may find other members
of the Animal Kingdom with their organisms being an
ideal environment for the “incubation” of new emer-
gent viral infections. Secondly, antibodies against
SARS-like CoV have been identified only in the
Himalayan palm civets found in the market of wild
animals; no antibodies were detected in domestic or
wild representatives of this species (Tu et al., 2004).
This circumstance may indicate that there is no need
for a large number of individuals to be involved in the
interspecies transmission of CoV as the intermediate
link. Thirdly, ten viral infections were reliably detected
in the entire family of Viverridae, including civets,
according to a recent systematic review (Wicker et al.,
2017), and only one of them was of coronaviral origin.
Consequently, the intermediate link of new emergent
viral infections with an epidemic potential can be any
animal that is in repeated close contact with a human
being. The presence of coronavirus infection in the
anamnesis of the species is not necessary.

The second episode of unknown coronavirus infec-
tion caused by MERS-CoV has some differences from
the scenario of SARS-CoV transmission and the
development described above. The virus was identi-
fied for the first time in 2012 in Saudi Arabia (Milne-
Price et al., 2014); the genetically similar CoV of Chi-
roptera (CoV-HKU4, CoV-HKU5 and CoV-HKU25)
established later were homologous by 75–87% to
MERS-CoV. All these viruses use dipeptidyl pepti-
dase-4 (DPP4) as a receptor for cell invasion (van
Boheemen et al., 2012; Lau et al., 2018; Luo et al.,
2018). However, in contrast to SARS-CoV, MERS-
CoV homologous by 100% to the virus isolated from
humans was identified in an animal (supposedly the
natural reservoir), namely, the Arabian camel Camelus
dromedarius (Raj et al., 2014a). This fact indicates that
MERS-CoV is evolutionarily more distant from the
CoV of Chiroptera and the period from transmission
of the potential CoV-precursor from Chiroptera to
camels till formation of MERS-CoV is longer. In addi-
tion, the fact that MERS-CoV potentially originated
from the CoV of Chiroptera is indicated by the fecal–
oral route of transmission, which is more typical of the
latter (Samara and Abdoun, 2014).

In contrast to the coronavirus infections of civets,
those of Camelidae are quite frequent, and some of
them can even overcome the interspecies barrier and
be transmitted to humans, thereby becoming zoo-
notic. For example, Corman et al. in 2018 published
the data that HCoV-229E causing nonlethal infections
of respiratory tracts can be transmitted from camels to
humans by a route analogous to the transmission
routes of MERS-CoV, demonstrating the important
role of camels as a reservoir of coronavirus infections
(Corman et al., 2018). In 2014, Woo et al. reported on
the identification of a new CoV from the genus
Betacoronavirus, DcCoV UAE-HKU23, in dromedar-
ies of Central Asia; in 2016, antibodies against this
CoV were found in 98.3–100% of dromedaries in this
region (Woo et al., 2014, 2016). An article published in
2019 was devoted to the genetic diversity of various
UAE-HKU23 strains, and its authors supposed that
the evolutionary development of this CoV, which is
based on acquisition of new genetic properties during
replication, proceeds by the pathway of MERS-CoV,
being evidence of its increasing emergence potential
(So et al., 2019).

Camelidae are an ideal intermediate host for zoo-
notic infections, because in some regions they have
close and repeated contacts with people and are used
for milk and meat production and as draft animals
(Widagdo et al., 2019). In addition, dromedaries are a
reservoir of 37 zoonotic infections, with 13 of them
being viral (Zhu et al., 2019).

Dromedaries can be carriers of coronavirus infec-
tion occurring in other members of the family Camel-
idae. 1309 samples of rectal and nasal smears taken
from camels in Saudi Arabia in the period from May
2014 to April 2015 were shown to contain two mem-
bers of the genus Betacoronavirus (MERS-CoV and
BIOLOGY BULLETIN  Vol. 48  No. 1  2021
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HKU23-CoV) and one member of the genus
Alphacoronavirus, which proved to be genetically
homologous to the CoV detected in the alpacas
Vicugna pacos in the United States in 2007 and the
human HCoV-229E (Sabir et al., 2016). Later, the
whole genome sequencing of the detected alpha-CoV
showed that this virus was homologous by 92.2% to
HCoV-229, and a common ancestor of these two
viruses could have been transmitted from alpacas to
humans in the 1960s. This fact was established by
comparing different alpha-CoV strains identified
within the period from 1962 to 2003 (Crossley et al.,
2010, 2012).

Camelidae are not the only agricultural animals
involved in the transmission chains of CoV, because all
agricultural ruminant animals can be infected with
CoV, which causes economic damage to global live-
stock farming, and some CoV of these animals are
considered precursors of human viruses. The spread of
CoV in cattle is favored by factors such as high live-
stock population density in a limited territory, which is
a favorable condition for rapid transmission of viruses
by means of the fecal–oral and airborne routes (Heck-
ert et al., 1990; Decaro et al., 2008). It is reliably
known that the immune resistance of animals
decreases in winter, leading to the enhanced frequency
of occurrence of diseases caused by coronavirus infec-
tions (Carman et al., 1992). It is altogether a suitable
environment for the formation of potential zoonotic
CoVs. Vijgen et al. supposed that HCoV-OC43 devel-
oped from a common ancestor with the cattle CoV
when overcoming the interspecies barrier in the 1890s
(Vijgen et al., 2005, 2006).

To date, one of the most frequently discussed sub-
jects is the possible involvement of companion ani-
mals in the chain of transmission of emergent corona-
virus infections, because these animals are in the clos-
est contact with people. So far, there is insufficient
evidence for stating that small domestic animals are
involved in the genesis and spread of emergent CoV.

The only definitely known CoV causing an infec-
tious inflammatory disease in cats Felis silvestris catus
is feline CoV, which belongs to the genus Alphacorona-
virus and subdivides into two types based on the
genetic and antigenic difference in the spike protein
(Jaimes et al., 2018; Felten and Hartmann, 2019). In
real life, most coronaviral feline peritonites are caused
by type I feline CoV; type II is relatively less wide-
spread, as this CoV was a result of genetic recombina-
tion with canine CoV, which makes it less contagious
for cats (Le Poder, 2011). This fact is confirmed by the
recent study by Zhao et al., where serological screen-
ing showed that 75 (54.7%) and 26 (19.9%) out of 137
plasma samples were seropositive towards type I and II
feline CoV, respectively. At the same time, all feline
plasma samples seropositive towards type II were also
positive towards type I, which is indicative of the phe-
nomenon of cross-reactivity, because not all animals
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of this group were infected with type I feline CoV
(Zhao et al., 2019).

Cats are sometimes used as model experimental
animals for reproducing different viral infections in
order to investigate their pathological aspects, the pos-
sibility of transmission between individuals, and the
approbation of treatment approaches. For example,
successful techniques of experimental reproduction of
feline coronavirus infection using the canine CoV and
the human HCoV-229E were described in 1984–1985
(Barlough et al., 1984, 1985). The experimental data
published in 2003 showed that this virus was detected
in samples of nasal smears from cats four and six days
after intra-tracheal inoculation of 106 U of a 50%
infective dose of SARS-CoV in the absence of typical
symptoms. It is evidence that the organisms of these
animals are susceptible to infection by one more
human CoV. In addition, cases of SARS-CoV trans-
mission to other laboratory cats placed into a closed
cage with an infected individual have been described
(Martina et al., 2003). An analogous experimental
study confirmed these data and additionally described
the changes in the respiratory tracts during the repro-
duction of SARS-CoV infection typical of tracheo-
bronchoadenitis (van den Brand et al., 2008).

Let us note that all model works on the reproduc-
tion of coronavirus infections in cats are accompanied
by comparison with the control and experimental
groups of polecats Mustela putorius, which are also
quite popular companion animals. All works describe
more marked inflammatory and immune responses in
these animals, which are more like those in humans by
nature, making polecats a more convenient model for
studying human pathologies (Martina et al., 2003; van
den Brand et al., 2008; Gong et al., 2018). However,
attempts to reproduce coronavirus infection with
MERS-CoV failed as polecats proved to be immune to
this viral agent (Raj et al., 2014b). It has been shown
that other laboratory animals, namely, the New Zea-
land white rabbit Oryctolagus cuniculus, can be appro-
priate for in vitro modeling of MERS-CoV respiratory
infection (Haagmans et al., 2015), so that the necessity
of using genetically modified mice Mus musculus for
this purpose can be reduced (Agrawal et al., 2015).

Immediately after the outbreak of the novel coro-
navirus infection in December 2019 in the city of
Wuhan of Hubei Province in China, studies were
started to identify the viral agent, which was later des-
ignated as SARS-CoV-2 due to its genetic and pheno-
typic similarity to SARS-CoV, as well as due to the
similar clinical courses of diseases caused by these
viruses (Gorbalenya et al., 2020; Yang et al., 2020).
After finding out that cell invasion by SARS-CoV-2
occurs via the interaction with the angiotensin-con-
verting enzyme-2 (ACE2), scientists put forward the
hypothesis that this virus could be studied in the same
model animals that were used to simulate the infection
caused by SARS-CoV. Shi et al. performed an exten-
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sive experimental study, which included numerous
species of small domestic and agricultural animals
exposed to intranasal inoculation with 105 plaque-
forming units of SARS-CoV-2. By analogy to SARS-
CoV, only cats (to a lesser extent) and polecats (to a
greater extent) responded to SARS-CoV-2 (Shi et al.,
2020), which is undoubtedly associated with the simi-
lar structures of ACE2 in these animals and in humans
(Guo et al., 2008). The results of studies by Shi et al.
raised numerous questions concerning the potential
involvement of small domestic animals, in particular
cats, in the routes of SARS-CoV-2 transmission.

We believe it necessary to mention the unnatural
process of infecting cats with SARS-CoV-2 in this
experimental study because of the very low probability
of real conditions for direct intranasal introduction of
an extremely high dose of a viral pathogen. The study
provided valuable data indicating that cats and pole-
cats can be used as model animals, but no more than
that. For comparison, we believe it necessary to refer
to the previously mentioned work by Haagmans et al.,
who studied rabbits after intranasal and intratracheal
administration of 1 × 106 and 4 × 106 U of the 50%
infective dose of MERS-CoV, respectively (Haagmans
et al., 2015). The population of rabbits worldwide is
indisputably greater that the population of dromedar-
ies (Di Vincenti et al., 2016; Sazmand et al., 2019), and
not a single case of MERS-CoV transmission between
rabbits and humans has been documented over eight
years since the moment of identification of this virus
in the first patient. Therefore, it is not advisable to
extrapolate the data obtained from laboratory experi-
ments to reality. The response of any animal to a
human viral pathogen, with the exception of involve-
ment of this animal in the transmission chain, is only
evidence of the similarity between molecular and bio-
chemical processes in the two organisms. This fact
also allows this animal to be used as a potential model
object to study the ways of controlling human viral
infection.

However, the situation with cats is far more com-
plicated due to publications of the results of large-scale
serological surveys, one of them performed in the city
of Wuhan. It was shown that 15 out of 102 plasma sam-
ples from cats taken during the outbreak of COVID-19
were seropositive towards the receptor binding domain
of SARS-CoV-2, which is indicative of their potential
infection, while 39 samples taken from March to May
2019 were seronegative. It is important that the highest
neutralization titer was observed in three cats, whose
hosts had been infected with COVID-19 (Zhang et al.,
2020). At the same time, it was reported that all nine
cats included in the study did not showed any signs of
SARS-CoV infection by the results of RT-PCR or
antibodies against this virus in blood by the results of
immunoprecipitation (Temmam et al., 2020). In addi-
tion, one should not disregard the cases of SARS-
CoV-2 infection in different representatives of the
family Felidae in zoos, which have been reported by
mass media, though there was little information about
the research methods used. When discussing the
above-described studies, one should be guided by the
principles of medicine and veterinary based on evi-
dence and, therefore, not to make any final conclu-
sions about the possibility of infection of cats with
SARS-CoV-2 from humans under real conditions
and, all the more so, reverse transmission.

Nevertheless, we assume the possibility of infec-
tion of representatives of the family Felidae with the
new CoV due to the similarity of the molecular struc-
ture of the receptor target of this virus, but only under
the conditions of very close and repeated contact with
the infected human, when the total titer of the virus
transmitted by the airborne route reaches the values
close to those obtained by experimental modeling.
However, under real conditions, such a concatenation
of circumstances is extremely unlikely. In addition,
one cannot forget the first outbreak of coronaviral
infection caused by SARS-CoV, to which a cat also
proved to be susceptible during experimental infection
(Martina et al., 2003). Within 18 years, the scientific
literature has not described a single confirmed case of
SARS-CoV transmission by cats among regional pop-
ulations or, moreover, cases of reverse transmission of
this infection to humans.

We are sure that, if the SARS-CoV-2 infection of
cats is confirmed, these animals will be a biological
dead end for this virus. In addition, we believe that dis-
cussion of the fact of SARS-CoV-2 carriage and trans-
mission by cats critically needs a large-scale cohort
clinical trial, double-blind and randomized, which
will exclude the effect of the human factor on the
results, because their incorrect interpretation might
lead to irreversible consequences. In addition, this
study should be performed by the methods for detect-
ing viral subgenomic RNA, which will most probably
indicate the fact of SARS-CoV-2 replication in animal
cells.

The situation with dogs (Canis lupus familiaris) is
much more interesting. At present, two canine CoVs
have been identified: one of them is a member of the
genus Alphacoronavirus and causes inflammatory
intestinal diseases (Decaro and Buonavoglia, 2008,
2011); the other is a member of the genus Betacorona-
virus and affects the respiratory organs (Erles et al.,
2007; Lu et al., 2017). It seems that both viruses
demonstrate a high replication activity and appropri-
ate rapid evolutionary development. The canine intes-
tinal CoV was discovered in 1971 by Binn et al., who
isolated it from working dogs with acute viral enteritis
in Germany (Binn et al., 1974). Later it was divided
into two types with respect to genotypic differences
(Decaro et al., 2010a). It should be noted that the
types of canine intestinal CoV are homologous to the
analogous types of feline CoV (Decaro et al., 2010b),
while type II in turn subdivides into two subtypes IIa
BIOLOGY BULLETIN  Vol. 48  No. 1  2021
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and IIb on the basis of genetic differences that were a
result of recombination with the virus of transmissible
gastroenteritis of the pig Sus scrofa domesticus and
acquisition of common characteristics (Decaro et al.,
2009). The canine respiratory CoV was detected in
2003 in Great Britain. Determination of the evolu-
tionary origin of this virus demonstrated a close rela-
tionship between the canine respiratory CoV, the
bovine CoV, and HCoV-OC43, being also indicative of
a common precursor virus (Erles and Brownlie, 2008).
It was possible to reproduce experimentally the infec-
tion in puppies using the bovine CoV; hence, the
researchers supposed that the precursor of the canine
respiratory virus could have been transmitted to dogs
from livestock (Kaneshima et al., 2007), which cor-
relates with the assumption of the same origin of
HCoV-OC43 (Vijgen et al., 2005, 2006).

Thus, the data on the homology between different
CoV species suggest that dogs are involved in various
routes of interspecies transmission of these viruses.
Just like with cats, the scientific community has raised
a query about the possibility of SARS-CoV-2 infection
in dogs and their involvement in the transmission of
infection. In our opinion, the most interesting publi-
cation is the work of Xia, who put forward the hypoth-
esis that stray dogs of Hubei Province can be natural
reservoirs of the SARS-CoV-2 precursor and that the
high content of antiviral protein ZAP in the intestinal
tissue of dogs could provoke the development of a
potential precursor virus to acquire the ability to resist
the ZAP-associated immune response by means of the
adaptive reduction of CpG-dinucleotides in the viral
RNA (Xia, 2020).

The hypothesis is of particular interest, and we are
sure that the principle of such interaction between
ZAP proteins of the host and CpG-dinucleotides of
CoV can find its place in bioengineering. However, we
are convinced that the probability of this hypothesis
about the SARS-CoV-2 origin is unlikely the reasons
stated below.

Firstly, in the discussion, the author does not take
into account the study in which dogs proved to be
unsusceptible to SARS-CoV-2 in case of an intranasal
inoculation of an extremely high amount of plaque-
forming units of the virus (Shi et al., 2020), while
experimental modeling in the animals supposed to be
CoV reservoirs showed the marked signs of infection:
civets were susceptible to SARS-CoV (Xiao et al.,
2008) and dromedaries were susceptible to MERS-
CoV (Adney et al., 2014).

Secondly, for the several months of the pandemic,
SARS-like CoV were not identified and the antibodies
to these viruses were not detected in dogs from Hubei
Province. Due to the facts mentioned above, we are
convinced that dogs are not involved in SARS-CoV-2
transmission and even the possibility of their carriage
as a biological dead end is very unlikely.
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It should be noted that five out of seven primary
reservoirs of zoonotic CoV, including the most dan-
gerous SARS-CoV, MERS-CoV, and SARS-CoV-2,
are different representatives of the order Chiroptera.
However, it does not imply that only these animals are
epidemiologically hazardous for humans: rodents
(Rodentia), just like other orders of mammals, can
also be a potential reservoir for a new outbreak of
coronaviral infection.

When analyzing the evolutionary pathways of the
human CoV, we noted several regularities being a basis
for proposing two scenarios for emergent CoV with
different extents of human intervention in wildlife
(Fig. 1). The first scenario does not imply any marked
anthropogenic effects on the chain of CoV transmis-
sions, namely, intentional invasion to the vital activity
of wild animals leading to encounters between animal
species, the areas of which do not overlap under natu-
ral conditions. For example, it is certain that MERS-
CoV has circulated in the population of dromedaries
over many decades, as is confirmed by the lower
genetic affinity with the potential precursors of CoV in
bats (75–87%) compared to SARS-CoV (95%)
(Mohd et al., 2016; Lau et al., 2018; Luo et al., 2018).
The steady development of MERS-CoV in dromedar-
ies is also indicated by the fact that viruses with 100%
identity were detected in animals and in humans, as
well as the necessity of contact between reservoir ani-
mals and humans for infection and the highest lethal-
ity rate for humans (34.4%) (Petrosillo et al., 2020).
All these facts are indicative of the consistent and
steady evolution of MERS-CoV: the virus has entered
human organisms only recently, which accounts for its
low adaptation to the new host demonstrated by com-
paratively low human-to-human transmission
(Petrosillo et al., 2020).

We suppose that SARS-CoV, compared to MERS-
CoV, developed much more rapidly because of human
invasion in wildlife. As is known, one of the most likely
primary focuses of infection was the animal market of
Shenzhen providing ideal conditions for mixing the
microbiotas of different species. The cage manage-
ment of a great number of animals taken from distant
natural habitats within a limited area has an unfavor-
able effect on the resistance of their immune systems
due to chronic stress which, together with noncompli-
ance with sanitary rules, favors the interspecies trans-
mission of viral microflora and enhanced replication
activity of CoV during the adaptation to new hosts.

Such sublimation is a spatio-temporal shift due to
the encounter of the viral microbiotas of animals that
could never have had contact with each other without
human intervention in the natural environment.
Hence, it is impossible to predict the vector of genetic
development of CoV under such conditions and there
is a risk of emergence of CoV with unknown character-
istics. In addition, as a result of such uncontrolled
transmission, CoV has no time to adapt to a single ani-
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Fig. 1. Two scenarios of the emergence of coronavirus infections: I, the development of MERS-CoV; II, the development of
SARS-CoV and probably SARS-CoV-2.
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mal, which prevents the reduction of its ability to over-
come interspecies barriers and stabilization of the rep-
lication activity acquired due to Chiroptera. This
allows CoV with unknown pathogenic properties to
adapt quickly to a new host (human) organism and to
acquire stable intraspecific contagiousness. The
examples of this scenario are SARS-CoV and probably
SARS-CoV-2, because they are closer to the potential
precursor viruses of Chiroptera (95 and 96.3%), their
probable intermediate hosts were kept in Chinese ani-
mal markets (civets, raccoon dogs (SARS-CoV);
Javan pangolin Manis javanica (SARS-CoV-2)), and
their contagiousness among humans is noticeably
higher compared to MERS-CoV, while the lethality is
lower (9.5 and 2.3%, respectively) (Lam et al., 2020;
Yang et al., 2020).

The most efficient measure for preventing future
outbreaks, in our opinion, is the bioveterinary and
sanitary control of animal markets, and not only in
China. Elimination of the conditions that provide a
favorable background for unpredictable evolution of
pathogenic CoV will provide more resources for study-
ing stable transmission chains such as MERS-CoV
and the methods of their control.

One more potential and effective method to pre-
vent distribution of coronaviral infections is applica-
tion of probiotic bacteria as they can inhibit viral rep-
lication activity and exert an antiviral effect by produc-
ing lactic acid, hydrogen peroxide, and bacteriocins
(Sekar et al., 2016; Kanmani et al., 2018; Abdelhamid
et al., 2019). In addition, the study of feline microbiota
has shown that bacteria of the genus Lactobacillus can
have an antagonistic effect on the feline intestinal CoV
(Mingmongkolchai and Panbangred, 2018), suggest-
ing the necessity of large-scale studies on possible
modulation of animal health with probiotics. The
agricultural applications of probiotics will make it pos-
sible to prevent coronaviral infections emerging from
cattle and other animals as potential reservoirs of
infection and to reduce the probability of repeating the
first variant of the proposed scenario.

CONCLUSIONS

Animal coronaviruses are epidemiologically dan-
gerous due to their enhanced interspecies transmission
capabilities and replication and recombination activi-
ties. Homologous coronaviruses with common prop-
erties have been detected in many animal species,
which is indicative of their continuous evolutionary
development. However, humans make the maximum
contribution to formation of conditions for new emer-
gent coronaviruses by intervening in wildlife, remov-
ing wild animals from their habitats, providing con-
tacts between species that never encounter each other
under natural conditions, and thereby forming new
routes for transmission of coronaviruses between wild
animals and humans.

At present, there is no evidence for the fact that
companion animals can be carriers of the new corona-
virus infection. However, it is not improbable that rep-
resentatives of the family Felidae might be a biological
dead end in the global routes of SARS-CoV-2 trans-
mission. This subject requires large-scale cohort clin-
ical studies.

Similar to the singularity existing before the Bing
Bang, humans intervening in wildlife make different
species of animals and their viruses to collide in a sin-
gle spatio-temporal point, thereby provoking the
emergence of a biosphere with unpredictable conse-
quences.
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