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Summary

In December 2019, several cases of pneumonia caused by a novel Coronavirus, later identified as
SARS-CoV-2, were detected in the Chinese city of Wuhan. Due to its rapid, worldwide spread, on
11 March 2020 the World Health Organization declared a pandemic state. Since this new virus is
genetically similar to the coronaviruses of bats, it was thought to have a zoonotic origin. Within a
year of the appearance of SARS-CoV-2, several cases of infection were also reported in animals,
suggesting animal-to-human and animal-to-animal transmission within mammals. Natural
infection has been found in both companion and captive animals such as lions, tigers and gorillas.
Among farm animals, the only ones found to be susceptible to SARS-CoV-2 infection so far are
minks. Experimental infections have documented the susceptibility to SARS-CoV-2 of several
animal species, such as humanized mice, hamsters, cats, dogs, ferrets, racoon dogs, cattle and
non-human primates. Experimental infections are crucial for both elucidation of the role of
animals in transmission and development of appropriate animal models for pathogenesis and
therapy studies. This review aims to update the knowledge on natural and experimental SARS-

CoV-2 infections in animals.

Key words: ACE2, animal infection, Covid-19, , fecal swab, nasal swab, SARS-CoV-2.
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Introduction

At the end of December 2019 several cases of atypical pneumonia were reported in China,
precisely in the Hubei’s capital city, Wuhan. In January 2020, a novel Betacoronavirus (f-CoV) was
identified as the causative agent. Based on the availability of genetic analysis, the International
Committee for Taxonomy of Viruses named it SARS-CoV-2, while the disease was named COVID-19
by the World Health Organization (WHO) (Ludwig et al. 2020). Despite the Chinese authorities'
efforts to curb the circulation of the virus, this spread throughout the world, and on 11 March
2020 the WHO declared a pandemic state. Currently (8t of April, 2021), the SARS-CoV-2 virus has
caused the death of 2,875,672 people out of 132,485,386 confirmed cases worldwide since the
beginning of the pandemic. The primary source of SARS-CoV-2 was related to the Huanan seafood
market, where live wild animals such as birds, snakes, marmots were on sale (Li et al. 2020).
Studies have shown that the genome of SARS-CoV-2 is similar to that of SARS-COV (79.6% of
sequence homology), the virus that caused the 2002-2003 SARS epidemic. Since SARS-CoV-2
shares 96.2% sequence identity to bat coronavirus RaTG13 (BatCoV RaTG13), it is considered
zoonotically derived from it (Zhou et al. 2020). Despite the genomic similarity, the Receptor
Binding Domain (RBD) of BatCoV RaTG13 is quite different from the homologous one of SARS-Cov-
2, which makes it unlikely that pandemic virus may have jumped directly from bats to humans.
Probably, due to selective pressure, SARS-CoV-2 RBD evolved into an intermediate animal species
before its passage to humans. In this regard, one of the species suggested as potential
intermediary host is the pangolin, because of the high similarity between the human SARS CoV-2
RBD and the Malayan pangolin receptor (Munir et al. 2020). In order to clarify the possible role of
animals in the transmission of SARS-CoV-2, we report hereunder the confirmed cases of COVID-19

in companion, livestock, laboratory and wild animals.

Summary of pathogenesis of COVID-19 in humans

SARS-CoV-2, a positive-sense single-stranded RNA virus belonging to the Betacoronavirus genus, is
responsible for COVID-19 disease (Domingo et al. 2020). Transmission mainly occurs through
exposure of the respiratory tract to the virus, either directly, through contact of contaminated
hands with eyes, and the subsequent passage of the virus through the naso-lacrimal duct, or nose,
or indirectly through inhalation of contaminated droplets released by an infected person coughing

or sneezing (Cao et al 2020).
2



59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

75

76
77
78
79
80
81
82
83
84
85

86

87

88

89

5
6

The virus reaches the lungs through the respiratory tract after passing the mucous membranes of
the upper respiratory tract, where the virus begins to replicate (primary amplification); then it
often reaches the lungs where it further replicates (secondary amplification) and enters the
bloodstream, which enables the virus to reach the target organs. Since the internalization of the
virus occurs through the binding to the cellular receptor known as angiotensin-converting enzyme
2 (ACE2), all the target organs express this receptor: lungs, heart, blood vessels, kidney and
gastrointestinal tract (Cao et al 2020; Dan et al. 2002). ACE2 is expressed by multiple human cell
types, such as type Il alveolar cells (AT2), oral, oesophageal, ileal epithelial cells, myocardial cells,
proximal tubule cells of the kidneys and urothelial cells of the bladder (Zou et al. 2020). The viral
protein involved in cell entry is a glycoprotein spike trimer (S protein, SP), which undergoes a
proteolytic cut necessary to extrude the RBD of one of the subunits, which in turn binds the target
peptide domain of ACE2 (Kordzadeh-Kermani et al. 2020). In addition to this, Wang et al. have
identified an alternative entry route, through the binding of SARS-CoV-2 SP with CD147 (Wang et
al. 2020). CD147, also known as basigin or EMMPRIN, is a membrane glycoprotein of the
immunoglobulin superfamily, involved in tumor development, Plasmodium invasion, and bacterial
and virus infections (Biswas et al. 1995). It is expressed by epithelial cells, endothelial cells and

leukocytes (Biswas et al. 1995).

In 80% of the cases the disease is mild and confined to the upper respiratory tract (Wu et al.
2020). The remaining 20% of patients experience virus invasion of lungs, that often gives rise to a
severe interstitial inflammation caused by vascular injuries (Xu et al. 2020). The virus infects the
alveolar cells compromising the gas exchanges and the renin-angiotensin system. Together with its
direct cytopathic activity, the virus induces a strong immune response mediated by both nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) and nucleotide-binding
oligomerization domain-like receptors (NLRs) activation (Chen et al. 2019). The ensuing high
proinflammatory cytokine production underlies the so-called cytokine storm leading to severe
symptoms and lesions such as vasculopathy, coagulopathy and multiple organ injuries that

represent the major mortality cause (Varga et al. 2020).

Animal reservoirs of SARS-CoV-2

Since bats, and in particular the horseshoe bat (Chakraborty et al. 2020), are the main natural

reservoirs of various coronaviruses (CoVs), from the beginning it was thought that they could play
3
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the same role also for SARS-CoV-2. Genomic sequencing and evolutionary analyses showed 96.2%
identity between SARS-CoV-2 and BatCoV RaTG13 (Zhou et al. 2020). Therefore, this similarity
suggested that SARS-CoV-2 may have originated from bats (Zhou et al. 2020; Sharun et al. 2020).
In particular, the two bat species R. affinis and R. malaynus could be the natural hosts of SARS-
CoV-2 (Wong et al 2020). However, SARS-CoV-2 presents mutations in both S-glycoprotein and N-
protein sequences, which differentiate the virus from BatCoV RaTG13. This suggested that the
virus may have infected intermediate hosts, where it presumably mutated and acquired the ability
to infect humans (Ji et al. 2020; Benvenuto et al. 2020). This hypothesis is also supported by the
fact that bats were not available for sale in the Huanan Seafood Market (Wu et al. 2020). Few
animal species are under study to identify the putative intermediate host of the virus. Among
them are pangolins, turtles and snakes. Malaysian pangolins are nocturnal mammals found in
South-East Asia, but not in China, where they arrive via illegal smuggling as they are highly sought
after for traditional Chinese medicine and their meat (Wong et al. 2020; Volpato et al. 2020).
Studies have revealed that a group of B-CoVs found in pangolins share only about 85-92%
nucleotide sequence homology with SARS-CoV-2 (Ye et al. 2020; Yuen et al. 2020; Zhang et al.
2020). Although the percentage of homology is lower than that found between BatCoV RaTG13
and SARS-CoV-2, the pangolin CoV shares with SARS-CoV-2 four of the five key amino acids of RBD
region, while bat RaTG13 CoV shares only one amino acid in RBD region. (Zhao et al. 2020).
Furthermore, the receptor binding domain (RBD) of pangolin-CoV is very similar to that of SARS-
CoV-2, and shows a strong binding capacity to human ACE2 (Xiao et al. 2020). These data, in
addition to the observation that pangolins showed clinical signs, histological changes and
circulating antibodies, highlighted the possible role of pangolins for inter-species jumping of SARS-
CoV-2. Although pangolins are not indigenous to China, but as previously mentioned enter
illegally, they share ecological niches with bats. Therefore, they may have come into contact with
bats, from which they possibly contracted SARS CoV 2 infection as possible intermediate hosts
(Xiao et al. 2020; Li et al 2020). At the same time, phylogenetic analyses ruled out the hypothesis
that pangolins could be the natural host of SARS-CoV-2 (Liu et al. 2020).

The analysis of structural binding mechanisms of SARS-CoV-2 RBD to ACE2 receptors, together
with evolutionary studies, suggested that also turtles (Chrysemys picta bellii, Pelodiscus sinensis
and Chelonia mydas) and snakes (Bungarus multicinctus and Naja atra) could have served as
intermediate hosts for SARS-CoV-2 (Ji et al. 2020; Liu et al. 2020; Chen et al. 2020). However, Luan

et al. reported that, in both snakes and turtles, ACE2 is unable to bind to the S protein of SARS-
4
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CoV-2; this could lead to the conclusion that these animals were unlikely to serve as intermediate
hosts for the virus (Luan et al. 2020). The identification of an intermediate host allowing for

interspecies jumping of the virus from bats to humans is still an open issue.

Occurrence of SARS-CoV-2 in animals

SARS-CoV-2 has spread rapidly across all continents, finding a receptive population in the human
species and allowing efficient intraspecies transmission. Highly circulating among humans, the

virus may occasionally leap from humans to animals that share the environment with them.

Companion animals
Dog

The first dogs testing positive for COVID-19 were identified in Hong Kong between February and
March 2020; 27 dogs were tested, whose owners had contracted COVID-19; only two (a 17-year-
old Pomeranian and a 2.5-year-old German Shepherd) resulted positive for SARS-CoV-2 RNA in
nasal and oral swabs (Abdel-Moneim et al. 2020; Sit et al. 2020; Mallapaty et al. 2020; USDA APHIS
2020). After few days/weeks, neutralizing antibodies were detected in blood samples of the two
dogs (Abdel-Moneim et al. 2020). Neutralizing antibodies against SARS-CoV-2 were detected in
other dogs belonging to COVID-19-positive owners in the Netherlands and in New York State (USA)
(https://www.avma.org/resources-tools/animal-health-and-welfare/covid-19/sars-cov-2-animals-

including-pets; https://www.avma.org/resources-tools/animal-health-and-welfare/covid-19/sars-
cov-2-animals-including-pets). A study was conducted by Patterson et al. between March and May
2020 on dogs from Italian families; oropharyngeal, nasal, and/or rectal swabs were collected from
314 dogs; none of them tested positive for SARS-CoV-2 RNA. While SARS-CoV-2-neutralizing
antibodies were detected in 15 dogs (3.3%, 15/451) with titers ranging from 1:20 to 1:160. None
of these animals displayed respiratory signs at the time of sampling (Patterson et al. 2020). Also, in
Northern Italy, one of the most affected areas in the world, some dogs were found positive to
SARS-CoV-2 (Goumenou et al. 2020). In all cases the animals showed an infection restricted to the
upper respiratory tract, with no apparent capability to transmit the infection to humans or other

animals (Stout et al. 2020). These observations were confirmed by an experimental infection of
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dogs. The experimentally infected animals presented seroconversion, but were not able to infect

other dogs in proximity (Shi et al. 2020).

Cats

Also pet cats were tested for antibodies against SARS-CoV-2 using ELISA, Virus Neutralization Test
(VNT) and Western Blot. In particular, from January to March 2020 in the city of Wuhan 15 cats
out of 102 were ELISA positive, and a further 11 were VNT positive (Zhang et al. 2020). In addition
to the antibody test, the animals were also swabbed, but none of them resulted positive (Qiang et
al. 2020). In mid-March 2020 in Belgium and Hong Kong, SARS-CoV-2 RNA had been detected by
RT-gPCR in samples from two cats presenting with diarrhoea, vomit, and labored breathing
(https://www.brusselstimes.com/all-news/belgium-alinews/103003/coronavirus-belgian-woman-

infected-her-cat; https://www.info.gov.hk/gia/general/202003/31/P2020033100717.htm).
Patterson et al. conducted a study in Italy on 180 cats. All of them tested negative for SARS-CoV-2
RNA, while SARS-CoV-2-neutralizing antibodies were detected in 11 cats (5.8%, 11/191), with titers
ranging from 1:20 to 1:1280 (Patterson et al. 2020). A very low percentage (around 0.7%) of
antibody positive samples was observed in Germany on 920 cats randomly enrolled (Michelitsch et
al. 2020). On April 2020, two cats from New York State (USA), both presenting with sneezing and
nasal discharge, tested positive for SARS-CoV-2 by RT-gPCR (https://www.cdc.gov/media/releases/
2020/s0422-covid-19-cats-NYC.html). In Spain only one female cat already suffering from other
diseases (chronic feline gingivostomatitis, feline idiopathic cystitis, chronic kidney disease and
feline asthmatic bronchitis), out of 8 belonging to COVID-19 diseased persons, was oropharyngeal
swab-positive but faecal swab-negative (Ruiz-Arrondo et al. 2020). In France, a study on a small
cohort of veterinary students and their pets reported that 3 cats showed respiratory and

gastrointestinal signs, but no one tested positive for viral RNA (Temmam et al. 2020).

Very recently (19 of March 2021), the Istituto Zooprofilattico Sperimentale del Piemonte, Liguria e
Valle d’Aosta (Italy) identified the presence of the English variant of SARS-CoV-2 (lineage B.1.1.7)
in an 8-year-old male cat living in Novara (Piedmont) in a domestic setting, where the owners were
in isolation because they had tested positive for the English variant of SARS-CoV-2
(http://www.izsto.it/index.php/news/2560-covid-19-identificato-dall-istituto-zooprofilattico-di-

torino-il-primo-caso-in-italia-di-variante-inglese-su-gatto).
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Also, experimental infection has been reported in cats and, similarly to the natural one, generally
results in mild respiratory symptoms, young cats being more susceptible to SARS-CoV-2 (Shi et al.
2020). The antibody response observed in cats could be induced by a prior exposure to a Feline
Coronavirus (Alphacoronavirus, FCoV), suggesting a careful interpretation of serological testing,
where a positive result could be due to cross-reactivity. Moreover, the possible cross-protection of
the FCoV antibodies against SARS-Cov-2 infection is still debated. Finally, different studies suggest
the possible direct transmission of SARS-Cov-2 between cats (Halfmann et al 2020). Cats could
represent an important reservoir given their habit to wander around different houses and in the
wild, but different studies suggest that they remain infectious for short time (Bosco-Lauth et al.

2021).

Ferrets

The results of experimental infections of ferrets were similar to those seen in cats: evidence of
upper respiratory airways infection with mild clinical signs, elimination of the virus with faeces and
evidence of conspecific transmission of the virus (Kim et al. 2020; Shi et al. 2020). SARS-CoV-2 can
replicate in the upper respiratory tract of ferrets, but replication in other organs has never been
detected (Kim et al. 2020; Shi et al. 2020). The transmission of the virus in this species can occur
both directly and indirectly, but the direct way leads to the development of more symptoms, such
as increased temperature and decreased activity, as seen in humans (Kim et al. 2020; Richard et al.

2020).

Livestock animals
Poultry

Schlottau et al. inoculated chickens oculo- and oro-nasally to assess their susceptibility to SARS-
CoV-2. Any injected animal showed clinical symptoms, and all swabs and organ samples were
negative for viral RNA and none of the animals seroconverted (Schlottau et al 2020). In another
experiment, chickens, turkeys, ducks, quails, and geese were inoculated with SARS-CoV-2. Clinical
signs were not observed in any of the species tested throughout the trial, viral RNA was not

detected in the swabs and antibodies were not present in any of the tested animals (Suarez et al.
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2020). Both of these studies suggest that poultry may not allow the virus to replicate properly, or

may not be susceptible to infection.

Pigs

Two different experiments were conducted on pigs to test their susceptibility to SARS-CoV-2
infection. The results showed that neither viral RNA nor antibodies were detected in the animals
either inoculated or in contact with other infected animals. This demonstrates that the pig is not a
susceptible species to SARS-CoV-2 or may be not permissive to virus replication (Schlottau et al

2020; Shi et al. 2020).

Ruminants

Only experimental infections are documented in ruminants. In the first study, calves were
intranasally infected with SARS-Cov-2 and did not show any clinical sign of disease (Ulrich et al.
2020). Viral replication was evident in only 2 out of 6 calves, as confirmed by positive results in RT
real time PCR in nasal swabs only, whereas seroconversion was evident in a single animal (Ulrich et
al. 2020). The authors did not observe intra-species transmission to other cattle reared in contact
with the infected ones (Ulrich et al. 2020). The study also demonstrated that pre-existing
infections with BoCoV did not protect the animals (Ulrich et al. 2020). The capability of SARS-Cov-2
to infect bovine tissues was also assessed by ex vivo organ cultures (EVOCs), demonstrating that
respiratory tissues of cattle and sheep allow the replication of the virus, as opposed to pig tissues
(Di Teodoro et al. 2021). These data urge a careful investigation into SARS-Cov-2 natural infection

in ruminant farms and possible presence of the virus in the slaughterhouses.

Minks

This species is associated with large-scale SARS-Cov-2 animal infection. Indeed, at the end of April
2020, in a Dutch farm with 13,000 minks, two of them tested positive for SARS-CoV-2. The
infection rapidly spread through the farm with a high number of animals clinically affected
(Oreshkova et al. 2020). The transmission of the virus from an infected worker of the farm to the
animals was suspected (Oreshkova et al. 2020). Minks showed clinical signs ranging from nasal

8
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exudate to severe respiratory syndrome, together with gastrointestinal disorders (Molenaar et al.
2020). Several animals died and the necropsies revealed severe pneumonia. The viral infection
was also found in other mink farms in Italy
(https://www.oie.int/fileadmin/Home/MM/Italy_COVID_30.10.2020.pdf), Denmark
(https://www.foedevarestyrelsen.dk/Nyheder/Aktuelt/Sider/Pressemeddelelser%202020/Covid-

19-i-nordjysk-minkbes%C3%A6tning.aspx), Spain (https://www.elperiodicodearagon.com/noticias/
aragon/detectado-brote-coronavirus-granja-visones-teruel_1422007.html), Sweden
(https://www.oie.int/fileadmin/Home/MM/Sweden_mink_6Nov2020.pdf), Greece and United
States  (https://www.oie.int/en/scientific-expertise/specific-information-and-recommendations/
guestions-and-answers-on-2019novel-coronavirus/events-in-animals/). Genetic and epidemiologic
investigations demonstrated animal to human and human to animal transmission of the virus
(Oude Munnink et al. 2020). These data stir up concerns about the possible infection of wild
mustelids, that could become permanent reservoirs of the virus (Manes et al. 2020). Indeed, in
October 2020 a wild mink in Utah (USA) tested positive, resulting in the first case of infection in
wild animals (Utah’s Department of Agriculture and Food). The possibility that a wild animal turns
into a SARS-CoV-2 reservoir raises more concern than the same case in a domesticated animal,

which can be easily checked through quarantine, vaccination or culling (Mallapaty 2021).

Captive animals

In early April 2020, at the Bronx Zoo in New York (USA), animals including Malayan tigers, Siberian
tigers and African lions showed respiratory symptoms. In the face of this evidence, the United
States Department of Agriculture (USDA) notified that the swab sample of a 4-year-old Malaysian
tiger tested positive for SARS-CoV-2 by RT-qPCR. (https://www.oie.int/wahis_2/public/wahid.php/
Reviewreport/Review?page_refer=MapFullEventReport&reportid=3388589). The positivity of an
African lion was also confirmed
(https://www.oie.int/wahis_2/public/wahid.php/Reviewreport/Review?reportid=34054). After
some days, the stool samples of the animals that showed symptoms tested positive for SARS-CoV-
2 by RT-gPCR (https://newsroom.wcs.org/News-Releases/articleType/ArticleView/articleld/14084/
Update-Bronx-Zoo-Tigers-and-Lions-Recovering-from-COVID-19.aspx). The hypothesis was put
forward that an asymptomatic employee of the zoo might have infected the Malayan tiger, that

resulted the first case of non-domestic animal infected by humans (WCS 2020).

9
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Experimentally infected racoon dogs presented viral genome in nasal and oral swabs and
transmitted the virus to contact animals suggesting their role as potential reservoirs (Freuling et al.

2020).

Very recently (12 of January 2021), some captive gorillas at the San Diego zoo (USA) showed
respiratory symptoms. The RNA of SARS-Cov-2 was found in their faeces. Also in this case, an
asymptomatic member of the wild-life team was suspected to be responsible for the infection of
the apes (https://www.sciencemag.org/news/2021/01/captive-gorillas-test-positive-coronavirus).
All the animals showed mild signs of disease, but this event may cause concerns for the wild

endangered great apes, that cannot be assisted as in captivity.

A recent study demonstrated the susceptibility of white-tailed deer (Odocoileus virginianus) to
Sars-Cov-2 infections. The animals experimentally infected resulted in subclinical infection and
eliminated viral particles in nasal secretions, transmitting the virus to contact animals; viral
genome was detected in different organs and neutralizing antibodies were present in all

experimentally infected and contact deer (Palmer et al. 2021).

Laboratory animals

The spread of the COVID-19 pandemic necessitated the search for a model that could faithfully
reproduce the biological cycle of the virus and the pathogenesis of the disease. Cell lines and
organoids have been used for this purpose, but because of the complex pathophysiology of SARS-
CoV-2, animal models also had to be used (Takayama 2020). To this end, several animal species

were analysed.

Mouse._

Wild-type laboratory mice did not show susceptibility to SARS-Cov-2 infection presumably due to
significant differences between murine and human ACE2 receptors (Zou et al 2020). To overcome
this problem, humanized mice expressing hACE2 were generated (McCray et al., 2007; Tseng et al.,
2007). Experiments in humanised mice expressing hACE2 showed that, following infection with
SARS-CoV2, high levels of viral replication were detected in the lungs, with spread to other organs

(Sun et al. 2020; Winkler et al. 2020). Different humanized mice expressing hACE2 were generated

10
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(transgenic, adenovirus, K18) and in the last 15 months more than 45 references in the literature
used them to investigate pathogenesis, infection, immune response, therapies and vaccines

against SARS-CoV-2.

Hamster

Hamsters had already been successfully used to assess SARS-CoV replication (Roberts et al. 2008;
Roberts et al. 2005), so they were deemed to be a good model for SARS-CoV-2 as well. The
experiments conducted so far showed that following virus inoculation, clinical signs such as
lethargy, shaggy fur and weight loss occurred in Syrian Golden hamsters with subsequent
development of the disease and detection of viral RNA (Chan et al. 2020; Sia et al. 2020).
Furthermore, clinical features, virus replication kinetics, histopathological changes, and immune
responses in SARS-CoV-2-infected Syrian hamsters were similar to those described in human
patients affected by COVID-19 (Chan et al. 2020). Additionally, also intraspecific transmission has
been demonstrated (Chan et al. 2020; et al. 2020). As hamsters proved to be a good small animal
model for studying the virus, the roles of Types | and Ill IFNs in the pathogenesis of SARS-CoV-2
infection were investigated. Experiments performed on wild type, STAT2-/- (lacking type | and I
IFN signalling) and IL28R-a -/- (lacking IFN type Il signalling) hamsters showed that STAT2
signalling is a double-edged sword: on the one hand it restricted viral dissemination but, on the
other hand, it caused severe pneumonia in SARS-CoV-2 infected hamsters (Boudewijns et al.

2020).

Non-human primates

Several non-human primates were experimentally infected in order to define a suitable non-
human primate (NHP) model of COVID-19. In particular Old World monkeys (Macaca mulatta and
Macaca fascicularis) and New World monkey (Callithrix jacchus) were tested. All the species
developed symptoms and the viral RNA was detected in swab and blood samples from all animals.
M. mulatta was the most susceptible one to SARS-Cov-2 infection in terms of inflammatory
cytokine expression and lung pathological lesions, representing the most suitable model of COVID-

19 (Lu et al. 2020).

11
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Figure 1 summarizes the possible circulation of SARS-CoV-2 among different animal species based

on available data on natural and experimental infections.

Conclusions

Given the high transmissibility and zoonotic origin of COVID-19, it is necessary to investigate the
role animals might play in SARS-CoV-2 epidemiology. Different studies investigated the potential
susceptibility to the infection based on the similarity/homology of ACE2 homologue protein to that
of humans (Xiao et al. 2020; Ji et al. 2020; Liu et al. 2020; Chen et al. 2020; Luan et al. 2020; Zou et
al 2020; Alexander et al. 2020). Indeed, the species (apes, felines, cattle, hamster, ferrets) showing
a higher homology of their ACE2 to the human one, proved more susceptible in vivo to both
natural and experimental infections (Xiao et al. 2020; Ji et al. 2020; Liu et al. 2020; Chen et al.
2020; Luan et al. 2020; Zou et al 2020; Alexander et al. 2020).

Studies have shown that among companion animals, cats are more susceptible than dogs to viral
infection. They are mostly asymptomatic or paucisymptomatic and can transmit the virus to their

conspecifics, but so far there is no evidence of direct animal-to-human transmissibility.

All the natural infections of animals reported so far (cats, dogs, tigers, gorillas, mink) occurred
probably following a contact with an asymptomatic person or with the virus-positive owner.
Therefore, it is important to protect the pets of patients with COVID-19 by limiting the exposure to

their owners.

The demonstration of the susceptibility of animals living in close contact with humans imposes a
One-Health approach to the study and the management of the pandemic. This means that more
investigation is needed to elucidate the role of domestic and wild animals in the circulation of
SARS-Cov-2. In particular, it is critical to understand the susceptibility of animals to SARS-CoV-2 in
order to check the spread of the virus. Although no study conclusively demonstrated that animals
can transmit the virus to humans, there is a raising fear that animals, once infected, could
represent a possible threat to man. The experience in mink farms is a clear example of this risk.
Moreover, a new variant of the virus could find a wild animal species as a permanent reservoir,
keeping the virus circulation in the world or recombining with species-specific coronaviruses.
Moreover, in the One Health approach, the long experiences of veterinarians on animal
coronavirus infections could really support the investigations on the origin and spread of Sars-CoV-
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2, but also guide future studies for the definition of effective therapeutic protocols and the

discover of new efficacious vaccines for humans (Decaro et al. 2020).

Different animal models that mime the development of the disease in humans has been used so
far in order to develop and evaluate vaccines, immunotherapy and other therapies to fight SARS-
CoV-2. If the vaccines have been developed so fast, we need to thank also valid laboratory animal

models.

Sars-CoV-2 pandemic taught us that the virus spilled over from animals to humans and, following
the global movement of people and their contact with domestic and peri-domestic animals, it
spread all over the word spilling back into a wide range of animal species. The interspecies
transmission of the virus promotes its evolution and the appearance of new variants, as attested
by the mink infection. In this scenario, the possible role of animals in the emergence of new
variants needs to be carefully monitored (Bashor et al. 2021). For example, Gu and colleagues

demonstrated the adaptation of a variant of SARS-CoV-2 in BALB/c mice (Gu et al. 2020).

Interestingly, a careful monitoring of the spread of SARS-CoV-2 among animals, domestic, captive
and wild, has been activated all over the word and a surveillance program has been unified among
the OIE, the WHO and the US Centers for Disease Control and Prevention with the publication of a
guidance on surveying animals, and monthly meetings with researchers in the field (Mallapaty

2021).
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695

696 Figure legend
697 Figure 1. Scheme of SARS-CoV-2 transmission among different animal species.

698 The most accredited theory suggests that SARS-CoV-2 derived from a bat coronavirus; after a
699 modification in a putative intermediate host, it acquired the capability to infect humans. The wide
700 spread of the virus among humans determined the pandemic event and it is plausible that infected
701  humans may transmit the virus to different animal species. In order to better understand the role
702 of animals in the epidemiology of SARS-CoV-2 and to define adequate animal models, several
703 species were experimentally infected, but not all of them resulted permissive to the infection. To
704 date, only minks seem to be able to transmit SARS COV-2 infection to humans. Great attention is
705 needed on the monitoring of the new variants of SARS-CoV-2, that could acquire the capability to

706 infect domestic or wild animal reservoirs.
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