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ARTICLE INFO ABSTRACT

Keywords: The Coronavirus Disease 2019 (COVID-19) is the first known pandemic caused by a coronavirus. Its causative
Coronavirus agent, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), appears to be capable of infecting
COVID-19 different mammalian species. Recent detections of this virus in pet, zoo, wild, and farm animals have compelled
SARS-CoV-2 . . . . . . . o
Zoonoses inquiry regarding the zoonotic (animal-to-human) and reverse zoonotic (human-to-animal) transmissibility of
Intermediate host SARS-CoV-2 with the potential of COVID-19 pandemic evolving into a panzootic.

Transmission It is important to monitor the global spread of disease and to assess the significance of genomic changes to

support prevention and control efforts during a pandemic. An understanding of the SARS-CoV-2 epidemiology
provides opportunities to prevent the risk of repeated re-infection of humans and requires a robust One Health-
based investigation. This review paper describes the known properties and the existing gaps in scientific
knowledge about the zoonotic and reverse zoonotic transmissibility of the novel virus SARS-CoV-2 and the
COVID-19 disease it causes.

1. Zoonotic origins of human coronaviruses

Coronaviruses are highly diverse RNA viruses that are widespread in
nature and infect humans, mammals, and poultry (Su et al., 2020). Since
the identification of the first human coronavirus (HCoV) in the 1960s, a
total of seven coronaviruses are known to affect humans. And all seven
have ancestry in other mammalian hosts (Gryseels et al., 2020). Four of
these HCoVs, namely NL63, 229E, 0OC43, and HKU1, are endemic and
generally cause asymptomatic or mild respiratory symptoms in humans,
such as the common cold (Munir et al., 2020; Su et al., 2016; Ye et al.,
2020). These viruses are believed to have originated in either bats or
rodents (Corman et al., 2018; Gryseels et al., 2020) (Figure 1). The other
three highly pathogenic and lethal HCoVs, severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome
coronavirus (MERS-CoV), and SARS-CoV-2, have recently emerged.
These viruses have caused three global outbreaks in the last 20 years and
are likely to have had an evolutionary origin from bats.

The first HCoV known to cause severe disease in humans was SARS-
CoV, which emerged in 2002-2003, with a total of 8,096 confirmed and
774 lethal cases reported to the World Health Organization from 29
countries (Louie et al., 2004; WHO, 2015). At the beginning of the SARS
epidemic, most of the identified patients had animal exposure before
developing the disease. The antibodies against SARS-CoV were detected
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in masked palm civets (Paguma larvata) and raccoon dogs (Nyctereutes
procyonoides) in wet market places (Cui et al., 2019; Guan et al., 2003;
Kan et al., 2005). Further research demonstrated that farmed and
wild-caught civets and raccoon dogs were actually infected by other
animals and more likely have acted as intermediate hosts (Gryseels
et al., 2020; Tu et al., 2004). Two groups of researchers independently
reported the discovery of novel coronaviruses related to human
SARS-CoV, which were named SARS-CoV-related viruses. They were
detected in horseshoe bats (genus Rhinolophus) demonstrating 99.8%
nucleotide identity with human isolates (Cui et al., 2019; Hu et al., 2017;
Li et al., 2005; Yang et al., 2015). These discoveries strengthened the
evidence that bats may be the natural hosts for SARS-CoV.

The second HCoV outbreak was caused by MERS-CoV, which first
emerged in humans in 2012. Currently, a total of 2,562 confirmed MERS
cases with 881 related deaths were reported to the World Health Or-
ganization from 27 countries (WHO, 2020b). MERS-CoV was also
detected in 14 bat species belonging to two bat families, Vespertilionidae
and Nycteridae (Yang et al., 2014), which indicate that MERS-CoV
probably has an evolutionary origin in bats as well (Anthony et al.,
2017; Ithete et al., 2013). However, it appears to be clear that humans
repeatedly acquire MERS through close contact with dromedary camels,
as MERS-CoV strains allocated from camels had a strong identity with
those isolated from humans (Dudas et al., 2018; Raj et al., 2014).
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Anti-MERS-CoV antibodies were detected in camels from the Middle
Eastern, African, and Asian countries in the high titers. Also, MERS-CoV
antibodies were detected in camel serum samples collected 30 years ago,
which indicates that the virus has been prevalent in these animals for a
long time (Miiller et al., 2014) and that dromedaries were probably
infected by a MERS ancestor a few decades ago, either directly from bats
or via another intermediate host (Corman et al., 2014). The MERS-CoVs
isolates that were derived from bats, humans, and camels have the same
genomic structures, but essential differences in their genomic sequences
(Anthony et al., 2017). The sequence identity between bat’s MERS-CoV
and human/camel’s isolates is around 85% (Luo et al., 2018). Even
though, dromedary camels play an important role in the continued
transmission of MERS-CoV, various other animal species have been
found to be susceptible to MERS-CoV: alpacas (Vicugna pacos), llamas
(Lama glama), pigs (Sus scrofa), goats (Capra hircus), sheep (Ovis aries),
cattle (Bos taurus), donkeys (Equus africanus), horses (Equus ferus) rab-
bits (Oryctolagus cuniculus), chickens (Gallus gallus), and rhesus ma-
caques (Macaca mulatta) (Adney et al., 2016; Ali et al., 2017; Crameri
et al., 2016; David et al., 2018; de Wit et al., 2013; Gautam et al., 2020;

Genetically diverse
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Hemida et al., 2013; Kandeil et al., 2019; Reusken et al., 2013; Reusken
et al., 2016; Vergara-Alert et al., 2017a; Vergara-Alert et al., 2017b;
Widagdo et al., 2019). MERS cases still occur sporadically, likely
resulting from occasional spill-over from the intermediate animal hosts.

The third and still ongoing outbreak of the coronavirus disease of
2019 (COVID-19) caused by novel SARS-CoV-2 emerged in humans in
December 2019. On January 30, 2020, the World Health Organization
declared the coronavirus outbreak as a Public Health Emergency of In-
ternational Concern (WHO, 2020a). With its rapid spread across conti-
nents, COVID-19 was categorized as a Pandemic on March 11“1, 2020,
marking it as the first pandemic caused by a coronavirus (WHO, 2020c).
One year later, as of June Z“d, 2021, there have been 172,045,061
confirmed cases of COVID-19 reported worldwide, with more than 3,
578,246 related deaths (Worldometer 2021). The pandemic of
COVID-19 caused by SARS-CoV-2 has also been designated as a zoonotic
disease (Gollakner and Capua, 2020; Haider et al., 2020; Yoo and Yoo,
2020), which makes it the third zoonotic epidemic caused by a coro-
navirus in the 21st century.

Efforts to identify potential SARS-CoV-2 intermediate hosts have yet
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to be successful. The origin of the outbreak was associated with the
Huanan seafood wholesale market in Wuhan during epidemiologic in-
vestigations of the first cases that were linked directly to this market
(Huang et al., 2020a; Li et al., 2020a; Wang et al., 2020a). However, the
retrospective analyses indicated that an earlier COVID-19 human case
had no exposure to that seafood market (Huang et al., 2020a). The roots
of the pandemic thus remain unclear, as coronaviruses that are closely
similar to SARS-CoV-2 have yet to be found in a non-human organism.
The closest relatives to human SARS-CoV-2 known so far are a
coronavirus coming from the horseshoe bat species (Rhinolophus affinis)
from China with approximately 96.2% nucleotide identity, and two sub-
lineages of SARS-related CoVs detected in Malayan pangolins (Manis
javanica) with 85.5%-92.4% nucleotide identity of the complete viral
genomes (Lam et al., 2020b; Paraskevis et al., 2020; Yuan et al., 2020;
Zhou et al., 2020). Moreover, phylogenetic analyses of a large sub-
genomic data set of bat coronaviruses from China indicate that evolu-
tionary closely related SARS-CoV and SARS-CoV-2 likely both originated
in horseshoe bats (Latinne et al., 2020). However, the phylogenetic
reconstruction analysis estimates that SARS-CoV and SARS-CoV-2
diverged from their respective most closely related bat CoVs approxi-
mately 40 to 70 years ago (Boni et al., 2020; Wang et al., 2021). This
long divergence period suggests that the virus could have first evolved in
a different animal species, yet to be sampled, before infecting humans
(MacLean et al., 2021). Thus, the bat is the natural host for SARS-CoV-2,
but likely involved a non-bat intermediate host animal, that introduced
the virus to humans, remains to be determined (Kadam et al., 2021;
Leitner and Kumar, 2020; Liu et al., 2020; Zhang and Holmes, 2020).

2. SARS-CoV-2 phylogenetic prediction of susceptible species

To assess the intermediate host of SARS-CoV-2 or the potential for

S1 subunit
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the virus to spread to other species living with or in close proximity to
humans in domestic, rural, agricultural, or zoological settings, it is vital
to know which animal species are susceptible to SARS-CoV-2. As in all
CoV, a surface spike (S) protein mediates viral recognition and entry into
host cells via the receptor-binding domain (RBD). The RBD binds to a
particular protein on the surface of host cells. Both SARS-CoV and SARS-
CoV-2 use angiotensin-converting-enzyme 2 (ACE2) as their receptor for
entry into cells (Brooke and Prischi, 2020; Wan et al., 2020). The affinity
of the viral S protein, especially the RBD, to the ACE2 receptor highly
determines the corresponding host’s susceptibility to infection by CoVs
(Maurin et al., 2021). Unlike SARS-CoV, SARS-CoV-2 also contains a
polybasic cleavage site, that allows host enzymes to cleave the S protein
into S1 and S2 subunits for more efficient cell entry (Figure 2) (Hoff-
mann et al., 2020). Recently, Lan et al. (Lan et al., 2020) suggested that
the structure of the S protein bound to the human ACE2 receptor has 20
key amino acids for interacting with the receptor-binding motif. Prior
research has already shown that certain animals are also vulnerable to
SARS-CoV-2 because the same ACE2 receptor is used, and this receptor is
quite conserved across mammals (Abdel-Moneim and Abdelwhab, 2020;
Hoffmann et al., 2020; Li, 2013). Genetic variation in the ACE2 can
affect the efficiency with which RBD binds to it, and therefore, its sus-
ceptibility to SARS-CoV-2 (Wan et al., 2020). Understanding the con-
servation of ACE2 receptors across different animal species may provide
insight into the potential hosts of SARS-CoV-2 (Sun et al., 2021). It is
vital to try to predict which animals could potentially be infected by
SARS-CoV-2 so that the plausible extent of transmission can be esti-
mated, and surveillance efforts can be guided appropriately.

A number of recent computational studies comparing ACE2 protein
sequences among different species or modeling the structure of the S
protein:ACE2 complex to predict the breadth of potential viral hosts
have suggested that, due to the high conservation of ACE2, many

S2 subunit ——»
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Figure 2. Map of SARS-CoV-2 spike protein structure from N-terminal end (NH2) to the C-terminal end (COOH). The differences in the spike amino acid sequences
from pangolin coronavirus MP789, bat coronavirus RaTG13, and animal isolates compared to SARS-CoV-2 reference (Wuhan-Hu-1 isolate) are marked in red. The
multiple sequence alignment is presented for the receptor-binding motif and the furin cleavage site. SP: signal peptide; NTD: N-terminal domain; RBD: receptor-
binding domain; RBM: receptor-binding motif; FP: fusion peptide; HR1: heptad repeat 1; HR2: heptad repeat 2; TM: transmembrane domain; IC: intracellular domain.
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animals are vulnerable to infection by SARS-CoV-2 (Ahmed et al., 2021;
Damas et al., 2020; Devaux et al., 2020; Fischhoff et al., 2021; Huang
et al., 2020b; Kumar et al., 2021; Li et al., 2020b; Liu et al., 2021; Melin
et al., 2020; Rodrigues et al., 2020). Humans are likely to come into
contact with 26 of these species in domestic, agricultural, or zoological
settings (Lam et al., 2020a) (Figure 3). It was predicted that SARS-CoV-2
can infect a broad range of mammals, but only a few species of fish,
birds, or reptiles (Lam et al., 2020a). Of particular concern are sheep,
that have no change in energy of the S protein:ACE2 complex, as these
animals are farmed and come into close contact with humans. Species
carrying a sequence with K31, Y41, N90, and K353 are likely to be
susceptible to infection by SARS-CoV-2 (including Homo sapiens, Macaca
mulatta, Felis catus, Rhinolophus sinicus, Meloidogyne javanica, and Pelo-
discus sinensis) while others should be less susceptible or resistant to
infection (Fischhoff et al., 2021).

Besides currently unknown SARS-CoV-2 hosts, intermediate hosts,
and susceptible animal species, new SARS-CoV-2 RBD variations could
introduce compensatory mutations that render low susceptible SARS-
CoV-2 species to become more susceptible to infection. Rodrigues
et al. (Rodrigues et al., 2020) carried out an analysis of more than 100,
000 SARS-CoV-2 RBD sequences obtained from infected patients and
found that at least 17 single-point mutations suggested enhanced af-
finity of these RBD variants to mouse ACE2. These results are in
agreement with Gu et al. recent work, which suggests that SARS-CoV-2
can readily adapt to infect house mice following serial passages. After
only six passages, a single amino-acid substitution in SARS-CoV-2 RBD
of the S protein rendered a commonly used inbred laboratory house
mouse strain to become susceptible (Gu et al., 2020). Adaptation of this
viral strain in the mouse appeared to be dependent on a critical amino

Virus Research 302 (2021) 198473

acid change, N501Y (Asn®°! — Tyr), one of the key mutations for the
emergence of several SARS-CoV-2 lineages, including B.1.1.7, B.1.351,
and P.1 (Figure 2, 4) (Goncalves Cabecinhas et al., 2021; Gu et al.,
2020). The molecular dynamics simulations research has shown that the
N501Y mutation can increase the overall binding affinity of the RBD
with human ACE2 through the hydrophobic interactions between them
(Luan et al., 2021). Microscale thermophoresis confirmed that a tyrosine
at position 501 enhances ACE2 binding affinity 1.98 times, which in turn
plays an essential role in the higher transmission of this virus variant
among humans (Ramanathan et al., 2021). Furthermore, a study by
Wang et al. (Wang et al., 2020b) showed that the S protein of the
mouse-adapted SARS-CoV-2 also had two amino acid substitutions, one
in the RBM Q498H (GIn*°® - His) and the other N969S (Asn®®® — Ser) in
the heptad repeat 1.

The rapid emergence of another N501T (Asn”"" — Thr) mutation in
the RBD of the S protein was observed repeatedly in farmed minks
(Elaswad et al., 2020; Oude Munnink et al., 2021) and experimentally
infected ferrets (Richard et al., 2020) (Figure 2). Interestingly, the
N501T mutation was found in almost all SARS-CoV-2 sequences from
the US minks (99%). A study by Cai, et al. (Cai and Cai, 2021) demon-
strated that the N501T mutation occurred two months earlier in humans
than in minks in the US, suggesting that the novel variant may have
evolved in humans first and was then transmitted to the mink population
in the US. Threonine at position 501 was previously shown to increase
the binding affinity of the S protein with the human ACE2 receptor
(Starr et al., 2020; Welkers et al., 2021). Perhaps this substitution may
contribute to the virus’s adaptation to efficiently bind to ferret and mink
ACE2 (Bashor et al., 2021).

Another mink-associated mutation Y453F (Tyr453 — Phe) has been

501
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Figure 3. Mammals that humans come into contact with that are at risk of infection by SARS-CoV-2. Numbers represent the change in the binding energy of the spike

protein:ACE2 complex (Lam et al., 2020a).
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introduced into the human population in the Netherlands and Denmark
(Figure 2, 4) (GISAID, 2020; Hoffmann et al., 2021). The rapid trans-
mission of SARS-CoV-2 among farmed minks facilitated the accumula-
tion of mutations that further contributed to the evolution of the virus
(Oude Munnink et al., 2021). The Y453F mutation was found to be
associated with a change in the S protein amino acid (Mallapaty, 2020).
The biolayer interferometry analysis showed that this variant binds to
the human ACE2 receptor with a 4-fold higher affinity than the original
strain, suggesting the potential for enhanced transmission. The
mink-derived SARS-CoV-2 isolates also contained two amino acid sub-
stitutions (G261D, A262S) in the N-terminal domain of S protein and
four (L452M, Y453F, F486L, N501T) in the RBD (Figure 4) (Elaswad
etal., 2020). Despite outbreaks on mink farms being a probable cause for
the introduction of the Y453F SARS-CoV-2 mutation in the human
population, many human carriers of this variant had no direct contact
with mink farms, suggesting. indicating the possibility of sustained
transmission of this variant among humans (Welkers et al., 2021).
Interestingly, emerging infectious diseases previously reported in minks,
such as swine pseudorabies, Newcastle disease, avian influenza, and
orthoreovirus infection, all have high zoonotic potential (Fenollar et al.,
2021; Jiang et al., 2017; Lian et al., 2013; Wang et al., 2018; Zhao et al.,
2017).

Computational analysis predicting host susceptibility based on close
phylogenetic relationships among potential host species or similarity
between human ACE2 and non-human ACE2 sequences may help in the
prediction of a certain species as a potential host, but need to be viewed
with caution as these methods do not consistently match real-world
outcomes (Fischhoff et al., 2021). For example, weak viral binding
was predicted by sequence similarity for minks and ferrets, which both
were later confirmed as being highly susceptible (Oude Munnink et al.,
2021; Shi et al., 2020). In contrast, the highest similarity of the relative
synonymous codon usage of SARS-CoV-2 and snakes led to the latter
being hypothesized as a potential viral host (Ji et al., 2020). However,
bioinformatics approaches that are based on the analysis of their ACE2
receptor (Luan et al., 2020; Zhang et al., 2020a) argued against this
assumption (Devaux et al., 2020).

There is also always a possibility to change the range of susceptible
animal species as novel SARS-CoV-2 strains may evolve with new mu-
tations. Repeated interspecies transmission of a virus presents the po-
tential for the acceleration of viral evolution. With the possibility of
creating new reservoirs of SARS-CoV-2, the early identification of such
events and mitigation against the risks of human-to-animal transmission
(reverse zoonosis) need to be developed on national and global levels. In
particular, farm animals and other animals living in close contact with
humans should be monitored, protected where possible, and managed
accordingly.

3. SARS-CoV-2 reverse zoonosis and secondary zoonosis

Even though recognition of the intermediate host is of much
importance in preventing the transmission chain and avoiding the zoo-
notic event that triggered the COVID-19 pandemic in the first place,
further research of SARS-CoV-2 infection in various susceptible animal
species is also needed. This will help to identify and assess the extent of
animals that are vulnerable to SARS-CoV-2 in order to prevent second-
ary zoonotic events and possible reverse zoonosis. Prior research has
confirmed that reverse zoonosis events during the COVID-19 pandemic
have been documented in several countries, including Hong Kong,
Belgium, United States, Netherlands, Denmark, Spain, Germany, and
France (Jo et al., 2020). The transmission of SARS-CoV-2 from humans
to numerous animals, as well as conducted in vitro infection experi-
ments, make it clear that the virus is able to infect and be transmitted
between a wide range of distantly related mammal species.

Case reports on cats (Felis catus) living in the same household with
COVID-19 patients in Europe, Asia, North America, and South America
revealed that these animals can be infected with SARS-CoV-2, showing
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clinical manifestations ranging from asymptomatic to severe respiratory
illness (de Morais et al., 2020; Garigliany et al., 2020; Michelitsch et al.,
2020; Musso et al., 2020; Newman et al., 2020; OIE, 2021a; ProMED--
mail, 2021e; Ruiz-Arrondo et al., 2021; Sailleau et al., 2020; Segales
et al., 2020; TACC, 2021; Zhao et al., 2020). The reports show that 14%
of tested cats in Hong Kong were SARS-CoV-2 positive by RT-PCR (Barrs
et al., 2020). The use of a commercial ELISA test that detects antibody
reactivity against SARS-CoV-2 showed that the seroprevalence among
sampled cats in Wuhan was 14.7% in 2020 compared with 0.0% in cats
sampled in 2019 (Zhang et al., 2020b). Reports from Bosnia & Herze-
govina, Canada, China, Croatia, Japan, Mexico, Thailand, and Uruguay
regarding SARS-CoV-2-infected dogs, whose owners were COVID-19
patients, showed that although dogs tested positive for SARS-CoV-2,
there were no apparent clinical signs observed (OIE, 2021a; ProMED--
mail, 2021b; ProMED-mail, 2021f; Sit et al., 2020). However, other re-
ports on SARS-CoV-2-positive dogs in Argentina, Germany, the
Netherlands, and the USA indicated that different symptoms can occur
in infected dogs, ranging from mild to severe respiratory distress
symptoms (AVMA, 2020; de Morais et al., 2020; OIE, 2021a; ProM-
ED-mail, 2020a). The seroprevalence screening performed among pets
living in SARS-CoV-2-positive households in Italy demonstrated that
3.3% of dogs and 5.8% of cats were sero-positive (Patterson et al., 2020).
The high seroprevalence and SARS-CoV-2 detection rates in cats and to
some extent in dogs indicate that these animals can be infected with
SARS-CoV-2 (Fritz et al., 2021; Hamer et al., 2020; Hosie et al., 2021;
Leroy et al., 2020). Recent reports also describe sporadic cases of natural
infection in household pet ferrets (Mustela putorius furo) in Slovenia and
Spain (Giner et al., 2021; OIE, 2021a; ProMED-mail, 2020d). These re-
ports suggest that the impact of SARS-CoV-2 infections on domestic
animal health is unclear. Animals could develop COVID-19 with or
without clinical signs through reverse zoonosis, which can potentially
lead to the reinfection of humans.

Zoonotic SARS-CoV-2 transmission is not associated with domestic
animals only. Several other felines’ species were found to be positive in
the Bronx Zoo (New York, USA), including two Malayan tigers (Panthera
tigris jacksoni), two Amur tigers (Panthera tigris altaica), and three African
lions (Panthera leo) in April 2020 (McAloose et al., 2020), three Malayan
tigers at Zoo Knoxville (Tennessee, USA) in October 2020, a puma (Puma
concolor) in a zoo in the City of Johannesburg, Gauteng (South Africa)
and at the rescue center in Santiago del Estero (Argentina) in November
2020, four lions at the Barcelona Zoo (Spain) and three snow leopards
(Panthera uncia) at the Louisville Zoo (Kentucky, USA) in December
2020, one lion at the Tallin Zoo (Estonia), one Bengal tiger (Panthera
tigris tigris) at the Wildcat Sanctuary in Pine County (Minnesota, USA)
(Minnesota Board of Animal Health, 2021), one Amur tiger and two
lions at the Boras Zoo (Sweden) in January 2021 (ProMED-mail, 2021a;
Wang et al., 2020c), two Sumatran tigers (Panthera tigris sumatrae) at the
Fort Wayne Children’s Zoo (Indiana, USA), two lions, one tiger, and one
cougar (Puma concolor) at a wild animal exhibit (Texas, USA) in
February 2021 (APHIS, 2021a), two lions at the Pittsburgh Zoo & PPG
Aquarium (Pennsylvania, USA), three Malayan tigers at the Virginia Zoo
(Virginia, USA), and eight Asiatic lions (Panthera leo persica) at Nehru
Zoological Park (India) in April 2021 (OIE, 2021a; ProMED-mail,
2021g). Three western lowland gorillas (Gorilla gorilla gorilla) at the San
Diego Zoo Safari Park (California, USA) and four Asian small-clawed
otters (Aonyx cinereus) at the Georgia Aquarium (Georgia, USA) were
confirmed to be positive for SARS-CoV-2 (APHIS, 2021c; Daly, 2021).
The source of infection in these cases were diseased zoo staff members
(APHIS, 2021b; McAloose et al., 2020).

Farmed minks are highly susceptible to SARS-CoV-2 infection and, in
some cases, they have transmitted the virus back to humans. SARS-CoV-
2-positive minks were detected in 290 fur farms in Denmark, 69 mink fur
farms in the Netherlands, 13 of 40 mink farms in Sweden, 23 out of 91
mink farms in Greece, 17 fur farms in the USA, 4 farms in Lithuania, 2
farms in Canada, and one fur farm in Italy, Latvia, Poland, France, and
Spain (Domanska-Blicharz et al., 2021; Fenollar et al., 2021; OIE, 2021a;
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Rabalski et al., 2020). The infected minks demonstrated mild respiratory
distress and interstitial pneumonia on the necropsy (Oreshkova et al.,
2020). The source of the outbreak in minks was linked to the farmers and
their family members, who manifested with COVID-19 infections and/or
were PCR-positive for SARS-CoV-2. Virus transmission from infected
minks to humans was proven by the phylogenetic comparison of human-
and mink-derived SARS-CoV-2 sequences, which were very similar
(European Food Safety et al., 2021; Fenollar et al., 2021; Oude Munnink
et al., 2021). Additionally, seven of 24 cats at the mink farms also tested
positive serologically for SARS-CoV-2-specific antibodies, indicating the
existence of animal-to-human (zoonotic) and animal-to-animal trans-
mission (Enserink, 2020). The airborne transmission of SARS-CoV-2
between cats and between hamsters has also been reported (Halfmann
et al., 2020; Shi et al., 2020). After it became known that a strain of the
coronavirus can be passed between animals and humans, more than 17
million minks have been culled and mink farming was banned in
Denmark until the start of 2022, devastating its fur industry (ProM-
ED-mail, 2020b). Surveillance findings in Denmark show that
SARS-CoV-2 introduced into mink populations continues to evolve
through viral mutations. Viral mutations also happen in human in-
fections, but these new mutations may also be seen while the virus
adapts to a new species. Scientific investigations have confirmed that
SARS-CoV-2 has been reintroduced from minks to humans. There is
currently no evidence that SARS-CoV-2 is circulating or has been
established in wild populations surrounding the infected mink farms.
However, during the wildlife surveillance for SARS-CoV-2 in
meso-carnivores and other species conducted as part of One Health in-
vestigations around infected mink farms in Utah, Michigan, and Wis-
consin, USA, the US National Veterinary Services Laboratories (NVSL)
has confirmed SARS-CoV-2 by real-time RT-PCR and sequencing of a
nasal swab collected from a free-ranging, wild mink sampled in Utah
(Shriner et al., 2021). The sequence of the viral genome obtained from
the wild mink sample at NVSL was indistinguishable from those ob-
tained from the farmed mink. The World Organisation for Animal Health
acknowledges that such events could have important public health im-
plications. There are concerns that the introduction and circulation of
new virus strains in humans could result in modifications of trans-
missibility or virulence and decreased treatment and vaccine efficacy
(OIE, 2021Db).

Zoonotic infections are common hazards for humans involved in
animal welfare management, including veterinarians, zoo and reserve
workers, breeders, and farmers. Between March and June 2020, out-
breaks of COVID-19 were reported in meat plants extending from Europe
to North America (ProMED-mail, 2021d). There have been 95 confirmed
COVID-19 cases linked to the workplace outbreak at the meat packing
plant in Canada in February 2021 (ProMED-mail, 2021c). Other
research  indicated a  strong relationship  between  US
livestock-processing plants and local community transmission of
COVID-19, suggesting that these plants may act as transmission vectors
into the surrounding population (Taylor et al., 2020). A common
occurrence among outbreaks in meat plants is a sudden sharp spike in
cases, which suggests the simultaneous infection of workers from the
same source rather than person-to-person spread (Donaldson, 2020).
Therefore, risk assessments should be carried out to identify occupa-
tional groups that are disproportionately exposed by SAR-
S-CoV-2-infected animals, similarly to how disease management was
structured for the zoonotic squirrel novel bornavirus 1 that emerged as
an occupation-associated disease in an animal caretaker at a zoo in
northern Germany in 2013 (Tappe et al., 2018).

4. SARS-CoV-2 experimental infections

Experimental infections of SARS-CoV-2 were conducted in ferrets,
domestic cats, raccoon dogs, Egyptian fruit bats (Rousettus aegyptiacus),
Syrian hamsters (Mesocricetus auratus), Chinese hamsters (Cricetulus
griseus), Roborovski’s dwarf hamster (Phodopus roborovskii), deer mice
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(Peromyscus maniculatus), bushy-tailed woodrats (Neotoma cinerea),
striped skunks (Mephitis mephitis), New Zealand white rabbits (Orycto-
lagus cuniculus), mice (Mus musculus), Northern tree shrews (Tupaia
belangeris), white-tailed deer (Odocoileus virginianus), bank voles
(Myodes glareolus), rhesus macaques (Macaca mulatta), crab-eating ma-
caques (Macaca fascicularis), African green monkeys (Chlorocebus
aethiops), baboon (Papio hamadryas), common marmosets (Callithrix
jacchus), and cattle (Bos taurus) (Bertzbach et al., 2020; Bosco-Lauth
et al., 2021; Freuling et al., 2020; Imai et al., 2020; Jo et al., 2020; Lu
et al., 2020b; (Montagutelli et al., 2021); Munoz-Fontela et al., 2020;
Mykytyn et al., 2021; Palmer et al., 2021; Singh et al., 2021; Temmam
etal., 2020; Trimpert et al., 2020; Ulrich et al., 2021; Ulrich et al., 2020).
These animals demonstrated viral replication and RNA shedding in the
respiratory tract and to a lesser extent or no shedding in the gastroin-
testinal tract, development of SARS-CoV-2-specific antibody responses,
and histopathological signs of moderate inflammation in infected res-
piratory tissue (Chiba et al., 2021; Freuling et al., 2020; Jo et al., 2020;
Munoz-Fontela et al., 2020). Domestic cats, ferrets, Syrian hamsters,
deer mice, and white-tailed deer were found to be susceptible and able
to readily transmit the virus to co-housed animals (Bosco-Lauth et al.,
2020; Chan et al., 2020; Gaudreault et al., 2020; Griffin et al., 2020;
Halfmann et al., 2020; Kim et al., 2020; Palmer et al., 2021; Richard
et al., 2020; Schlottau et al., 2020; Sia et al., 2020). However, upon
re-infection, cats do not appear to shed the virus at levels sufficient
enough for the transmission to co-housed naive cats (Gaudreault et al.,
2021). Rhesus macaques, crab-eating macaques, African green monkeys,
and baboons, often used as non-human primate model species in
biomedical research, are also permissive to infection and develop similar
symptoms to those of COVID-19 patients, with higher severity present-
ing in Rhesus macaques than in crab-eating macaques (Deng et al., 2020;
Lu et al., 2020a; Munster et al., 2020; Rockx et al., 2020; Shan et al.,
2020; Woolsey et al., 2020; Yu et al., 2020; Zheng et al., 2020).

Although the first experimental infection studies demonstrated that
SARS-CoV-2 replicated poorly in dogs, cattle, domestic pigs, and does
not replicate in poultry species (Shi et al., 2020; Suarez et al., 2020), it
takes only a few mutations or genetic recombination events for the virus
to spill over and establish a new host (Opriessnig and Huang, 2020;
Sreenivasan et al., 2020). Previous studies indicated that swine are not
susceptible to SARS-CoV-2 infection (Meekins et al., 2020). However,
later Canadian and US researchers measured seroconversion and viral
shedding in experimentally infected domestic pigs and found them to be
permissive to SARS-CoV-2 infection at low levels, as only 31.3% of
infected pigs displayed low levels of viral RNA shedding and antibody
production (Pickering et al., 2021; ProMED-mail, 2020c). Considering
the proximity of pigs with humans as an agricultural animal, and the use
of a wide range of prosthetic accessories of pig origin in the human
health sector, this research highlights the need for additional livestock
assessment to determine the actual role that domestic animals might
play in the maintenance and spread of SARS-CoV-2 during the COVID-19
pandemic. The circumstance described indicates that SARS-CoV-2
epidemiological surveillance strategies must include susceptible ani-
mals in close contact with humans, such as pets, farm, zoo, laboratory,
and biotechnology production animals, to prevent potential zoonotic
and reverse zoonotic events (Mallapaty, 2021; McNamara et al., 2020;
Prince et al., 2021; Valdivia-Granda and Richt, 2020). To date, in the
immediacy of the COVID-19 pandemic, surveillance studies were un-
derstandably focused on human health but have already identified some
of the susceptible animals as well, such as bats and minks. However,
there are only a limited number of SARS-CoV-2 epidemiological sur-
veillance studies based on the One Health approach. Therefore, reliable
data are needed on the animal susceptibility to SARS-CoV-2 and the
potential transmissibility within and across species.

5. Pests as vehicles for mechanical transmission of SARS-CoV-2

Rodents and arthropods are major agricultural pests worldwide, that
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can biologically or mechanically transmit many serious pathogens
among humans and other animals. Through biological transmission, the
virus undergoes development in the pests to complete its life cycle
before transmission to other animals or humans. Although insects do
have ACE2, these are very different from those in humans and are
therefore predicted to be unable to bind efficiently with SARS-CoV-2
(Cashman et al., 2019). Recent studies demonstrated that SARS-CoV-2
replication was not supported in biting midges (Culicoides sonorensis)
and mosquitoes (Aedes aegypti, Aedes albopictus, Culex pipiens, Culex
quinquefasciatus, and Culex tarsalis), suggesting that these species are
unable to be biological vectors of SARS-CoV-2 (Balaraman et al., 2021a;
Fortuna et al., 2021; Huang et al., 2020c). However, it has been
demonstrated that houseflies (Musca domestica) can acquire and harbor
infectious SARS-CoV-2 for up to 24 hours post-exposure (Balaraman
et al., 2021b).

Transfer of pathogens via contaminated surfaces is another trans-
mission route for viruses from rodents and arthropods to animals and
humans, called mechanical or passive transmission. Mechanical trans-
mission involves the transfer of the virus picked up by pests’ body parts
or mouths to other animals or humans with no developmental change of
the virus in themselves (Franz et al., 2015; Gubler, 2010; Reuben et al.,
2020). Here, the pests serve as vehicles for viral transmission which is
merely incidental. Previous studies have shown that SARS-CoV-2 can
survive on surfaces and objects for several hours and days depending on
the nature and type of surface, humidity, and temperature (Kampf et al.,
2020; Kwon et al., 2021a; Wu et al., 2020). Although the virus titer was
greatly reduced over time, viable SARS-CoV-2 was measured to last on
plastic up to 2-3 days, stainless steel up to 2-3 days, cardboard up to 1
day, and copper up to 4 hours (Ismail et al., 2020; van Doremalen et al.,
2020). Pests such as houseflies, cockroaches, ticks, house mice, and rats
exist in great abundance on farms, public places, and even in healthcare
settings where they can interact with contaminated surfaces. It was re-
ported that rodents and arthropods were involved in the mechanical
transmission of the turkey coronavirus and SARS-CoV during the SARS
epidemic (Calibeo-Hayes et al., 2003; Reuben et al., 2020). Experi-
mental studies showed that houseflies were able to mechanically
transmit SARS-CoV-2 genomic RNA to the surrounding environment up
to 24 h post-exposure (Balaraman et al., 2021b). Some of the United
States’ common rodents, such as fox squirrels (Sciurus niger), Wyoming
ground squirrels (Urocitellus elegans), house mice (Mus musculus), and
black-tailed prairie dogs (Cynomys ludovicianus), are not susceptible to
SARS-CoV-2 infection (Bosco-Lauth et al., 2021). In contrast, several
other common peridomestic rodent species are high-risk groups. Thus,
deer mice (Peromyscus maniculatus) and bushy-tailed woodrats (Neotoma
cinerea) are found to be susceptible to experimental inoculation of high
doses of SARS-CoV-2 and can shed the virus in respiratory secretions.

Prior research has already shown that coronaviruses from contami-
nated surfaces can be transmitted through self-inoculation of the eyes,
mouth, and nasal mucous membranes (Kampf et al., 2020; Otter et al.,
2016). SARS-CoV-2 was detected in the bronchoalveolar lavage fluid
specimens of 93% of COVID-19 patients, sputum — 72%, nasal swabs —
63%, fibrobronchoscope brush biopsy — 6%, pharyngeal swabs — 32%,
feces — 29%, blood — 1% (Wang et al., 2020d). The virus was stable for up
to 21 days in nasal mucus, sputum, saliva, tear, urine, blood, and semen
(Kwon et al., 2021b). It was also shown that despite the stool samples
testing positive, about 23% of patients were no longer positive for the
virus in respiratory samples (Xiao et al., 2020). Another data from 98
COVID-19 patients showed viral shedding in their stool for nearly five
weeks after respiratory samples were negative (Wu et al., 2020) and
even asymptomatic carriers may show elevated SARS-CoV-2 in stool
samples (Xie et al., 2020). With the size of the SARS-CoV-2 virus and its
presence in feces, droplets, and on surfaces, there is a possibility that
pests can act as mechanical vectors to transmit the virus. However, as of
now, the role and importance of this mechanical transmission route of
SARS-CoV-2 has not yet been fully determined and needs to be validated
through further studies.

Virus Research 302 (2021) 198473

6. Discussion

Due to the process of modern world globalization, the increase in
international trade, transportation of people, animals, and agricultural
products, the risks of the emergence and spread of infectious diseases, as
well as the spread of causative pathogens are highly increased. This
explains the fact that biosafety is a key component of national security,
and the control of infectious diseases is the main priority in human and
veterinary medicine. The interspecies transmission among animals
could make pandemic control more difficult. Up until now, the COVID-
19 pandemic has continued to have a devastating impact on human life
around the world, therefore epidemiological surveillance studies of
SARS-CoV-2 were understandably focused mainly on the human popu-
lation. This has resulted in a limited number of SARS-CoV-2 molecular
and serological surveillance studies being performed on animals
worldwide. Surveillance of wild, domestic, laboratory, zoo, and com-
panion animals is the key in determining the SARS-CoV-2 intermediate
host, which would help to prevent secondary zoonotic events and
possible reverse zoonosis.

In combination with SARS-CoV-2 high transmissibility and its pres-
ence in a significant number of potentially asymptomatic people
throughout the world, this creates a dangerous situation in which
humans may unknowingly transmit the virus to a susceptible mammal
population. Concerningly, these animal species might serve as reservoirs
of the virus, increasing the risk of future zoonotic and reverse zoonotic
events, though transmission rates across species are currently unknown.
The prediction of possible hosts suggests that SARS-CoV-2 could indeed
infect a broad range of mammals. Therefore, more high-quality epide-
miological surveillance studies are needed. Furthermore, the need for
more in-depth research has also increased due to the current lack of
studies assessing the mechanical transmission of SARS-CoV-2 by ro-
dents, insects, and arachnids, which have been already recognized as a
mechanical vector of over 100 pathogens including bacteria, fungi, vi-
ruses, and parasites (El-Sherbini and Gneidy, 2012; Foil and Gorham,
2000; Gough and Jorgenson, 1983; Graczyk et al., 2005; Issa, 2019;
Nayduch and Burrus, 2017; Onwugamba et al., 2018; Pitkin et al., 2009;
Watson et al., 2007). Although SARS-CoV and other related coronavi-
ruses have been reported to be mechanically transmitted by pests,
together with SARS-CoV-2’s survivability on surfaces and in feces for
elongated periods would undoubtedly implicate them as culprits in the
role of its transmission. Thus, preventing the opportunity for the
continuous spread of SARS-CoV-2, all possible transmission routes need
to be ascertained and added to the current strategies for COVID-19
pandemic control.

When an outbreak happens, effective measurements include several
aspects to properly address the analysis and understanding of native
hosts, intermediate hosts, mutational tendency, transmission charac-
teristics between animals-to-humans, and vice versa. The One Health
approach handles the issues of emerging threats by integrating pro-
fessionals from various disciplines: human medicine, veterinary medi-
cine, environmental health, and social sciences. This correlates the
interconnections between people, animals, and the environment to
improve the health of both humans and animals. A shift to the One
Health approach is an essential step to improve mitigation strategies of
the emerging infectious disease threats, including COVID-19.

It is unlikely that SARS-CoV-2 will be the last coronavirus to jump the
species barrier infecting humans and other animal species. Therefore,
any human surveillance program should integrate with testing programs
for animals, to capture early zoonotic pathogen circulation between
human and nonhuman populations. Sources of zoonotic pathogens are
frequently unclear and are often impossible to determine after the early
stages of a spillover event. Active monitoring could remove much of this
uncertainty, allowing epidemiologic research to inform short- and long-
term responses on both local and global levels.
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