Received: 13 July 2021

Revised: 14 October 2021

Accepted: 17 October 2021

DOI: 10.1111/tbed.14356

REVIEW

Lransboundary and Enefging
b o -

Transmission dynamics and susceptibility patterns of
SARS-CoV-2 in domestic, farmed and wild animals: Sustainable
One Health surveillance for conservation and public health to
prevent future epidemics and pandemics

Ariful Islam?%3 I
Md. Kaisar Rahman'? |

Tahmina Shirin®

1 EcoHealth Alliance, New York, United States

2 Centre for Integrative Ecology, School of Life

and Environmental Science, Deakin University,

Victoria, Australia

3 |nstitute of Epidemiology, Disease Control
and Research (IEDCR), Dhaka, Bangladesh

4 Department of Microbiology, University of
Dhaka, Dhaka, Bangladesh

5 Faculty of Veterinary Medicine, Chattogram
Veterinary and Animal Sciences University,
Chattogram, Bangladesh

Correspondence

Ariful Islam, EcoHealth Alliance New York, NY
10001-2320.

Email: arif@ecohealthalliance.org

Jinnat Ferdous'? I
Otun Saha'-3# |

Shariful Islam*3® | Md. AbuSayeed*® |

Mohammad Mahmudul Hassan’ |

Abstract

The exact origin of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2) and source of introduction into humans has not been established yet, though it
might be originated from animals. Therefore, we conducted a study to understand the
putative reservoirs, transmission dynamics, and susceptibility patterns of SARS-CoV-2
in animals. Rhinolophus bats are presumed to be natural progenitors of SARS-CoV-2-
related viruses. Initially, pangolin was thought to be the source of spillover to humans,
but they might be infected by human or other animal species. So, the virus spillover
pathways to humans remain unknown. Human-to-animal transmission has been tes-
tified in pet, farmed, zoo and free-ranging wild animals. Infected animals can trans-
mit the virus to other animals in natural settings like mink-to-mink and mink-to-cat
transmission. Animal-to-human transmission is not a persistent pathway, while mink-
to-human transmission continues to be illuminated. Multiple companions and captive
wild animals were infected by an emerging alpha variant of concern (B.1.1.7 lineage)
whereas Asiatic lions were infected by delta variant, (B.1.617.2). To date, multiple ani-
mal species - cat, ferrets, non-human primates, hamsters and bats - showed high sus-
ceptibility to SARS-CoV-2 in the experimental condition, while swine, poultry, cattle
showed no susceptibility. The founding of SARS-CoV-2 in wild animal reservoirs can
confront the control of the virus in humans and might carry a risk to the welfare and
conservation of wildlife as well. We suggest vaccinating pets and captive animals to
stop spillovers and spillback events. We recommend sustainable One Health surveil-
lance at the animal-human-environmental interface to detect and prevent future epi-

demics and pandemics by Disease X.
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1 | INTRODUCTION

Several human cases of pneumonia were reported in Wuhan, China
during December 2019 and later the disease was named as novel coro-
navirus disease 19 (COVID-19) (Chan et al., 2020a). The causal agent
was detected as Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) and the outbreak was linked to the seafood and live ani-
mal market in Wuhan (Zhu et al., 2020). The animal market is involved
in trading poultry, snakes, hedgehogs and other wildlife (Wu et al.,
2020). Meat and carcasses were traded in that market at the time
of the outbreak (Ashour et al., 2020). Initially, bats are thought to be
the reservoir of the SARS-CoV-2 (Mallapaty, 2020). Bats are reser-
voirs of several other emerging zoonotic pathogens like Nipah, Hen-
dra, Ebola, rabies, Rotavirus and CoVs (Brook & Dobson, 2015; Islam
et al., 2020). Specifically, the Indian Flying Fox, Pteropus medius, har-
bours more than 50 viruses, based on which researchers estimated
that at least 320,000 mammalian viruses from nine viral families are
still undiscovered (Anthony et al., 2013). Besides, more than 200 novel
CoVs have been detected in bats throughout the world (Chen et al,,
2014). It is assumed that Middle East Respiratory Syndrome Coron-
avirus (MERS-CoV) and SARS-CoV originated in bats and transmitted
through dromedary camels and civets, respectively (El-Sayed & Kamel,
2021). Not only SARS or MERS, other human CoVs (HCoV) like HCoV-
NL63 and HCoV-229E have been also originated from bats (Lu et al.,
2015; Skirmuntt et al., 2020).

Furthermore, cats and dogs in contact with SARS-CoV-2-infected
humans have been identified as SARS-CoV-2 positive (Islam et al.,
2021a). Therefore, there is occasional spillover evidence among human
to animal species. Under experimental conditions, the virus can infect
and replicate in the respiratory tracts of several animal species like fer-
rets, cats, hamsters and rhesus macaques. Nevertheless, cattle, sheep
and goats are not susceptible to SARS-CoV-2 in the experimental con-
dition (OIE, 2021). Experimental studies have shown that animals are
not playing a crucial role in the transmission of SARS-CoV-2 (Parolin
et al,, 2021). Rather human-to-human transmission helps the persis-
tence of the infection throughout the world.

SARS-CoV-2 enters host cells by its spike protein (S-protein). The
receptor-binding domain (RBD) of S protein binds to angiotensin-
converting enzyme 2 (ACE-2) for entering host cells. Then a cellular
protease (TMPRSS2) acts on the S protein (Lam et al., 2018; Wrapp
et al., 2020) and divides it into 2 subunits to merge the virus and the
cell membrane (Hoffmann et al., 2020; Stopsack et al., 2020). ACE-2
receptors are very much preserved in different vertebrate species. So
animals that have a receptor for this protein can be a vessel for entry
(Lam et al., 2018). SARS-CoV-2 can be harboured by any animal that
possesses ACE-2 receptors (Damas et al., 2020; Lam et al., 2020; Lan
etal., 2020).

The exact precursor for coronavirus is not established yet and has
the potential for wildlife origin. Phylogenetic analysis of SARS-CoV-
2 sequences from different animals, for example, dog, cat, tiger, lion,
mink and gorilla, proved their relation to human sequences from the
same region during the same time period (Barrs et al., 2020; Hamer
et al., 2020; McAloose et al., 2020; Pagani et al., 2021; Sit et al., 2020).
The SARS-CoV-2 strains detected in animals showed various muta-
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TABLE 1 Keywords for searching published literature in different
databases
Term Keywords

Descriptive terms Prevalence OR Incidence OR Frequency
OR Occurrence OR Infection OR
Detection OR Identification OR
Isolation OR Characterization OR

Investigation OR Survey OR Rate

Qutcome term COVID-19 OR SARS-CoV-2

Population terms Bat OR Pangolin OR Dog OR Cat OR

Domestic animals OR Pig OR Poultry OR
Avian OR Turkey OR Chicken OR Goose
OR Cattle OR Camel OR Bovine OR
Equine OR Horse OR Wild animals OR
Zoo animals OR Tiger OR Lion OR
Canine OR Feline OR Mink OR
Mammals OR Non-human primates OR
Monkey OR Macaque OR Rodents OR
Mice OR Rat OR Ferret OR Guinea pig
OR Masked Civet

tions in their nucleotide sequences, and some resultant mutates have
given origin to new variants, harmful for the human population or
other species of animals. Therefore, we thoroughly reviewed the avail-
able literature to understand the comprehensive transmission dynam-
ics and susceptibility patterns of SARS-CoV-2 and its related viruses in
domestic, farmed and wild animal species, and to highlights the signif-
icance of sustainable One health surveillance at the animal-human-
environment interface as an early warning tool to detect novel virus

(disease X) to prevent future epidemics and pandemics globally.

2 | MATERIAL AND METHOD

We conducted detailed

namely,

literature search in the databases
PubMed
(https://www.ncbi.nIm.nih.gov/pubmed/), Web of Science (http://login.

Scopus  (https://www.scopus.com/home.uri),
webofknowledge.com/), Google Scholar (https://scholar.google.com/)
and preprint servers, using several keywords (Table 1). We also
searched publicly available information from the World Organi-
zation for Animal Health (OIE), the Global Initiative on Sharing
All Influenza Data (GISAID) (https:/www.gisaid.org/; accessed on
July 10, 2021) and the United States Department of Agriculture
(USDA)
sa_one_health/sars-cov-2-animals-us). Then we selected the literature

(https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/

based on reporting of the natural and experimental infections in
different animal species.

We then collected mink and pangolin population density worldwide
from the IUCN red-listed threatened species database (IUCN, 2021).
Besides, we collected the fur production status and country-specific
number of confirmed SARS-CoV-2 reported mink farms from the pub-
lished GLEWS+ risk assessment literature WHO (2021). We produced
the choropleth map for mink population density, country-specific num-

bers of SARS-CoV-2 reported mink farms, and geospatial distribution
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of different pangolin species in ArcGIS 10.4 software using standard
procedures described by Islam et al. (2021d) and Sayeed et al. (2020).
A total of 450 complete genome sequences of SARS-CoV-2 and
SARS-CoV-2 like CoVs from animals (Aonyx cinereus, Gorilla gorilla
gorilla, Canis lupus familiaris, Panthera leo, Prionailurus bengalensis eup-
tilurus, Panthera uncia, Panthera tigris, Mustela putorius furo, Rhinolo-
phus affinis, Rhinolophus malayanus, Rhinolophus malayanu, Rhinolophus
stheno, Rhinolophus sinicus, Felis catus, Manis javanica, P. tigris jacksoni,
Neovison vison) and humans were submitted in the GISAID, between
18 April 2020 and 07 July 2021. We retrieved all 450 sequences
initially in this study. The reference SARS-CoV-2 Wuhan genome
(NC_045512) was utilized. For phylogenetic analysis, later 112 out of
450 genome successions were chosen (Supplementary Table) because
of the great grouping quality as verified in the GISAID data set for addi-
tional investigation, while genome arrangements having >5% NNNs
as well as <29,000 nt were avoided considering bad quality succes-
sions. Succession DAtaset developer (SEDA; https://www.sing-group.
org/seda/) was utilized to eliminate all interior stop codon-containing
arrangements. Moreover, numerous grouping arrangement program
(MAFFT) order line (https://mafft.cbrc.jp/arrangement/programming/)
(Katoh & Standley, 2013) was utilized to adjust all recovered genome
successions over the reference succession. Uber 7 apparatus was
utilised for the phylogenetic examination as portrayed by Islam et al.
(2021e). The neighbour-joining technique (Kumar et al., 2016) and
the Kimura-Nei strategy (Saitou & Nei, 1987) were considered for all
the detailed developmental relationship examinations where the boot-
strap test (1000 reproduces) is displayed close to the branches. Dur-
ing the basic decision communication, we have pondered declaring
time, the geographical region close by human-animal interface reports,
unpredictable model combination dates, close by and large between
every plan whether their uncovered pathogenic power. This phylo-
genetic tree addresses the developmental relationship of delegates
both SARS-CoV-2 and SARS-CoV-2 like viruses from humans and ani-
mals. Its fundamental design was to clarify the human-animal interfa-
cial transformative relationship alongside the transmission dynamic of
SARS-CoV-2 and SARS-CoV-2 like infection from humans and animals.

3 | RESULTS AND DISCUSSIONS

The origin of SARS-CoV-2 has not been confirmed yet, but it is
clear that the virus originated from animal species. Therefore, animal
species, which can act as reservoirs, natural hosts and/or intermediate
hosts, should be well-known to health authorities. From this review, we

assumed SARS-CoV-2 could affect several animal species globally.

3.1 | Putative animal reservoirs host dynamics and
evolution of SARS-CoV-2-related coronaviruses
3.1.1 | SARS-CoV-2-related coronaviruses in bats

Rulli et al. (2020) showed that land-use change and livestock revo-

lution enhance the zoonotic coronavirus transmission risk from Rhi-
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coronaviruses. They stated that horseshoe bats’ habitat in China has
more forest fragmentation and human-livestock density than any
other country in the world. As a result, China has become a hotspot
for human-livestock-wildlife interactions with the potential for SARS-
related coronavirus spillover from animals to humans.

Soon after the emergence of SARS-CoV-2 in humans, researchers
found that the virus’ genome has similarities with coronaviruses from
Rhinolophus bats (Figure 1) but the route of SARS-CoV-2 spread is
still unknown (Wong et al., 2020). SARS-CoV-2 has a 96% genetic
resemblance with the Horseshoe bat (R. dffinis) CoV RaTG13, imply-
ing bats as reservoir of SARS-CoV-2 related viruses (Figure 2) (Lu
et al., 2020a; Touati et al., 2020; Zhou et al., 2020). Besides, the SARS-
CoV-2 genome has an insertion site between the cleavage site of S1
and S2. This insertion has also been seen in R. malaynus. Two bat
species, namely R. affinis and R. malaynus, can be the ancestral reservoir
of SARS-CoV-2. Nevertheless, the direct transmission or spillover of
SARS-CoV-2 from Horseshoe bats to humans has not been established
(Wong et al., 2020). Subsequently, additional SARS-CoV-2-related viral
genome sequences from horseshoe bats have been detected in Eastern
China (Zhou et al., 2020), Japan (Murakami et al., 2020), Cambodia (Hul
etal., 2021) and Thailand (Wacharapluesadee et al., 2021).

In Cambodia, coronaviruses with 92.6% genomic similarity with
SARS-CoV-2 (Figure 2) were detected in two Shamel’s horseshoe bats
(Rhinolophus shameli) archived swab samples collected in 2010 (Hul
et al.,, 2021). Moreover, R. shameli bats are not distributed in China
(Lin et al., 2017) which implies that SARS-CoV-2-related viruses might
have a much broader geographic spread than earlier thought and pro-
poses that Southeast Asia signifies a crucial zone to ponder in the con-
tinuing examination for the origins of SARS-CoV-2, and in monitoring
the horseshoe bats for coronavirus diversity. Another virus called Rc-
0319 was identified in Japanese horseshoe bat’s (Rhinolophus cornutus)
frozen droppings collected in 2013. This one has 81% genome similar-
ity with SARS-CoV-2 (Figure 2). The Japanese strain is too distant from
SARS-CoV-2 and cannot bind to SARS-CoV-2’s receptor in human cells
(Mallapaty, 2020). So, this strain will not infect humans easily. This dis-
covery provides valuable information about the probable transmission
of SARS-CoV-2 from bats to people.

Another species Rhinolophus acuminatus harbours SARS-CoV-2-
related coronavirus, RacCS203, in Thailand (Wacharapluesadee et al.,
2021). Moreover, antibodies against SARS-CoV-2 were found in this
same bat colony in Southern Thailand (Wacharapluesadee et al., 2021).
However, three distinct points indicate that bats are not responsible for
transmitting SARS-CoV-2 to humans (Jo et al., 2020). First, during the
pandemic, local bat species were out and hibernated (Jo et al., 2020).
Second, though other animal species were present in the market for
sale, bats were not sold at that time. Finally, genomes of SARS-CoV-2
and other bat CoV sequences have 96% similarity (Figure 2) (Jo et al.,
2020). As the science evolves regularly, the most closely related viruses
(>95%) to SARS-CoV-2 have been detected in bats from Laos lately.
The scientists tested saliva, faeces and urine samples from 645 bats in
northern Laos and detected three viruses (BANAL-52, 103, 236) from
Rhinolophus bats with almost identical receptor binding domains like
SARS-CoV-2 (Mallapaty, 2021).
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FIGURE 1 Transmission pathways and susceptibility of SARS-CoV-2 to domestic and wild animals

3.1.2 |
pangolin

SARS-CoV-2-related coronaviruses in

Pangolins (Pholidota, Mammalia) are insects eating nocturnal animals,
which have eight species in Africa and Asia (Figure 3) (Heighton &
Gaubert, 2021). These critically endangered small animals are traf-
ficked illegally for their meat and scales, which have high demand in
China for traditional medicine purposes (Wong et al., 2020). The first
SARS-CoV like CoV was named pangolin-CoV when it was identified in
two Malayan pangolin (Manis javanica) carcasses that were trafficked
for illegal wild animal market trade (Liu et al., 2020a). This was sup-
ported by the fact that pangolin CoV was closely related to SARS-CoV-
2 (Figure 1) (Zhang et al., 2020b). The pangolin coronavirus genome
shares 89% nucleotide and 98% amino acid resemblances with SARS-
CoV-2 (Figure 2) (Zhang et al., 2020b).

Along with the bat CoV, pangolin CoV was the second relative of
SARS-CoV-2 (Zhang et al., 2020c). Besides, the spike protein of SARS-
CoV is more like that of pangolin than that of bat (Goh et al., 2020;
Liu et al., 2020a; Zhang et al., 2020c). The genetic analysis of the S
glycoprotein of SARS-CoV-2 and related coronaviruses presumed that
the RBD of SARS-CoV-2 S protein is a series of recombination events
between the bat-CoV (RaTG13) and pangolin-CoV (MP789) and might

have ultimately been directed to the advent of this novel coronavirus

(Flores-Alanis et al., 2020). Furthermore, being an insectivorous ani-
mal, the pangolin has the possibility of sharing roost with bats espe-
cially with the insectivorous ones. This may increase the chance of viral
spillover from bat to pangolin. But no literature is available to state as
evidence of this fact.

But SARS-CoV-2 cannot be the descendant of pangolin CoV as the
genetic variation is too high between them (Liu et al., 2020a). Besides,
after screening 334 pre-pandemic samples from Sunda pangolins from
Peninsular Malaysia and Sabah between August 2009 and March 2019,
no RNA from coronavirus could be detected (Lee et al., 2020). It was
concluded that the earlier detection of SARS-CoV-2-related viruses in
pangolin reflects their exposure to infected humans, wildlife and other
animal species along the trading pathway (Lee et al., 2020). More inter-
estingly, records from Wuhan’s market showed that 17 shops of the
market sold 36,295 animals between May 2017 to November 2019,
but no bat or pangolin was traded during that period (Xiao et al., 2021).
So it is of utmost interest to the scientific community to know if pan-
golinis the natural host (Zhang et al., 2020b) or the dead-end host (Fru-
tos et al., 2020) of SARS-CoV-2. Moreover, antibodies against SARS-
CoV-2 were found in pangolin in southern Thailand (Wacharaplue-
sadee et al., 2021). Thus, future studies are required to prove the link
between pangolin and SARS-CoV-2 (Cagliani et al., 2020; Jaimes et al.,
2020).
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FIGURE 2 Phylogenetic analysis of SARS-CoV-2 and SARS-CoV-2
like CoV sequences from animals and humans. Blue dots represent
SARS-CoV-2 sequences from different animal species; magenta dot
refers to a reference sequence from Wuhan; green blocks indicate
SARS-CoV-2 like CoV sequences from pangolin; mars red blocks
indicate SARS-CoV-2 like CoV sequences from bats

3.2 | Transmission dynamics of SARS-CoV-2 from
humans to domestic and wild animals

After the emergence of SARS-CoV-2 in December 2019, several animal
species have been infected naturally by humans (Figure 1). Domestic
animals like dogs, cats and wild animals like tigers, lions, gorillas, leop-
ards, puma, cougar, ferret, otter and mink have been infected by SARS-
CoV-2viareverse zoonoses (Table 2) (Enserink, 2020; Kiros et al., 2020;
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Oude Munnink et al., 2021). Infected animal species were primarily
in contact with humans in settings like a household with pets, zoo,
safari park, zoological centres, farms etc. We compiled potential animal
species which infected naturally and can act as a reservoir or interme-
diate or susceptible host.

In most cases of natural transmission of SARS-CoV-2 from human to
animal, transmission occurred via direct contact with infected human
patients or asymptomatic human carriers (Hamer et al., 2020) but
the exact route is still unclear (McAloose et al., 2020). Experimental
data indicated that the virus could transmit via droplets or airborne
routes from humans to animals (Hossain et al., 2021). Infection through
fomites can also be possible. But there is no proof of faecal-oral, blood-

borne, vertical or other modes of transmission yet.

3.2.1 |
animals

SARS-CoV-2 spillover events in companion

Domestic cat: SARS-CoV-2 can produce subclinical infections in cats.
To date, 55 cats have been tested positive for SARS-CoV-2 by RT-PCR
(Maurin et al., 2021). Natural infection in the cat has been reported
in different countries including Spain, China, Hong Kong, Belgium,
the United States, France, Germany, Russia and the United Kingdom
(Garigliany et al., 2020; Musso et al., 2020; Newman et al., 2020;
Sailleau et al., 2020; Segalés et al., 2020). At the beginning of the
SARS-CoV-2 outbreak in China, antibodies against SARS-CoV-2 were
detected in three different cats owned by three different patients,
suggestive of human to cat transmission (Figure 2). Another study
detected a considerable amount of antibodies against SARS-CoV-2 in
serum samples from cats in Wuhan during and prior to the COVID-
19 outbreak (Zhang et al., 2020b). In addition, serum samples col-
lected from stray cats and hospital cats showed lower antibody titres.
In contrast, SARS-CoV-2 was detected from symptomatic cat faeces
and vomitus in Belgium. Pet cats were also tested positive in New
York, USA, which suggests human-to-cat transmission (OIE, 2020a). In
Spain, eight cats were infected by humans (Ruiz-Arrondo & Portillo,
2021). At least one infected human has one pet dog or cat in almost
25% of households in Texas, USA (Hamer et al., 2020). Cats from the
abandoned household of SARS-CoV-2 patients and veterinary clinics
showed seropositivity to SARS-CoV-2 in Wuhan, China (Zhang et al.,
2020b). Furthermore, the alpha («) variant of concern (VOC) (lineage
B.1.1.7) has been identified in a pet cat after being contacted by an
infected COVID-19 owner in the United States (Hamer et al., 2021).
The alpha VOC was also detected in cats from Thailand and Italy (Shu &
McCauley, 2017). Interestingly, cats can be protected from SARS-CoV-
2 if they become infected with other feline CoVs previously (Stout et al.,
2020). In conclusion, SARS-CoV-2 can affect cats more than dogs. To
date, no spillback events have been reported from cats to humans. But
the shedding of the virus in cats increases the risk of cat-to-cat trans-
mission. Besides, there is always the possibility of emerging new vari-
ants in animal species and subsequent infection to humans.

Domestic dog: A natural infection of SARS-CoV-2 was found in
domestic dogs in Hong Kong, the United States, Germany, Japan,
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FIGURE 3 Geospatial distribution of different pangolin species. The common names presented in the map and the scientific names of different
colored legends is ginger pink: Smutsia termminckii; amethyst: Smutsia gigantea; cretan blue: Phataginus tricuspis; big sky blue: Phataginus

tetradactyla; medium apple: Manis pentadactyla; solar yellow: M. javanica; cantaloupe: M. culionensis; mars red: M. crassicaudata

TABLE 2 .Naturalinfection of SARS-CoV-2 in animal

Animal species
Companion animals
Domestic cat (Felis catus)

Dog (Canis lupus familiaris)

Zoo animals

Tiger (Panthera tigris)
Lion (Panthera leo)
Gorilla (Gorilla gorilla)
Puma (Puma concolor)
Cougar (Puma concolor)

Snow leopard (Prionailurus
bengalensis euptilurus)

Asian small-clawed otter
(Aonyx cinereus)

Farmed wild animals

American mink (Neovison
vison)

Ferret (Mustela furo)

Susceptibility

High

Less

High
High
High

Less

Unknown

High

Infection level

Sub-clinical

Clinical and
sub-clinical

Clinical mostly
Clinical mostly
Clinical

Clinical

Mild clinical

Clinical

Clinical

Transmission

Between cats

Not between dogs

To another tiger

To another lion

From human

From human

From human

To and from human; to and from
other mink; to feral cats

From human

Reference

(OIE, 2020d)
(OIE, 2020c)

(OIE, 2020c)
(OIE, 2020c)
(OIE, 2020c¢)
(OIE, 2020c)
(USDA, 2021b)
(OIE, 2020c)

(USDA, 2021a)

(OIE, 2020c)

(OIE, 2020c)
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Canada, Brazil, Argentina, Mexico, Bosnia & Herzegovina (OIE, 2021).
The first report of asymptomatic SARS-CoV-2 infection was found on
26 February 2020 in a Pomeranian dog in Hong Kong (Sit et al., 2020).
The owner of this dog was also tested positive for COVID-19 afew days
ago (Sit et al., 2020). After that, several dogs were found to be infected
without showing any signs in Hong Kong. All of these dogs had a his-
tory of mutual living places with infected humans (Figure 2) (Goume-
nou et al., 2020; Patterson et al., 2020). Another dog was infected by
its owner in the Netherlands (Delong, 2020). Fritz et al. (2021) and
Patterson (2020) detected high seroprevalence of SARS-CoV-2 in dogs
from laboratory-confirmed COVID patients’ households in France and
Italy, respectively. SARS-CoV-2 can reduce the smelling power of dogs
(hyposmia, anosmia) (McNamara et al., 2020). Most recently a pet dog
was found to be infected with « VOC, B.1.1.7 after being exposed to a
CQOVID-19 patient (Hamer et al., 2021). Dogs from Thailand were also
infected by the « VOC (Shu & McCauley, 2017).

Even scientists found limited productive replication of the virus in
the canine nasal cavity with high ACE2 levels. The tropism and pres-
ence of the suitable receptor in dogs made are suitable for virus adapta-
tion and reassortment (Bui et al., 2021). Due to the species’ suitability,

continuous surveillance should be implemented in the dog population.

3.2.2 | SARS-CoV-2 spillover and spillback events in
wild animals

SARS-CoV-2 spillover events from human to captive wild animals

Several wild animal species are naturally infected by SARS-CoV-2 from
humans which have been shown in Figure 1. To date, 15 tigers, 22
lions and 3 gorillas have been infected by SARS-CoV-2 (OIE, 2021).
Two Malayan tigers (Panthera tigris), three Siberian tigers and three
African lions (P. leo krugeri) from Wildlife Conservation Society’s Bronx
Zoo in New York acquired SARS-CoV-2 infection from the COVID-19-
positive caretakers in the zoo (McAloose et al., 2020) and all these
animals developed mild respiratory signs and the infection might have
occurred at asymptomatic or mild symptomatic animal caretakers in
the zoo animals (OIE, 2020a). Nine genomes were identified from these
tigers, lions and their keepers (McAloose et al., 2020) of which, two dis-
tinct genotypes were detected (Lam et al., 2018). It has been confirmed
that transmission occurred from human to tiger (Figure 2) but the
exact route is still unclear (McAloose et al., 2020). Two gorillas at the
San Diego Zoo safari park in the United States have been infected by
COVID-19. Gorillas had mild symptoms like coughing and congestion.
The zoo authority suspects that an asymptomatic worker who tested
positive for SARS-CoV-2 might infect gorillas. And most recently in a
zoo in Hyderabad, India, eight Asiatic lions were found to be infected by
COVID-19 (Steve, 2021). Natural infection was recorded in one cougar
(Puma concolor) and two snow leopards (Prionailurus bengalensis eup-
tilurus) from the United States, one leopard from the Czech Repub-
lic, two pumas (P. concolor) from Argentina and South Africa, one fer-
ret (Mustela furo) from Slovenia (OIE, 2021). Moreover, the emerging
a-variant (B.1.1.7) of SARS-CoV-2 was detected in dogs and cats in the

United States; gorillas, lions, leopards and tigers in the Czech Republic
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and lions from Sri Lanka (Shu & McCauley, 2017). Asiatic lions in India
were infected with emerging delta variants (B.1.617.2) (Mishra et al,,
2021).

The serological evidence of SARS-CoV-2 was also reported in two
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household pet ferrets in Spain and antibodies endured at detectable
levels in a seropositive SARS-CoV-2 status beyond 129 days of first
detection (Giner et al., 2021). As a concern, serological assays may sig-
nify a viable opportunity to illuminate a host range of SARS-CoV-2 in
susceptible species, including ferrets. Recently, SARS-CoV-2 has been
detected in Asian small-clawed otters (Aonyx cinereus) at an aquarium
in Georgia, USA (USDA, 2021a). SARS-CoV-2 antibodies were detected
in 40% of pre- and post-pandemic serum samples from wild deer
(Odocoileus virginianus) sampled from four US states in 2021 (Chandler
et al., 2021). SARS-CoV-2 has infected several wild animal species and
gradually increasing its host range. Though the wild animals were found
to be infected by humans, the infection then can be transmitted among
co-housed animals. Regular screening of staff and animals for SARS-
CoV-2 should be done for early detection of the virus and any variants

of concern in zoos and animal facilities.

SARS-CoV-2 spillover and spillback events between farmed minks and
humans
Mink farming became popular due to the quality production of fur (Fig-
ure 4). Mink’s fur is very valuable around the world. The global fur
industry has grown recently, and around 95 million mink and foxes
were sacrificed for fur in 2014. The first farm was established in south
Scotland in 1938 and industry expanded very rapidly and the number
of farms rose to more than 100 in the late 1940s and 1950s (Cuthbert,
1973). Fur production in Europe during 2018 was 34.7 million. Due
to concerns about animal welfare, ethics and inhuman killing, farming
of mink for fur production was banned in the United Kingdom (2000),
Austria (2005), Slovenia (2013), Republic of Macedonia (2014), Croa-
tia (2018) and Serbia (2019). Outside Europe, mink farming is declared
illegal in Japan, New Zealand and California, USA. Moreover, trading
mink fur is banned in New Zealand, India, Brazil and some states of the
United States (California, Los Angeles and San Francisco) (Anon, 2018).
The susceptibility of American mink (Neovison vison) to SARS-CoV-2
has already been established (Table 2). The virus causes respiratory dis-
ease with typical viral pneumoniain histopathology, which can be trans-
mitted from each other. Until January 2021, 400 infected mink farms
were identified in 8 countries in Europe - 290 farms in Denmark, 69 in
the Netherlands, 21in Greece, 13 in Sweden, 3in Spain, 2 in Lithuania, 1
inFrance and 1in Italy (Figure 4) (Boklund et al., 2021). Minks from two
different farms in the Netherlands showed respiratory and gastroin-
testinal disorders during April 2020. The mortality rate was estimated
as 1.2-2.4% which was higher among pregnant animals. No variation in
kid mortality was found. Interstitial pneumonia and other lung lesions
were evident in necropsy findings. Viral RNA was detected from lung,
throat and rectal swabs and also from the liver and intestines of the
dead animals. The record of SARS-CoV-2-infected workers is evidence
of possible human to animal transmission. However, sequencing of the
initial data is suggestive in favor of mink to human transmission within
mink farms (Figure 2) (Munnink et al., 2021).
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FIGURE 4 The spatial distribution of mink population along with fur production status and SARS-CoV-2 virus infection. (a) Spatial distribution
of farm mink population density. (b) Country-specific fur production status. (c) Country-specific number of SARS-CoV-2-reported mink farms

In December 2020, a free-ranging wild American mink was infected
with SARS-CoV-2 in the United States. The animal was asymptomatic,
and the infection was transmitted from a nearby affected commercial
mink farm (Shriner et al., 2021). Besides, a mink farm in Denmark had a
reemergence of SARS-CoV-2 after 2 months of testing negative. The
mutated virus produces asymptomatic infection and the antibodies
persist for a long period (OIE, 2021). The recent SARS-CoV-2 detected
in two wild American minks, in Spain, highlights the potential signif-
icance of indirect transmission pathways of natural infection, seem-

ingly wastewater, as a basis for infection (Islam et al., 2021b) which

suggests other aquatic roaming species of carnivores to investigate for
their susceptibility to SARS-CoV-2 infection. Twelve feral cats and two
dogs were infected by SARS-CoV-2 in the Netherlands. The study con-
cluded that the feral cats were infected from minks but whether source
of infection for the dogs was mink or humans was not clear (Enserink,
2020; van Aart et al., 2021).

A total of 644 human cases have been linked to mink farming in
Denmark since June 2020. Moreover, more than half of these cases
(N = 338 cases) had a history of working with mink pelting, in six fac-

tories and two small facilities. It suggests that people who are involved
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in farming, culling and pelting of mink have an increased risk of COVID-
19 infection. Besides, till 1 December 2020, approximately 20% (289
farms) of all mink farms in Denmark have been infected with COVID-
19 (WHO, 2020). The family dog of a mink farm owner has also been
diagnosed with SARS-CoV-2. Immediately after identifying COVID-19
in mink farms, the authorities took some steps to restrict the trans-
mission. The control measures included entry and egress restriction,
boosting of normal hygiene protocols for visitors to mink farms which
include washing hands and changing clothes before and after animal
handling (Hobbs & Reid, 2021). The Danish government decided (1)
depopulating the infected mink farms till March 2021, (2) mandatory
reporting of suspected or confirmed SARS-CoV-2 infections in Danish
fur farms, (3) sampling and testing of fur animals (mink and ferrets), (4)
safe handling of feed and manure and (5) the quarantining, depopula-
tion and disinfection of the infected premises (Hobbs & Reid, 2021).
Depopulation of mink farms is an inhumane act from an ethical point of
view. Moreover, without characterizing the lethality or infectiousness
of the isolated viruses from minks, farms were depopulated randomly.
If we knew that the mink strain would not be lethal to humans, we could
avoid the unnecessary killing of millions of minks. For this reason, we
suggest banning mink farming for fur production as well as elaborate

molecular characterization of mink variant viruses.

3.3 | Experimental infection of SARS-CoV-2 in
domestic and wild animals

The animal model for SARS-CoV-2 infection isimportant to understand
the virus’ pathogenesis and to develop antivirals and vaccines. Non-
human primates are best for this kind of experimental model, but they
are expensive and difficult to restrain. Small animals like mice, ferrets
and hamsters have receptors for SARS-CoV and they were used for
experimental studies (Glass et al., 2004; Martina et al., 2003; Roberts
et al., 2005). Domestic dogs and cats were also used for experimen-
tal purposes (Cleary et al., 2020; Sarkar & Guha, 2020). To check the
antibody status, ELISA kits were also used (Zhou et al., 2020). ACE-2
receptors are found only in a few specific animal species (Damas et al.,
2020). Animal species which are in contact with human cases of SARS-
CoV-2 or in zoo or safari parks, zoological centres, rehabilitation cen-
tres or farms are mainly used for experimental inoculation. We com-
piled animal species which can act as reservoirs, intermediate or sus-
ceptible hosts (Table 3).

3.31 |
animals

Susceptibility of SARS-CoV-2 in domestic

Domestic dogs: Dogs were found to be less susceptible to SARS-CoV-
2 during experimental inoculation (Hobbs & Reid, 2020). The virus can
accumulate in the kidney and the heart of dogs whereas in humans the
predilection site is the lungs (Zhai et al., 2020). Simultaneous activi-
ties of ACE-2 and TMPRSS2 were not found in dogs’ lungs (Chen et al.,

2020). Moreover, the required amino acids for the ACE-2 receptor can-
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not be found in canids (Mathavarajah & Dellaire, 2020). There is no evi-
dence of SARS-CoV-2 detection from an oro-pharyngeal sample from
the dog. However, the rectal swabs tested positive for viral RNA in
experimental infection (Hobbs & Reid, 2020). However, the two dogs
were reported to be SARS-CoV-2 positive at a minute degree, which
can be described as a low infection with a minimum likelihood of virus
transmission (Leroy et al., 2020). After 4 days of intranasal inoculation
of aWuhan-like SARS-CoV-2 in a dog breed beagle, the virus was found
only in rectal swabs but not in other organs. The viable virus could not
be found in inoculated dogs. Dogs shared housing with inoculated ones
had no antibody or virus suggesting SARS-CoV-2’s lower affinity for
dogs (Shi et al., 2020). Canids may play a role of the intermediate or
dead-end host but not a reservoir of SARS-CoV-2 and they have very
low ability for virus shedding and transmission.

Domestic cats: Experimental studies mainly used cats aged between
3 and 18 months (Bosco-Lauth et al., 2021; Shi et al., 2020). Experi-
mental infections in cats resulted in viral loads in the respiratory tract
and small intestine. The airborne transmission was also documented
in cats (Halfmann et al., 2020; Shi et al., 2020). Though the virus was
isolated and antibody was found in cats after experimental inocula-
tion, it did not show any signs. But recently a study on sub-adult cats
aged between 8 and 18 months reported signs like arched back, weight
loss and diarrhoea after experimental inoculation (Bao et al., 2021). So,
cats, especially the juvenile ones, are more susceptible to SARS-CoV-2
than dogs. Even the cats can transmit the virus to other cats via direct
(Bosco-Lauth et al., 2020) and indirect contact (Shi et al., 2020). Trans-
mission via indirect contact like aerosols was not that effective like
direct contact (Shi et al., 2020). Moreover, serial passaging of SARS-
CoV-2 in cats resulted in viral attenuation (Bao et al., 2021), which
mechanism is not clear yet. Interestingly, cats recovered from SARS-
CoV-2 have protective immunity from being re-infected via experimen-
tal inoculation (Bosco-Lauth et al., 2020).

Pigs: The intra-nasal inoculation of SARS-CoV-2 in domestic pigs
(Sus scrofa domesticus) did not produce any antibody or reveal any virus
(Schlottau et al., 2020; Shi et al., 2020). Even the in-house contact pigs
had no virus or antibody (Shi et al., 2020). It suggests pigs are not sus-
ceptible to SARS-CoV-2. But pigs’ ACE-2 receptor may favor the bind-
ing of SARS-CoV-2 (Qiu et al., 2020).

Birds: Avian species are not susceptible to SARS-CoV-2. During the
experiment, the Wuhan strain and the German strain of SARS-CoV-2
showed neither RNA nor antibodies from the sample even they did not
show any clinical signs as well (Schlottau et al., 2020; Wu et al., 2019).
Further studies showed neither RNA nor antibodies against the virus
fromthe duck sample (Wu et al., 2019). However, to date, chicken, duck,
turkey, quail and geese did not show any clinical signs or evidence of
viral replication or antibodies during challenges with the SARS-CoV-2
viral strain (Suarez et al., 2020). But SARS-CoV-2 can use pigeon ACE-2
receptors (Qiu et al., 2020).

Camel: Camels are less susceptible to SARS-CoV-2 (Wong et al.,
2020). Experimental studies are still very few regarding camels sus-
ceptibility to the virus. (Gai et al., 2021) immunized camel with SARS-
CoV-2 spike protein RBD and collected the antibodies used in humans

to reduce the interaction with ACE-2 receptors.
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TABLE 3 .Experimental infection of SARS-CoV-2 in different domestic and wild animal species

Domestic animals
Dog (Canis lupus familiaris)

Black-tailed prairie dog
(Cynomys ludovicianus)

Cat (Felis catus)

Pigs (American Yorkshire
crossbred pigs, Sus scrofa)

Bird (chicken, duck, turkey,
quail, goose)

Cattle (Bos taurus)

Camel (Camelius dromedarius)
Wild animals

Mice

Deer mouse (Peromyscus
maniculatus)

Bushy tailed woodrat
(Neotoma cinerea), wild
house mouse (Mus
musculus)

Wyoming ground squirrel
(Urocitellus elegans), fox
squirrel (Sciurus niger)

Golden Syrian hamsters
(Mesocricetus auratus)

Chinese hamster (Cricetulus
griseus)

Djungarian dwarf hamster
(Phodopus sungorus) &
Campbell’s dwarf hamster
(P. campbelli)

Roborovski dwarf hamster (P.
roborovskii)

Striped skunk (Mephitis
mephitis)

Mustelids (Ferrets)

Mink

Raccoon (Nyctereutes
procyonoides)

Raccoon (Procylon lotor)
Reptiles

Macaque (Macaca fascicularis,
M. mulatta)

African green monkey
(Chlorocebus aethiops)

Egyptian fruit bat (Rousettus
aegyptiacus)

Susceptibility to infection

(none/extremely

low/low/medium/high)

Less

Less

High

Not susceptible

Not susceptible

Very low

Less

Low

Low

Very low

Very low

High

Low to medium

Medium

Medium

Medium

High

High
High

Very low
None

High

High

High

Symptoms

No

Subclinical

No
No

No

Subclinical

Subclinical

Subclinical

Yes, but it
depends on
the age

Only weight loss

Subclinical

Clinical

Subclinical

Only in asmall
no of cases

In some cases

No

Subclinical

Yes

Clinical

No

Transmission

No
Not reported

Yes
No

Yes
Yes

Not reported

Not reported

Yes

Not reported

Not reported

Not reported

Not reported

Yes

Yes

Yes

Not reported

Yes

Not reported

Yes

References

(OIE, 2020c¢)
(Bosco-Lauth et al., 2021)

(OIE, 2020c)
(OIE, 2020c)

(OIE, 2020c)

(OIE, 2020c)
(Wong et al., 2020)

(Lei et al., 2020)
(Bosco-Lauth et al., 2021)

(Bosco-Lauth et al., 2021)

(Bosco-Lauth et al., 2021)

(OIE, 2020c)

(Bertzbach et al., 2021)

(Trimpert et al., 2020)

(Trimpert et al., 2020)

(Bosco-Lauth et al., 2021)

(OIE, 2020c¢)

(OIE, 2020c)
(OIE, 2020c¢)

(Bosco-Lauth et al., 2021)
(Luan et al., 2020)
(OIE, 2020c)

(Blair et al., 2021)

(OIE, 2020c)

(Continues)
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TABLE 3 (Continued)
Susceptibility to infection
(none/extremely
low/low/medium/high)
Big brown bat (Eptesicus Very low
fuscus)
Tree Shrews (Tupaia belangeri Medium
chinensis)
Baboon (Papio hamadryas) Very low
New Zealand White rabbit High
(Oryctolagus cuniculus)
Cottontail rabbit (Sylvilagus Low
sp.)
White-tailed deer (Odocoileus High
virginianus)
Marmosets (Callithrix jacchus) High

3.3.2 | Susceptibility of SARS-CoV-2 in wild animals
Rodents: Free-ranging rodents can catch the virus from humans and
there is also the chance of reverse zoonosis of SARS-CoV-2 (Gryseels
et al.,, 2020). It is also perhaps a concern that SARS-CoV-2 can adapt
to wild rodents in natural environments and then again can transmit to
humans (Konda et al., 2020).

Mice: Wild and transgenic mice were used for experimental pur-
poses. Nevertheless, SARS-CoV-2 has a less binding capacity for
murine ACE2 receptors (Lei et al., 2020; Letko et al., 2020; Wan et al.,
2020). So, the researcher used transgenic mice with human ACE2
receptors rather than wild mice (Bao et al., 2020b). SARS-CoV-2 can
exert a slight effect on hACE2 mice but not on WT-HB-01 mice. SARS-
CoV-2has alow affinity to mice without the hACE2 receptor. It was also
observed that mice that were treated with human convalescent serum
had fewer viral loads in their lungs (Boudewijns et al., 2020). Deer mice
are susceptible to SARS-CoV-2 after experimental inoculation but do
not show any signs of illness. They can also transmit the virus to un-
inoculated susceptible mice (Fagre et al., 2020). Sometimes, a serum
sample from other rodent species gives negative ELISA test results for
SARS-CoV-2 (Zhou et al., 2020). Most recently, two variants of concern
(B.1.351 and P.1) of SARS-CoV-2 were able to infect laboratory mice
with high titres in the lungs (Montagutelli et al., 2021). But there is also
the possibility of wild rodents being the reservoirs of the virus (OIE,
2021).

House mouse (Mus musculus) is resistant to SARS-CoV-2 experimen-
tal infection (Bosco-Lauth et al., 2021). Deer mice (Peromyscus manicu-
latus), commonly found in North America, are also susceptible to SARS-
CoV-2 and showed subclinical infection in the experimental condition.
They showed only weight loss, lesions in the brain and olfactory epithe-
lium. Infectious viruses and RNA were isolated from the oral and rec-
tal swab (Griffin et al., 2021), trachea, lungs, nasal turbinate, colon and
small intestine. Viral RNA was also detected in the faeces and urine of

mice. Infected mice can directly transmit the virus to naive co-housed
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Symptoms Transmission References

Subclinical Not reported (Hall et al., 2020)

Maybe, Yes (Zhao et al., 2020)
depending on
age and sex

No Not reported (Singh et al., 2021)

No No (OIE, 2020c)

No No (Bosco-Lauth et al., 2021)

No Yes (OIE, 2020c¢)

No No (OIE, 2020c¢)

mice. Future research should be directed to assess the spreading capa-
bility of SARS-CoV-2 to deer mice and deer mice to house mice and
humans. Rodents are a model animal for SARS-CoV-2 vaccine develop-
ment (Dagotto et al., 2020; Dinnon et al., 2020; Jiang et al., 2020; Tian
etal.,, 2020).

Rats : Bushy tailed woodrats (packrats/Neotoma cinerea) are com-
monly found in the western United States and Canada. These rats are
susceptible to SARS-CoV-2 when inoculated in lab conditions. Though
no clinical signs were observed, they shed the virus orally. Some lesions
were found in the lungs. The virus was detected in the nose, trachea
and lungs.

Hamsters: Golden Syrian hamsters (Mesocricetus auratus) were inoc-
ulated nasally with a strain from Hong Kong. Though they devel-
oped different signs, no animal died (Chan et al., 2020b). They trans-
mitted the virus to naive co-housed hamsters (Sia et al., 2020).
Passive immunity increased the body’s defence and reduces viral
loads in hamsters (Chan et al., 2020b). STAT2 protein in hamsters
impeded the viral spread throughout the system, though lung pathol-
ogy increased (Boudewijns et al., 2020). The same susceptibility pat-
tern was observed in the case of Chinese hamsters (Cricetulus griseus),
Campbell’s dwarf hamster (Phodopus campbelli) and Djungarian ham-
ster (Phodopus sungorus) (Bertzbach et al., 2021; Trimpert et al., 2020).
Chinese dwarf hamster is very susceptible to SARS-CoV-2 and lose
weight after experimental infection (Bertzbach et al., 2020). Viral RNA
and infectious viruses were found in the nose oropharynx and trachea
of the Chinese hamster (Bertzbach et al., 2020). Campbell’s dwarf ham-
ster and Djungarian hamster both are susceptible to SARS-CoV-2, but
they suffer from mild infection unlike the Chinese hamster and golden
Syrian hamster (Trimpert et al., 2020). Infectious viruses and RNA were
found in their lungs and oral swabs, respectively. However, Roborovski
dwarf hamsters (Phodopus roborovskii) suffered from acute clinical signs
like human COVID-19 (Trimpert et al., 2020). They developed clinical
signs like reduced body temperature, weight loss, dyspnea, depression

etc. Viral RNA was detected in oral swabs and blood.
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Mustelids: Environmental samples from the Wuhan seafood market
and samples from a COVID-19 patient were tested for virulence by Shi
et al. (2020). Intranasal inoculation of the virus in ferrets resulted in
viral excretion in the upper respiratory tract but no virus was detected
in the trachea, lungs, heart, liver, spleen, kidney, pancreas, small intes-
tine and brain. Rectal swabs had no detectable viral RNA. Fever and
appetite loss were observed in only two ferrets on the 10th and 12th
days of post-infection. Antibodies against SARS-CoV-2 were detected
in ELISA and serum neutralization tests (SNT). The same researchers
detected viral RNA in the upper respiratory tract and trachea 8 days
after intra-nasal post-infection in ferrets (Shi et al., 2020). Kim et al.
(2020) inoculated a Korean strain of SARS-CoV-2 intra-nasally in fer-
rets. Signs included high body temperature, decreased physical activ-
ity and sometimes coughing. Virus RNA is detected in serums, nos-
tril washes, saliva, urine, faeces, trachea, lungs, intestines and kidneys.
Other ferrets, housed together with these experimental animals, had
antibodies that suggested transmission of the virus by direct contact
and by indirect contact via air (Kim et al., 2020).

Intranasal inoculation of a German strain of the virus was done in
ferrets and then the ferrets were placed with naive ferrets in the same
house. It was done to determine whether there is airborne transmis-
sion or not. After 19 days of inoculation, viral RNA was detected in
challenged animals. Whereas naive ferrets shed the virus after 17 days
of exposure. The naive ferrets then transmitted the virus to other fer-
rets via indirect contact. Viral RNA was found 13-19 days after air-
borne transmission. Nasal swabs had more viral concentration than
that of the throat and rectal swabs, but viable viruses were found from
nasal and throat swabs but not from rectal swabs. Interestingly, what-
ever the route of transmission was (experimentally infected, direct or
indirect contact), all the ferrets had the same antibody level at days
of post-infection (Richard et al., 2020). Moreover, another experiment
showed that a German strain of SARS-CoV-2 can infect other ferrets
housed together with experimental ferrets but showed no signs of dis-
ease (Beer, 2020; Schlottau et al., 2020).

Raccoon: Moderate susceptibility of raccoon (Nyctereutes procy-
onoides) was found in experimental infection by 10> median tissue
culture infectious dose (TCIDsq) intra-nasally. No clinical signs were
observed but a viable virus was found in the raccoon. Antibody was
detected also. The virus transmitted to contact animals had a higher
viral load in the nose and throat than the rectum (Freuling et al., 2020).
The ACE-2 receptors of raccoon and domestic dogs are similar (Zhai
et al., 2020). On the other hand, striped skunks (Mephitis mephitis) are
susceptible to SARS-CoV-2 (Bosco-Lauth et al., 2021).

Reptiles: Turtles’ and snakes’ ACE-2 receptors interact with S pro-
tein RBD, thus making them potential intermediate hosts of SARS-CoV-
2 (Liu et al., 2020b). But later many researchers proved it wrong. Sim-
ilarly, the many-branded krait (Bungarus multicinctus) and the Chinese
cobra (Naja atra) use the same protein patterns as humans. That is why
some hypothesized that these two snake species can act as wildlife
reservoirs of SARS-CoV-2 (Ji et al., 2020). But this study could not be
replicated and proved to be not right due to the small number of pro-
tein sequences, vertebrate diversity and outdated codon usage (Gong
& Bao, 2018; Luan et al., 2020; Zhang et al., 2020a). Moreover Luan
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et al. (2020) snakes’ ACE2 cannot interact with the S protein of SARS-
CoV-2 anymore. So, the snake cannot act as an intermediate host of
SARS-CoV-2.

Non-human primates: Experimental studies have been done in rhe-
sus macaques (Macaca mulatta) (Bao et al., 2020a; Hedman et al,
2021; Munster et al., 2020), cynomolgus macaques (Macaca fascicularis)
(Hedman et al., 2021), New World monkey (Callithrix jacchus) (Mau-
rin et al., 2021) and green monkeys (Chlorocebus sabaeus) (Woolsey
et al,, 2021). Rhesus macaques had a recurrent fever and there were
no respiratory symptoms after inoculation of SARS-CoV-2 experimen-
tally through oral, nasal, ocular and tracheal routes (Maurin et al., 2021;
Munster et al., 2020). Some degrees of loss of weight were observed
with altered respiratory patterns, piloerection, anorexia, abdominal
pain, dehydration and paleness. Recovery after viral inoculation was
observed between 9 and 17 days. The virus was identified from several
organs of the respiratory and gastrointestinal tract. Viral antibodies
persisted until the 10th day of inoculation (Munster et al., 2020). Shan
etal.(2020) inoculated SARS-CoV-2 in the trachea of rhesus macaques.
But only one macaque showed recurrent anorexia while others showed
no signs. Moreover, the virus could not be detected in blood though a
high level was found in oropharyngeal swabs. Another study also inoc-
ulated SARS-CoV-2 intratracheally in rhesus macaques. Subsequent
signsincluded loss of body weight, transient anorexia and hunched pos-
ture (Bao et al.,2020a). The virus was detected in several organs includ-
ing the nose, lungs, Gl tract, heart, bladder etc. Antibodies against
SARS-CoV-2 were identified in 14, 21 and 28 days of post-infection.
When the macaques were re-infected with SARS-CoV-2 after 28 days
of post-infection, no viral RNA or antibody was found in them. This
indicated that the macaques were protected against re-infection (Bao
et al., 2020a). If macaques are vaccinated with adenovirus serotype
26 (Ad26) vector vaccine, they can be protected against SARS-CoV-2
(Mercado et al., 2020).

A comparison conducted by Lu et al. (2020b) found similar findings
as others, but there were higher viral titres in Macaca sp. compared to
C. jacchus. Moreover, no virus was detected in the pulmonary tissues of
C. jacchus, there were no macroscopic lesions observed in the lung tis-
sues and finally animal did not develop a specific antibody response to
SARS CoV-2. In summary, none of the non-human primates developed
critical diseases but Macaca sp. was more susceptible to SARS CoV-2
infection than C. jacchus.

Bats: Experimental intra-nasal inoculation of a German strain in
Rousettus fruit bats, which are considered a putative reservoir of virus,
resulted in oral viral shedding up to 12 days of inoculation but there
were no symptoms (Schlottau et al., 2020). The virus is detected in
the respiratory, heart, skin and intestinal tissue. Inoculated and con-
tact bats were antibodies against SARS-CoV-2. Bat to bat transmis-
sion was observed between inoculated bats and contact bats (Schlot-
tau et al., 2020). Experimental infection in Egyptian fruit bats (R. aegyp-
tiacus) results in no clinical signs. However, viral RNA was detected
in the oral cavity, trachea, lungs, lymph nodes, heart, skin, duodenum
and adrenal gland tissues, whereas infectious viruses were found in the
nose and trachea. The virus was transmitted to other contact animals
(Schlottau et al., 2020).
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Tree shrews : Chinese Tree shrews (Tupaia belangeri chinensis) were
experimentally infected via the intranasal route. Most females had ele-
vated body temperature but no other signs. The virus was detected
in younger animals especially, until 12 days of inoculation (Zhao et al.,
2020). But tree shrews can act as intermediate hosts or asymptomatic
carriers of SARS-CoV-2 (Zhao et al., 2020).

Lagomorphs (rabbit): Damas et al. (2020) reported that the SARS-
CoV-2 can bind with lagomorphs’ ACE-2 receptor. New Zealand white
rabbits (Oryctolagus cuniculus) shed the virus after experimental infec-
tion (Mykytyn et al., 2021). Rabbits are less infected by SARS-CoV-
2 than hares and ferrets (Mykytyn et al., 2021). Farmed rabbits can
infect with viruses, like mink (Enserink, 2020), and can infect humans
(Yektaet al., 2020). Another species, the cottontail rabbit (Sylvilagus sp.)
is not susceptible to intranasal inoculation of SARS-CoV-2. This rabbit
did not shed any virus after the experimental infection. However, the
underlying reason for the low susceptibility of cottontail rabbits to the
virus may be due to the use of a low dose of the virus particle (Bosco-
Lauth et al., 2021). For this reason, advanced studies should be done to
explore the adaptability of SARS-CoV-2 in the rabbit population and its
infectiousness in humans.

Cervids (deer): White-tailed deer (WTD) (Odocoileus virginianus) has
been identified as highly susceptible to infection with SARS-CoV-2 due
to the high degree of resemblance of ACE2 receptors of white-tailed
deer with human ACE2 (Palmer et al., 2021). Furthermore, infected ani-
mals were able to shed the SARS-CoV-2 virus through nasal secretions
and faeces. Notably, indirect contact WTD were infected and shed from
the virus, signifying effective SARS-CoV-2 transmission from experi-
mental animals. As a result, the spillover of SARS-CoV-2 from humans
to cervids might happen at captive deer farms and zoos. For example,
farmed deer can mix with wild deer and other species where biosecu-
rity measures are insufficient; this might stipulate possibilities to trans-
mit the virus in feral wild animals.

3.4 | Sustainable One Health surveillance for
prevention and control of future epidemics and
pandemics like Disease X

The word ‘One Health’ was flourished based on the popular One
Medicine concept by Calvin Schwabe after 1970. The theme of the con-
cept was that human, animal and environmental health all are inter-
connected (Saylors et al., 2021). The three organizations - Food and
Agricultural Organization (FAO), OIE and the World Health Organi-
zation (WHO) - emphasize preventing diseases directly or indirectly
arising from animals at the human-animal interface. One ninety-three
countries endorsed the 2015-2030 Sustainable Development Goals
which admitted the importance of a united approach to society and
the environment. From a health care standpoint, they highlighted the
importance of a One Health approach that embraces human, animal
and environmental health and realizes their serious interdependence.
The World Bank referred to an integrated surveillance-response for
zoonoses control back in 2012 (Anon, 2012). The World Bank also

suggested including the environment, wildlife and water reservoirs as
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they can be the source of zoonotic pathogens (Zinsstag et al., 2020).
The US Agency for International Development (USAID) funded sev-
eral projects to uplift the One Health capacities to prevent and control
zoonoticdiseases in human-animal interfaces. They also identified that
hunting wildlife and sharing food and resources predisposes the risk of
viral spillover (Saylors et al., 2021).

The contemporary pandemics (like SARS, MERS, 2009 Hi1N1
influenza and COVID-19) remind the inter-relatedness of our molec-
ular universe. This recaps the necessity for us all to make and respond
more efficiently to infection spillover from animals to humans as well
as the challenges posed by the degradation of the natural environ-
ment (Figure 5). Ecosystem factors should be considered which pro-
mote infectious disease transmission. The economic benefits of this
approach sufficiently warrant the costs involved (Dobso et al., 2020).
The earlier the pathogens can be detected in the environment, wildlife
or domestic animals, the more efficiently the One Health surveillance
can beintegrated. However, Figure 5 represents the overview of a plan-
etary One Health perspective of the emerging infectious disease trans-
mission dynamics using SARS-CoV-2 as a case study to visualize the
importance of One Health surveillance to mitigate the risk of outbreak
prevention (Zinsstag et al., 2020). The advent of the COVID-19 pan-
demic is a One Health challenge that pleads for collective attempts
from various fields and experts. But a roadmap must be executed first,
by placing a One Health approach in place. Though it is unknown
when the next threat will arrive, or what it will be, health systems
and decision-makers can grab this COVID-19 pandemic as a chance to
focus the multifaceted contacts among humans, animals, plants and the
environment and to reassemble our health systems to be better pre-
pared for the next complex One Health confront that we will unavoid-
ably tackle.

SARS-CoV-2 is a hazard for free-ranging wild and aquatic animals.
Climate change along with pollution of water by sewage and other con-
taminants helps the virus to spread (Islam et al., 2021c). The sharp
decline in the health of our planet also increases the chance of gener-
ating more mutant viruses and adapting to a new host. Thus, the food
production system has also been affected. As every component relates
to each other, planetary health is at risk due to the global burden of the
disease. Therefore, a risk assessment should be conducted in a quali-
tative way (very low to high) to identify the risk of release, exposure
and infection by SARS-CoV-2. The risk will be determined by combining
the ‘likelihood assessment scale’ and ‘consequence assessment scale’
(Logeot et al., 2021). Moreover, biosecurity measures should be taken
to reduce the risk of human-animal contact and to prevent exposure of
free-ranging wild animals to the virus. A guideline has been published in
this regard (OIE, 2020b). The emergence of some deadly viruses includ-
ing Ebola, Zika, Dengue, Nipah encephalitis, Bird flu, Swine flu, MERS-
CoV and current pandemic SARS-CoV-2 (Dhama et al., 2018; Dhama
et al.,, 2012; Munjal et al., 2017; Singh et al., 2019) has taught us the
lesson for practicing strict biosecurity measures to prevent introduc-
tion or reemergence of the virus into the population which has already
proved effective for preventing transboundary epizootics.

Functional wildlife health surveillance programs are absent in
most of the countries of the world. Wildlife and the environment are
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FIGURE 5 One health perspective of infectious disease transmission and susceptibility dynamics: SARS-CoV-2 as a case study

not getting priority in health security plans despite their importance
for pandemic prevention. To reduce known and novel disease risks,
wildlife health capacity and operations should be strengthened in the
One Health approach (Machalaba et al., 2021). OIE expert groups have
given a statement on wildlife trade and emerging zoonotic diseases
also (OIE, 2020a). The virus can transmit from humans to domestic
animals and subsequently to wildlife. Some wild animal species like
bats, primates and rodents live in groups. It facilitates the spreading
of viruses from a single animal to a large group of animals. This spread
increases the risk of the establishment of the virus in wildlife and the
emergence of viral strains capable of transmitting back to humans or
domestic animals through reverse zoonoses. Though several species
of animals have been infected to date, we still do not know exactly
which animal species will be adapted to the virus. Knowledge of animal
reservoirs and the transmission cycle will mitigate the gaps between
animal and human spread in the future.

Moreover, veterinary laboratories all over the world were well
equipped, which helped to support the public health response for
CQOVID-19 during the pandemic (OIE, 2021). This resource should be
used in the future also for surveillance of both humans and animals
worldwide. We should also eliminate the possibility of SARS-CoV-2
establishment in novel animal hosts to reduce the animal to human
transmission (Olival et al., 2020; Sun et al., 2020). Continuous sero-
and genomic surveillance will guarantee effective vaccine production.
We need to think about vaccines also for pet animals as they can be an
asymptomatic carrier of the virus. A candidate vaccine (LinearDNAT)
against COVID-19 is under trial in domestic felines after receiving
approval from the United States Department of Agriculture (Brook,
2020; Sharun et al., 2021). In addition, another candidate vaccine for
dogs and cats has been found to be effective in a preliminary trial, which

is also used experimentally in captive bonobos and orangutans at a Zoo

in the United States (Daly, 2021). However, vaccination of pets and
farmed animals is complex. Vaccination in companion animals will be
feasible only when they are in contact with the immunocompromised
human. But it is very difficult for farmed animals. We saw that minks
were infected by humans and it can be prevented by strict biosecurity
and immunization of workers in those farms. Vaccination of mink can
only be then complementing the biosecurity measures.

In addition, rapid diagnosis, observance, isolation and quarantine
measures are needed to formulate for the future prevention and con-
trol of pandemic potential disease spread. Moreover, intensive medi-
cal care facilities, public health awareness buildup programs, network-
ing, rapid communication and international collaboration are needed
to develop against any pandemic potential emerging virus to prevent
haunting the lives of billions of human populations (Bonilla-Aldana
et al.,, 2020; Malik et al., 2020; Rodriguez-Morales et al., 2020). Iden-
tifying behavioural risk factors in human-animal interfaces is another
crucial portion of One Health research. Proper intervention should be
implemented in these interfaces to reduce therisk factors and prevent-
ing spillover (Saylors et al., 2021) from animals to humans.

The WHO Research and Development Blueprint publishes an
annual list of priority diseases to guide governmental concentration
in research and development on conditions that pose significant pub-
lic health threats (Mehand et al., 2018). ‘Disease X/, a surrogate name
serving as a reminder that the most critical disease risk is likely one as
yet unknown, capped the 2018 list (Mehand et al., 2018). The current
Disease X is COVID-19, but there will certainly be more. The pandemic
is not under full control yet, but we need to think about future mitiga-
tion strategies from now on. We will get over the COVID-19 pandemic
eventually. Nevertheless, we should not wait until the next pandemic
before applying the One Health approach to secure a healthier future

for our nation and the world.
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4 | CONCLUSION

SARS-CoV-2is assumed to emerge from an animal source and later spill
over to humans. Even though SARS-CoV-2-related viruses have been
detected in Rhinolophus bats and pangolin, the exact source and route
of introduction into the human population have not been established
yet. Multiple domestic and wild animal species have been infected
naturally by humans and some species demonstrated susceptibility
in experimental settings. Moreover, alpha variant, B.1.1.7, has been
detected in pet dog and cat after contacting with COVID-19-positive
owner whereas beta variant, B.1.351, has been detected in rodents in
the experimental condition. A wider host range of SARS-CoV-2 makes
the path easier to select a species for experimental purposes. Sev-
eral animal species can be used as pre-clinical models in the labora-
tory, especially the non-human primates and mice. But the resistance of
most of the livestock species like cattle and poultry is a relaxing matter
interms of food safety issues. As a consequence of a natural infection in
animals, humans are at risk of contracting mutated strains from animals
as they can be an asymptomatic carriers of the virus. Reverse zoonoses
have already been established from humans to mink to humans. The
continuing spillover and spillback of SARS-CoV-2 in a wide range of ani-
mals in farming, captive and free-ranging interfaces make inferences
for human and animal health, welfare and conservation. In addition,
authorities should take steps to make traditional animal markets safer
to reduce public health risks. But capturing wild mammals for food
or breeding should be banned also. Moreover, we recommend a com-
bined One Health surveillance in both humans and animals to prevent
future epidemics and pandemics. Vaccination of pets, farmed and cap-
tive wild animals in accordance with vaccination in humans should be
done.
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