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Abstract
The recent coronavirus disease (COVID-19) outbreak is one of its kind in the history of public health that has created a major 
global threat. The causative agent, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has a zoonotic source 
and hence, reverse zoonosis (disease transmission from humans to animals) increases the risk and rate of SARS-CoV-2 
infection. Serological and molecular analyses and experimental infection studies have identified SARS-CoV-2 infection in 
several animal species in various countries. Different domestic and wild animals, including cats, dogs, tigers, lions, puma, 
snow leopard, minks, and pet ferrets, are infected naturally with SARS-CoV-2, mostly through suspected human to animal 
transmission. In addition, in vivo experimental inoculation studies have reported the susceptibility of cats, ferrets, hamsters, 
Egyptian fruit bats, and non-human primates to the virus. These experimentally infected species are found to be capable of 
virus transmission to co-housed animals of the same species. However, SARS-CoV-2 showed poor replication in livestock 
species such as pigs, chickens, and ducks with no detection of viral RNA after the animals were deliberately inoculated 
with the virus or exposed to the infected animals. As the pets/companion animals are more susceptible to COVID-19, the 
infection in animals needs an in-depth and careful study to avoid any future transmissions. The one health approach is the 
best inter-disciplinary method to understand the consequences of viral spread and prevention in novel host populations for 
the betterment of public health. Further in this review, we will explain in detail the different natural and experimentally 
induced cases of human to animal SARS-CoV-2 infection.
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Introduction

The pandemic of novel zoonotic coronavirus 
disease 2019 (COVID-19) caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) 
was first reported in Wuhan, China [1,2], which is rap-
idly infecting the global population with over 182 mil-
lion confirmed cases and more than 3,954,324 deaths 
as of June 30, 2021 [3]. Within the past two decades, 
SARS-CoV-2 is the third coronavirus that has chal-
lenged the human race; the first and second being the 
SARS-CoV and the Middle East respiratory syndrome 
coronavirus (MERS-CoV), emerged during 2002 and 
2012, respectively [4]. Among the three coronavi-
ruses, SARS-CoV-2 is responsible for the highest 
number of infections and fatality causing a significant 

global economic loss. Despite extensive research, we 
are struggling to combat the public health concerns 
raised by viral infections, high viral genome muta-
tions, the development of sensitive diagnostic kits, 
effective and safe therapeutics and vaccine.

The origin of SARS-CoV-2 is still controversial. 
It had been thought to have originated in animals that 
later on got transmitted to the human population. The 
isolation of genetically related coronaviruses from 
Rhinolophus bats [5,6] and Malayan pangolins (Manis 
javanica) [7-9] has led to the hypothesis that the zoo-
notic origin of the SARS-CoV-2 is most likely from 
one of these species. Furthermore, the genome analysis 
of SARS-CoV-2 showed 96.2% identity with the bat 
RaTG13 coronavirus genome [6]; however, the Spike 
protein of RaTG13 coronavirus of the bat Rhinolophus 
affinis did not specifically bind to the human angio-
tensin-converting enzyme 2 (ACE2) receptor due 
to its significant difference in the receptor-bind-
ing domain  [10]. On the contrary, the high receptor 
homology of ACE2 of humans, cats, ferrets, etc., to 
the Spike protein of SARS-CoV-2 helped in effective 
binding and successful transmission across both these 
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animals and humans [11]. SARS-CoV-related coro-
naviruses were also observed in masked-palm civets 
(Paguma larvata) and raccoon dogs (Nyctereutes pro-
cyonoides) [12,13], showing the wide pool of mamma-
lian species infected by SARS-CoV and SARS-CoV-2 
related viruses suggesting interspecies transmission 
of these viruses. However, the definite source and 
route of SARS-CoV-2 ingress into the human race 
are yet to be established. SARS-CoV-2 infection in 
animals has been reported from several countries, 
both in domestic and zoo animals, namely, cats, dogs, 
farmed minks, tigers, and lions [14]. Evidence shows 
that the infection is due to close contact with people 
infected with COVID-19 [15,16]. Further, laboratory 
studies in cats, ferrets, and hamsters through experi-
mental infection with SARS-CoV-2 demonstrated the 
ability of these animals of the species to infect one 
another if co-housed [17,18]. Also genetic changes, 
the virus gains randomly during its replication cycle 
can make it endemic in some animal populations, 
including domestic pets. Studies have also been con-
ducted in non-human primate models to understand 
and identify the key features of SARS-CoV-2 infec-
tion [19,20]. However, experimental studies show 
poor replication of SARS-CoV-2 in livestock, namely, 
pigs, chickens, and ducks, where no viral RNA was 
observed in the animals even after being deliberately 
inoculated with the virus or in those exposed to the 
infected animals [21,22].

The very first case of SARS-CoV-2 transmis-
sion from human to animal was reported in Hong 
Kong, where a 17-years-old Pomeranian dog was 
infected [23]. Whereas, the first case of asymptom-
atic infection in a companion animal was in a cat 
from the USA [24]. Thenceforth several cases of 
SARS-CoV-2 infection in animals were reported from 
more countries, namely Belgium, France, USA, Italy, 
Spain, Netherlands, Denmark, Hong Kong, Germany, 
Argentina, England, Brazil, Russia, Lithuania, South 
Africa, Switzerland, Sweden, Japan, Greece, Chile, 
Mexico, Slovenia, Estonia, Bosnia and Herzegovina, 
Poland, and Latvia (Figures-1 and 2). According 
to the World Organization for Animal Health, erst-
while the Office International des Epizooties (OIE), 
any confirmed SARS-CoV-2 infection in an animal 
should be reported to the OIE as per the Terrestrial 
Animal Health Code [14]. Further in this review, we 
will explain in detail the different natural and exper-
imentally induced cases of human to animal SARS-
CoV-2 infection.
Natural Infection
Cats

The first case of SARS-CoV-2 transmission from 
human to cat was reported from Belgium on 6th March 
2020 after the owner was diagnosed with COVID-
19 [14,25]. This was the third reported case of human 
to animal transmission, the first two cases being from 
dogs in Hong Kong. SARS-CoV-2 RNA was detected 

in the cat’s nasopharyngeal swab samples and vom-
itus as well as feces. The immunoglobulin specific 
for the virus was also found in convalescent-phase 
serum samples. Later on, in France, real-time poly-
merase chain reaction analysis of the rectal swab of 
a cat tested positive for the virus; which was the first 
reported case of natural infection of a cat in France, 
probably from their infected owners [16] and the Cat 
SARS-CoV-2 belonged to the phylogenetic clade A2a, 
same as most of the French human SARS-CoV-2 [16]. 
The cat SARS-CoV-2 sequence showed eight nucle-
otide mutations in comparison to the Wuhan refer-
ence sequence based on the 94% covered genome. 
Furthermore, out of the five amino acid mutations, 
four were in ORF1ab (T265I, I3512T, K4377E, and 
P4715L). Further, the cat SARS-CoV-2 genome pre-
sented the amino acid mutation, D614G, in its spike 
glycoprotein, specific to the clade A2 enclosing 
most of the French SARS-CoV-2 sequences [16]. 
The Institute of Agrifood Research and Technology 
reported the first case of cat SARS-CoV-2 infection in 
Spain on May 8, 2020, in a 4-year-old cat from a house-
hold with a confirmed case of human COVID‐19 [26]. 
The animal showed severe respiratory distress and 
was diagnosed with hypertrophic cardiomyopathy. 
Later on, the oropharyngeal swab of an asymptomatic 
8-year-old female domestic European cat was also 
tested positive for SARS-CoV-2 in Spain [27].

During the first wave of the COVID-19 pan-
demic, the human-to-cat transmission of SARS-
CoV-2 was reported from the UK with mild or severe 
respiratory diseases. The oropharyngeal swab of a 
cat with rhinitis and conjunctivitis tested positive for 
SARS-CoV-2 infection [28]. Afterward, another cat 
with pathological changes in lungs accordant with 
viral pneumonia tested positive for COVID-19. High 
throughput sequencing of the SARS-CoV-2 from 
the first cat revealed five single nucleotide polymor-
phisms in the feline viral genome compared to the 
nearest UK human SARS-CoV-2 sequence. A  com-
parison with nine other feline-derived SARS-CoV-2 
sequences from other parts of the world revealed no 
shared cat-specific mutations [28]. In Hong Kong, 
a 7-year-old female domestic shorthair cat showed 
SARS-CoV-2 nucleoprotein gene copy number of log 
10 6.3/mL, log10 5.6/mL, and 3.2 log10/mL in nasal, 
oral, and rectal swabs, respectively [29]. The genome 
analysis of the cat showed a high sequence identity 
(99.8%) to the owner.

Twenty-five cats had been reported with SARS-
CoV-2 infection in the USA till December 11, 2020 
(https://www.aphis.usda.gov/aphis/ourfocus/animal-
health/sa_one_health/sars-cov-2-animals-us). The virus 
showed its presence in two pet cats in New York, mark-
ing the first confirmed case in companion animals in the 
United States. On May 13, 2020, the first cat SARS-
CoV-2 infection in Germany was confirmed by the 
Bavarian Office for Health and Food Safety, Erlangen, 
Bavaria [14]. Thereafter, one more cat tested positive 
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for SARS-CoV-2 infection in Germany. In September, 
Argentina carried out a research project among the pets 
living with COVID 19 infected people; interestingly 
two out of four cats were tested positive for SARS-
CoV-2 [14]. There on the Federal University of Paraná, 
in Brazil, diagnosed the SARS-CoV-2 virus in oral and 
nasal swabs collected from an asymptomatic female 
domestic cat [14]. On February 1, 2021, a cat was diag-
nosed with SARS-CoV-2 infection in Latvia [14].
Dogs

The first case of human to animal SARS-CoV-2 
transmission in the whole world was reported when 15 

dogs from households with known COVID-19  cases 
were quarantined and tested in Hong Kong from February 
2020 to March 2020. A  17-year-old male Pomeranian 
and 2.5-year-old male German shepherd dogs were 
tested positive for SARS-CoV-2 [23]. However, both the 
animals did not show any specific clinical signs. Genome 
analysis demonstrated that viral genetic sequences from 
these two dogs were identical to the virus detected in 
the respective human cases. The first confirmed case 
of SARS-CoV-2 in a dog (German Shepherd) in the 
USA was reported on June 2, 2020, which got infected 
from its owners  [14]. Further, SARS-CoV-2 specific 

Figure-1: World map shows locations of severe acute respiratory syndrome coronavirus 2 (SARS-COV-2) infected animals. 
SARS-CoV-2 infection in animals were reported from countries worldwide, including Belgium, France, USA, Italy, Spain, 
Netherlands, Denmark, Hong Kong, Germany, Argentina, England, Brazil, Russia, Lithuania, South Africa, Switzerland, 
Sweden, Japan, Greece, Chile, Mexico, Slovenia, Estonia, Bosnia and Herzegovina, Poland and Latvia. SARS-COV-2 
infection was more reported in animals from USA and European countries. Cats, dogs and minks are the most affected 
animals [Source: Map was prepared by the corresponding author].

Figure-2: Clinical signs and symptoms observed in some of the severe acute respiratory syndrome coronavirus 2 
infected animal species. The infected animals mainly showed respiratory symptoms [Source: Figure was prepared by the 
corresponding author].
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antibodies were found in a second dog in the house-
hold, indicating the presence of virus, although the dog 
did not develop clinical signs of infection. In Argentina, 
four dogs were infected by COVID-19 and among 
these, one was affected by conjunctivitis, cough, dys-
pnea, and weakening, but rests were asymptomatic  [14]. 
The National Institute for Infectious Diseases reported 
the first case of SARS-CoV-2 in a Japanese dog by 
RT-PCR and sequencing analysis on July 30 and August 
3, 2020, respectively. Later on, one more dog was found 
infected in Japan [14]. The Friedrich Loeffler Institute 
of Germany confirmed two cases of SARS-CoV-2 in 
dogs  [14]. Subsequently, the Ministry of Agriculture, 
Mexico reported COVID-19 infection in five dogs [14]. 
Further, Bosnia and Herzegovina also reported a SARS-
CoV-2 positive case [14].
Minks and ferrets

The infection by SARS-CoV-2 in farmed mink 
(Neovison vison) resulted in increased mortality creat-
ing a great economic loss to mink farming. The countries 
like Netherlands, Denmark, the USA, France, Spain, 
Italy, Sweden, Canada, Lithuania, and Greece have 
reported mink infections to the World Organization for 
Animal Health [14]. The first reported cases were from 
two farms in Netherlands in April 2020. An in-depth 
investigation was conducted after the initial identifica-
tion of SARS-CoV-2 infection to understand the poten-
tial transmission routes and to perform an environ-
mental and occupational risk assessment [15]. About 
68% of the tested farmworkers, relatives, or contacts 
were infected with SARS-CoV-2, indicating the risk of 
transmissibility to humans from SARS-CoV-2 infected 
mink. When compared to Wuhan reference sequence 
NC_045512.2, several non-synonymous mutations 
were identified among the mink sequence genome but 
the analyzed sequences did not display any particu-
lar amino acid variations. Oude Munnink et al. [15] 
reported that the genome sequence of SARS-COV-2 
from the local Netherland population reflected the gen-
eral diversity of SARS-CoV-2 seen in the Netherlands 
and were not related to the clusters of mink sequences 
in the mink farms. This result indicated the absence of 
spill-over from minks to the people living near mink 
farms in the Netherlands.

Danish authorities reported an extensive spread 
of the SARS-CoV-2 virus across 207  mink farms 
in Denmark from June to December 2020 [14] and 
researchers have identified 170 coronavirus variants 
in the viral samples from 40 mink farms. Denmark’s 
Statens Serum Institute identified seven unique muta-
tions in the spike protein of SARS-CoV-2 variants 
co-circulating in mink and humans (https://www.
who.int/csr/don/03-december-2020-mink-associat-
ed-sars-cov2-denmark/en/). On November 4, 2020, 
Denmark finally decided to cull all the minks raised 
on the farm as it became impossible to prevent the 
spread of infection from one farm to another, or from 
animals to humans, as the mink population acted as a 

reservoir that contributed to the ongoing transmission 
in Denmark. According to the Greek agriculture min-
istry, two mink farms in Northern Greece were also 
affected with COVID-19 infection and the viral strain 
found there was identical to that of the humans [14,30]. 
Recently, four minks were affected with SARS-CoV-2 
infection in Poland [14]. Further, the city of Celje, 
Slovenia reported a COVID-19 case in a pet ferret liv-
ing in a COVID-19 positive household [14].
Wild animals

In the 1st week of April 2020, the United States 
Department of Agriculture’s National Veterinary 
Services Laboratories (NVSL) confirmed SARS-
CoV-2 infection in a female Malayan Tiger at the Bronx 
zoo, New York [14,31]. This was the first confirmed 
animal SARS-CoV-2 infection in the USA and the first 
to be reported in a non-domestic species in the world. 
In continuation, the zoo tested all their tigers and lions 
for COVID-19 and a total of four tigers and three lions 
were diagnosed with SARS-CoV-2 infection. The 
SARS-CoV-2 genome sequence from the first tiger 
was identical to the viral sequence from a tiger keeper 
and to the other human SARS-CoV-2 strains detected 
in New  York (NY-CDC-2929 [MT304486] and 
NY-QDX-00000001 [MT452574.1]) [31]. The similar-
ity in the viral genomes and the absence of new animal 
introductions to the area, support the conclusion of the 
transmission of the virus from an infected keeper(s) to 
the tigers. One snow leopard at a zoo in Kentucky, USA 
was confirmed positive for SARS-CoV-2 at the NVSL 
based on molecular testing (RRT-PCR and sequenc-
ing). The affected snow leopard exhibited mild respi-
ratory clinical illness but recovered from it [14]. On 
December 11, 2020, the Center for Epidemiology and 
Animal Health, USA, reported SARS-CoV-2 infection 
in a free-ranging, wild American Mink from Utah [14].

In the 1st  week of December 2020, Spain vet-
erinary authority confirmed SARS-CoV-2 infection 
among four lions in the Barcelona zoo [14]. Two staff 
at the zoo were also tested positive for COVID-19. 
Later, a zoo puma from Johannesburg, South Africa, 
also tested positive for SARS-COV-2 after coming 
in contact with an infected animal handler [14]. On 
January 14, 2021, the laboratory SYNLAB Eesti 
OÜ confirmed SARS-CoV-2 in a 17-year-old male 
zoo lion in Tallinn, Estonia [14]. Recently, Chandler 
et al. [32] demonstrated the presence of SARS-CoV-2 
antibodies in the wild deer from four states (Michigan, 
Pennsylvania, Illinois, and New York) of USA.
Experimental Infection

The establishment of suitable animal models of 
SARS-CoV-2 infection is essential to understand the 
pathogenicity of the infection, the development of 
effective anti-viral drugs and vaccines. Experimental 
infection and transmission studies also help in the 
identification of potential intermediate hosts in the 
evolution of the virus from its natural animal reservoir. 
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Research reports indicate that cats, ferrets, hamsters, 
and non-human primates can be infected with SARS-
CoV-2 and can transmit the virus to naïve animals 
under experimental conditions.
Carnivores, bats, shrews, and deer

The transient infection of SARS-CoV-2 in 
Egyptian fruit bat (Rousettus aegyptiacus) was 
reported by intranasal inoculation [21]. The virus was 
detected in the nasal cavity, trachea, lung, and lung-as-
sociated lymphatic tissue similar to the characteristics 
of a reservoir host. During the period of study, one of 
the three bats which were in contact with the infected 
bat also contracted infection with the virus. However, 
in the case of ferrets, intranasal inoculation showed 
more efficient virus replication and transmission to all 
direct contact animals, but with no clinical signs [21]. 
Mild rhinitis was associated with viral antigen detec-
tion in the respiratory and olfactory epithelium of the 
infected ferrets, suggesting the efficient spread of 
SARS-CoV-2 in ferrets similar to subclinical human 
infection. Subsequently, a study was conducted to 
evaluate nasal shedding of the SARS-CoV-2 virus 
from inoculated cats to the non-infected ones [17]. 
This research identified the presence of the virus in all 
three inoculated cats by day 3 and in the cats that were 
co-housed with them. Gaudreault et al. [33] conducted 
an in-depth analysis of SARS-CoV-2 infection in cats 
and identified tracheobronchoadenitis of submucosal 
glands with the presence of viral RNA in the airways 
of the viral inoculated cats. Antibodies against SARS-
CoV-2 were produced in principal and sentinel ani-
mals. Transmission of SARS-CoV-2 among domestic 
cats suggests the significance of public health aware-
ness and the relevance to explore the potential chain 
of human-cat-human transmission.

Richard et al. [34] provided the first evidence 
of efficient air transmission of SARS-CoV-2 between 
ferrets. They observed a similar pattern of virus shed-
ding in direct contact and indirect recipient ferrets 
with the inoculated ferrets. Thus, the ferret transmis-
sion model is a useful tool to understand transmission 
dynamics and the molecular basis of the transmissi-
bility of SARS-CoV-2 and other betacoronaviruses. 
Another study demonstrated the presence of SARS-
CoV-2 in the upper respiratory tract of ferrets for up to 
8 days, without causing severe disease or death [35]. 
SARS-CoV-2 was detected in the nasal turbinates, soft 
palate, and tonsils of four inoculated ferrets. In con-
tinuation, the same researchers showed the presence 
of SARS-CoV-2 RNA in five of the virus inoculated 
8-month-old (subadult) outbred domestic as well as in 
the exposed cats in a cage adjacent to the infected cats. 
Antibodies against SARS-CoV-2 were detected in all 
the cats hence demonstrated the efficient replication of 
SARS-CoV-2 and its transmission through respiratory 
droplets in cats. In case of dogs, SARS-CoV-2 RNA 
was found in the rectal swab of virus-inoculated ones; 
however, no infectious virus was observed in swabs 

collected from any other orifices in these animals [35]. 
Although antibodies were detected against SARS-
CoV-2 in two dogs inoculated with the virus, another 
two virus-inoculated dogs and two contact dogs were 
all seronegative, indicating the less susceptibility of 
dogs to SARS-CoV-2.

By experimental infection, Zhao and co-work-
ers reported the less susceptible nature of tree shrews 
(Tupaiabelangeris) to SARS‑CoV‑2 [36]. There were 
no clinical signs in SARS‑CoV‑2 inoculated tree 
shrews during the experiment except for elevated body 
temperature, especially in female animals. All animals 
in different age groups showed a low level of virus 
shedding and replication in tissues and young animals 
exhibited the highest viral shedding during the early 
stage of infection. Recently, a group of researchers 
reported that intranasal inoculation of deer fawns with 
SARS-CoV-2 causes subclinical viral infection and 
the shedding of infectious virus in nasal secretions. 
Moreover, the non-inoculated contact deer got infec-
tion from the inoculated animals [37].
Hamsters

Syrian hamsters showed more susceptibility 
to SARS-CoV-2 infection with moderate interstitial 
pneumonia leading to transient mild to moderate dis-
ease conditions with the presence of SARS-CoV-2 
RNA in the respiratory tract of virus-challenged and 
naive contact Syrian hamsters [38]. These two groups 
showed similar histopathological changes and viral 
N protein expression, confirming the transmission of 
SARS-CoV-2 to naive contact animals from the inocu-
lated hamsters. Another study reported that the SARS-
CoV-2 induced pathological lesions in the lungs of 
Syrian hamsters are similar to the commonly reported 
features of COVID-19 patients with pneumonia [39]. 
Further, it was noticed that SARS-CoV-2 infected 
hamsters developed neutralizing antibody responses 
and hence were protected against rechallenge with 
SARS-CoV-2. Moreover, virus replication in the lung 
of naïve hamsters was inhibited by the passive transfer 
of convalescent serum to those animals.

Efficient viral replication in the lower respira-
tory system and apparent weight loss were observed 
in inoculated and naturally infected hamsters [18]. 
The researchers noticed the transmission of the virus 
from inoculated hamsters to naive in-contact hamsters 
[18]. Furthermore, Rosenke and co-workers refined 
viral and host parameters in their hamster model 
studies and determined the infection-causing dose of 
SARS-CoV-2 in 50% of animals (ID50) following 
an intranasal infection method [40]. This indicated 
the highly susceptible nature of these animals to the 
infection and also showed that neither the age nor 
sex of the hamster had an impact on the severity of 
the disease or its course of infection. The knockout 
of interleukin 2 receptor gamma prolonged the viral 
persistence in hamsters exposing the susceptibility 
of SARS-CoV-2 to adaptive immune control [40]. In 
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Chinese hamsters, high viral replication in the upper 
and lower respiratory tract accompanied by bronchitis 
and pneumonia as well as significant body weight loss 
were observed following viral inoculation suggesting 
the vulnerability of this species of hamster to SARS‐
CoV‐2 infection [41].
Non-human primates

Among the non-human primates, cynomolgus 
macaque, rhesus macaque, green monkeys, and com-
mon marmoset were used to assess the pathogenic 
potential of SARS-CoV-2. Cynomolgus macaque 
was used to compare the effect of inoculation of 
SARS-CoV-2 with MERS-CoV and SARS-CoV [19]. 
Inoculation of SARS-CoV-2 resulted in a produc-
tive infection but with the absence of overt clinical 
signs. The asymptomatic cynomolgus macaque model 
showed a peak of SARS-CoV-2 shedding in the early 
course of infection, similar to symptomatic human 
patients [42]. Moreover, on the 4th-day post-inocu-
lation, the SARS-CoV-2 antigen was detected in the 
ciliated epithelial cells of nasal mucosa, which was 
not seen for MERS-CoV infection [19] or SARS-
CoV  [43]. Chandrashekar et al. [44] demonstrated 
SARS-CoV-2 infection-induced protective immu-
nity against re-exposure in rhesus macaques. In 
another study, rhesus macaques showed respiratory 
disease for 8-16  days after inoculation with SARS-
CoV-2 [45]. This suggested that the rhesus-macaque 
model recapitulates SARS-CoV-2 infection in humans 
concerning virus replication and shedding, the pres-
ence of pulmonary infiltrates histological lesions and 
seroconversion. Further, another study demonstrated 
the presence of SARS-CoV-2 RNA in the respira-
tory tract of rhesus macaque after challenging with 
the virus [20]. It was also identified that neutralizing 
antibodies generated from the primary infection could 
protect the rhesus macaques from any second chal-
lenge by SARS-CoV-2. Old-aged rhesus macaques 
suffered more severe interstitial pneumonia than 
young macaques after the intratracheal inoculation 
with SARS‐CoV‐2 [46].

Another animal model used to study the 
SARS‐CoV‐2 challenge was the African green mon-
keys [47]. African green monkeys exhibited a high 
degree of viral replication followed by severe pul-
monary lesions, the major characteristic of the dis-
ease in human patients. Pulmonary consolidation 
with hemorrhage that varied in severity between ani-
mals and lung lobes was noticed in all the animals. 
Furthermore, interleukins and other pro-inflamma-
tory cytokines and chemokines were elevated in the 
serum, similar to humans. Moreover, one of the prom-
inent findings in SARS‐CoV‐2 infection of humans, 
a rise in the fibrinogen, was observed in the major-
ity of monkeys. Thus, the researchers concluded that 
virus replication and respiratory disease can be pro-
duced in African green monkeys using a much lower 
and more natural dose of SARS-CoV-2 than what has 

been used in other non-human primate experiments. 
Lu et al. [48] suggested that rhesus macaque is a bet-
ter animal model for COVID-19 than cynomolgus 
macaque and the common marmoset (Callithrix jac-
chus) through comparison studies. Although the viral 
genome was observed in the swab and blood samples 
from these three species, viral load was not detected 
in the pulmonary tissues of the common marmoset. 
An increased inflammatory cytokine expression and 
pathological changes in the pulmonary tissues were 
observed in rhesus macaque than the other two species 
showing the varying susceptibilities of old world and 
new world monkeys to SARS-CoV-2.
Livestock and poultry

Cattle showed less susceptibility to SARS-
CoV-2 infection under experimental conditions [22]. 
Out of the six cattle inoculated, two were positive for 
SARS-CoV-2. Viral RNA was detectable only shortly 
after inoculation and by day 2 of inoculation the ani-
mals became negative for SARS-CoV-2 and there was 
no intraspecies transmission observed in the contact 
cattle [22]. In another study, SARS-CoV-2 challenged 
pigs and chickens showed no signs of infection, and 
all the swabs, organ samples, and contact animals, 
remained negative for SARS-CoV-2 RNA, and none 
of the animals got seroconverted [21]. Furthermore, 
intranasal inoculation of SARS-CoV-2 in pigs, chick-
ens, and ducks could not have SARS-CoV-2 RNA in 
any of the rectal swabs collected from the virus-inoc-
ulated or naïve contact animals [34]. Thus, this study 
confirmed the non-susceptibility of pigs, chickens, 
and ducks to SARS-CoV-2.

In another study, five poultry species, including 
chickens (Gallus gallus domesticus), Japanese quail 
(Coturnix japonica), turkeys (Meleagris gallopavo), 
Pekin ducks (Anas platyrhinchos domesticus), and 
White Chinese geese (Anser cygnoides) were chal-
lenged with SARS-CoV-2 virus [49]. All these birds 
were inoculated with either the USA-WA1/2020 iso-
late of SARS-CoV-2 (BEI NR-58221) or the Florida/
USA-2_SaudiArabia_2014 isolate of MERS-CoV 
(BEI NR-50415). Clinical signs, viral RNA, or 
viral-specific antibodies were not detected at any time 
in these birds, and the virus did not even replicate in 
embryonated chicken eggs (ECE). Thus, the study 
reported the unlikeliness of poultry playing a role 
in the maintenance or transmission of either SARS-
CoV-2 or MERS-CoV and ECE being a non-viable 
laboratory host system.
One Health Approach to Control the Reverse 
Zoonosis

COVID-19 pandemic has reminded us again 
about the importance of one health concept. One health  
approach is a potentially effective and coordinated 
collaboration of authorities of related fields to attain 
the most advantageous health outputs for the benefit 
of animals, humans, and the environment in affected 
regions and on a global level. In such an approach, the 
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activities of professionals working in the human health, 
animal health, plant health, and the environment sec-
tors are directed to follow integrated and systemized 
action plans which make sure the efficient sharing 
of relevant information and urgent strategy develop-
ment in situations where delay in preventive measures 
could lead to irrepressible consequences. The imple-
mentation of the one health approach through the 
rapid coordination of the state, local, and federal sys-
tem, public health, and animal health partners together 
reduced the potential risks associated with exposure 
to the SARS-CoV-2 virus in Chinese animal markets 
(believed to be the origin of COVID-19). In Canada, 
the development of machine learning algorithms by 
the Canadian Institutes of Health Research in collab-
oration with the Public Health Agency of Canada’s 
Internet-based Surveillance Informing Global Health 
Threats using the data collected from domestic and 
wild animals to assist the rapid detection of COVID-
19  cases with real-time public health recommenda-
tions through electronic media.

Different reports across the globe show the 
spread of the virus from humans to animals during 
close contact. For the identification of SARS-CoV-2 
infection in companion animals, the coordinated 
approach in drafting of policies and protocols, eval-
uating resources, and engaging partners at all levels 
have to be done by incorporating inputs from human 
and animal health experts. Thus early-stage preven-
tion of disease spread both in human and in animal 
populations is possible, which, in turn, could stop the 
onset of an epidemic and thereby saving the health, 
environment and the economy. The SARS-CoV-2 
infection in animals has to be addressed with exten-
sive care and there should be systems to support the 
safe transportation of animals from the souse of infec-
tion (home, animal care centers, zoo, etc.) to the vet-
erinary facilities. Strict disinfection procedures should 
be carried out to prevent the further spread to any 
other animals or reinfection possibilities. The guide-
lines have to be implemented regarding the “do’s and 
don’ts” for both the susceptible categories of humans 
and animals to safeguard against disease transmission. 
The local region-wise corporation of animal control, 
animal services, or an animal rescue group has to be 
coordinated. The animal handlers, whether in domes-
tic or commercial environments, have to be trained 
for the implementation of biosafety procedures for 
infectious diseases such as social distancing, infection 
prevention measures, use of appropriate PPE, proper 
cleaning, and disinfection guidelines. There should be 
defined policies, equipment, and resources in place 
for the handling of test-positive animals in every ani-
mal organization. When an animal tests positive for 
SARS-CoV-2, immediate cohesive action is required 
between the public health veterinarians and animal 
health officials. If the animal is healthy or has mild 
symptoms, and can be exempted from hospitaliza-
tion only on the strict adherence to infectious disease 

guidelines from the government, which include the 
daily monitoring, movement restrictions, isolation 
recommendations, safe handling and disposal of ani-
mal waste until the animal tests negative for the virus.

Another crucial strategy is to perform the com-
bined epidemiological investigation by local, state, 
and federal one health partners to understand the cir-
culation and spread of the virus under natural condi-
tions. According to the Centers for Disease Control 
and Prevention (CDC), this investigation should 
include the following components: (a) details of the 
diagnostic and clinical factors used for the determi-
nation of the case, (b) risk factor assessment in the 
test-positive animal, including the potential source of 
infection, and (c) evaluation of potentially exposed 
people and animals [50]. The proper documentation 
of any positive cases of infection either in animals or 
humans should be done and their primary, secondary, 
and tertiary contacts have to be traced to control the 
risk of transmission and to have a good understand-
ing of the SARS-CoV-2 zoonotic events. Moreover, 
the application of one health approach can reduce 
economic impacts on the livestock industry and food 
supply [51].
Conclusion

The zoonotic and reverse zoonotic potentials of 
SARS-CoV-2 infection are identified in several ani-
mal species from different countries through sero-
logical, molecular analyses, and experimental infec-
tion studies. Literature suggests that SARS-CoV-2 
can infect pets, other domestic and wild animals, 
making it a serious global issue. The cat, dog, mink, 
tiger, lion, snow leopard, and puma were confirmed 
to be susceptible to natural SARS-CoV-2 infection. 
Whereas, under laboratory conditions, experimental 
infection studies demonstrated that cats, ferrets, ham-
sters, Egyptian fruit bats, and non-human primates 
can be infected by SARS-CoV-2. These shreds of 
evidence suggest that pets/companion animals liv-
ing in the household of people with COVID-19 are 
at risk of contracting the infection, which can further 
spread the virus to other naive animals. Some viral 
genomic studies also showed that SARS-CoV-2 in 
animals were identical to viruses detected in the peo-
ple close to them, showing evidence for viral trans-
mission between humans and animals. Thus the global 
COVID-19 pandemic, as well as later indications of 
the disease’s panzootic potential, underline the neces-
sity for a One Health approach. Systematic guidelines 
for the monitoring and intervention in wild, captive, 
and companion animals must be set in place to have 
a better understanding of viral spread in host popula-
tion. The emergence of the COVID-19 pandemic has 
challenged the world and emphasized the importance 
of the interconnectivity of global health-care systems 
and has led to considerable changes in societal behav-
iors and working practices. Effective collaboration in 
research and practice between medical and veterinary 
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practitioners in partnership with biologists and envi-
ronmentalists is required to alleviate the widespread 
global concern over environmental and public health 
issues.
Authors’ Contribution

RKP: Selected the topic, conceptualized the 
review, conducted the literature review, extracted 
relevant information, and drafted the manuscript. 
AVN: Conducted literature review, extracted relevant 
information, and critically read the manuscript. PKT, 
KC, TVK, ARR, BMM, MA, and AKP: Critically read 
and commented on different versions of the manuscript. 
All authors read and approved the final manuscript.
Acknowledgments

All the authors of the manuscript thank and 
acknowledge their respective universities and 
institutes. 
Competing Interests

The authors declare that they have no competing 
interests.
Publisher’s Note

Veterinary World remains neutral with regard 
to jurisdictional claims in published map and institu-
tional affiliation.
References
1.	 Lai, C.C., Shih, T.P., Ko, W.C., Tang, H.J. and Hsueh, P.R. 

(2020) Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) and coronavirus disease-2019 (COVID-19): 
The epidemic and the challenges. Int. J. Antimicrob. Agents., 
5(3): 105924.

2.	 Wu, A., Peng, Y., Huang, B., Ding, X., Wang, X., Niu, P., 
Meng, J., Zhu, Z., Zhang, Z., Wang, J., Sheng, J., Quan, L., 
Xia, Z., Tan, W., Cheng, G. and Jiang, T. (2020) Genome 
composition and divergence of the novel coronavirus 
(2019-nCoV) originating in China. Cell Host Microbe., 
27(3): 325-328.

3.	 World Health Organization. (2020) WHO Coronavirus 
Disease (COVID-19) Dashboard. Available from: https://
www.covid19.who.int. Retrieved on 30-06-2021.

4.	 Hui, D.S. (2017) Epidemic and emerging coronaviruses 
(severe acute respiratory syndrome and Middle East respi-
ratory syndrome). Clin. Chest Med., 38(1): 71-86.

5.	 Lu, R., Zhao, X., Li, J., Li, Z., Niu, P., Yang, B., Wu, H., 
Wang, W., Song, H., Huang, B., Zhu, N., Bi, Y., Ma, X., 
Zhan, F., Wang, L., Hu, T., Zhou, H., Hu, Z., Zhou, W., 
Zhao, L., Chen, J., Meng, Y., Wang, J., Lin, Y., Yuan, J., 
Xie, Z., Ma, J., Liu, W.J., Wang, D., Xu, W., Holmes, E.C., 
Gao, G.F., Wu, G., Chen, W., Shi, W. and Tan, W. (2020) 
Genomic characterisation and epidemiology of 2019 novel 
coronavirus: Implications for virus origins and receptor 
binding. Lancet, 395(10224): 565-574.

6.	 Zhou, P., Yang, X.L., Wang, X.G., Hu, B., Zhang,  L., 
Zhang, W., Si, H.R., Zhu, Y., Li, B., Huang, C.L., Chen, H.D., 
Chen, J., Luo, Y., Guo, H., Jiang, R.D., Liu, M.Q., Chen, Y., 
Shen, X.R., Wang, X., Zheng, X.S., Zhao, K., Chen, Q.J., 
Deng, F., Liu, L.L., Yan, B., Zhan,   F.X., Wang, Y.Y., 
Xiao,  G.F. and Shi, Z.L. (2020) A pneumonia outbreak 
associated with a new coronavirus of probable bat origin. 
Nature, 579(7798): 270-273.

7.	 Zhang, T., Wu, Q. and Zhang, Z. (2020) Probable pango-
lin origin of SARS-CoV-2 associated with the COVID-19 

outbreak. Curr. Biol., 30(8): 1346-1351.
8.	 Lam, T.T., Jia, N., Zhang, Y.W., Shum, M.H., Jiang, J.F., 

Zhu, H.C., Tong, Y.G., Shi, Y.X., Ni, X.B., Liao, Y.S., 
Li,   W.J., Jiang, B.G., Wei, W., Yuan, T.T., Zheng, K., 
Cui,  X.M., Li, J., Pei, G.Q., Qiang, X., Cheung, W.Y.M., 
Li,  L.F., Sun, F.F., Qin, S., Huang, J.C., Leung, G.M., 
Holmes, E.C., Hu, Y.L., Guan, Y. and Cao, W.C. (2020) 
Identifying SARS-CoV-2 related coronaviruses in Malayan 
pangolins. Nature, 583(7815): 282-285.

9.	 Xiao, K., Zhai, J., Feng, Y., Zhou, N., Zhang, X., Zou, J.J., 
Li,  N., Guo, Y., Li, X., Shen, X., Zhang, Z., Shu, F., 
Huang, W., Li, Y., Zhang, Z., Chen, R., Wu, Y., Peng, S., 
Huang, M., Xie, W., Cai, Q., Hou, F., Liu, Y., Chen, W., 
Xiao, L. and Shen, Y. (2020) Isolation of SARS-CoV-
2-related coronavirus from Malayan pangolins. Nature, 
583(7815): 286-289.

10.	 Andersen, K.G., Rambaut, A., Lipkin, W.I., Holmes, E.C. 
and Garry, R.F. (2020) The proximal origin of SARS-
CoV-2. Nat. Med., 26(4): 450-452.

11.	 Wan, Y., Shang, J., Graham, R., Baric, R. and Li, F. (2020) 
Receptor recognition by the novel coronavirus from 
Wuhan: An analysis based on decade-long structural studies 
of SARS coronavirus. J. Virol., 94(7): e00127-20.

12.	 Guan, Y., Zheng, B.J., He, Y.Q., Liu, X.L., Zhuang, Z.X., 
Cheung, C., Luo, S.W., Li, P.H., Zhang, L.J., Guan,  L., 
Butt,  K.M., Wong, K.L., Chan, K.W., Lim,  W., 
Shortridge, K.F., Yuen, K.Y., Peiris, J.S.M. and Poon, L.L.M. 
(2003) Isolation and characterization of viruses to the SARS 
coronavirus from animals in southern China. Science, 
302(5643): 276-278.

13.	 Gouilh, M.A., Puechmaille, S.J., Diancourt, L., 
Vandenbogaert, M., Serra-Cobo, J., Roïg, M.L., Brown, P., 
Moutou, F., Caro, V. and Vabret, A. (2018) SARS-CoV 
related Betacoronavirus and diverse Alphacoronavirus 
members found in western old-world. Virology, 517 : 88-97.

14.	 OIE, Events in Animals. (2020) Available form: https://www.
oie.int/en/scientific-expertise/specific-information-and-rec-
ommendations/questions-and-answers-on-2019novel-coro-
navirus/events-in-animals. Retrieved on 30-06-2021.

15.	 Oude Munnink, B.B., Sikkema, R.S., Nieuwenhuijse, D.F., 
Molenaar, R.J., Munger, E., Molenkamp, R., 
van  der  Spek, A., Tolsma, P., Rietveld, A., Brouwer,  M., 
Bouwmeester-Vincken, N., Harders, F., Hakze-
van  der   Honing, R., Wegdam-Blans, M.C.A., 
Bouwstra,  R.J., GeurtsvanKessel,  C., van der Eijk, A.A., 
Velkers, F.C., Smit, L.A.M., Stegeman, A., van der 
Poel, W.H.M. and Koopmans, M.P.G. (2020) Transmission 
of SARS-CoV-2 on mink farms between humans and mink 
and back to humans. Science, 371(6525): 172-177.

16.	 Sailleau, C., Dumarest, M., Vanhomwegen, J., 
Delaplace,  M., Caro, V., Kwasiborski, A., Hourdel, V., 
Chevaillier, P., Barbarino, A., Comtet, L., Pourquier, P., 
Klonjkowski, B., Manuguerra, J.C., Zientara, S. and Le 
Poder, S. (2020) First detection and genome sequencing 
of SARS-CoV-2 in an infected cat in France. Transbound. 
Emerg. Dis., 67(6): 2324-2328.

17.	 Halfmann, P.J., Hatta, M., Chiba, S., Maemura, T., Fan, S., 
Takeda, M., Kinoshita N., Hattori, S.I., Sakai-Tagawa, Y., 
Iwatsuki-Horimoto, K., Imai, M. and Kawaoka, Y. (2020) 
Transmission of SARS-CoV-2 in domestic cats. N. Engl. J. 
Med., 383(6): 592-594.

18.	 Sia, S.F., Yan, L.M., Chin, A.W.H., Fung, K., Choy, K.T., 
Wong, A.Y.L., Kaewpreedee, P., Perera, R.A.P., 
Poon,  L.L.M., Nicholls, J.M., Peiris, M. and Yen, H.L. 
(2020) Pathogenesis and transmission of SARS-CoV-2 in 
golden hamsters. Nature, 583(7818): 834-838.

19.	 Rockx, B., Kuiken, T., Herfst, S., Bestebroer, T., 
Lamers,  M.M., Oude Munnink, B.B., de Meulder, D., 
van Amerongen, G., van den Brand, J., Okba N.M.A., 
Schipper,  D., van Run, P., Leijten, L., Sikkema, R., 
Verschoor, E., Verstrepen, B., Bogers, W., Langermans, J., 
Drosten, C., Fentener van Vlissingen, M., Fouchier, R., 



Veterinary World, EISSN: 2231-0916� 2825

Available at www.veterinaryworld.org/Vol.14/October-2021/33.pdf

de Swart, R., Koopmans, M. and Haagmans, B.L. (2020) 
Comparative pathogenesis of COVID-19, MERS, and 
SARS in a nonhuman primate model. Science, 368(6494): 
1012-1015.

20.	 Shan, C., Yao, Y.F., Yang, X.L., Zhou, Y.W., Gao, G., 
Peng,  Y., Yang, L., Hu, X., Xiong, J., Jiang, R.D., 
Zhang, H.J., Gao, X.X., Peng, C., Min, J., Chen, Y., Si, H.R., 
Wu, J., Zhou, P., Wang, Y.Y., Wei, H.P., Pang, W., Hu, Z.F., 
Lv, L.B., Zheng, Y.T., Shi, Z.L. and Yuan, Z.M. (2020) 
Infection with novel coronavirus (SARS-CoV-2) causes 
pneumonia in Rhesus macaques. Cell Res., 30 : 670-677.

21.	 Schlottau, K., Rissmann, M., Graaf, A., Schön, J., Sehl, J., 
Wylezich, C., Höper, D., Mettenleiter, T.C., Balkema-
Buschmann, A., Harder, T., Grund, C., Hoffmann, D., 
Breithaupt, A. and Beer, M. (2020) SARS-CoV-2 in fruit 
bats, ferrets, pigs, and chickens: An experimental transmis-
sion study. Lancet Microbe, 1(5): e218-e225.

22.	 Ulrich, L., Wernike, K., Hoffmann, D., Mettenleiter, T.C. 
and Beer, M. (2020) Experimental infection of cattle with 
SARS-CoV-2. Emerg. Infect. Dis., 26(12): 2979-2981.

23.	 Sit, T.H.C., Brackman, C.J., Ip, S.M., Tam, K.W.S., 
Law,  P.Y.T., To, E.M.W., Yu, V.Y.T., Sims, L.D., 
Tsang, D.N.C., Chu, D.K.W., Perera, R.A.P.M, Poon, L.L.M. 
and Peiris, M. (2020) Infection of dogs with SARS-CoV-2. 
Nature, 586(7831): 776-778.

24.	 Newman, A., Smith, D., Ghai, R.R., Wallace, R., 
Torchetti, M.K., Loiacono, C., Murrell, L.S., Carpenter, A., 
Moroff, S., Rooney, J.A. and Behravesh, C.B. (2020) First 
reported cases of SARS-CoV-2 infection in companion ani-
mals-New York, March-April 2020. MMWR Morb. Mortal 
Wkly. Rep., 69(23): 710-713.

25.	 Garigliany, M., Van Laere, A.S., Clercx, C., Giet, D., 
Escriou, N., Huon, C., van der Werf, S., Eloit, M. and 
Desmecht, D. (2020) SARS-CoV-2 natural transmission 
from human to cat, Belgium. Emerg. Infect. Dis., 26(12): 
3069-3071.

26.	 Segalés, J., Puig, M., Rodon, J., Avila-Nieto, C., Carrillo, J., 
Cantero, G., Terrón, M.T., Cruz, S., Parera, M., Noguera-
Julián, M., Izquierdo-Useros, N., Guallar, V., Vidal, E., 
Valencia, A., Blanco, I., Blanco, J., Clotet, B. and Vergara-
Alert, J. (2020) Detection of SARS-CoV-2 in a cat owned 
by a COVID-19-affected patient in Spain. Proc. Natl. Acad. 
Sci. U. S. A., 117(40): 24790-24793.

27.	 Ruiz-Arrondo, I., Portillo, A., Palomar, A.M., Santibáñez, S., 
Santibáñez, P., Cervera, C. and Oteo, J.A. (2020) Detection 
of SARS-CoV-2 in pets living with COVID-19 owners 
diagnosed during the COVID-19 lockdown in Spain: A case 
of an asymptomatic cat with SARS-CoV-2 in Europe. 
Transbound. Emerg. Dis., 68(2): 973-976

28.	 Hosie, M.J., Epifano, I., Herder, V., Orton, R.J., 
Stevenson, A., Johnson, N., MacDonald, E., Dunbar,  D., 
McDonald, M., Howie, F., Tennant, B., Herrity, D., 
Filipe, A.D.S., Streicker, D.G., Willett, B.J., Murcia, P.R., 
Jarrett, R.F., Robertson, D.L. and Weir, W. (2021) Detection 
of SARS-CoV-2 in respiratory samples from cats in the 
UK associated with human-to-cat transmission. Vet. Rec., 
188(8):e247.

29.	 Barrs, V.R., Peiris, M., Tam, K.W.S., Law, P.Y.T., 
Brackman,  C.J., To, E.M.W., Yu, V.Y.T., Chu, D.K.W., 
Perera, R.A.P. and Sit, T.H.C. (2020) SARS‐CoV‐2 in quar-
antined domestic cats from COVID‐19 households or close 
contacts, Hong Kong, China. Emerg. Infect. Dis., 26(12): 
3071-3074.

30.	 European Centre for Disease Prevention and Control. 
(2020) Detection of New SARS-CoV-2 Variants Related to 
Mink. Rapid Risk Assessment. European Centre for Disease 
Prevention and Control, Sweden.

31.	 McAloose, D., Laverack, M., Wang, L., Killian, M.L., 
Caserta,   L.C., Yuan, F., Mitchell, P.K., Queen, K., 
Mauldin,  M.R., Cronk, B.D., Bartlett, S.L., Sykes,  J.M., 
Zec,  S., Stokol, T., Ingerman, K., Delaney, M.A., 
Fredrickson,  R., Ivančić, M., Jenkins-Moore, M., 

Mozingo,  K., Frazen,  K., Bergeson, N.C., Goodman,  L., 
Wang, H., Fang, Y., Olmstead, C., McCann, C., Thomas,  P., 
Goodrich, E., Elvinger, F., Smith, D.C., Tong, S., 
Slavinski,  S., Calle,  P.P., Terio, K., Torchetti, M.K. and 
Diel, D.G. (2020) From people to panthera: Natural SARS-
CoV-2 infection in tigers and lions at the bronx zoo. mBio., 
11(5): e02220-20.

32.	 Chandler, J.C., Bevins, S.N., Ellis, J.W., Linder, T.J., 
Tell,  R.M., Jenkins-Moore, M., Root, J.J., Lenoch, J.B., 
Robbe-Austerman, S., DeLiberto, T.J., Gidlewski, T., 
Torchetti, M.K. and Shriner, S.A. (2021) SARS-CoV-2 
exposure in wild white-tailed deer (Odocoileus virginianus). 
BioRxiv, doi: https://doi.org/10.1101/2021.07.29.454326.

33.	 Gaudreault, N.N., Trujillo, J.D., Carossino, M., 
Meekins, D.A., Morozov, I., Madden, D.W., Indran, S.V., 
Bold, D., Balaraman, V., Kwon, T., Artiaga, B.L., Cool, K., 
García-Sastre, A., Ma, W., Wilson, W.C., Henningson, J., 
Balasuriya, U.B.R. and Richt, J.A. (2020) SARS-CoV-2 
infection, disease and transmission in domestic cats. Emerg. 
Microbes. Infect., 9(1): 2322-2332.

34.	 Richard, M., Kok, A., Meulder, D.D., Bestebroer,  T.M., 
Lamers, M.M., Okba, N.M.A., Vlissingen, M.F.V., 
Rockx,  B., Haagmans, B., Koopmans, M.P.G., 
Fouchier  R.A.M. and Herfst, S. (2020) SARS-CoV-2 is 
transmitted via contact and via the air between ferrets. Nat. 
Commun., 11(1): 3496.

35.	 Shi, J., Wen, Z., Zhong, G., Yang, H., Wang, C., Huang, B., 
Liu, R., He, X., Shuai, L., Sun, Z., Zhao, Y., Liu, P., 
Liang, L., Cui, P., Wang, J., Zhang, X., Guan, Y., Tan, W., 
Wu, G., Chen, H. and Bu, Z. (2020) Susceptibility of fer-
rets, cats, dogs, and other domesticated animals to SARS-
coronavirus 2. Science, 368(6494): 1016-1020.

36.	 Zhao, Y., Wang, J., Kuang, D., Xu, J., Yang, M., Ma, C., 
Zhao, S., Li, J., Long, H., Ding, K., Gao, J., Liu, J., 
Wang,   H., Li, H., Yang, Y., Yu, W., Yang, J., Zheng, Y., 
Wu, D., Lu, S., Liu, H. and Peng, X. (2020) Susceptibility 
of tree shrew to SARS-CoV-2 infection. Sci. Rep., 10(1): 
16007.

37.	 Palmer, M.V., Martins, M., Falkenberg, S., Buckley, A., 
Caserta, L.C., Mitchell, P.K., Cassmann, E.D., Rollins, A., 
Zylich, N.C., Renshaw, R.W., Guarino, C., Wagner, B., 
Lager, K. and Diel, D.G. (2021) Susceptibility of white-
tailed deer (Odocoileus virginianus) to SARS-CoV-2. J. 
Virol., 95(11): e00083-21.

38.	 Chan, J.F., Zhang, A.J., Yuan, S., Poon, V.K., Chan, C.C., 
Lee, A.C., Chan, W.M., Fan, Z., Tsoi, H.W., Wen, L., 
Liang,  R., Cao, J., Chen, Y., Tang, K., Luo, C., Cai, J.P., 
Kok, K.H., Chu, H., Chan, K.H., Sridhar, S., Chen, Z., 
Chen, H., To, K.K. and Yuen, K.Y. (2020) Simulation of the 
clinical and pathological manifestations of coronavirus dis-
ease 2019 (COVID-19) in a golden Syrian hamster model: 
Implications for disease pathogenesis and transmissibility. 
Clin. Infect. Dis., 71(9): 2428-2446.

39.	 Imai, M., Iwatsuki‐Horimoto, K., Hatta, M., Loeber,  S., 
Halfmann, P.J., Nakajima, N., Watanabe, T., Ujie, M., 
Takahashi, K., Ito, M., Yamada, S., Fan, S., Chiba,  S., 
Kuroda, M., Guan, L., Takada, K., Armbrust, T., Balogh,  A., 
Furusawa, Y., Okuda, M, Ueki, H., Yasuhara,   A., 
Sakai-Tagawa, Y., Lopes, T., Kiso, M., Yamayoshi, S., 
Kinoshita,  N., Ohmagari, N., Hattori, S., Takeda, M., 
Mitsuya, H., Krammer, F., Suzuki, T. and Kawaoka, Y. 
(2020) Syrian hamsters as a small animal model for SARS‐
CoV‐2 infection and countermeasure development. PNAS, 
117(28): 16587-16595.

40.	 Rosenke, K., Meade-White, K., Letko, M., Clancy, C., 
Hansen, F., Liu, Y., Okumura, A., Tang-Huau, T.L., Li, R., 
Saturday, G., Feldmann, F., Scott, D., Wang, Z., Munster, V., 
Jarvis, M.A. and Feldmann, H. (2020) Defining the Syrian 
hamster as a highly susceptible preclinical model for SARS-
CoV-2 infection. Emerg. Microb. Infect., 9(1): 2673-2684.

41.	 Bertzbach, L.D., Vladimirova, D., Dietert, K., 
Abdelgawad,  A., Gruber, A.D., Osterrieder, N. and 



Veterinary World, EISSN: 2231-0916� 2826

Available at www.veterinaryworld.org/Vol.14/October-2021/33.pdf

Trimpert, J. (2020) SARS-CoV-2 infection of Chinese ham-
sters (Cricetulus griseus) reproduces COVID-19 pneumo-
nia in a well-established small animal model. Transbound. 
Emerg. Dis., 68(3): 1075-1079.

42.	 Zou, L., Ruan, F., Huang, M., Liang, L., Huang, H., 
Hong,  Z., Yu, J., Kang, M., Song, Y., Xia, J., Guo, Q., 
Song,  T., He, J., Yen, H.L., Peiris, M. and Wu, J. (2020) 
SARS-CoV-2 viral load in upper respiratory specimens of 
infected patients. N. Engl. J. Med., 382(12): 1177-1179.

43.	 Kuiken, T., Fouchier, R.A.M., Schutten, M., 
Rimmelzwaan,  G.F., van Amerongen, G., van Riel, D., 
Laman, J.D., de Jong, T., van Doornum, G., Lim, W., 
Ling,  A.E., Chan, P.K.S., Tam, J.S., Zambon, M.C., 
Gopal,  R., Drosten, C., van der Werf, S., Escriou,  N., 
Manuguerra, J.C., Stöhr, K., Peiris, J.S.M. and 
Osterhaus, A.D.M. (2003) Newly discovered coronavirus 
as the primary cause of severe acute respiratory syndrome. 
Lancet, 362(9380): 263-270.

44.	 Chandrashekar, A., Liu, J., Martinot, A.J., McMahan,  K., 
Mercado, N.B., Peter, L., Tostanoski, L.H., Yu, J., 
Maliga, Z., Nekorchuk, M., Busman-Sahay, K., Terry, M., 
Wrijil, L.M., Ducat, S., Martinez, D.R., Atyeo, C., 
Fischinger, S., Burke,  J.S., Slein, M.D., Pessaint, L., 
Van Ry, A., Greenhouse, J., Taylor, T., Blade, K., Cook, A., 
Finneyfrock, B., Brown, R., Teow, E., Velasco, J., Zahn, R., 
Wegmann,  F., Abbink, P., Bondzie, E.A., Dagotto,  G., 
Gebre,  M.S., He, X., Jacob-Dolan, C., Kordana, N., 
Li, Z., Lifton, M.A., Mahrokhian,  S.H., Maxfield,  L.F., 
Nityanandam, R., Nkolola, J.P., Schmidt, A.G., Miller, A.D., 
Baric, R.S., Alter, G., Sorger, P.K., Estes, J.D., Andersen, H., 
Lewis,  M.G. and Barouch, D.H. (2020) SARS-CoV-2 
infection protects against rechallenge in rhesus macaques. 
Science, 369(6505): 812-817.

45.	 Munster, V.J., Feldmann, F., Williamson, B.N., Van 
Doremalen, N., Pérez-Pérez, L., Schulz, J., Meade-
White,   K., Okumura, A., Callison, J., Brumbaugh, B., 
Avanzato, V.A., Rosenke, R., Hanley, P.W., Saturday, G., 

Scott, D., Fischer, E.R. and De Wit, E. (2020) Respiratory 
disease in rhesus macaques inoculated with SARS-CoV-2. 
Nature, 585(7824): 268-272.

46.	 Yu, P., Qi, F., Xu, Y., Li, F., Liu, P., Liu, J., Bao, L., 
Deng,  W., Gao, H., Xiang, Z., Xiao, C., Lv, Q., Gong, S., 
Liu, J., Song, Z., Qu, Y., Xue, J., Wei, Q., Liu, M., Wang, G., 
Wang, S., Yu, H., Liu, X., Huang, B., Wang, W., Zhao, L., 
Wang, H., Ye, F., Zhou, W., Zhen, W., Han, J., Wu, G., 
Jin, Q., Wang, J., Tan, W. and Qin, C. (2020) Age-related 
rhesus macaque models of COVID-19. Anim. Model Exp. 
Med., 3(1): 93-97.

47.	 Woolsey, C., Borisevich, V., Prasad, A.N., Agans, K.N., 
Deer,  D.J., Dobias, N.S., Heymann, J.C., Foster, S.L., 
Levine,  C.B., Medina, L., Melody, K., Geisbert, J.B., 
Fenton,   K.A., Geisbert, T.W. and Cross, R.W. (2021) 
Establishment of an African green monkey model for 
COVID-19 and protection against re-infection. Nat. 
Immunol., 22:86–98.

48.	 Lu, S., Zhao, Y., Yu, W., Yang, Y., Gao, J., Wang, J., 
Kuang,  D., Yang, M., Yang, J., Ma, C., Xu, J., Qian, X., 
Li, H., Zhao, S., Li, J., Wang, H., Long, H., Zhou, J., Luo, F., 
Ding, K., Wu, D., Zhang, Y., Dong, Y., Liu, Y., Zheng, Y., 
Lin, X., Jiao, L., Zheng, H., Dai, Q., Sun, Q., Hu, Y., Ke, C., 
Liu, H. and Peng, X. (2020) Comparison of non-human 
primates identified the suitable model for COVID-19. Sig. 
Transduct. Target. Ther., 5:157.

49.	 Suarez, D.L., Pantin-Jackwood, M.J., Swayne, D.E., 
Lee, S.A., DeBlois, S.M. and Spackman, E. (2020) Lack of 
Susceptibility to SARS-CoV-2 and MERS-CoV in Poultry. 
Emerg. Infect. Dis., 26(12): 3074-3076.

50.	 CDC. (2021) One Health Toolkit for Health Officials 
Managing Companion Animals with SARS-CoV-2. CDC, 
United States.

51.	 Yoo, H.S. and Yoo, D. (2020) COVID-19 and veterinari-
ans for one health, zoonotic-and reverse-zoonotic transmis-
sions. J. Vet. Sci., 21(3): e51.

********


