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Abstract Coronavirus disease-19 (COVID-19) caused by the severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) is now a pandemic threat. This virus is supposed to be
spread by human to human transmission. Cellular angiotensin-converting enzyme 2 (ACE2) is
the receptor of SARS-CoV-2 which is identical or similar in different species of animals such
as pigs, ferrets, cats, orangutans, monkeys, and humans. Moreover, a recent study predicted
that dogs might be secondary hosts during the evolution of SARS-CoV-2 from bat to human.
Therefore, there is a possibility of spreading SARS-CoV-2 through domestic pets. There are
now many reports of SARS-CoV-2 positive cases in dogs, cats, tigers, lion, and minks. Experi-
mental data showed ferrets and cats are highly susceptible to SARS-CoV-2 as infected by virus
inoculation and can transmit the virus directly or indirectly by droplets or airborne routes.
Based on these natural infection reports and experimental data, whether the pets are respon-
sible for SARS-CoV-2 spread to humans; needs to be deeply investigated. Humans showing clin-
ical symptoms of respiratory infections have been undergoing for the COVID-19 diagnostic test
but many infected people and few pets confirmed with SARS-CoV-2 remained asymptomatic. In
this review, we summarize the natural cases of SARS-CoV-2 in animals with the latest re-
searches conducted in this field. This review will be helpful to think insights of SARS-CoV-2
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transmissions, spread, and demand for seroprevalence studies, especially in companion ani-
mals.
Copyright ª 2020, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Coronaviruses are group viruses belong to Coronaviridae
family can produce diseases in human and animal. There
are four genera under this family; Alphacoronavirus, Beta-
coronavirus, Gammacoronavirus, and Deltacoronavirus.
However, most of the human coronaviruses produce mild
illness in the upper respiratory tract while some strains are
lethal and can cause severe acute respiratory syndrome
(SARS), middle East respiratory syndrome (MERS) and
coronavirus disease 2019 (COVID-19).1e3 The most recent
and rapidly evolved coronavirus associated disease in
human is COVID-19 caused by SARS-Corona virus-2 (SARS-
CoV-2).4 The nucleotide variations of the COVID-19 causing
coronavirus are closely related with SARS coronavirus
(SARS-CoV), therefore it has been named SARS-CoV-2.5 The
SARS-CoV-2 is extremely infectious and contagious
compared to SARS-CoV which was affected in 2003.3 Though
the clinical symptoms and severity of COVID-19 depend on
the age, health condition of the infected patients but mild
to high fever, cough, dyspnea, headache, diarrhea, etc
might be revealed.6 SARS-CoV-2 supposed to be transmitted
to healthy individual by direct contact from infected pa-
tient’s coughs and sneezes through respiratory droplets.7

Indirect transmission may also occur by surface or feces
contaminations.8e10 It is already reported that many of the
infected patients do not show any clinical symptoms but
may shed the virus through their respiratory droplets.11 On
the other hand, the infected person may shed virus before
the onset of the symptoms.12 Therefore, SARS-CoV-2 can be
transmitted to healthy individuals in three possible ways;
symptomatic, pre-symptomatic, and asymptomatic COVID-
19 patients.12 Moreover, it is hypothesizing, SARS-CoV-2
might be transmitted as airborne and closed environments
contribute to the secondary transmission of the virus
thereby promote the super-spreading phenomenon.13,14

SARS-CoV-2 is a spherical shaped and enveloped virus
under betacoronavirus genus which is 50e200 nm in diam-
eter. The viral genome is a w30 kb sized single-stranded
positive-sense RNA materials from which four structural
proteins and 16 nonstructural proteins are produced.15 The
structural proteins are spike (S), envelope (E), membrane
(M), and nucleocapsid (N).15 The viral envelope consists of E
and M proteins on which S is anchored.16 The SARS-CoV-2
enter into the host cells by using the receptor-binding
domain (RBD) of S protein which interacts with the cellular
receptor angiotensin-converting enzyme 2 (ACE2).17

SARS-CoV-2 outbreaks occurred at the end of December,
2019; has been thought to be originated from the bats as
shown by evolutionarily similar genome sequence.18 It is
now a serious pandemic threat and international public
health concern according to World Health Organization
(WHO). Till May 20, 2020, around 213 countries and terri-
tories have been affected by SARS-CoV-2 and w5 million
people infected with more than 334 thousand deaths. The
SARS-CoV and MERS-CoV supposed to be originated from bat
through an intermediate animal host.19e21 MERS-CoV-2 has
been reported having zoonotic transmission.22 Many reports
showed that SARS-CoV might infect animals such as cats,
dogs, and ferrets.23e25 However, there is very limited in-
formation regarding the investigations on SARS-CoV-2 in
animals. A recent study found that SARS-CoV-2 can recog-
nize the host cells receptor ACE2 of pigs, ferrets, cats,
orangutans, monkeys, and humans with similar effi-
ciencies.26 Several cases of SARS-CoV-2, that causes COVID-
19 in human; have been confirmed in animals. Laboratory
studies also showed that cats and ferrets are highly sus-
ceptible to SARS-CoV-2 that were isolated from humans.27,28

To date, there is no published report so far on the investi-
gation of SARS-CoV-2 in domestic pets which were in contact
with COVID-19 patients. In this review, we summarized the
SARS-CoV-2 infected animal cases and recent researches
conducted in this field. This review will be helpful to think
insights of SARS-CoV-2 transmissions, spread, and demand
for seroprevalence studies in, especially companion
animals.

Methods

Data and information collection

The recent information on SARS-CoV-2 infections in animals
was collected by google searches. The published articles
regarding the SARS-CoV-2 and animals, or cells originated
from animals were systematically screened and checked
using google scholar, PubMed, etc. The SARS-CoV-2 genome
sequences were obtained from GISAID (https://www.gisaid.
org/).

Phylogenetic tree construction

The retrieved sequences were aligned using ClustalW and
the phylogenetic tree was constructed using MEGA X version
10.1.8. The neighbor-joining algorithm was used with 1,000
replicates of bootstrap analysis to build the tree.

History of human coronaviruses

In 1960, the coronavirus was characterized for the first time
isolated from a child with upper respiratory tract in-
fections.29 Then, the HCoV-OC43 and HCoV-229E strains of
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coronaviruses were identified by Hamre and Procknow, 1996
and McIntosh et al., 1967. From the persons suffering from
colds.30,29,31 However, these two viruses and infectious
bronchitis virus, mouse hepatitis virus, and swine trans-
missible gastroenteritis virus were morphologically similar
under electron microscopy; therefore, this new group of vi-
ruses was named coronavirus in the late 1960s.29 The term
“corona” used to mean crown-like structure surrounded by a
surface projection of the viruses under electron micro-
scopy.29 The HCoV-OC43 and HCoV-229E strains of coronavi-
rus cause common cold in human prevalent worldwide.29,32

Coronavirus (SARS-CoV) causing pandemic severe acute
respiratory syndrome (SARS) was first identified in Foshan,
Guangdong, China in November 2002. Around 29 different
countries have been affected by SARS-CoV and at least 831
people were died worldwide among over 8000 infected
cases.3 The human coronavirus NL63 (HCoV-NL63) was first
identified in 2004 in Netherland from a seven-month-old
child with bronchiolitis.33 A novel strain of coronavirus
HKU1 (HCoV-HKU1) has been discovered in 2005 which was
isolated and characterized from an adult human suffering
from chronic pulmonary disease in Hong Kong.34 The Middle
East respiratory syndrome-related coronavirus (MERS-CoV)
is another species of coronavirus; first reported in 2012 in
Saudi Arabian patients suffering from pneumonia.1 As of
April, 2019, globally 2374 MERS-CoV confirmed cases have
been reported with a total of 823 deaths from 27 countries
worldwide.35

The latest strain of a pandemic coronavirus is SARS-CoV-
2 causes coronavirus disease-19 (COVID-19); reported on
December 31, 2019 at Wuhan of China.36 Due to extremely
high contagiousness of SARS-CoV-2; as of May 20, 2020,
more than 5000,000 cases of COVID-19 have been confirmed
from 213 affected countries and territories with more than
334,000 deaths (https://coronavirus.jhu.edu/map.html).
SARS-CoV host diversity

SARS outbreak in 2003 was supposed to be originated from
the masked palm civets. Genetic sequence analysis also
revealed the viruses isolated from this civet as highly ho-
mologous to the SARS-CoV genome.20 There was no record
of new SARS cases in the community after the destruction
and/or quarantine of all civets reared for human con-
sumption in China.20 Guan et al. characterized SARS-CoV
like particles from Himalayan palm civets in a live-animal
market in Guangdong, China.24 This is also evident to
infect with this strain in raccoon dog and human which
suggests an interspecies transmission of SARS-CoV-like vi-
ruses.23,24 Domestic cats and ferrets could be experimen-
tally infected with severe acute respiratory syndrome
coronavirus (SARS-CoV).25 The researchers used the SARS
virus which caused the death of a human.25 They demon-
strated that the infected animals could transmit the virus
to other healthy animals housed together through the virus
shedding from the pharynx.25 However, the infected cat
showed no clinical signs but the ferrets become lethargic
which suggests that the pet might act as reservoirs of SARS-
CoV. According to WHO, domestic cats living in the Amoy
Gardens in Hong Kong were infected with SARS-CoV during
the spring of 2003 where a hundred people contracted
SARS.37 This report suggests that cats may naturally get
infected with SARS-CoV from the infected human.
SARS-CoV-2 host diversity

SARS-CoV-2 natural infections in animals
There is no confirmed report on the animal to human
transmission of SARS-CoV-2 but few reports already showed
that some carnivores might be infected with SARS-CoV-2. A
pet dog had been confirmed as weak positive to the COVID-
19 virus on February 28, 2020, in Hong Kong reported by
Agriculture, Fisheries, and Conservation Department
(AFCD).38,39 A German shepherd breed of dog has found to
be SARS-CoV-2 positive in Hong Kong which is the second
case though the dog showed no clinical symptoms.40,41

Importantly, the dog owner had been previously diag-
nosed as COVID-19 positive.41 However, no other dogs in the
same group found to be positive for SARS-CoV-2. Recently,
one dog in the Netherlands found to be positive for SARS-
CoV-2 whose owner was a COVID-19 patient.42

A cat in Belgium that was infected with SARS-CoV-2
might be from its owner who traveled to northern Italy
with a history of COVID-19 illness. Laboratory test from
feces and vomit samples showed high levels of SARS-CoV-2
RNA as the cat showed respiratory illness, nausea, and
diarrhea.43 The AFCD announced on March 31, 2020 that,
SARS-CoV-2 has been detected from the oral cavity, nasal,
and rectal samples of a pet cat lived with a person COVID-
19 patient in Hong Kong and no clinical signs was
observed.44,45 CDC and US National Veterinary Services
Laboratories (NVSL) announced that two cats have found
as confirmed for SARS-CoV-2 on April 21, 2020 in New
York. One of them showed mild respiratory signs with no
history of COVID-19 patients of the cat’s owners or other
households. The owner of the second cat was COVID-19
positive and the cat showed respiratory signs.46 The first
cat with SARS-CoV-2 has been tested in French on May 2
whose owner was suffering from COVID-19. Interestingly,
the nasal swab of this cat showed negative whereas rectal
swab was tested positive for viral RNA though it is
suffering from the clinical signs of respiratory and diges-
tive problems. Three cats have been tested positive for
SARS-CoV-2 in Netherland in May, 2020. Surprisingly these
cats were lived on a mink farm; where minks were pre-
viously infected with SARS-CoV-2.42,47

The first case of a tiger infected with SARS-CoV-2 is on
April 5, 2020 in a zoo in New York announced by USDA Na-
tional Veterinary Services Laboratories.45 The tiger was
shown signs of respiratory illness such as dry cough and
decreased appetite.45 It was thought that the tiger prob-
ably got infected by a caretaker of the zoo who did not
show any symptoms of the disease but actively shedding
virus. According to USDA, a lion has been tested positive for
SARS-CoV-2 on April 15, 2020 in New York.46 However, on
April 22, the Wildlife Conservation Society (WCS)
announced that all tigers and lions of the above-mentioned
zoo have been tested positive for SARS-CoV-2 as confirmed
by the detection of viral RNA from fecal samples.45

Several minks of two different farms in the Netherlands
have been reported to be positive for SARS-CoV-2 as
announced by Dutch Minister of Agriculture, Nature, and
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Figure 1. Host range of SARS-CoV-2. Different pets/animals
are susceptible to SARS-CoV-2 might be occurred naturally
and/or experimentally.
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Food Quality on 26 April.45,47 The mink of these farms have
been suffering from gastrointestinal and respiratory dis-
eases. The caretakers of the farms were positive for COVID-
19 and it is believed that they are the sources on infection
for mink and mink-to-mink transmission helped the spread
of the virus.45,47 The SARS-CoV-2 has been detected in the
two more mink farms in the Netherlands (total of four
farms) announced on May 7, 2020.45

A cohort study conducted by Zhang et al. from January
to March 2020 in Wuhan, China after the outbreak of COVID-
19 showed that 15 among 102 cats were seropositive for
SARS-CoV-2.48 The sera samples were collected from animal
shelters or pet hospitals of Wuhan. Virus neutralization test
(VNT) confirmed that 11 of them contained the SARS-CoV-2
specific antibody. The sera of 39 cats retrieved from the
serum bank collected from Wuhan from march to May 2019
before the COVID-19 outbreak were negative for the SARS-
CoV-2 antibody. However, no viral RNA was detected from
the cats with SARS-CoV-2 specific antibody.48 These results
suggested that cats might be naturally infected with the
SARS-CoV-2 that caused COVID-19 in humans.

These reports suggest that SARS-CoV-2 could be trans-
mitted from humans to animals (Fig. 1). A microbiologist of
Pennsylvania School of Veterinary Medicine also explained a
concern whether pets can act as reservoir of SARS-CoV-2
need to be investigated when she talked to the science
magazine.39 Based on an experimental infection study the
authors also suggested to survey for SARS-CoV-2 in cats for
minimizing the COVID-19 in humans.28

Experimental infections in animals by SARS-CoV-2
and molecular evidences

Shi et al. reported that ferrets and cats might be experi-
mentally infected with SARS-CoV-2 strains of both envi-
ronments (SARS-CoV-2/F13/environment/2020/Wuhan; 13-
E) and human (SARS-CoV-2/CTan/human/2020/Wuhan;
CTan-H) isolates as confirmed by virus detection and spe-
cific respiratory clinical symptoms appeared on the infec-
tion.28 Moreover, they found infected cats may transmit
SARS-CoV-2 into the healthy cats lived together through
respiratory droplets or airborne routes.28 Results of similar
experiments showed that dogs are less susceptible to SARS-
CoV-2. However, pigs, chickens, and ducks are not suscep-
tible to SARS-CoV-2 as no viral RNA was detected and these
animals were seronegative.28 Moreover, the ACE2 mole-
cules responsible for binding with SARS-CoV-2 spike are
almost identical or similar in pigs, ferrets, cats, orangutans,
monkeys, and humans.26 Accordingly, SARS-CoV-2 spike RBD
domain binds with ACE2 of pigs, ferrets, cats, orangutans,
monkeys, and humans in similar efficiencies.26 Phylogenetic
clustering and sequence alignment study conducted by Qui
et al., 2020 found that ACE2 of several domestic animals
such as cat, cow, buffalo, goat, sheep, and pigeon could be
used by SARS-CoV-2.49 A Ferret can be experimentally
infected with causal agents of COVID-19.27 The infected
ferrets showed respiratory signs and shed the virus through
nasal washes, saliva, urine, and feces though none of them
died.27 Infected ferrets rapidly transmitted the virus to the
non-infected ones by direct or indirect contact which
suggests that ferrets are highly susceptible to SARS-CoV-
2.27,50 Moreover, recent research showed that animal cell
lines such as Vero and MDCKII are susceptible to VSV
pseudotypes surrounded SARS-CoV-2 spike protein.51 A
recent study reported that among all known Betacor-
onaviruses, SARS-CoV-2 has an extreme deficiency of CpG
that might be associated with the novel host intermediate
host.52 Xia, 2020 hypothesized that SARS-CoV-2 originated
from bat through the intermediate host dog which ingested
bat meat. The virus evolved by reducing CpG content in the
canid intestine thereby contaminated the respiratory sys-
tem and finally become a severe human pathogen by
evading the ZAP-mediated immune response.52 The author
also suggested monitoring the coronavirus in stray dogs for
proper fighting against SARS-CoV-2.52 In addition, Damas
et al., 2020 analyzed the ACE2 cross-species conservation
for the functional properties as a receptor for SARS-CoV-
2.53 Among 252 mammals, humans and different types of
monkeys are at high risk of SARS-CoV-2 whereas cat, dog,
cattle and goat, etc. at moderate risk.



Table 1 Summary of natural infections by SARS-CoV-2 in
animals.

Cases Host Date of reports Region References

1 Dog February 28, 2020 Hong Kong 38,39

2 Dog March 18, 2020 Hong Kong 40,41

3 Cat March 27, 2020 Belgium 43

4 Cat March 31, 2020 Hong Kong 44,45

5 Tiger April 5, 2020 New York 45,46

6 Lion April 15, 2020 New York 46

7 Cat April 21, 2020 New York 46

8 Cat April 21, 2020 New York 46

9 Mink April 26, 2020 Netherlands 45

SARS-CoV-2 host diversity 179
Genetic relationship of SARS-CoV-2 of human and
animals

SARS-CoV-2 isolated from humans until now are very much
related to coronaviruses isolated from bat populations.18

SARS-CoV outbreak in 2003 was also closely related to
coronavirus from bats.54 Genetic analysis of all of these
viruses suggests that they all have their ecological origin in
bat population, and transmission of the virus to humans has
likely occurred through an intermediate animal host. This
intermediate animal host might be a domestic animal, a
wild animal, or a domesticated wild animal that has not
been identified clearly yet. Although the zoonotic sources
of the SARS-CoV-2 are currently unknown pangolins and
snakes are the main suspects. Till now, several animals
(Table 1) have been found to be positive for SARS-COV-2,
during reviewing the data and/or articles, we tried to
compare the evolutionary relationship of these animal
isolates with humans, bat, pangolin and environment, etc.
Unfortunately, the genome sequences of all animal isolates
Figure 2. Evolutionary relationship of SARS-CoV-2 isolates of dog
were retrieved from the GISAID. The sequences were aligned and
10.1.8. The neighbor-joining algorithm was used with 1,000 replica
of SARS-CoV-2 have not been found in GISAID (https://
www.gisaid.org/), GenBank (https://www.ncbi.nlm.nih.
gov/genbank/sars-cov-2-seqs/) and China National Center
of Bioinformation (https://bigd.big.ac.cn/ncov/) except
few; hCoV-19/canine/Hong Kong/20e02756/2020 and
hCov-19/cat/China/Wuhan/2020, hCoV-19/tiger/USA/NY-
040420/2020, and >hCoV-19_France_B5458_2020. Results
of the phylogenetic tree showed that SARS-CoV-2 isolate
of a cat in Wuhan is closely related to bat and pangolin
isolates of the same region (Fig. 2). Similarly, the dog,
cat, and tiger isolates were found to be clustered with
the human isolates in the respective countries or regions
(Fig. 2). These results further support the local and
human to animal transmission occurrence of SARS-CoV-2.
However, according to the Agriculture, Fisheries and
Conservation Department (AFCD), the cat was found
positive for SARS-CoV-2 in Hong Kong but in the GISAID
(https://www.gisaid.org/) samples location of cat isolate
was Wuhan.44
Conclusions and recommendations

Several cats and one dog were infected during the SARS
outbreak 2002e2003. SARS was caused by a coronavirus
that transferred from a wild animal, the civet cat to
humans. Data are accumulating and scientists believe that
the SARS-CoV-2 may follow a similar path like SARS-CoV.
Cats, dogs, and ferrets are susceptible to SARS-CoV-2 ac-
cording to natural infections history and experimental re-
sults. All of the studies suggest a diversified host range
might be involved in the SARS-CoV-2 pandemic outbreak.
Whether the domestic pets might be the reservoir of SARS-
CoV-2 should be carefully investigated. Seroprevalence
study should be conducted in the COVID-19 affected re-
gions to monitor the SARS-CoV-2 silent infections in the
, cat, tiger, human, bat, and pangolin. The genome sequences
the phylogenetic tree was constructed using MEGA X version
tes of bootstrap analysis to build the tree.
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domestic pets especially cats, ferrets, and dogs. Moreover,
it would also be suggested to test the companion animals
which were with COVID-19 patients. SARS-CoV-2 infected
owners should avoid close contact with their pets. Humans
should take special protection during handling animals/pets
showing respiratory symptoms.
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