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Introduction
Coronaviruses (CoVs) are a group of large single-stranded ribonucleic acid (RNA) viruses, 
belong to the order Nidovirales, family Coronaviridae, and are classified based on the difference 
in protein sequences into four genera: alpha, beta, gamma and delta CoVs (Woo et al. 2012). The 
morphology represents crown-like spikes on the outer surface of the virus seen under electron 
microscope, thus acquiring the name coronavirus. The Evolution model suggests that bat CoV 
serves as gene sources of alpha- and beta-CoVs, whilst wild bird CoV serves as gene sources of 
gamma and delta CoVs (Wang & Zhang 2016; Woo et al. 2012). The beta-CoVs include severe 
acute respiratory syndrome coronavirus (SARS-CoV), the Middle East respiratory syndrome 
coronavirus (MERS-CoV) and severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 
(Chan et al. 2013). Coronavirsues of each genus are found in diverse animal species, including 
horses, cattle, pigs, dogs, cats, birds, rabbits, rats and ferrets and other wildlife animals, and 
some are infective in humans (Chan et al. 2013). They cause mild to severe diseases in animals 
and humans. Clinical signs and symptoms include respiratory, enteric, hepatic, renal and 
neurological manifestations, amongst other forms of the disease. It remains unclear as to how 
CoVs of each species have evolved, but different evolution models have been proposed, 
including a model where the bat CoVs serve as a gene source of all CoVs (Cui, Fang & Zheng-Li 
2019). Coronavirsues have constantly crossed species barriers and some have emerged as 
important human pathogens (Cui et al. 2019). 

Coronavirus species that cause important diseases in animals include avian infectious bronchitis 
virus, transmissible gastroenteritis virus in pigs, porcine epidemic diarrhoea virus and swine 
acute diarrhoea syndrome CoV. The first known severe disease caused by a CoV in humans 
emerged with the aevere acute respiratory syndrome (SARS) epidemic in China (Guan et al. 2003; 
Kuiken et al. 2003; Zhou et al. 2020), which killed 774 people during its 2002/2003 outbreak. The 
Middle East respiratory syndrome (MERS) was the second human disease, which started in 2012 
in Saudi Arabia, resulting in 858 fatalities (Van Boheemen et al. 2012; Zaki et al. 2012). In December 
2019, a new virus began to spread worldwide because of the high rate of its transmission; 
5.2 million got infected and 338 480 died from December 2019 to May 2020 (WHO 2020). The 
disease is caused by an infection with a novel coronavirus SARS-CoV-2 and was named COVID-19, 
which stands for CoV disease 2019 (Guan et al. 2003; Zhou et al. 2020).

The first known severe disease caused by a coronavirus (CoV) in humans emerged with the 
severe acute respiratory syndrome (SARS) epidemic in China, which killed 774 people during 
its 2002/2003 outbreak. The Middle East respiratory syndrome (MERS) was the second human 
fatal disease, which started in 2012 in Saudi Arabia and resulted in 858 fatalities. In December 
2019, a new virus, SARS-CoV-2 (COVID-19), originating from China, began generating 
headlines worldwide because of the unprecedented speed of its transmission; 5.2 million 
people were infected and 338 480 had been reported dead from December 2019 to May 2020. 
These human coronaviruses are believed to have an animal origin and had reached humans 
through species jump. Coronaviruses are well known for their high frequency of recombination 
and high mutation rates, allowing them to adapt to new hosts and ecological niches. This 
review summarises existing information on what is currently known on the role of wild and 
domesticated animals and discussions on whether they are the natural reservoir/amplifiers 
hosts or incidental hosts of CoVs. Results of experimental infection and transmission using 
different wild, domesticated and pet animals are also reviewed. The need for a One Health 
approach in implementing measures and practices is highlighted to improve human health 
and reduce the emergence of pandemics from these zoonotic viruses.
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Coronaviruses have high mutation rates which allow them to 
adapt to new hosts and ecological niche (Cui et al. 2019). This 
review article discusses the animal origin and hosts of human 
coronaviruses (HCoVs), summarising existing information 
on what is currently known on the role of wildlife animals, 
domesticated and pet animals, and whether they are the 
natural reservoir hosts, intermediate hosts or incidental hosts 
of CoVs. It is important to determine the host range of the 
HCoVs for prevention and control purposes, risk assessments, 
development of diagnostic techniques, vaccines and 
therapeutics. The interdisciplinarity nature of a One Health 
approach presents an ideal opportunity to deal with such 
complex pandemics engaging professionals from different 
disciplines, including medical professionals, veterinary 
professionals, environmental health and social sciences 
(Kelly et al. 2017). 

Methodology
The search focus of this review was on the zoonotic origin 
and susceptibility of pet and wildlife animals to HCoVs. 
Literature was accessed from Google Scholar and MEDLINE/
PubMed and the inclusion criteria in our literature search 
covered the period from the first occurrence of HCoV 
pandemic in 2002 to the current COVID-19 pandemic till 
September 2020, and included the following:

• The role of wild, domesticated and pet animals in the 
maintenance and transmission of the CoVs (search terms: 
‘coronavirus transmission’, ‘wildlife’, ‘companion 
animals’, ‘livestock’)

• Results from experimental infection and transmission 
using different wild, domesticated and pet animals 
(search terms: ‘coronavirus transmission’, ‘experimental 
infection’ and ‘laboratory animals’).

• The potential of pet and wildlife animals acquiring CoV 
infection from infected persons who have had close 
contact with such animals (search terms: ‘coronavirus 
natural transmission’ and ‘human–pet animals/wildlife 
transmission’).

For this review, a reservoir host is defined as one in which the 
infectious agent normally lives and multiplies and is, 
therefore, a common source of infection to other animals; 
thus, it is frequently an ancestral/natural host. It harbours 
HCoV permanently and the virus is usually well adapted 
and non-pathogenic to the host. Because the infectious agent 
frequently depends upon the natural host for its long-term 
existence, the host is also called a maintenance host 
(Thrusfield 2005). An intermediate host is a new host, which 
becomes infected with HCoV from the natural/reservoir 
host before or at the time of its introduction to humans. The 
virus may be amplified in the intermediate host and in this 
case serves as the zoonotic source of human infection 
(Thrusfield 2005). An amplifier host is one in which the 
virus multiplies rapidly to high levels, providing an 
important source of infection. Such an animal, because of 
temporal increase in its population size, may suddenly 
increase the magnitude of the infecting virus (Thrusfield 2005). 

Incidental (dead-end or accidental) host is defined as a host 
that does not usually transmit the virus to other animals 
(Thrusfield 2005). 

The aspects of HCoVs transmission, pathogenesis, genomic 
and vaccines studies, control and socioeconomics were 
excluded.

Ethical consideration
This article followed all ethical standards for a research 
without direct contact with human or animal subjects.

Results and discussion
Severe acute respiratory syndrome
Search results showed reports which revealed that early 
infected human cases of SARS in 2002 and 2003 had history 
of contact with live game animal markets or handling meat 
for consumption in the Guangdong province of southern 
China (Zhong et al. 2003). The epidemiological linkage of the 
initial human cases to wild game animals suggested that 
SARS-CoV is zoonotic in origin (Guan et al. 2003). 

Natural reservoir host
Following wide surveillance using next-generation 
sequencing performed in wild animals, over 200 novel CoVs 
have been identified in bats, and 35% of the bat virome 
sequenced is composed of CoVs (Banerjee et al. 2019; Woo 
et al. 2010). Generally, CoVs do not cause apparently overt 
disease in bats and this was confirmed following experimental 
infection. They have been identified as natural reservoir 
hosts for a number of highly lethal viral diseases in human 
and domestic animals (Fan et al. 2019). Bats are one of the 
oldest mammalian groups with a unique immune system, 
which allows them to be asymptomatic carriers of these 
viruses (Allocati et al. 2016; O’Shea et al. 2014). In addition, 
they have a long lifespan and can fly across large geographical 
regions. Bats are known as major evolutionary reservoirs and 
ecological drivers of CoVs diversity that may spill over to 
humans and cause disease (Banerjee et al. 2019; Martina et al. 
2003; Tu et al. 2004). The contact rate amongst bats and 
between bats and humans or domestic animals is a major 
contributing factor to zoonotic virus transmission. 

The novel CoVs related to human SARS-CoV (SARS-rCoVs) 
were discovered in horseshoe bats (genus Rhinolophus) in 
China and Hong Kong (Lau et al. 2005; Martina et al. 2003; 
Tu et al. 2004). These SARS-rCoVs showed a genome 
sequence identity of 88% – 90% amongst the group and 87% 
– 92% identity to human or palm civet SARS-CoV isolates 
(Ge et al. 2013; Li et al. 2005).

Intermediate hosts
Investigations were carried out on seven wild and one 
domestic animal species in a live animal market in 
southern China that supplied meat in restaurants in 
Guangdong province (Guan et al. 2003). Of the apparently 
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healthy masked palm civets (Paguma larvata), which came 
from several different owners, four out of six tested 
positive for SARS-like virus. One raccoon dog (Nyctereutes 
procyonoides) was found to have the virus in faeces. Sera 
from the palm civets and the raccoon dog had neutralising 
antibody to the animal CoV (Tu et al. 2004). Similarly, sera 
from people who recovered from SARS inhibited the 
growth of virus from the civets (Lau et al. 2005). This 
cross-reaction is a strong indication that these viruses are 
similar and that these animals serve as intermediate hosts. 
Moreover, the full-length genome sequence of the animal 
CoV (S CoV) had 99.8% homology to the human SARS-
CoV, indicating that they are closely related (Guan et al. 
2003; Lau et al. 2010; Skowronski et al. 2005). Masked 
palm civets that had not been exposed to live animal 
markets tested negative for SARS-CoV, implying that palm 
civets serve as the intermediate amplifying host but not 
the natural reservoir of SARSCoV (Cheng et al. 2007; Song 
et al. 2005; Ye et al. 2020).

Experimental animal infection
Palm civets (Paguma larvata) were shown to be susceptible 
and exhibited symptoms after experimental infection by 
SARS-CoV (Guan et al. 2003). Chinese ferret badgers 
(Melogale moschata), raccoon dogs and domestic cats (Felis 
domesticus) were also susceptible to infection by SARS-CoV 
(Martina et al. 2003). Cats remained asymptomatic, although 
some of the infected ferrets died of the disease. A primate 
model using cynomolgus macaques (Macaca fascicularis), 
which showed clinical and pathological features with some 
similarities to those found in humans, proved the theory 
(Koch’s postulate) that SARS-CoV is the causative agent of 
SARS (Cheng et al. 2007; Fouchier et al. 2003; Martina et al. 
2003). Golden Syrian hamsters (Mesocricetus auratus) were 
found suitable for immune-prophylaxis and treatment 
studies as clinical signs were accompanied by high levels of 
viral titres and histopathological lesions (Roberts et al. 2005). 
Similarly, inoculated common marmosets generally had 
mild clinical disease and histopathological changes of 
pneumonia with extrapulmonary dissemination and high 
levels of viral replication in affected tissues (Greenough et al. 
2005). Pigs and chickens are not susceptible to SARS-CoV 
(Weingartl et al. 2004). An important observation of these 
experimental animal infections is the diverse range of 
mammalian species that are susceptible to infection by 
SARS-CoV, which again demonstrated that SARS-CoV is 
highly capable of jumping interspecies barriers and is an 
excellent candidate as an emerging or re-emerging zoonotic 
pathogen (Cui et al. 2019). 

These findings suggest that the wild animal markets 
provided a venue for the animal SARS CoV-like virus to 
amplify and transmit to new hosts, including humans. A 
mass cull of civet cats was undertaken for disease control in 
China in early 2004 following re-emergence of human cases 
with a possible link to these animals (Skowronski et al. 
2005). It is not, however, clear whether any single animal 
species or different species of these animals is the 

intermediate host in the wild (Cheng et al. 2007; Vijayanand, 
Wilkins & Woodhead 2004). These results also throw light 
on the animal origin and evolution of SARS-CoV at the 
beginning of the SARS epidemic.

Middle East respiratory syndrome
The MERS caused by a novel CoV (MERS-CoV) was first 
isolated in the Kingdom of Saudi Arabia in 2012 (Cotton et al. 
2014; Zaki et al. 2012).

Natural reservoir host
Middle East respiratory syndrome-related CoVs have been 
found in several bat families, including Vespertilionidae, 
Molossidae, Nyteridae and Emballonuridae from the Middle 
East, Africa, the Americas, Asia and Europe (Anthony et al. 
2013; Fan et al. 2019; Ithete et al. 2013; Memish et al. 2013; 
Mohd, Al-Tawfiq & Memish 2016). A CoV from Egyptian 
tomb bats, Taphozous perforates, showed 100% nucleotide 
identity to virus from the human index case patient (Memish 
et al. 2013). Ithete et al. (2013) reported the identification of a 
South African bat-derived CoV from Neoromicia zuluensis bat 
that has the closet phylogenetic relationship with MERS-
CoV, termed PML/2011. This PML/2011 differed from 
MERS-CoV by only one amino acid exchange and is the 
closest to MERS-CoV. A CoV with 96.5% amino acid identity 
to MERS-CoV was found in a Nyctinomops laticaudatus bat 
from Mexico (Anthony et al. 2013). Nycteris gambiensis, from 
Ghana, was found to carry 2c beta-CoVs (Mohd et al. 2016). 
The same authors screened Pipistrellus bat species from 
Europe, where 14.7% were found to carry the 2c beta-CoV. 
Both 2c beta-CoVs isolated are genetically very closely 
related to MERS-CoV (Mohd et al. 2016). All types of bat 
MERS-related CoVs have been identified in the 
Vespertilionidae bat family and in multiple species in China 
(Fan et al. 2019). The MERS coronavirus infection in humans 
related to human–camel contact has only occurred in Saudi 
Arabia and not in any other continent. Overall, this 
relatedness of the CoV found in different bat species 
indicates that MERS-CoV originated from bats (Annan et al. 
2013; Cui et al. 2019).

Intermediate host
Dromedary camels have been found to harbour the same 
MERS-CoV and MERS-CoV-like antibodies as humans and 
to shed the virus in high numbers in secretions from the 
upper respiratory tract (Adney et al. 2014). Cross-reactive 
antibodies to MERS-CoV have been found in dromedary 
camels in Oman, Canary Islands and Egypt (Perera et al. 
2013; Reusken et al. 2013). In addition, a fatal case of human 
MERS-CoV infection was transmitted through contact with 
an infected camel with rhinorrhoea, and the full genome 
sequence of the isolates from the patient and the camel was 
identical (Azhar et al. 2014). It has been reported that a high 
proportion of dromedaries at a slaughterhouse shed nasal 
MERS-CoV, with a high risk of human exposure and potential 
of driving the epidemic (Farag et al. 2015). 
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The detection of MERS-CoV-specific antibodies with high 
prevalence in camels from the Middle East, Africa and Asia, 
the high genetic stability of the virus in camel populations 
and the high genetic identity between human and camel 
strains point to the evidence that MERS-CoV is perfectly 
adapted to camels and has been spread freely in this 
domesticated animal for a long time (Muller et al. 2014). 
Camels experimentally infected with MERS-CoV showed 
only mild symptoms but with massive virus shedding 
through respiratory route and faecal-oral route. Middle East 
respiratory syndrome coronavirus adapts in camels and 
maintains long-term endemicity and, therefore, the 
intermediate host can be defined as a natural secondary 
reservoir host with a spillover human infection (Ye et al. 
2020). Approximately 55% of primary MERS-CoV cases are 
caused as a result of direct contact with dromedary camels or 
camel products (Conzade et al. 2018). 

Experimental animal infection
Several animal species have been experimentally infected 
with MERS-CoV, including rhesus macaques, cynomolgus 
macaques, marmosets, ferrets, mice, Syrian hamsters, rabbits 
and dromedary camels (Adney et al. 2014; Falzarano et al. 
2014; Yao et al. 2014). The outcome and development of 
lower respiratory tract disease varied in these animal models. 
Rhesus macaques were infected with MERS-CoV using 
intratracheal inoculation. The infected monkeys showed 
clinical signs of the disease (mild to moderate respiratory 
disease) with virus replication in lungs, lymph nodes, upper 
respiratory tract, histological lesions, and neutralising 
antibody production, indicating that this monkey model is 
suitable for studies of MERS-CoV infection (Yao et al. 2014). 
The infection of marmosets revealed broncho-interstitial 
pneumonia and viral antigen detected in the lungs and had 
viral titres a 1000-fold higher than that in rhesus macaques 
(Falzarano et al. 2014; Kuiken et al. 2003; Skariyachan et al. 
2019). The clinical symptoms in the common marmoset 

model were mild to severe respiratory disease (Falzarano 
et al. 2014; Skariyachan et al. 2019). New Zealand white 
rabbits have been proved to shed MERS-CoV from their 
upper respiratory tract, but remained asymptomatic after 
MERS-CoV inoculation (Skariyachan et al. 2019; Zaki et al. 
2012). Infected transgenic mice showed severe respiratory 
disease, weight loss and 100% mortality (Agrawal et al. 2015). 
Jamaican fruit bats infected with MERS-CoV had the virus 
detected in their respiratory and intestinal tracts for 9 days, 
with no overt signs of the disease (Munster et al. 2016).

There is no evidence of sustained human-to-human 
transmission in the community and no evidence of airborne 
transmission as main routes of transmission from all 
information available from recent MERS-CoV cases (WHO 
2019b). In epidemiological terms, MERS-CoV was not 
considered of pandemic potential (Table 1). Cases resulting 
from animal-to-human transmission will continue to occur 
and will eventually lead to limited community transmission 
within households. Infected camels shed MERS-CoV through 
nasal and eye discharge, faeces, milk, meat and urine. Such 
camels may not show any signs of infection, which places a 
great risk in any contacts made with camels that can 
potentially infect humans. Consistent application of adequate 
prevention and control measures has been used to prevent 
virus transmission (WHO 2019b).

Severe acute respiratory syndrome coronavirus 2
The ongoing novel coronavirus outbreak is the third highly 
infectious disease emerging at the animal–human interface, 
causing considerable concern and disruption as it spreads 
across the world (Murdoch & French 2020). The index cases 
were epidemiologically linked to seafood and live wholesale 
animal market in Wuhan, Hubei province, China, in 
November 2019. The world case fatality rate for COVID-19 is 
6.9%, higher than that of the influenza H1N1 2009 pandemic 
(< 1%) and is low compared to 10% for SARS-CoV and 34.5% 

TABLE 1: Summary of epidemiological data for severe acute respiratory syndrome coronavirus, Middle East respiratory syndrome coronavirus and severe acute respiratory 
syndrome coronavirus 2.
Epidemiological/biological characteristics SARS-CoV MERS-CoV SARS-CoV-2

Transmissibility, date of outbreak Pandemic, 2002/2003 Epidemic† 2012 Pandemic, 2019
Origin of outbreak Guangdong province, China Saudi Arabia Wuhan, Hubei province, China
Natural reservoir host Horseshoe bats Horseshoe bats Horseshoe bats
Intermediate host Probably palm civet, raccoon dogs, 

Chinese ferret badger‡
Camel/dromedary Probably pangolins

Acquired/incidental host Chinese ferret badgers, raccoon dog Not known‡ Zoo tiger, lion, mink, cats, dog
Experimental positive transmission Palm civets, Chinese ferret badgers, 

domestic cats, cynomolgus macaques, 
Golden Syrian hamsters, common 
marmosets

Rhesus macaques, common marmoset, 
New Zealand white rabbits, Transgenic 
mice

Ferrets, cats, dogs

Human transmission Human-to-human Camel/Human-to-human Human-to-human
Total positive global infections 8096 2499 5 229 444
Total global death 774 858 338 480
Case fatality rate 9.6% 34.5%¶ 6.5%§

MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.
†, MERS-CoV was not considered of pandemic potential.
‡, No MERS-CoV pathogenesis was observed in small animals.
¶, Cheng et al. (2007), WHO (2019a).
§, WHO (2020).
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for MERS-CoV (Table 1). The WHO (2020) declared the 
outbreak as a public health emergency of international 
concern (pandemic) on 30 January 2020.

Natural reservoir host
Genomic analysis revealed that SARS-CoV-2 is 
phylogenetically related to severe acute respiratory 
syndrome-like (SARS-like) bat viruses; therefore, bats could 
be the possible primary reservoir (Hu et al. 2017; Zhou et al. 
2020). Severe acute respiratory syndrome-coronavirus 2 
belongs to the species SARS-rCoV together with SARS-CoV 
from humans and SARS-rCoVs from horseshoe bats 
(Gorbalenya et al. 2020; Wu et al. 2020), concluding that 
SARS-CoV-2 has a bat origin. According to genome sequences 
available so far, the virus most closely related (96.2% of 
nucleotide sequence identity) to SARS-CoV-2 is strain 
BatCoVRaTG13 identified from a bat, Rhinolophus affinis, 
from Yunnan province, China, followed by SARS-rCoVs 
identified from pangolins (Tang et al. 2020).

Intermediate host
The pangolin (Manis javanica) was found to harbour a CoV, 
beta-CoVs, which is strikingly homologous to SARS-CoV-2. 
This indicates that pangolins might serve as one of the 
intermediate hosts or that the pangolin beta-CoVs could 
contribute gene fragments to the final version of SARS-CoV-2 
(Contini et al. 2020). Scientists have been working to identify 
the source of SARS-CoV-2 (Cyranoski 2020; Lam et al. 2020; 
Lau et al. 2020; Xiao et al. 2020), and high-throughput 
sequencing of pangolins tissues obtained before the 
occurrence of COVID-19 pandemic revealed the presence of 
CoV sequences that fall into the SARS-CoV-2 lineage (Lam 
et al. 2020). The genome sequence of one virus isolate had 
very high similarity (99.83% – 99.92%) to genomic 
organisations to SARS-CoV-2. Another study suggested that 
SARS-CoV-2 might be a recombinant virus, with its genome 
backbone evolved from Yunnan bat-virus-like SARSr-CoVs 
and from the pangolin-virus-like SARSr-CoVs (Cyranoski 
2020). The discovery of multiple lineages of pangolin CoV 
and their similarity with SARSCoV-2 suggest that pangolins 
should be considered as possible intermediate hosts in the 
emergence of novel CoVs and should be removed from wet 
markets to prevent zoonotic transmission.

Incidental hosts
Cats: Previous reports have shown that SARS-CoV can infect 
cats (Martina et al. 2003), implying that they might also be 
susceptible to SARS-CoV-2. Chinese researchers investigated 
the serological prevalence of SARS-CoV-2 in pet cats after the 
outbreak by an indirect enzyme-linked immunosorbent 
assay (ELISA) and virus neutralisation test (Zhang et al. 
2020). The results indicated that 14.7% (15/102) of the cat 
blood samples collected after the outbreak tested positive for 
the presence of antibodies specific for SARS-CoV-2. Three 
cats owned by COVID-19-affected patients had the highest 
levels of antibodies and this might suggest a cat–human 
transmission of SARS-CoV-2 and further studies are urgently 
needed to confirm this.

Human–pet cat transmission has been reported from several 
countries. A pet cat in Spain whose owner had recently died 
of COVID-19 tested positive for SARS-CoV-2 by reverse 
transcription-polymerase chain reaction (RT-PCR) (American 
Veterinary Medical Association 2020; Segalésa et al. 2020). In 
France, SARS-CoV-2 RNA was detected in samples collected 
from a cat whose owner was suspected to have COVID-19. A 
second SARS-CoV-2-positive cat had developed clinical signs 
of respiratory disease, including cough, and was examined 
several times. The nasopharyngeal sample was positive for 
SARS-CoV-2 (American Veterinary Medical Association 2020; 
Fritz et al. 2021). Two pet cats with confirmed cases of 
SARS-CoV-2 infection in New York had clinical signs of a 
mild respiratory illness. The owner of the first cat assumed to 
be an asymptomatic carrier and the second cat owner had 
tested positive for COVID-19 before the cat became ill 
(American Veterinary Medical Association 2020; Newman 
et al. 2020). In Belgium, SARS-CoV-2 RNA was detected by 
RT-PCR and high-throughput sequencing PCR in the faeces 
and vomit of a cat with digestive and respiratory clinical 
signs. The cat was owned by a person confirmed to be 
infected with SARS-CoV-2 (American Veterinary Medical 
Association 2020; Brown 2020). Using RT-PCR, a cat in 
Germany was confirmed to be infected with SARS-CoV-2. 
The owner had died of COVID-19 (American Veterinary 
Medical Association 2020).

Zoo tigers and lions: The United States Department of 
Agriculture’s (USDA) National Veterinary Services 
Laboratories confirmed that a 4-year-old Malayan tiger at 
New York’s Bronx Zoo tested SARS-CoV-2 positive (USDA 
2020). This is the first report of a tiger being infected with 
COVID-19. Samples from the tiger were taken and tested 
after several lions and tigers at the zoo showed symptoms of 
respiratory illness and decreased appetite. However, only 
samples from the tiger were taken for diagnosis. 

Dogs: Dogs belonging to COVID-19-infected owners were 
screened for SARS-CoV-2 during the outbreak in China (Sit 
et al. 2020). Two out of 15 dogs from households with 
confirmed human cases of COVID-19 were found to be 
infected using quantitative RT–PCR, serology, sequencing 
the viral genome, and in one dog, virus isolation. Severe 
acute respiratory syndrome-coronavirus 2 RNA was detected 
from nasal and oral swabs. Both dogs had seroconverted 
using neutralisation assays. Viral genetic sequences of 
viruses from the two dogs were identical to the virus detected 
in the respective human cases. The animals remained 
asymptomatic during quarantine. The results suggest that 
there are instances of human-to-animal transmission of 
SARS-CoV-2, although it is unclear whether infected dogs 
can transmit the virus to other animals or to humans.

Minks: Four mink farms have been reported positive for 
SARS-CoV-2 in the Netherlands since the start of the outbreak 
(Oreshkova et al. 2020; American Veterinary Medical 
Association 2020), and there are concerns about the potential 
for widespread transmission of the virus. The affected farms 
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had reported an increased incidence of gastrointestinal and 
respiratory disease, including fatal infections, with pregnant 
minks developing more serious disease with increased 
mortality. The disease was confirmed in sick minks by SARS-
CoV-2-specific PCR assay. It was believed that the virus was 
transmitted to minks by COVID-19-infected farm caretakers; 
however, mink-to-mink transmission could have spread the 
virus within each farm. 

Experimental animal infection
Ferrets: The Chinese ferret badgers (Melogale moschata) was 
infected with SARS-CoV and showed clinical signs and 
efficient transmission between infected and naïve controls 
(Roberts et al. 2005). Based on these results, ferrets were 
considered as suitable animal models for SARS-CoV-2, and 
hence studies to use ferrets as an experimental animal model 
to evaluate treatments and vaccines for the disease in humans 
were performed by Kim et al. (2020). The authors have shown 
in a comprehensive study that ferrets can be infected 
experimentally with SARS-CoV-2, can shed virus in body 
discharges and transmit the infection to other naïve ferrets. 
High levels of viral RNA were detected in nasal washes of all 
infected ferrets, between 2 and 8 days after COVID-19 
inoculation. Three naive ferrets were placed in contact with 
the infected ones, and they all became infected, showing that 
the virus is transmissible between ferrets. Ferrets appear to 
be susceptible to infection but less so to disease and no 
mortality. Infectious virus was detected from the nasal 
washes of all ferrets but not from the rectal swabs. Antibodies 
against SARS-CoV-2 were detected in all ferrets by an ELISA 
and a neutralisation assay test. Ferrets have already been 
used as models in influenza studies (Bouvier 2015), and 
several laboratories have started COVID-19 research using 
these highly susceptible animals. 

Cats: In an infectivity study carried out under laboratory 
conditions (Shi et al. 2020), viral RNA was detected in the 
upper and lower respiratory tracts and in the small intestine 
of two cats that were euthanised on days 3 and 6 post-
infection. Infectious virus was detected in the respiratory 
system, and droplet transmission had occurred between cats. 
All virus-inoculated cats and one exposed cat had developed 
antibody tested by ELISA and neutralisation assays. In SARS-
CoV-2 direct contact transmission study (Halfmann et al. 
2020), three domestic cats were inoculated with the virus and 
each was co-housed with a naïve cat 1 day after inoculation 
of the virus. Nasal and rectal swab specimens were taken 
daily and tested for infectious virus on Vero-E6 cells. The 
virus was detectable in all three inoculated cats and the three 
co-housed cats. All the cats remained asymptomatic and all 
had high IgG antibody titres. 

Dogs: In a SARS-CoV-2 infectivity and direct transmission 
study under controlled conditions (Shi et al. 2020), five 
3-month-old dogs were inoculated intra-nasally and co-housed 

with two uninoculated dogs. Pharyngeal and rectal swab 
specimens were collected from days 2 to 14 post-infection. 
Viral RNA was positive in the rectal swabs; however, infectious 
virus and viral RNA were not detected in any swabs, organs or 
tissues collected from a euthanised positive dog. Only two 
dogs out of four of the inoculated dogs had positive antibody 
titres, whilst the two contact dogs tested seronegative. These 
results concluded that dogs are less susceptible to SARS-CoV-2. 

Other domestic and wildlife animals: Susceptibility of pigs, 
chickens and ducks to SARS-CoV-2 was investigated by 
using the virus intra-nasal inoculation methodology as that 
used to assess cats and dogs (Shi et al. 2020). Infected animals 
were housed in the same room with their uninfected species 
to investigate the transmission of the virus. Viral RNA was 
not detected in any swabs collected from the inoculated 
animals or from naïve contact animals. Viral RNA was not 
detected in all organs examined in euthanised pigs and all 
the animals were seronegative. These results indicate that 
pigs, chickens and ducks are not susceptible to SARS-CoV-2.

One Health approach to control CoV disease 2019 pandemic: 
To prevent the spread of the novel COVID-19, the Chinese 
government banned the trade in wild animals. A similar 
measure was also introduced in 2003 for SARS, but this 
control measure was not sustained. Continuous surveillance 
of mammals is essential for a better understanding of the 
ecology of CoVs and for the prevention of animal-to-human 
transmission of the disease (Zhou et al. 2020). 

With reports of positive transmission of SARS-CoV-2 from 
humans to domestic cats and to tigers and lions at the Bronx 
Zoo (USDA 2020), coupled with these experimental data 
showing the ease of transmission between domestic cats, there 
is a public health need to recognise and further investigate the 
potential chain of human–cat–human transmission. This is of 
importance, given the potential for SARSCoV-2 transmission 
between family members in households with cats whilst living 
under ‘lockdown’ regulations. Moreover, cats may be passive 
intermediate host of SARS-CoV-2 because infected cats may 
not show any appreciable symptoms that might be recognised 
by their owners. Given the need to stop the COVID19 pandemic 
through various mechanisms, including breaking transmission 
chains, a better understanding of the role cats and other 
domesticated animals may play in the transmission of SARS-
CoV-2 to humans is needed and emphasises the importance of 
closer collaboration amongst various scientific disciplines and 
stakeholders following the One Health approach.

Conclusion
Three pandemics caused by the highly pathogenic HCoV of 
zoonotic origin occurred during 2002, 2012 and 2019. Table 1 
summarises the epidemiological data for SARS-CoV, MERS-
CoV and SARS-CoV-2. In the case of MERS-CoV, there is no 
evidence of sustained human-to-human transmission in the 
community and no evidence of airborne transmission as main 
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routes of transmission (WHO 2019a). In contrast, the diversity 
of animal species susceptible to SARS-CoV and SARS-Cov-2 
strongly suggests a jump of these viruses to cross species 
barrier. Based on current information, the three HCoVs that are 
presumed to have originated from their natural reservoir hosts, 
the bats and their intermediate hosts have also been identified. 
The intermediate hosts for SARS-CoV proven to date are the 
masked palm civets and raccoon dogs. This pandemic was 
controlled by the elimination of the intermediate host, palm 
civets, from live markets in China. Middle East respiratory 
syndrome coronavirus closely related to bat CoV were 
identified in countries in four continents, which implied that 
the natural reservoir host originated from bats. However, none 
of these geographical areas investigated, except for Saudi 
Arabia, is known for MERS-CoV primary infection in humans. 
The high prevalence of antibody titres, the high genetic stability 
of the virus and the high genetic identity between camel and 
human strain are all evidence that MERS-CoV is perfectly 
adapted and maintained amongst camels over the years. 
Therefore, camels are intermediate hosts in this situation and 
can be referred to as natural secondary reservoir hosts. A 
phylogenetic analysis showed that SARS-CoV-19 significantly 
clustered with a sequence from the bat SARS-like CoV isolated 
in 2015 and that the transmission chain began from the bat 
(Benvenuto et al. 2020). Severe acute respiratory syndrome-
coronavirus 2-related CoVs were identified in Malayan 
pangolins, which suggests that pangolins should be considered 
as possible intermediate hosts in the emergence of SARS-
CoV-19. Incidental infections, experimental infectivity and 
transmission findings from laboratory studies have shown that, 
of the animal species screened and investigated so far, cats are 
the most susceptible species for COVID-19. Public Health and 
Veterinary Services should work together using a One Health 
approach to share information and conduct a risk assessment 
when a person with COVID-19 reports being in contact with 
companion animals or other animals. It is recommended that 
RT-PCR should be used to test oral, nasal and faecal/rectal 
samples of such animals. However, there is no conclusive 
evidence that domestic and wildlife animals can actively 
transmit SARS-CoV-2 to humans. On the other hand, scientific 
research and epidemiological investigations are yet to start.

Acknowledgements
Competing interests
The authors have declared that no competing interests exist.

Authors’ contributions
All authors contributed equally to this work.

Funding information
This research received no specific grant from any funding 
agency in the public, commercial or not-for-profit sectors.

Data availability statement
Data sharing is not applicable to this article as no new data 
were created or analysed in this study.

Disclaimer
The views and opinions expressed in this article are those of 
the authors and do not necessarily reflect the official policy or 
position of any affiliated agency of the authors.

References
Adney, D.R., Van Doremalen, N., Brown, V.R., Bushmaker, T., Scott, D., De Wit, E. 

et al., 2014, ‘Replication and shedding of MERS-CoV in upper respiratory tract of 
inoculated dromedary camels’, Emerging Infectious Diseases 20(12), 1999–2005. 
https://doi.org/10.3201/eid2012.141280

Agrawal, A.S., Garron, T., Tao, X., Peng, B., Wakamiya, M., Chen, T.S. et al., 2015, 
‘Generation of a transgenic mouse model of Middle East respiratory syndrome 
coronavirus infection and disease’, Journal of Virology 89(7), 3659–3670. https://
doi.org/10.1128/JVI.03427-14

Allocati, N., Petrucci, A.G., Di Giovanni, P., Masulli, M., Di Ilio, C. & De Laurenzi, V., 
2016, ‘Bat–man disease transmission: Zoonotic pathogens from wildlife reservoirs 
to human populations’, Cell Death Discovery 2(1), 16048. https://doi.org/10.1038/
cddiscovery.2016.48

American Veterinary Medical Association, 2020, In-depth summary of reports of 
naturally acquired SARS-CoV-2 infections in domestic animals and farmed or 
captive wildlife, viewed 08 June 2020, from https://www.avma.org/resources-
tools/animal-health-and-welfare/covid-19/depth-summary-reports-naturally-
acquired-sars-cov-2-infections-domestic-animals-and-farmed-or.

Annan, A., Baldwin, H.J., Corman, V.M., Klose, S.M., Owusu, M., Nkrumah, E.E. et al., 
2013, ‘Human betacoronavirus 2c EMC/2012-related viruses in bats, Ghana and 
Europe’, Emerging Infectious Diseases 19(3), 456–459. https://doi.org/10.3201/
eid1903.121503

Anthony, S.J., Ojeda-Flores, R., Rico-Chavez, O., Navarrete-Macias, Z., Zambrana-
Torrelio, C.M., Rostal, M.K. et al., 2013, ‘Coronaviruses in bats from Mexico’, 
Journal of General Virology 94(Pt 5), 1028–1038. https://doi.org/10.1099/
vir.0.049759-0

Azhar, E.I., El-Kafrawy, S.A., Faarj, S.A., Hassan, A.M., Al-Saeed, M.S., Hashem, 
A.M. et al., T.A., 2014, ‘Evidence for camel-to-human transmission of MERS 
coronavirus’, The New England Journal of Medicine 370(26), 2499–2505. https://
doi.org/10.1056/NEJMoa1401505

Banerjee, A., Kulcsar, K., Misra, V., Frieman, M. & Mossman, K., 2019, ‘Bats and 
coronaviruses, a review’, Viruses 11(1), 41. https://doi.org/10.3390/v11010041

Benvenuto, D., Giovanetti, M., Ciccozzi, A., Spoto, S., Angeletti, S. & Ciccozzi M., 2020, 
‘The 2019-new coronavirus epidemic: Evidence for virus evolution’, Journal of 
Medical Virology 92(4), 455–459. https://doi.org/10.1002/jmv.25688

Bouvier, N.M., 2015, ‘Animal models for influenza virus transmission studies: A 
historical perspective’, Current Opinion in Virology 13(1), 101–108. https://doi.
org/10.1016/j.coviro.2015.06.002

Brown, L., 2020, First known cat infected with coronavirus reported in Belgium, 
viewed 27 March 2020, from https://nypost.com/2020/03/27/first-known-cat-
infected-with-coronavirus-reported-in-belgium/.

Chan, J.F., To, K.K., Tse, H., Jin, D.Y. & Yuen, K.Y., 2013, ‘Interspecies transmission and 
emergence of novel viruses: Lessons from bats and birds’, Trends in Microbiology 
21(10), 544–555. https://doi.org/10.1016/j.tim.2013.05.005

Cheng, V.C.C., Lau, S.K.P., Woo, P.C.Y. & Yuen, K.Y., 2007, ‘Severe acute respiratory 
syndrome coronavirus as an agent of emerging and re-emerging infection’, 
Clinical Microbiology Reviews 20(4), 660–694. https://doi.org/10.1128/
CMR.00023-07

Contini, C., Di Nuzzo, M., Barp, N., Bonazza, A., De Giorgio, R., Tognon, M. et al., 
2020, ‘The novel zoonotic COVID-19 pandemic: An expected global health 
concern’, Journal of Infection in Developing Countries 14(3), 254–264. https://doi.
org/10.3855/jidc.12671

Conzade, R., Grant, R., Malik, M.R., Elkholy, A., Elhakim, M., Samhouri, D. et al., 2018, 
‘Reported direct and indirect contact with dromedary camels among laboratory-
confirmed MERS-CoV cases’, Viruses 10(8), 425. https://doi.org/10.3390/
v10080425

Cotton, M., Watson, S.J., Zumla, A.I., Makhdoom, H.Q., Palser, A.L., Ong S.H. et al., 
2014, ‘Spread, circulation and evolution of the Middle East syndrome coronavirus’, 
mBio 5(1), e01062–13. https://doi.org/10.1128/mBio.01062-13

Cui, J., Fang, L. & Zheng-Li, S., 2019, ‘Origin and evolution of pathogenic coronaviruses’, 
Nature Reviews | Microbiology Reviews 17(3), 181–192. https://doi.org/10.1038/
s41579-018-0118-9

Cyranoski, D., 2020, ‘Mystery deepens over animal source of coronavirus: 
Pangolins are a prime suspect, but a slew of genetic analyses has yet to find 
conclusive proof’, Nature 579(1), 18–19. https://doi.org/10.1038/d41586-
020-00548-w

Falzarano, D., De Wit, E., Feldmann, F., Rasmussen, A.L., Okumura, A., Peng, X. 
et al., 2014, ‘Infection with MERS-CoV causes lethal pneumonia in the common 
marmoset’, PLoS Pathogens 10(8), e1004250. https://doi.org/10.1371/journal.
ppat.1004250

Fan, Yi., Zhao, K., Shi, Z-L. & Zhou, P., 2019, ‘Bat coronaviruses in China, review’, 
Viruses 11(3), 210. https://doi.org/10.3390/v11030210

Farag, E.A., Reusken, C.B., Haagmans, B.L., Mohran, K.A., Stalin Raj, V., Pas, S.D. et al., 
2015, ‘High proportion of MERS-CoV shedding dromedaries at slaughterhouse 
with potential epidemiological link to human cases, Qatar 2014’, Infection Ecology 
& Epidemiology 5(1), 28305. https://doi.org/10.3402/iee.v5.28305

http://www.ojvr.org�
https://doi.org/10.3201/eid2012.141280�
https://doi.org/10.1128/JVI.03427-14�
https://doi.org/10.1128/JVI.03427-14�
https://doi.org/10.1038/cddiscovery.2016.48�
https://doi.org/10.1038/cddiscovery.2016.48�
https://www.avma.org/resources-tools/animal-health-and-welfare/covid-19/depth-summary-reports-naturally-acquired-sars-cov-2-infections-domestic-animals-and-farmed-or�
https://www.avma.org/resources-tools/animal-health-and-welfare/covid-19/depth-summary-reports-naturally-acquired-sars-cov-2-infections-domestic-animals-and-farmed-or�
https://www.avma.org/resources-tools/animal-health-and-welfare/covid-19/depth-summary-reports-naturally-acquired-sars-cov-2-infections-domestic-animals-and-farmed-or�
https://doi.org/10.3201/eid1903.121503�
https://doi.org/10.3201/eid1903.121503�
https://doi.org/10.1099/vir.0.049759-0�
https://doi.org/10.1099/vir.0.049759-0�
https://doi.org/10.1056/NEJMoa1401505�
https://doi.org/10.1056/NEJMoa1401505�
https://doi.org/10.3390/v11010041�
https://doi.org/10.1002/jmv.25688�
https://doi.org/10.1016/j.coviro.2015.06.002�
https://doi.org/10.1016/j.coviro.2015.06.002�
https://nypost.com/2020/03/27/first-known-cat-infected-with-coronavirus-reported-in-belgium/�
https://nypost.com/2020/03/27/first-known-cat-infected-with-coronavirus-reported-in-belgium/�
https://doi.org/10.1016/j.tim.2013.05.005�
https://doi.org/10.1128/CMR.00023-07�
https://doi.org/10.1128/CMR.00023-07�
https://doi.org/10.3855/jidc.12671�
https://doi.org/10.3855/jidc.12671�
https://doi.org/10.3390/v10080425�
https://doi.org/10.3390/v10080425�
https://doi.org/10.1128/mBio.01062-13�
https://doi.org/10.1038/s41579-018-0118-9�
https://doi.org/10.1038/s41579-018-0118-9�
https://doi.org/10.1038/d41586-020-00548-w�
https://doi.org/10.1038/d41586-020-00548-w�
https://doi.org/10.1371/journal.ppat.1004250�
https://doi.org/10.1371/journal.ppat.1004250�
https://doi.org/10.3390/v11030210�
https://doi.org/10.3402/iee.v5.28305�


Page 8 of 9 Review Article

http://www.ojvr.org Open Access

Fouchier, R.A.M., Kuiken, T., Schutten, M., Van Amerongen, G., Van Doornum, G.J.J, 
Van Den Hoogen, B.G., et al., 2003, ‘Aetiology: Koch’s postulates fulfilled for SARS 
virus’, Nature 423(6937), 240. https://doi.org/10.1038/423240a

Fritz, M., Rosolen, B., Krafft, E., Becquart, P., Vratskikh O., Denolly, S., et al., 2021, ‘High 
prevalence of SARS-CoV-2 antibodies in pets from COVID-19+ households’, One 
Health 11, 100192. https://doi.org/10.1016/j.onehlt.2020.100192

Ge, X.Y., Li, J.L., Yang, X.L., Chmura, A.A., Zhu, G.J., Epstein, J.H. et al., 2013, ‘Isolation 
and characterization of a bat SARS-like coronavirus that uses the ACE2 receptor’, 
Nature 503(7477), 535. https://doi.org/10.1038/nature12711

Gorbalenya, A.E., Baker, S.C., Baric, R.S., De Groot, R.J., Drosten, C., Gulyaeva, 
A.A., et al., 2020, ‘The species severe acute respiratory syndrome-related 
coronavirus: Classifying 2019-nCoV and naming it SARS-CoV-2. Coronavirus 
study group of the international committee on taxonomy of viruses’, Nature 
Microbiology 5(4), 536–544. https://doi.org/10.1038/s41564-020-0695-z

Greenough, T.C., Carville, A., Coderre, J., Somasundaran, M., Sullivan, J.L., Luzuriaga, K. 
et al., 2005, ‘Pneumonitis and multi-organ system disease in common marmosets 
(Callithrix jacchus) infected with the severe acute respiratory syndrome-
associated coronavirus’, American Journal of Pathology 167(2), 455–463. https://
doi.org/10.1016/S0002-9440(10)62989-6

Guan, Y., Zheng, B.J., Zheng, B.J., He, Y.Q., Liu, X.L., Cheung, C.L. et al., 2003, ‘Isolation 
and characterization of viruses related to SARS coronavirus from animals 
in southern China’, Science 302(5643), 276–278. https://doi.org/10.1126/
science.1087139

Halfmann, P.J., Hatta, M., Chiba, S., Maemura, T., Fan, S., Takeda, M. et al., 2020, 
‘Transmission of SARS-CoV-2 in domestic cats’, The New England Journal of 
Medicine 383(1), 592–594. https://doi.org/10.1056/NEJMc2013400

Hu, B., Zeng, L-P., Yang, X-L., Ge, X-Y., Zhang, W., Li, B. et al., 2017, ‘Discovery of a rich 
gene pool of bat SARS-related coronaviruses provides new insights into the origin 
of SARS coronavirus’, PLoS Pathogens 13(11), e1006698. https://doi.org/10.1371/
journal.ppat.1006698

Ithete, N.L., Stoffberg, S., Corman, V.M., Cottontail, V.M., Richards, L.R., Schoeman, 
M.C. et al., 2013, ‘Close relative of human Middle East respiratory syndrome 
coronavirus in bat, South Africa’, Emerging Infectious Diseases 19(10), 1819–1823. 
https://doi.org/10.3201/eid1910.130946

Kelly, T.R., Karesh, W.B., Johnson, C.K., Gilard, J.C.K., Anthony, S.J., Goldstein, T. 
et al., 2017, ‘One health proof of concept: Bringing a transdisciplinary approach 
to surveillance for zoonotic viruses at the human-wild animal interface’, 
Preventive Veterinary Medicine 137(Pt B), 112–118. https://doi.org/10.1016/j.
prevetmed.2016.11.023

Kim, Y-I., Kim, S-G., Kim, S-M., Kim, E-H., Park, S-J., Yu, K.M. et al., 2020, ‘Infection and 
rapid transmission of SARS-CoV-2 in Ferrets’, Cell Host & Microbe 27(5), 704–709.
e2. https://doi.org/10.1016/j.chom.2020.03.023

Kuiken, T., Fouchier, R.A., Schutten, M., Rimmelzwaan, G.F., Van Amerongen, G., 
Van Riel, D. et al., 2003, ‘Newly discovered coronavirus as the primary cause of 
severe acute respiratory syndrome’, Lancet 362(9380), 263–270. https://doi.
org/10.1016/S0140-6736(03)13967-0

Lam, T.T., Shum, M.H, Zhu, H., Tong, Y., Ni, X., Liao, Y. et al., 2020, ‘Identifying SARS-
CoV-2 related coronaviruses in Malayan pangolins’, Nature 583(7815), 282–285. 
https://doi.org/10.1038/s41586-020-2169-0

Lau, S.K., Kenneth, S.M., Li, K.S.M., Huang, Y., Shek, C.T., Tse, H. et al., 2010, 
‘Ecoepidemiology and complete genome comparison of different strains of 
severe acute respiratory syndrome-related Rhinolophus bat coronavirus in 
China reveal bats as a reservoir for acute, self- limiting infection that allows 
recombination events’, Journal of Virology 84(6), 2808–2819. https://doi.
org/10.1128/JVI.02219-09

Lau, S.K.P., Luk, H.K.H., Wong, A.C.P., Li, K.S.M., Zhu, L., He, Z. et al., 2020, ‘Possible bat 
origin of severe acute respiratory syndrome coronavirus 2’, Emerging Infectious 
Diseases 26(7), 1542–1547. https://doi.org/10.3201/eid2607.200092

Lau, S.K., Woo, P., Li, K.S., Huang, Y., Tsoi, H.W., Wong, B.H.L. et al., 2005, ‘Severe 
acute respiratory syndrome coronavirus-like virus in Chinese horseshoe bats’, 
Proceedings of National Academy of Sciences of the United States of America 
102(39), 14040–14045. https://doi.org/10.1073/pnas.0506735102

Li, W., Z., Shi, M., Yu, W., Ren, C., Smith, J.H., Epstein, J.H. et al., 2005, ‘Bats are natural 
reservoirs of SARS-like coronaviruses’, Science 310(5748), 676–679. https://doi.
org/10.1126/science.1118391

Martina, B.E., Haagmans, B.L., Kuiken, T., Fouchier, R.A., Rimmelzwaan, G.F., Van 
Amerongen, G. et al., 2003, ‘Virology: SARS virus infection of cats and ferrets’, 
Nature 425(6961), 915. https://doi.org/10.1038/425915a

Memish, Z.A., Mishra, N., Olival, K.J., Fagbo, S.F., AlHakeem, R., Durosinloun, A. et al., 
2013, ‘Middle East respiratory syndrome coronavirus in bats, Saudi Arabia’, 
Emerging Infectious Diseases 19(11), 1819–1823. https://doi.org/10.3201/
eid1911.131172

Mohd, H.A., Al-Tawfiq, J.A. & Memish, Z.A., 2016, ‘Middle East Respiratory Syndrome 
Coronavirus (MERS-CoV) origin and animal reservoir’, Virology Journal 13(1), 87. 
https://doi.org/10.1186/s12985-016-0544-0

Muller, M.A., Corman, V.M., Jores, J., Meyer, B., Younan, M., Liljander, A.M. et al., 
2014, ‘MERS coronavirus neutralizing antibodies in camels, Eastern Africa, 
1983–1997’, Emerging Infectious Diseases 20(12), 2093–2095. https://doi.org/ 
10.3201/eid2012.141026

Munster, V.J., Adney, D.R., Van Doremalen, N., Brown, V.R., Miazgowicz, K.L., Price, 
S.M. et al., 2016, ‘Replication and shedding of MERS-CoV in Jamaican fruit bats 
(Artibeus jamaicensis)’, Scientific Reports 6(1), 21878. https://doi.org/10.1038/
srep21878

Murdoch, D.R. & French, N.P., 2020, ‘COVID-19: another infectious disease 
emerging at the animal-human interface’, New Zealand Medical Journal 133 
(1510), 12–14. 

Newman, A., Smith, D., Ghai, R.R., Wallace, R.M., Torchetti, M.K., Loiacono, C. et al., 
2020, ‘First reported cases of SARS-CoV-2 infection in companion animals-New 
York, March–April 2020’, Morbidity and Mortality Weekly Report 69(23), 710–713. 
https://doi.org/10.15585/mmwr.mm6923e3

Oreshkova, N., Molenaar, R.J., Vreman, S., Harders, F., Munnink, B.O., Honing, R.W. 
et al., 2020, ‘SARS-CoV-2 infection in farmed minks, The Netherlands, April and 
May 2020’, Eurosurveillance 25(23), 2001005. https://doi.org/10.2807/1560-
7917.ES.2020.25.23.2001005

O’Shea, T.J., Cryan, P.M., Cunningham, A.A., Fooks, A.R., Hayman, D.T., Lusi, A.D. 
et al., 2014, ‘Bat flight and zoonotic viruses’, Emerging Infectious Diseases 20(5), 
741–745. https://doi.org/10.3201/eid2005.130539

Perera, R.A., Wanmg, P., Goman, M.R., El-Shesheny, R., Kandeil, A., Bagato, O. et al., 
2013, ‘Sero-epidemiology for MERS coronavirus using microneutralization and 
pseudo-particle virus neutralization assays reveal a high prevalence of antibody 
in dromedary camels in Egypt’, Eurosurveillance 18(36), 20574. https://doi.
org/10.2807/1560-7917.ES2013.18.36.20574

Reusken, C.B., Haagmans, B.L., Muller, M.A., Godeke, G.J., Meyer, B., Muth, D. et al., 
2013, ‘Middle East respiratory syndrome coronavirus neutralizing antibodies in 
dromedary camels: A comparative serological study’, Lancet Infectious Diseases 
13(10), 859–866. https://doi.org/10.1016/S1473-3099(13)70164-6

Roberts, A.L., Vogel, J., Guarner, N., Hayes, N., Murphy, B., Zaki, S. et al., 2005, ‘Severe 
acute respiratory syndrome coronavirus infection of golden Syrian hamsters’, 
Journal of Virology 79(1), 503–511. https://doi.org/10.1128/JVI.79.1.503-
511.2005

Segalésa, J., Puigc, M., Rodona, J., Avila-Nieto, C., Carrillo, G., Terrón, M.T. et al., 2020, 
‘Detection of SARS-CoV-2 in a cat owned by a COVID-19−affected patient in Spain 
Joaquim’, Proceedings of the National Academy of Sciences of the United States of 
America 117(40), 24790–24793.

Shi, J., Wen, Z., Zhong, G., Yang, H., Wang, C. & Huang, B., 2020, ‘Susceptibility of 
ferrets, cats, dogs, and other domesticated animals to SARS–coronavirus 2’, 
Science 368(6494), 1016–1020. https://doi.org/10.1126/science.abb7015

Sit, T.H.C., Brackman, C.J., Ip, S.M, Tam, K.W.S., Law, P.Y., To, E.M. et al., 2020, ‘Infection 
of dogs with SARS-CoV-2’, Nature 86(7831), 776–778. https://doi.org/10.1038/
s41586-020-2334-5

Skariyachan, S., Basavaraj, S., Swathi, C., Supreetha, P. & Sridhar, V.S., 2019, 
‘Recent aspects on the pathogenesis mechanism, animal models and novel 
therapeutic interventions for Middle East Respiratory Syndrome Coronavirus 
Infections’, Frontiers in Microbiology 10(1), 569. https://doi.org/10.3389/
fmicb.2019.00569

Skowronski, D.M., Astell, C., Brunham, R.C., Low, D.E., Patric, M., Roper, R.L. 
et al., 2005, ‘Severe Acute Respiratory Syndrome (SARS): A year in review’, 
Annual Review of Medicine 56(1), 357–381. https://doi.org/10.1146/annurev.
med.56.091103.134135

Song, H.D., Tu, C.C., Zhang, G.W., Wang, S.Y., Zheng, K., Lei, L.C. et al., 2005, 
‘Cross-host evolution of severe acute respiratory syndrome coronavirus in 
palm civet and human’, Proceedings of the National Academy of Sciences of 
the United States of America 102(7), 2430–2435. https://doi.org/10.1073/
pnas.0409608102

Tang, X., Wu, C., Li, X., Song, Y., Yao, X., Wu, X. et al., 2020, ‘On the origin and 
continuing evolution of SARS-CoV-2’, National Science Review 7(6), 1021–1023. 
https://doi.org/10.1093/nsr/nwaa036.nwaa036

Thrusfield, M., 2005, Veterinary epidemiology, 3rd edn., Blackwell Science Ltd, Oxford, 
United Kingdom.

Tu, C., Crameri, G., Kong, X., Chen, J., Sun, Y., Yu, M. et al., 2004, ‘Antibodies to SARS 
coronavirus in civets’, Emerging Infectious Diseases 10(12), 2244–2248. https://
doi.org/10.3201/eid1012.040520

USDA United States Department of Agriculture, Animal and Plant Health Inspection 
Service, 2020, Statement on the confirmation of COVID-19 in a tiger in New York, 
viewed 13 May 2020, from https://www.aphis.usda.gov/aphis/newsroom/news/
sa_by_date/sa-2020/ny-zoo-covid-19.

Van Boheemen, S., De Graaf, M., Lauber, C., Bestebroer, T.M., Stalin Raj, V., Zaki, 
A.M. et al., 2012, ‘Genomic characterization of a newly discovered coronavirus 
associated with acute respiratory syndrome in humans’, mBio 3(6), e0043–12. 
https://doi.org/10.1128/mBio.00473-12

Vijayanand, P., Wilkins, E. & Woodhead, M., 2004, ‘Severe acute respiratory syndrome 
(SARS): A review’, Clinical Medicine (London) 4(2), 152–160. https://doi.
org/10.7861/clinmedicine.4-2-152

Wang, L. & Zhang, Y., 2016, ‘Animal coronaviruses: A brief introduction’, in L. Wang (ed.), 
Animal coronaviruses, pp. 3–11, Springer Protocols Handbooks, New York, NY.

Weingartl, H.M., Copps, J., Drebot, M.A., Marszal, P., Smith, G., Gren, J. et al., 2004, 
‘Susceptibility of pigs and chickens to SARS coronavirus’, Emerging Infectious 
Diseases 10(2), 179–184. https://doi.org/10.3201/eid1002.030677

WHO, 2019a, MERS global summary and assessment of risk. Middle East 
respiratory syndrome coronavirus (MERS-CoV), viewed August 2018, from https://
www.who.int/csr/disease/coronavirus_infections/risk-assessment-august-2018.
pdf?ua=1&ua=1&ua=1.

WHO, 2019b, Middle East respiratory syndrome coronavirus (MERS-CoV) situation 
update, viewed 11 March 2019, from https://www.who.int/emergencies/mers-
cov/en.

WHO, 2020, Coronavirus disease (COVID-19) situation report, viewed 31 January 2020, 
from https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-
reports.

Woo, P.C., Huang, Y., Lau, S.K. & Yuen, K.Y., 2010, ‘Coronavirus genomics and bioinformatics 
analysis’, Viruses 2(8), 1804–1820. https://doi.org/10.3390/v2081803

Woo, P.C., Lau, S.K., Lam, C.S., Lau, C.C., Tsang, A.K., Lau, J.H. et al., 2012, ‘Discovery of seven 
novel Mammalian and avian coronaviruses in the genus deltacoronavirus supports 
bat coronaviruses as the gene source of alphacoronavirus and betacoronavirus and 
avian coronaviruses as the gene source of gamma-coronavirus and delta-coronavirus’, 
Journal of Virology 86(7), 3995–4008. https://doi.org/10.1128/JVI.06540-11

http://www.ojvr.org�
https://doi.org/10.1038/423240a�
https://doi.org/10.1016/j.onehlt.2020.100192
https://doi.org/10.1038/nature12711�
https://doi.org/10.1038/s41564-020-0695-z�
https://doi.org/10.1016/S0002-9440(10)62989-6�
https://doi.org/10.1016/S0002-9440(10)62989-6�
https://doi.org/10.1126/science.1087139�
https://doi.org/10.1126/science.1087139�
https://doi.org/10.1056/NEJMc2013400�
https://doi.org/10.1371/journal.ppat.1006698�
https://doi.org/10.1371/journal.ppat.1006698�
https://doi.org/10.3201/eid1910.130946�
https://doi.org/10.1016/j.prevetmed.2016.11.023�
https://doi.org/10.1016/j.prevetmed.2016.11.023�
https://doi.org/10.1016/j.chom.2020.03.023�
https://doi.org/10.1016/S0140-6736(03)13967-0�
https://doi.org/10.1016/S0140-6736(03)13967-0�
https://doi.org/10.1038/s41586-020-2169-0�
https://doi.org/10.1128/JVI.02219-09�
https://doi.org/10.1128/JVI.02219-09�
https://doi.org/10.3201/eid2607.200092�
https://doi.org/10.1073/pnas.0506735102�
https://doi.org/10.1126/science.1118391�
https://doi.org/10.1126/science.1118391�
https://doi.org/10.1038/425915a�
https://doi.org/10.3201/eid1911.131172�
https://doi.org/10.3201/eid1911.131172�
https://doi.org/10.1186/s12985-016-0544-0�
https://doi.org/10.3201/eid2012.141026�
https://doi.org/10.3201/eid2012.141026�
https://doi.org/10.1038/srep21878�
https://doi.org/10.1038/srep21878�
https://doi.org/10.15585/mmwr.mm6923e3�
https://doi.org/10.2807/1560-7917.ES.2020.25.23.2001005�
https://doi.org/10.2807/1560-7917.ES.2020.25.23.2001005�
https://doi.org/10.3201/eid2005.130539�
https://doi.org/10.2807/1560-7917.ES2013.18.36.20574�
https://doi.org/10.2807/1560-7917.ES2013.18.36.20574�
https://doi.org/10.1016/S1473-3099(13)70164-6�
https://doi.org/10.1128/JVI.79.1.503-511.2005�
https://doi.org/10.1128/JVI.79.1.503-511.2005�
https://doi.org/10.1126/science.abb7015�
https://doi.org/10.1038/s41586-020-2334-5�
https://doi.org/10.1038/s41586-020-2334-5�
https://doi.org/10.3389/fmicb.2019.00569�
https://doi.org/10.3389/fmicb.2019.00569�
https://doi.org/10.1146/annurev.med.56.091103.134135�
https://doi.org/10.1146/annurev.med.56.091103.134135�
https://doi.org/10.1073/pnas.0409608102�
https://doi.org/10.1073/pnas.0409608102�
https://doi.org/10.1093/nsr/nwaa036.nwaa036�
https://doi.org/10.3201/eid1012.040520�
https://doi.org/10.3201/eid1012.040520�
https://www.aphis.usda.gov/aphis/newsroom/news/sa_by_date/sa-2020/ny-zoo-covid-19�
https://www.aphis.usda.gov/aphis/newsroom/news/sa_by_date/sa-2020/ny-zoo-covid-19�
https://doi.org/10.1128/mBio.00473-12�
https://doi.org/10.7861/clinmedicine.4-2-152�
https://doi.org/10.7861/clinmedicine.4-2-152�
https://doi.org/10.3201/eid1002.030677�
https://www.who.int/csr/disease/coronavirus_infections/risk-assessment-august-2018.pdf?ua=1&ua=1&ua=1. Viewed August 2018
https://www.who.int/csr/disease/coronavirus_infections/risk-assessment-august-2018.pdf?ua=1&ua=1&ua=1. Viewed August 2018
https://www.who.int/csr/disease/coronavirus_infections/risk-assessment-august-2018.pdf?ua=1&ua=1&ua=1. Viewed August 2018
https://www.who.int/emergencies/mers-cov/en�
https://www.who.int/emergencies/mers-cov/en�
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports�
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports�
https://doi.org/10.3390/v2081803�
https://doi.org/10.1128/JVI.06540-11�


Page 9 of 9 Review Article

http://www.ojvr.org Open Access

Wu, F., Zhao, S., Yu, B., Chen, Y.M., Wang, W., Song, Z-G. et al., 2020, ‘A new coronavirus 
associated with human respiratory disease in China’, Nature 579(7798), 265–269. 
https://doi.org/10.1038/s41586-020-2008-3

Xiao, K., Zhai, J., Feng, Y., Zhou, N., Zhang, X., Zou, J. et al., 2020, ‘Isolation of SARS-
CoV-2-related coronavirus from Malayan pangolins’, Nature 583(7815), 286–289. 
https://doi.org/10.1038/s41586-020-2313-x 

Yao, Y., Bao, L., Deng, W., Xu, L., Li, F., Lv, Q. et al., 2014, ‘An animal model of 
MERS produced by infection of rhesus macaques with MERS coronavirus’, 
Journal of Infectious Diseases 209(2), 236–242. https://doi.org/10.1093/
infdis/jit590

Ye, Z., Yuan, S., Yuen, K., Fung, S., Chan, C. & Jin, D., 2020, ‘Zoonotic origins of 
human coronaviruses’, Review International Journal of Biological Science 16(10), 
1686–1697. https://doi.org/10.7150/ijbs.45472

Zaki, A.M., Van Boheemen, S., Besteboer, T.M., Osterhaus, A.D. & Fouchier, R.A., 2012, 
‘Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia’, The 
New England Journal of Medicine 367(19), 1814–1820. https://doi.org/10.1056/
NEJMoa1211721

Zhang Q., Zhang, H., Gao, J., Huang, K., Yang, Y., Hui, X, et al., 2020, ‘A serological 
survey of SARS-CoV-2 in cat in Wuhan’, Emerging Microbes and Infections 9:1, 
2013-2019. https://doi.org/10.1080/22221751.2020.1817796

Zhong, N.S., Zhong, B.J., Li, Y.M., Poon, L.L.M., Xie, Z.H., Chan, K.H. et al., 2003, 
‘Epidemiology and cause of severe acute respiratory syndrome [SARS] in 
Guangdong, People’s Republic of China, in February, 2003’, Lancet 362(9393), 
1353–1358. https://doi.org/10.1016/S0140-6736(03)14630-2

Zhou, P., Yang, X., Wang, X., Hu, B., Zhang, L., Zhang, W. et al., 2020, ‘A pneumonia 
outbreak associated with a new coronavirus of probable bat origin’, Nature 
579(7798), 270–273. https://doi.org/10.1038/s41586-020-2012-7

http://www.ojvr.org�
https://doi.org/10.1038/s41586-020-2008-3�
https://doi.org/10.1038/s41586-020-2313-x�
https://doi.org/10.1093/infdis/jit590�
https://doi.org/10.1093/infdis/jit590�
https://doi.org/10.7150/ijbs.45472�
https://doi.org/10.1056/NEJMoa1211721�
https://doi.org/10.1056/NEJMoa1211721�
https://doi.org/10.1080/22221751.2020.1817796
https://doi.org/10.1016/S0140-6736(03)14630-2�
https://doi.org/10.1038/s41586-020-2012-7�

