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Introduction 

Coronaviruses (CoVs) are part of a complex and diverse group of viruses grouped into four different genera 

Alpha-, Beta-, Gamma- and Delta-, based on their evolutionary and genetic characteristics 1. In animals, 

CoVs cause major disease problems in a wide range of agricultural and companion animal species 2 (Table 

1). In humans several coronaviruses circulate seasonally, with the zoonotic severe acute respiratory 

syndrome-CoV (SARS-CoV) and the Middle East respiratory syndrome-CoV (MERS-CoV) most broadly 

recognized as they have caused significant outbreaks in humans during 2002-3 and 2012-13 respectively, 

with the MERS-CoV outbreak still ongoing 3. SARS-CoV and MERS-CoV are both bat-origin viruses with an 

intermediate host of masked palm civets/raccoon dogs and dromedary camels respectively 4. Recently, a 

novel CoV named SARS-CoV-2 emerged  and has now caused the global COVID-19 pandemic. The disease 

outbreak started in Wuhan, China, with the virus origin attributed to populations of SARS-like viruses that 

circulate in wild bats 5. While pangolins and other animal species from live animal markets have been 

implicated, there is currently no strong evidence regarding the possible intermediate host(s) that could 

have facilitated the transmission of SARS-CoV-2 between its bat reservoir and humans 6, 7.  



In recent weeks, cats, ferrets and dogs have all drawn attention in the public health battle against COVID-

19, based on their proposed infection by owners and handlers and possibility to act as an intermediate 

host. With a focus on felines, we review here the evidence for SARS-CoV-2 infection in cats, ferrets and 

dogs, describe the relationship between SARS-CoV-2 and the natural coronaviruses known to infect these 

species, and provide a rationale for the relative susceptibility of these species to SARS-CoV-2. 

Feline coronaviruses and SARS-CoV-2 in felines 

Feline coronaviruses (FCoVs) are widely known as agents capable of infection in both domestic and wild 

felids 8. Initial infection causes only a mild localized disease; however, the virus can convert also exist in a 

form that is responsible for the severe and mostly lethal feline infectious peritonitis (FIP). This is most 

likely through a process of “internal mutation” 9; however circulating virus variants with higher propensity 

to cause FIP may also exist 10. The virus is suggested to infect all types of felids and infections have been 

reported in numerous non-domestic felids; among the big cats, cheetahs are highly susceptible to FIP 11. 

Two different types of FCoV have been described with distinct epidemiological distribution and specific 

biological and molecular features that prove the diversity of these agents 12. The type I FCoV is considered 

to be the ancestor virus of the feline lineage. It is the most common of the two types and is currently 

circulating in domestic cat reservoirs globally. In contrast, the type II FCoV has been suggested to have 

emerged from recombination events between feline and canine CoVs, which is less epidemiologically 

distributed and displays its own biological and molecular mechanisms of infection, diverting from the 

FCoV type I viruses 12, 13. We recently reported the complex evolutionary pathway of the Alphacoronavirus-

1 species, which includes both FCoV types, as well as canine coronaviruses and transmissible 

gastroenteritis virus of swine (TGEV) 14. A summary of the relationship of the spike proteins of the 

Alphacoronavirus-1 species in comparison to other human and animal coronaviruses is shown in Figure 1. 

A distinct feline coronavirus found in a wild Asian leopard cat 15 is also included in Figure 1. 



While typically considered to be an enteric infection, FCoVs may in fact have more systemic distribution 

in their host (including in the respiratory tract) before the critical mutation(s) in the viral genome that 

results in the acquisition of macrophage tropism and progression to FIP, with its effusive (“wet”) and/or 

non-effusive (“dry”) clinical outcome often accompanied by extensive granulomatous lesions 16-18. FIP is a 

complex disease syndrome that is further complicated by the process of antibody-dependent 

enhancement (ADE) of infection, whereby sub-neutralizing antibodies can recognize the virus spike 

protein and lead to enhanced macrophage infection, leading to more rapid disease progression  19, 20. 

As described in more detail below, both natural and experimental SARS-CoV and SARS-CoV-2 infection of 

cats have been reported, generally resulting in mild respiratory signs 21-23. It is important to note that these 

are not naturally evolved virus-host relationships, and that SARS-like viruses (betacoronaviruses in lineage 

B) and feline coronaviruses (alphacoronaviruses) are quite distinct (Figure 1). As such, we consider it 

unlikely that prior exposure to feline coronaviruses (which are widespread) will protect against SARS-like 

viruses; however serological testing will need to carefully evaluate any potential cross-reaction. Whether 

antibodies to FCoV can induce ADE upon subsequent infection with a SARS-like virus remains an open 

question. 

Ferret coronaviruses and SARS-CoV-2 in ferrets  

Two distinct alphacoronaviruses have been described in ferrets: ferret enteric coronavirus (FRECV) and 

ferret systemic coronavirus (FRSCV) 24, 25 (Figure 1). Infection with FRECV was originally termed epizootic 

catarrhal enteritis and is characterized by profuse, green mucoid diarrhea, in addition to non-specific signs 

25.  In contrast, FRSCV infection is associated with systemic disease with granulomatous lesions, often 

described as similar to the dry form of feline infectious peritonitis (FIP) 24 and has been described in 

laboratory, farm-raised, and pet ferrets 26 Mechanistically there is no obvious link between FRECV and 

FRSV that is equivalent to the “internal mutation” of FCoV. It is unknown whether antibodies against 



FRECV or FRSCV would be able to neutralize SARS-CoV-2 or contribute to further disease in ferrets via 

ADE. Generally speaking, infection with ferret coronavirus is not considered to be respiratory. 

Canine coronaviruses and SARS-CoV-2 in canines 

The alphacoronavirus canine coronavirus (CCoV) is widely known to cause enteric infection of dogs and 

as with FCoV these infections are caused by two distinct types CCoV type I and CCoV type II (Figure 1). 

Infection is generally mild in the absence of co-infecting pathogens such as parvovirus, although severe 

gastroenteritis can occur. CCoVs with systemic signs have been also reported, although FIP-like disease 

does not occur in dogs. Dogs also have a distinct respiratory coronavirus (CRCoV), which causes only mild 

clinical signs and is closely related to bovine coronavirus (Figure 1). CRCoV is a betacoronavirus in lineage 

A, and so relatively distant from SARS-like viruses, including SARS-CoV, which are in lineage B. It is unlikely 

that prior exposure to CRCoV or CCoVs (which are widespread) will protect against SARS-like viruses; ADE 

is not known to occur with canine coronaviruses. 

Community and experimental SARS-CoV and SARS-CoV-2 infection of cats and other companion animals 

Before addressing recent concerns about SARS-CoV-2 in companion animals, we first briefly review data 

from the original SARS outbreak in 2002-03. During the initial SARS outbreak in Hong Kong, it was first 

recognized that cats in the Amoy Garden apartment complex (often considered an epicenter of the 

outbreak) could be infected by SARS-CoV 21.  Subsequently inoculation of experimental cats and ferrets 

was performed, which did not result in clinical signs in cats, but did lead to lethargy in a subset of ferrets 

(3/6) and death in a single ferret. Across both species, the virus was observed to be shed from the pharynx.  

While fecal shedding was not observed, RT-PCR of the GI tract was positive.  Seroconversion and the 

presence of a viral titer were observed in naïve animals group housed with experimentally inoculated 

animals 21. Experimentally, SARS-CoV has been shown to cause respiratory damage in both cats and 



ferrets, though only ferrets demonstrated clinical disease 22. The identification of virus in ferrets was 

commonly found in areas of high receptor (ACE2) expression, as would be expected 22, though outside of 

the respiratory tract, ACE2 expression has also been demonstrated by RT-PCR in the lung, heart, kidney 

and small intestine of the ferret 27. In vitro, HeLa cells expressing ferret ACE2 are additionally permissive 

to SARS-CoV 27. In comparison, Middle East respiratory syndrome coronavirus (MERS-CoV)—a 

betacoronavirus in lineage C—has not been shown to cause active infection in ferrets, although the viral 

receptor DPP4 shares a high level of homology across humans and ferrets 28, 29. There are no reports of 

SARS- or MERS-like viruses transmitting to dogs. 

Recent reports in regard to COVID-19 and the identification of SARS-CoV-2 viral RNA in two dogs from 

Hong Kong, a cat in Belgium, and a tiger at the Bronx Zoo in New York City have raised many new questions 

in regard to SARS-CoV-2 30. These reports have most recently been augmented by two PCR-positive cases 

in cats in different locations in New York State 31. In all cases, infection appears to be limited and restricted 

to the upper respiratory tract, although viral shedding in the feces is also apparent. It has been suggested 

that these species became infected by their owners or handlers. No evidence of transmission to other 

animals or to humans has been reported so far, although other tigers and lions in the vicinity of the SARS-

CoV-2-positve tiger also had respiratory signs. The finding of animals infected with the SARS-CoV-2 is not 

particularly surprising, given the widespread nature of the disease in humans and the precedent set by 

SARS-CoV. While being distinct viruses, SARS-CoV and SARS-CoV-2 share a common receptor (ACE2). The 

feline ACE2 protein is among the most closely related to human ACE2, in particular within the receptor 

binding interface region, which may explain why cross-species transmission may occur with this particular 

species (see below). 

Recent experimental investigations of SARS-CoV-2 infections of domestic species, isolation of the virus 

from upper respiratory samples from a small sample of ferrets was consistent with infection, in addition 



to the development of clinical signs 23, 32. In cats that were experimentally challenged with SARS-CoV-2, 

viral RNA was detectable in both respiratory tissues and the small intestines of cats sacrificed at day 3 and 

day 6, however, only at day 3 was viral RNA detectable in the lungs 23. Across both cats and ferrets, viral 

RNA has detected in feces, similar to observations in human disease and additionally, animals in close 

proximity to infected conspecifics have detectable levels of viral RNA 23, 32. Dogs have also been 

experimentally inoculated with SARS-CoV-2 and while seroconversion was observed, no virus was isolated 

and other dogs in close proximity did not show infection 23.  

Epidemiologically, a population-based seroprevalence study has shown that nearly 15% of cats (15/102) 

sampled after the start of the COVID-19 outbreak in Wuhan, China were positive for antibody against 

SARS-CoV-2 33. Among these cats, information regarding owner health status was not provided, nor how 

this sample compares to the population as a whole as far as owned pets versus strays. The spread of SARS-

CoV-2 was additionally investigated in France in a small cohort of veterinary students (n=18) and their 21 

pets (9 cats, 12 dogs), of which 11 students had symptoms consistent with COVID-19, though only two 

were confirmed positive 34. While three of these cats showed clinical signs of respiratory or 

gastrointestinal disease, no single animal was considered positive via RT-PCR of nasal or rectal swabs, or 

by the presence of SARS-CoV-2 specific antibodies 34. 

Receptor utilization by SARS-CoV-2 in cats and other mammalian species 

As described above, the receptor for both SARS-CoV and SARS-CoV-2 is ACE2. Protein alignment and 

phylogenetic analysis of full-length ACE2 protein in representative mammalian species reveal that as 

expected simian ACE2 from macaque (Macaca mulatta) and chimpanzee (Pan troglodytes) are the closest 

to human ACE2 with 94.9-99% sequence identity (Table 2). Interestingly, amongst the other mammalian 

ACE2 sequences analyzed, the next most closely-related sequence is from the domestic cat (Felis catus) 

with 85.2% overall identity compared to human ACE2. Other closely related ACE2 sequences found were 



from Malayan pangolin (Manis javanica, 84.8% identity) and European rabbit (Oryctolagus cuniculus, 

84.8%). The ACE2 proteins of the intermediate hosts of SARS-CoV raccoon dog (Nyctereutes procyonoides) 

and masked palm civet (Paguma larvata) also featured a high degree of conservation in sequence with 

83.9% and 83.5% sequence identity, respectively. Domestic dog (Canis lupus familiaris) and domestic 

ferret (Mustela putorius furo) sequences displayed ACE2 sequence identities of 83.4% and 82.6% 

respectively. The bat ACE2 from Rhinolophus sinicus and Hipposideros armiger species known to harbor 

bat-SARS-related coronaviruses, had lower sequence identities at 80.7% and 80.5% respectively. A 

phylogenetic tree of the relationship between these and other species is shown in Figure 2A.  

The structure of SARS-CoV-2 spike receptor binding motif (RBM) bound to the human ACE2 receptor has 

recently been resolved 35, 36. Notably, the ACE2 residues that directly contact the SARS-CoV-2 spike 

receptor binding domain (RBD) have been identified 35. To gauge potential use by SARS-CoV-2 of the ACE2 

receptor from various mammalian species, a comparative analysis of the amino acid composition of the 

ACE2 contacting residues in different species was performed (Figure 2B). Such analysis allows the 

estimation of a score of proximity to human ACE2 contacting residues for a given mammalian ACE2 

sequence. Notably feline ACE2 has a score of 4, indicating that only 4 out of a total of 20 contacting 

residues were different between feline and human ACE2, with two of those differences conservative 

substitutions (D30E) and (D38E). This suggests that SARS-CoV-2 spike is highly likely to bind to feline ACE2. 

The contacting residues found in canine ACE2 and the ACE2 of the bat Rhinolophus sinicus were also 

shown to have a relatively high degree of conservation with scores in the 5-6 range. In contrast to the 

relative overall sequence identity, mouse ACE2 contained a relatively high number of different residues 

at the ACE2 binding interface, with a score of 8. This is in line with a report showing that mouse ACE2 

cannot be functionally used by SARS-CoV-2 37. Based on these analyses the susceptibility of cats to 

infection with SARS-CoV-2 can likely be explained by the high similarities in human and feline ACE2. The 

reason for the susceptibility of ferrets to SARS-CoV-2 remains uncertain, but is unlikely due to the 



similarities in ACE2, with ferret ACE2 being more divergent that canine ACE2, an apparently less 

susceptible species for SARS-CoV-2. 

Summary and Perspectives 

It is now becoming clear that cats are susceptible hosts for the human virus SARS-CoV-2. However, much 

remains to be determined about the extent of infection in the cat population and level of infection and 

clinical signs in individual cats, as well at the potential for transmission between cats or to other animals, 

including humans. A likely explanation for this susceptibility lies in the high degree of similarity between 

the human and feline forms of the SARS-CoV-2 receptor, ACE2. However, there are still many unanswered 

questions related to interactions between the naturally occurring feline coronaviruses (types I and II) and 

SARS-CoV-2, and what the outcome of co-infection with both human and feline coronaviruses might be. 

Ferrets are also susceptible hosts for SARS-CoV-2, but the reasons behind this are unclear and do not 

appear to the linked to receptor similarity. It may be that ferrets and human share common properties in 

relation to the architecture of their respective respiratory tracts, which makes them susceptible hosts 38. 

Dogs are currently not considered to be susceptible hosts for SARS-CoV-2, despite some positive test 

results in dogs. Recent reports that SARS-CoV-2 may have originated in stray dogs based on similar genetic 

signatures between systemic forms of CCoV and SARS-CoV-2  39 are unlikely to be substantiated. 

In the public health battle against coronaviruses, it is important to note that both cats and ferrets are 

known hosts of human (and avian) influenza viruses yet are not considered to be a significant risk for 

human infections.  In contrast, dogs maintain their own pool of influenza viruses. Overall, both cats and 

ferrets may be part of a common pool of human respiratory infections. Whether this is due to molecular 

similarities at the pathogen-host interface, social connection between humans and their companion 

animals (or with zoo animals) or based on more physiological or immunological parameters within the 

respiratory tract (or elsewhere) remains to be determined. There is also the issue of viral pathogenesis, 



by which it is known both cats and ferrets (but not other species) can allow the conversion of what is 

normally to be a benign yet transmissible coronavirus (FCoV and FRECV) into a lethal, systemic (but 

typically not transmissible) form. Clearly, many important investigations lie ahead in understanding feline 

(and ferret) coronaviruses in their natural host and at the human-animal interface, both within the context 

of the current COVID-19 pandemic and for its likely continued circulation in the future. 

  



 

Table 1. Survey of CoVs and the species they infect 
 

Genus Virus Infected species 
Alphacoronavirus Feline coronaviruses (FCoV) types I 

and II  
Cats (domestic 
and wild) 

 Canine coronaviruses  (CCoV) types I 
and II  

Dogs 

 Ferret coronavirus (FRECV and 
FRSCV) 

Ferrets 

 Transmissible gastroenteritis virus 
(TEGV) 

Pigs 

 Human coronavirus NL63 (HCoV-
NL63) 

Humans 

 Human coronavirus 229E (HCoV-
229E) 

Humans 

 Porcine epidemic diarrhea (PEDV) Pigs 
Betacoronavirus Bovine coronavirus (BCoV) Cattle 
 Human coronavirus OC43 (HCoV-

OC43) 
Humans 

 Canine respiratory coronavirus 
(CRCoV) 

Dogs 

 Severe acute respiratory syndrome 
coronavirus (SARS-CoV) 

Humans 

 Middle East respiratory syndrome 
coronavirus (MERS-CoV) 

Humans 

 Severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2)  

Humans 

 Equine coronavirus (ECoV) Horses 
Gammacoronavirus Infectious bronchitis virus (IBV) Poultry 
 Turkey coronavirus Turkeys 
Deltacoronavirus Porcine deltacoronavirus (PDCoV) Pigs 

 
  



 

Table 2. Similarity in ACE2 sequence, compared to human (Homo sapiens) 
  

% identity 
Pan troglodytes 99 
Macaca mulatta 94.9 

Felis catus 85.2 
Manis javanica 84.8 

Oryctolagus cuniculus 84.8 
Nyctereutes procyonoides 83.9 

Paguma larvata 83.5 
Canis lupus familiaris 83.4 
Camelus dromedarius 83.2 
Mustela putorius furo 82.6 

Rattus norvegicus 82.5 
Mus musculus 82.1 

Sus scrofa 81.4 
Bos taurus 80.9 

Rhinolophus sinicus 80.7 
Hipposideros armiger 80.5 

Gallus gallus 65.6 
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Figure 1. Phylogenetic tree of selected coronaviruses  

  
  



Figure 2. A) Phylogenetic tree of ACE2 sequences from different species.  
B) Amino acid similarity in the ACE2-virua binding interface. 
 

 
 


