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REVIEW ARTICLE

Cross-species transmission of coronaviruses with a focus on severe acute
respiratory syndrome coronavirus 2 infection in animals: a review for the
veterinary practitioner
M Dunowska

Tāwharau Ora – School of Veterinary Science, Massey University, Palmerston North, New Zealand

ABSTRACT
In 2019 a novel coronavirus termed severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) emerged from an unidentified source and spread rapidly among humans worldwide.
While many human infections are mild, some result in severe clinical disease that in a small
proportion of infected people is fatal. The pandemic spread of SARS-CoV-2 has been
facilitated by efficient human-to-human transmission of the virus, with no data to indicate
that animals contributed to this global health crisis. However, a range of domesticated and
wild animals are also susceptible to SARS-CoV-2 infection under both experimental and
natural conditions. Humans are presumed to be the source of most animal infections thus
far, although natural transmission between mink and between free-ranging deer has
occurred, and occasional natural transmission between cats cannot be fully excluded.
Considering the ongoing circulation of the virus among people, together with its capacity to
evolve through mutation and recombination, the risk of the emergence of animal-adapted
variants is not negligible. If such variants remain infectious to humans, this could lead to the
establishment of an animal reservoir for the virus, which would complicate control efforts.
As such, minimising human-to-animal transmission of SARS-CoV-2 should be considered as
part of infection control efforts. The aim of this review is to summarise what is currently
known about the species specificity of animal coronaviruses, with an emphasis on SARS-
CoV-2, in the broader context of factors that facilitate cross-species transmission of viruses.

Abbreviations: ACE2: Angiotensin-converting enzyme 2; COVID-19: Coronavirus disease 2019;
HCoV: Human coronavirus; MERS-CoV: Middle East respiratory syndrome coronavirus; RBD:
Receptor-binding domain; SARS: Severe acute respiratory syndrome; SARS-CoV-1: Severe
acute respiratory syndrome coronavirus 1; SARS-CoV-2: Severe acute respiratory syndrome
coronavirus 2; S: Spike; TGEV: Transmissible gastroenteritis virus

Suspected or confirmed cases of SARS-CoV-2 infection in animals should be notified to the World
Organisation for Animal Health through the World Animal Health Information System. For more
information on case definition and guidelines for sampling see: https://www.oie.int/file
admin/Home/eng/Our_scientific_expertise/docs/pdf/COV-19/Sampling_Testing_and_Reporting_
of_SARS-CoV-2_in_animals_final_7May_2020.pdf
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Introduction

In January 2020, the World Health Organisation
announced the identification of a novel coronavirus
(CoV) associated with a cluster of cases of viral pneu-
monia in Wuhan, China (Huang et al. 2020b; WHO
2020; Zhu et al. 2020). The disease was named corona-
virus disease 2019 (COVID-2019) and was shown to be
caused by a novel coronavirus, named severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).
Since then, the virus has spread among people
across the globe causing an unprecedented pandemic
with over 680 million infections including 6.8 million

deaths (as of 2 March 2022, https://www.worldometers.
info/coronavirus/). The origin of SARS-CoV-2 remains
obscure, but most researchers agree that the virus
crossed into a human population from animals (Holmes
et al. 2021; Lytras et al. 2021). The aim of this review is to
summarise what is currently known about the species
specificity of SARS-CoV-2 in the broader context of
factors that facilitate cross-species transmission of viruses.

General characteristics of coronaviruses

Coronaviruses are enveloped viruses with a positive
sense, non-segmented RNA genome. There are over
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2,500 coronavirus sequences available in public data-
bases, which represent coronaviruses from a variety
of vertebrate hosts. Based on the similarities in the
conserved regions of coronavirus genomes, these
viruses are currently classified into 54 species, 28 sub-
genera, six genera, and three subfamilies within the
family Coronaviridae, suborder Cornidovirineae, and
order Nidovirales (Woo 2023). SARS-CoV-2 is classified
in the species Severe acute respiratory syndrome-
related coronavirus, subgenus Sarbecovirus and genus
Betacoronavirus (Coronaviridae Study Group of the
International Committee on Taxonomy of Viruses
2020). In general, coronaviruses have a predilection
for the respiratory or gastrointestinal tract and are
usually associated with gastrointestinal or respiratory
disease, which is often mild or subclinical (Zappulli
et al. 2020; Kayode et al. 2021). However, selected
human and animal coronaviruses can cause severe sys-
temic disease, sometimes with a neurological com-
ponent. Examples include severe acute respiratory

syndrome (SARS) and COVID-19 in people, feline infec-
tious peritonitis, ferret systemic coronavirus disease, or
the cardiovascular and central nervous system presen-
tations that can accompany gastrointestinal disease
caused by coronaviruses of swine (Murray et al. 2010;
Pedersen 2014; Thakor et al. 2022). One animal
species can serve as a host for several different corona-
viruses (Table 1).

All coronaviruses have similar genome organisation
and replication strategies (Gorbalenya et al. 2006; Pas-
ternak et al. 2006). Approximately two-thirds of the
genomic RNA encodes two large polyproteins, 1a
and 1ab, which are expressed from two overlapping
open reading frames located at the 5’ end of the
genome. These viral polyproteins are further cleaved
into 16 non-structural proteins (nsp1 to nsp16) that
are involved in virus replication and interactions with
the host’s immune system (Fang et al. 2021). The
downstream open reading frame encodes structural
viral proteins, which comprise spike (S), envelope,

Table 1. Host and disease characteristics of selected coronaviruses that can infect animals that are present in New Zealand,
including whether each virus has been identified in New Zealand.

Virus Genus
Animal
host Disease characteristics Referencee

Present in
NZf

Feline enteric coronavirus (FECV)a,b Alphacoronavirus Cats GI disease of varying severity Pedersen (2014) Yes
Feline infectious peritonitis virus
(FIPV)a,b

Alphacoronavirus Cats Fatal systemic disease Pedersen (2014) Yes

Ferret enteric coronavirus Alphacoronavirus Ferrets GI disease of varying severity Murray et al. (2010) Unknown
Ferret systemic coronavirus Alphacoronavirus Ferrets Severe systemic disease Murray et al. (2010) Unknown
Canine coronavirus (CCoV)b Alphacoronavirus Dogs GI disease of varying severity, sometimes

severe pantropic disease
Decaro and

Buonavoglia (2011)
Yes

Canine respiratory coronavirus
(CRCoV)c

Betacoronavirus Dogs Respiratory disease of varying severity Erles and Brownlie
(2008)

Yes

Alpaca respiratory coronavirus Betacoronavirus Alpacas Respiratory disease Crossley et al.
(2012)

Unknown

Alpaca enteric coronavirus Betacoronavirus Alpacas GI disease of varying severity Cebra et al. (2003) Unknown
Equine coronavirus (ECoV)c Betacoronavirus Horses Innapetence, depression, colic, ± diarrhoea Berryhill et al.

(2019)
Yes

Bovine coronavirus (BCoV)c Betacoronavirus Cattle5 Gastroenteritis or respiratory disease of
varying severity

Vlasova and Saif
(2021)

Yes

Transmissible gastroenteritis virus
(TGEV)b

Alphacoronavirus Pigs GI disease of varying severity Thakor et al. (2022) No

Porcine respiratory coronavirus Alphacoronavirus Pigs Subclinical or mild respiratory disease Thakor et al. (2022) Unknown
Porcine epidemic diarrhoea virus Alphacoronavirus Pigs GI disease of varying severity Thakor et al. (2022) No
Porcine deltacoronavirus Deltacoronavirus Pigs GI disease of varying severity Thakor et al. (2022) Unknown
Porcine hemagglutinating
encephalomyelitis virus (PHEV)c

Betacoronavirus Pigs Wasting or encephalomyelitis Thakor et al. (2022) Unknown

Swine acute diarrhea syndrome
coronavirus

Alphacoronavirus Pigs GI disease Thakor et al. (2022) Unknown

Murine hepatitis virus Betacoronavirus Mice Enteritis, hepatitis or demyelinating
encephalomyelitis

Korner et al. (2020) Unknown

Infectious bronchitis virus (IBV) and
other avian coronavirusesd

Gammacoronavirus Birds Respiratory or GI disease of varying severity,
sometimes proventriculitis or nephropathy

de Wit and Cook
(2020)

Yes (IBV)

Avian deltacoronaviruses Deltacoronavirus Birds Unknown Woo et al. (2012) Unknown
aFECV and FIPV are two pathotypes of the same virus.
bFECV, FIPV, CCoV and TGEV are closely related viruses that are classified within the same species Alphacoronavirus 1.
cBCoV, ECoV, PHEV, CRCoV, human enteric coronavirus and human coronavirus-OC43 are closely related viruses that are classified within the species Beta-
coronavirus 1. Coronaviruses very similar to BCoV (bovine-like coronaviruses) have also been detected from a number of other ruminants including
sheep, goats, llamas, alpacas and deer (Amer 2018).

dAvian coronaviruses include infectious bronchitis virus, turkey coronavirus, goose coronavirus, pigeon coronavirus and duck coronavirus. All appear
closely related based on available sequence data and classified within one species Avian coronavirus. IBV is present in New Zealand; there are no
data for other avian coronaviruses.

eSelected papers with more detailed information on pathogenesis and clinical signs caused by the viruses listed.
fBased on published information (where available) and data available through Official New Zealand Pest Register (accessible through the Ministry of
Primary Industries webpage: https://pierpestregister.mpi.govt.nz/pests-of-concern/).

GI = gastrointestinal.
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membrane, and nucleocapsid proteins, and several
accessory proteins that differ between various corona-
viruses (Gorbalenya et al. 2006; Pasternak et al. 2006).

Coronavirus entry into the cell

Coronavirus entry into cells is mediated by interactions
between the S protein and host receptors, which vary
between different coronaviruses (Cheng et al. 2021).
The receptor used by SARS-CoV-2 is angiotensin-con-
verting enzyme 2 (ACE2) (Jackson et al. 2022). Each
spike in the “crown” of coronaviruses consists of
three copies of the S protein. The S protein of SARS-
CoV-2 is cleaved during the assembly within infected
cells into two subunits, S1 and S2 (Figure 1). These
two subunits remain non-covalently bonded on the
surface of the virion and play different roles during
SARS-CoV-2 entry into the cell: subunit 1 binds ACE2
through its receptor binding domain (RBD), while
subunit 2 anchors the virion to the host cell and med-
iates membrane fusion (Jackson et al. 2022). The
changes in the conformation of the S trimer before
and after the binding to ACE2 are crucial for the

successful entry of the virus into the cell (Jackson
et al. 2022).

In addition to its role in the virus entry into the host
cell, the RBD on the S protein is also the main target for
neutralising antibodies during SARS-CoV-2 infection.
Although correlates of protective immunity against
SARS-CoV-2 are not yet fully elucidated, the levels
and specificity of anti-S neutralising antibodies have
been used as a proxy for the assessment of levels of
protective immunity following natural infection or vac-
cination (Huang et al. 2020a; Gilbert et al. 2022).

The sequence of the S protein is one of the crucial
determinants for the species- and tissue-specificity of
SARS-CoV-2, as well as the virulence of the virus
(Gussow et al. 2020).

Human coronaviruses

Four coronaviruses are endemic in human populations
worldwide, including New Zealand (CDC 2020). These
include two alphacoronaviruses (human coronavirus
(HCoV-229E and HCoV-NL63) and two betacorona-
viruses (HCoV-HKU1 and HCoV-OC43). Infections with

Figure 1. Schematic representation of the structure of a coronavirus including details of the structure of the spike (S) protein of
severe acute respiratory coronavirus type 2 (SARS-CoV-2). Each viral spike comprises three S proteins. A single S protein consists of
two subunits (S1 and S2) which are separated by a furin cleavage site. These subunits contain different domains and play different
roles during virus entry into the cell: S1 binds angiotensin-converting enzyme 2 (ACE2) receptor on the host cell through its recep-
tor binding domain (RBD), while S2 anchors the virion to the host cell and mediates membrane fusion (Jackson et al. 2022).
Adapted from “An in-depth look into the structure of SARS-CoV-2 spike glycoprotein” by BioRender.com (2023). Retrieved
from https://app.biorender.com/biorender-templates.
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these endemic viruses are typically associated with
mild-to-moderate respiratory disease referred to as
“common colds” (Kayode et al. 2021). Coronaviruses
had not attracted much scientific attention until 2002
when the first worldwide outbreak of SARS occurred
(Song et al. 2019). This was followed by the emergence
of Middle East respiratory syndrome (MERS) in 2012
(Guan et al. 2003) and finally the current COVID-19 pan-
demic. Unlike upper respiratory tract infections associ-
ated with endemic human coronaviruses, which are
typically self-limiting, a comparatively high proportion
of people infected with these three emerging corona-
viruses go on to develop severe pneumonia. Case fatality
rates are estimated to range from< 5% for SARS-CoV-2
(Sreedharan et al. 2021) to 35% for MERS-CoV (WHO
2016). Unlike the global spread of SARS-CoV-2, SARS-
CoV-1 (the virus responsible for SARS) has not been cir-
culating among humans since 2004, and transmission of
MERS-CoV has been limited to the Middle East.

All three recently emerged human coronaviruses
are believed to have a zoonotic origin. An overall
prevalence of coronavirus infection of 6.8% was
found in a recent study of bats (n = 1,067, from 21
species) from three provinces of China (Lin et al.
2017). The researchers indentified 73 different corona-
viruses among which were 41 betacoronaviruses
closely related to the known members of the species
Severe acute respiratory syndrome related viruses,
including SARS-CoV-1 and SARS-CoV-2. This suggests
that bats probably had a role as direct or indirect
sources of SARS-CoV-1 (Guan et al. 2003), MERS-CoV
(Drosten et al. 2014), and possibly SARS-CoV-2 (Zhou
et al. 2020), and may also harbour other coronaviruses
that may threaten human health. In fact, it has been
recently suggested that the “Russian flu” pandemic,
which killed an estimated 1 million people (approxi-
mately 7% of the human population at the time)
between 1889 and 1891, may have been caused by a
coronavirus rather than by influenza virus, as has
been presumed until now (Brussow and Brussow
2021; Ramassy et al. 2022). Coincidently, results of a
phylogenetic analysis suggested that HCoV-OC43
may have originated from a relatively recent zoonotic
transmission of bovine coronavirus. The most recent
common ancestor of these two viruses was estimated
to exist around 1890 (Vijgen et al. 2005). Taken together,
those findings suggest a possibility that the now
endemic HCoV-OC43 originated from cross-species
transmission of a bovine coronavirus that coincided
with a global pandemic that clinically resembled the
current COVID-19 disease, although more research is
needed to confirm or refute this theory.

Animal coronaviruses

Many coronaviruses have been detected from various
domestic and wild animals (Haake et al. 2020; Stout

et al. 2020; Zhang et al. 2021). Coronaviruses that can
infect animals living in New Zealand are listed in
Table 1. Only some of those viruses are known to be
present in New Zealand, including canine, feline,
equine, bovine and avian coronaviruses. Other corona-
viruses have never been detected here. However, only
two porcine diseases (transmissible gastroenteritis
virus (TGEV) and porcine epidemic diarrhoea) are
specified as “absent from New Zealand” by the Ministry
for Primary Industries (MPI 2022). As there is no active
surveillance for any of the animal coronaviruses in New
Zealand, the lack of reports of a specific virus does not
equate to absence of that virus in the country.

Several animal coronaviruses evolved through
mutations and recombinations (Focosi and Maggi
2022). Those events can lead to changes in hosts or
the virulence of the virus. Examples include the emer-
gence of TGEV in pigs and feline coronavirus in cats,
which are believed to represent cross-species transfer
of canine coronavirus to pigs and cats, respectively
(Licitra et al. 2014).

SARS-CoV-2 infection of animals

Direct transmission of SARS-CoV-2 between people
occurs via respiratory droplets produced during
coughing, sneezing or talking, or through contact
with body fluids and secretions, such as faeces or
saliva (Chan et al. 2020a; Wang et al. 2020; Bahl et al.
2022). The contribution of airborne transmission by
aerosols has been suggested, although views on the
importance of that route in the global spread of the
virus vary (Bushmaker et al. 2022; Tellier 2022). Indirect
transmission may occur through contact with fomites
such as contaminated objects or common-use sur-
faces. Viable SARS-CoV-2 virus can survive for up to 4
days on various surfaces, depending on the environ-
mental conditions and type of surface (Guo et al.
2020; Pastorino et al. 2020; van Doremalen et al. 2020).

Similar routes of infection would be expected to exist
between humans and domesticated animals, especially
those in close contact with people (pets or livestock).
There is no indication that domesticated animals have
played a role in the current pandemic spread of SARS-
CoV-2 among people. However, SARS-CoV-2 can exper-
imentally infect a wide range of animals including cats
(Bosco-Lauth et al. 2020; Gaudreault et al. 2020; Halfmann
et al. 2020), ferrets (Shi et al. 2020; Kutter et al. 2021), mink
(Virtanen et al. 2022), hamsters (Chan et al. 2020b; Oster-
rieder et al. 2020), rabbits (Mykytyn et al. 2021), raccoon
dogs (Nyctereutes procyonoides; Freuling et al. 2020),
tree shrews (Tupaia belangeris; Zhao et al. 2020), white-
tailed deer (Odocoileus virginianus; Martins et al. 2022)
and non-human primates (Trichel 2021). Dogs appeared
partially refractory to experimental infection as only
some, but not all, became infected with the virus, and
the infection was not passed on further to susceptible
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dogs (Shi et al. 2020). Pigs, chickens and ducks were not
susceptible to experimental infection with SARS-CoV-2
(Schlottau et al. 2020; Suarez et al. 2020). There are cur-
rently no data available on the susceptibility of horses
to experimental infection with SARS-CoV-2, but horses
were refractory to experimental infection with MERS-
CoV-1 (Vergara-Alert et al. 2017).

The susceptibility to experimental infection cannot
be used to directly extrapolate the likelihood of
natural infection in the same species. To exemplify
this, cats experimentally infected with SARS-CoV-2
transmitted the virus to one of three uninfected cats
housed in adjacent cages (Shi et al. 2020). The exper-
imental conditions (high load of the inoculated virus
and prolonged indirect exposure of naïve cats to
infected cats) would be unlikely to be replicated in
real life and hence, the ability of SARS-CoV-2 to be
transmitted from naturally infected cats to other cats,
or to humans, needs to be further investigated.

Natural infection with SARS-CoV-2 has, however,
been reported to the World Organisation for Animal
Health for 26 different animal species (WOAH 2022)
including domestic cats and several species of wild
felids, dogs and red foxes (Vulpes vulpes), several mus-
telid spp., non-human primates including both apes
and monkeys, several species of deer, and a variety
of other mammals across widely diverse orders. As of
31 December 2022, a total of 699 outbreaks (one or
more epidemiologically linked cases) of SARS-CoV-2
infection in animals have been reported from 36
countries in the Americas, Africa, Asia and Europe.
There is also serological evidence suggesting that a
pet rabbit (Fritz et al. 2022) and a horse (Pusterla
et al. 2022) may have become infected with the virus.
However, nasal secretions from 667 horses with
acute onset of fever and respiratory signs that were
submitted to a diagnostic laboratory in California
(USA) from January to December 2020 were all nega-
tive for SARS-CoV-2 by quantitative PCR (Lawton
et al. 2022). In addition, 633 serum samples from 587
healthy racing Thoroughbred horses from California,
collected between July and September 2020 during
the time of a confirmed circulation of SARS-CoV-2
among the racetrack personnel, were also negative
for SARS-CoV-2 antibodies. Altogether, these data
suggest that SARS-CoV-2 infection of the horse is
rare. Similarly, there are no reports of SARS-CoV-1
infection of horses, even though both the SARS-CoV-
1 and SARS-CoV-2 spike was shown to bind to the
equine ACE2 receptor in vitro, albeit with lower
affinity than to human ACE2 (Lan et al. 2022).

This underscores the ability of the virus to infect a
variety of hosts, despite its clear preference for
humans. Most of the natural SARS-CoV-2 infections in
animals were linked to contact with infected people
and hence most likely represented “reverse zoonosis,”
defined as human-to-animal spread (Barrs et al. 2020;

Musso et al. 2020; Segalés et al. 2020). The frequency
of such reverse zoonotic transmissions is not well
understood but has likely been low (Kannekens-Jager
et al. 2022). However, the ability of the virus to
evolve and adjust to the new hosts may occasionally
lead to sustained animal-to-animal transmission, as
presumably occurred among farmed mink in Europe
(Rasmussen et al. 2021; Wolters et al. 2022) and free-
ranging deer in the USA (Hale et al. 2022; Kuchipudi
et al. 2022; Roundy et al. 2022).

SARS-CoV-2 infection of dogs and cats

Among domesticated animals that have close contact
with people, cats have been most frequently reported
to be naturally infected with SARS-CoV-2 based on
both virological and serological data. The frequency
of detection of SARS-CoV-2 antibodies in cats differed
between different studies (Table 2). Those discrepan-
ciesmost likely reflect differences in the sampled popu-
lations, sampling strategies, the type of serological tests
employed, and interpretation of the results obtained.

The most likely source of SARS-CoV-2 infection in
cats was people, although other sources cannot be
fully excluded (e.g. cat-to-cat or environmental con-
tamination). Blood samples for various studies were
collected from cats during the pandemic spread of
SARS-CoV-2 among people in the same geographical
area, but the level of contact between cats and
SARS-CoV-2 infected people was unknown in most
studies (Table 2). When such data for individual
animals were available, the frequency of infection
among cats with known exposure to SARS-CoV-2 was
higher than the frequency of infection among cats
with unknown exposure to the virus. This can be exem-
plified by a French study where 10/47 (21%) cats from
COVID-19 households were positive for SARS-CoV-2
antibodies as compared to 1/16 (6%) cats from house-
holds with unknown COVID-19 status (Fritz et al. 2021).

The serological tests employed differed between
studies. Several authors employed more than one
test, and only sera that tested positive for SARS-CoV-
2 antibodies in all tests used were considered positive
(Dileepan et al. 2021; Fritz et al. 2021). While such an
approach increased the specificity of results, it also
decreased sensitivity, so the number of seropositive
cats was likely to be underestimated in some of the
studies. Similar issues have been described for serolo-
gical testing for SARS-CoV-2 exposure in people. In one
study, antibodies to S protein were detectable for
longer than neutralising antibodies to the nucleocap-
sid protein after SARS-CoV-2 infection (Fenwick et al.
2021). As a result, serological tests based on detection
of the S and nucleocapsid proteins produced similar
results during the acute phase of infection, but the
latter considerably underestimated the level of
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seropositive individuals in the general population with
various histories of SARS-CoV-2 exposure.

Several studies demonstrated that dogs can also be
naturally infected with SARS-CoV-2. In most of those
studies, the prevalence of SARS-CoV-2 antibodies was
lower in dogs than in cats from the same geographical
area (Dileepan et al. 2021; Fritz et al. 2021; Hamer
et al. 2021), in agreement with results of experimental
transmission studies (Bosco-Lauth et al. 2020; Shi
et al. 2020).

Overall, the availabledata indicate that bothdogsand
cats can be naturally infected with SARS-CoV-2 and that
themost likely sourceof infection is SARS-CoV-2-infected
people. The reported frequency of infection with SARS-
CoV-2 in pets owned by COVID-19-affected people
varied between studies, which most likely reflects
factors such as the variant of the virus involved, the
level of close contact between infected people and
their pets, and individual differences between pets (e.g.
breed, age, presence of concurrent infections, etc).

Clinical signs in animals infected with SARS-
CoV-2

Little is known about clinical disease associated with
SARS-CoV-2 infection in animals. Experimental infec-
tion with SARS-CoV-2 produced no clinical signs in
dogs and adult cats (Bosco-Lauth et al. 2020). Juvenile
cats were more likely to develop disease than adult
cats based on severity of pathological lesions
described (Shi et al. 2020). In agreement with those
studies, SARS-CoV-2 RNA has been detected in
samples from naturally infected, clinically healthy
cats and dogs (Sit et al. 2020; Calvet et al. 2021;

Hamer et al. 2021). The clinical signs observed in
mink on SARS-CoV-2-infected farms were mostly
restricted to watery nasal discharge, although some
animals developed severe respiratory disease (Oresh-
kova et al. 2020). There are, however, some reports of
SARS-CoV-2 detection in pets that displayed clinical
signs resembling those of COVID-19 infection in
people, including lethargy, anorexia, diarrhoea, vomit-
ing, breathing difficulties, and cough (Sailleau et al.
2020; Calvet et al. 2021; Hamer et al. 2021). Similar clini-
cal signs were reported in SARS-CoV-2-infected large
cats (tigers and lions) in zoos (McAloose et al. 2020;
Grome et al. 2022). These clinical signs are non-
specific and can be induced by several infectious or
non-infectious causes. Hence, such reports should be
evaluated with caution, as it is difficult to conclusively
establish a causal link between SARS-CoV-2 infection
and disease for an individual naturally infected animal.

Factors affecting cross-species transmission
of viruses

Successful cross-species transmission of a virus from an
animal to a person, with subsequent person-to-person
spread, as has occurred with SARS-CoV-2, is fortunately
a rare event. Several well-timed coincidences need to
happen for this to occur (Parrish et al. 2008; Plowright
et al. 2017). These are briefly outlined below.

Vicinity of the infected host animal to a
potential new host

To start with, the infected animal needs to find itself in
close vicinity to the prospective new host. A major

Table 2. Seroprevalence of SARS-CoV-2 antibody among cats.

Source of samples Dates of collection Country
Direct contact with SARS-CoV-2-infected

people
Proportion positive

(%) Reference

Shelters/veterinary clinics Jan–Mar 2020 China (Wuhan) 15 from COVID-19-infected owners, rest
unknown

15/102 (14.7%) Zhang et al. (2020)

Veterinary students March 2020 France Confirmed COVID-19-infected or
symptomatic close contacts

0/9 (0%) Temmam et al. (2020)

Veterinary clinics Mar–May 2020 Italy Unknown 11/191 (5.8%) Patterson et al. (2020)
Veterinary clinics Apr–Sep 2020 Germany Unknown 6/920 (0.7%) Michelitsch et al.

(2020)
Unknown Early stages of

pandemic
China (not
specified)

Unknown 0/87 (0%) Deng et al. (2020)

Veterinary clinic Apr–Jun 2020 USA (Minnesota) Unknown 19/239 (8%) Dileepan et al. (2021)
Private owners May–June 2020 France 34 from COVID-19-infected households

16 unknown
8/34 (24%) 1/16 (6%) Fritz et al. 2021

Veterinary clinics and
private owners

Feb–June 2020 Croatia (various) Unknown 1/131 (0.8%) Stevanovic et al.
(2021)

Private owners,
longitudinal study

Jun–Sep 2020 USA (Texas) COVID-19-affected 7/16 (43.8%) Hamer et al. (2021)

Veterinary clinics Sep–Feb 2021 Germany Unknown 16/1173 (1.4%) Michelitsch et al.
(2021)

Veterinary clinics Jul–Nov 2020 Brazil (various) Unknown 40/547 (7.3%) de Oliveira-Filho et al.
(2022)

Stray cats Jan–Oct 2020 Spain Unknown 4/114 (3.51%) Villanueva-Saz et al.
(2022a)

Stray cats Oct 2020–Jan
2022

Spain Unknown 4/254 (1%) Villanueva-Saz et al.
(2022b)

Shelters and veterinary
clinics

Apr 2021–Jan
2022

Korea (various) Unknown 18/346 (5.2%) Bae et al. (2022)
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source of new emerging infections for humans are
viruses that circulate in wildlife among animals that
rarely, if ever, find themselves near people (Epstein
and Anthony 2017). Human expansion coupled with
activities such as deforestation, urbanisation, illegal
wildlife, or bushmeat trade all tip this balance in
favour of potential “spillover” events to occur (Parrish
et al. 2008; Hassell et al. 2017; Plowright et al. 2017).
It is probably not a coincidence that the emergence
of both SARS-CoV-1 and SARS-CoV-2 has strong epide-
miological links to live-animal markets (Lytras et al.
2021). A variety of animals, both farmed and caught
locally from the wild, are sold at such markets. In
addition, carcasses of wildlife that were either caught
or farmed elsewhere can be transported to the
markets using established cold chains, both legal and
illegal (Lytras et al. 2021). High levels of stress among
animals at the market, coupled with crowded con-
ditions, create a perfect opportunity for a cross-
species transfer of viruses between animals or from
animals to humans. During the 2003 SARS-CoV-1 out-
break, 66/508 (13%) animal traders from three
markets in the Guangdong province of China were
positive for SARS-CoV-1 antibodies with the seropreva-
lence reaching 16/22 (73%) among traders of palm
civets (Paradoxurus hermaphroditus; CDC 2003). Only
4/137 (3%) hospital workers sampled at the same
time had SARS-CoV-1 antibodies, supporting the view
that close contact with live animals at the market
was a significant risk factor for SARS-CoV-1 infection.
While the first cases of SARS-CoV-2 infection were
also epidemiologically linked to a live-animal market
in China, similar serological data to support this con-
nection are not available, most likely due to the rapid
spread of SARS-CoV-2 and presumed lack of appropri-
ate samples from the early phases of the outbreak.

Intermediate and reservoir hosts

Transmission of viruses from wildlife to humans can
occur directly or indirectly via domesticated animals.
Livestock and some pet animals (e.g. cats or hunting
dogs) have more opportunities to come into close
contact with potentially infected wildlife than do
humans. At the same time, domesticated animals are
frequently handled by people, and can therefore act
as intermediate hosts for human infection. If the virus
establishes itself in the population of domesticated
animals, they can also become new reservoir hosts
for that virus and be a source of future infections for
people. The two terms (reservoir and intermediate
host) are not synonymous. This may be exemplified
by the role of civet cats in the transmission of SARS-
CoV-1 to people during the 2003 outbreak, which
was believed to initially occur through contact with
infected civet cats at the market (Wang and Eaton
2007). Although the rates of SARS-CoV-1 infection

among palm civets at the Quandong markets was
high, palm civets at the neighbouring farms or from
the wild were mostly negative for the virus or virus-
specific antibodies (Tu et al. 2004; Kan et al. 2005;
Poon et al. 2005). This suggests that infected palm
civets were a likely immediate source for human infec-
tion (intermediate host) but they were probably
infected at the market from other animals, and were
unlikely to be the natural wildlife reservoir host for
the virus. In contrast, a large proportion of healthy
camels in Saudi Arabia were positive for MERS-CoV
(Drosten et al. 2014). The virus most likely originated
in bats and was transmitted at some point in the
past to camels, but by the time MERS-CoV was
detected in people, the virus circulated endemically
among camels in the Arabian Peninsula without
causing any overt clinical illness. The camels were the
source of infection for people (intermediate hosts),
but they also became the reservoir host for the virus.

At present, neither an intermediate nor reservoir
host for SARS-CoV-2 has been conclusively determined.
Bats are considered to be the most likely reservoir host
based on the fact that they harbour a large number of
diverse coronaviruses (Lin et al. 2017). However, none
of the viruses identified from bats thus far is similar
enough to SARS-CoV-2 to be considered a direct
source of the zoonotic transmission to people (Lytras
et al. 2021). In addition, the 2019 outbreak was epide-
miologically linked to wet animal markets in Wuhan,
which is geographically distant from Yunnan, where
bat viruses similar to SARS-CoV-2 were identified.
Finally, bats were hibernating at the time of SARS-
CoV-2’s emergence and no bats were sold at the
Wuhan market. Pangolins (Manis javanica) have been
suggested as an alternative intermediate host (Lytras
et al. 2021). While sequence similarity of SARS-CoV-2-
like viruses obtained from pangolins to human SARS-
CoV-2 is lower than that of bat viruses over the full
genome length, their RBD on the S protein is very
similar to that of human SARS-CoV-2 (Lytras et al.
2021). In fact, pangolin viruses bind to human ACE in
vitro better than SARS-CoV-2 (Dicken et al. 2021). This
led to a suggestion that pandemic SARS-CoV-2 may
have arisen by recombination between bat and pango-
lin SARS-CoV-2-like viruses within an unidentified inter-
mediate host (Lytras et al. 2022). Recombination
between coronaviruses that leads to emergence of
new pathogens has been described before (Focosi
and Maggi 2022). An example may be an intertangled
history of several events of the emergence of new
viruses through recombination between canine coro-
naviruses, feline coronaviruses, and porcine TGEV (Pra-
telli et al. 2021). While most of those recombinant
viruses were identified in dogs or cats, one was
detected in hospitalised children in Malaysia, further
highlighting the ability of coronaviruses to cross
species barriers (Vlasova et al. 2022).
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Availability of suitable receptors on the new
host’s cells

Following a chance encounter with a non-natural host,
the virus must be able to enter appropriate tissues and
establish productive infection in those tissues. The
binding between the virus and its receptor is a prerequi-
site for infection, so this single factor plays an important
role in the species-specificity of any virus. Viruses that
utilise molecules that are conserved between various
animal species or viruses that can utilise more than
one receptor for entry tend to have a broader host
range than viruses that enter through a highly
species-specific receptor. The results of the comparative
genomic, evolutionary and structural analysis of ACE2
orthologs from 410 vertebrate species including
selected species of fish, amphibians, birds, reptiles and
mammals suggested that the SARS-CoV-2 receptor on
ACE has very high (18 species), high (28 species) or
medium (57 species) likelihood of being able to bind
to SARS-CoV-2 S protein (Damas et al. 2020). The
species with very high and high similarity to human
ACE included old-world primates, great apes, other pri-
mates, old-world monkeys, some rodents, and cervids,
as well as whales and dolphins. Several domesticated
animals were within the medium likelihood group,
including dog, cat, hamster, cattle, sheep, alpaca,
horse and donkey. The predicted binding capacity
differed between species from the same order. For
example, 9/43 carnivorans scored medium, 9/43
scored low, and 25/43 scored very low, with all
medium-scoring carnivorans being felids.

While such analyses can help to assess the theoreti-
cal likelihood of cross-species transmission of SARS-
CoV-2, they cannot replace the data derived either
from transmission studies or from investigations of
field cases. To exemplify this, ACE from ferret, Ameri-
can mink (Neovison vison) and European mink
(Mustela nivalis) all scored very low for the likelihood
of binding SARS-CoV-2, and yet all three animal
species are susceptible to SARS-CoV-2 infection, with
outbreaks of SARS-CoV-2 among farmed American
mink reported on 400 mink farms in six European
countries (Boklund et al. 2021). In agreement with
the importance of RBD for successful cross-species
transfer, the viruses that circulated among mink had
mutations within the RBD of the S protein that
increased the efficiency of viral RBD binding to mink
ACE, highlighting the propensity of coronaviruses for
change not only through recombination but also
through mutations (Su et al. 2022).

On-going transmission between new hosts

Finally, for the virus to establish itself in a new host
species, enough infectious virus needs to be generated
to allow infection to be propagated to another

individual from that species. This is not easy for the
virus to accomplish, as there are several host- and
virus-related restrictions that prevent effective estab-
lishment of infection in a non-natural host (Parrish
et al. 2008; Plowright et al. 2017). In addition to the
availability of suitable cellular receptors for the virus
entry, these include restrictions at various steps of
intracellular virus replication or innate immune
responses. Even if successful, the virus typically needs
to adjust to its new host to allow for a sustained
spread between the new hosts (Parrish et al. 2008; Plo-
wright et al. 2017). Viruses that are highly virulent in
the new host may not spread further, as the host is
killed before transmission can occur. In the opposite
scenario, infection may be initially established only
briefly, without overt clinical disease and without
further transmission of the virus, as was observed in
dogs experimentally infected with SARS-CoV-2 (Shi
et al. 2020). Such undetected, sporadic spill-over
events are likely to occur on a regular basis whenever
there is frequent direct or indirect contact between
wildlife and people or domesticated animals, for
example in rural areas or among people with occu-
pational exposure to wildlife. If some ongoing trans-
mission between the new hosts does occur, the virus
can accumulate mutations that are necessary for adap-
tation to specific restriction factors, with the possibility
of subsequent epidemic or pandemic spread within an
immunologically naïve population. This is what has
been observed with SARS-CoV-2’s spread among
people and, on a smaller scale, among farmed mink.
Factors such as density of the new hosts in the given
area and the frequency of direct or indirect contact
between them are likely to be important for the suc-
cessful adaptation of a virus to the new population.

To illustrate these concepts, antibodies to SARS-
CoV-1 were retrospectively detected in 17/938 (1.7%)
adults tested in 2001 in Hong Kong, indicating that
sporadic infections with SARS-CoV-1-like virus were
occurring in Hong Kong at least 2 years before the
2003 pandemic (Zheng et al. 2004). Similarly, anti-
bodies reactive with SARS-CoV-2 were retrospectively
detected in 8/478 (1.7%) healthy individuals from
Saudi Arabia in samples collected between October
2019 and January 2020, i.e. before the pandemic
spread of the virus (Mahallawi and Ibrahim 2022). All
eight seropositive individuals in that study had a
history of travel to China within 4 weeks prior to
blood collection. In another study, limited serological
evidence indicated that SARS-CoV-2-like viruses may
have circulated in Africa before the emergence of
COVID-19 in China (Souris et al. 2022).

Conclusion

Thus far, the spread of SARS-CoV-2 has been largely
mediated by human-to-human transmission. However,
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the virus can infect animals of many different species
including pets and livestock. With the notable exception
of mink and deer, occasional animal infections have not
thus far led to sustained animal-to-animal transmission.
The source of animal infections has most likely been
human-derived virus, although occasional natural trans-
mission between cats cannot be fully excluded. Consid-
ering the capacity of the virus to evolve through
mutation and recombination, together with close
contact between humans and animals, the on-going fre-
quent transmission of the virus between people poses a
risk of the emergence of animal-adapted variants. If
such variants remain infectious to humans, this could
lead to the establishment of animal reservoirs for the
virus, which would complicate control efforts. As such,
minimising human-to-animal transmission of SARS-
CoV-2 should be considered as part of infection
control efforts.
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