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The emergence of alternate variants of SARS-CoV-2 due to ongoing adaptations in humans and following hu-
man-to-animal transmission has raised concern over the efficacy of vaccines against new variants. We
describe human-to-animal transmission (zooanthroponosis) of SARS-CoV-2 and its implications for faunal
virus persistence and vaccine-mediated immunity.
Severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) emerged as an

evident human pathogen in December

2019 and has since infected millions.

SARS-CoV-2 is speculated to have

evolved in Rhinolophid bats before spilling

over into humans, likely via an intermediate

animal species which has yet to be confi-

dently identified. The rapid transmission

of SARS-CoV-2 in humans has caused

the largest coronavirus pandemic in docu-

mented history and has caused tremen-

dous loss to the economy in addition to un-

fathomable loss of human lives. Multiple

vaccines have been or are being devel-

oped to curb the spread of SARS-CoV-2

among humans; however, there is an un-

derlying threat that can set us back several

months in our attempts to eliminate SARS-

CoV-2: emergence of alternate variants of

SARS-CoV-2 with epitopes that may

escape neutralizing antibodies generated

by current vaccines.

SARS-CoV-2 variants containing muta-

tions in the spike protein (D614Gmutation)

with enhanced infection (in vitro) and trans-

mission potential (in Syrian hamsters) have

been reported (Hou et al., 2020). Recently,

a naturally evolved N439K mutation in the

spike protein of SARS-CoV-2 has been

suggested to confer resistance to anti-

body-mediated neutralization (Thomson

et al., 2020). More recently, multiple vari-

ants of SARS-CoV-2 with mutations have

been detected independently in the United

Kingdom,Brazil, Nigeria, and South Africa.

Given the nature of coronavirus replica-

tion, it is likely that there are other variants
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circulating undetected in various parts

of the world. Early epidemiological ana-

lyses indicate that the UK SARS-CoV-2

variant (VOC 202012/01) is transmitted at

a much faster rate—up to 56% relative

to pre-existing SARS-CoV-2 variants.

More importantly, mutations within the

spike protein of these variants have raised

concerns about the efficacy of vaccine

and natural infection-mediated protection

against SARS-CoV-2. Questions remain

about selection pressures that may have

favored the evolution and transmission of

these alternate variants of SARS-CoV-2.

In addition to ongoing adaptations in

SARS-CoV-2, the ability of SARS-CoV-2

to infect animal populations (Lam et al.,

2020; Shi et al., 2020) raises important

questions about 1) potential alternate

animal reservoirs of SARS-CoV-2 and 2)

emergence of vaccine-resistant variants of

SARS-CoV-2 from animals. In this article,

we discuss human-to-animal transmission

(zooanthroponosis) of SARS-CoV-2 along

with its implications for faunal virus persis-

tence and vaccine-mediated immunity.

Zooanthroponotic potential of
SARS-CoV-2
All pathogenic human coronaviruses

(CoVs) have their origin in animals (Cui

et al., 2019). However, the impact of hu-

man-to-animal transmission of CoVs has

not been extensively studied. In light of

the COVID-19 pandemic, it has now

become critical to understand the range

of animals that are susceptible and

permissive to SARS-CoV-2, along with
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identifying variants of SARS-CoV-2 that

evolve and are selected for in these ani-

mals. Recent observational and experi-

mental studies have identified a range of

animals—such as cats, ferrets, hamsters,

non-human primates, minks, tree shrews,

raccoon dogs, fruit bats, and rabbits—

that are susceptible and permissive to

SARS-CoV-2 infection (cross-referenced

here: Oude Munnink et al., 2021). More

recently, human-to-mink and mink-to-hu-

man transmission of SARS-CoV-2 was re-

ported in mink farms in the Netherlands

(Oude Munnink et al., 2021).

Although multiple species of animals

have now been identified as susceptible

to SARS-CoV-2, there are currently no

attempts at active surveillance to identify

additional animal species that may

be susceptible to this virus. In the

absence of such efforts, we are currently

unaware of the full range of animals that

may acquire SARS-CoV-2 from humans

or other susceptible mammals. In addi-

tion, the health impacts of SARS-CoV-2

infection in animals are unknown. More

importantly, we are unable to predict if

SARS-CoV-2 will evolve in certain animal

species to re-emerge and infect humans

who have been naturally exposed to or

vaccinated for SARS-CoV-2.

Logistically, it is difficult to survey every

known animal species for SARS-CoV-2

susceptibility. To prioritize animal species

for surveillance, we propose a hierarchical

model based on three variables: (1) SARS-

CoV-2 primary receptor angiotensin-

converting enzyme 2 (ACE2) homology
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Figure 1. Zooanthroponotic transmission of SARS-CoV-2
Bidirectional transmission of SARS-CoV-2 between humans and animals raises important questions
about surveillance of susceptible animal species and virus persistence in alternate animal reservoirs.
(A) Proposed hierarchical system to prioritize selected animal species for SARS-CoV-2 surveillance based
on receptor homology, detection of virus infection, likelihood of animal-human interaction, and risk of
animal-to-human transmission of the virus. A hypothetical phylogenetic tree is used to indicate
mammalian species. Degree of ACE2 homology with human ACE2 sequence was extracted from recent
data (Banerjee et al., 2020), and the heatmap indicates the range of percentages that constitute low,
medium, and high ACE2 amino acid homology with the human ortholog. High-contact scenarios represent
anthropogenic behavior that facilitates animal-human contact such as domestication and farming. High-
risk species represent selected animal species, such as domestic cats, that are likely to be over-repre-
sented in high-contact scenarios. High-risk areas constitute environmental settings that would facilitate
increased human-animal contact, such as zoos and wildlife conservation areas.
(B) SARS-CoV-2 can infect and replicate in cats, non-human primates, hamsters, ferrets, minks, and
monkeys. There are likely other susceptible mammals that have not been discovered yet (indicated by ?).
Thus, the risk of animal-to-human transmission of SARS-CoV-2 exists from all susceptible animal species.
Virus-host interaction in susceptible species will dictate the long-term infection status of these animals,
which could play out in three different ways.
Scenario I: limiting short-term infection with long-term protective immunity and low chances of virus
persistence. In this scenario, infected animals would pose a short-term risk of infecting humans when
viremic.
Scenario II: short-term viremia followed by a short period of immunity, which would allow the virus to infect
members of an animal species in ‘‘waves’’ as immunity wanes in individuals. This would allow the virus to
persist in susceptible animal species at the population level, thus creating long-term risks of virus evolution
and re-emergence.
Scenario III: latent SARS-CoV-2 infection in susceptible animal species. The virus may emerge from these
animals when immunity wanes. This scenario would enable SARS-CoV-2 to evolve and persist at both
individual and population levels in susceptible animals, posing a high risk of re-emergence to infect
humans.

Forum
ll
and evolutionary relationship with known

mammalian species that have been identi-

fied as ‘‘susceptible,’’ (2) likelihood of that

animal species to come in contact with in-
fected humans, and (3) detection of natural

or experimental SARS-CoV-2 infection in

closely related animal species. The sum-

mation of the three variables will predict
Cell
the likelihood of animal-to-human trans-

mission of SARS-CoV-2 (Figure 1A). For

example, amphibians have low ACE2 ho-

mology with humans, and there have

been no documented cases of SARS-

CoV-2 infection in this group of animals.

Thus, the impetus for SARS-CoV-2 surveil-

lance in amphibians is currently low

(Figure 1A). Similarly, although ACE2 ho-

mology is the highest between humans

and non-human primates, the likelihood

of contact between these species is low.

Thus, surveillance should only be imple-

mented in high-risk areas, such as zoos

and wildlife conservation units, where hu-

man handlers should be monitored for

SARS-CoV-2 infection.

A mammalian species with moderate

ACE2 homology to humans could

be identified as susceptible to SARS-

CoV-2. An example of this is the detec-

tion of SARS-CoV-2 in cats (Shi et al.,

2020; Figure 1A). However, within the

family of cats, there are numerous spe-

cies. In this scenario, prioritization of

cat species for SARS-CoV-2 surveillance

could be based on the likelihood of a

species to come in contact with infected

humans. High-risk species such as do-

mestic cats should be studied and sur-

veyed for SARS-CoV-2 prevalence, as

should other closely related species

that are likely to come in contact with

humans through practices (high-contact

scenarios) such as agriculture and

domestication, e.g., minks and raccoon

dogs. Cat species such as cheetahs

and leopards are unlikely to come in con-

tact with humans and should be sur-

veyed in high-risk areas that facilitate

high-contact scenarios, such as in

zoos, animal impounds, and wildlife con-

servation zones. Similarly, other animals

with moderate receptor homology that

may have a high contact rate with hu-

mans, such as camels and cattle, do

not have to be surveyed at the moment

for SARS-CoV-2 due to lack of evidence

of natural SARS-CoV-2 infection in ungu-

lates. Indeed, experimental exposure of

dairy calves to SARS-CoV-2 demon-

strated limited virus replication, and no

virus spread was observed between

infected and co-housed naive calves (Ul-

rich et al., 2020). In the future, if reports of

natural infection in evolutionarily closely

related ungulates emerge, the priority

for surveillance should be updated as

necessary (Figure 1A).
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Figure 2. Implications of back and forth human-to-animal and animal-to-human
transmission of SARS-CoV-2
As SARS-CoV-2 spreads from humans to susceptible animals via zooanthroponosis, the virus may un-
dergo adaptive evolution in the animal host. Mutations within the spike protein of SARS-CoV-2 will
determine the likelihood of animal-to-human transmission followed by human-to-human transmission of
the animal-adapted variant of SARS-CoV-2. The animal-adapted SARS-CoV-2 will pose no health risk to
humans if the altered spike protein can no longer interact with the human cellular receptor, angiotensin-
converting enzyme 2 (ACE2) (A). Similarly, if SARS-CoV-2 spike antibodies, either from natural infection or
vaccination, can bind to the animal-adapted SARS-CoV-2 spike, there would be no risk of significant
disease in an exposed individual and low chances of human-to-human spread of the new virus (C). If the
animal-adapted SARS-CoV-2 spike protein is able to bind to human ACE2 (B), the outcome could include
enhanced virus transmission and pathogenicity. Alternately, the virus could enter human cells but cause
mild to no disease, depending on the overall changes within the genome of the animal-adapted virus.
Changes within the spike protein of the animal-adapted SARS-CoV-2 could also affect antibody binding,
resulting in the loss of antibody-mediated immunity from vaccination or a previous exposure to SARS-
CoV-2 (D).
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Re-emergence of SARS-CoV-2 from
animals
In addition to the unknown risks of SARS-

CoV-2 infection on animal health, trans-

mission of the virus to animals also risks

the generation of alternate viral reservoirs

(Figure 1B). A recent report of back-and-

forth transmission of SARS-CoV-2 be-

tween humans and minks on mink farms

in the Netherlands has sparked wide-

spread interest in zooanthroponotic

transmission of SARS-CoV-2 followed

by re-emergence to infect human popula-

tions (Oude Munnink et al., 2021).

Although the authors of this study identi-

fied human-to-mink and mink-to-human

transmission of SARS-CoV-2 within the

same farm, speculations still remain

about factors that enabled farm-to-farm

spread of the virus (Oude Munnink et al.,

2021). More recently, the first case of

SARS-CoV-2 infection in a free-ranging,

native, wild-caught mink was confirmed

in Utah, USA, raising concerns about the
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spread of SARS-CoV-2 among suscepti-

ble wild animals.

SARS-CoV-2 infections in minks can

range from subclinical to severe interstitial

pneumonia resulting in respiratory signs

with increased mortality (Oreshkova

et al., 2020; Oude Munnink et al., 2021).

While the presence of respiratory disease

might allow local authorities to identify

and quarantine mink farms with SARS-

CoV-2, other animal species, such as

cats, may become infected without clin-

ical signs and go undetected despite be-

ing highly infectious (Halfmann et al.,

2020). Although animal-to-human trans-

mission has only been documented

between farmed mink and farm workers

for now, it is imperative that we identify

the risk of virus re-emergence from ani-

mals that are susceptible to SARS-CoV-

2. Importantly, we also need to assess

whether SARS-CoV-2 has the ability to

persist in susceptible animals, similar to

the known persistence of feline enteric
1

CoVs in cats (Vogel et al., 2010). In addi-

tion, we need to determine the ecological,

immunological, and anthropogenic fac-

tors that will facilitate the re-emergence

of SARS-CoV-2 from alternate animal res-

ervoirs to infect humans or other suscep-

tible animals that share an ecological

niche (Figure 1B).

Implications for ongoing human-to-
animal and animal-to-human
transmission
Infection in a new host provides opportu-

nities for evolutionary changes in a virus,

with potential consequences for trans-

missibility and pathogenicity in humans

and effectiveness of a vaccine. Coronavi-

ruses have awide distribution in avian and

mammalian species and exist as quasis-

pecies in an infected host; there is a

tendency for recombination when they

co-infect the same host. This process

can lead to the selection or generation of

strains capable of switching hosts, posing

a threat to human and animal health (Gra-

ham and Baric, 2010). In the case of

SARS-CoV-1, which caused the SARS

outbreak in 2002–2003, mutations in the

spike gene appear to have been essential

for the transition between animal-to-

human transmission and human-to-hu-

man transmission (Song et al., 2005).

Although the natural reservoir for SARS-

CoV-2 is believed to be Rhinolophid

bats, it is possible that a yet-to-be-identi-

fied intermediate host was also involved in

the ultimate transmission of this virus to

humans and likely played a role in its abil-

ity to infect humans.

If SARS-CoV-2 were to adapt to and be

established in a new animal reservoir, its

ability to re-infect humans would depend

not only on the interaction of the animal

species with humans but also on the evo-

lution of the virus within the new host

(Figure 2). In spite of the proof-reading

ability of the coronavirus replicase com-

plex, coronaviruses exist as quasispecies

within an infected host, possibly due

to low fidelity of the RNA-dependent

RNA polymerase. Thus, adaptive evolu-

tionwithin a new host could lead to the se-

lection of viral variants that are no longer

capable of infecting humans and causing

disease. Alternately, adaptive evolution

could select for viral variants that are

more infectious or pathogenic in humans

than SARS-CoV-2 and/or able to escape

the effects of therapeutics, vaccines,
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or natural immunity developed against

SARS-CoV-2 (Figure 2). If the infection re-

sulted in a less fit virus, with no clinical

consequences in the new host, it might

go unnoticed. Among the mink-related

variants identified to date, only the Clus-

ter 5 variant, which carries four muta-

tions in the spike protein, has raised

some concern around vaccine efficacy.

Although this variant has not been identi-

fied since September 2020, there is no

room for complacency (ECDC, 2020).

Mutations within the spike protein of

SARS-CoV-2 are particularly important

because changes in the antigenic epi-

topes will create virus populations that

would no longer be susceptible to neutral-

ization by antibodies present in vacci-

nated or naturally infected individuals

(Figure 2). A recent study noted that vari-

ants of Middle East respiratory syndrome

coronavirus (MERS-CoV) with mutations

in the spike protein were rapidly selected

for and enriched on interacting with its

cellular receptor, dipeptidyl peptidase 4

(DPP4), from different bat species in a

species-dependent fashion. Subtle differ-

ences within the virus receptor (DPP4) in

bat cells selected for the best-adapted

MERS-CoV variants with mutations within

the spike protein for optimal species-spe-

cific DPP4-spike interaction (Letko et al.,

2018). Thus, as SARS-CoV-2 makes its

way through susceptible animal popula-

tions, the virus is likely to select for adap-

tive mutations within the spike protein

(Figure 2). The presence of additional

SARS-CoV-2 variants with the ability to

reinfect vaccinated or immune popula-

tions has the potential for devastating

consequences forhumanhealth (Figure2).

Ongoing sequencing efforts are therefore

critical to understanding the nature of

SARS-CoV-2 mutations in humans and

alternate animal hosts such as mink and

also to understanding their implications

for vaccine and therapeutic efficacy.

Solutions to curb SARS-CoV-2
transmission at the human-animal
and animal-human interface
The global distribution of SARS-CoV-2

presents a challenge to curbing trans-

mission between humans and other

susceptible hosts. Recognizing animal

species that are most susceptible to

infection is the first step in preventing

ongoing transmission from humans.

However, interactions at the human-ani-
mal interface in high-risk areas will need

to be carefully managed to avoid oppor-

tunities for human-to-animal transmis-

sion. This includes strict biosecurity

measures such as controlled access to

farms that house susceptible animals,

bio-secure entry and exit protocols

including dedicated personal protective

equipment (PPE) such as Tyvek suits or

coveralls for the farm, and respiratory

and eye protection. Furthermore, disin-

fection protocols and down time for ani-

mal transport vehicles should be imple-

mented along with daily assessments of

human handlers for exposure to COVID-

19. Much like COVID-19 regulations in

senior care homes, working and traveling

between multiple animal farms that

house SARS-CoV-2-susceptible animals

must be minimized or avoided. In the

case of intense farming situations such

as mink farms, stray cats and rodents

have been identified as a potential

opportunity for ongoing transmission

beyond the farmed animals themselves;

SARS-CoV-2 antibodies have been iden-

tified in stray cats (Oreshkova et al.,

2020). Such animals pose a threat of

ongoing transmission to domestic cats

and other animals in close contact with

humans.

Given the likely bat origin of SARS-CoV-

2 (and other zoonotic diseases) and the

high diversity of coronaviruses present in

bats, this group of mammals has also

been recognized as a concern for estab-

lishment of new wildlife reservoirs for

SARS-CoV-2 (Olival et al., 2020). The high-

ly mobile nature and diversity of bats com-

binedwith their ability to host viruses in the

absence of clinical disease makes them a

particular concern for virus persistence

and ongoing transmission to other sus-

ceptible hosts. The entry of SARS-CoV-2

into susceptible bat species also presents

the opportunity for continued mutation

and recombinationwith endemic bat coro-

naviruseswith unknown potential for path-

ogenicity and recombination in other sus-

ceptible hosts. Thus, strict biosecurity

protocols must be followed by human

bat handlers. Tourism in bat caves should

also be carefully regulated, with manda-

tory respiratory protection and ‘‘no animal

handling’’ policies. The presence of bats

or bat colonies on farms that house

SARS-CoV-2-susceptible animals, such

as minks and ferrets, should be assessed

and a contingency plan developed to
Cell
restrict contact between farmed animals

and bats.

While zooanthroponotic infection of

farmed animals does pose a challenge,

the risk of an ecosystem-level dispersal

of SARS-CoV-2 via farmed animals is

low. As the preferred first line of defense,

biosecurity measures should be imple-

mented in farms that house susceptible

animals to prevent human-to-animal and

animal-to-animal spread of SARS-CoV-2.

If biosecurity measures fail, culling in-

fected animals on the farm as a last resort

will help curb the spread of the virus, albeit

at the cost of animal life and economic los-

ses. The challenges of controlling the

transmission of SARS-CoV-2 within sus-

ceptible wildlife species are far greater.

The current spread of African swine fever

virus (ASFV) is a great example of the

devastating impact of infection and virus

transmission within domestic and wild

animals. While AFSV outbreaks can be

controlled in farms by culling infected

pigs, uncontrolled movements of wild

pigs make it impossible to contain the

spread of the virus. ASFV can quickly

spread in pig farms, causing billions of dol-

lars in losses and threatening food security

and trade. Similarly, raccoon dogs, which

are native to South East Asia, are also an

invasive species in Europe following their

introduction for the fur trade. SARS-CoV-

2 infection in raccoon dogs has been

demonstrated, but the implications for

population and ecosystem-level spread

of the virus are unknown. Thus, wildlife

infections of SARS-CoV-2 will require

an international, coordinated effort for

identification and containment along with

assessment of the risk of re-emergence

in naive and immune human populations.

Zoonotic diseases are continuing to

emerge on a more regular basis due to

changes in our interactions with wildlife

resulting from a variety of anthropogenic

factors, including deforestation, climate

change, and urbanization. If SARS-

CoV-2 were to adapt and be maintained

by a newwildlife reservoir, the same prin-

ciples apply to preventing SARS-CoV-2

from spilling back into humans as to

preventing any zoonotic disease from

emerging from wildlife in general. We

need to avoid close contact between

wildlife and humans and our domesti-

cated animal species. Furthermore, we

need to invest in awareness programs

to educate local human populations
Host & Microbe 29, February 10, 2021 163
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about the risks of zoonosis and zooan-

throponosis in high-risk areas of wild-

life-human interactions. In addition, we

need to implement a stronger, more pro-

active ‘‘One Health’’ research framework

to prevent the emergence of novel patho-

gens at the animal-human interface.
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