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Summary

The objective of this qualitative exposure assessment is to provide:
I. assessment of the risk of human or animal exposure to SARS-CoV-2 through contact with, handling or consumption of wild, domestic and aquatic animal species
or their products;
II. identification of current knowledge gaps regarding the zoonotic origin or animal-human spillover of SARS-CoV-2 and recommendations for priority studies;
III. summary of available evidence for SARS-CoV-2 susceptibility of different animal
species;
IV. evidence-based recommendations on how to prioritize animal species for targeted
field investigations or research studies;
V. recommendations for targeted One Health investigations and epidemiological,
laboratory, anthropological or seasonality studies to fill critical knowledge gaps
evidenced by this exposure assessment.
Any measures implemented or strengthened at country level to mitigate the risk of
exposure of humans and animals to SARS-CoV-2 from susceptible wild, livestock, companion and aquatic animals, should be based on the results of country-specific risk
assessment and critical review of local animal husbandry and marketing practices, using
the current knowledge outlined in this document. Risk assessments should be performed
according to international guidance (e.g. OIE, 2019; FAO, 2011; FAO and WHO, 2007).
Likelihood of human or animal infection (post-exposure) is not assessed in this document and requires consideration of a variety of additional factors that are not presented
here. Following exposure, human or animal infection may or may not occur. It is also important to note that during the current COVID-19 pandemic the primary source of human
infection is human-to-human transmission.
The likelihood of exposure of humans or animals to SARS-CoV-2 in COVID-19
affected areas through:
1. Contact with wild animals is considered:
• Low, i.e. unlikely to occur, for wild felines, old world monkeys, new world
monkeys (family Callitrichidae), species of the family Mustelidae, species
of the family Cricetidae, tree shrews of the family Tupaiidae, bats of families Rhinolophidae and Pteropodidae, and pangolins kept in congregation
areas, markets, wildlife ranches, wildlife farms, zoo and circus facilities.
• Very low, i.e. very unlikely to occur, for the above-mentioned species in their
natural habitat in Southeast Asia and sub-Saharan Africa, and negligible,
i.e. extremely unlikely to occur, for these species in their natural habitat in
other areas of the world and for wild swine and wild birds in general.
 The source of infection for the assessed animal species may have been a human COVID-19 case (reverse

zoonosis), another infected animal or a contaminated environment.
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• Likelihood of exposure cannot currently be assessed for other live mammalian wildlife species, reptiles or predatory invertebrates as the information available is limited to their angiotensin converting enzyme 2 (ACE2) binding
affinity to SARS-CoV-2 receptor binding domain (RBD).
Contact with livestock is considered:
• Negligible, i.e. extremely unlikely to occur, for live pigs and poultry in general.
• Likelihood of exposure cannot currently be assessed for live ovine, caprine, bovine, camelid, rabbit and equine species as the information available
is limited to their ACE2 binding affinity to SARS-CoV-2 RBD.
Contact with live companion animals is considered:
• Moderate, i.e. potentially occurring, for cats, ferrets and hamsters, and susceptible uncommon exotic pets such as monkeys and bats owned by or in
contact with COVID-19 patient(s), infected animals or environments known to be
contaminated with SARS-CoV-2; and low, i.e. unlikely to occur, for these species
in other sites with unknown infection or contamination status (including live cats
kept in markets as food and stray cats).
• Low, i.e. unlikely to occur, for companion dogs owned by or in contact with
COVID-19 patient(s), infected animals or environments known to be contaminated with SARS-CoV-2; and very low, i.e. very unlikely to occur, for dogs in
other sites with unknown infection or contamination status (including live dogs
kept in markets as food and stray dogs).
• Negligible, i.e. extremely unlikely to occur, for companion birds in general.
• Likelihood of exposure cannot currently be assessed for exotic pets of
other mammals or reptiles as the information available is limited to their ACE2
binding affinity to SARS-CoV-2 RBD.
Contact with aquatic animals is considered:
• Negligible, i.e. extremely unlikely to occur, for all aquatic mammals (except
captive dolphins), fish, amphibians, molluscs and crustaceans.
• Likelihood of exposure cannot currently be assessed for captive dolphin as
the information available is limited to their ACE2 binding affinity to SARS-CoV-2 RBD.
Handling or consumption of animal carcasses, meat/organs, body fluids and
excretions is considered:
• Low, i.e. unlikely to occur, for products originating from felines, old world
monkeys, new world monkeys (family Callitrichidae), species of the families Mustelidae and Cricetidae, tree shrews of the family Tupaiidae, bats
of the families Rhinolophidae and Pteropodidae, pangolins and dogs,
processed and/or sold as raw product in markets or retail shops in any condition.
• Low, i.e. unlikely to occur, for raw products originating from any other
animal species (wild, domestic or aquatic), processed and/or sold in markets or
retail shops in conditions not meeting the Codex Alimentarius food hygiene

Likelihoods for conditions that cannot be assessed could be any level between negligible and high.
Once information from ex-vivo cell or experimental animal infection studies, or evidence from comprehensive
epidemiological or animal pathology studies becomes available, likelihood of exposure for these species will be
assessed in future updates of this document.
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standards (CAC, 2009), where cross contamination from the environment,
hitherto unidentified animal hosts or a SARS-CoV-2 infected human is likely to
have occurred.
• Negligible, i.e. extremely unlikely to occur, for sufficiently heat-treated
products originating from any animal species (wild, domestic or aquatic)
as long as there is no opportunity for cross-contamination after heat-treatment in
addition to raw products of poultry, pigs and aquatic animals if processed
and/or sold in markets or retail shops in conditions meeting the Codex Alimentarius food hygiene standards (CAC, 2009).
• Likelihood of exposure cannot currently be assessed for raw products
originating from other mammalian wildlife species, reptiles or predatory
invertebrates or from most livestock species (other than pigs and poultry)
in any condition because the information available is only limited to their ACE2
binding affinity to SARS-CoV-2 RBD.
In the assessment, the uncertainty of the different levels of likelihood generally remains
medium (small sample data set(s), fair correlation/good fit; reliable method) to high (lack of
data, limited data, or lack of conclusive data; weak correlation or crude speculation) due
to the information gaps outlined.
Specifying the name of some animal species in this assessment does not imply
a role in SARS-CoV-2 zoonotic spillover and the results of this assessment do not justify
any measures that may subject these species to unnecessary stress, impact their trade or
affect their conservation status.
A direct precursor virus has not been detected in any wild animal species to
date, thus it is unknown if the precursor virus is still circulating in the original reservoir or
intermediate host. However, the ongoing pandemic involves millions of human cases shedding high levels of virus and is thus creating new contaminated environments other than
the original natural reservoir. This has been taken into account in the assessment together
with evidenced susceptibility of different animal species.
At this early stage, when available data is not sufficient to draw specific conclusions,
FAO discourages sampling surveys as part of active surveillance for SARS-CoV-2
in animal species that would distract time and resources away from other responsibilities of veterinary services. Instead, FAO encourages public health, veterinary and wildlife
authorities, and forestry and natural resources management to work closely together with a
One Health approach to investigate SARS-CoV-2 transmission between animals and
humans, provided conditions and resources allow. A suggested approach for field investigation in animals is provided.
From a risk management perspective, it is important to consider that yet another
zoonotic pathogen, of probable bat-origin and able to infect multiple animal species, was
able to jump the species barrier and cause a pandemic in humans of unprecedented proportion. A process of country assessment and review – which includes reduction of contact



Likelihoods for conditions that cannot be assessed could be any level between negligible and high.
Once information from ex-vivo cell or experimental animal infection studies, or evidence from comprehensive
epidemiological or animal pathology studies becomes available, likelihood of exposure for these species will be
assessed in future updates of this document.
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Capturing bats for research, Democratic Republic of the Congo

between humans or domestic animals, and bats or other susceptible wild animals that
might act as bridge species – will lead to evidence-based actions which reduce the likelihood and impact of future emergence and spillover of zoonotic pathogens with pandemic
potential. Maintenance of strict biosecurity measures, respecting standards of the Codex
Alimentarius basic texts on food hygiene (CAC, 2009), wildlife trade controls and restrictions, with bans on illegal trade, and/or behaviour change in consumers and traders would
require additional medium- to long-term engagement. Such measures, as informed by
national risk assessment, should take into account impact on livelihoods and food security.
The assessment is based upon information available up to 30 June 2020 and will be revised
as circumstances change and new information becomes available.
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Background and introduction

Coronaviruses (CoVs) are responsible for respiratory and intestinal infections in animals and
humans. Four genera of CoVs can be distinguished: alphacoronavirus, betacoronavirus,
gammacoronavirus and deltacoronavirus. Generally, alpha- and betacoronaviruses infect
only mammals, whereas gamma- and deltacoronaviruses infect mainly birds; however, some
deltacoronaviruses have also been shown to infect mammals (Cui et al. 2019). One alpha- and
two gammacoronaviruses have been detected in marine mammals (Schütze, 2016). In the past
20 years two betacoronaviruses have already caused public health emergencies, namely Severe
Acute Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS). Before the
emergence of SARS-CoV, only two human CoVs (HCoVs) were known (the Alphacoronavirus
HCoV‑229E and the Betacoronavirus HCoV‑OC43). Increased interest in HCoVs following
the SARS epidemic lead to the discovery of two additional viruses, the Alphacoronavirus
HCoV-NL63 and the Betacoronavirus HCoV-HKU1. All four HCoVs mostly cause mild infections
in immunocompetent people with symptoms similar to a common cold (Lorusso et al., 2020).
Based upon available genomic sequences, bats are thought to be the animal host from which
Alphacoronaviruses HCoV‑NL63 and HCoV‑229E were introduced into the human population
and rodents for the Betacoronaviruses HCoV‑OC43 and HKU1. Some of these CoVs infect
intermediate mammalian hosts which enables spillover to infect humans: dromedary camels
for HCoV‑229E (Corman et al., 2016), cattle for HCoV‑OC43, marketed masked palm civets
for SARS-CoV, and dromedary camels for MERS-CoV (Cui et al. 2019).
However, the newly emerged SARS-CoV-2, a betacoronavirus, is genetically different
from any other human coronavirus discovered so far. The name SARS-CoV-2 was chosen because this new virus genetically clusters with hundreds of CoVs within the species
SARS-related CoVs, subgenus Sarbecovirus, genus betacoronavirus (Gorbalenya et al.
2020). These related viruses, mostly detected through genetic sequencing of samples
collected from humans and bats, all have names derived from SARS-CoV. However, only
isolates from the 2002–2003 epidemic have been confirmed to cause SARS in humans.
Phylogenetic analysis shows that SARS-CoV-2 is not a descendent of SARS-CoV but constituted an independent new introduction (Gorbalenya et al. 2020).
SARS-CoV-2 has a genome similarity of 96 percent to a SARS-related bat coronavirus
(Zhou et al.,2020a) and of between 85.5 and 92.4 percent to a pangolin coronavirus sampled
months before the first detection of SARS-CoV-2 in humans (Lam et al., 2020a), demonstrating the circulation of a very close ancestral strain. Furthermore, analysis of the spike proteins of
SARS-CoV-2 and the SARS-related bat and pangolin coronaviruses shows that the
SARS-CoV-2 spike protein may have optimized its binding affinity to human-like ACE2
during natural selection in an animal host before zoonotic transfer (Andresen et al., 2020).
One Health collaboration – involving coordination between public, animal and environmental health sectors to address health threats at the human-animal-environment interface – is
required to effectively tackle this emerging zoonotic disease threat.
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A SARS-related coronavirus has been detected in pangolins

FAO received several requests from member countries to provide advice on surveillance
or testing for SARS-CoV-2 in animals which led to the review of available information on
SARS-CoV-2 and betacoronaviruses in animals. This qualitative exposure assessment aims
to support One Health partners, including veterinary services and research institutions, in
prioritizing animal species for targeted field investigations or research studies aimed at
generating data and knowledge on potential SARS-CoV-2 animal host(s) and their role in
maintenance and/or spread of the virus. The assessment is based upon review of information available up to 30 June 2020 and will be revised as circumstances change and new
information becomes available. The reader should note that the uncertainty in the assessment of the different levels of likelihood remains generally medium to high since there is
a need for a better understanding of SARS-CoV-2 characteristics and the epidemiology of
infection to provide a more precise assessment.
It is important to note that at the time of preparation of this document (30 June 2020),
the COVID-19 pandemic is propagated by human-to-human transmission and the reader is
referred to WHO for information regarding all public health aspects.
While occurrence of zoonotic spillover events from animals to humans during the current
pandemic has only been reported on one occasion, in a Dutch mink farm (Rijksoverheid,
2020a) and is subject to further investigation, exposure and infection of animals (felids, dogs
and/or mink) sharing the same space with SARS-CoV-2 infected humans has been confirmed
in Asia, Europe and the the United States of America as described in the considerations for
this assessment. FAO, the World Organisation for Animal Health (OIE) and partners collaborate in providing evidence-based advice to veterinary authorities and the veterinary community on all SARS-CoV-2 related animal health issues.

7

Exposure assessment

This qualitative exposure assessment was prepared in response to a request for guidance
on SARS-CoV-2 investigations in animals, as expressed to FAO by its Members and several
research institutions. The methodology draws on previous FAO qualitative risk assessments
addressing Zaire Ebolavirus Outbreaks (2018) and Chinese-origin H7N9 avian influenza (2019).

Methodology for qualitative risk assessment and
uncertainties
The risk questions assessed consider likelihoods of SARS-CoV-2 exposure (of humans or
animals) from different animal species, domestic and wild. Following exposure, human or
animal infection may or may not occur. The reader should note that likelihood of human
or animal infection, post-exposure, is not assessed in this document and needs to
consider a variety of additional factors that are not presented here.
This exposure assessment defines the likelihood of human or animal exposure to SARSCoV-2 released directly from infected animal hosts or indirectly from their products, from
highest to lowest levels as follows:
• High (highly likely to occur/result in exposure);
• Moderate (potential to occur/result in exposure);
• Low (unlikely to occur/result in exposure);
• Very low (very unlikely to occur/result in exposure); and
• Negligible (extremely unlikely to occur/result in exposure).
A full list of considerations and evidence used to answer each risk assessment question
can be found in Information and Evidence Considered (Annex 2).
The assessment considers the level of uncertainty when interpreting the available data,
to reflect data quality and quantity.
Definition of uncertainty levels used:
• High uncertainty (H): lack of data, limited data, or lack of conclusive data; weak
correlation or crude speculation;
• Medium uncertainty (M): small sample data set(s), fair correlation/good fit; reliable
method;
• Low uncertainty (L): large sample data set(s); known fact, event known to occur, or
exact measure.
The reader should note that due to the limited availability of field studies and investigations on SARS-CoV-2 in different animal species at the time of the assessment the overall
uncertainty in the exposure assessment is generally medium to high. The exposure
assessment will be updated once new relevant information becomes available.

 The source of infection for the assessed animal species may have been a human COVID-19 case (reverse

zoonosis), another infected animal or a contaminated environment.
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Effort was made to include mainly peer-reviewed articles related to SARS-CoV-2 in the
considerations. However, where important novel or unique information was made available
online through rapid pre-print releases, government reports and official press releases, it
has been included, despite not being peer-reviewed.
The figures in Annex 1 illustrate key steps that would be required for exposure to an animal or
animal product infected or contaminated with SARS-CoV-2 to pose a risk to humans or animals.
Assessment of human exposure to SARS-CoV-2 from animals or their products not only
considers the public, such as consumers or live animal market visitors, but also occupationally exposed individuals, including those frequently involved in hunting, farming, transportation, processing and marketing of wild or domestic animals.
The exposure assessment underwent two major review processes and includes input from
the following FAO staff, FAO Reference Centres and subject matter experts identified based
on their expertise in coronavirus virology, zoonotic disease epidemiology, local hunting, production, marketing and trade practices, food safety and/or qualitative risk assessment:
Internal reviewers:
• Emmanuel Kabali, Ryan Aguanno, Holy Akwar, Etienne Bonbon, Cristian De Battisti,
Alejandro Dorado-Garcia, Alice Green, Bin Hao, Gael Lamielle, Francesca Latronico,
Jeffrey Lejeune, Markus Lipp, Brett Mackinnon, Samia Metwally, Claudia Pittiglio,
Sandra Ratiarison, Melba Reantaso, Xavier Roche, Kristina Rodina, Cristina Rojo, Sean
Shadomy (Food and Agriculture Organization of the United Nations – FAO, Rome, Italy)
• Filip Claes (FAO Regional Office for Asia and the Pacific, Bangkok, Thailand)
• Garba Maina Ahmed, Scott Newman, Mamadou Niang, Ismaila Seck (FAO Regional
Office for Africa, Accra, Ghana)
• Friederike Mayen (FAO Regional Office for the Near East and North Africa, Cairo, Egypt)
• Markos Tibbo (FAO Subregional Office for the Gulf Cooperation Council States and
Yemen, Abu Dhabi, United Arab Emirates)
• Charles Bebay, Joshua Kimutai (FAO Subregional Office for Eastern Africa, Nairobi, Kenya)
• Serge Nzietchueng (FAO Representation Office in Congo, Brazzaville, Republic of the Congo)
• Pawin Padungtod (FAO Country Office in Viet Nam, Hanoi, Viet Nam)
External reviewers:
• Paolo Calistri (Istituto Zooprofilattico Sperimentale dell’Abruzzo e del Molise
“G. Caporale” Campo Boario, Teramo)
• Giovanni Cattoli (Joint FAO/IAEA Division for Nuclear Applications in Food and
Agriculture, Seibersdorf, Austria)
• Peter Daszak (EcoHealth Alliance, New York, United States of America)
• Stephane De La Rocque (World Health Organization – WHO, Health Emergencies
Programme, Geneva, Switzerland)
• Anwar Mohamad Hadi Hashem (King Abdulaziz University, Jeddah, Saudi Arabia)
• Louise Kelly (Animal and Plant Health Agency – APHA, Weybridge, United Kingdom
of Great Britain and Northern Ireland )
• Marion Koopmans (Viroscience Department, Erasmus Medical Centre, Rotterdam
The Netherlands)

Exposure assessment

• Sophie Lepoder (Agence Nationale de Sécurité Sanitaire de l’Alimentation, de l’Environnement et du Travail – ANSES, Maisons-Alfort, France)
• Malik Peiris (School of Public Health, The University of Hong Kong, Hong Kong,
P.R. China)
• Francisco Reviriego Gordejo (Directorate-General for Health and Food Safety, European
Commission, Brussels, Belgium)
• Francois Roger (Centre de Coopération Internationale en Recherche Agronomique
pour le Développement – CIRAD, Montpellier, France)
• Suminder Sawhney (Canadian Food Inspection Agency – CFIA, Ottawa, Canada)
• Changchun Tu (Changchun Veterinary Research Institute – CVRI, Chinese Academy of
Agricultural Sciences – CAAS, Changchun, China)
• Linfa Wang (Duke-NUS Medical School, Singapore)
• Cristobel Zepeda (United States Department for Agriculture Animal and Plant Health
Inspection Service – USDA APHIS, Brasília, Brazil)

Risk questions assessed
1.		 What is the likelihood of exposure of humans or animals to SARS-CoV-2 in COVID-19
affected areas through contact with, handling or consumption of wild animals or
their products?
2.		 What is the likelihood of exposure of humans or animals to SARS-CoV-2 in COVID-19
affected areas through contact with, handling or consumption of livestock or their
products?
3.		 What is the likelihood of exposure of humans or animals to SARS-CoV-2 in COVID-19
affected areas through contact with or handling of companion animal species or
handling or consumption of dog and cat products?
4.		 What is the likelihood of exposure of humans or animals to SARS-CoV-2 in COVID19 affected areas through contact with, handling or consumption of aquatic animals or their products?
Important notes:
• Specifying the name of some animal species in this assessment does not imply a
role in SARS-CoV-2 zoonotic spillover. At this early point, with the limited data
available at the date of publishing, we attempt to assess the potential role of animal
species (wild or domestic) in exposing humans or animals to SARS-CoV-2 with the
aim of supporting the research community in targeting or prioritizing studies to investigate potential SARS-CoV-2 reservoir or intermediate host(s). See Annexes 3 and 4
for a suggested progressive approach to investigating potential SARS-CoV-2 wildlife
reservoir(s) or intermediate host(s). Results of this assessment do not justify any
measures that may subject any species to unnecessary stress, impact their
trade or affect their conservation status.
• At this early stage when available data is not sufficient to draw specific conclusions, FAO discourages sampling surveys as part of active surveillance for


As per Glossary, products are defined as carcass, raw meat (including offal), tissue, milk and other fluids and
excretions of animals
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Men cutting meat in a butchery, Addis Ababa, Ethiopia

SARS-CoV-2 in animal species that would distract time and resources away
from other responsibilities of veterinary services. FAO encourages public
health, veterinary, forestry and natural resources management and wildlife
authorities to work closely together under the One Health approach to systematically investigate SARS-CoV-2 infected humans for history of contact
with animals and animal products and conduct targeted, robust epidemiological
investigations coupled with laboratory testing for animal species potentially linked
with COVID-19 human cases, provided conditions and resources allow (see Suggested Approaches for Field Investigations in Animals).
• Increased relative exposure risk should be considered for occupational risk groups
(including hunters, butchers, market middlemen, retailers, farmers and veterinarians)
handling certain animal species when compared to the general public, owing to
increased frequency and intensity of contact with animals.
• Likelihood of a reverse zoonotic event happening, where SARS-CoV-2 is transmitted from humans to animals, is not addressed in this assessment. However, reverse
zoonosis (either by direct contact with infected humans or indirectly through environments contaminated by infected humans) is indirectly considered in the steps
required that would lead to an animal species being infected or its products being
contaminated and thus pose SARS-CoV-2 exposure risk for humans or animals.
• Exposure of humans to the virus during the current pandemic is predominantly
through human-to-human transmission by respiratory droplets from coughing,
sneezing, and talking (CDC, 2020). Human-to-human transmission is likely to occur
in households, workplaces, or health care centres (WHO, 2020a).

Exposure assessment

Main assessment
key considerations and likelihoods of exposure
Risk question 1: What is the likelihood of exposure of humans or
animals to SARS-CoV-2 in COVID-19 affected areas through contact with,
handling or consumption of wild animals or their products?
See Annex 1 for illustration of key steps that would be required for exposure to an animal
or animal product infected or contaminated with SARS-CoV-2 to pose a risk to humans or
animals. See Annex 2 for a full list of considerations with respective references.
Key considerations used to assign likelihood estimates for live wild mammals
• Local hunting and captive farming of wild mammals for trade and consumption
purposes mainly occurs in Southeast Asia and to a lesser extent in some countries in
sub-Saharan Africa.
• Extensive trafficking of these mammals occurs in Southeast Asia as well as sub-Saharan Africa.
• Experimentally infected ferrets of the family Mustelidae, hamsters of the family
Cricetidae, Egyptian fruit bats of the family Pteropodidae, tree shrews of the family
Tupaiidae and some species of old world monkeys and new world monkeys of the
family Callitrichidae have demonstrated susceptibility to SARS-CoV-2 infection.
• Experimentally SAR-CoV-2 infected hamsters, ferrets and Egyptian fruit bats transmitted infection to naïve co-housed animals of the same species in experimental settings.
• Natural SARS-CoV-2 infection in captive tiger and lion in a zoo in the United States of
America as a result of human-to-animal transmission has been confirmed, with likely
onwards animal-to-animal transmission.
• Natural SARS-CoV-2 infection in captive farmed mink in the Netherlands as a result
of human-to-animal transmission has been confirmed, with likely onwards animal-to-animal and animal-to-human transmission.
• There is evidence of coronaviruses such as SARS-CoV-2, Feline Coronavirus (FCoV)
and MERS-CoV affecting different species of the same animal family.
• Sustained and robust SARS-CoV-2 replication has been observed in intestinal organoid
cultures derived from horseshoe bats (Rhinolophus sinicus) of the family Rhinolophidae.
• A high affinity of ACE2 receptors has been found in certain wildlife species (primates,
family Cricetidae) to bind RBD of SARS-CoV-2.
• Pangolin coronaviruses have been identified with 92.4 percent full genome sequence
similarity to SARS-CoV-2, and 97.4 percent amino acid sequence similarity to SARSCoV-2 RBD supporting the hypothesis that pangolins might host SARS-CoV-2 virus
or a recent common ancestor, and could be a potential source for human and animal
exposure regardless if they are infected in their natural habitat or acquired infection in
a contaminated environment owing to anthropogenic activities.
• No susceptibility of pigs (a member of the family Suidae) to SARS-CoV-2 after experimental infection has been demonstrated.
• Lessons have been learned from SARS-CoV in China, where direct or indirect accidental animal-to-animal infection is thought to have occurred in traditional markets,
including cross-species transmission.
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SARS-CoV-2 transmission to tigers from their caretaker was confirmed in Bronx Zoo, New York

• There is serological evidence of exposure to SARS-related CoVs in market traders or
people living in the vicinity of bat caves in Southeast Asia.
Key considerations used to assign the likelihood estimate for live wild birds:
• Only gamma- and deltacoronaviruses are commonly detected in wild birds. No evidence
of betacoronavirus detection was reported, except for one study from Brazil detecting
betacoronavirus RNA in wild birds preying on bats and another study in China detecting
SARS-CoV RNA in a greylag goose (Anser anser) sampled in a traditional market – however environmental contamination of the samples could not be excluded.
• Analysis of key amino acid residues of ACE2 of 79 wild birds demonstrated very
low likelihood of binding SARS-CoV-2 RBD; except for a few studies supporting the
hypothesis of a likely binding affinity favouring SARS-CoV-2 infection in some (nine)
wild bird species, contradicting, however, results generated by other studies.
• Chicken, ducks, geese, turkey and quail demonstrated no susceptibility to SARS-CoV-2
after experimental infection.
Key considerations used to assign likelihood estimates for handling or consumption of
wild mammal and wild bird carcasses, raw meat/organs, body fluids and excretions:
• Human-to-human transmission is of pandemic proportion and environmental contamination occurs in areas where COVID-19 patients are present or have visited,
therefore surface contamination of food products is possible where food hygiene
standards do not meet those described in the Codex Alimentarius (CAC, 2009).
• There is evidence of SARS-CoV-2 isolation from environmental samples collected in
traditional markets.
• SARS-CoV-2 is stable in different pH conditions and on different surfaces.
• Viability of SARS-CoV-2 is preserved for longer periods on different surfaces in the
presence of protein substance.
• SARS-CoV-2 RNA has been detected in blood and lungs of experimentally infected monkeys.
• SARS-related CoV has been detected in the blood and lungs of naturally infected pangolin.
• SARS-CoV-2 RNA has been detected in several internal organs of experimentally
infected Egyptian fruit bats, tree shrews and ferrets.

Exposure assessment
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Table 1

Assessed likelihood levels (and associated uncertainty) for exposure of humans or
animals to SARS-CoV-2 in COVID-19 affected areas through contact with, handling or
consumption of wild animals or their products
Exposure
type

Contact

Animals
and products

Site/
condition

Region/
countries

Likelihood
estimate*
(uncertainty low,
medium or high**)

• live wild felines
• live old world monkeys
• live new world monkeys (family
Callitrichidae)
• live species of the family
Mustelidae
• live species of the family Cricetidae
• live tree shrews of family Tupaiidae
• live bats of families Rhinolophidae
and Pteropodidae
• live pangolins

•
•
•
•
•

all

Low (M)

Southeast
Asia,
sub-Saharan
Africa

Very low (H)

other areas of
the world

Negligible (H)

live wild suids

all

all

Negligible (M)

live wild birds

all

all

Negligible (M)

carcasses, meat/organs, body fluids
and excretions of wild felines, old
world monkeys, new world monkeys
(family Callitrichidae), species of
the families Mustelidae, Cricetidae
and Tupaiidae, bats of the families
Rhinolophidae and Pteropodidae,
and pangolins

processed and/or sold as
raw product in markets
or retail shops in any
condition

all

Low (H)

sufficiently heat-treated,
with no opportunity for
cross-contamination after
heat-treatment

all

Negligible (L)

Handling or
consumption
Other wildlife carcasses, meat/organs,
body fluids and excretions (including
those of mammals and birds)

Contact,
handling or
consumption

congregation areas
markets
wildlife ranches
wildlife farms
zoo and circus facilities

natural habitat

processed and/or sold as
raw product in markets or
retail shops in conditions
not meeting the Codex
Alimentarius food hygiene
standards (CAC, 2009),
all
where cross-contamination
from the environment,
unidentified animal hosts
or a SARS-CoV-2 infected
human is likely to have
occurred

Low (H)

sufficiently heat-treated,
with no opportunity for
cross-contamination after
heat-treatment

Negligible (L)

all

other live wildlife species (including
reptiles and predatory invertebrates)

likelihood of exposure cannot currently be assessed: information
available is limited to ACE2 binding affinity to
SARS-CoV-2 RBD

carcasses, meat/organs, body fluids
and excretions of these species

sufficiently heat-treated,
with no opportunity for
cross-contamination after
heat-treatment

all

Negligible (L)

*	Definition of likelihood levels used: High = highly likely to occur/result in exposure; Moderate = potentially occurring/
resulting in exposure; Low = unlikely to occur/result in exposure; Very low = very unlikely to occur/result in exposure; and
Negligible = extremely unlikely to occur/result in exposure.
**	Definition of uncertainty levels used: High uncertainty (H): lack of data, limited data, or lack of conclusive data; weak
correlation or crude speculation; Medium uncertainty (M): small sample data set(s), fair correlation/ good fit; reliable
method; Low uncertainty (L): large sample data set(s); known fact, event known to occur, or exact measure.

Likelihoods for conditions that cannot be assessed could be any level between negligible and high.

Once information from ex-vivo cell or experimental animal infection studies, or evidence from comprehensive
epidemiological or animal pathology studies becomes available, likelihood of exposure for these species will be assessed
in future updates of this document.

14

Exposure of humans or animals to SARS-CoV-2 from wild, livestock, companion and aquatic animals

Important notes:
• The estimates for likelihood levels do not take into account the disease control measures
adopted in Southeast Asian countries and other regions since January 2020 (i.e. market
closure, market decontamination, movement restrictions, etc.). However, as seen after
the SARS outbreak in 2002–2003, such measures may not be permanent. Maintenance
of strict biosecurity measures, wildlife trade bans or restrictions and/or behaviour change
in consumers and traders would require additional medium to long-term engagement.
• There is no evidence of natural pangolin or bat infection with SARS-CoV-2 to date.
However, identification of pangolin and intermediate horseshoe bat coronaviruses
with 92.4 percent and 96.2 percent full genome sequence similarity with SARSCoV-2, respectively, suggests that these species might host SARS-CoV-2 virus or a
recent common ancestor and could be a potential source for human exposure –
whether infected in their natural habitat or a contaminated environment owing to
anthropogenic activities.

Risk question 2: What is the likelihood of exposure of humans or
animals to SARS-CoV-2 in COVID-19 affected areas through contact with,
handling or consumption of livestock or their products?
See Annex 1 for illustration of key steps that would be required for exposure to an animal or
animal product infected or contaminated with SARS-CoV-2 to pose a risk to humans or animals.
See Annex 2 for a full list of considerations with respective references.
Key considerations used to assign likelihood estimates for live livestock:
• Pigs, chickens, ducks, geese, turkey and quail have demonstrated no susceptibility to
SARS-CoV-2 after experimental infection.
• ACE2 receptors of bovine, ovine, caprine and rabbit were were predicted by some
studies to have good affinity to bind SARS-CoV-2 RBD while studies addressing
camelid and equine report contradictory findings of either good or poor affinity.
However, further studies are still needed to confirm or deny these predictions and
investigate whether any of these species is able to amplify and shed infectious virus.
• Only gamma- and deltacoronaviruses have been detected in poultry, whereas no
infection with betacoronaviruses has been reported so far.
Key considerations used to assign likelihood estimates for handling or consumption of livestock carcasses, raw meat/organs, body fluids and excretions:
• Human-to-human transmission is of pandemic proportion and environmental contamination occurs in areas where COVID-19 patients are present or have visited,
therefore surface contamination of food products is possible where food hygiene
standards do not meet those described in the Codex Alimentarius (CAC, 2009).
• There is evidence of SARS-CoV-2 isolation from environmental samples collected in
traditional markets.
• Viability of SARS-CoV-2 is preserved for longer periods on different surfaces in the
presence of protein substance.
• SARS-CoV-2 is stable in different pH conditions and on different surfaces.

Exposure assessment
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Table 2

Assessed likelihood levels (and associated uncertainty) for exposure of humans or
animals to SARS-CoV-2 in COVID-19 affected areas through contact with, handling or
consumption of livestock or their products
Exposure
type

Contact

Animals
and products

Site/
condition

Region/
countries

Likelihood
estimate*
(uncertainty low,
medium or high**)

live pigs

all

all

Negligible (M)

live poultry

all

all

Negligible (M)

live ovine, caprine, bovine, camelids,
rabbit and equine species

likelihood of exposure cannot currently be assessed: information
available is limited to their ACE2 binding affinity to SARS-CoV-2
RBD
processed and/or sold as
raw product in markets or
retail shops in conditions
not meeting the Codex
Alimentarius food hygiene
standards (CAC, 2009),
all
where cross contamination
from the environment,
unidentified animal hosts
or a SARS-CoV-2 infected
human is likely to have
occurred

Handling or
consumption

livestock carcasses, meat/organs,
body fluids and excretions

processed and/or sold as
raw product in markets
or retail shops in hygienic
conditions (i.e. meeting
the Codex Alimentarius
food hygiene standards
(CAC, 2009)
sufficiently heat-treated,
with no opportunity for
cross-contamination after
heat-treatment

all

Low (H)

Negligible (M)
if originating from
poultry and pigs

likelihood of exposure cannot
currently be assessed for livestock
species other than poultry and pigs:
information available is limited to
their ACE2 binding affinity to
SARS-CoV-2 RBD
all

Negligible (L)

*	Definition of likelihood levels used: High = highly likely to occur/result in exposure; Moderate = potentially occurring/
resulting in exposure; Low = unlikely to occur/result in exposure; Very low = very unlikely to occur/result in exposure; and
Negligible = extremely unlikely to occur/result in exposure.
**	Definition of uncertainty levels used: High uncertainty (H): lack of data, limited data, or lack of conclusive data; weak
correlation or crude speculation; Medium uncertainty (M): small sample data set(s), fair correlation/ good fit; reliable
method; Low uncertainty (L): large sample data set(s); known fact, event known to occur, or exact measure.

Likelihoods for conditions that cannot be assessed could be any level between negligible and high.

Once information from ex-vivo cell or experimental animal infection studies, or evidence from comprehensive
epidemiological or animal pathology studies becomes available, likelihood of exposure for these species will be assessed
in future updates of this document.
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Risk question 3: What is the likelihood of exposure of humans or animals
to SARS-CoV-2 in COVID-19 affected areas through contact with or
handling of companion animal species or handling or consumption of
dog and cat products?
See Annex 1 for illustration of key steps that would be required for exposure to an animal or
animal product infected or contaminated with SARS-CoV-2 to pose a risk to humans or animals.
See Annex 2 for a full list of considerations with respective references.
Key considerations used to assign likelihood estimates for live companion animals
and stray dogs and cats:
• Experimentally infected cats, ferrets and hamsters have demonstrated susceptibility
to SARS-CoV-2 infection and ability to infect other animals of the same species in
experimental settings.
• Natural SARS-CoV-2 infection of pet cats owned by or in contact with COVID-19
patients has been confirmed.
• There is evidence of natural infection and seroconversion of dogs owned by or in
contact with COVID-19 patients. However in one case, a second dog living in the
same household tested negative with polymerase chain reaction (PCR).
• Experimentally inoculated dogs did not transmit the virus to other co-housed naïve
dogs in experimental settings.
• Contact between humans and pets is close and mutual exposure to respiratory and
oral secretions is likely to occur in the household.
Key considerations used to assign likelihood estimates for handling or consumption of dog and cat products:
• Human-to-human transmission is of pandemic proportion and environmental
contamination occurs in areas where COVID-19 patients are present or have visited, therefore surface contamination of food products by direct contamination or
cross-contamination is possible where food hygiene standards are not meeting those
described in the Codex Alimentarius (CAC, 2009).
• There is evidence of SARS-CoV-2 isolation from environmental samples collected in
traditional markets.
• SARS-CoV-2 is stable in different pH conditions and on different surfaces.
• Viability of SARS-CoV-2 is preserved for longer periods on different surfaces in the
presence of protein substance.
• There is evidence of natural infection in cats and SARS-CoV-2 RNA has been isolated
from the lung, trachea and tonsils of experimentally infected cats.
• There is evidence of natural infection and seroconversion of dogs owned by or in
contact with COVID-19 patients. However in one case, a second dog living in the
same household tested negative with polymerase chain reaction (PCR).
• SARS-CoV-2 was isolated from a naturally infected dog.



As per Glossary, products are defined as carcass, raw meat (including offal), tissue, milk and other fluids and
excretions of animals
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Table 3

Assessed likelihood levels (and associated uncertainty) for exposure of humans or
animals to SARS-CoV-2 in COVID-19 affected areas through contact with or handling of
companion animal species or handling or consumption of dog and cat products
Exposure
type

Site/
condition

Region/
countries

Likelihood
estimate*
(uncertainty low,
medium or high**)

owned by or in contact
with COVID-19 patient(s),
infected animals or
environments known to
be contaminated with
SARS-CoV-2

all

Moderate (M)

other sites, with
unknown infection or
contamination status
(including live cats
intended for use as food)

all

Low (H)

live companion birds

all

all

Negligible (M)

all

Low (M)

live companion dog

owned by or in contact
with COVID-19 patient(s),
infected animals or
environments known to
be contaminated with
SARS-CoV-2
other sites, with
unknown infection or
contamination status
(including live dogs
intended for use as food)

all

Very low (H)

Animals
and products

•
•
•
•

live companion cat
live companion ferret
live companion hamster
uncommon exotic pets belonging
to susceptible species such as live
monkeys and bats

Contact

Handling or
consumption

other exotic live mammalian or
reptilian pets

likelihood of exposure cannot currently be assessed:
information available is limited to their ACE2 binding affinity to
SARS-CoV-2 RBD

live stray cat

all (including live cats
intended for use as food)

all

Low (H)

live stray dog

all (including live dogs
intended for use as food)

all

Very Low (H)

processed and/or sold as
raw product in markets
or retail shops in any
condition

all

Low (H)

sufficiently heat-treated,
with no opportunity for
cross-contamination after
heat-treatment

all

Negligible (L)

dog and cat carcasses, meat/organs,
body fluids and excretions

*	Definition of likelihood levels used: High = highly likely to occur/result in exposure; Moderate = potentially occurring/
resulting in exposure; Low = unlikely to occur/result in exposure; Very low = very unlikely to occur/result in exposure; and
Negligible = extremely unlikely to occur/result in exposure.
**	Definition of uncertainty levels used: High uncertainty (H): lack of data, limited data, or lack of conclusive data; weak
correlation or crude speculation; Medium uncertainty (M): small sample data set(s), fair correlation/ good fit; reliable
method; Low uncertainty (L): large sample data set(s); known fact, event known to occur, or exact measure.

Likelihoods for conditions that cannot be assessed could be any level between negligible and high.

Once information from ex-vivo cell or experimental animal infection studies, or evidence from comprehensive
epidemiological or animal pathology studies becomes available, likelihood of exposure for these species will be assessed
in future updates of this document.
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Risk question 4: What is the likelihood of exposure of humans or
animals to SARS-CoV-2 in COVID-19 affected areas through contact with,
handling or consumption of aquatic animals or their products?
See Annex 1 for illustration of key steps that would be required for exposure to an animal
or animal product infected or contaminated with SARS-CoV-2 to pose a risk to humans or
animals. See Annex 2 for a full list of considerations with respective references.
Key considerations used to assign likelihood estimates for live aquatic animals:
• Only alpha- and gammacoronaviruses have been found to infect aquatic animals,
whereas none of the betacoronaviruses have been found to infect them.
• Although analysis of ACE2 receptors of cetacean species predicted high binding affinity to SARS-CoV-2 RBD, it is extremely unlikely for humans and animals to be exposed
to these species in their natural habitat.
• Analysis of key amino acid residues of 82 fish and four amphibian species supported
the hypothesis of very low affinity to bind SARS-CoV-2 RBD, only one study supported the hypothesis of a binding energy favourable for SARS-CoV-2 infection for ten
fish species, contradicting, however, results of another study.
Key considerations used to assign likelihood levels for handling or consumption
of aquatic animal products:
• Human-to-human transmission is of pandemic proportion and environmental contamination occurs in areas where COVID-19 patients are present or have visited,
therefore surface contamination of food products is possible where food hygiene
standards do not meet those described in the Codex Alimentarius (CAC, 2009).
• There is evidence of SARS-CoV-2 isolation from environmental samples collected in
traditional markets where aquatic animals were sold.
• SARS-CoV-2 is stable in different pH conditions and on different surfaces.
• Viability of SARS-CoV-2 is preserved for longer periods on different surfaces in the
presence of protein substance.

Exposure assessment
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Table 4

Assessed likelihood levels (and associated uncertainty) for exposure of humans or
animals to SARS-CoV-2 in COVID-19 affected areas through contact with, handling or
consumption of aquatic animals
Exposure
type

Animals
and products

live dolphins
Contact

Handling or
consumption

Likelihood
estimate*
(uncertainty low,
medium or high**)

Site/
condition

Region/
countries

captive

likelihood of exposure cannot
currently be assessed: information
available is limited to their ACE2
binding affinity to SARS-CoV-2 RBD

natural habitat

all

Negligible (M)

other live aquatic mammals

all

all

Negligible (M)

live fish, molluscs, crustacean and
amphibians

all

all

Negligible (M)

aquatic animal carcasses, meat/
organs, body fluids and excretions

processed and/or sold as
raw products in markets or
retail shops in conditions
not meeting the Codex
Alimentarius food hygiene
standards (CAC, 2009),
all
where cross contamination
from the environment,
unidentified animal hosts
or a SARS-CoV-2 infected
human is likely to have
occurred

Low (H)

processed and/or sold in
markets or retail shops
in hygienic conditions
(i.e. meeting the Codex
Alimentarius food hygiene
standards (CAC, 2009))

all

Negligible (M)

sufficiently heat-treated,
with no opportunity for
cross-contamination after
heat-treatment

all

Negligible (L)

*	Definition of likelihood levels used: High = highly likely to occur/result in exposure; Moderate = potentially occurring/
resulting in exposure; Low = unlikely to occur/result in exposure; Very low = very unlikely to occur/result in exposure; and
Negligible = extremely unlikely to occur/result in exposure.
**	Definition of uncertainty levels used: High uncertainty (H): lack of data, limited data, or lack of conclusive data; weak
correlation or crude speculation; Medium uncertainty (M): small sample data set(s), fair correlation/ good fit; reliable
method; Low uncertainty (L): large sample data set(s); known fact, event known to occur, or exact measure.

Likelihoods for conditions that cannot be assessed could be any level between negligible and high.

Once information from ex-vivo cell or experimental animal infection studies, or evidence from comprehensive
epidemiological or animal pathology studies becomes available, likelihood of exposure for these species will be assessed
in future updates of this document.
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Consequence assessment

SARS-CoV-2 exposure of humans or animals from different animal species has been
assessed to range from negligible, i.e. extremely unlikely to occur, to moderate, i.e. potentially occurring, depending on the animal species involved. Increased relative exposure risk
should be considered for occupational risk groups (including hunters, market middlemen,
retailers, farmers and veterinarians) when compared to the general public, owing to their
increased frequency and intensity of contact with animals. In occupational settings exposure risk from animals can be reduced by personnel following standard personal protection
measures such as wearing gloves and masks as well as frequent cleaning and disinfection
of equipment, areas and surfaces.
Information on recommended measures for livestock market chain settings (in the context of human-to-human spread) are included in FAO Guidelines to mitigate the impact of
the COVID-19 pandemic on livestock production and animal health (2020) and the FAO
Policy brief: Food Safety in the time of COVID-19 (2020), while applicable food hygiene
standards are outlined in the Codex Alimentarius Basic Texts on Food Hygiene (2009).
Since a direct precursor virus has not been detected in any wild animal species to date,
it is unknown if the virus is still circulating in the original reservoir or intermediate host/s.
Spillover from the original animal reservoir or intermediate hosts to human populations
may be considered a rare event, unless future evidence suggests that this is happening
more frequently than currently thought. However, the ongoing pandemic involves millions
of human cases shedding high levels of virus and is thus creating new contaminated environments other than the original natural reservoir. This has been taken into account in the
assessment together with evidenced susceptibility of different animal species. From a risk
management perspective, it is important to consider that yet another zoonotic pathogen,
of probable bat-origin and able to infect multiple animal species, was able to jump the
species barrier and cause a pandemic in humans of unprecedented proportion. COVID-19
has demonstrated that the public health impact and wide-reaching socio-economic consequences of such spillover, when it occurs, are devastating and long lasting.
A process of country assessment and review – which includes reduction of contact
between humans or domestic animals, and bats or other susceptible wild animals that
might act as bridge species – will lead to evidence-based actions which reduce the likelihood and impact of future emergence and spillover of zoonotic pathogens with pandemic
potential. Maintenance of strict biosecurity measures, respecting requirements of the
Codex Alimentarius basic texts on food hygiene (CAC, 2009), wildlife trade controls and
restrictions, with bans on illegal trade, and/or behaviour change in consumers and traders
would require additional medium- to long-term engagement. Such measures, informed by
national risk assessment, should take into account impact on livelihoods and food security.
Original SARS-CoV-2 animal reservoir or intermediate hosts are still unknown. Should a
livestock species be identified as natural reservoir of SARS-CoV-2, additional burden will be
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Increased relative exposure risk should be considered for occupational risk groups when compared to
the general public

placed on the human, logistical and financial resources of veterinary services. Consequently,
drawbacks on funding and continuity of prevention and control measures for other priority
animal diseases may be expected. In some countries, following extensive media coverage
on presumed susceptibility of cats and dogs, people abandoned their pets. Such action,
albeit unjustified, is posing an enormous threat to animal welfare and health. The relatively
low impact of potential occasional zoonotic transmission from farmed/captive animals to
their caretakers (evidenced in the Netherlands on a mink farm) or a pet to its owner (even
though not evidenced to date), has to be seen within the larger context of the pandemic
and the vast number of cases resulting from human-to-human transmission.
Since surface contamination of food products, including those of animal origin, is possible where food hygiene standards do not meet those described in the Codex Alimentarius
(CAC, 2009), consumer misinformation or negative propaganda may result in unjustified
consumer behaviour, such as avoidance of certain animals or animal products.
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Recommended studies to fill
outstanding knowledge gaps

To reduce uncertainty of the assessment, understanding of COVID-19 epidemiology and
involvement of animals needs to be enhanced. It is important to note that the uncertainty
associated with each of the likelihood levels in this assessment is generally medium to
high because of significant outstanding knowledge gaps. As this is a rapidly evolving situation with many unknowns, the assessment will need to be revisited as more information
becomes available.
Based on information gaps evidenced by the assessment we recommend a list of priority
studies.

One Health investigation studies (SHORT-TERM priority)
• Investigate human COVID-19 cases using a One Health approach and document
events that indicate human exposure to SARS-CoV-2 from animal source(s):
–– Develop molecular studies involving advanced virus characterization to identify
direction of infection, from animal to human or by reverse zoonosis. Collect information on settings or factors that may increase the risk of human exposure from
animals.
–– Conduct field studies, including case-control studies, to test susceptible and
potentially susceptible animals and exposed communities and occupations at the
human-animal interface using serological assays specific to SARS-CoV-2 once
available.
• Investigate human COVID-19 cases using a One Health approach and document
events that implicate exposure of companion, captive wild or livestock animals to
SARS-CoV-2, to investigate the potential of further zoonotic spillover as well as consequences for animal health:
–– Conduct timely1 molecular studies for SARS-CoV-2 RNA detection in companion,
captive wild or livestock animals (excluding non-susceptible species such as birds
and pigs) in contact with COVID-19 patients, perform advanced virus characterization and investigate animal health consequences as well as further zoonotic
spillover potential.
–– Conduct serological studies to investigate exposure of companion, captive wild
or livestock animals using serological assays specific to SARS-CoV-2 once available.

1

Late intervention (≥seven days) following confirmation of human infection may result in missing the virus
shedding window in animals.
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Targeted field investigation studies (short- and medium-term
priority)
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• Conduct field investigation studies to identify potential reservoir and intermediate
host species and relationships between different host populations that may facilitate
SARS-CoV-2 spillover or have facilitated its evolution and adaptation:
–– Target animal species (wild or domestic) that were identified by field investigations or
laboratory studies as most relevant and that have ACE2 receptors compatible with
SARS-CoV-2 RBD for comprehensive epidemiological and animal pathology studies.
–– Target bats (particularly families Rhinolophidae and Pteropodidae), primates (those with
ACE2 receptors compatible with SARS-CoV-2 RBD, see supplementary tables), wild
felines, wild animals of the families Tupaiidae, Cricetidae and Mustilidae and pangolins
worldwide, either in captive conditions or their wild habitat, to identify the diversity
of SARS-CoV-like and other CoVs in these species, increase knowledge of their role
as CoV-reservoirs and inform risk reduction strategies. It is highly likely that ancestral
strains of future SARS- or MERS-like coronavirus outbreaks will originate from bats,
and the probability of spillover is increased in countries where extensive wildlife habitat
encroachment (e.g. due to economic activity) and illegal trade in wildlife takes place.
Extensive studies performed over the past decades have helped identify a range of
pathogens in bat populations. These efforts need to continue and expand to widely
map diversity and distribution of potentially zoonotic pathogens in bats and allow for
detection of early warning signs, which can help minimize the impact of future human
outbreaks. Although there is no evidence of natural pangolin or bat infection with
SARS-CoV-2 to date, identification of pangolin and intermediate horseshoe bat coronaviruses with 92.4 percent and 96.2 percent sequence similarity with SARS-CoV-2,
respectively, may suggest that these species host SARS-CoV-2 virus or a recent common
ancestor and could be a potential source for human exposure. Identification of the viral
ancestor of SARS-CoV-2 may further support ongoing vaccine research efforts, as well
as considerations for measures to reduce future spillover risk for humans and animals.

Detailed investigation of SARS-CoV-2 transmission mechanisms between humans and animals is a
research priority

Recommended studies to fill outstanding knowledge gaps

•

•
•

•

–– Target animal species, particularly mammals such as wild or stray cats, monkeys and
raccoons, known to prey on bats or pangolins, to investigate if they play any role
in the amplification of SARS-CoV-2 or zoonotic adaptation of its recent ancestor(s).
Conduct studies to investigate SARS-CoV-2 presence and viability in the immediate
environment of locations where target animal species are held, sold or slaughtered,
including after different meat processing or disinfection methods; tracing of animal
DNA in positive environmental samples would help in hypothesizing potential animal
host species which can then be targeted in further field studies.
Target additional animal species as needed if new evidence suggests potential
involvement in SARS-CoV-2 epidemiology and transmission.
Sites to prioritize for sampling include animal markets, natural habitats and/or
commercial farms (including farmed wildlife). For more details related to prioritizing
wildlife species for sampling please see Annex 4.
Screen recent historical samples or RNA banks from wildlife (and domestic animals
assessed to be susceptible or potentially susceptible) for presence of SARS-CoV-2 or
its precursor viruses, especially in Southeast Asian and sub-Saharan African regions.

Laboratory studies (short- and medium-term priority)
• Conduct laboratory studies on ex-vivo tissue explants of different animal species
or experimental animal infection studies to investigate potential animal hosts and
confirm or deny findings from studies of ACE2 binding affinity to SARS-CoV-2 RBD.
• Develop and validate real-time PCR protocols for RNA detection of SARS-CoV-2 and
SARS-related CoVs in wild and domestic animals, given that real-time PCR protocols
currently employed for SARS-CoV-2 may not efficiently detect CoVs circulating in
animals that are related to SARS-CoV-2 but not identical.
• Develop and validate of serologically assays to screen sera of animal species for
exposure to SARS-CoV-2. This would enable targeted testing of serologically positive
species with molecular tests, such as coronavirus family PCR, and further targeted
testing of those that test positive, with a specific SARS-CoV-2 PCR assay.

Anthropological studies (medium- and LONG-TERM PRIORITY)
• Identify likely transmission pathways between animals, humans and involving the
environment.
• Understand human behaviour that may lead to increased exposure risk and conduct
case-control studies.
• Understand value chains and related drivers for wildlife and wild meat demand, marketing and supply to urban centres, or internationally for wildlife species susceptible
to SARS-CoV-2.
• Understand how to better manage risks associated with the trade of wildlife and
wild meat.
• Understand the consequences of market closures (local or national; daily, weekly, or
monthly) and wildlife trade restrictions (local, national, regional or global; temporary
or permanent) as well as if and how such measures could be maintained longer-term.
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A traditional market selling wild meat, Indonesia

Seasonality studies (LONG-TERM priority)
• If sustained infection in animal populations is confirmed, any effects of environmental factors, e.g. humidity, temperature, seasonal activities, on the epidemiology of
COVID-19 should then be explored. A recent paper by Kissler et al. 2020 has projected the transmission dynamics of SARS-CoV-2 in humans during the post-pandemic
period up to 2025, taking into consideration the impact of different environmental
conditions on control measures implemented at different latitudes. Similar may be
considered for the disease in animals, if sustained.
For additional data gaps see the recommendations of the expert meeting held by WHO,
Geneva, 11-12 February 2020.
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Suggested approaches
for targeted field investigations
in animals

FAO discourages haphazard or random surveys in animals as part of active surveillance
efforts. However, given that scientific evidence for involvement of animal species (wild or
domestic) in SARS-CoV-2 epidemiology is scarce to date, developing a systematic approach
to target investigations remains a challenge.
The following approaches are suggested, based on the knowledge available at the time
of publication:
• Investigation of potential SARS-CoV-2 animal reservoir(s) and intermediate
host(s): veterinary services and research partners should use a risk-based approach
targeting high-risk areas, e.g. those where previous spillover of zoonotic pathogens
occurred, critical value chain nodes and susceptible and potentially susceptible animal
species as identified in this exposure assessment. For details on a progressive approach
for wildlife and domestic animal species prioritization, see Annexes 3 and 4. It would
be valuable to start by investigating the potential SARS-CoV-2 animal reservoir(s) where
the first zoonotic spillover is thought to have taken place, as well as other countries
with extensive wildlife and domestic animal trade (either formal or informal). International wildlife trade and value chains and associated national and international trade
networks have to be characterized and surveillance conducted at key points that are
epidemiologically relevant.
• Investigation of reverse zoonotic spillover events from humans to animals:
In countries affected by COVID-19, One Health investigations of companion, captive
wild and livestock animals in close contact with affected humans may be undertaken.
The number of cases to be investigated will depend on local capacities and available
resources. Animal species identified to be susceptible or potentially susceptible should
be targeted for investigation (see Annexe 4).
• Samples to take from live animals: Deep nasal, throat and rectal swab samples
should be taken from live animals. Ideally, blood samples should be collected in parallel with swab samples. Even if serological assays are not validated yet, these sera can
be stored frozen at -20 °C until a targeted serological assay is available and validated.
• Samples to take from carcasses: Tissue samples from nasal turbinates, trachea
or lungs and respiratory lymph nodes should be collected from animal carcasses. In
addition, specimens from intestinal tissues (particularly from bats) and other lymphoid
tissues can be considered if resources allow.
• Samples to take from traditional market environments: Swabs from chopping
or slaughtering boards, processing tables, cages or baskets holding animals, waste

28

Exposure of humans or animals to SARS-CoV-2 from wild, livestock, companion and aquatic animals

bins, scales and tables for display may give higher chances of detecting the virus if
it is present.
• Banked animal or environmental samples taken in China and the Southeast Asia and
sub-Saharan Africa regions, especially from the second half of 2019, may be tested
retrospectively.
• Laboratory testing:
–– When available, test serum samples with a validated enzyme linked immunosorbent assay (ELISA) that is specific for SARS-CoV-2, or use SARS-CoV-2 or SARSCoV-2 pseudotyped virus in a relevant virus neutralization assay.
–– Screen swabs or tissue samples with real-time PCR protocol(s) targeting SARSr-CoV
and/or SARS-CoV-2 (depending on the study objectives), followed by a full genomic characterization on positive samples for phylogenetic analysis to determine the
relatedness to SARS-CoV-2.
• Interpretation of positive laboratory results: Any positive laboratory results
should be interpreted with care before incriminating an animal as SARS-CoV-2 reservoir or intermediate host. Some atypical animal hosts might accidentally become
infected due to anthropogenic activities (i.e. production or marketing practices) or
exposed to SARS-CoV-2 RNA in a contaminated environment, however they may not
play a role in virus amplification, spread or zoonotic spillover. Some real life examples
include the detection of sporadic case(s) of influenza A/H5N1 RNA in donkeys (AbdelMoneim et al., 2010), MERS-CoV RNA in cattle, sheep, goat and donkeys (Kandeil et
al., 2019), and SARS-CoV RNA in a Greylag goose (Wang et al., 2005). Specifying the
name of some animal species in this assessment does not imply a role in SARS-CoV-2
zoonotic spillover. Confirmation of animal infection by virus isolation and/or serology
is essential, beyond positive PCR. Additional evidence that an animal species could act
as SARS-CoV-2 reservoir or intermediate host includes demonstration of high-level
RNA shedding and the detection of SARS-CoV-2 RNA and/or anti-SARS-CoV-2 antibodies in other animals of the same species in their natural habitat or commercial
production settings. The reader is referred to the OIE Considerations for sampling,
testing and reporting of SARS-CoV-2 in animals, for further details (OIE, 2020a).
• SARS-CoV-2 positive findings in animals that comply with the OIE case definition
should be reported to the OIE as an ‘emerging disease’ in accordance with the OIE
Terrestrial Animal Health Code, including information about the species, diagnostic
tests used, and relevant epidemiological information.
Acknowledging that veterinary services around the world currently have other priorities to handle, for example, animal health emergencies such as African swine fever or
avian influenza, research partners such as universities and One Health institutions may be
involved to support field studies, investigations and research for SARS-CoV-2 in animals or
the environment. However, veterinary services are encouraged to play an active role in the
technical planning and coordination of SARS-CoV-2 operational research at national and
regional levels to ensure complementarity of activities, and to promote progressive steps
toward better understanding of SARS-CoV-2 infection in animals.
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Mitigation measures available

In addition to the latest FAO COVID-19 key messages and FAO COVID-19 resources on risk
mitigation:
• Results of this assessment are expected to assist Members, One Health partners, the research community and interested organizations/institutions in
conducting country-specific risk assessments, targeted epidemiological investigations and research studies, aiming to epidemiological investigations and
research studies aiming to better understand SARS-CoV-2 infection in animals,
and do not justify any measures that may subject animal species to unnecessary stress, impact their trade or affect their conservation status.
• Carrying out country-specific risk assessment and critical review of animal husbandry,
food hygiene and marketing practices, using the current knowledge outlined in this
document, will allow for evidence-based measures to be put in place or strengthened,
which mitigate the risk of exposure of humans and animals to SARS-CoV-2 from susceptible wild, livestock, companion and aquatic animals. Risk assessments should be
performed according to international guidance (e.g. OIE, 2019; FAO, 2011; FAO and
WHO, 2007).
• A process of country assessment and review – which includes reduction of contact
between humans or domestic animals, and bats or other susceptible wild animals
that might act as bridge species – will lead to evidenced-based actions which reduce
the likelihood and impact of future emergence and spillover of zoonotic pathogens
with pandemic potential.
• Maintenance of strict biosecurity measures, wildlife trade controls and restrictions, with
bans on illegal trade, and/or behaviour change in consumers and traders would require
additional medium- to long-term engagement. Such measures, informed by national
risk assessment, should take into account impact on livelihoods and food security.
• Countries should consider promoting and reinforcing generic biosecurity and biosafety interventions along the animal market chain including:
–– All-in, all-out strategies on farms
–– Species segregation and distancing in farms and markets
–– Good hygienic standards (CAC, 2009) during preparation and selling of raw animal
products
–– Daily cleaning of markets, no overnight rules and regular market rest days
–– Review and critical assessment of national measures or controls on wildlife trade or
farming, and their enforcement or strengthening if necessary.2
2

At the time of publication, China and Viet Nam are taking steps to institutionalize bans on wildlife trade
and consumption, implemented in response to COVID-19, through a review of national laws with the aim to
strengthen their enforcement, promote behaviour change through communication campaigns, and support
wildlife farmers in the transition to other agricultural practices.
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Codex Alimentarius food hygiene standards should be followed to prevent contamination of food products

Biosecurity guidance for specific settings can be found in FAO and partners’ publications.
• Veterinary services and wildlife authorities should raise awareness of the importance
of biosecurity measures in livestock and wildlife farming, and marketing facilities to
protect human health.
• Veterinary services and public health authorities should advise people who are sick
with suspected or confirmed COVID-19 to restrict contact with animals (including
companion animals), just like you would with people. Until more is known about this
virus, people sick with COVID-19 should avoid contact with pets and other animals.
• Veterinary services should ensure appropriate diagnostic capacities for the detection
of SARS-CoV-2.
• Governments are encouraged to strengthen border controls (including veterinary,
food safety, trade, etc.) on illegal wildlife trade.
• Veterinary services and public health authorities should advise occupational risk
groups about standard personal protection measures that can reduce exposure risk
from animals, e.g. wearing gloves and masks as well as frequent cleaning and disinfection of equipment, areas and surfaces.
FAO has published Guidelines to mitigate the impact of the COVID-19 pandemic on livestock production and animal health (2020) that include practical recommendations to reduce
human-to-human transmission in livestock market settings. These Guildelines are for farmers,
traders, animal health workers, policy makers and other stakeholders and aim to reduce the
impact of disruptions along the livestock market chain, and maintain essential control and
prevention of animal diseases – in order to safeguard and strengthen food systems and One
Health. Information on recommended food safety measures are outlined in the FAO Policy
brief Food Safety in the time of COVID-19 (2020), while generally applicable food hygiene
standards are outlined in the Codex Alimentarius Basic Texts on Food Hygiene (2009).
For additional information on COVID-19 information and guidance please refer to the
WHO, FAO and OIE dedicated webpages.
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Glossary
for the purpose of this exposure
assessment

Amplifying host: see Reservoir host.
Aquatic animals: All life stages (including eggs and gametes) of fish, molluscs, crustaceans
and amphibians originating from aquaculture establishments or removed from the wild for
farming purposes, for release into the environment, for human consumption or for ornamental purposes (Bondad-Reantaso et al., 2001). Aquatic birds are excluded here (please
refer to ‘Wild birds’ instead).
Bridge species: See Intermediate host.
Captive wild animal: An animal whose phenotype is not significantly affected by human
selection but that is captive or otherwise lives under direct human supervision or control,
including zoo animals and pets (OIE, 2019), or wild animal species in circus facilities and
wildlife farms/ranches.
Companion animals: Dogs, cats, birds, reptiles and rodents kept as pets. Service or working dogs (e.g. guide dogs, police or military working dogs) and less common exotic pets
(for instance ferrets, bats and monkeys) are included here. Horses are excluded here and
assessed under ‘livestock’ instead.
Congregation areas: Places where animals or animal products are assembled from different sources prior to dispatching them to various markets.
Contact with live animals: Physically touching live animals or their excretions during
caring, cleaning, feeding, petting, hunting, slaughtering, transporting or other activities.
Contamination: The introduction or occurrence of a contaminant in food or food environment (CAC, 2009).
COVID-19 (coronavirus disease 2019): Name of the disease caused by the virus SARS-CoV-2.
COVID-19 affected areas: A country, province, district or lower administrative division
(i.e. community) where infection with SARS-CoV-2 is confirmed in at least one human and/
or animal.
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COVID-19 patient: A person with laboratory confirmation of COVID-19 infection, irrespective of clinical signs and symptoms (WHO, 2020b).
Exposure: A host comes into contact with viable SARS-CoV-2. Exposure may or may not
lead to infection.
Food hygiene: see Hygienic conditions.
Handling and consumption of animal products: Physically touching, eating or drinking
animal products.
Hygienic conditions: All conditions and measures necessary to ensure the safety and
suitability of food at all stages of the food chain (CAC, 2009).
Incidental host: Dead-end host; an animal species that could be infected with SARS-CoV-2
after being in contact with infected animals or humans, but which cannot amplify the virus
or transmit it further.
Infection: Exposure followed by active replication of the virus in the host leading to
immune response (e.g. the production of antibodies); with or without clinical signs.
Intermediate host: An animal species that harbours a recent common ancestor of
SARS-CoV-2 and played a role in the natural selection/adaptation of the virus before its
spillover to humans.
Livestock: Domestic animals belonging to poultry, rabbit, ovine, caprine, bovine, equine,
camelid and swine species (FAO, 1994).
Maintenance host: see Reservoir host.
Meat: All parts of an animal that are intended for human consumption (FAO, 2014),
including offal such as liver, lung, intestine and other edible organs.
Naïve: Not having previously been infected with or exposed to SARS-CoV-2.
Natural infection: Infection with SARS-CoV-2 under natural circumstances (as opposed to
‘laboratory infection/inoculation’).
One Health: A collaborative, multidisciplinary, and multisectoral approach that can address
urgent, ongoing, or potential health threats at the human-animal-environment interface at
sub-national, national, global, and regional levels (FAO-OIE-WHO, 2019).
Poultry: Chicken, duck, turkey, guinea fowl, geese and other domesticated birds including
pigeon and ostrich kept for the purpose of production or breeding (OIE, 2019).

Glossary

Products: Carcass, raw meat (including offal), tissue, milk and other fluids and excretions
of animals. Only raw and heat-treated products are assessed in this document. Products of
animal origin that underwent processing (salting, pickling, smoking, etc.) are not included
in the assessment.
Reservoir host: The habitat in which the virus normally survives (see Maintenance host)
and multiplies (see Amplifying host) without requiring repeat introduction from another
species. Possible reservoir hosts include humans and wild or domestic animal species.
Reverse zoonosis: Spread of infectious disease from human to animal (OIE, 2015).
SARS-CoV-2: Name of the virus causing coronavirus disease 2019 (COVID-19).
SARS-related coronavirus (SARSr-CoV): Virus species belonging to the subgenus Sarbecovirus, genus Betacoronavirus, including SARS-CoV, SARS-CoV-2 and SARS-related coronaviruses of Rhinolophus bats, masked palm civets, racoon dogs and pangolins.
Spillover: Transmission of a virus from its original animal host species to another animal
species or a human.
Susceptible animals: Animals that can be infected by SARS-CoV-2, shed virus or harbour
it in their tissues after efficient virus replication, regardless of showing clinical signs or not.
Traditional market: A market where food is sold, including items such as fresh produce,
dry foods, raw and preserved animal products. This may include the selling of live animals
or fresh animal products, and slaughtering of animals may happen on the premises.
Wild animal: A terrestrial or aquatic animal that is not domesticated (antonym of “Livestock”), lives independent of direct human supervision and control, and whose phenotype
is not significantly affected by human selection (OIE, 2019).
Wild birds: Wild, migratory and aquatic birds.
Wildlife: Captive wild animals and wild animals having a phenotype unaffected by human
selection and living independently of direct human supervision or control (OIE, 2019).
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Annex 1

Figures illustrating the key
steps that would be required if
exposure to an animal or animal
product infected or contaminated
with SARS-CoV-2 were to pose a
risk to humans or animals

Figure 1

Risk factors

Key steps required
Personnel having frequent
and close animal contact

Yes

No

Yes

Yes

No

Exposure of free
roaming animals
(dogs, cats and rodents)
in traditional markets

No

Contamination of
tissues and body fluids
of non-infected animals

No

Accidental exposure of
wild and/or domestic
animals in markets

Traders, workers and visitors of animal markets

Environmental
contamination by tissues
and body fluids of
infected animals

Yes

Yes

Unprotected exposure from contaminated
environment resulted from unhygienic disposal of
market waste and from handling infected animals
or contaminated animal tissues and body fluids

Contamination by humans, animals or the environment
Linking risk factors with the corresponding probable exposure scenario and at-risk group

Traders and workers in
traditional markets

No

Infected animals moved
to and slaughtered in
traditional market

Yes

Unprotected exposure during
animal handling, slaughtering
and processing

Depends on probability of SARS-CoV-2 survival in environment and maintenance of infectivity
Flow of the steps in the scenario, depending on SARS-CoV-2 shedding or localization in organs

Wildlife hunters, collectors
and consumers

No

Non-zoonotic spillover
to animals preying on
wild reservoir animal(s)

No

SARS-CoV-2 in wild
and/or domestic animal
production settings

SARS-CoV-2 in natural
habitat of reservoir wild
animal(s)

No

Yes

Commercial production of
livestock or wild animals
under poor biosecurity
conditions

Yes

Hunting of wild animals for
trade or consumption

Key steps required to expose humans or animals to SARS-CoV-2 from livestock, wildlife or aquatic animals, or their products
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Personnel at risk
of exposure

Risk factors

Key steps required
No

Susceptible companion
animal infected by
SARS-CoV-2
from contaminated
environment (outdoor)

Depends on probability of animals shedding viable virus and virus survival in the environment
Flow of the steps in the scenario
Linking risk factors with the corresponding probable exposure scenario and at-risk group

Yes

Susceptible companion animal
allowed to roam freely outdoors in
COVID-19 affected area

Patient's family members or co-habitants

Susceptible companion
animal infected by
SARS-CoV-2
from its infected owner
or infected in-contact persons

Yes

Unprotected contact between
COVID-19 patient and his/her
companion animal

No

Figure 2

No

No

No

Yes

Yes

Infected companion
animal exposes co-housed
or in-contact susceptible
animals

Infected companion
animal exposes
in-contact
humans to the virus

Infected companion
animal contaminates
outdoor or indoor
environments

Yes

infected companion animal

Inappropriate isolation of infected
animal and/or unprotected contact

Patient's family members or co-habitants, and workers of pet health services

No

Late or no detection
and no isolation of
infected companion
animal

Yes

Infection of the animal and/or its
owner undetected

Key steps required to expose humans or animals to SARS-CoV-2 from companion animals
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Annex 2

Information and evidence
considered for assessing
likelihood levels for each risk
question
Risk Question 1:
What is the likelihood of exposure of humans or animals to SARS-CoV-2 in
COVID-19 affected areas through contact with, handling or consumption
of wild animals or their products?
Assessment of likelihoods for exposure considered the following information and evidence
(quotes or summaries of papers or publications are given below):

1. Drivers and barriers of emerging zoonoses
• Wild animal trade presents particular risks in the context of zoonotic spillover,
because it involves movement of animals away from their natural range, where historical human exposure might have led to some build-up of immunity. Such trade, by
definition, brings live animals and animal products into close proximity with people
engaged in commerce and consumption/use, whether as food, pets, medicinal ingredients or for other purposes. It also typically leads to species of different origin, wild
and domesticated, captive or free-living being in proximity along transport routes and
in markets. Animal-to-animal, species-to-species and wildlife-to-human transmission
is therefore greatly facilitated by such trade (TRAFFIC, 2020).
• Hunters, marketers, consumers and other actors in the food chain have either direct
or indirect contact with animals as they are traded. Other wild and domestic animals
can be temporarily exposed in parts of the market/value chain, and wild scavengers,
rodents or dogs in market areas consume waste from slaughtered animals. Combined
data from publications suggest that billions of direct and indirect contacts annually
among wildlife, humans, and domestic animals result from legal and illegal wildlife
hunting and trade and other activities such as eco-tourism (Karesh et al., 2005).
• Emerging infectious diseases (EIDs) of wildlife origin can be classified into the following three groups: EIDs associated with mixing of wild and domestic populations living
in proximity of one another; EIDs directly related to human intervention, resulting in
translocation of either host or pathogen; and EIDs without evident involvement of
domestic animals or humans (Cupertino et al., 2020).
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• Emerging diseases usually originate from reservoirs of infection in other host species
(Haydon et al., 2002). Reservoirs of infection can be ecologically complicated structures
comprising one or more interacting populations or species (Viana et al., 2014).
• Spillover, including successful human infection, may result from a complex interplay
of factors that allow pathogens to overcome a series of barriers; these factors include
reservoir host distribution and density, pathogen prevalence, release from reservoir
host, survival in environment, human exposure, molecular compatibility, and replication and dissemination cycle completed (Plowright et al., 2017).
• Reservoir hosts must be infected and, in most cases, shed virus in order for spillover
to occur. However, direct consumption or handling of raw tissues may exclude the
need for shedding (Plowright et al., 2015).
• Shrinking wildlife habitat and reduced access to their food sources following expanding urban and suburban land use have brought wildlife and humans into conflict.
Human encroachment into wildlife habitat and increased demand for of wildlife meat
have led to: more legal and illegal translocation of wild animals and their products;
more contact between humans and domestic animals, and wildlife (as domestic animals follow humans into these new environments); the development of wildlife-associated and captive wildlife industries; and more intensive management of selected
wild species. All these factors increase the potential for dramatically altering the
frequency, duration, and intensity of many interfaces, including those among wildlife
species and other free-living or captive wildlife, domestic animals and humans (Rhyan
and Sparker, 2010).

2. Coronavirus host range, with emphasis on betacoronaviruses
• Molecular analysis has shown that bats contribute to the evolution and dissemination
of alphacoronaviruses and betacoronaviruses while birds do so for gammacoronaviruses and deltacoronaviruses (Woo et al., 2012).
• Within the Betacoronavirus genus, five subgenera (Embecovirus, Hibecovirus, Merbecovirus, Nobecovirus, and Sarbecovirus) are recognized. However, only betacoronaviruses of subgenera Sarbecovirus, Merbecovirus, Nobecovirus and Hibecovirus have
been detected in bats so far. Given that several betacoronaviruses from the subgenus
Embecovirus have been discovered in rodents, it was speculated that rodent CoVs
may be the ancestors of currently circulating viruses belonging to this subgenus.
Embecovirus consists of different viral species which include HCoV-OC43 and HKU1,
mouse hepatitis virus, porcine hemagglutinating encephalomyelitis virus, in addition to equine, rabbit, camel, bovine, antelope-derived animal CoVs. Sarbecovirus
includes SARS-CoV, SARSr-CoV of bats (Rhinolophus) and palm civet. Merbecovirus
includes MERS-CoV and some bat-derived viruses. Hibecovirus and Nobecovirus
include CoVs detected in bats (Decaro and Lorusso, 2020).
• Ribonucleic acid (RNA) of betacoronaviruses has been detected in some wild birds in
Brazil, namely owls (Megascops choliba and Asio clamator), hawk (Rupornis magnirostris), vulture (Coragyps atratus), great kiskadees (Pitangus sulphuratus) and the
family Cotingidae, including Pyroderus scutatus (Durães-Carvalho et al., 2015). It is
noteworthy that these species reportedly prey on bats (see evidence in ‘8. Animals
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preying on potential SARS-CoV-2 reservoir or intermediate hosts’ below), and some
of them prey on rodents.
• Some alpha- and betacoronaviruses showed a wide host range within the same family of a given order of mammals. For instance, within the family Camelidae, dromedaries are confirmed as the natural reservoir host, while Bactrian camels, llamas and
alpacas are also susceptible to MERS-CoV infection (David et al., 2018; Reusken et al.,
2016; Lau et al., 2020); within the family Felidae, domestic cats as well as medium
size and big wild cats are all susceptible to feline coronavirus (Kennedy et al., 2002)
and SARS-CoV-2 has been detected in both domestic cats and big cats (tiger and lion)
in captivity exposed to humans with and without COVID-19 symptoms (OIE, 2020b);
within the family Mustelidae, mink (Rijksoverheid, 2020b) and ferrets (Shi et al.,
2020) were susceptible to SARS-CoV-2 infection in natural and experimental settings;
different species of old world monkeys were susceptible to SARS-CoV-2 infection in
experimental settings (Lu et al., 2020), lastly, domestic dogs and wild Canidae are all
susceptible to canine coronavirus (Wang et al., 2006),

3.	Environmental stability of SARS-CoV-2
• SARS-COV-2, like other SARSr-CoV, appears to be relatively stable. This has implications for contamination of and persistence in the environment and on fomites (OIE,
2020c).
• In the presence of protein substance, SARS-CoV-2 viability was shown to be preserved
during the whole duration of the experiment (96 hours) on polystyrene plastic,
aluminium and glass at 45-55 percent relative humidity and temperature 19-21 °C
(Pastorino et al., 2020).
• Air samples collected from the isolation rooms of three COVID-19 patients tested
negative for SARS-CoV-2 RNA (Ong et al., 2020).
• Air samples from intensive care units (ICU) and general wards (GW) with COVID-19
patients were 35.0 percent and 12.5 percent positive for SARS-CoV-2, respectively.
Furthermore, SARS-CoV-2 was widely distributed on computer mice (ICU 6/8, 75
percent; GW 1/5, 20 percent), followed by trash cans (ICU 3/5, 60 percent; GW 0/8),
sickbed handrails (ICU 6/14, 42.9 percent; GW 0/12), and doorknobs (GW 1/12,
8.3 percent), and in 100 percent of samples collected from the floor of a pharmacy
that no COVID-19 patients had accessed (Guo et al., 2020). These findings suggest
similar heavy environmental contamination in places where SARS-CoV-2 infected
humans or animals are present.
• SARS-CoV-2 remained viable in aerosols throughout the duration of an experiment
(3 hours), plastic (72 hours), stainless steel (72 hours), copper (4 hours) and cardboard
(24 hours), and the estimated median half-life of the virus is approximately 5.6 hours
on stainless steel and 6.8 hours on plastic (van Doremalen et al., 2020).
• SARS-CoV-2 RNA has been detected in four out of nine inhalable dust samples taken
at different locations in two infected mink farms in the Netherlands; the samples were
collected once a week, over three weeks (i.e. with one week intervals). RNA was only
detected in samples collected in the first rounds, i.e. 10 and 13 days after onset of
clinical signs in minks in the first and second farm, respectively (Oreshkova et al., 2020).
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• SARS-CoV-2 RNA was detected in one of five secondary-treated wastewater samples
(before chlorination) in Yamanashi Prefecture, Japan with a concentration of 2.4 ×
103 copies/L (Haramoto et al., 2020).
• Out of 78 wastewater samples collected from 38 districts across Pakistan including
three from drains of COVID-19 infected areas and one from a COVID 19 quarantine
centre drainage, 21 samples (27 percent) from 13 districts resulted COVID-19 positive
on RT-qPCR (Sharif et al., 2020).
• SARS-CoV-2 is extremely stable in a wide range of pH values (pH 3–10) at room
temperature. At 4 °C there was only around a 0.7 log-unit reduction of SARS-CoV-2
infectious titre. However, on day 14 of incubated tissue culture, virus inactivation
was reduced to 5 minutes at 70 °C. At room temperature (22 °C) and with a relative
humidity of around 65 percent, infectious virus could be recovered: from printing
and tissue paper for up to 3 hours; treated wood and cloth for up to 2 days; treated
smooth surfaces like glass and banknotes for up to 4 days; and stainless steel, plastic
and outer layers of a surgical masks for up to 7 days (Chin et al., 2020).

4.	Natural and experimental infection of wildlife with SARS-CoV-2 and
closely clustered SARS-CoV-related viruses
• Full-length genome sequences were obtained from five patients early in the COVID-19
outbreak. The five SARS-CoV-2 sequences are almost identical but share only
79.6 percent sequence identity to SARS-CoV. However, SARS-CoV-2 is 96 percent
identical at the whole-genome level to a Betacoronavirus (RaTG13) of intermediate
horseshoe bat (Rhinolophus affinis) (Zhou et al.,2020a), suggesting a probable zoonotic origin of COVID-19 (Del Rio and Malani, 2020).
• Although SARS-CoV-2 uses the ACE2 receptor, five out six critical amino acid residues
in RBD were different between SARS-CoV-2 and SARS-CoV; the same five amino acid
residues were instead identical to those of pangolin SARSr-CoVs and, in turn, only one
of these residues was identical to those of BatCoV RaTG13 although the latter shows
the highest nucleotide sequence identity with SARS-CoV-2 along the whole genome.
Thus, it is tempting to speculate that the SARS-CoV-2 RBD region might have originated
from a recent recombination event in pangolins or that SARS-CoV-2 and SARSr-CoVs of
pangolins represent the result of coincidental evolution (Andersen et al., 2020).
• A novel pangolin coronavirus, a SARS-CoV-related CoV, has been identified in specimens from lung, intestine, blood and scales of Malayan pangolins (Manis javanica)
seized during anti-smuggling operations in southern China. SARS-CoV-2 has
85.5–92.4 percent sequence similarity with the novel pangolin coronavirus genomes
obtained from six specimens, representing two sub-lineages of SARS-CoV-related
viruses in the phylogenetic tree, one of which is very closely related to SARS-CoV-2
(Lam et al., 2020a).
• SARS-CoV-2 exhibits 97.4 percent amino acid similarity to the novel pangolin coronavirus in the RBD. Both viruses possess identical amino acids at the five critical residues
of the RBD, whereas the betacoronavirus (RaTG13) isolated from the intermediate
horseshoe bat (Rhinolophus affinis) only shares 89.2 percent amino acid similarity
with SARS-CoV-2 in the RBD (Lam et al., 2020a).
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• Egyptian fruit bats (Rousettus aegyptiacus), of the family Pteropodidae, showed susceptibility to SARS-CoV-2 after experimental infection and viral RNA could be detected from oral and faecal swabs. The inoculated bats were able to transmit the virus to
co-housed naïve bats of the same species. Furthermore, the virus could be isolated
from trachea and nasal epithelium of necropsied bats, whereas RNA (but no viable
virus) was detected in lungs, lung associated lymphatic tissue, heart, skin, duodenum
and adrenal gland (Schlottau et al., 2020).
• Intestinal organoid cultures derived from horseshoe bats (Rhinolophus sinicus) that
can recapitulate bat intestinal epithelium showed high susceptibility to SARS-CoV-2
infection and sustained robust viral replication (Zhou et al., 2020b), however another
study concluded that SARS-CoV-2 cannot replicate in kidney cells of the same bat
species (Chu et al., 2020).
• Ferrets, of the family Mustelidae, showed susceptibility to SARS-CoV-2 after experimental infection and viral RNA could be detected, mainly from the upper respiratory
tract and poorly from rectal swabs (Shi et al., 2020; Richard et al., 2020; Ryan et
al., 2020). Other experimental infection studies on ferrets reported similar findings
as well as transmission of infection to co-housed naïve ferrets and detection of the
RNA in muscle, lungs, cerebrum, cerebellum, trachea, lymph node, skin and adrenal
gland in some inoculated ferrets (Schlottau et al., 2020), as well as nasal wash,
saliva, urine, faeces, nasal turbinate, trachea, lungs, and intestine (Kim et al., 2020).
Re-challenged ferrets were shown to be fully protected from acute lung pathology
(Ryan et al., 2020).
• Syrian hamsters (Mesocricetus auratus), of the family Cricetidae, showed susceptibility
to SARS-CoV-2 after experimental infection, and viral RNA could be detected from
both the upper and lower respiratory tract and the intestinal tract. Experimentally
infected animals transmitted the virus to co-housed naïve animals of the same species
in experimental conditions (Chan et al., 2020; Sia et al., 2020).
• Tree shrews (Tupaia belangeri chinensis), of the family Tupaiidae, showed susceptibility
to SARS-CoV-2 after experimental infection, and viral RNA could be detected in blood as
well as nasal, throat and rectal swabs. Furthermore, viral RNA was detected post-mortem
in lung, oesophagus, liver, spleen, pancreas, uterus, kidney, small intestine, hilar
lymph node and brain of some experimentally infected animals (Zhao et al., 2020a).
• Of the non-human primates of family Cercopithecidae, Rhesus macaques (Macaca
mulatta) (Deng et al., 2020a; Bao et al., 2020; Singh et al., 2020) and Baboons
(Papio hamadryas) (Singh et al., 2020) showed susceptibility to SARS-CoV-2 after
experimental infection, whereas of the family Callitrichidae, common marmosets
(Callithrix jacchus) were susceptible to infection as well but with mild pathology
(Singh et al., 2020).
• Experimentally infected cynomolgus macaques (Macaca fascicularis), of the family
Cercopithecidae, excreted SARS-CoV-2 from their nose and throat in the absence
of clinical signs; viral RNA could be isolated post mortem from nasal cavity, trachea,
bronchi and lung lobes, and to a lesser extent from ileum and tracheo-bronchial
lymph nodes, but not from blood, urinary, and cardiovascular tracts, endocrine and
central nervous systems (Rockx et al., 2020).

57

58

Exposure of humans or animals to SARS-CoV-2 from wild, livestock, companion and aquatic animals

• SARS-CoV-2 RNA was detected in nasal swabs, throat swabs, anal swabs and blood
from all experimentally infected old world monkeys of the family Cercopithecidae
(Macaca mulatta, Macaca fascicularis) and new world monkeys of the family Callitrichidae (Callithrix jacchus). In addition, lung, oesophagus, bronchi and spleen tissues from M. mulatta and M. fascicularis tested positive for virus RNA while no viral
genome was detected in any of the tissues taken from C. jacchus (Lu et al., 2020).
• SARS-CoV-2 RNA was detected in bronco-alveolar lavage, in addition to nasal, oral
and rectal swabs of experimentally infected African green monkeys (Chlorocebus
aethiops) (Woolsey et al., 2020), another study isolated replicating SARS-CoV-2 from
oral, nasal, ocular and rectal swabs (Hartman et al., 2020).
• Seven of eight lions and tigers at Bronx Zoo in New York, United States of America,
showed signs of respiratory illness after having been in contact with a zoo employee
who was asymptomatically infected with the virus or before that person developed
symptoms; laboratory investigation revealed SARS-CoV-2 RNA from specimens of one
tiger (USDA, 2020) and a lion (OIE, 2020d). Follow up laboratory testing of faecal
specimens from the additional seven large cats, three sick tigers, three sick lions and
one asymptomatic tiger identified SARS-CoV-2 RNA (WCS, 2020).
• Infection with SARS-CoV-2 has been confirmed in nine mink farms in the Netherlands; the infected minks showed disease signs, including respiratory symptoms
(Rijksoverheid, 2020c). Asymptomatic infection in mink in a farm in Denmark has
been detected as part of the investigation following confirmed SARS-CoV-2 infection
in one of the farm workers (OIE, 2020b).
• Serum samples collected from wild species in China between November 2019 and March
2020 including camel (31), fox (89), mink (91), alpaca (10), ferret (2), bamboo rat (8),
peacock (4), eagle (1), tiger (8), rhinoceros (4), pangolin (17), leopard cat (3), jackal (1),
giant panda (14), masked civet (10), porcupine (2), bear (9), yellow-throated marten (4),
weasel (1), red panda (3) and wild boar (1) were used for detection of SARS-CoV-2-specific
antibodies using double-antigen sandwich ELISA after validating its specificity and sensitivity. No SARS-CoV2-specific antibodies were detected (Deng et al., 2020b).
• SARS-CoV-2 RNA was detected in conchae, lung, throat and rectal swabs of all seven
minks sampled from SARS-CoV-2 infected farms. In addition, viral RNA was detected
in the liver of one, and the intestines of three animals. Spleens of all seven animals
were negative for viral RNA. The viral loads were higher in the throat compared to
rectal swabs (Oreshkova et al., 2020).

5. Spillover of SARS-CoV and SARS-related CoVs
• Serological evidence of human exposure to bat SARS-CoVs or related viruses was
reported in 2.7 percent of people pertaining to a high risk group of residents living
in close proximity to bat caves in China (Wang et al., 2018).
• Viruses with 99.8 percent similarity to SARS-CoV were isolated from nasal and faecal
swab samples collected from Himalayan palm civets (Paguma larvata) and Raccoon
dogs (Nyctereutes procyonoides) respectively, in a traditional market in China. Neutralizing antibodies were detected in 11 wildlife traders and workers in the same
market (Guan et al., 2003).
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• An investigation conducted by public health authorities in Guangdong Province,
China, compared seroprevalence of SARS-CoV IgG antibody in animal traders, working in live animal markets, with that of people in control groups. The results indicated
that 13 percent of animal traders had IgG antibodies against SARS-CoV even though
none of them had been diagnosed with SARS, compared to 1–3 percent of people in
three control groups (CDC, 2003).
• RNA of SARS-CoV-related virus was detected in four cats (Felis catus), three red foxes
(Vulpes vulpes) and one Lesser rice field rat (Rattus losea) sampled at a live animal
market in Guangzhou, China (Wang et al., 2005) and from palm civets (Paguma
larvata) and raccoon dogs (Nyctereutes procyonoides) of another market in Guangzhou, China (Kan et al., 2005). However, it is unknown whether these animals were
reservoirs of the virus in their natural habitat or accidently acquired infection in
animal markets.
• Spillover of SARS-CoV-2 from infected farmed mink to humans has been evidenced
in the Netherlands (Rijksoverheid, 2020a).

6.	Epidemiological animal-related data on SARS-CoV-2 available to date
• Current evidence suggests it is likely that the virus responsible for COVID-19 had an
animal source. Yet, to date, there is not enough scientific evidence to identify that
source or to explain the route of transmission from any animal source to humans
(OIE, 2020b).
• While the specific mechanism of SARS-CoV-2 emergence has not been definitively
identified, at some point or over time interactions occurred that allowed for cross –
and perhaps multiple – species pathogen transmission (OIE, 2020e).
• As the ancestral animal origin of the COVID-19 virus is unknown at present, the risk
of reintroduction into previously affected areas and maintenance in animal populations must be constantly considered (WHO, 2020c).
• Available evidence on SARS-CoV-2 and previous experience with other coronaviruses
(MERS-CoV and SARS-CoV) and other respiratory viruses (e.g. avian influenza) suggest
that there may be zoonotic transmission associated with SARS-CoV-2 (WHO, 2020d).
• Out of 41 early COVID-19 human cases, 27 reported exposure to the Huanan Seafood Wholesale Market in Wuhan City (Huang et al., 2020a), where various livestock
and wildlife species and their products were on display (Li et al., 2020a) including
fish, carcasses, meat and live wild animals from a variety of species including hedgehogs, badgers, snakes and birds (turtledoves; Streptopelia turtur) (Wu et al., 2020a).
However, some of the early human cases had no epidemiological link with this market and it is not certain whether this market can be confirmed as the site of initial
zoonotic spillover. The precise location/s where these patients might have been
exposed to SARS-CoV-2 in such a huge market (around 50 000 square meters with
around 1 000 shops) is unknown. This history of exposure does not necessarily imply
these patients were exposed to the virus from infected animals. Such markets or the
animals or animal products within them cannot be directly incriminated as the source
of infection since human-to-human infection may have occurred where the market
could have simply acted as a congregation point.
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• A molecular study of SARS-CoV-2 S glycoprotein features, polybasic furin cleavage
and prefusion conformation and recombination analysis led to the hypothesis that a
recombination event between ancestors of human SARS-CoV-2, or a closely related
bat-SARSr-CoV, and ancestors of pangolin-CoV lineage b strains, is the likely origin of
the currently circulating pandemic strain (Tagliamonte et al., 2020).
• Analysis of the expression of ACE2 and furin in human oral mucosa led to speculation
that SARS-CoV-2 could effectively invade human oral mucosal cells though two possible routes: binding to the ACE2 receptor and fusion with cell membrane activated
by furin protease (Zhong et al., 2020).
• Experimental infection of three mosquito species, Aedes aegypti, Aedes. albopictus and
Culex quinquefasciatus, through intrathoracic inoculation with SARS-CoV-2 revealed
that infectious viruses could only be recovered from mosquitoes collected within two
hours of inoculation. Waning of infectious titres was rapid, suggesting that mosquitoes
of the genera Aedes and Culex are refractory to SARS-CoV-2 (Huang et al., 2020b).
• The assessment of risk of exposure to SARS-CoV-2 from animals, does not only
address the likelihood of animals being infected and shedding virus or harbouring
virus in raw tissues, but also considers that carcasses and raw meat (including offal)
of non-infected or non-susceptible animals in unhygienic conditions in areas likely
to be contaminated with SARS-CoV-2 by animals or handlers, may be a source for
hand contamination, same as for other products and fomites, with the potential for
subsequent hand to the nose/mouth/eye infection of humans.

7.	Affinity of ACE2 receptors found in wild animal species to bind
SARS-CoV-2 RBD
Note: Studies investigating ACE2 receptors found in different animal species and their
potential to bind SARS-CoV-2 RBD require confirmation by ex-vivo cell or experimental
animal infection studies and evidence from comprehensive epidemiological and animal
pathology studies. In addition to ACE2, SARS-CoV-2 is suggested to invade host cells via
binding of the spike protein to CD147, another receptor found on host cells, thereby mediating the viral invasion (Wang et al., 2020).
• In silico analysis of the receptor binding domains may give a first indication of potential susceptibility. However, discrepancies have been observed in which animals with
predicted high binding ACE2 sequences have had poor susceptibility and limited
infection. It has also been suggested that host binding involved different receptors in
some animals and these animals have become infected despite predicted low binding
ACE2 sequences (Koopmans, personal communication, April 2020).
• The expression of ACE2 varies across animal ages, cell types, tissues and species
which may lead to discrepancies between SARS-CoV-2 susceptibility gleaned from
experimental infections or laboratory experiments and predictions made on the basis
of the ACE2-based binding score (Damas et al. 2020).
• In brief, there is consensus among different analyses that ACE2 of several studied
species of wild felines, apes, old world monkeys, hamsters, wild species of the family
Bovidae are able to effectively bind SARS-CoV-2 RBD, whereas ACE2 of rodents of

Annex 2

the family Muridae and most of the studied wild birds were consistently reported as
having poor binding affinity. It is worth mentioning that contradictory conclusions
among several studies for the same species have been observed, for example bat,
pangolin, ferret and some wild bird species.
The data published to date for more than 500 domestic and wild animal species is summarized in the supplementary tables.
• Infection of HeLa cells expressing different ACE2 orthologs of lynx (Lynx canadensis),
monkey (Macaca nemestrina), pangolin (Manis javanica), mustela (Mustela ermine),
black flying fox (Pteropus alecto), crocodile (Crocodylus porosus), viper snake (Protobothrops mucrosquamatus), mouse (Mus musculus) and civet (Paguma larvata)
with SARS-CoV-2 pseudovirus demonstrated efficient pseudovirus entry in the cells
expressing ACE2 for these species, with the exception of crocodile, viper snake,
mouse and civet (Qiu et al., 2020a).
• Infection of HEK293T cells expressing full-length cDNA fragments of ACE2 from Chinese horseshoe bat (Rhinolophus sinicus) and Malayan pangolin (Manis javanica) by
SARS-CoV-2 demonstrated efficient virus entry, whereas none of the ACE2 proteins
of greater horseshoe bat (Rhinolophus ferrumequinum), mainland tiger snake (Notechis scutatus), Rhesus monkey (Macaca mulatta) and house mouse (Mus musculus)
rendered SARS-CoV-2 entry (Tang et al., 2020).

8.	Animals preying on potential SARS-CoV-2 reservoir or intermediate
hosts (i.e. predators of bats and pangolins)
• Predators often acquire multi-host pathogens from their prey (Johnson et al., 2006).
• Big and medium-size wild cats are reportedly the most common mammals to prey on
pangolins (Coggins, 2020; Pietersen et al., 2014; Jakl, 2019).
• Monkeys of the species Saimiri oerstedii (Boinski and Timm, 1985), Saimiri sciureu
(Souza et al., 1997), Scimmia cappuccina (Milano and Monteiro-Filho, 2009) and
Cercopithecus (Tapanes et al., 2016) are reported to prey on bats.
• Raccoons (McAlpine et al., 2011; Sparks et al., 2003), weasels (Quick, 1951; Zhigalin,
2019), otters (Forman et al., 2004) and mink (Goodpaster and Hoffmeister, 1950) are
the non-primate mammals reported to prey on bats.
• Owls, of nocturnal birds (Ibanez et al., 1992), diurnal wild birds belonging to Accipitriformes and Falconiformes (Mikula et al., 2016), and other wild birds such as American
crows (Corvus brachyrhynchos) (Lefevre, 2005), blue-crowned motmots (Momotus
momota) momota) (Chacón-Madrigal and Barrantes, 2004), Great Kiskadees (Pitangus
sulphuratus) (Fischer et al., 2010) and those belonging to the family Cotingidae, including Pyroderus scutatus (Pizo et al., 2002) have been reported to prey on bats.
• Giant centipedes are reported to prey on bats (Srbek-Araujo et al., 2012; de Noronha
et al., 2015). They can perform two actions that most other bat predators cannot:
they climb cave ceilings to catch and eat flying or perching bats and they are able to
subdue bats substantially heavier than themselves (Molinari et al., 2005).
• Spiders preying on bats have been reported mainly in web-building spiders and, to a
lesser extent, in hunting spiders. Spiders were observed to actively attack, kill and eat
captured bats (Nyffeler and Knörnschild, 2013).
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• A total of 20 species of snakes have been recorded as predators of bats in the neotropical region (Esbérard and Vrcibradic, 2007), furthermore many studies reported
snakes as one of the common predators of bats.

9.	Wildlife movement, captive breeding/ranching and wild meat
consumption
• In sub-Saharan Africa, wild meat of over 500 different species is consumed. In southern and Southeast Asia, more than 400 wild terrestrial animal species are hunted for
food. In South America almost 200 species of wild meat are consumed. Globally, the
majority of wild meat harvest in terms of numbers and biomass are from mammalian
species (Cawthorn and Hoffman, 2015).
• Primates, pangolins, antelopes, rodents and reptiles, among many other taxa, are
commonly involved in the wild meat trade and consumed worldwide, particularly
across Latin America, Asia and Africa (Chaber et al., 2020).
• A significant proportion of trade in some wildlife species is not directly sourced from
free-living wild populations, but instead derived from breeding and keeping in captivity in controlled conditions. In terms of disease transmission, wildlife “farms” have
potential to provide controlled sanitary conditions that reduce certain risks. Such
farms are key locations where people and wild animals are often in close proximity
over significant periods of time. Sanitary control measures in wildlife farms are not
always ideal, supplementary stocking of additional wild-sourced individuals may be
part of the production system and exposure (animal-to-animal or animal-to-person)
along trade routes and at market level remains a significant risk irrespective of whether the original point of origin is wild-sourcing or farming (TRAFFIC, 2020).
• Legal wildlife farming (captive wildlife) in Southeast Asia facilitates the ‘laundering’
of illegally wild caught animals and exacerbates the challenges associated with
enforcement of wildlife trade bans, in addition to helping legalize the consumption
of wildlife products (Gray et al., 2018).
• Southern China harbours abundant wildlife while also undergoing land use change
and overexploitation of natural resources. This leads to intensified human–animal
interactions that facilitate the emergence of zoonotic diseases (Li et al., 2020b).
• Rearing domestic animals in free-range settings is reported from southern China, providing opportunity for interactions between domestic and wild animals (Li et al., 2020b).
• There are nearly 8 000 tigers kept in captivity in four major ‘tiger farming’ countries namely China, Viet Nam, Thailand and Lao People’s Democratic Republic (EIA, 2017). In China,
rhesus monkeys are raised in farms (He et al., 2017), while farms holding both tigers and
bears are reported in Lao People’s Democratic Republic (Livingstone et al., 2018).
• Approximately 12.32 percent (n=1 574) kinds of traditional medicine resources are
derived from animals, consequently many wild animals commonly used in traditional
medicines have declined and market demand exceeds their availability (Liu et al., 2016).
• Increased urbanization and a growing middle class in Asia have increased demand for
wild meat. Wild meat may be seen as a luxury and a status item (Lee et al., 2014).
• Bat guano is sold as fertilizer in several countries, including Thailand, Indonesia, Mexico, Cuba, and Jamaica. The practice of collecting and harvesting bat guano may pose
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a considerable health risk because guano miners are exposed to bat-borne pathogens
(Wacharapluesadee et al., 2013).
Bats have the ability to migrate, with some species covering 2 000 km (Hutterer et al.,
2005). In southern China, bats may be served in some restaurants, sold in local
markets (Zhang et al., 2009), and, occasionally hunted and consumed in rural areas
(Li et al., 2020b).
Census of the wildlife farms in 12 pilot provinces in Viet Nam in 2014, documented
4 099 operating wildlife farms. The most common types of farms were for rearing of porcupines (1 535 farms/25 385 animals), oriental rat-snakes (675 farms/112 023 animals)
and deer (524 farms/3 452 animals) while the highest in overall numbers of individuals
were those farming crocodiles, softshell turtles, and oriental snakes, accounting for
618 540 individuals (62.1 percent) of all animals. Most wildlife farms (95 percent) kept
1-2 wild animal species. There were only 17 farms that kept more than 10 species.
Seventy percent of the wildlife farms also had domestic animals, with dogs (53.7 percent),
chickens (37.1 percent), cats (9 percent) and pigs (9 percent) being the most common.
Of those farms, 54 percent kept 1-2 livestock or domestic species while 14.3 percent
kept 3-4 livestock or domestic species (FAO, 2015).
Approximately 85 percent of fur animals are not hunted or trapped, but farmed.
Of these, mink accounts for 80 percent of international trade in fur skins. Other
animals include fox, chinchilla, nutria, Finn raccoon, and sable (Fur Europe, 2015).
Pangolins are the world’s most trafficked mammal, and China is identified as the most
common destination for international trafficking of live pangolin and scales (Heinrich
et al., 2017).
International trade in pangolins reported to the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES) has primarily involved the Asian
species and trade in skins and scales. In the year 2000, zero export quotas were established for Asian pangolins, and there has been comparatively little trade reported since.
The Democratic Republic of the Congo, Nigeria, Togo and Uganda have exported
around 1 000 live pangolins3 including M. gigantea, M. tricuspis and M. tetradactyla
to China, Lao People’s Democratic Republic and Viet Nam for the purpose of captive
breeding. Most of this trade involved M. tricuspis (Challender and Waterman, 2017).
Most international trafficking of pangolins (including their by-products) occurs within
Asia, both in terms of number of incidents and quantity. Of the ten countries and
territories involved in the most trafficking incidents, seven were in Asia; namely
China, Hong Kong SAR, Indonesia, Lao People’s Democratic Republic, Malaysia,
Thailand and Viet Nam. The remaining three were Germany, Nigeria, and the United
States of America (Heinrich et al., 2017).
Pangolins are used as food and for traditional medicinal purposes (Zhang and Yin,
2014) as it is believed that their meat, blood and bile (Li et al., 2020a) as well as
scales (Challender, 2011) are remedies for some diseases. Between 2007 and 2016,
Indonesia, Malaysia and Viet Nam were the major source countries for whole pangolins, while major source countries for smuggled pangolin scales were Cameroon,
Myanmar and Nigeria (Xu et al. 2016).

The report does not specify the timeframe related to this statement.
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• Some traditional markets have been reported to sell domestic cats, snakes, raccoons
and other wildlife (Hui, 2006).

Risk question 2:
What is the likelihood of exposure of humans or animals to SARS-CoV-2
in COVID-19 affected areas through contact with, handling or
consumption of livestock or their products?
Assessment of likelihoods for exposure considered the following information and evidence
(quotes or summaries of papers or publications are given below):
• Considerations 1., 2. and 3. in risk question 1.
• There is consensus among different analyses that ACE2 of several studied species of
domestic cattle, buffalo, sheep, goat and rabbit are likely to bind SARS-CoV-2 RBD,
whereas those of chicken, duck, geese and ostrich cannot. The results related to
other livestock such as camel species, horse and donkey are contradictory.
The data published to date for more than 500 domestic and wild animal species is summarized in the supplementary tables.
• Infection of HeLa cells expressing ACE2 orthologs of cattle (Bos taurus), goat (Capra hircus), horse (Equus caballus), rabbit (Oryctolagus cuniculus), swine (Sus scrofa) and chicken (Gallus gallus) with SARS-CoV-2 pseudovirus demonstrated efficient pseudovirus
entry in the cells expressing ACE2 of these species, except for chicken (Qiu et al., 2020a).
• Infection of HEK293T cells expressing full-length cDNA fragments of ACE2 from pig
(Sus scrofa) and goat (Capra hircus) with SARS-CoV-2 demonstrated efficient virus
entry, whereas ACE2 protein of chicken (Gallus gallus) did not render SARS-CoV-2
entry (Tang et al., 2020).
• Intranasal experimental infection of pigs and chickens (Shi et al., 2020; Schlottau
et al., 2020), and ducks (Shi et al., 2020) with SARS-CoV-2 failed to cause clinical
signs, RNA oropharyngeal and rectal shedding, seroconversion or virus transmission
to co-housed naïve animals of the same species, indicating that these animals are not
susceptible to SARS-CoV-2.
• Experimentally infected chickens, turkeys, ducks, quail and geese demonstrated no
susceptibility to SARS-CoV-2 as no antibodies were detected 14 days post challenge,
and no virus RNA was detected in any cloacal or oropharyngeal swab collected 2, 4
and 7 days post challenge (Suarez et al., 2020).
• Early COVID-19 patients may have had contact with wild animals in the market, but
none recalled exposure to live poultry (Wu et al., 2020a).
• Serum samples collected from domestic livestock in China between November 2019
and March 2020 including pig (187), cow (107), sheep (133), horse (18), chicken
(153), duck (153), and goose (25) were used for detection of SARS-CoV-2-specific
antibodies using double-antigen sandwich ELISA after validating its specificity and
sensitivity. No SARS-CoV2-specific antibodies were detected (Deng et al., 2020b).
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Risk question 3:
What is the likelihood of exposure of humans or animals to SARS-CoV-2 in
COVID-19 affected areas through contact with or handling of companion
animal species or handling or consumption of dog and cat products?
Assessment of likelihoods for exposure considered the following information and evidence
(quotes or summaries of papers or publications are given below):
• Considerations mentioned risk question 1 and risk question 2.
• Two out of fifteen dogs from households with confirmed human cases of COVID-19
in Hong Kong SAR were found to be infected using quantitative real-time PCR,
serology, sequencing the viral genome, and, in one dog, virus isolation. SARS-CoV-2
RNA was detected in a 17-year-old neutered male Pomeranian from five nasal swabs
collected over a 13-day period. A 2.5 year-old male German Shepherd dog was found
to have SARS-CoV-2 RNA on two occasions and virus was isolated from nasal and
oral swabs. Both dogs mounted antibody responses, detected using plaque reduction
neutralization assay. Genetic sequences of the viruses from the two dogs were identical to the virus detected in the human cases. The animals remained asymptomatic
during quarantine (Sit et al., 2020).
• A pet German Shepherd dog from a household with known COVID-19 affected
inhabitants was sampled for respiratory illness. Clinical signs included severe lethargy. The dog tested positive for SARS-CoV-2 based upon molecular testing (PCR and
sequencing). Virus neutralizing antibodies were detected in follow-up samples from
the affected dog as well as a second pet German Shepherd dog in the same household who showed no clinical signs and tested negative by PCR (OIE, 2020b).
• A companion cat of a COVID-19 patient in Hong Kong SAR tested positive for
SARS-CoV-2 RNA on 30 March 2020 in all nasal, oral and rectal swab samples. The cat
did not exhibit any specific clinical signs. Follow-up oral and nasal swab samples taken on
1 April 2020 continued to test positive (OIE, 2020f).
• Infection of domestic cats with SARS-CoV-2 has been reported in Germany (1), Spain
(1), Belgium (1) Russia (1) and France (2) (OIE, 2020b).
• The United States Centers for Disease Control and Prevention (US CDC) and the
United States Department of Agriculture’s (USDA) National Veterinary Services Laboratories (NVSL) announced the first confirmed cases of SARS-CoV-2 infection in
two pet cats in the United States of America. Both cats had mild respiratory illness
and were expected to make a full recovery. A veterinarian tested the first cat after
it showed mild respiratory signs. No individuals in the household were confirmed to
be ill with COVID-19. The virus may have been transmitted to this cat by mildly ill
or asymptomatic household members or through contact with an infected person
outside its home. Samples from the second cat were taken after it showed signs
of respiratory illness. The owner of the cat tested positive for COVID-19 prior to
the cat showing signs. Another cat in the household has shown no signs of illness
(CDC & USDA, 2020).
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• Experimental infection of cats with SARS-CoV-2 resulted in efficient replication and
shedding of infectious virus with spread to co-housed naïve cats in some groups
(Shi et al., 2020; Halfmann et al., 2020; Bosco-Lauth et al., 2020), whereas SARS-CoV-2
replicated poorly in experimentally infected dogs and the virus did not spread to
co-housed naïve dogs (Shi et al., 2020; Bosco-Lauth et al., 2020).
• SARS-CoV-2 has been isolated from nasal turbinate, trachea and oesophagus of
experimentally infected cats, but not from mediastinal lymph nodes, lungs, liver,
spleen, kidney, small intestine, uterus and olfactory bulb (Bosco-Lauth et al., 2020).
Another experimental infection study isolated the virus from nasal turbinate, soft
palates, tonsils, trachea and lungs, but not from small intestine (Shi et al., 2020).
• SARS-CoV-2 experimentally infected cats developed a robust neutralizing antibody
response that prevented re-infection to a second viral challenge (Bosco-Lauth et al.,
2020).
• Out of 102 cat sera collected in Wuhan City, China after the COVID-19 outbreak,
15 (14.7 percent) were found positive for the RBD of SARS-CoV-2 by indirect ELISA.
Among the positive samples, 11 sera collected from stray cats, companion cats in
contact with COVID-19 patients, and cats in pet hospitals had SARS-CoV-2 neutralizing antibodies with a titre ranging from 1/20 to 1/1080 (Zhang et al., 2020).
• There is consensus among different analyses that ACE2 of domestic cat are likely to
bind SARS-CoV-2 RBD, whereas those related to dogs are contradictory.
The data published to date for more than 500 domestic and wild animal species is summarized in the supplementary tables.
• Infection of HeLa cells expressing different ACE2 orthologs of domestic cats (Felis catus)
and dogs (Canis lupus familiaris) with SARS-CoV-2 pseudovirus, demonstrated efficient
pseudovirus entry (Qiu et al., 2020a). Infection of HEK293T cells expressing full-length
cDNA fragments of ACE2 from domestic cat (Felis catus) and dog (Canis lupus familiaris)
with SARS-CoV-2, demonstrated efficient virus entry (Tang et al., 2020).
• Free roaming cat species (Felis catus) are reported to prey on bats (Delpietro et al.,
1994; Scrimgeour et al., 2012; Roch, 2015), in particular in sparse urban and rural
areas, where free-ranging cats occur more frequently (Ancillottoa et al., 2013).
• Hamsters (Eberli et al., 2011) and ferrets (Castanheira de Matos and Morrisey, 2006),
as pets, and hedgehogs, chinchillas and prairie dogs, as exotic mammalian pets, were
all responsible for zoonotic disease transmission (Chomel et al., 2007).
• In most industrialized countries, pets are an integral part of households, sharing
human lifestyles, bedrooms and beds. The estimated percentage of pet owners who
allow dogs and cats on their beds is 14–62 percent, while other close contact such
as licking, kissing and sniffing is also observed (Chomel and Sun, 2011).
• Dogs in Southeast Asia (Sorenson and Matsuoka, 2019; Li et al., 2017; ACPA, 2013)
and Africa (Ukamaka et al., 2020), and cats in Southeast Asia (ACPA, 2013) are
slaughtered for the purpose of meat consumption. Furthermore, it has been reported
that thousands of dog farms exist mostly in rural areas in South Korea for the purpose
of dog meat consumption (Czajkowski, 2014).
• There is no current evidence of dogs or cats playing a role in the spread of COVID-19
(OIE, 2020b).

Annex 2

Risk Question 4:
What is the likelihood of exposure of humans or animals to SARS-CoV-2 in
COVID-19 affected areas through contact with, handling or consumption
of aquatic animals or their products?
Assessment of likelihoods for exposure considered the following information and evidence
(quotes or summaries of papers or publications are given below):
• Considerations 1, 2 and 3 under risk question 1.
• There is consensus among different analyses that ACE2 of several studied species of
cetaceans are likely to bind SARS-CoV-2 RBD, whereas the results related to most
other aquatic mammals are contradictory. Analysis of key amino acid residues of
82 fish and four amphibian species supported the hypothesis of very low affinity to
bind SARS-CoV-2 RBD, only one study supported the hypothesis of a binding energy
favourable for SARS-CoV-2 infection for ten fish species, contradicting, however,
results of another study.
The data published to date for more than 500 domestic and wild animal species is summarized in the supplementary tables.
• Infection of HeLa cells expressing ACE2 orthologs of golden crucian (Carassius auratus) with
SARS-CoV-2 pseudovirus demonstrated inefficient pseudovirus entry (Qiu et al., 2020a).
• Incidences of marine mammals for sale, both cooked and uncooked, in fish markets
in China have been reported by media, and opportunistic hunting of marine mammals is practiced in Asia either for trade or consumption (Porter and Lai, 2017).
• Alphacoronaviruses have been isolated from harbour seals (Phoca vitulina) that died
in 1987 (Bossart and Schwartz, 1990).
• Gammacoronavirus has been identified in liver specimens of beluga whale (Delphinapterus leucas) that died from pulmonary disease and acute liver failure (Mihindukulasuriya
et al., 2008).
• Surveillance for coronaviruses in respiratory and faecal swabs of marine mammals,
namely; California sea lion (Zalophus californianus), Harbour seal (Phoca vitulina) and
indo-pacific bottlenose dolphin (Tursiops aduncus) has detected gammacoronavirus
in faecal swabs of indo-pacific bottlenose dolphin (Woo et al., 2014).
• None of the betacoronaviruses have been detected in fish. However, unclassified
coronaviruses were detected in freshwater cyprinid species such as white bream
(Blicca bjoerkna) and fathead minnow (Pimephales promelas). However, not all of
these viruses are officially classified as coronaviruses by the International Committee
of Taxonomy of Viruses (Schütze, 2016).
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• Few cases of human disease from contact with marine mammals have been reported,
among them occupationally acquired severe illnesses included tuberculosis, leptospirosis and brucellosis (Hunt et al., 2008).
• Aquatic food animals and their products, like any other surface, may potentially
become contaminated with SARS-CoV-2, especially when handled by people who
are infected with the virus. Nevertheless, with proper food handling and sanitation,
the likelihood of contamination of aquatic animals or their products with SARS-CoV-2
should be negligible (Bondad-Reantaso, et al., 2020).
• 14 fish and 14 frog species were observed to prey on bats. However, this is thought
to be a very rare and opportunistic behaviour (Mikula, 2015).
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Annex 3

Progressive approach to
investigate SARS-CoV-2 wildlife
reservoir(s) or intermediate
host(s)

Objective

Targeted animal species

Phase 1

Animals classified as high
priority (see Annex 4).

Phase 2

Wildlife species of same
family of animals testing
positive in phase 1.

Screening to detect
SARS-CoV-2 RNA
and anti-SARS-CoV-2
antibodies.

Phase 3

Phase 4

Narrow down
investigation to exclude
hypothesis of accidental
infection.

Predators of the wildlife
species testing positive
in phases 1 and 2 (if
applicable), priority to
mammalian predators.
Species tested positive in
phases 1, 2 and 3.

Sites

Sites of highest animal-animal or
human-animal interface intensity
(traditional markets and live animal
congregation sites/collection points
prior to reaching a market) in
COVID-19 affected areas, with priority
given to Southeast Asia and subSaharan Africa for identification of
reservoir hosts.

High risk areas (highest density of
target species - natural habitat and
captive farming).
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Annex 4

Prioritization of animal species4
to be investigated further
through field surveillance

Experimental infection**
Natural
infection
High
confirmed* susceptibility

Poor or no
susceptibility

Infectious
virus
produced
in tissue
explant

ACE2
affinity
to bind
RBD

Same
Mammalian
family of a predator of
susceptible susceptible
animal
animal

Score

Priority

Malayan
tiger















13

High

Caracal















4

Medium

Rhesus
macaque















11

High

Ferret















9

High

Mink















10

High

Pangolin















9

High

Cat















19

High

Dog















5

Medium

Cattle















3

Low

Pig















-3

Negligible















0















0

*	Natural infection refers to SARS-CoV-2 and other closely related viruses.
** Susceptibility after experimental infection refers to evidenced replication and shedding of infectious virus rather than
positive PCR test results alone.

Scoring method used to prioritize animal species for sampling in SARS-CoV-2 field
investigation and research studies:
Six criteria are ranked from highest to lowest priority with the following scoring:
• Natural infection: score 6.
• Susceptibility to infection (experimental): high susceptibility (score 6), poor or no
susceptibility (score -6).
• Infectious virus produced in tissue explants: score 4.

4

The filled cells serve as example; relevant check boxes have been ticked according to the information available at
the time of publication.
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• ACE2 affinity to bind SARS-CoV RBD: score 3. The relevant checkbox is selected if
at least one study predicted a likely binding affinity of ACE2 of the given species
(regardless if other studies predicted contradictory results).
• Animal belongs to same family of susceptible species: score 2.
• Animal being a mammalian predator of susceptible species: score 2.
Prioritization:
• High: sum of scores ≥6
• Medium: sum of scores = 4 or 5
• Low: sum of scores = 2 or 3
• Negligible: sum of scores <2
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Understanding the risk of exposure of humans or animals to SARS-CoV-2
from animals and their products is essential for containing virus spread,
prioritizing research, protecting food systems, and informing national One
Health investigations and mitigation measures. This Qualitative Exposure
Assessment provides a comprehensive review of available scientific evidence
and assessment of exposure risk from different wild or domestic animal
species. Results can inform country-level risk assessment and provide the
evidence base for targeted SARS-CoV-2 investigations in animals and
mitigation options.
This publication provides:
I. assessment of the risk of human or animal exposure to SARS-CoV-2
through contact with, handling or consumption of wild, domestic and
aquatic animal species or their products;
II. identification of current knowledge gaps regarding the zoonotic origin or
animal-human spillover of SARS-CoV-2 and recommendations on priority
studies;
III. summary of available evidence for SARS-CoV-2 susceptibility of different
animal species;
IV. evidence-based recommendations on how to prioritize animal species for
targeted field investigations or research studies;
V. recommendations for targeted One Health investigations and
epidemiological, laboratory, anthropological or seasonality studies to fill
critical knowledge gaps evidenced by this exposure assessment.

