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► HISTORY: spill-over from bats, exact source and route unknown
► PRESENT: spill-onward to other animal species

establishment in wild animal species?
► FUTURE: new animal source for spill-back to humans?
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Coronaviruses are animal viruses

Ruiz-Aravena et al., 2022 Nature Reviews Microbiology



Animal origins of coronaviruses

Cui et al., 2019. Nature Reviews Microbiology



Where do we stand on SARS-CoV-2 origins?



Boni et al 2020 Nature Microbiology doi.org/10.1038/s41564-020-0771-4 

 evolution for spillover to humans 
occurred in horseshoe bats, 
approx. 40-70 years ago

 also (separate) evolutionary 
emergence in pangolins

 closest relative >1000km away 
from Wuhan

In 2020 we knew:



 More evidence
corroborates evolutionary
origins in horseshoe bats

 Closest relatives SARS-
CoV-2 in Yunnan and Laos

 Wide geographic range 
SARS-CoV-2-related bat 
viruses

Now:



 Wide geographic
range SARS-CoV-2-
related bat viruses

 Recombination history

 Gene flow of across
wide geographic range 

Lytras et al., 2022 GBE



Question remains: How did SARS-CoV-2 end up in humans? 

Laboratory escape accident?

and where?

Contact with dead or live animal?
Which one? Where?



December 2019: early COVID cases 
centered around Huanan wet market



December 2019: early COVID cases 
centered around Huanan wet market

• New in depth studies (e.g. WHO 
Global Study of the Origins of 
SARS-CoV-2)

 Two lineages from the start
 Two spillovers?

 Early cases from both lineages
linked to Huanan and/or other
markets

 Wuhan Insitute of Virology
outside of early epidemic zone

Holmes et al., 2021 Cell



December 2019: early COVID cases 
centered around Huanan wet market

• Surveillance of SARS-CoV-2 in the
environment and animal samples of 
the Huanan Seafood Market

Gao et al., 2022 preprint

 0/437 animals

 73/923 environmental samples

 1/30 environmental sample 
other market

 Two early lineages present

Holmes et al., 2021 Cell





Family Species Wuhan Xiaogan Jingmen Total
Leaf nosed bats Hipposideros armiger - - 0/107 0/107

Hipposideros pratti - 0/3 - 0/3
Horseshoe bats Rhinolophus pusillus - 7/86 - 7/86

Rhinolophus ferrumequinum - 0/4 - 0/4
Rhinolophus pearsonii - 0/2 - 0/2
Rhinolophus sinicus - 2/8 - 2/8
Rhinolophus sp. - 0/51 - 0/51

Vesper bats Myotis chinensis - 0/2 - 0/2
Myotis petax - 0/4 - 0/4
Myotis sp. - 0/67 - 0/67

Carnivores Nyctereutes procyonoides 8/15 - - 8/15
Deer Muntiacus reevesi 0/3 - - 0/3
Mustelids Arctonyx collaris 0/3 - - 0/3

Mustela sibirica 0/7 - - 0/7
Total 8/28 9/227 0/107 17/362



• CoV in Wuhan bats not direct 
progenitor tot SARS-CoV-2

• But confirms SARS-CoV-2-related 
viruse widespread in horseshoe
bats eastern Asia



 Canine alphacoronavirus

 53.3% 
 CoV spread easily
 superspreader conditions

 Closest to UK dog CoV



Pekar et al., 2022 preprint Zenodo

Most likely scenario



New animal hosts for SARS-CoV-2?





BOF-COVID project: Avoiding a local wildlife reservoir of SARS-CoV-2 in Belgium.

check susceptibility wild mammals via ACE2 genotyping

prof. dr. Yann 
Sterckx

dr. Lieselotte 
Van Bockstal

dr. Luc De Bruyn

photos: zoogdiervereniging.nl



https://www.nytimes.com/interactive/2020/health/coronavirus-unveiled.html
Casalino, Amaro Lab, U.C. San Diego.

SARS-CoV-2 

Mammal cell

Bind and enter
 molecular host 
recognition

Fig: Yann Sterckx

Spike

ACE2

First step in infection: molecular binding to ACE2 protein



• 63 relevant mammal species in Belgium
• Wild, domestic, feral, invasive

• 46 species with samples/carcasses in our or collaborators collections
• 1 stranded minke whale
• Remaining 16 ACE2 sequence avaiable in Genbank



(figs Yann Sterckx)

Measure binding strength
 computational protein models of 

biochemical interactions

mammal cell membrane

spike protein in complex with ACE2



Biological capacity to infect many different mammal species: broad host range

Wild type

Known
susceptible?



Delta Omicron

Alpha Beta



New animal hosts for SARS-CoV-2

• sporadic infections in dogs, cats, ferrets and hamsters

• serosurveys cats and dogs suggest quite widespread infection

• one cat-to-human transmission recorded (Sila et al, 2022 EID).

Pets



Zoo animals

lions
tigers
pumas
snow leopards
fishing cats 
binturongs
coatimundis
hyenas
otters
gorillas
Eurasian and Canadian lynx
giant anteater
West Indian manatee
black-tailed marmoset



Zoo animals

lions
tigers
pumas
snow leopards
fishing cats 
binturongs
coatimundis
hyenas
otters
gorillas
Eurasian and Canadian lynx
giant anteater
West Indian manatee
black-tailed marmoset
hippopotamus



Zoo animal deaths



Zoo surveillance

• sampling animal faeces from Zoo Antwerp (47 species) and Zoo Planckendael
(67 species)
• September, October, December 2020
• July 2021 (Alpha)
• December 2021 (Delta, after Hippo infection)

• PCR tests for SARS-CoV-2 and general coronaviruses 
• no infections detected 

Tine Cooreman
Léa Joffrin

Erik Verheyen
Herwig Leirs



Farm and bred animals

• Infected hamsters imported from Europe to Hong Kong
• Transmission in pet shops
• Transmission to humans
• Onwards human-to-human transmission

Yen et al., 2022 The Lancet



very fast transmission among mink in farm

human-mink-human transmission

infections observed in 11 countries
massive culling of (infected ) farms 

Farm and bred animals

Mink farms



Oude Munnink et al. 2021 Science

Tan et al., 2022 Nature Communications

• Mink-adapted evolution in mink
• mutations not crucial for mink-infection
• no faster/slower evolution

• Genetic substitutions transmitted to humans
• No impact on human epidemic / evolution



Zoo and farm animals

 close contact with people

 easy transmission in dense, indoor populations

Notable absence of SARS-CoV-2 infection in 
livestock and other farmed animals

 cattle, pigs, poultry, llamas, rabbits, ...

 sanitation procedures?
 unnoticed?
 not susceptible?



Wild animals



Wild animals



Wild animals

White-tailed deer





Wild animals

• Multiple introductions across North 
America (Canada and USA).

• Both Delta and Omicron
• Very high prevalences in wild deer 

populations.
• Extensive evolution

• mutations not crucial for deer-
infection

• no faster/slower evolution
• Deer-to-human transmission



Not (yet) observed:

 evolutionary divergence of 
completely different variant in 
wildlife

 immune escape?
 (some evidence for little

immune escape in 
SARS-CoV-2 evolved in 
Danish mink)

 better transmissibility in 
humans (than competing
human variants)

Wild animals



SARS-CoV-2: respiratory virus but excreted in faeces too…

viral RNA found in sewer water
also in rats living in the sewers?





SARS-CoV-2 surveillance in Norway rats (Rattus norvegicus) 
Antwerp sewer system, Belgium

• November-December 2020  Original Wuhan strain
• Colombo et al., 2021 Transbound Emerg Dis.

• April 2021  Alpha

• February 2022  Omicron
• Possible positive feces?



► HISTORY: spill-over from bats, exact source and route unknown
► PRESENT: spill-onward to other many animal species

establishment in wild animal species
new animal source for spill-back to humans

► FUTURE: emergence of new variant from new animal source?

?
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Good example of clear animal spillover 
origins: Middle East Respiratory Virus 
(MERS)

Dudas et al., 2017 eLife



MERS deeper evolutionary history
more difficult to reconstruct
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