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Trading of animals susceptible to bat coronaviruses is the likely cause of the COVID-19 pandemic

Although first detected in December 2019, COVID-19 was inferred
to be present in Hubei province, China, for about a month before
(1). Where did this new human disease come from? To under-
stand the origin of the COVID-19 pandemic, it is necessary to go
back to 2002. At that time a novel respiratory coronavirus ap-
peared in Foshan, Guangdong province, China, and spread to 29
countries (2). Altogether ~8000 people were infected with severe
acute respiratory syndrome coronavirus (SARS-CoV) before public
health measures controlled its spread in 2003. The zoonotic origin
of SARS-CoV was subsequently linked to live animals available at
markets. Further sporadic spillover events of SARS-CoV from ani-
mals took place in Guangzhou, Guangdong, and some researchers
working with cultured virus were infected in laboratory accidents
(3), but ultimately SARS-CoV was removed from the human pop-
ulation. Trading of susceptible host animals is an important com-
mon theme in the origins of SARS and COVID-19.

Three years after the SARS epidemic began, investigations re-
vealed that horseshoe bats (Rhinolophus) in China were harboring
related coronaviruses (4). These collectively form the species
SARS-related coronavirus (SARSr-CoV), which comprises the Sar-
becovirus subgenus of the Betacoronavirus genus. It was inferred
that a sarbecovirus circulating in horseshoe bats seeded the pro-
genitor of SARS-CoV in an intermediate animal host, most proba-
bly civet cats (3). Although other possible intermediate hosts for
SARS-CoV were identified, in particular raccoon dogs and badgers
(for sale with civet cats in animal markets), it is a population of
civet cats within markets that appear to have acted as the con-
duits of transmission to humans from the horseshoe bat reservoir
of SARS-CoV, rather than civet cats being a long-term reservoir
host species. Presumably a captive civet cat initially became in-
fected by direct contact with bats—e.g., as a result of bats forag-
ing in farms or markets—or was infected prior to capture.
Following the SARS epidemic, further surveillance revealed the
immediate threat posed by sarbecoviruses from horseshoe bats.
Despite this clear warning, another member of the SARSr-CoV
species, SARS-CoV-2, emerged in 2019 that spread with unprece-
dented efficiency among humans. There has been speculation
that the Wuhan Institute of Virology (WIV) in Hubei was the
source of the pandemic because no SARS-CoV-2 intermediate
host has been identified to date and owing to the WIV’s geo-
graphic location.
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SARS-CoV-2 first emerged in Wuhan city, which is >1500 km
from the closest known naturally occurring sarbecovirus collected
from horseshoe bats in Yunnan province, leading to an apparent
puzzle: How did SARS-CoV-2 arrive in Wuhan? Since its emer-
gence, sampling has revealed that coronaviruses genetically close
to SARS-CoV-2 are circulating in horseshoe bats, which are dis-
persed widely from East to West China, and in Southeast Asia and
Japan (5). The wide geographic ranges of the potential reservoir
hosts—for example, intermediate (R. affinis) or least (R. pusillus)
horseshoe bat species, which are known to be infected with sar-
becoviruses—indicate that the singular focus on Yunnan is mis-
placed (5). Confirming this assertion, the evolutionarily closest
bat sarbecoviruses are estimated to share a common ancestor
with SARS-CoV-2 at least 40 years ago (5), showing that these Yun-
nan-collected viruses are highly divergent from the SARS-CoV-2
progenitor. The first of these viruses reported by WIV, RaTG13 (6),
is certainly too divergent to be the SARS-CoV-2 progenitor,
providing key genetic evidence that weakens the “lab-leak” no-
tion. Additionally, three other sarbecoviruses collected in Yunnan
independently of WIV are now the closest bat coronaviruses to
SARS-CoV-2 that have been identified: RmYNO2, RpYNO6, and
PrC31 (see the figure).

So, how did SARS-CoV-2 get into humans? Although it is pos-
sible that a virus spillover occurred through direct horseshoe bat—
to—human contact, a known risk for SARSr-CoVs (7), the first de-
tected SARS-CoV-2 cases in December 2019 are associated with
Wuhan wet markets (8). This is consistent with multiple animal-
market—associated spillover events in November and December
(9). It is currently not possible to be certain of the animal source
of SARS-CoV-2, but it is notable that live animals, including civet
cats, foxes, minks, and raccoon dogs, all susceptible to sarbe-
coviruses, were for sale in Wuhan markets, including the Huanan
market (identified as an epicenter of the outbreak in Wuhan)
throughout 2019 (10). Many of these animals are farmed for their
fur at large scale and then sold to animal markets (11). Some of
these farmed species (American minks, red foxes, and raccoon
dogs) were sold alive for food by Wuhan animal sellers, as was
trapped wildlife (including raccoon dogs and badgers), although
no bat species were for sale (10). Together, this suggests a central
role for SARSr-CoV—susceptible live intermediate host animals as
the primary source of the SARS-CoV-2 progenitor that humans
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were exposed to, as was the case with the origin of SARS.

If these routes of transmission to humans are in place, why is
emergence so rare that only two major outbreaks have occurred
in the last two decades? Spillover events are not so unusual in
locations where more frequent human-animal contacts take
place. This is indicated by serology studies showing evidence for
SARSr-CoV—specific antibodies in people living in rural locations
(12), and even higher rates recorded in people living near bat
caves (7). Spillover risk will increase with human encroachment
into rural areas, resulting from new travel networks around and
between urban areas. When a novel virus is then exposed to a
densely packed human population, such as in Wuhan city, these
spillover events have a much higher chance of resulting in sub-
stantial onward spread (1).

One particular ecological event in China that severely dis-
rupted meat trade, and thereby contributed to increased wild-
life—human contacts, was the shortage of pork products in 2019.
This was a direct consequence of the African swine fever virus
(ASFV) pandemic (11), which led to ~150 million pigs being culled
in China, resulting in a pork supply reduction of ~11.5 million met-
ric tons in 2019. Although production of other meat, such as poul-
try, beef, and fish products, moderately increased and China
imported more of these products from international markets to
mitigate the shortfall, this supply only covered a fraction of the
ASFV-associated pork losses. Consequently, pork prices hit a rec-
ord high in November 2019, with the wholesale price increasing
~2.3 times compared with the previous year. Moreover, pig pro-
duction has been relocating from Southern to Northern China
since 2016. This, coupled with tight restrictions on the movement
of live pigs and pork products to mitigate the ASFV pandemic, re-
duced the availability of pork in the Eastern and Southern prov-
inces, resulting in much steeper price increases in these regions.
In response, food consumers and producers may have resorted to
alternative meats, including farmed or captured wildlife, espe-
cially in Southern China where wildlife is traditionally consumed
(11). The resulting increased trade of susceptible farmed animals
and wildlife could have brought humans into more frequent con-
tact with meat products and animals infected with zoonotic path-
ogens, including SARSr-CoVs.

There are controversial reports of human SARS-CoV-2 cases in
China being traced back to contact with imported frozen foods
and SARS-CoV-2 apparently identified from frozen food, packag-
ing, and storage surfaces (13). In an effort to prevent ASFV spread
through live pig transportation routes, supply through the cold
chain has been encouraged by the Chinese government since Oc-
tober 2018, with stronger support since September 2019 in the
form of waiving freeway toll fees for frozen pork. The large de-
mand for pork meat facilitated the use of cold-chain transport for
all meat types, in particular from places with lower prices to those
with higher prices, legally (or illegally), potentially also including
transport of species susceptible to SARSr-CoV infection. The
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World Health Organization (WHO) Origins Report (8) recorded
carcasses of wildlife, particularly badgers, left behind in freezers
at the Huanan market, as well as their sale as frozen goods in late
December 2019. It is likely that this wildlife had been trapped or
farmed elsewhere and sold to Wuhan markets through the cold
chain. Exposures could also potentially occur through feeding of
coronavirus-infected carcasses to live animals either in transport
or at markets.

The emergence of SARS-CoV-2 has properties that are con-
sistent with a natural spillover (9). Although carriage from a bat
cave of a sarbecovirus close enough to SARS-CoV-2 to be the pro-
genitor as a research sample to the WIV is theoretically possible,
such a scenario would be extremely unlikely relative to the scale
of human-susceptible animal contacts routinely taking place in
animal trading. Alternatively, bat guano (feces) is collected for use
as fertilizer, again on a much larger scale than irregular research
visits to bat caves, consistent with rare but ongoing SARSr-CoV
transmissions to humans in rural areas (7, 12).

Overall, SARSr-CoV animal-to-human transmission associated
with infected live animals is the most likely cause of the COVID-
19 pandemic. However, the massive scale of cold-chain supply,
particularly following disruption to the meat industry in China
caused by ASFV-associated culling, suggests that frozen suscepti-
ble-animal carcasses, either for human or animal consumption,
should not be discounted as playing a role in the emergence of
SARS-CoV-2. This will especially be the case if the progenitor pop-
ulation of SARS-CoV-2 is found further away from Wuhan, be-
cause live-animal trafficking is much more likely to involve more
proximal locations to the city, e.g., the prefectures of Hubei prov-
ince. Serology, sampling and interviewing of the individuals (e.g.,
trappers, traders, and farmers) connected to the sources of wild-
life sold in the Wuhan markets in October and November 2019
would be a sensible next step in future investigations.

Once in the human population, SARS-CoV-2 has spread sur-
prisingly rapidly for a new human pathogen. Contrary to classical
expectations for a host species jump, SARS-CoV-2 is highly capa-
ble of human transmission, including frequent asymptomatic
transmission and amplification through superspreader events.
This initial “success,” at least prior to the emergence of variants
of concern, is unlikely to be due to early adaptation to humans
but rather can be attributed to the relatively generalist nature of
SARS-CoV-2 (14), evidenced by frequent transmission to mam-
mals: minks, cats, and others. Worryingly, recent experimental
evidence has found that the pangolin-derived sarbecoviruses
(presumably acquired from exposure to horseshoe bats or other
infected animals after illegal trafficking into China) can also infect
human cells and have spike proteins that are even better at facil-
itating entry into human cells than that of SARS-CoV-2 (15). Col-
lectively this points to a further risk of spillover that extends to
the more divergent members of the lineage that SARS-CoV-2
emerged from and implies frequent spillovers from bats to other
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susceptible wildlife.

Humans are now the dominant SARS-CoV-2 host species. The
danger is that SARS-CoV-2 could spread from humans to other an-
imal species, termed reverse zoonosis, as is suspected for white-
tailed deer in the United States. The promiscuous infection of var-
ious host species by the sarbecoviruses means that future spillo-
vers of SARSr-CoVs from wildlife are very likely, and current
vaccines may not be protective against novel variants. The sam-
pling intensity of sarbecoviruses needs to be urgently increased
to gain a better understanding of this spillover risk. The recent
finding of sarbecoviruses, not dissimilar to SARS-CoV-2, dispersed
in Southeast Asia emphasizes the urgency of monitoring corona-
virus diversity. Humanity must work together beyond country
borders to amplify surveillance for coronaviruses at the human—
animal interface to minimize the threat of both established and
evolving variants evading vaccines and to stop future spillover
events.

REFERENCES AND NOTES

1. J. Pekar, M. Worobey, N. Moshiri, K. Scheffler, J. 0. Wertheim, Timing the SARS-
CoV-2 index case in Hubei province. Science 372, 412-417 (2021).
doi:10.1126/science.abf8003 Medline

2.T. G. Ksiazek, D. Erdman, C. S. Goldsmith, S. R. Zaki, T. Peret, S. Emery, S. Tong,
C. Urbani, J. A. Comer, W. Lim, P. E. Rollin, S. F. Dowell, A.-E. Ling, C. D.
Humphrey, W.-J. Shieh, J. Guarner, C. D. Paddock, P. Rota, B. Fields, J. DeRisi,
J.-Y.Yang, N. Cox, J. M. Hughes, J. W. LeDuc, W. J. Bellini, L. J. Anderson; SARS
Working Group, A novel coronavirus associated with severe acute respiratory
syndrome. N. Engl. J. Med. 348, 1953-1966 (2003).
doi:10.1056/NEJM0a030781 Medline

3. H.-D. Song, C.-C. Tu, G.-W. Zhang, S.-Y. Wang, K. Zheng, L.-C. Lei, Q.-X. Chen, Y.-
W. Gao, H.-Q. Zhou, H. Xiang, H.-J. Zheng, S.-W. W. Chern, F. Cheng, C.-M. Pan,
H. Xuan, S.-J. Chen, H.-M. Luo, D.-H. Zhou, Y.-F. Liu, J.-F. He, P.-Z. Qin, L.-H. Li,
Y.-Q. Ren, W.-J. Liang, Y.-D. Yu, L. Anderson, M. Wang, R.-H. Xu, X.-W. Wu, H.-
Y. Zheng, J.-D. Chen, G. Liang, Y. Gao, M. Liao, L. Fang, L.-Y. Jiang, H. Li, F. Chen,
B. Di, L.-J. He, J.-Y. Lin, S. Tong, X. Kong, L. Du, P. Hao, H. Tang, A. Bernini, X.-J.
Yu, O. Spiga, Z.-M. Guo, H.-Y. Pan, W.-Z. He, J.-C. Manuguerra, A. Fontanet, A.
Danchin, N. Niccolai, Y.-X. Li, C.-l. Wu, G.-P. Zhao, Cross-host evolution of
severe acute respiratory syndrome coronavirus in palm civet and human. Proc.
Natl. Acad. Sci. U.S.A. 102, 2430-2435 (2005). doi:10.1073/pnas.0409608102
Medline

4. W. Li, Z. Shi, M. Yu, W. Ren, C. Smith, J. H. Epstein, H. Wang, G. Crameri, Z. Hu,
H. Zhang, J. Zhang, J. McEachern, H. Field, P. Daszak, B. T. Eaton, S. Zhang, L. F.
Wang, Bats are natural reservoirs of SARS-like coronaviruses. Science 310,
676—679 (2005). doi:10.1126/science.1118391 Medline.

5. S. Lytras et al., bioRxiv 10.1101/2021.01.22.427830 (2021).

6. P. Zhou, X.-L. Yang, X.-G. Wang, B. Hu, L. Zhang, W. Zhang, H.-R. Si, Y. Zhu, B. Li,
C.-L. Huang, H.-D. Chen, J. Chen, Y. Luo, H. Guo, R.-D. Jiang, M.-Q. Liu, Y. Chen,
X.-R. Shen, X. Wang, X.-S. Zheng, K. Zhao, Q.-J. Chen, F. Deng, L.-L. Liu, B. Yan,
F.-X. Zhan, Y.-Y. Wang, G.-F. Xiao, Z.-L. Shi, A pneumonia outbreak associated
with a new coronavirus of probable bat origin. Nature 579, 270-273 (2020).
doi:10.1038/541586-020-2012-7 Medline

7. N. Wang, S.-Y. Li, X.-L. Yang, H.-M. Huang, Y.-J. Zhang, H. Guo, C.-M. Luo, M.
Miller, G. Zhu, A. A. Chmura, E. Hagan, J.-H. Zhou, Y.-Z. Zhang, L.-F. Wang, P.
Daszak, Z.-L. Shi, Serological Evidence of Bat SARS-Related Coronavirus
Infection in  Humans, China. Virol. Sin. 33, 104-107 (2018).
do0i:10.1007/s12250-018-0012-7 Medline

8. WHO-convened global study of origins of SARS-CoV-2: China Part;
www.who.int/publications/i/item/who-convened-global-study-of-origins-of-
sars-cov-2-china-part (2021).

9. E. C. Holmes et al., Zenodo (2021); https://doi.org/10.5281/zenodo.5075888.

First release: 17 August 2021

WWwWw.sciencemag.org

10. X. Xiao, C. Newman, C. D. Buesching, D. W. Macdonald, Z.-M. Zhou, Animal
sales from Wuhan wet markets immediately prior to the COVID-19 pandemic.
Sci. Rep. 11, 11898 (2021). doi:10.1038/s41598-021-91470-2 Medline

11. W. Xia et al, Preprints 10.20944/preprints202102.0590.v1
doi:10.20944/preprints202102.0590.v1

12. H. Li, E. Mendelsohn, C. Zong, W. Zhang, E. Hagan, N. Wang, S. Li, H. Yan, H.
Huang, G. Zhu, N. Ross, A. Chmura, P. Terry, M. Fielder, M. Miller, Z. Shi, P.
Daszak, Human-animal interactions and bat coronavirus spillover potential
among rural residents in Southern China. Biosaf Health 1, 84-90 (2019).
doi:10.1016/j.bsheal.2019.10.004 Medline

13.J. Han, X. Zhang, S. He, P. Jia, Can the coronavirus disease be transmitted from
food? A review of evidence, risks, policies and knowledge gaps. Environ. Chem.
Lett. 19, 5-16 (2020). doi:10.1007/s10311-020-01101-x Medline

14. C. Conceicao, N. Thakur, S. Human, J. T. Kelly, L. Logan, D. Bialy, S. Bhat, P.
Stevenson-Leggett, A. K. Zagrajek, P. Hollinghurst, M. Varga, C. Tsirigoti, M.
Tully, C. Chiu, K. Moffat, A. P. Silesian, J. A. Hammond, H. J. Maier, E. Bickerton,
H. Shelton, I. Dietrich, S. C. Graham, D. Bailey, The SARS-CoV-2 Spike protein
has a broad tropism for mammalian ACE2 proteins. PLOS Biol. 18, e3001016
(2020). doi:10.1371/journal.pbio.3001016 Medline

15. S. J. Dicken, M. J. Murray, L. G. Thorne, A. K. Reuschl, C. Forrest, M.
Ganeshalingham, L. Muir, M. D. Kalemera, M. Palor, L. E. McCoy, C. Jolly, G. J.
Towers, M. B. Reeves, J. Grove, Characterisation of B.1.1.7 and Pangolin
coronavirus spike provides insights on the evolutionary trajectory of SARS-
CoV-2. bioRxiv 2021.03.22.436468 (2021). doi:10.1101/2021.03.22.436468
Medline

(2021).

ACKNOWLEDGMENTS

We thank the researchers who have shared genome data openly via GenBank or
GISAID. D.L.R. and J.H. are funded by the Medical Research Council (MRC)
(MC_UU_1201412) and D.L.R. by the Wellcome Trust (220977/2/20/Z). S.L. is
funded by an MRC studentship.

SUPPLEMENTARY MATERIALS
www.sciencemag.org/cgi/content/full/science.abh0117/DC1

Published online 17 August 2021
10.1126/science.abh0117

(Page numbers not final at time of first release) 3

T20Z ‘2T 1snBny uo /610’ Bewsdusios aouslos//:dny woly papeojumod


http://www.sciencemag.org/
http://dx.doi.org/10.1126/science.abf8003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33737402&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa030781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12690092&dopt=Abstract
http://dx.doi.org/10.1073/pnas.0409608102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15695582&dopt=Abstract
http://dx.doi.org/10.1126/science.1118391
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16195424&dopt=Abstract
http://dx.doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32015507&dopt=Abstract
http://dx.doi.org/10.1007/s12250-018-0012-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29500691&dopt=Abstract
http://www.who.int/publications/i/item/who-convened-global-study-of-origins-of-sars-cov-2-china-part
http://www.who.int/publications/i/item/who-convened-global-study-of-origins-of-sars-cov-2-china-part
https://doi.org/10.5281/zenodo.5075888
http://dx.doi.org/10.1038/s41598-021-91470-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34099828&dopt=Abstract
https://doi.org/10.20944/preprints202102.0590.v1
http://dx.doi.org/10.1016/j.bsheal.2019.10.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32501444&dopt=Abstract
http://dx.doi.org/10.1007/s10311-020-01101-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33024427&dopt=Abstract
http://dx.doi.org/10.1371/journal.pbio.3001016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33347434&dopt=Abstract
https://doi.org/10.1101/2021.03.22.436468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33791702&dopt=Abstract
http://science.sciencemag.org/

Sarbecoviruses closely related to SARS-CoV-2

Coronaviruses that are evolutionarily closest to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been
sampled in China, Cambedia, Japan, and Thailand (5). The phylogenetic tree, inferred from a genomic region minimized for
recombination (5), shows sarbecoviruses closely related to SARS-CoV-2. Host species for each virus, horseshoe bat
(Rhinolophus), human (Homo sapiens), and pangolin (Manis javanica) and the year of sample collection are shown in the key.
Longquanl40 is inferred from another genomic region (5) (dashed line). See supplementary table S1 for more details.
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