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ABSTRACT

This paper uses Bayesian methods in conjunction with spatiotemporal and zoonotic data to evaluate
the odds ratio for two hypotheses regarding the origin of the COVID-19 pandemic, namely, an
accidental laboratory leak of a chimera virus or the transmission of a natural virus from an infected
wildlife mammal. The overall Bayes factor is decomposed into 4 components: (1) the odds that the
outbreak would occur in the People’s Republic of China (PRC); (2) the odds that the outbreak
would occur in Wuhan, conditional on its location in PRC; (3) the odds of observing the
spatiotemporal pattern of confirmed COVID-19 cases with no known link to the specific wholesale
market where wildlife mammals were being sold, conditional on the outbreak taking place in
Wuhan; and (4) the odds of observing the spatiotemporal pattern of confirmed vendor cases at that
market, conditional on the outbreak taking place in Wuhan. These four conditional Bayes factors
are estimated as 2.3:1, 20:1, 27:1, and 12:1, respectively, and hence the overall odds ratio is
14,900:1, indicating overwhelming evidence in favor of the hypothesis that the pandemic resulted
from an accidental lab leak. This conclusion is robust to alternative specifications of the detailed
statistical analysis.
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Introduction

A half-decade has passed since the onset of the COVID-19 pandemic. The World Health Organization
(WHO) reports more than 7 million confirmed COVID-19 fatalities, while estimates based on excess
mortality indicate an even higher global toll of about 15 to 35 million deaths.'* Systematic reviews
have documented extensive disparities in these outcomes, with very high incidence of SARS-CoV-2
infections in socioeconomically disadvantaged communities and in longer-term care facilities, while
elevated rates of mortality have been directly linked to higher age and impaired healthcare access.”
Moreover, the pandemic has been associated with sharply lower economic growth in many low-income
countries, with significant adverse consequences for their public health and wellbeing.'® !

At the early stages of the pandemic, a broad consensus of scientists inferred that the SARS-CoV-2 virus
had zoonotic origins, similar to the previous coronavirus outbreaks of SARS and MERS that were traced
to palm civets and dromedary camels, respectively.'””'® In reaching that conclusion,
it was noted that the earliest COVID-19 cases occurred in the city of Wuhan in the People’s Republic
of China (PRC), and a high proportion of those cases were linked to the Huanan Wholesale Seafood
Market.'”" In early 2021 WHO published the findings of a joint investigation by Chinese and
international experts, including detailed information on 172 early COVID-19 cases for which onset of
symptoms occurred before the end of 2019.%° Subsequently, Worobey et al. (2022) analyzed spatial data
from the WHO-2021 report and concluded that the Huanan Market was the epicenter of the COVID-19
pandemic and that the initial outbreak was linked to a specific cluster of market shops where live wild
mammals had been sold.?’ However, no existing study has produced any statistical analysis of the
spatiotemporal characteristics of the initial case data.

Among the species of wildlife mammals for sale at the Huanan Market, the raccoon dog (Nyctereutes
procyonoides) has been highlighted as the most likely source of zoonotic transmission of a virus lineage
that — like the SARS and MERS viruses -- presumably originated in horseshoe bats.': 2! 2
In fact, epidemiological investigations of the SARS outbreak found that virus not only in palm civets
but in raccoon dogs that were being sold for human consumption in Guangdong Province.”° In late
2019, wild raccoon dogs were observed for sale at the Huanan Market, and swab samples collected
in early 2020 contained traces of raccoon dog DNA as well as viral particles of SARS-CoV-2.2! 2728
However, there has been no systematic analysis of the extent to which the zoonotic transmission of

SARS-CoV-2 is consistent with the geographical distribution of wild or farmed raccoon dogs.

Beyond those specific gaps in the scientific literature, one basic question has been left unanswered:
Why did the COVID-19 outbreak occur in Wuhan??’ More specifically, is its location within PRC
associated with an elevated risk of a zoonotic outbreak?** Conversely, could the virus have escaped
from a research laboratory in Wuhan? An important factor underlying these questions is that during the
decade of the 2010s, laboratories in Wuhan were at the forefront of global research on bat-related
coronaviruses.’" 3> Moreover, much of this research was conducted at relatively limited precautions
corresponding to BioSafety Level 2 (BSL-2), as distinct from the greater precautions of BSL-3 and
BSL-4.*** Numerous studies have considered these questions by analyzing the genetic sequence of
SARS-CoV-2 and comparing its key features to those of other sarbecoviruses (that is, SARS-related
betacoronaviruses).*>*° Nonetheless, there have been persistent concerns about whether the COVID-19
pandemic may have been triggered by an accidental leak of a chimera virus developed in a researh
laboratory rather than by zoonotic transmission from an infected animal at the Huanan market.*'**¢



The WHO 2021 report contained a brief discussion of these scenarios and concluded that zoonotic
transmission was “very likely” and that an accidental leak was “extremely unlikely.””® However,
other researchers have arrived at markedly different conclusions by combining probabilistic
assessments encompassing a wide range of evidence.*’' Some national government agencies have
published their own independent assessments of accidental vs. zoonotic transmission, but their
conclusions partly reflect non-public information obtained from confidential sources.’***> Meanwhile,
there has been a dearth of formal statistical analysis of publicly-available spatiotemporal and zoonotic

data using standard Bayesian methods.’**®

Bayesian procedures can be used to weigh the relative probabilities of competing hypotheses,
as distinct from classical statistical methods that focus on testing a single null hypothesis.” ¢
In particular, the Bayes factor indicates the odds that the observed outcome would occur under each
of two competing hypotheses; the prior odds ratio incorporates subjective probability assessments
along with other sources of information beyond the formal statistical framework; and the posterior odds
ratio is obtained as the product of the Bayes factor and the prior odds ratio. In many contexts, the Bayes
factor can be decomposed into several distinct conditional factors, thereby elucidating the analysis more
clearly than would be feasible using a single “black-box” statistical model aimed at jointly
encapsulating all dimensions of the observed data.®'

This paper uses Bayesian methods in conjunction with spatiotemporal and zoonotic data to evaluate
the odds ratio for the following two hypotheses:

A: The SARS-CoV-2 outbreak was caused by an accidental laboratory leak of a chimera virus.
Z: The SARS-CoV-2 outbreak was caused by zoonotic transmission from an infected animal.

To facilitate the transparency of this assessment, the overall Bayes factor is decomposed into four
components: (1) the likelihood that PRC would be the epicenter of the pandemic; (2) the likelihood that
the epicenter would be located in Wuhan, conditional on its occurrence in PRC; (3) the likelihood of
observing the spatiotemporal pattern of confirmed COVID-19 cases with no known link to the Huanan
Market, conditional on the outbreak taking place in Wuhan; and (4) the likelihood of observing the
spatiotemporal pattern of confirmed vendor cases at the Huanan Market. Thus,
the posterior odds ratio can be expressed as follows:

1 POSTERIOR_ODDS,; = PRIOR ODDS.; * BF; * BF, * BF; * BF,

Each conditional Bayes factor BF; = L4/ Liz , where L; denotes the conditional marginal likelihood of
observing the specified data for component i = (1,...,4) and hypothesis j = (4, Z). For each component,
the conditional Bayes factor is computed using a baseline specification of the underlying data-
generating process, and then robustness analysis is used to assess its sensitivity to alternative
specifications, similar to approaches for addressing model uncertainty that are common in other fields

such as meteorology and economic forecasting.®>**

The remainder of this paper is organized as follows. Section 1 briefly discusses the prior odds of the
two hypotheses. Section 2 uses data on the global distribution of bats and the global distribution of
research on bat-related viruses to assess the likelihood of a coronavirus outbreak in PRC under each
hypothesis. Section 3 assesses the conditional likelihood of an coronavirus outbreak in Wuhan, focusing



on the geographical distribution of wildlife mammals that were being sold for human consumption in
PRC. Sections 4 and 5 conduct spatiotemporal analysis of initial case data in the vicinity of Wuhan and
within the Huanan market, respectively. Section 6 discusses the results, identifies limitations of the
analysis, and highlights directions for further research. Methodological details are provided in the
Supplementary Materials. All software and data used in this project have been posted on Github.

1. Prior Odds

Since the prior odds are specified apart from any formal statistical procedure, a common approach
is to place equal prior probabilities on the two hypotheses — commonly known as diffuse priors or flat
priors -- so that the posterior odds are determined solely by analyzing the observed data, i.e., “letting
the data speak.” However, such an approach may well exclude background information that should be
reflected in the quantitative assessment of odds. In the present context, the consideration of such
information is important not only for specifying the prior odds but for illuminating the scientific
consensus at the onset of the COVID-19 pandemic and providing helpful context for the formal
statistical analysis below.

1.1 Key Features of Pre-COVID Pandemics

Table 1 summarizes key features of pre-COVID pandemics in the 20" and 21* centuries, that is,

infectious disease outbreaks resulting in substantial fatalities across multiple countries.®>**’
Table 1: Global Pandemics, 1900 to 2018
Date of Zoonotic
Pandemic Outbreak Disease Transmission Estimated Fatalities Sources
Spanish Flu 1918 Influenza A/HIN1 aquatic birds 15-100 million 68-70
Asian Flu 1957 Influenza A/H2N2 aquatic birds 0.7-1.5 million 71
Hong Kong Flu 1968 Influenza A/H3N2 aquatic birds 1 million 7
Ebola 1976 Ebola virus bats/primates 13 thousand 7
AIDS 1981 HIV primates 40 million 74,75
SARS 2002 Betacoronavirus bats/civets 783 76
Swine Flu 2008 Influenza A/HINI swine 150-450 thousand 7
MERS 2012 Betacoronavirus bats/camels 888 8

It is notable that each of these pandemics was associated with a virus.” * Over prior centuries and
millenia, pandemics were frequently associated with pathogenic bacteria (e.g., cholera, typhoid, and
typhus), but the impact of those diseases has been contained or even eliminated by the use of antibiotics
and hygenic measures.®' Likewise, improvements in sanitation and other public health measures have
greatly diminished the burden of vector-borne diseases (e.g., bubonic plague) that are primarily spread
by insects or other animals, although mosquito-borne diseases such as malaria and yellow fever continue
to afflict many populations in tropical regions.**** By contrast, the HIV and Ebola viruses are generally
spread by contact with human bodily fluids, while the deadly strains of influenza and coronavirus are

respiratory illnesses that mainly spread via airborne particles.**



Furthermore, each of the diseases listed in Table 1 emerged from a zoonotic source, often involving
distinct species that act as natural reservoirs or intermediate hosts for multiple strains of the evolving
virus.® % For example, aquatic birds have been identified as a natural reservoir for numerous strains of
influenza virus, which infects those species without any significant pathological effects, while swine
have been identified as an intermediate host in which mutations produce new variants that are
particularly virulent in humans.®® Similarly, bats have been identified as a natural reservoir for the group
of filament-shaped viruses (Filoviridae) that includes the Ebola and Marburg viruses and for the group
of crown-shaped viruses (Coronaviridae) that includes SARS and MERS as well as SARS-CoV-2.%-!

1.2 Lessons from the SARS Pandemic

A number of key aspects of the SARS pandemic provide important background and context in
considering prior odds regarding the origins of SARS-CoV-2:

e  Pattern of Early SARS Cases. The earliest identified cases of SARS, with symptom onset between
November 2002 and January 2003, occurred independently in at least five different well-
separated municipalities in southern Guangdong province, suggesting multiple introductions of
a virus or similar viruses from a common source.”* °* A subsequent study identified
asymptotomatic SARS-like infections in 1.8% of serological samples collected from healthy
Hong Kong adults in May 2001, consistent with sequential instances of interspecies transmission
of virus strains that had not yet adapted efficiently to a human host.”

e Link to Wildlife Animals. Restaurant chefs and others handling wildlife animals for human
consumption accounted for 39% of confirmed SARS cases during the initial phase of the
epidemic, whereas no cases were identified in farmers handling livestock or poultry.**
A serology study of food market vendors in Shenzhen found anti-SARS antibodies in 40%
of wildlife animal traders and only 5% of vegetable vendors.*

e Identification of Zoonotic Source. In a study of serology samples from vendors at three live
animal markets in Guangzhou, the incidence of SARS-CoV antibodies was highest (72%) among
those selling masked palm civets (Paguma larvata) and lowest (9%) among those selling
snakes.” In early 2004, researchers found live virus in 100% of oral and rectal swabs collected
from a random sample of civets at a wildlife market.”> Genetic analysis indicated a sequence
identity of 99.8% between the animal viruses and the SARS-CoVs isolated from human patients,
differing by a single segment whose deletion evidently occurred during adaptation of the animal-
derived virus to its new human host.**

e Mode of Zoonosis. Among the earliest SARS cases were the cook and chief waiter at a
Guangzhou restaurant that served palm civets and a customer of that restaurant who was seated
near a group of wire cages that typically held six live palm civets.”® More broadly, large numbers
of masked palm civets were sold for human consumption in southern China. A survey conducted
in 1993-96 found that masked palm civets were the most popular species of exotic mammals sold
at restaurants in Guanxi, a province adjacent to Guangdong.”’ Biweekly surveys in 2001-02
indicated an average of about 190 civets on sale at the Chatou wholesale food market in
Guangzhou.”® In fact, sales at that particular market occasionally exceeded 500 civets; see the
Supplementary Materials for further details.



e Role as Amplifying Intermediary. Serology studies found no SARS-CoV infections in wild or
farmed civets, except for a single transit center where civets were purchased and then exported
to southeast Asia.”> 1% Moreover, genetic analysis indicated that strains of SARS-CoV were
evolving rapidly in palm civets as well as humans.'®' These findings indicated that the virus had
recently jumped from another species and had spread to civets at wildlife markets.”” In effect,
civets were an amplifying intermediary but not the natural host of the virus.*7

e [dentification of Host Reservoir. In the wake of the SARS outbreak, closely related viruses were
identified in horseshoe bats (Rhinolophidae) and other bat families.” '°* ' However, SARS-
CoV does not infect any of the bat species that inhabit southern China and replicates very
inefficiently in other bat species.”* ' % Evidently, the virus was transmitted from bats to the
intermediary host and then evolved over a substantial period prior to its zoonotic spillover to
humans.'%- 197

e  Mode of Transmission from Bats to Civets. The most closely related bat viral strains (WIV1 and
WIV16) exhibit similarity of about 96% to the SARS-CoV genome; those strains were cultured
from samples collected at an abandoned mine in Yunnan province, about 1500km from
Guangzhou.'® "% The transmission from bats to civets presumably occurred via fecal matter
rather than direct contact.'” ' because stacked wire cages were commonly used for the
transportation and sale of civets at wildlife markets.”” Thus, the ancestor of SARS likely infected
civets in warehouses or other facilities where bats roosted overhead and defecated on the closely-
packed cages below. The virus then began spreading among the tens of thousands
of civets that were being transported and consumed each year, evolving into a strain that was
infectious to humans as well as various other types of mammals, including domestic cats, ferrets,
foxes, and raccoon dogs.>* 26 76: 102, 103. 111

1.3 Lessons from the MERS Pandemic

The lessons from SARS were highly relevant when the MERS outbreak transpired in 2012. Genetic
analysis of the MERS virus revealed similarities to other betacoronaviruses associated with various
species of bats around the globe, triggering an intense search for zoonotic sources.”® > Serological
analysis detected anti-MERS antibodies in 100% of a sample of 50 dromedary camels from Oman;
MERS viral strains were later found in dromedaries in Egypt and Kenya.'"”'?' In contrast, no such
antibodies were detected in any other species of livestock.'"™ ' Moreover, a detailed case study
documented the direct transmission of MERS from sick camels to a human patient in Saudi Arabia.'?

However, a notable difference between SARS and MERS is in the timing of the viral jump from bats to
an intermediate host species. In the case of SARS, that cross-species transmission appears to have been
roughly contemporaneous with the first wave of human infections. In contrast, retrospective analysis of
archived camel sera indicate that the MERS virus had been circulating in Middle Eastern dromedaries
since the early 1980s with practically no genetic modifications.'** In effect, camels had become a host
reservoir for the virus long before the onset of the MERS pandemic.'*’

1.4 Zoonotic Implications for SARS-Cov-2

Soon after the onset of the COVID-19 pandemic, numerous parallels with SARS and MERS were
identified. Genetic analysis indicated that this novel coronavirus was closely related to SARS-CoV,



thereby leading to its designation as SARS-CoV-2.'%% 27 Each of these viruses (SARS, MERS, and
SARS-CoV-2) infect cells by binding to a specific receptor, i.e., angiotensin-converting enzyme 2
(ACE2).'* 2 The nucleotide sequence of the receptor binding domain (RBD) in the SARS-CoV-2
genome is very similar to two SARS-related bat viruses (Rs3367 and RaTG13) that had previously been
studied by researchers at the Wuhan Institute of Virology (WIV), leading to the inference that SARS-
CoV-2 also originated in bats. 0% 127: 130-132 Ngetheless, the SARS-CoV-2 virus does not infect bats, and
its genome differs from that of all known bat viruses by 1000+ nucleotides, and hence this virus must

have evolved in intermediate or transient hosts prior to its zoonotic transmission to humans.'*?

Moreover, as noted above, a substantial fraction of the earliest COVID-19 cases were directly linked to
the Huanan Wholesale Seafood Market.'” '* Media reports highlighted an array of exotic animals that
were on sale at the Huanan market, including the species associated with the SARS pandemic (palm
civets and raccoon dogs) as well as meat from camels (the zoonotic host for MERS)."**

Table 2: Interpreting Odds of Two Hypotheses from a Bayesian Perspective
Qualitative Assessment Odds Ratio Qualitative Assessment Odds Ratio
hypotheses A & B equally likely 1:1 hypotheses A & B equally likely 1:1
anecdotal evidence for A 3:1 anecdotal evidence for B 1:3
strong evidence for A 10:1 strong evidence for B 1:10
very strong evidence for A 30:1 very strong evidence for B 1:30
extremely strong evidence for A 100:1 extremely strong evidence for B 1:100
Source: Lee and Wagenmakers (2013), table 7.1.

Consequently, when the WHO convened its international review in early 2021, the members of its panel
concluded that the virus had most likely originated in bats and then spread to humans through an
intermediate host, whereas a scenario involving an laboratory accident was judged as “extremely
unlikely.” As shown in Table 2, in a Bayesian context that assessment would correspond to odds of
about 100:1 or more in favor of hypothesis Z relative to hypothesis A. In early 2023, a group of 156
virologists stated that “currently the zoonosis hypothesis has the strongest supporting evidence.”'*
Likewise, the editors of three virology journals concluded that hypotheses involving an accidental lab
leak were “unlikely. ”'*% In spring 2024, an article in the Annual Review of Virology concluded that “The
available data clearly point to a natural zoonotic emergence within, or closely linked to, the Huanan

Seafood Wholesale Market in Wuhan. "’

1.5 Accidental Laboratory Leaks

The prospect of an accidental pathogenic leak has been a longstanding matter of concern, leading to the
standardization of biosafety practices at research laboratories. For example, in the USA and the
European Union (EU), a lab operating at biosafety level 4 (BSL-4) must be used for investigating highly
infectious and potentially lethal microbes for which no vaccine or treatment is currently available,
whereas biosafety level 2 (BSL-2) is appropriate for working with moderately hazardous agents
associated with mild disease and no aerosol transmission.'*® Such standards may be quite different than
the regulations applicable to facilities engaged in manufacturing vaccines and other biochemical

substances, where susceptibility to accidental leaks arises from other factors.'*’



Nonetheless, strict safety standards cannot completely eliminate laboratory accidents due to human
error or equipment failure."**!'** A report by the U.S. Center for Disease Control & Prevention (CDC)
identified multiple instances between 2003 and 2010 in which personnel at U.S. BLS-3 laboratories
contracted lab-acquired infections without providing any notification to authorities.'** A subsequent
study estimated a probability of 20% that an accident at a U.S. research lab would result in an infectious
disease outbreak over a 10-year period.'” Accidental lab leaks have also been identified
in PRC, including a leak of the SARS virus from the China CDC research lab in 2004 and a brucella
leak from the Lanzhou Veterinary Research Institute in early December 2019.s.'46!48

Concerns about the risk of a catastrophic leak were magnified in conjunction with the rapid development
and dissemination of tools for manipulating the genome of pathogenic viruses.'*"!
For example, the method of serial passage can facilitate the rapid evolution and optimization of the
virus by repeated cycles of inoculation, reproduction and harvesting in sequential cohorts of infected
animals or cell cultures.'> Alternatively, researchers can create a chimera virus by directly modifying
its genetic sequence (via insertion, deletion or substitution), replicate the virus using polymerase chain
reaction (PCR), and evaluate its infectiousness and virulence using cell cultures.'*®

Table 3: Comparing the Size of Genomes of Three Species
Genetic Sequence # Nucleotides Relative Scale Length
Homo sapiens 6 000 000 000 Earth to Moon 400,000 km
E. coli 4 600 000 New York City to Washington DC 300 km
Sars-Cov-2 29900 Eiffel Tower to Louvre Museum 2 km
S gene (spike) 3822 Tower Bridge to Tower of London 240 m
Furin cleavage site 12 Small Desk 0.8 m

As shown in Table 3, the genetic sequence of a coronavirus is far smaller than that of a common bacteria
and miniscule compared to the human genome, and the insertion of a few codons can dramatically affect
its properties. For example, some contemporary avian influenza viruses differ by only a few amino acids
from the virus that caused the 1918 pandemic.'>*

Thus, experiments with chimera viruses need not involve an entire laboratory but can be conducted
by one or more graduate students or postdoctoral researchers working on a limited budget. Such
considerations were apparent in a 2012 commentary published by the director of the U.S. National
Institute for Allergy and Infectious Disease:

...consider this hypothetical scenario: An important gain-of-function experiment involving a virus
with serious pandemic potential is performed in a well-regulated, world class laboratory by
experienced investigators, but the information from the experiment is then used by another scientist
who does not have the same training and facilities and is not subject to the same regulations. In an
unlikely but conceivable turn of events, what if that scientist becomes infected with the virus, which
leads to an outbreak and ultimately triggers a pandemic?'>

Likewise, in a review article published in March 2019, China’s CDC director stated:

The release of biological agents, whether due to natural, accidental or deliberate causes, is among
the most serious challenges to humanity... Advances in biomedical technologies, such as genome



editing and synthetic biotechnology, have the potential to provide new avenues for biological
intervention in human diseases...However, the proliferation of such technologies means they will
also be available to the ambitious, careless, inept, and outright malcontents, who may misuse them

in ways that endanger our safety.’”

In many legal jurisdictions such as the USA and the EU, research on highly infectious and pathogenic
respiratory viruses may only be conducted in BSL-3 and BSL-4 labs to mitigate the risk of accidental
release.”””'*® By contrast, Chinese laboratories were routinely conducting such research in BSL-2 and
BSL-3 labs with deficiencies in biosafety training and equipment.**'%! In a September 2019 review
article, WIV’s deputy director stated that “some BSL-3 laboratories run on extremely minimal
operational costs, or in some cases, none at all.”'** In light of such deficiencies, one prominent
virologist indicated that “/ab-acquired infections occur much more frequently at BSL-2...if you study
hundreds of different bat viruses at BSL-2, your luck may eventually run out.”'® Another virologist
described the risks associated with such research as “unacceptable.”'*

Genetic analysis has flagged characteristics of SARS-CoV-2 that may point to a non-natural origin:

e Adaptation to Humans. The genetic sequence of SARS-CoV-2 remained extraordinarily stable
from late 2019 through summer 2020, undergoing practically no adaptive mutations even as
it spread worldwide, indicating that the ancestral strain of SARS-CoV-2 was remarkably well
adapted to humans.'®> One specific mutation (involving a single nucleotide in the spike segment
of the genome) arose in February 2020 and became universally dominant thereafter; the timing
of that mutation showed that the ancestral virus could not have been fully optimized for human
respiratory infection using serial passage methods.'*'®* Two other single-nucleotide mutations
were identified during late spring and summer, but the Alpha variant of concern did not emerge
until September 2020.'%7- 1717l By comparison, the SARS and MERS viruses each underwent
much more extensive adaptive mutations during the early phases of those pandemics.*> "> 3

e Binding Efficiency to Cell Receptors. Every coronavirus has spike proteins that include a
receptor-binding domain (RBD), which has a specific pattern of amino acids that enables the
virus to bind to a specific receptor protein protruding from the surface of the host cell.'”* In
SARS-like viruses, the RBD binds to ACE-2, a protein that occurs in nearly all vertebrates but
with wide differences in relative frequency and surface characteristics.'*" ' Notably, the RBD
of COVID-19 has peak efficiency in binding to the ACE-2 protein of humans and apes; lower
efficiency in binding to the ACE-2 proteins of other mammals; and no capacity to bind effectively
to the ACE-2 proteins of fish, amphibians, reptiles, and birds.>* '"*!”® One group of researchers
concluded that “SARS-CoV-2 may not be especially adapted to the ACE-2 of any of its putative

intermediate hosts.”"”’

o C(Cleavage of Spike Protein. The coronavirus spike protein has two components: the S1 unit
contains the RBD that binds to a specific receptor on the surface of the host cell, and then the S2
unit facilitates entry into the host cell.'”* In SARS and other related viruses, the cleavage of these
two components is initiated at the S1/S2 junction during cell infection after the S1 unit has bound
to the host receptor.'™ '®' SARS-CoV-2 is unique among SARS-related viruses in having a
polybasic sequence of amino acids at the S1/S2 junction that facilitates cleavage by furin protease
during the process of viral maturation within the infected host cell, thereby
“pre-activating” the virus for efficient entry into other cells.'?® 8% Researchers have shown



that this polybasic furin cleavage site is essential in enabling SARS-CoV-2 to infect human
respiratory cells.'" '

Enigmatic Evolutionary Origins. Polybasic furin cleavage sites have been identified in other patho-
genic human viruses (including HIV, Ebola, and Marburg) and in various avian, rodent, and bat-related
viruses.'®'" The polybasic furin cleavage site generally has the pattern RR-RR, R-RR, or R-KR
involving the two highly basic acids arginine (R) and lysine (K). By contrast, the SARS-CoV-2 virus
has a distinctive polybasic sequence (RR-R) that has not been found in any other SARS-related
coronavirus.'*> 1% By aligning the genomes of SARS and SARS-CoV-2, it is evident that this cleavage
site involves four amino acids at the S1/S2 junction of the viral genome.'* 3" 3% 40- 197202 A5 shown in
Table 4, all the SARS-related bat viruses with high overall genetic similarity to SARS-CoV-2 have a
monobasic amino acid at the S1/S2 junction; none of those viruses have a polybasic sequence that would
facilitate more efficient furin cleavage.”” Nonetheless, gene editing has been used to insert furin
cleavage sites into chimera viruses, and in 2018 WIV was preparing to investigate potential furin
cleavage sites in SARS-related viruses and to culture those viral chimera in cultures of human

respiratory cells.'8%- 204211

Table 4: The S1/S2 Cleavage Site in SARS-CoV-2 and Other SARS-Related Bat Viruses

Description Location Bat Species Identifier Sequence of Amino Acids
SARS-CoV-2 Wuhan, PRC - Wuhan-Hu-1 S P R R A R|S V A S Q
Yunnan, PRC R. affinis RaTG13 . ° ° ° ° R - . . . .
Laos R. malayanus BANAL-20-52 . ° ° ° ° R - . . . .
Laos R. pusillus BANAL-20-103 o o ° ° o R e o o o o
Laos R. marshalli BANAL-20-236 «  © ° ° o R e o o o o

Bat Viruses

Cambodia R. shameli RShSTT-182 o o ° ° o R e o o o o
Yunnan, PRC R. malayanus RmYNO2 . e A ° A RJ|- e G T N
Laos R. malayanus BANAL-20-116 . e A ° A RJ|- e G T N
Thailand R. acuminatus RacCS203 . e A ° A RJ|- e G T N

Note: This table compares the genetic sequence of SARS-CoV-2 with eight other bat viruses at the S1/S2 junction of the
spike protein, where each bat viral sequence has been aligned to highlight the similarities with SARS-CoV-2. The amino
acid arginine (R) is basic and positively charged, and hence this amino acid is indicated in bold green, whereas the other
amino acids in these sequences are neutral and uncharged: alanine (4), asparagine (N), glycine (G), glutamine (Q),
proline (P), serine (S), threonine (T), and valine (V). For each aligned position in each bat viral strain, a solid bullet ()
indicates that the amino acid is identical to that of SARS-CoV-2, whereas a hollow bullet (°) indicates the absence of any
amino acid at that aligned position. The blue vertical bar indicates the cleavage site.
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1.6 Assessment of Prior Odds

The Lancet COVID-19 Commission, a global panel of 28 experts, carefully considered the likelihood
that SARS-CoV-2 arose from a zoonotic spillover or a laboratory accident; its final report, issued in
October 2022, indicated that panelists “held diverse views about the relative probabilities of the two
explanations, and both possibilities require further scientific investigation.”*'* Likewise, WHO’s
Scientific Advisory Group for the Origins of Novel Pathogens (SAGO) stated in June 2022 that it was
“not able to identify any conclusive findings” regarding the origins of SARS-CoV-2.2"* In April 2023,
the COVID Crisis Group’s final report indicated that: “Both theories remain plausible....At present, we

Jjust do not think there is enough evidence available, yet, to come down hard either way.”*"*

From a Bayesian perspective, these judgments would naturally suggest the use of flat priors for
the present analysis, i.e., prior odds of 1:1 for the two hypotheses 4 and Z. In representing other
perspectives, it will also be helpful to assess robustness using alternative priors of 1:100 or 100:1; such
priors might reflect alternate interpretations of the genetic data and any other evidence not incorporated
into the formal statistical analysis of this study.
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Figure 1: Global Risks of Bat-Related Coronavirus Research
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Note: The upper panel shows the country-specific volume of research on bat-related viruses, and the lower panel
shows an index of the risk of an accidental lab leak of a bat virus, using the methodology described in Table 5.

2. Why Did the Pandemic Start in PRC?

This section focuses on assessing the conditional Bayes factor BF/, i.., the relative odds that the global
pandemic outbreak from a bat-related coronavirus would be located in PRC under each of the two
competing hypotheses 4 (accidental lab leak) and Z (zoological spillover). This conditional Bayes factor
can be expressed as follows:

Marginal_Likelihood(PRC | hypothesis A)

2 BF; =
( ) 1 Marginal_Likelihood(PRC | hypothesis Z)

The numerator indicates the marginal likelihood that the pandemic outbreak would be observed in PRC
under hypothesis A, and the denominator is the marginal likelihood of that outcome under hypothesis
Z. Thus, each of these marginal likelihoods can be evaluated using geographical information. In
particular, data on the global distribution of bat-related viral research during 2010-19 can be used to
assess the probability of a catastrophic lab leak occurring in PRC rather than some other location, and
data on the global distribution of bat species can be used to assess the probability of a bat-originated
zoonotic spillover occurring in PRC rather than in some other location.
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2.1 The Global Distribution of Bat-Related Viral Research

To assess the country-specific risk of a catastrophic lab leak, it would be ideal if one could refer to a
multinational tabulation of risk characteristics of the projects being conducted within each individual
lab in each jurisdiction, comparable to the macroprudential information and stress tests that are routinely
reported for systemically important financial institutions.?'> ?'® Unfortunately, no such tabulation of

biological research laboratories currently exists.*

Thus, in the absence of such detailed information, country-specific risks can be assessed using
tabulations of articles and working papers on bat-related coronavirus research.* In particular, the
PubMed database provides global coverage of citation data for nearly 40 million biomedical and life
sciences research articles, books, and working papers, and each database entry indicates the country
where that research item was published.?"’

The upper panel of Figure 1 shows each country’s share of new research papers on bat-related
coronaviruses that were posted in PubMed between 2015 and 2019, based on the national affiliation of
each paper’s lead author. This tabulation was performed using the all-fields search string ((“bat” AND
“coronavirus”’) OR “alphacoronavirus” OR “betacoronavirus”); the composition is similar to that
obtained by Phelps et al. (2019), whose tabulation encompassed all bat-viral research since 1948 '8

Of course, lab-based research generally involves a substantial capital investment to establish the lab and
purchase the requisite equipment, which is then used to produce a stream of research output over an
extended period thereafter. Thus, the risk analysis performed in this paper focuses on countries that have
produced at least five publications on bat-related coronavirus research.

In the absence of detailed information on regulation and training, a reasonable proxy is to utilize each
country’s level of GDP per capita, as computed by the World Bank based on purchasing-power parity
(PPP) adjustments.””” Such an approach is broadly consistent with the judgmental assessments of
national biosafety standards used in the Global Health Security Index (GHSI).** Specifically, the GHSI
incorporates qualitative questions for two components of biosafety: (1) Has the country established
laws and regulations to prevent accidental exposure to harmful biological agents, and is a specific
government agency responsible for enforcing those biosafety standards? (2) Does the country have
standardized requirements for biosafety training? As shown in the Supplementary Materials,
six advanced and emerging-market countries (Australia, France, Germany, Jordan, South Africa,
and USA) have a 100% GHSI rating on national biosafety standards, whereas six other developing
countries (Egypt, Ghana, Kenya, Phillipines, PRC, and Thailand) have zero ratings on that criterion.

In assessing the risk of a catastrophic lab accident, it is also important to account for systematic
differences in national biosafety regulations and enforcement mechanisms as well as differences in
education and training of laboratory personnel (including technicians and support staff). In a review
article published in September 2019 the China CDC’s biosafety director acknowledged that
“a comprehensive system of legal and regulatory standards is lacking for BSL-2 laboratories in
China...we do not have enough well-trained and experienced laboratory biosafety (LB) specialists.
...Compared to developed countries, China is still in the beginning stages of LB development...

The design and reliability of our LB system also lacks acute evaluation criteria and schemes.””'
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Table 5: Country-Specific Risks of Bat-Related Coronavirus Research

Country-Specific Indicators Share of Global Total (%)
Papers in GDP Per Risk Papers in Risk Alternative
Country PubMed Capita ($) Index PubMed Index Risk Index
PRC 82 18,465 4.97 30.1 43.6 56.0
USA 62 69,459 1.00 22.8 8.8 11.3
Madagascar 1 1,757 0.64 0.4 5.6 --
Uganda 1 2,693 0.42 0.4 3.6 --
Zimbabwe 1 3,413 0.33 0.4 29 --
Germany 16 62,507 0.29 59 2.5 32
India 2 7,964 0.28 0.7 2.5 32
Brazil 4 17,650 0.25 1.5 22 29
Korea 10 46,904 0.24 3.7 2.1 2.7
Cambodia 1 4,786 0.23 0.4 2.0 --

Note: This table provides quantitative information for the 10 countries assessed as having the highest risk
of bat-related coronavirus research; corresponding information for all other countries is provided in the
Supplementary Materials. For each country, the first data column shows the total number of research papers
on bat-related coronaviruses posted in the PubMed database during 2015-19, based on the affiliation of each
paper s lead author. The second data column shows the World Bank's estimate of GDP per capita in 2019 using
PPP-adjusted constant international dollars.”’’ The third data column reports the assessment of bat-related
coronavirus research risk, computed as the number of research papers divided by the level of GDP per capita
and indexed to the US value of this ratio. The fourth and fifth columns show the country’s share of global research
papers and its share of global risk of an accidental lab leak. The final column shows an alternative risk metric
that excludes countries for which only a single bat viral research paper was posted in PubMed during 2015-19.

Contemporaneously, WIV’s biosafety director stated: “Currently, most laboratories lack specialized
biosafety managers and engineers. In such facilities, some of the skilled staff is composed by part-time
researchers. This makes it difficult to identify and mitigate potential safety hazards.”'®

Thus, this paper computes the country-specific risk index by taking the tally of bat-related coronavirus
research papers for each country and dividing by GDP per capita in 2019. Table 5 reports this risk index
and the indicators used in computing it for each of the ten countries identified as having the highest risk
of an accidental lab leak; the Supplementary Materials provide corresponding information for all other
countries included in this analysis.

These results provide a reasonable estimate for Marginal Likelihood[ PRC | hypothesis A ], that is, the
numerator of the first Bayes Factor. In particular, conditional on the hypothesis that an accidental lab
leak of a bat-related coronavirus occurred somewhere in the world, this risk assessment indicates
a probability of 43.6% that the lab accident occurred in PRC. Nonetheless, it is apparent that this
estimate is subject to substantial uncertainty, roughly consistent with the interval of about 30 to 56%
implied by the alternative approaches that are also shown in Table 5.
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2.2 The Global Distribution of Bat-Linked Zoonosis Risk

Bats were identified a century ago as the likely host reservoir for the rabies virus, and more recently as
a host for the viruses that cause other human diseases, including Ebola, Hendra, Marburg, MERS,
Nipah, and SARS.?*>?* Bats have a number of extraordinary characteristics that facilitate their role
as a viral host.”?***° As the sole class of flying mammal, bats have distinct respiratory and immune
systems that minimize the pathogenic effects of persistent viral infections.”?> *% 23! A high proportion
of bats reside in roosts or colonies that are often shared by more than one species, thereby enabling
respiratory viruses to spread rapidly both within and across bat species.”*>*** The capacity for flight has
enabled bats to spread across the globe, including locations such as the Hawaiian islands that are nearly
4000 km from the nearest landfall.*** The species diversity of bats is greater than that of any other
mammal, reflecting bats’ adaptation to a wide array of ecological conditions including tropical forests
and alpine terrain.”> Onsite sampling and echolocation studies have found bats in all locations
worldwide except for Antarctica, Greenland, and Iceland.?*

During the decade of the 2010s, a number of studies reached somewhat disparate conclusions in
assessing hotspots for bat-related zoonotic outbreaks, but none of those studies identified PRC as the
most likely location. For example, a worldwide review of all known bat viruses found that “there is
no geographical bias based on viral genus, i.e. alpha and beta coronaviruses are equally likely to be
found in all regions.”*” A global analysis of all mammalian hosts identified the Amazon region of South
America as the most likely source of bat-related zoonotic outbreaks, based on the diversity of species
of bats and coronaviruses as well as the close proximity of bats to human populations.***

Another global study of bat viruses incorporated further indicators, including the incidence of bushmeat
hunting and livestock production, and identified “hotspots of virus sharing primarily in
sub-Saharan Africa, as well as in South and East Asia, Southern Europe, and Central America.”* Such
analysis may have spurred a CNN report on “Virus Hunters Searching for the Next Disease Outbreak”,
which profiled research on cave-dwelling bats near Johannesburg, South Africa.>*

Figure 2 shows the overall ranges of all known bat species in which MERS-related viruses and SARS-
related viruses have been identified using pharyngeal/anal swabs or excreta samples. These tabulations
of bat species have been compiled from the global surveys of Frutos et al. (2021) and Wu et al. (2023).2**
! The geographical range of each bat species is shown using the geospatial coordinates published by
the International Union of Conservation of Nature (IUCN), an organization that is widely recognized
as the global authority on the status of biological species.***

As shown in the upper panel of the figure, bat species carrying MERS-related viruses are present
throughout most of the inhabited world. Exceptions include some parts of South America (e.g.,
west of the Andes), North America (north of the Sierra Madre del Sur), northeastern Asia (Siberia,
Mongolia, and northwestern China), and Oceania (Australia, New Zealand, New Guinea, and
Polynesia). As shown in the lower panel, SARS-related bat viruses have been identified in a similar
swath of the eastern hemisphere (except sub-Saharan Africa) but not in the western hemisphere.
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Figure 2: The Global Distribution of Bat-Hosted BetaCoronaviruses
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Note: The upper panel shows the overall range of all known bat species in which MERS-related viruses have been
identified (using pharyngeal/anal swabs or excreta samples), and the bottom panel shows the overall range of all
known bat species in which SARS-related viruses have been identified. Each group of bat species has been tabulated
using the global surveys of Frutos et al. (2021) and Wu et al. (2023). The range of each bat species is shown using the
geospatial coordinates published by the International Union of Conservation of Nature (IUCN), an organization that

is widely recognized as the global authority on the status of biological species. See the Supplementary Materials for
additional details.
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Table 6: Assessing the Risk of a Bat-Related Zoonotic Outbreak in PRC

Population in 2019 (millions)

Geographic Range
of Bat Host Species PRC Total Ratio (%)
All Coronaviruses 1,4159 7,742.3 18.3
SARS-Related Viruses 1,009.8 5,207.9 194
MERS-Related Viruses 1,415.9 7,134.3 19.8

Note: This table provides quantitative information about human populations living within the ranges of
bat species identified as hosting coronaviruses (first row), SARS-related viruses (second row), and MERS-
related viruses, using the tabulations described in Table 4 and the geospatial data shown in Figure 2.
The first two data columns shows the PRC population and total population (in millions) living in the
specified bat range, and the third data column shows the ratio (in %). Details of these calculations are
provided in the Supplementary Materials.

These results provide a reasonable assessment for Marginal Likelihood[ PRC | hypothesis Z ], that is,
the denominator of the first Bayes Factor. In particular, conditional on the hypothesis that the
COVID-19 pandemic was triggered by a zoonotic spillover of a bat-related coronavirus, the middle row
of Table 6 indicates a probability of 19.4% that this spillover occurred in PRC. Moreover, the alternative
estimates are well aligned, implying a plausible interval of about 18 to 20% for this marginal likelihood.

2.3 Bayesian Implications

In light of the results given in Tables 4 and 5, the value of BF; can now be computed as the ratio of
43.6% to 19.4%, implying a conditional odds ratio of 2.25 to 1 for hypothesis 4 vs. hypothesis Z.
Referring back to the qualitative interpretations in Table 2, this conditional odds ratio is equivalent
to “anecdotal evidence” in favor of hypothesis 4. In effect, observing that the COVID-19 pandemic
started in PRC provides some useful evidence but by itself would not be sufficient to offset strong priors

in favor of hypothesis Z.
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3. Why Did the Pandemic Start in Wuhan?

This section focuses on assessing the conditional Bayes factor BF,. This factor is conditional on the
pandemic outbreak having taken place in PRC, and hence it indicates the conditional odds that the
pandemic outbreak would be located in Wuhan (rather than somewhere else in PRC) under each of the
two competing hypotheses A (accidental lab leak) and Z (zoological spillover). This conditional Bayes
factor can be expressed as follows:

Marginal_Likelihood(Wuhan | PRC & hypothesis A)
Marginal_Likelihood(Wuhan | PRC & hypothesis Z)

3)  BF, =

Section 3.1 reviews the relevant background information and then uses the qualitative assessments in
Table 2 to specify the marginal likelihood of a lab leak in Wuhan vs. elsewhere in PRC. Section 3.2
uses zoonotic and geospatial information to assess the marginal likelihood that a zoonotic spillover
would have occured in Wuhan vs. elsewhere in PRC. Section 3.3 synthesizes these results.

3.1 The Likelihood of a Bat-Related Viral Lab Accident in Wuhan

Wauhan is a city of 11 million people, located at the confluence of the Yangtze and Han rivers and serving
as a focal point of commerce and transportation in central China. BBC News characterized Wuhan as
“home to the world’s leading coronavirus research facility” and referred to WIV’s director of bat viral
research as “China’s Batwoman.”?*-**® Researchers at WIV played a leading role in collecting bat
specimens from remote locations and performing pathbreaking genetic analysis of SARS-related
viruses:

e During 2011-2015 WIV led expeditions to an abandoned mineshaft in Yunnan province (just
a short distance from China’s southern border with Laos and Vietnam), where they collected fecal
swabs from six species of bats and identified several novel SARS-like viruses.'%: 3% 247249

e  WIV subsequently conducted molecular analysis which revealed that these viruses were highly
similar to the SARS-CoV virus, with nucleotide sequence identity of 95 to 96%.'%% %>

e  WIV researchers used cutting-edge methods to sequence and modify viral genomes, produce

chimeras and clones, and compare in vitro efficiency of viral variants using cell cultures.'* '**

157,159, 161, 206, 251-253

e By 2018, WIV had upgraded its laboratory to “next-generation sequencing technology” that was
used to perform more comprehensive sequencing of bat viruses.'*?

e As of 2019, WIV’s internal database encompassed about 16,000 bat virus samples and genetic
sequences, most of which were not accessible to researchers elsewhere. >4 246 254253

WIV’s work was generally performed in BSL-2 labs at its Wuchang site, although one study involving
international coauthors was conducted using a BSL-3 lab.">” 1% 161:28 WIV was chosen as the host for
China’s first BSL-4 laboratory, which was launched in January 2018 at a new site in southern Wuhan,

but that lab was used for analyzing hemorraghic fever viruses and not for bat-related coronaviruses.'*
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Figure 3: Bat-Related Coronavirus Research in Wuhan PRC
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Note: This figure shows the locations of seven Wuhan laboratories engaged in bat-related viral research prior to the onset
of the COVID-19 pandemic, as well as the locations of the Huanan Wholesale Seafood Market and the Hankou Railway
Station and the routes of the Wuhan metro rail system. Population density as of 2019 is indicated for each gridcell
(approximately 1 km?) using the scale shown in the legend. See the Supplementary Materials for further details.

As shown in Figure 3, WIV’s research activities appear to have generated agglomeration effects that
facilitated a boom in such research at other nearby laboratories, including Wuhan University (a few
blocks from WIV’s Wuchang campus) and Huazhong Agricultural University (which is about 10km
south).?* 205 256261 Experiments with primates and other live animals were conducted to assess the

virulence of various viruses; such investigations are also subject to accidental risks.?%*2%*

Research on bat viruses was also conducted at the Wuhan CDC, just across the river from WIV’s
Wuchang campus. In fall 2019, the Wuhan CDC moved about 3km to a location near Hankou Station,
just a short walk (350m) from the Huanan Market. Coincidentally, a Wuhan CDC researcher whose
work focused on identifying bat viruses was profiled in a CCTV video in early December 2019.265-268
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Table 7: Bat-Related Coronavirus Research Produced by PRC Labs in 2015-19

Number Share of PRC Total (%)
Lead All PRC Lead All PRC
Location Authors Authors Authors Authors
Wuhan Institutions 18 163 22.0 19.6
Wuhan Institute of Virology 12 106 14.6 12.8
Huazhong Agric. University 6 53 7.3 6.4
Wuhan University 0 4 0 0.5
Other PRC Locations 64 667 78.0 81.4
Total 82 830 100.0 100.0

Note: This table reports on the affiliations of PRC authors of 82 bat-related coronavirus research papers that
were posted in the PubMed database during 2015-19 and whose lead author was affiliated with a PRC institution.
The first two columns indicate the number of lead authors and total authors from institutions located in Wuhan
and from institutions elsewhere in PRC, and the final two columns show the corresponding shares (in %).

Although Wuhan served as a hub for the collection and analysis of bat viruses, such investigations were
also being conducted at laboratories in Beijing, Hong Kong, Shanghai, and other PRC locations, using
essentially the same biosafety standards as in Wuhan labs.'%% % 26%277 A5 noted above in Section 2.1,
PRC officials publicly expressed concerns about lab accidents in 2019, prior to the onset of the COVID-
19 pandemic, and such concerns were not specifically directed towards any specific location.

Table 7 provides a tabulation of bat coronavirus research papers produced at PRC labs that were posted
in PubMed during 2015-19, using the same search string as described above ((“bat” AND
“coronavirus”’) OR “alphacoronavirus” OR “betacoronavirus”). This search identified 82 papers
whose lead author was affiliated with a PRC institution, and those papers were coauthored by a total of
830 researchers with PRC affiliations. The lead authors of 18 papers (22%) were affiliated with research
institutions in Wuhan. Among all PRC authors of those 82 papers, a total of 106 researchers (19.6%)
had Wuhan affiliations. See the Supplementary Materials for further details.

Thus, under the premise of hypothesis A4 that the pandemic was triggered by an accident leak from a
laboratory located in PRC, it is reasonable to assess a marginal likelihood of about 20% to the specific
scenario in which the leak occurred in Wuhan.
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Figure 4: The Distribution of Bats with SARS-CoV-2-Related Viruses
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Note: This map shows the geographical range of bat species identified as hosts of viruses that are closely related to
the SARS-CoV-2 virus; see Frutos et al. (2021) and Wu et al. (2023). The range of each bat species is shown using
geospatial coordinates published by IUCN. See the Supplementary Materials for further details.

3.2 The Likelihood of a Zoonotic Spillover in Wuhan

Figure 4 shows the geographical distribution of bat species carrying viruses related to SARS-CoV-2.
Systematic surveys of bats in central and southeast Asia have not found SARS-CoV-2 in any samples
of bat excretions. Closely-related bat viruses have been identified in Laos and in two locations in Yunnan
province, within 100km of the Laotian border and more than 1500km from Wuhan > 278

At an early stage of the pandemic, bats were considered as a potential source of the virus, because prior
studies had identified an elevated risk of zoonotic spillover in locations with high bat-human
interactions.”>” However, a direct zoonotic pathway from bats to humans has subsequently been ruled
out, because molecular analysis and cell culture studies have found that the RBD protein of the SARS-
CoV-2 virus has negligible efficiency in binding to the ACE-2 receptors of bat orders that are commonly
found in PRC.'”* 7282 Phylogenetic analysis has also concluded that bats could not have been the direct
zoonotic source of SARS-CoV-2.2

Thus, the zoonotic spillover of SARS-CoV-2 must have involved one or more intermediate species that
were infected by an ancestor of the virus (presumably through exposure to live virus in bat excretions)
and then served as host reservoirs in which it evolved to become highly transmissible to humans.
However, given the specificity of the binding mechanism of SARS-CoV-2, a wide array of animals can
be ruled out as intermediate hosts in its zoonotic transmission.

The RBD protein of SARS-CoV-2 cannot bind to the ACE-2 receptors of fish, amphibians, reptiles, or
birds.'”® Moreover, common domesticated livestock — including cattle, goats, sheep, rabbits, and swine
— can be infected with SARS-CoV-2 by intranasal inoculations, but none of those animals shed any
infectious virus via nasal, oral, or faecal execretions.?®” 2828 A subsequent study of rabbits confirmed
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those findings but found some nasal viral shedding at very high doses of intranasal inoculation.”®” Some
common household pets (notably, cats, ferrets, and hamsters) can be infected and shed live virus.?** 2%
2% However, domestic pets have minimal exposure to bat excretions and hence very unlikely to have
been intermediate hosts prior to its transmission to humans.

Evidently, some species of wildlife mammals—either free-roaming or farmed—must have served as the
intermediate host(s) for the evolving virus. Moreover, the zoonotic spillover of SARS-CoV-2 to humans
almost surely involved interactions with live mammals, because the virus generally spreads through
airborne transmission, not via direct contact with fresh or frozen meat or other packaged foods.**’

In considering the zoonotic hypothesis, it should be noted that exotic animals were not a common
feature of Wuhan’s cuisine, even prior to the pandemic.”®® A systematic survey of wildlife sales at
Wuhan markets in 2017-19 found that sales of live wildlife mammals for human consumption averaged
about 150 animals per week in a megacity of more than 10 million residents.”” Evidently,
the number of wildlife mammals being sold in Wuhan prior to the pandemic was very far below the
incidence of sales observed in the southern provinces of PRC prior to the outbreak of the SARS virus.

In assessing the likelihood that the zoonotic spillover occurred in Wuhan, it is reasonable to focus on
the Huanan Wholesale Seafood Market. The systematic survey of Wuhan markets identified seven
Huanan Market shops selling wildlife mammals as well as six such shops at two other wholesale
markets (Qiyimen Zhengshian and Baishazhou, both located on the other bank of the Yangtze River).’
A substantial fraction of early confirmed COVID-19 cases were linked to the Huanan Market, whereas
the Wuhan CDC found no systematic links to any other Wuhan markets.*

At the onset of the pandemic, pangolins—an order of scaly anteaters—were suspected as a potential
source of zoonotic transmission.”” 3* However, pangolins are an endangered species in PRC, and
no pangolins were observed for sale at Wuhan markets.””- **' Palm civets, which were the primary
zoonotic link for the SARS virus, were sold occasionally at Wuhan markets (with average sales of about
two civets per week) but were not observed at the Huanan Market in October or November 2019.2+
Farmed mink have been found to be highly susceptible to SARS-CoV-2 infection, with viral shedding
and airborne transmission to other mink as well as humans.>****. However, no mink were observed at
the Huanan Market in fall 2019, and typical sales elsewhere in Wuhan were merely 2 to 3 mink per
week.??" Likewise, nutria, weasels, and wild boar were sold occasionally at other Wuhan markets (with
total weekly sales of one nutria, two weasels, and one wild boar), but those three genera were not
observed at the Huanan Market during fall 2019.2"?” Various types of squirrels were sold at Wuhan
markets, but only as pets rather than for human consumption.?’
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Table 8: Wildlife Mammals Sold at Wuhan Markets in November 2019

Susceptibility to Average Significant
SARS-CoV-2 Daily DNA Readings

Name Genus Infection Sales at Huanan Market
Amur Hedgehog Erinaceus 1 (very low) 11.1 no
Badger Meles 1 (very low) 0.4 no
Reeves Muntjac Muntiacus 1 (very low) 0.3 no
Porcupine Hystrix 2 (low) 0.3 no
Red Fox Vulpes 2 (low) 1.0 no
Chinese Hare Lepus 3 (medium) 5.6 no
Bamboo Rat Rhizomys 3 (medium) 1.4 yes
Himalayan Marmot Marmota 3 (medium) 0.5 yes
Raccoon Dog Nyctereutes N/A 1.3 yes

Note: This table provides information about nine genera of wildlife mammals that were observed for sale at
the Huanan Market in November 2019.21, 27 The first and second columns indicate the common name and
genus. The third column reports the findings of Damas et al. (2021) regarding the binding efficiency of SARS-
CoV-2 RBD to the ACE-2 receptor proteins of the specified mammal, that analysis did not include raccoon
dogs. The fourth column indicates average daily sales at all Wuhan markets, computed using data from the
survey of Xiao et al. (2021). The final column characterizes the genetic analysis of swab samples collected
at the Huanan Market after its closing and indicates whether mitochondrial DNA for that genus exceeded
the threshold of 1200 matching reads; see Table 13 and the Supplementary Materials for details.

Table 8 provides a synopsis of the nine genera of wildlife mammals that were sold at Wuhan markets
in late 2019: badgers, bamboo rats, foxes, hares, hedgehogs, marmots, muntjacs, porcupines, and
raccoon dogs. This tabulation reflects the findings of the systematic survey of wildlife sales at Wuhan
markets as well as results from genetic analysis of swab samples collected in early 2020, shortly after

the closure of the Huanan Market.?'> 2”28

In contrast to palm civets, none of these mammal genera would have any natural interactions with bats
or exposure to bat faeces. Masked palm civets are arboreal, living in family groups of 2-10 animals and
sleeping during the day in tree dens.’™ By contrast, all of the mammals listed in this table are ground-
dwelling and solitary, and nearly all (except the Reeves muntjac) live in small burrows.*” For example,
bamboo rats live alone in underground burrows except during breeding seasons when each adult male
relocates to the burrow of its female mate.**

Six of these mammals have been found to have little or no susceptibility to SARS-CoV-2 infection,
because the virus has negligible ability to bind to the ACE-2 receptor in those genera.'” Three other
mammal are moderately susceptible to SARS-CoV-2 infection but were unlikely to have been the
intermediate host for the SARS-CoV-2 virus:

e Chinese hares were sold in small numbers at Wuhan markets (about 6-7 per day), but genetic
analysis of swab samples from the Huanan Market indicates that very few if any live hares were
sold there. These data are consistent with standard practices at hare and rabbit farms
in PRC, which generally produced fresh or frozen meat rather than selling live animals.*"’
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Figure 5: Characteristics of Farmed vs. Wild Raccoon Dogs

Note: The top row shows a raccoon dog fur farm in northeastern China, a farmed animal, and pelts prepared for sale.
The bottom row shows a wild raccoon dog, a pair of mates foraging for food, and a young cub; these photos were taken
by Midori Saeki in Ibaraki, Japan. Sources: Human Society International, Kauhala (2009).

e Himalayan marmot. Only a few marmots were observed for sale at Wuhan markets.?”” There is no
commercial farming of this species, and wild populations are only found in Tibet, about 1000km

from Wuhan.3%%3%

e Bamboo rats. An average of 10 bamboo rats per week were sold at Wuhan markets prior to
the onset of the COVID-19 pandemic.”” By comparison, PRC authorities reported that about
25 million bamboo rats were being farmed for human consumption, of which 18 million were
in Guangxi and the remainder concentrated in Guangdong and other southern provinces.’'
Meanwhile, farms in rural areas of Hubei province were raising hundreds of thousands of wildlife
animals, including bamboo rats.’!' Evidently, nearly all of those farmed animals were being
shipped to southern China. Thus, if bamboo rats had been the source of zoonotic spillover, then
the earliest cases of SARS-CoV-2 would have been most likely to be observed
in Guangxi or Guangdong, just as with the initial outbreaks of the SARS-CoV virus.

Thus, among the genera listed in Table 8, the raccoon dog has been a focal point for analyzing the
zoonotic transmission of the SARS-CoV-2 virus.?":*'* Raccoon dogs are in the family of canids (which
includes domestic dogs, coyotes, foxes, and wolves), with facial features similar to a raccoon and soft,
thick fur similar to that of a mink.*'*'¢ This species has been found to be susceptible to SARS-CoV-2
infection, although recent analysis indicates that the RBD of the virus does not bind very efficiently to
the ACE-2 receptor of raccoon dogs.>'” In assessing scenarios in which this species was an intermediate
or transitory host for SARS-CoV-2, it is essential to distinguish the relative likelihood of viral
transmission in farmed vs. wild raccoon dogs.
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Figure 6: Raccoon Dog Fur Farms in PRC as of 2019
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Note: This figure shows each province'’s production of raccoon dog fur pelts in 2019 as a share of total PRC production,
using data published by the China Leather Industry Association. As of 2019, 5 of the top 10 raccoon dog fur production
centers were located in Hebei (Cangzhou, Hengshui, Qinhuangdao, Tangshan, Weifang), with the remainder in Shandong

(Liaocheng, Weihai) and Helongjiang (Daqing, Harbin, Jixi). See the Supplementary Materials for further details.

Farmed Raccoon Dogs. As of 2019, fur farms in PRC were raising about 14 million raccoon dogs

for domestic sales and global exports, roughly similar to their output in 2010.3732 However, the
likelihood that farmed raccoon dogs were the intermediate reservoir for SARS-CoV-2 is negligible due
to a number of distinct factors:

As shown in Figure 6, farming of raccoon dogs is concentrated in the northeastern provinces of
PRC, with cooler temperatures suitable for animals with dense fur. Statistics published by the
China Leather Industry Association indicate that about 90% of raccoon dog fur is produced on
farms in Hebei and Shandong that are more than 1000km from Wuhan ' 3!

No bats with COVID-related viruses have been identified in the northern regions of PRC
where fur farms are located, as shown above in Figure 4.7 241:242

A virological survey of non-livestock mammals in PRC collected swabs and tissue samples
during late 2020 and 2021, including 95 farmed raccoon dogs from Hebei and Shandong,
but found no betacoronaviruses in those samples.’** This survey did find a number of other
common viruses, including Alphacoronavirus 1—a virus that causes mild digestive symptoms
in canine, feline, and porcine animals.? 3%

Another virome survey collected samples in 2023 from a variety of fur animals in PRC, including
75 farmed raccoon dogs from six provinces (Hebei, Heilongjiang, Henan, Jiangsu, Liaoning,
Shandong) and 5 wild raccoon dogs from Inner Mongolia.*** This survey identified one sample
containing canine respiratory virus—a betacoronavirus that is very common among dogs in
kennels and other large facilities.”** **” The survey also identified a number of samples with
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Alphacoronavirus I as well as other common mammalian viruses associated with gastroenteritis,
and the virus that causes Hepatitis E was identified in two samples (one of which was from a
wild raccoon dog).**

e In contrast, farmed raccoon dogs are slaughtered and skinned onsite at each farm, which then
ships the fur pelts to commercial centers, thereby eliminating the risk of disease or injury that
would be associated with the transit of live animals.??* 3%

e The survey of live animal sales in Wuhan found that the raccoon dogs were wild animals that had
been trapped, based on vendor interviews and direct observations of leg wounds.?” Even if a sick
raccoon dog had escaped from a fur farm somewhere in Hebei Province, it seems highly
improbable that such an animal would roam far enough to be caught by a trapper in Hubei
Province and then sold to a wildlife vendor at Huanan Market.

Wild Raccoon Dogs. The ecology of wild raccoon dogs is notably similar to that of badgers and true
raccoons.**® Specifically, raccoon dogs are nocturnal, omnivorous, and solitary, mostly dwelling in
forests with thick undercover and using fallen trees or rock crevices as dens, but may also be found
scavenging for food in urban and suburban areas.**!** Wild raccoon dogs are strictly monogamous,
and mated pairs often forage for food together, as shown in Figure 5.%*% %3¢ Cubs are born once a year,
and the male stays inside the den with the cubs while the female goes outside to forage, thereby
facilitating the production of milk for the litter.*'* %%

The population density ranges from 0.8 to 1.5 km? for a pair of adult raccoon dogs, while juveniles often
wander 10 to 20 km to find a new home.*’*’ Raccoon dogs are unique among canids in hibernating
during the winter season in regions with temperatures below freezing.**” The range of wild raccoon
dogs in mainland China and Hong Kong has been carefully monitored over the past century, dating back
to the pioneering work of Sowerby (1923) and Allen  (1938)7°"% 34134
See the Supplementary Materials for further details.

As solitary and monogamous animals dwelling in burrows, wild raccoon dogs do not have any
interactions with bats, and hence it is very unlikely that raccoon dogs could have been the intermediate
host for the evolving SARS-CoV-2 virus. Even if a wild raccoon dog did become infected with a bat
virus (perhaps through exposure to bat fecies), that infection would spread to its mate and young
offspring but would be unlikely to infect any other raccoon dogs. By contrast, the masked palm civet—
which was identified as the principal intermediary for the SARS virus—lives

in trees and interacts with numerous potential mates during each semiannual breeding season.**°

Moreover, wild raccoon dogs could not have been an intermediate host that magnified the virulence
of SARS-CoV-2 prior to its spread to the human population. A laboratory study assessed the
susceptibility of raccoon dogs to SARS-CoV-2 and found that the virus was transmitted via direct
contact but not via airborne particles.**-*** By contrast, a similar experimental design was used to study
ferrets and found airborne transmission of SARS-CoV-2 over distances exceeding 1m.*”?
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Figure 7: SARS-CoV-2 Susceptibility and Transmission in Raccoon Dogs

Room #1 Room #2

| EInoculated & Infected

Olnoculated, Not Infected
m Not Inoculated, Infected
CINot Inoculated, Not Infected

Note: This figure shows the experimental design of Freuling et al. (2021), who conducted a controlled experiment to
assess raccoon dogs’susceptibility to SARS-CoV-2 infection. Each lab room (size: 12 x 7 m) contained two sets of three
adjacent cages. Nine raccoon dogs were inoculated nasally with live virus, and three other raccoon dogs served
as “sentinels” to assess the extent of transmission. Six of the inoculated animals and two of the sentinels developed
viral infections in nasal passages, whereas three of the inoculated animals and one sentinel did not develop infections.
See the Supplementary Materials for further details.

The design of this experiment is shown in Figure 7. Nine raccoon dogs were given nasal inoculations
of live virus and placed in individual cages in two lab rooms. To assess transmission by direct contact,
three “sentinel” raccoon dogs were placed in adjacent cages on the following day. Six of the nine
inoculated animals developed SARS-CoV-2 infections, along with two of the sentinels. The distance
between the third sentinel and the infected animals was only 1.5 to 3m, but that sentinel did not become
infected. Viral antigen was detected within nasal passages but not in respiratory or rectal samples from
the infected animals. Thus, the researchers concluded that “raccoon dogs are susceptible to SARS-CoV-

2 infection and can transmit the virus to direct in-contact animals.”*’

As shown in Figure 8, wild raccoon dogs are present in nearly all of the densely-inhabited regions
of PRC with the exception of Shandong and a few other areas lacking sufficient forest cover.** Thus,
even if a wild raccoon dog residing in PRC became infected with the SARS-CoV-2 virus, there is no
particular reason to expect that Wuhan would be the location of the zoonotic spillover to humans.
In fact, the population of Wuhan comprises only 1.1% of the total PRC population residing in areas with
wild raccoon dogs; see the Supplementary Materials for further details.

During the second and third weeks of January 2020, the China CDC initiated surveillance of wild
mammals in the vicinity of Wuhan, including 15 wild raccoon dogs captured by traders who were
suppliers to Huanan Market shops.**’ Strains of alphacoronavirus were identified in 8 raccoon dogs, but
none of the raccoon dogs were infected with SARS-CoV-2 or any other betacoronavirus. Evidently,
SARS-CoV-2 was not endemic among wild raccoon dogs in the Wuhan area.

Moreover, it seems improbable that a raccoon dog from a different locale could have been infected with
SARS-CoV-2 and then roamed to Wuhan prior to its capture. Bats carrying viruses related to SARS-
CoV-2 have only been identified at a single location in PRC, near the southwestern edge of Yunnan
province. Even if a wild raccoon dog in that area were infected with the virus, there would be no mode
of transmission to wild raccoon dogs near Wuhan—a distance exceeding 1600 kilometers.

Consequently, it seems very unlikely that wild raccoon dogs were the intermediate host for the
SARS-CoV- virus2. The European CDC reached a very similar conclusion in its assessment of the risk
of zoonotic spillover in western Europe from wild mustelids such as badgers and wild mink: “...due to
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Figure 8: Range of Wild Raccoon Dogs in PRC
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Note: This map shows the geographical range of wild raccoon dogs in PRC, using geograpical coordinates produced by
Kauhala and Saeki (2008) as published in the IUCN RedList. The population of each PRC province as of 2020 is taken
from CIESIN. See the Supplementary Materials for further details.

their elusive and solitary behaviour...there is a very low chance of contact with humans and/or other
SARS-CoV-2 susceptible domestic animals. Therefore, the risk of wild mustelids becoming a reservoir
for SARS-CoV-2...is very low. !

A more plausible scenario is that wild raccoon dogs were merely a transient host of SARS-CoV-2.
In that scenario, the virus evolved in the process of infecting a variety of wild and farmed mammals,
with cross-species transmission occuring over an extended period prior to the zoonotic spillover to the
human population in late 2019. However, there is no apparent reason why this scenario would have
occurred in Wuhan rather than some other location in PRC. Consequently, this marginal likelihood may
reasonably be judged at around 1%, that is, the ratio of Wuhan’s population relative to the total
population of PRC.

3.3 Bayesian Implications

In light of these findings, the value of BF> can now be computed using the marginal likelihood of
20% under hypothesis 4 and the marginal likelihood of less than 1% under hypothesis Z. Thus, the
conditional odds ratio for hypothesis 4 vs. hypothesis Z is at least 20 or more. Referring back to the
qualitative interpretations in Table 2, this conditional odds ratio is equivalent to “extremely strong”
evidence in favor of hypothesis 4. In effect, addressing the question of why the COVID-19 pandemic
started in Wuhan provides very significant evidence regarding the origins of SARS-CoV-2. However,
no conclusion should be reached without considering the spatiotemporal pattern of early cases.
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Figure 9: COVID-19 Cases in Wuhan’s Urban Core during December 2019
(A) Linked to Huanan Market (B) No Known Link to Huanan Market
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Note: This figure shows the residence locations of 145 confirmed COVID-19 cases in the urban core of Wuhan with
symptom onset in December 2019. Panel A shows 47 cases that were identified as having links to the Huanan Market, and
panel B shows the other 98 cases with no known link to this market. The 5-day onset period of each case is denoted using
the symbols shown in the legend. Population density in 2019 for each gridcell (approximately 1km2) is shown using the
same scale as in Figure 3. See the Supplementary Materials for further details.

4. Spatiotemporal Pattern of Early Cases in Wuhan

This section focuses on assessing the conditional Bayes factor BF,, which incorporates information
from the timing and place of residence of confirmed COVID-19 cases in Wuhan with symptom onset
by 31 December 2019. This Bayes factor is conditional on the pandemic outbreak having taken place
in Wuhan, and hence it indicates the conditional odds of observing the spatiotemporal pattern of
these early COVID-19 cases under hypothesis A (accidental lab leak) compared with hypothesis Z
(zoological spillover). Specifically, this conditional Bayes factor can be expressed as follows:

Marginal_Likelihood(Pattern of Early Cases| hypothesis A; outbreak in Wuhan)

4 BF, =
( ) 4 Marginal_Likelihood(Pattern of Early Cases | hypothesis Z; outbreak in Wuhan)

Figure 9 shows the residence locations of the confirmed cases that were identified as having links
to the Huanan Market (left panel) and the cases that had no known link to this market (right panel).
These data are taken from the Annex of the WHO 2021 Report, which showed the spatial distribution
of cases using 5-day intervals for timing of symptom onset.”” This figure also shows the population
density of each 1km? gridcell using the same scale as in Figure 3. In effect, this figure encapsulates
practically all of the information needed to conduct spatiotemporal analysis of early cases in Wuhan.

It should be noted that previous studies, starting with the pathbreaking work of Worobey et al. (2022),
have focused on gauging the centroid and radial dispersion of the cumulative spatial distribution of
these cases.”!***%3 Such an approach can be effective in investigating a persistent source of toxicity at
a fixed location, as demonstrated by the pioneering work of John Snow (1866), who mapped the spatial
pattern of infections during a cholera outbreak in London and succeeded in identifying the site of the
contaminated water pump.*>”**® Nonetheless, in analyzing the outbreak of an infectious disease, such
an approach may neglect potentially significant information about the spatiotemporal characteristics of
each wave of new cases.*
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Figure 10: COVID-19 Cases in Hubei Province during December 2019
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Note: This figure shows the residence location of 165 confirmed COVID-19 cases in Hubei PRC with symptom onset in
December 2019 and information about exposure to Huanan Market. Population density in 2019 is shown using
the same scale as in Figure 3. See the Supplementary Materials for further details.

Moreover, the statistical analysis of an infectious disease outbreak is intrinsically probabilistic,
reflecting various sources of uncertainty about the location and timing of specific cases.**”*! These
considerations warrant the use of a spatial grid that facilitates the use of cell-specific indicators, such as
population density, as well as spatiotemporal data such as the distance of each gridcell from the nearest
cases that occurred in preceding periods. Consequently, both positive and negative gridcells may
provide significant information about the characteristics of the outbreak, analogous to the classic case
of “the dog that didn’t bark in the night.”*%*

A very striking pattern in Figure 9 is that all of the cases linked to Huanan Market were residents on the
northwest bank of the Yangtze River (where that market is located), whereas a substantial number of
cases with no known link to Huanan Market were residents on the southeast bank, in the general vicinity
of laboratories engaged in bat viral research. Of course, formal statistical analysis of the spatiotemporal
data is required to determine whether that pattern is significant or merely coincidental.

Thus, the remainder of this section is organized as follows: Section 4.1 examines the information
content and limitations of the data on early COVID-19 cases. Section 4.2 describes the methodology
for analyzing the spatiotemporal pattern of cases to assess the relatively likelihood of the two hypotheses
A and Z. Section 4.3 presents the results of this analysis and the range of estimates
for the Bayes factor, BF;.
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4.1 Characteristics of the COVID-19 Case Data

Identification of Cases. The WHO 2021 Report provides a comprehensive review of the procedures
used to identify early COVID-19 cases in Wuhan. The primary source of case data was the PRC’s
National Notifiable Disease Reporting System (NNDRS), established in 2004 following the SARS
pandemic. The Wuhan CDC searched the NNDRS database and identified 174 COVID-19 cases with
symptom onset in 2019, including 100 laboratory-confirmed cases and 74 clinically diagnosed cases.
Wuhan hospitals and outpatient clinics conducted a separate search to identify records of patients with
COVID-like symptoms, and those records were reviewed by a panel of clinical experts who did not find
any additional COVID-19 cases apart from the NNDRS cases identified by the Wuhan CDC.

Underascertainment of Infections. A large proportion of COVID-19 infections are asymptomatic
or cause only mild illness.**> ** However, all of the confirmed cases with onset in 2019 were
hospitalized patients: Clinical confirmation mainly relied on lung x-rays showing “ground-glass”
opacity (a characteristic of severe cases), and laboratory confirmation generally relied on blood samples
because RT-PCR tests for SARS-CoV-2 did not become available until January 2020.**> Consequently,
in characterizing those confirmed cases, the WHO 2021 Report noted that “it is likely that others were

infected at the time of recognition of early cases.””’

The likely rate of underascertainment can be gauged using the infection-hospitalization ratio (IHR),
that is, the proportion of individuals infected with the original strain of SARS-CoV-2 whose severity
required hospitalization.**® ** Serological surveys of SARS-CoV-2 antibodies and hospitalization
records indicate that the IHR is strongly linked to age, with a rate of 0.5% for adults ages 20-29 and
rising by a factor of 2x with each additional 10 years of age.**® For example, the IHR is about 4.5% for
an individual of age 56 (the median for confirmed cases with onset in December 2019), and hence the
ratio of infections to hospitalizations at that age would be about 20:1.>% If infections were uniformly
distributed across age groups, then about 7500 Wuhan residents were infected with SARS-CoV-2 by
the end of December 2019, and the average underascertainment rate was about 44:1; see the
Supplementary Materials for further details.

Links to Huanan Market. The Wuhan CDC conducted an in-depth epidemiological review of all
confirmed COVID-19 cases, including age, sex, place of residence, occupation, travel history, contact
with animals, social contacts, visits to Wuhan markets, and other exposure history. Among all 174
confirmed cases in Wuhan and its vicinity in Hubei Province, the review identified 55 cases with links
to the Huanan Market, including 30 vendors, 12 wholesale purchasers from local hotels and restaurants,
3 retail purchasers, 2 couriers, 2 individuals who did not visit this market but had direct contact with
someone who had exposure there, and 6 individuals who passed through this market without making
any purchases.”’ Epidemiological studies have indicated that transmission risks for the original strain
of SARS-CoV-2 were highest in instances of sustained contact (more than 15 minutes) with an infected
person in an indoor space.****7® It should also be noted that the information in the WHO Report was
inconsistent about whether one specific individual with symptom onset on 20 December 2019 was
linked to the Huanan Market (as in one figure in the main report) or unlinked (as in two figures in the
annex of the report); see the Supplementary Materials for further details.

Cluster Cases. The Wuhan CDC’s epidemiological review identified seven “clusters” of cases
where two or three COVID-19 patients had been in close contact with each other at home or work.
As reported in the Annex to the WHO Report, three clusters were linked to Huanan Market: three
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individuals who worked together at a frozen food shop, two who worked together at a seafood shop,
and one wholesale distributor who frequently stocked up at Huanan Market and whose spouse also
became ill. One of those individuals had symptom onset during the third week of December 2019,
and the other six developed symptoms during the fourth week of that month.?

Residential Locations of Cases. The WHO Report Annex included maps showing the residence
locations for 165 confirmed cases with market exposure information, including the 55 cases linked to
Huanan Market and 110 other cases with no known link to Huanan Market.?’ The geocoordinates of
those home addresses were extracted and analyzed by Worobey et al. (2022).2! An independent digital
extraction has been performed for the present study; those locations are shown in Figure 9 for the core
Wuhan area and in Figure 10 for the relevant portion of Hubei Province. This digital extraction confirms
that these geocoordinates can be consistently determined within a range of about 150- 200m, that is,
about 0.001 degrees or 3 arc-seconds at the latitude of Wuhan; further details are provided in the
Supplementary Materials. Thus, the residential locations of these cases can be compared to the
population density of the corresponding gridcells with edges of 30 arc seconds (approximately 1km? at
the equator and at the latitude of PRC); that density data was produced by WorldPop/CIESIN using
United Nations population estimates for 2019.>””

Timing of Symptom Onset. The Annex to the WHO 2021 Report provides data on the daily incidence
of new cases based on self-reported onset of COVID-19 symptoms.>* *® Consequently, the precise
timing of individual cases is subject to several distinct sources of uncertainty. First, the time between
infection and symptom onset can be highly variable, with a mean lag of 5 days and a 95% confidence
interval of 2 to 14 days.** 3" Second, the symptoms of COVID-19 infection may vary markedly across
individuals; for example, 78% develop a fever and 58% have a dry cough.**® However, those symptoms
are also associated with other seasonal respiratory illnesses that would also be circulating in Wuhan in
late 2019. Third, the timing of symptom onset was self-reported and hence could be influenced by the
typical interval of about 6 days between symptom onset and initial medical consultation for early
COVID-19 cases.'” % These factors likely accounted for some differences in the timing of cases as
published in initial reports compared to conclusions reached later by the Wuhan CDC’s epidemiological
review.' 2! 381382 The WHO 2021 Report also downplayed differences in case timing of one or two
days as “within a common incubation period. ™ The Supplementary Materials provide further details.

Spatiotemporal Pattern of Cases. The WHO Report Annex included a set of maps showing the
residential locations of confirmed cases based on timing of symptom onset over 5-day intervals
from 11 December to 31 December 2019.%° The information from those maps has been digitally
extracted so that the geocoordinates of each confirmed case can be matched precisely to a specific
5-day period of symptom onset; see the Supplementary Materials for further details.
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Figure 11: The Location of the Huanan Market

Note: This figure is a satellite photo of the central core of Wuhan PRC, showing the location of the Huanan Wholesale
Seafood Market, the Hankou Railway Station, and the Wuhan CDC, which moved to that location during fall 2019. Credit:
© 2024 Airbus.

Potential Sampling Bias. Residents of neighborhoods near Huanan Market comprised a substantial
fraction of the cases with no known link to that market. That pattern has raised concerns that sampling

bias in the case data could have arisen from greater scrutiny of respiratory patients at hospitals near
Huanan Market compared with hospitals elsewhere in Wuhan.*® 332 However, several specific factors

are relevant in mitigating such concerns:

As shown in Figure 11, the Huanan Market is located in the central area of Wuhan’s urban core,
about 400m from Hankou Railway Station (Wuhan’s hub for intercity train service) and about
800m from Jinjiadun Bus Terminal (the hub for intercity bus service).*** The Wuhan Museum
and the 1911 Memorial Park are located just a few city blocks away. As of fall 2019, the Wuhan
CDC was located within a few hundred meters of Huanan Market.

It is clear that some Huanan Market vendors lived nearby the market.’® A vendor with
an asymptomatic or mild infection may have unknowingly transmitted the disease to other
neighborhood residents, and such cases could not be linked to Huanan Market because
comprehensive contact tracing had not yet been initiated in December 2019.

Similarly, Huanan’s wholesale products were mostly sold to restaurants near the market.*** Thus,
a wholesale purchaser could have unknowingly transmitted the virus to the restaurant’s workers
or customers, some of whom might well be residents of that neighborhood.

Figures 9 and 10 confirm that the geographical scope of the Wuhan CDC’s epidemiological
survey encompassed a wide area rather than being limited to the vicinity of the Huanan Market.
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As noted above, a substantial fraction of unlinked cases were identified on the opposite bank of
the Yangtze River. Among the seven cases located in outlying areas of Wuhan, three were linked
to the Huanan Market and four had no known link to the market. Another seven cases were
identified in other locations outside of Wuhan, but only one was linked to Huanan Market.

Characteristics of Earliest Cases. All six of the earliest confirmed cases (symptom onset during the
week of 8-14 December 2019) were laboratory confirmed. The Wuhan CDC’s review identified three
cases with links to the Huanan Market (one shrimp vendor, one wholesale seafood buyer, and one visitor
who passed through the market); there was no known link to Huanan Market for the other three cases
(an office clerk, a commercial service worker, and a retiree). Given the range of ages of these cases
(nearly all of whom were ages 40+), it is very likely that the true number of SARS-CoV-2 infections
was substantially higher at that time.?* 7% 3%

Dating the Start of the Pandemic. Epidemiology studies have estimated that the number of infections
was doubling in size every 3 to 7 days during the early stages of the pandemic, with estimates of an
effective reproduction rate of 6 or more prior to any containment measures.**> 8- 33638 Thyg the virus
was almost surely spreading in Wuhan by late November and early December, prior to the onset dates
for any of the confirmed cases, and the first SARS-CoV-2 infection might well have occurred in mid-
to-late November 2019.%%3% Moreover, the WHO panel conducted a comprehensive review of disease
and mortality data, including cases of severe acute respiratory illnesses, and found no indications that
SARS-CoV-2 had been spreading widely in Wuhan or other parts of Hubei province prior to December

2019.20-3°

Similar findings were obtained by a serology study that analyzed serum samples from Wuhan blood
donors collected between 01 September and 31 December 2019; that study found that about 0.5% of
samples were reactive to SARS-CoV-2 antigens, as one would expect from an assay with imperfect
specificity; however, there were zero positive results from a microneutralization assay that provides a
gold standard for detecting SARS-CoV-2 antibodies.*' Thus, the authors concluded that there was “no
evidence of transmission of COVID-19 before December 2019 in Wuhan, China.”*' Likewise, some
serology studies conducted in western Europe found that a small proportion of pre-2020 samples were
reactive to SARS-CoV-2 antigens, but followup studies found no positive results using
microneutralization assays, and genetic analysis linked the first two infections in Italy to the arrival of
tourists from PRC.*%3%

4.2 Distinguishing the Two Hypotheses

The spatiotemporal characteristics of these case data can be analyzed using a Bayesian statistical
framework, where the probability of a new case occurring within the boundaries of a given gridcell at
a given time period is associated with the characteristics of that location and its distance from prior
cases. Using this approach, the two competing hypotheses can be distinguished as follows:

Hypothesis Z. Under this hypothesis, the Huanan Market was “the early epicenter” of the pandemic,
reflecting “the sustained presence of a potential source of virus transmission into the human population
in late 2019, plausibly from infected live mammals sold at the Huanan market.”*' Specifically, the first
SARS-CoV-2 infection(s) would have been caused by exposure to an infected wildlife mammal but may
have been asymptomatic or mildly symptomatic and hence never hospitalized. Over subsequent weeks,
the sustained presence of infected animals at the market would have led to further infections (including
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severe cases involving hospitalization) and began spreading to community residents living near the
market. In fact, spatial analysis of the cumulative case data found that those individuals with no known
link to Huanan Market lived closer to the market than many of the individuals with direct links to the
market, some of whom resided in outlying areas of Wuhan.?!

Thus, this hypothesis indicates that all of the early cases in Wuhan were directly or indirectly linked to
Huanan Market. In particular, the cases with no known link would have been most likely to occur in the
neighborhood surrounding the market or in the vicinity of the residential location of linked cases living
further away from the market. As in standard models of infectious disease transmission, the probability
of new cases would be highest in densely populated locations at relatively short distances from the
locations of prior cases. Moreover, the invisible spread from linked to unlinked cases would
predominantly occur during mid-December 2019 and then wane towards the end of the month as the
incidence of market infections subsided and the growing number of unlinked cases outside the market
became the primary source of new infections.

Hypothesis A. Under this hypothesis, the first individuals to be infected with SARS-CoV-2 would have
been lab researchers (perhaps asymptomatic or mildly symptomatic and hence not hospitalized) who
then spread the virus to others, most likely through interactions involving sustained contact in indoor
spaces. In fact, the restaurants adjacent to Huanan Market are very close to Hankou Railway Station
and to the Wuhan CDC, and hence this hypothesis implies that the Huanan Market was merely “a victim
of the pandemic” (as described by the director of the China CDC in May 2020) and that the SARS-
CoV-2 virus “came into the marketplace before it came out of the marketplace.””® *°
In effect, most of the early cases in Wuhan had no connection at all to the Huanan Market, either directly

or indirectly.

Thus, unlinked cases would be relatively likely in the general vicinity of the BSL-2 labs where bat
viruses were being studied, with SARS-CoV-2 spreading invisibly from a few infected researchers to
other residents in those areas. On the northwest bank of the Yangtze River, such a pattern could be
difficult to distinguish from that implied by hypothesis Z, due to the short distance between the Wuhan
CDC and the Huanan Market. Consequently, the implications of hypothesis 4 would be most visible on
the southeast bank where several BSL-2 labs were located, especially since the population density in
those neighborhoods was much lower than in the dense urban core around the Hankou Railway Station.

4.3 Methodology

The method of probit analysis has been used in over half a million empirical studies in the natural
and social sciences over many decades, dating back to the seminal contributions of Bliss (1934)
and Finney (1947).>*’7 In a spatial context, this method can be used to examine the incidence of
positive and negative cases on a geospatial grid and assess the extent to which these outcomes are
affected by various grid-specific factors such as population density. In a spatiotemporal context, the
probability of a positive case may also be related to explanatory variables at previous points in time,
such as the prior prevalence of cases in the neighborhood of each gridcell.

Following this approach, the pattern of early COVID-19 cases in the core Wuhan area can be analyzed
using a geospatial grid of 37 x 43 cells, each of which spans about 1 km?>”” This grid excludes
waterways (lakes and rivers) as well as areas that are practically unpopulated (fewer than 300
inhabitants per km?). Thus, as shown in Figure 9, the grid has a total of 1,291 non-empty cells.
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A much larger grid of about 250 x 250 cells could be used to encompass the entire Wuhan area,
but such an approach would necessitate a more complex statistical framework to account for the
extremely low probability of cases in nearly all of those cells.

Alternatively, the core Wuhan area could be analyzed using a much coarser grid of 11 x 10 cells
(with an area of about 9 km? per cell), but such an approach would obscure the details of the
spatiotemporal data and hence provide less information to distinguish the competing hypotheses.
Moreover, a coarser grid would have numerous cells with multiple new cases in each time period,
thereby warranting the use of alternative statistical procedures such as ordered probit (which
distinguishes the number of new cases in each gridcell at each time period), poisson regression, negative
binomial regression, and logistic regression. The Supplementary Materials provide
further information about those alternative approaches.

Table 9: The Spatiotemporal Pattern of Early Cases in the Core Wuhan Area

New Cases Linked New Cases with No Known Link
to the Huanan Market to the Huanan Market
Date of Number of  Percent of | Number of Percent of
Symptom Onset Gridcells Gridcells Gridcells Gridcells
8-11 December 1 0.08 1 0.08
12-16 December 2 0.54 7 0.54
17-21 December 8 1.08 14 1.08
22-26 December 16 1.70 22 1.70
27-31 December 13 3.10 40 3.10

Note: This table reports the pattern of confirmed cases in the core Wuhan area for each 5-day
interval in December 2019, using a grid of 1,291 cells (each having area ~ 1 km?). For the period
of 27-31 December, one gridcell has 3 confirmed cases with no known link to Huanan Market;
there are 0, 1, or 2 unlinked cases for all other gridcells and 5-day intervals. See the Supplementary
Materials for further details.

Table 9 tabulates the spatiotemporal pattern of 140 cases in the core Wuhan area, including 46 cases
that were linked to the Huanan Market and 94 cases with no known link to that market. As noted above,
the Wuhan CDC identified seven clusters of cases among household members or employees working at
a specific Huanan Market shop; five of those clusters occurred within the core Wuhan area. The
statistical framework used here is not well suited for studying patterns of viral spread within households
or market shops, and hence this tabulation only includes the earliest case in each cluster.

The analysis is focused on the spatiotemporal pattern of confirmed cases with no known link to
the Huanan Market, for whom the risk of infection could be systematically related to their place
of residence; henceforth these cases are referred to as “unlinked cases.” By contrast, the confirmed
cases that were linked to the Huanan Market presumably resulted from viral transmission within the
market, and hence their risk of infection would have no direct connection to their place of residence.

In compartmental models of infectious disease, the rate of growth at the onset of an outbreak reflects
the frequency of interactions between infected and susceptible individuals.*®*”**° Thus, the logarithm of
population density is commonly included as an explanatory variable in spatiotemporal studies,
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reflecting the extent to which a disease may spread most rapidly in densely populated locations where
such interactions occur most frequently.*’!- 42

Prior studies of infectious diseases have also found that the probability of infection follows a power law
with respect to geospatial distance from previous cases.*”> ** Thus, a key explanatory variable in this
model is expressed in terms of the logarithm of the distance (measured in km) of each gridcell from the
nearest case whose symptom onset occurred in the preceding period. Since the logarithm function
diverges to —oo as its input becomes very small, this metric is truncated at a lower bound of zero, and
an auxiliary binary variable (taking values of 0 or 1) can be included to indicate whether any prior cases
occurred within a given cell or an adjacent cell.**”

Thus, Hypothesis Z can be expressed as follows:

log(dist_linkedi,t_l), nearby_linked; ¢4, >

5 P b . ~
®) rob[y; ] fZ( log(popdensity;)

where the dependent variable y; is a binary indicator that equals 1 if any unlinked case was a resident
of gridcell i and had symptom onset during period #; this indicator equals zero if there were no new
unlinked cases in that gridcell during that time period. The first explanatory variable is the natural
logarithm of the distance from the nearest linked case whose symptom onset occurred in the preceding
5-day period; the second explanatory variable is a binary indicator that equals 1 if the center of that
gridcell is within 1km of the nearest linked case in the preceding time period, and 0 otherwise; and the
third explanatory variable is the natural logarithm of the population density of that gridcell.

Using the same notation, Hypothesis 4 can be expressed as follows:

log(dist_linkedi,t_l), southeast_bank; , >

6 Probly; | ~
©) roblyi] fA( northwest_bank * log(popdensity;)

Under this hypothesis, the first explanatory variable denotes the natural logarithm of the distance from
the nearest linked case in the preceding period; the second explanatory variable is a binary indicator
that equals unity if the gridcell is on the southeast bank of the Yangtze River and zero otherwise; and
the third explanatory variable is the interaction between population density and a binary indicator that
equals unity if the gridcell is on the northwest bank of the Yangtze River, i.e., this variable equals the
natural logarithm of population density if the gridcell is on the northwest bank and zero otherwise.

Under each hypothesis, the probit model also includes a binary indicator that equals unity for the final
time interval (27-31 Dec) and zero for other time periods. This indicator encapsulates the extent to
which the incidence of new unlinked cases may have accelerated in late December due to factors that
were distinct and unrelated to the explanatory variables indicated in equations 5 and 6.

Each model is estimated using 5,028 observations, that is, 1,257 gridcells x 4 time periods; the first time
period (11-15 Dec) serves as the initial condition for the lagged indicator(s) in each model. Estimation
is performed using the Metropolis-Hastings algorithm, as implemented by the statamh command in
Stata version 18.%*%® The priors for the model coefficients are specified as flat or diffuse. The posterior
is estimated using 10 Markov chains, each of which is initialized with a burn-in of 10,000 iterations
followed by sampling of 50,000 iterations. Markov Chain Monte Carlo (MCMC) convergence is
assessed using the Gelman-Rubin criterion.**”*!° See the Supplementary Materials for further details.
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Table 10: Probit Analysis of Unlinked Cases in the Core Wuhan Area during December 2019

Model Coefficients MCMC Deviance log
Convergence Information Marginal Bayes
Model Indicator Estimate 95% CI1 Criterion Criterion Likelihood Factor

southeast bank

of Yangtze River 2.69 1.83103.61

Hypothesis A northwest bank

(accidental lab leak) x population density 0.31 0.211t00.41 1.001 669.47 -338.27

distance to nearest

prior linked case 043 -0.5810-0.28

27.1
population density 0.23 0.15t0 0.31
Hypothesis Z distance tonearest 4 g 5545027
(zoonotic spillover) prior linked case 1.002 676.38 34157
_ prior linked case 031 -0.091t00.71
in same or adjacent cell
Variant of distance fo nearest 055 068 t0 -0.42
Hypothesis Z prior linked case 560
(excluding 1.000 712.46 -358.41 million

prior linked case

. . 0.33 -0.06 to 0.72
in same or adjacent cell

population density)

Note: This table reports on spatiotemporal analysis of confirmed COVID-19 cases in the core Wuhan area during December
2019 for which there was no known link to the Huanan Market. For each hypothesis, the probit model includes the set of
explanatory variables indicated in the second column as well as an intercept and a binary indicator for the final time
period (27-31 Dec). Each model includes one or more lagged explanatory variables, and hence the data for the initial period
(11-15 Dec) are used as initial conditions; thus, each model is estimated using 5,028 observations (1,257 gridcells
x 4 time periods). Under each hypothesis, the coefficient estimate and 95% coverage interval for each explanatory variable
is given in columns 3 and 4, and the maximum value of the Gelman-Rubin MCMC convergence criterion is shown in column
5. Column 6 indicates the Deviance Information Criterion (Which is minimized for the preferred model); column 7 shows
the natural logarithm of the average marginal likelihood (which is maximized for the preferred model); and column 8 shows
the Bayes Factor, that is, the odds for Hypothesis A relative to Model Z or the variant of Model Z that excludes population
density. See the Supplementary Materials for further details.

4.4 Results

As reported in Table 10, this probit analysis provides very strong support for hypothesis 4 relative to
hypothesis Z, because the spatiotemporal pattern of unlinked cases was markedly different on the
southeast bank (where the WIV and several other research labs were located) compared to the
spatiotemporal pattern on the northwest bank (where the Huanan Market was located).

The results for hypothesis 4 are shown in the top panel of the table. As in prior studies of infectious
disease, the probability of a new unlinked case within a specific 5-day interval is inversely related to
that gridcell’s distance from prior linked and unlinked cases. The probability of a new unlinked case is
directly related to population density for gridcells on the northwest bank but not on the southeast bank.
In effect, during December 2019 the virus was not only spreading across the dense urban core of Wuhan
on the northwest bank but also spreading among residents on the southeast bank—even in lower-density
neighborhoods near Wuhan University and other academic and research institutions. These results are
consistent with the premise that the virus began spreading due to unknowing exposure to an infected
lab researcher and that it “came into the market before it came out of the market.”
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The results for hypothesis Z are shown in the middle panel of the table. For this model, the probability
of'anew unlinked case at a given time and location is strongly related to the gridcell’s population density
and its distance from the nearest linked case in the previous time period. In effect, the Huanan Market
was the epicenter from which the virus began spreading radially outwards, and the unlinked cases in
December 2019 were individuals who were unknowingly infected by exposure to market vendors
or customers.

As shown in the table, this probit analysis produces a Bayes factor of 27.1, i.e., the conditional odds
in favor of hypothesis A4 relative to hypothesis Z are about 27:1. Referring back to Table 2, these odds
can be interpreted as “strong evidence” for an accidental lab leak.

Although not shown in the table, these results are highly robust to alternative estimation procedures.
For example, when each model is estimated by maximum likelihood, the model for hypothesis 4 is
strongly favored by Akaike’s Information Criterion and the Bayesian Information Criterion. Similarly,
the results are not sensitive to alternative specifications of the explanatory variables. For example,
augmenting model 4 with the lagged distance to unlinked cases reduces the deviance information
criterion (indicating that it has some additional explanatory power), but the log marginal likelihood is
essentially identical to that shown in Table 10. See the Supplementary Materials for further details.

These findings differ starkly from those of Worobey et al. (2022), henceforth referred to as WOR22.
Several differences in methodology are noteworthy: (i) WOR22 focused on the spatial pattern of
cumulative cases as of 31 December 2019 but did not analyze the spatiotemporal evolution of cases
over shorter time intervals. (ii) WOR22 assessed the centroid and radial pattern of cases but did not
utilize a probabilistic framework for assessing the determinants of cases using a geospatial grid.
(ii1) WOR22 identified the centroids of linked vs. unlinked cases but did not compare other potential
differences in the spatial distribution of such cases.

Finally, this spatiotemporal analysis clearly indicates the role of population density in determining the
early spread of the SARS-CoV-2 virus. This result stands in stark contrast to the analysis of WOR22,
who concluded that “COVID-19 cases in December 2019 were associated with the Huanan market in
a manner unrelated to Wuhan population density or demographic patterns.” The spatiotemporal
analysis indicates that such a conclusion is completely untenable, with odds of about 560 million to 1
against that particular version of hypothesis Z.
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Figure 12: COVID-19 Cases of Huanan Market Vendors in December 2019
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Note: This figure shows the locations for confirmed COVID-19 cases of Huanan Market vendors with symptom onset
during December 2019. The lefi panel shows cases with symptom onset by 20 December, with specific timing denoted by
a diamond (13 Dec.) or circle (14-20 Dec.), with a larger circle denoting a shop where two confirmed cases were identified
during that timeframe. The right panel provides corresponding information for confirmed vendor cases during 21-31
December, with specific timing denoted by a diamond (21-27 Dec.) or a circle (28-31 Dec.). In each panel, green shading
denotes shops with more than one confirmed case and orange shading denotes vendors where raccoon dog DNA was
subsequently detected by assays of swab samples. See the Supplementary Materials for further details.

5. Spatiotemporal Pattern of Huanan Market Vendor Cases

This section focuses on assessing the conditional Bayes factor BFs, which incorporates information
about the specific timing and location of confirmed COVID-19 cases of vendors at the Huanan Market
with symptom onset by 31 December 2019. This factor is conditional on the pandemic outbreak having
occurred in Wuhan and on the timing and residential locations of all confirmed early cases. Specifically,
this conditional Bayes factor can be expressed as follows:

Marg. Likelihood(Pattern of Vendor Stalls| hypothesis A; pattern of non—vendor cases)

(7)  BFs =

Marg. Likelihood(Pattern of Vendor Stalls| hypothesis Z; pattern of non—vendor cases)

In effect, this Bayes factor gauges the evidence that the SARS-CoV-2 virus “came into the market
before it came out of the market” (according to hypothesis 4) or was triggered by a zoonotic spillover
from wildlife mammals being sold at the market (according to hypothesis Z).

Figure 12 shows the locations of market vendors with onset of symptoms during the periods of
13-20 December (left panel) and 21-31 December (right panel), with symbols denoting more specific
timing of cases within each period. These data are taken from the Annex of the WHO 2021 Report,
which depicted the spatial distribution of vendor cases at each of those dates; see the Supplementary
Materials for details on the digitization of that information.”® This figure also shows shops where
wildlife mammals were sold, based on analysis of mitochondrial DNA (mtDNA) in the swab samples
that were collected by the Wuhan CDC after the market was closed in January 2020.
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Figure 13: Vendor Operations at the Huanan Market

Note: This figure illustrates the operations of the Huanan Market prior to the onset of the COVID-19 pandemic.
The five photographs of market shops and restaurants were taken on 02 November 2019. The lower-right photo shows
a live raccoon dog observed for sale at Huanan Market in 2014. Credits: Soho.com (main entrance), Arend Kuester
(vendors & restaurants), Edward Holmes (raccoon dog).

None of the vendors whose symptom onset occured by 20 December 2019 were working at wildlife
shops; four of those seven vendors were employed at shops at the other end of the west wing. These
spatiotemporal data are relevant for assessing hypotheses 4 and Z but have not been analyzed by prior

studies, which focused on gauging the spatial centroid of vendor cases regardless of timing.?"***

5.1 Salient Characteristics of the Huanan Market

Following the onset of the COVID-19 pandemic, the Huanan Wholesale Seafood Market was frequently
labeled as a “wet market” by scientific researchers as well as media commentators,
with echoes of the burgeoning wildlife trade associated with SARS 7 9% 134 301. 365 411414 Hwever,
the label “wet market” does not fully convey its salient characteristics.*'®

e Location. The Huanan Market was a relatively placid haven in the dense urban core of Wuhan,
comprised of two main buildings and some adjacent structures, including a separate building with
restaurants that served market vendors and clients as well as others living or working in the
vicinity of the market.*** The east and west wings of the market were separated by Xinhua Road,
a major thoroughfare about 40m wide.

e [Internal Layout. In contrast to many congested retail centers, the Huanan Market was relatively
spacious. The internal layout of the market is shown in Figure 12, which was produced by
digitizing the maps in the WHO 2021 Report that indicated the actual sizes and shapes of the
shops at the Huanan Market, as distinct from stylized diagrams with square cells that have
been used in several epidemiological studies.””?"?® These spatial data indicate dimensions of 3m
x 3m for the median shop at the Huanan Market. Access to market shops was facilitated by
common space and by evenly spaced corridors (commonly referred to as the “streets” of the
market) with widths of 2.5m or greater. As shown in Figure 13, market shops generally had
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an internal height of about 3m, with higher ceilings in common areas and corridors; see the
Supplementary Materials for further details.? 2! 416418

Wholesale Operations. As evident from its name, the Huanan Wholesale Seafood Market was a
wholesale outlet focused on bulk sales to purchasers from local restaurants and hotels. As of
December 2019, there were 678 shops with 1162 workers serving about 10,000 clients per day.?
In effect, a typical shop employed two vendors and served roughly 15 clients per day, that is,
about one or two clients per hour. By contrast, as noted in the WHO 2021 Report, the Baishazhou
Market on the other side of the river was a far larger enterprise that served individual customers
as well as wholesale clients.?

Food Products. A majority of shops at Huanan Market sold aquatic products, including fresh and
frozen seafood as well as live shellfish.?’ In addition, many shops sold poultry and livestock meat
(both fresh and frozen) as well as vegetables and miscellaneous items (grains, oils, seasonings,
dried fruits, and prepackaged foods).

Wildlife Mammal Sales. The WHO 2021 Report indicated that 7 out of 678 shops at the market
were engaged in sales of live wildlife mammals: 6 shops in the West Building that were selling
bamboo rats, badgers, hedgehogs, porcupines, and rabbits, and one shop in the East Building that
sold Sika deer.”” (Three other market shops sold live reptiles, which are not infected by SARS-
Cov-2.) The WHO Report included a statement from a witness who had observed a raccoon dog
at the market in 2014 but did not indicate any sales of live raccoon dogs in late 2019, presumably
because such sales had been occurring surreptitiously on the fringes of the market in relatively
small numbers.?*?” Across all Wuhan markets, a monthly survey observed daily average sales of
11 hedgehogs, 5 hares, 1 red fox, 1 bamboo rat, and 1 raccoon dog, and sales at the Huanan
Market comprised a subset of that total.?” Evidently, this context was markedly different from the
wildlife markets in southern China at the onset of SARS, where hundreds of wildlife mammals

were sold on a daily basis.””
Table 11: Huanan Market Vendor Cases by Type of Product
Product Type Vendors Confirmed Cases Incidence (95% CI)
Freshwater Aquatic 559 15 2.7% (1.5-4.2%)
Seafood 484 14 2.9% (1.6-4.5%)
Livestock Meat 318 9 2.9% (1.4-5.0%)
Miscellaneous 266 3 1.4% (0.4-2.9%)
Poultry Meat 230 8 3.5% (1.6-6.1%)
Vegetables 108 5 4.5% (1.6-8.6%)
Live Animals 15 0 5.0% (0.6—-14%)
Total 1162 30 2.6% (1.8-3.5%)
Note: This table reports Bayesian mean estimates and 95% coverage intervals for the incidence of
confirmed COVID-19 cases of vendors at Huanan Market during December 2019. Some shops sold
multiple types of products, so the individual rows cannot be added to derive the totals shown. See
the Supplementary Materials for further details.
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5.2 Timing and Distribution of Cases

Among the six confirmed COVID-19 cases with symptom onset by 14 December 2019, only one
(a shrimp vendor) was an employee at the Huanan Market.?* Among the confirmed cases with symptom
onset during the second half of that month, there were 6 vendors who developed symptoms by 20
December; 17 vendors with symptom onset during 21-27 December; and 6 vendors with onset during
the final days of December 2019 before the market was closed. There were two clusters of COVID-19
cases at the market: 3 vendors at a frozen food shop, and 2 vendors at a seafood shop.

As shown in Table 11, the incidence of vendor cases was roughly proportional to the total number of
vendors for each type of product. The mean and 95% coverage interval for each product type was
estimated using a Bayesian procedure with a relatively flat prior. The overall incidence was 2.6% (95%
CI: 1.8 to 3.5%), and the estimate for each specific product category was consistent with that overall
estimate. Notably, there were no confirmed cases among the 15 vendors engaged in selling live animals,
but that outcome is not particularly surprising from a Bayesian perspective given that there were only a
few such vendors at Huanan Market. See the Supplementary Materials for details.

5.3 Modes of Transmission

The structural features of the Huanan Market would not be expected to facilitate airborne viral
transmission within the market. As noted above, the original strain of SARS-CoV-2 was most likely
to be transmitted in instances involving prolonged close contact with an infected individual (i.e.,
at least 15 minutes) in a confined space with limited ventilation.*®=’® At the early stages of the
pandemic, concerns were also raised about infectious droplets and viral particles on hard surfaces,
but subsequent research found that such fomites posed a negligible risk of infection.*'**?

Another potential mode of transmission was flagged by a shrimp vendor (the earliest confirmed vendor
case), who worried about having gotten infected while using the public toilets near the southwest corner
of the west building.*** ****?® Such concerns were not unreasonable given the notable role of sewage in
the spread of the SARS virus.*® ****® However, epidemiological studies have concluded that SARS-
CoV-2 is associated with a miniscule risk of foecal transmission. >+

Local restaurants were identified as having a significant role in the spread of the SARS virus but were
only briefly mentioned in the WHO 2021 Report, which noted that at Huanan Market, “employees ate
in the canteen of the market” while “vendors usually brought food from home or ate in neighboring
canteens.”™ As shown in Figures 12 and 13, the restaurants at the Huanan Market were located in an
adjacent structure on Fazhan Boulevard, at the southern end of the west wing, and hence were
presumably oriented towards serving market workers and clients as well as community residents and
pedestrians heading to/from Hankou Station.*** Under hypothesis 4, those restaurants may have
facilitated the transmission of the virus from local residents and passersby to market vendors (i.e., how
it “came into the market before it came out of the market”’), whereas the direction of transmission would
be reversed under hypothesis Z (i.e., the virus originated at the market).

Likewise, neighborhood clinics, which provided services to Huanan workers as well as local residents,
may have played a role in transmitting the virus. One such clinic provided antibiotic injections to
vendors with symptoms of seasonal flu but later were confirmed with COVID-19.* The director of
that clinic, who lived in the neighborhood, was also infected and succumbed to the disease.**® %3
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Figure 14: Collection of Swab Samples at the Huanan Market
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Note: This figure shows the number of swab samples that the China CDC collected from each shop at Huanan Market.
Shops that sold live mammals are outlined in dark blue, and shops that sold other live animals (including birds, reptiles,
and giant salamanders) are outlined in light blue. Symbols denote the number of vendors at each shop who were confirmed
COVID-19 cases. The figure omits swab samples collected from outlying structures (not shown) and environmental
samples from sewage drains. See the Supplementary Materials for further details.

As with Huanan restaurants, it is difficult to ascertain whether these clinics may have contributed to the
spread of SARS-CoV-2, because that question was not addressed in the WHO 2021 Report.

5.4 Detection of SARS-CoV-2 in Swab Samples

In early 2020 the China CDC collected 651 swab samples from surfaces and objects in 135 shops at the
Huanan Market. The China CDC'’s surveillance began when the market was closed and initially focused
on using an RT-qPCR assay to clarify the mode of transmission of the SARS-CoV-2 virus;
a subset of samples were then subjected to genomic analysis to identify matches to a SARS-CoV-2
reference sequence.”® +**

Figure 14 shows the spatial characteristics of the sampling procedures. As the China CDC noted in its
peer-reviewed study, “the selection of shops for sampling was biased because shops selling wildlife and
shops linked to early cases were prioritized for sampling.”?® In particular, samples were gathered from
135 shops but not from the other 543 shops at the market.”® One or two samples were taken from most
shops, usually by applying swabs to solid surfaces such as floors, walls, shelves, or rolling shutters. At
some shops, additional swabs were applied to other items such as furniture, appliances, containers,
clothing, and kitchen utensils. The most intensive sampling occurred at specific shops engaged in the
sale of wildlife mammals; in fact, 77 samples (more than 10% of the total) were obtained at two such
shops.?® See the Supplementary Materials for further details.
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Table 12: SARS-CoV-2 Detection in Swab Samples from the Huanan Market
A. RT-qPCR Analysis
Swab Samples Market Shops
Samples Samples Positive Shops Positive
per Shop Collected SARS-CoV-2 Percent Surveyed  SARS-CoV-2 Percent
1-4 184 6 33 86 6 6.9
5-9 216 15 5.9 31 8 25.8
10-20 209 5 2.6 16 4 25.0
21 or more 77 9 11.7 2 2 100.0
Total 686 35 5.1 135 20 14.7
B. Genomic Analysis
Swab Samples Market Shops
Samples Samples Positive Match Shops Positive Match
per Shop Analyzed to SARS-CoV-2 Percent Analyzed to SARS-CoV-2 Percent
Negative 94 3 3.1 10 0 0.0
Positive 33 30 90.9 19 19 100.0
Total 130 33 254 29 19 65.6
Note: This table reports on RT-gPCR and genomic analysis of 687 swab samples that the China CDC collected
from 136 shops at the Huanan Market in early 2020. (No samples were collected from the other 542 shops
at the market.) The China CDC identified 130 of those swab samples (collected at 29 shops) as suitable for
high-throughput processing and genomic analysis. See the Supplementary Materials for further details.

The upper panel of Table 12 gives a synopsis of the RT-qPCR results, which were positive for
35 samples taken from 20 shops. Even at shops where SARS-CoV-2 was identified, the RT-qPCR results
were positive in a relatively small proportion of samples. For example, at two shops that had been
selling wildlife, there were 9 positive results from 77 swab samples. Even at market shops where
vendors became infected with SARS-CoV-2, viral particles evidently did not contaminate every hard
surface or physical object within the shop.

Viral RNA has less ambient stability than DNA and tends to degrade fairly rapidly when exposed to air
at typical room temperatures.*?” **! 3> Thus, the RT-qPCR detection rate using samples collected in
early January 2020 might well understate the true incidence of infections of market vendors over
preceding weeks in December 2019 (including asymptotic and mild cases). Since the China CDC’s
swab sampling was most intensively conducted at or near the market shops selling wildlife mammals,
such undetected SARS-CoV-2 infections would tend to be located at larger distances from those shops.
This sampling bias could skew estimates of the spatial distribution of positive RT-qPCR readings and
hence induce bias towards the hypothesis of zoonotic spillover.

Sampling occurred at 15 shops with confirmed COVID-19 vendor cases but not at 12 other shops where
vendor cases had not yet been identified or confirmed.?* *® For those 15 shops with early COVID-19
cases, the swab samples from 7 shops had at least one positive RT-qPRC reading, whereas
the other 8 shops had uniformly negative readings. In effect, the sensitivity of the test procedure was
less than 50%, well below that associated with intranasal swabs from human patients.” 4347
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Nonetheless, these results do not necessarily reflect intrinsic limitations of the RT-qPCR assay used
by the China CDC; rather, the attenuated sensitivity may reflect the fact that the swab samples were
gathered from a wide variety of surfaces and objects and might also reflect variations in the extent of
degradation of viral particles at the time those samples were collected. Nearly all of the shops with
positive RT-qPCR readings were identified during the first two weeks of surveillance, but one additional
shop was identified using swab samples collected during February 2020.

The lower panel of Table 12 gives a synopsis of the genomic analysis that was performed for a subset
of 130 swab samples (collected at 29 shops) that were suitable for high-throughput processing.?®
Genomic matches to a SARS-CoV-2 reference sequence were obtained for 33 samples from 19 shops,
all of which had at least one positive RT-qPCR reading; by contrast, there were no significant matches
for any samples from the other 10 shops, all of which had uniformly negative RT-qPCR readings.?®
These results provide further support for the validity of the RT-qPCR assay in identifying the market
shops that had been contaminated by the SARS-CoV-2 virus.

It is also noteworthy that positive matches were obtained for about two-thirds of the shops with genomic
data (19/29 = 66%), far higher than the positivity rate for RT-qPCR samples (20/35 shops
= 15%) or the incidence of confirmed COVID-19 vendor cases (27/678 shops = 4%). That divergence
reflects the extent of bias in the selection of shops for sampling as well as the number of samples
obtained from each shop.

These sampling characteristics have substantive implications for determining the statistical
methodology for analyzing the RT-qPCR data:

o The RT-qPCR readings should be analyzed using each market shop as the unit of observation.
Previous studies have analyzed the positivity of individual swabs but have not considered the
wide variation in the number of samples collected at each shop or in the types of surfaces and
objects that were sampled.?" *'> 3 Ideally, such variations would be incorporated directly into
the statistical analysis, but such an approach remains impractical given the absence of detailed
information about the layout and furnishing of each shop and the precise position of each sampled
surface or item within the shop.

o The RT-gPCR data should be analyzed in terms of a binary indicator that incorporates negative
as well as positive readings. Previous studies have focused solely on shops with positive tests,
thereby discarding relevant information and exacerbating the bias associated with the China
CDC’s sampling procedures.?!*'>3** For the reasons discussed above, such sampling bias would
tend to favor the hypothesis of zoonotic spillover.

o The RT-qPCR data should be analyzed using a probabilistic framework that allows for intrinsic
randomness of viral RNA degradation as well as the various idiosyncratic factors that affected
the China CDC’s sampling procedures. In contrast, previous studies have followed a
deterministic approach in focusing on the centroid of positive RT-qPCR results.?+31% 3%
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Figure 15: Location of Shops Selling WIldlife Mammals at the Huanan Market
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Note: This figure shows the results of the China CDC's RT-gPCR assays and genomic matching of mitochondrial DNA
from swab samples collected at the Huanan Market in early 2020. Shops with positive RT-qPCR readings are denoted by
pink shading, and shops with negative readings are denoted by green shading. Shops with significant quantities of raccoon
dog DNA are outlined in dark blue, and shops with significant amounts of DNA from domesticated mammals are outlined
in dark green. Symbols denote the number of vendors at each shop who were confirmed COVID-19 patients. The figure
does not show one negative RT-qPCR result obtained from a shop in an outlying structure and does not include any
environmental readings from sewage samples. See the Supplementary Materials for further details.

5.5 Location of Shops Selling Wildlife Mammals

The WHO 2021 Report listed six shops in the west wing that had been selling live exotic mammals
(excluding livestock), but none of those shops disclosed any sales of raccoon dogs.”* Survey data
published in mid-2021 reported on citywide sales of raccoon dogs in Wuhan but did not specify whether
such sales had occurred at Huanan Market.?’

However, DNA analysis of swab samples has confirmed the presence of raccoon dogs and has clarified
their location within the market, which had previously remained obscure.?® These samples contained a
mean of 124 million genetic fragments (95% CI: 52 to 181 million) with an average length of 115 base
pairs (95% CI: 43 to 200); see the Supplementary Materials. The DNA sequences of these fragments
was then matched to the entries in two reference databases: the mitochondrial
DNA of mammalian genera in the Barcode of Life Database (BOLD), and the whole-genome sequences
of vertebrate species in the Nucleotide database maintained by the U.S. National Center
for Biotechnology Information (NCBI).® 438442
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Table 13: Analysis of Mitochondrial DNA for Selected Mammals at the Huanan Market

Barcode of Life Database (BOLD)

Maximum # Swab Samples

# of matching
mtDNA reads per

# Shops
with more than
1200 matching

More than More than 1200
20 matching matching mtDNA

Genus Common Name Description sample mtDNA reads reads mtDNA reads
Pongo Orangutan Endangered 24 1 0 0
Hylobates Gibbon Endangered 35 1 0 0
+ Meles Badger Wildlife 41 1 0 0
Loxodonta African Elephant Endangered 42 3 0 0
Symphalangus Siamang Endangered 42 1 0 0
Mammuthus Mammoth Extinct 56 5 0 0
- Mustela Weasel Wildlife 71 6 0 0
Homotherium Sabre-Tooth Cat Extinct 87 2 0 0
Dicerorhinus Sumatran Rhino Endangered 106 1 0 0
+ Hystrix Porcupine Wildlife 126 2 0 0
Semnopithecus Langur Monkey Vulnerable 146 7 0 0
Panthera Leopard Vulnerable 149 16 0 0
+ Vulpes Fox Wildiife 174 14 0 0
- Melogale Ferret Wildlife 188 2 0 0
Ailurus Red Panda Endangered 261 11 0 0
- Paguma Palm Civet Wildlife 274 1 0 0
+ Lepus Hare Wildlife 379 30 0 0
+ Muntiacus Muntjac Wildlife 381 18 0 0
— Arctonyx Badger Wildlife 519 15 0 0
+ Erinaceus Hedgehog Wildlife 811 21 0 0
Elephas Asian Elephant Endangered 1,027 18 0 0

Genera with more than 1200 matching mtDNA reads

Rattus Common Rat Vermin 2,352 38 3 2
+ Rhizomys Bamboo Rat Wildlife 2,691 37 1 1
Homo Human Human 3,157 62 5 5
Oryctolagus Rabbit Livestock 3,843 35 2 1
Ovis Sheep Livestock 3917 31 4 4
Canis Dog Pets 4,535 48 5 3
Sus Pig Livestock 4,604 41 3 3
+ Marmota Marmot Wildlife 5,256 4 1 1
Lariscus Ground Squirrel Pets 8,188 67 7 3
+ Nyctereutes Raccoon Dog Wildlife 9,619 41 6 5
Bos Cattle Livestock 26,922 34 3 3

Note: This table summarizes the results of the China CDC's high-throughput analysis of genetic material from swab
samples collected at the Huanan Market in early 2020, as reported in Supplementary Table S8 of Liu et al. (2023). Each
row refers to a specific mammal genus for which at least 20 matching reads of mitochondrial DNA (mtDNA) were
identified. The plus symbol (+) indicates that the specified mammal was observed at the Huanan Market in late 2019, and
the minus symbol (=) indicates that the specified mammal was observed for sale at other Wuhan markets but not at the
Huanan Market. Columns 2 and 3 indicate the common name and current status of the specified genus. Column 4 indicates
the maximum number of matching mtDNA reads obtained from any single swab sample. Columns 5 and 6 indicate the
number of samples with at least 20 and 1200 matching mtDNA reads, respectively. The lower panel of the table lists the
genera for which samples with more than 1200 matching mtDNA reads were identified, and column 7 indicates the number
of Huanan Market shops at which such samples were obtained. See the Supplementary Materials for further details.
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In identifying the genera of mammals at the Huanan Market, the China CDC used a provisional
threshold of at least 20 matching mtDNA reads.”® As shown in Table 13, however, that threshold
is not stringent enough to exclude two extinct genera (mammoths and sabre-tooth cats) nor several
genera of rare and endangered mammals that were certainly not on sale at the Huanan Market.
A higher threshold of 1200 matching mtDNA reads excludes all of those false positives.

The more stringent threshold (more than 1200 matching reads) identifies DNA of humans and various
domesticated mammals that were present at the market (dogs, and livestock) as well as several other
genera of mammals (including bamboo rats, marmots, rabbits, and squirrels) that were observed for sale
at Wuhan markets and that were listed in the WHO 2021 Report’s tabulation of wildlife mammal
sales at the Huanan Market.” %’

This analysis of mitochondrial DNA has demonstrated that raccoon dogs were indeed being sold by five
shops at the Huanan Market.*** Figure 15 shows the location of those five shops, all of which were
identified in the WHO 2021 Report as having sold wildlife mammals.® The same shops are also
identified by analysis of the China CDC’s tabulation of DNA matches with whole-genome sequences
of vertebrate species using the NCBI Nucleotide database; for those data, rare and endangered mammals
are excluded using a threshold of 1000 matching reads instead of the provisional threshold of 100
matches that was used in the China CDC’s analysis.”® See the Supplementary Materials for further
details.

Nonetheless, the identification of these five shops may further diminish the likelihood that raccoon dogs
were the primary intermediate host for SARS-CoV-2. The observational survey reported mean sales of
38 raccoon dogs per month at all Wuhan markets.”” Even if all of those monthly sales were made by the
shops at Huanan Market, each shop would typically be selling about 2 wild raccoon dogs per week—
perhaps sometimes a male and female trapped together. Laboratory experiments have shown that
raccoon dogs transmit SARS-CoV-2 via direct nasal contact.**’ Thus, there would be negligible
likelihood of the virus spreading among raccoon dogs sold at different shops, and a
low likelihood that caged raccoon dogs transmitted the virus to any other wildlife animals, because
raccoon dogs only shed SARS-CoV-2 through direct nasal contact, not faeces or airborne particles.>*’

A recent study has reanalyzed the China CDC’s genomic data with the specific aim of identifying
mitochondrial DNA matches with the wildlife mammals that were observed at Wuhan markets during
fall 2019.>'? The matching algorithm for that analysis was validated using simulations of randomly-
generated synthetic data, but such an approach would not necessarily exclude spurious matches. In fact,
the algorithm identified DNA matches to the red panda, an endangered species that was certainly not
being sold at the Huanan Market, as well as several other mammal species that were not observed there
in fall 2019: arctic fox, masked palm civet, nutria, and wild boar, 27 242 312, 444 Notwithstanding its
limitations, several aspects of that study’s findings are relevant for the analysis conducted here:

®  Raccoon dogs were being sold at Huanan Market shops in late 2019. This fact was not yet evident
at the time of the WHO 2021 Report but has subsequently been confirmed by direct observation
and genetic analysis of swab samples collected at the market.?*2!:27:312

e The raccoon dogs being sold at Huanan Market were trapped from the wild, not farmed for fur.
This characterization was evident from the market surveys that were conducted prior to the
pandemic and is consistent with the practices of fur farms, which slaughter animals onsite
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Figure 16: RT-qPCR Test Results and Distance from Wildlife Mammal Shops
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East Building Shops
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Note: This figure uses the RT-qPCR test results from the 135 shops at the Huanan Market where swab samples were
collected by the China CDC in early 2020, as well as the distance of each shop from the nearest seller of wildlife mammals
(as shown in Figure 16). The 112 shops in the West Building are grouped into 8 bins (with 14 shops per bin), and the 23
shops in the East Building are grouped into a separate bin. Each bin's horizontal position indicates the mean distance of
those shops from the nearest wildlife mammal sellers, and the vertical axis indicates the proportion of those shops with at
least one positive RT-gPCR reading. See the Supplementary Materials for further details.

and then ship the fur pelts to wholesale centers.’?®*? A recent study also reached this conclusion
using the China CDC’s genomic data to identify the subspecies of raccoon dogs
that were being sold at the Huanan Market; however, that study did not discuss the intrinsic

difficulties of using mitochondrial DNA for intraspecies identification 3% 440 445-449

o  The SARS-CoV-2 virus contaminated at least one shop that was selling raccoon dogs. In light of
the idiosyncracies of the China CDC’s sampling procedures and the degradation of viral RNA,
any single swab sample might have a large amount of SARS-COV-2 residue or a large amount
of raccoon dog DNA but would not necessarily have significant amounts of both types of genetic
material 443 450-453

e Analysis of the genomic data collected by the China CDC cannot resolve the question of whether
wildlife mammals at the Huanan Market were the source of the zoonotic spillover.
In particular, these data cannot be used to determine whether any wildlife mammals were infected
with SARS-CoV-2 and hence leave open the question of whether or not the virus “came into the
market before it came out of the market.””***-#>*

e Swab sample collection was intensified in the vicinity of the shops selling wildlife mammals,
but the proportion of positive vs. negative RT-qPCR readings among those shops was no higher
than in other areas of the Huanan Market. As shown in Figure 16, the proportion of positive
readings was relatively low at the sampled shops that were closest to wildlife mammal sellers
and relatively high in other areas of the market. The significance of this spatial pattern can be
gauged using a probabilistic statistical framework.
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5.6 Ancestral Strains of SARS-CoV-2

Complete genetic sequences of SARS-CoV-2 were obtained from three swab samples collected at
the Huanan Market and from 14 patients with symptom onset prior to 31 December 2019, of whom
12 patients were vendors or purchasers at the Huanan Market.” *!" ¢ Those sequences have been
classified into two viral strains A and B that differ by two nucleotides and encode proteins that differ by
a single amino acid.*’

For each of the nucleotides where these two strains differ, strain A exactly matches the genetic sequence
of the bat virus RaTG13, whose genome has 96.8% similarity to SARS-CoV-2."*" 32 Thus, under the
maintained assumption of zoonotic spillover, phylogenetic analysis has identified strain A
as the ancestral strain of SARS-CoV-2, with strain B having subsequently arisen from a pair of neutral
or moderately advantageous mutations to strain A.**® However, the temporal pattern of observed viral
strains in December 2019 appears to be inconsistent with a single zoonotic spillover of strain A:

e Strain A was matched to genetic sequences from two patients with symptom onset on 26 and 27
December 2019, respectively. One of those individuals lived in the dense urban core of Wuhan,
near the Hankou Station as well as the Huanan Market, and the other was staying at a hotel in
that vicinity.”” *" 12 In addition, Strain A was matched to one swab sample from the Huanan
Market on 01 January 2020, namely, a pair of gloves at a shop on Street 7 in the west wing of the
market.?® There is no evidence that this viral strain was circulating in Wuhan prior to the last
week of December 2019.

e Strain B was matched to all 12 genetic sequences from patients linked to the Huanan Market,
eight of whom had symptom onset by 20 December 2019, including the earliest linked case of
the shrimp vendor who had confirmed COVID-19 symptoms by 13 December.”® Strain B was
also matched to two of the three swab samples collected from that market.?® These data would
reasonably be viewed as supporting the premise that this viral strain was already circulating
widely by mid-December 2019.

To alleviate that inconsistency, some analysts have conjectured that zoonotic spillover occurred on two
distinct occasions, i.e., strains A and B were both circulating in an intermediate host, but the
transmission of strain B to humans occurred a few weeks before the transmission of strain A. Using
a complex statistical framework, Pekar et al. (2022) assessed the number of spillovers and reported
a Bayes factor of 62 that conveyed very strong evidence for the dual spillover scenario.**® However,

) 457

a subsequent erratum revised that Bayes factor to 4.3 (moderate evidence).™’ And the correction of

further modelling errors produces a Bayes factor below unity, indicating that the observed data on strains

A and B are not sufficient to determine the number of zoonotic spillover events,*® %

Moreover, the scenario of dual zoonotic spillovers requires “the sustained presence of a potential source
of Virus transmission into the human population in late 2019.”*' But such an outcome seems inconsistent
with the fact that raccoon dogs are solitary wild animals and were only trapped and sold sporadically
by a few shops at the Huanan Market, with mean sales of about one raccoon dog per day. It is unclear
how such an intermediate host could generate the spillover of two distinct strains of SARS-CoV-2
within just a few weeks. The hypothesis of an accidental lab leak does not impose
any such constraints and hence seems favored by the principle of Occam’s razor.**
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Table 14: Probit Analysis of RT-qPCR Samples from the Huanan Market

Distance to Nearest

Gelman-Rubin Raccoon Dog Shop Deviance
Convergence Information log Marginal Bayes
Model Criterion (R) Estimate 95% CI1 Criterion Likelihood Factor
Hypothesis A
(accidental lab leak) 1.0 o o 1135.24 -39.28
3.19
Hypothesis Z 1.0 467 -12110230 11635 -60.43

(zoonotic spillover)

Note: This table reports on probit analysis of RT-gPCR samples that the China CDC collected at the Huanan Market in
early 2020. Under Hypothesis A, the probit model only includes an intercept, i.e., all shops have the same probability of
a positive assay reading. Under Hypothesis Z, the probit model also includes each shop's distance to the nearest seller of
raccoon dogs. For each hypothesis, the second column indicates the maximum value of the Gelman-Rubin convergence
criterion (Rc) across the parameters of that model; the third and fourth columns report the coefficient estimate and 95%
coverage interval for the distance of each shop from the nearest raccoon dog seller; the fifth column indicates the
Deviance Information Criterion (DIC), which is minimized for the preferred model; the sixth column indicates the log
marginal likelihood of each model; and the final column indicates the Bayes factor, i.e., the odds for Model A relative to
Model Z. See the Supplementary Materials for further details.

5.7 Spatial Analysis of RT-qPCR Results

The two alternative hypotheses have divergent implications for the spatial pattern of RT-qPCR readings
at the 135 Huanan Market shops where swab samples were collected. Under the zoonotic spillover
hypothesis, the shops selling wildlife mammals were the epicenter of the pandemic, and hence the
probability of a positive assay should be highest in the vicinity of those shops. In contrast, the accidental
lab leak hypothesis indicates that the virus came from outside the market and hence the probability of
a positive assay should be unrelated to the distance from wildlife mammal vendors.

Thus, the probabilistic framework can be expressed as follows:
(8)  Prob[PCR; =1] ~ f(RD))

where the indicator PCR; = 1 for a positive assay and PCR; = 0 for a negative assay; the explanatory
variable RD; denotes the distance of stall j from the nearest shop selling raccoon dogs, and the index
j=1..,135.

Under hypothesis 4, the probit model only includes an intercept, i.e., all shops have an equal probability
of a positive RT-gPCR reading. Under hypothesis Z, the probit model also includes
each shop’s distance to the nearest raccoon dog vendor (as shown in Figure 16). The priors for the model
parameters are specified as diffuse. Each model is estimated using a Bayesian procedure with
10 MCMC chains, with 20,000 iterations per chain and burn-in of 10,000 observations. Convergence
of the MCMC algorithm is verified when the Gelman-Rubin criterion (R.) is less than 1.10.

As reported in Table 14, the probit analysis indicates that the spatial distribution of the RT-qPCR data
is more consistent with hypothesis A4 than with hypothesis Z. The probability of a positive assay reading
is not significantly related to the distance from raccoon dog vendors: The 95% coverage interval for
that coefficient spans both positive and negative values. The Bayes factor indicates odds of about 3:1
in favor of hypothesis A relative to hypothesis Z.
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Similar results were obtained using several alternative formulations of the probabilistic framework:
(1) measuring each shop’s distance from a specific vendor (located on Street 6, stalls 29 to 33) where
the China CDC found the highest levels of raccoon dog mtDNA as well as positive RT-qPCR results;
(i1) the inclusion of a binary indicator to distinguish the effects at shops in the East vs. West buildings;
(iii) alternative specifications of the prior density; (iv) the use of logit rather than probit; and (v)
estimation of the model using maximum likelihood rather than Bayesian MCMC. Detailed results are
provided in the Supplementary Materials.

These results are markedly different from the conclusions of Worobey et al. (2022), which identified
the wildlife mammal vendors at the Huanan Market as the epicenter of the COVID-19 pandemic.?’
However, that study only considered the frequency of positive RT-qPCR readings and did not
incorporate any information from negative readings. Consequently, its conclusions essentially reflected
the extent to which the China CDC’s sampling concentrated on the area of the market where wildlife
shops were located. That sampling bias is mitigated by assessing the relative proportion of positive vs.
negative assay readings. In fact, as shown in Figure 16, the spatial distribution of the relative incidence
of positive RT-qPCR readings was not centered on the market shops where raccoon dogs and other
wildlife mammals were being sold.

Nonetheless, a Bayes factor of about 3.2 cannot be viewed as decisive in weighing the two competing
hypotheses. As indicated in Table 2 above, a Bayes factor of this magnitude should merely be viewed
as equivalent to “anecdotal” evidence in favor of hypothesis 4, reflecting the fact that this analysis
involves a relatively small set of datapoints, namely, the 135 assay readings obtained after the Huanan
Market was closed. In effect, the spatial analysis of the RT-qPCR data draws on far less information
than the spatiotemporal analysis of confirmed vendor cases.

5.8 Spatiotemporal Analysis of Vendor Cases

The spatiotemporal analysis of vendor case data is conducted using a Bayesian framework in which the
probability of a new case occurring at a specific shop at a particular time period is associated with the
spatial and temporal characteristics of that location, e.g., its distance from prior vendor cases or wildlife
mammal vendors. A total of 30 vendors were confirmed COVID-19 cases, including three vendors at a
shop near the center of the west wing and two vendors at another shop in the northeast corner of that
building.?® The analysis reported here only includes the earliest case for each of those clusters, because
the statistical framework is not well suited for modelling viral spread among vendors within a single
market shop.

This analysis is conducted using digitized data from the maps in the Annex of the WHO 2021 Report,
which showed the shops at which confirmed vendor cases had occurred as of four specific dates: 13
December, 20 December, 27 December, and 31 December 2019.%° Thus, the temporal dimension of the
analysis comprises those four time periods, and the spatial dimension consists of 735 spatially distinct
shops at which vendors were employed. The market had a total of 678 operators, each of whom managed
a primary shop that often spanned multiple contiguous stalls, and some operators also managed an annex
shop that was not contiguous to their primary shop; in this analysis, each of those annexes is treated as
a distinct shop.?’ The analysis excludes 49 vacant stalls, nearly all of which were in the east wing of the
market.?! See the Supplementary Materials for further details.
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As with the data on early COVID-19 cases in Wuhan, both positive and negative observations may
provide significant information, and hence the probit model is well-suited for analyzing these data.
In particular, the two competing hypotheses can be distinguished as follows:

e  Hypothesis A. Under this hypothesis, the SARS-CoV-2 virus “came into the market before
it came out of the market.” Consequently, the early vendor cases would have been infected
elsewhere, such as a restaurant on the fringes of the Huanan Market. Subsequent vendor cases
would reflect contagion from other local residents (given that many vendors lived in that
neighborhood) or transmisssion among vendors within the market itself. As in standard models
of infectious disease transmission, the likelihood of such infections would be highest for vendors
in shops at shorter distances from those of prior vendor cases.

e  Hypothesis Z. Under this hypothesis, the “sustained presence” of infected wildlife mammals at
the Huanan Market was the source from which the SARS-CoV-2 virus was transmitted into the
human population.?! Consequently, the spread of the virus within the market would be initially
concentrated in the vicinity of those shops and then spread outwards to vendors in other parts
of the market. This spatiotemporal pattern would be most apparent for the earliest cohorts of
vendor cases and then wane as the incidence of market infections subsided in late December.

In particular, the implications of Hypothesis 4 can be expressed as follows:
9 Probly;; = 1]~ fa:(dist_nearest_case;;_; )

where the discrete dependent variable y; = 1 if a vendor at shop 7 had onset of COVID-19 symptoms
during time period ¢ and y; = 0 otherwise. The principal explanatory variable is the distance of shop i
from the nearest shop at which a vendor had onset of COVID-19 symptoms in the prior period #-1. The
probit function f,; has a time subscript that denotes the inclusion of time-specific intercepts
and slope coefficients. The time-specific intercepts allow for temporal variation in the market-wide
probability of new cases, which would presumably reflect the rising incidence of cases in the local
community to whom market vendors might be exposed. The time-specific slopes allow for temporal
variation in the transmission of the virus from vendors working at nearby shops.

Conversely, the implications of Hypothesis Z can be expressed as follows:
(10)  Probly; = 1]~ fz.(dist_nearest_raccoon_dog_seller; )

For this hypothesis, the principal explanatory variable is the distance of shop i from the nearest shop
where raccoon dogs were sold. This probit function f; ; also includes time-specific intercepts and slope
coefficients. The time-specific intercepts allow for temporal variation in the market-wide probability of
new cases, which might simply reflect the relative proportions of market vendors who were susceptible
to infection as distinct from those who had already been infected by the wvirus.
The time-specific slopes allow for temporal variation in the ongoing transmission of the virus owing to
the sustained presence of infected animals at the market.
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Table 15: Probit Analysis of Confirmed Vendor Cases at the Huanan Market

Gelman-Rubin Distance Coefficient Devianc.e log
Convergence Information Marginal Bayes
Model Criterion (R;) Indicator Estimate 95% CI Criterion Likelihood Factor
. distance
Hypothesis A 1.003 tonearest  -12.1  -26.6t0-1.95  273.5 -125.45
(accidental lab leak) .
prior case
distance 11.95
Hypothesis Z 1002 OS54l 13810139 2746 -127.92
(zoonotic spillover) racoon dog
seller

Note: This table reports on probit analysis of confirmed COVID-19 vendor cases at the Huanan Market in Dec. 2019. Under
Hypothesis A, the probit model includes each shop’s distance to the nearest case with symptom onset occurred
during the preceding time period. Under Hypothesis Z, the probit model includes each shop's distance to the nearest shop
where raccoon dogs were sold. Each model is estimated using 2,105 observations (735 shops x 3 time periods). For each
hypothesis, the second column indicates the maximum value of the Gelman-Rubin convergence criterion (Rc) across the
parameters of that model; the third column indicates the distance indicator, the fourth and fifth columns report the
coefficient estimate and 95% coverage interval for that distance indicator; the sixth column indicates the Deviance
Information Criterion (DIC), which is minimized for the preferred model; the seventh column indicates the log marginal
likelihood of each model; and the final column indicates the Bayes factor, i.e., the odds for Model A relative to Model Z.
Both models incorporate time-specific effects and time-specific slopes. See the Supplementary Materials for further details.

As reported in Table 15, the probit analysis indicates that the spatiotemporal distribution of confirmed
vendor cases is more consistent with hypothesis 4 than with hypothesis Z. The probability of a
confirmed case at any particular market shop is inversely related to that shop’s distance from the nearest
case in the preceding time period; the 95% coverage interval for that coefficient is relatively wide but
excludes zero. By contrast, the probability of a confirmed case at any particular shop is not significantly
related to the distance from raccoon dog vendors, i.e., the 95% coverage interval for that distance
coefficient spans both positive and negative values. The Bayes factor indicates odds of about 12:1 for
hypothesis A relative to hypothesis Z; as indicated in Table 2, this result is interpretable as “strong
evidence” for hypothesis A.

Similar results were obtained using several alternative formulations of the statistical framework:
(1) measuring each shop’s distance from the specific shop at the market where the China CDC
found the highest levels of raccoon dog mtDNA; (ii) alternative specifications of the prior density; (iii)
the use of logit rather than probit; and (iv) estimation using maximum likelihood rather than Bayesian
MCMC. See the Supplementary Materials for details.

These results are starkly different from the conclusions of Worobey et al. (2022), which identified
the wildlife shops at the Huanan Market as the epicenter of the COVID-19 pandemic.?' That study
followed a deterministic approach in estimating the centroid of cumulative vendor cases at the end
of December 2019 but did not incorporate any information about the temporal evolution of cases.
Evidently, the cumulative spatial pattern was strongly influenced by the cases in late December and
did not account for the fact that none of the earlier cases (i.e., symptom onset by 20 December)
were in the vicinity of shops selling live wildlife mammals.
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Figure 17: Spatiotemporal Analysis of Vendor Cases by Time Interval of Symptom Onset
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Note: This figure compares the implications of Hypothesis A (left column) and Hypothesis Z (right column) for the
spatiotemporal distribution of confirmed vendor cases at the Huanan Market, using the estimation results from the
statistical models described in Table 13. In each panel, the shading of each market shop indicates that model’s estimated
probability of a new confirmed vendor case occuring at that shop during that time interval, and each diamond indicates
that a new confirmed case actually occured at that shop during that time interval. Shops with significant quantities of
raccoon dog mtDNA are outlined in dark blue.
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Table 16: Bayesian Assessment of the Origins of Two Pandemics

SARS Pandemic COVID-19 Pandemic
Prior Odds of .
Accidental Lab Leak vs. Zoonotic Spillover 1'in 100 ol
Conditional Odds of .
Pandemic Outbreak in PRC 1in 100 230l
Conditional Odds of 1in 100 20to 1
Epicenter in Specified Location (Guangdong) (Wuhan)
Conditional Odds of .
Observed Spatiotemporal Pattern of Cases 1in 100 324101
Posterior Odds of 1 in 100 million 14,900 to 1

Accidental Lab Leak vs. Zoonotic Spillover

Note: This table provides a synopsis of Bayesian assessments of the origins of two pandemics, specified in terms of
the odds of accidental lab leak vs. zoonotic spillover. The origins of the SARS pandemic are discussed in the text of
section 6. For the COVID-19 pandemic, the priod odds are characterized in section 1.6, the odds of an outbreak in
PRC are characterized in section 2.3; the conditional odds of the outbreak occurring in Wuhan are characterized
in section 3.3, and the conditional odds for the observed spatiotemporal pattern of confirmed cases is given by the
product of the results given in Tables 10 and 15, i.e., the spatiotemporal pattern of cases in the core Wuhan area
with no known link to the Huanan Market, and the spatiotemporal pattern of vendor cases at Huanan Market shops.

6. Synthesis and Discussion

Since the onset of the pandemic, there have been recurring calls for scientific investigation of the origins
of the SARS-CoV-2 virus.'?> 19 213.461-465 1) early 2021, the director-general of the WHO underscored
the ethical imperative of identifying the origins of COVID-19, for the sake of those stricken by the
disease as well as mitigating the risk of a recurrence.**® However, subsequent progress towards that goal
has been hampered by the absence of a coherent statistical framework for addressing this intrinsically
complex question.

Thus, a fundamental objective of this study has been the formulation of a Bayesian framework that can
be used to assess the relative weight of the evidence for the two key hypotheses, that is, accidental lab
leak vs. zoonotic spillover. This approach facilitates a direct comparison of these two hypotheses, as
distinct from classical procedures that focus on testing a particular null hypothesis without specifying
any particular alternative. Moreover, the various dimensions of the data can be represented in terms of
several conditional Bayes factors, thereby facilitating the transparency of the statistical evaluation. The
overall weight of the evidence is expressed by the posterior odds ratio, which is the product of the
conditional Bayes factors multiplied by the prior assessment of odds.

Of course, Bayesian analysis does not necessarily provide a definitive conclusion; the results will be
inconclusive if the available evidence is not sufficient to distinguish between competing hypotheses.
For example, some data might provide support for one hypothesis whereas the rest of the data points to
a different hypothesis. In that case, some conditional Bayes factors would be greater than 1 while the
remaining factors would be less than 1, and hence the combined product of these factors would be close
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to unity, i.e., the evidence was not very informative, and hence the posterior odds would be roughly the
same as the prior odds—an outcome very different from the findings of this paper.

The statistical framework used in this study has decomposed the overall Bayes factor into four
conditional components: (1) the likelihood that PRC would be the epicenter of the pandemic; (2) the
likelihood that the epicenter would be located in Wuhan, conditional on its occurrence in PRC; (3) the
likelihood of observing the spatiotemporal pattern of confirmed COVID-19 cases with no known link
to the Huanan Market, conditional on the outbreak taking place in Wuhan; and (4) the likelihood of
observing the spatiotemporal pattern of confirmed vendor cases within the Huanan market itself.

The results of this analysis are shown in Table 16. The posterior odds of about 14,900:1 indicate
an overwhelming degree of support for the hypothesis that the COVID-19 pandemic originated from an
accidental lab leak rather than zoonotic spillover. Those odds are computed using flat priors (1:1), but
the results would decisively support the accidentical lab leak hypothesis even if the prior odds were
strongly tilted towards zoonotic spillover.

Moreover, this conclusion is not sensitive to the specific details of the statistical analysis, because all
four conditional Bayes factors favor the hypothesis of an accidental lab leak. The product of the first
two factors is 46:1, i.e., the fact that Wuhan was the epicenter of the pandemic is interpretable as “very
strong” evidence for the accidental lab leak hypothesis. The product of the last two factors
is 324:1, indicating that the spatiotemporal pattern of unlinked and vendor cases is interpretable
as “extremely strong” evidence for this hypothesis. In effect, the coherence of all four conditional
Bayes factors may be viewed as providing further confirmation for the robustness of this conclusion,

2

analogous to the adage that “the whole may be greater than the sum of its parts.

6.1 Comparison of the SARS vs. COVID-19 Pandemics

As shown in Table 16, this Bayesian framework can also be used to assess the origins of the SARS
pandemic. Such an assessment clearly shows that this framework is not intrinsically skewed towards
either hypothesis and hence serves as a useful cross-validation of the analysis as well as highlighting
some key differences between the SARS outbreak and the COVID-19 pandemic.

Prior Odds. Prior to the outbreak of SARS in 2002, only two strains of human coronavirus had been
identified (HCoV-229E and HCoV-OC43), both of which are generally associated with the mild
symptoms of a common cold.**” A complete genetic sequence had only been produced for one of those
coronaviruses (HCoV-229E), which was later classified as an alphacoronavirus whose genome differs
markedly from that of betacoronaviruses such as SARS and whose lineage likely diverged about 5000
years ago.””* Moreover, genetic analysis of viral RNA was still costly and highly labor-intensive,
requiring reverse transcription into complementary DNA, insertion into vector plasmids, and replication
in bacterial cultures.*®**7° Thus, at around the turn of the century, the risk of a catastrophic lab leak was
largely associated with research on existing diseases or toxic substances, not the production of a novel
viral chimera.

By contrast, during the decade of the 2010s genetic analysis was revolutionized by the CRISPR-Cas9
gene editing system, whose creators received the Nobel Prize in Chemistry in 2020.*”" This system
provides a simple, precise, and cost-effective method of inserting or deleting nucleotide sequences
at specific positions within a genome and is commonly referred to as “genetic scissors.””*’> 47
CRISPR-Cas9 can be used directly with DNA viruses such as HIV and hepatitis C and can be applied
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to complementary DNA of RNA viruses.*’**”” Alternative methods such as CRISPR-Casl3 were
developed to facilitate the direct editing of RNA sequences.*’”® By 2019, researchers had produced
chimera from human and animal strains of coronavirus, including HCov-229E and MERS.?¢" 479481
Thus, the marginal likelihood of catastrophic lab leak would plausible be far higher at that time than at
the turn of the century, whereas the likelihood of zoonotic spillover might not have changed markedly
over that timeframe. Consequently, the prior odds would strongly tilted towards a zoonotic source for
the SARS pandemic, whereas flat priors may be reasonable as a baseline specification for analyzing the
COVID-19 pandemic.

Location in PRC. At the time of the SARS outbreak, the PRC had not yet emerged as a leader in research
on bat viruses. The PubMed database indicates that the term ‘“coronavirus” was used in
1,975 papers published between January 1990 and December 2002, but only two of those papers
were coauthored by individuals affiliated with PRC institutions; see the Supplementary Materials
for further details.?'” Thus, even if a catastrophic lab leak had occurred at around that time, the marginal
likelihood of its occurrence in PRC would have been miniscule.

In contrast, scientific research on coronaviruses burgeoned worldwide and in the PRC in the wake
of SARS. The PubMed database indicates that the term “coronavirus” was used in 9,533 papers
published between January 2003 and December 2019, of which 2,020 papers (about 22%) were
coauthored by researchers with PRC affiliations.?'” In early 2018 the WHO’s blueprint for R&D
prioritization identified a novel “Disease X”, characterized as a virus most likely to emerge from a
zoonotic source.****¢ During 2019 PRC authorities urged research labs to intensify their efforts along
these lines, even though such research was generally being conducted under limited biosafety standards
(BSL-2). Thus, the marginal likelihood of an accidental lab leak occuring in PRC was far higher than
at the time of the SARS outbreak, whereas there was no notable change in the marginal likelihood of a
zoonotic outbreak in PRC. As indicated in Table 16, the conditional odds of an accidental lab leak
shifted from 1:100 for SARS (“extremely unlikely”) to about 2.3:1 for COVID-19.

Specific Location of Outbreak. As of 2002, Guangdong Province had no major biological research
institutions; its state key laboratories in genomics and respiratory diseases were not established until
2007.** Thus, at the time of the SARS outbreak, the marginal likelihood of a catastrophic lab leak in
Guangdong was miniscule relative to other PRC locations with more advanced research facilities.

By contrast, in 2019 Wuhan was a paragon of bat viral research, but major labs elsewhere in PRC were
also engaged in such research.*®® Experiments with chimera viruses were typically conducted at modest
biosafety standards (BSL-2) that were comparable to those of a dental office.' °% !¢ 24
In 2019 WIV officials specifically prioritized research on a “fransmissible infectious disease caused by
a novel coronavirus originated from bats” and indicated that the WHO blueprint for Disease X
had “prompted us to accelerate our efforts...against divergent human coronaviruses and SARS-related
coronaviruses. ¥ Thus, under the hypothesis of an catastrophic lab leak in PRC during late 2019,
the foregoing analysis indicates a marginal likelihood of 20% that it would be located in Wuhan.

As for the marginal likelihood of zoonotic spillover, the trade and consumption of wildlife mammals in
Guangdong was characterized as “booming” over the period preceding the SARS pandemic.”® Masked
palm civets were the most popular species of exotic mammal sold at restaurants in southern China;
about 500 civets were observed for sale at a single market in Guangzhou in late 2001.%®

The provincial authorities had recently begun tightening the enforcement of wildlife regulations,
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Figure 18: Locations of SARS-Related Bat Viruses and Wildlife Trade Routes
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Note: This map shows wildlife trade routes, locations of SARS-related bat viruses, and major urban areas in PRC.
Specifically, the squares and diamonds denote specific locations in PRC and southeast Asia where researchers have
collected bat specimens and identified viruses with very high genetic similarity to SARS-CoV and SARS-CoV-2,
respectively. The green arrows denote the principal domestic and cross-border routes used for transporting live
wildlife animals for human consumption. The circles denote urban areas with population > 5 million in 2020,
using U.N. Population Division estimates, and the radius of each circle denotes its relative population size. See the
Supplementary Materials for further details.

but conditions at such markets were still characterized as “appalling”, with animals packed into tiny
spaces with no basic care for open wounds or infections.”®

Figure 18 shows the domestic and cross-border trade routes that were used for transporting live wildlife
animals to southern China from the early 1990s through 2019; all of those wildlife trade routes
culminated in Guangdong.’” %% 310- 4990494 The figure also indicates the specific sites in Yunnan and in
northern Vietnam where researchers have identified bat viruses with high genetic similarity to the
SARS-CoV virus.'® 110247493 Notably, all of those sites are very close to major wildlife trade routes,
and the Vietnamese border is only about 500km from the Guangdong municipalities where the earliest
SARS cases were identified.

Consequently, the marginal likelihood of a zoonotic spillover in southern China was non-negligible in
the early 2000s and surely far greater than the marginal likelihood of an accidental lab leak. Thus, Table
16 characterizes this conditional odds ratio for SARS as 1:100, i.e., the scenario of a lab leak
in southern China was “extremely unlikely” relative to the hypothesis of a zoonotic spillover.

By contrast, as of fall 2019 only small numbers of wildlife mammals were being sold at Wuhan markets,
with total citywide sales per day averaging about 11 hedgehogs, 5 hares, 1 bamboo rat,
1 red fox, and 1 raccoon dog, with even less frequent sales of other exotic mammal species.”’ Moreover,
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as shown in Figure 18, Wuhan did not serve as a hub or waypoint for any of the major wildlife trade
routes that prevailed from the 1990s until the onset of the COVID-19 pandemic.

Indeed, there is no apparent reason that the likelihood of a zoonotic spillover in Wuhan in late 2019
would have been any higher than in any other location in PRC, and hence this likelihood may reasonably
be judged at around 1%, i.e., the ratio of Wuhan’s population relative to the national total. This marginal
likelihood is markedly smaller than that of a catastrophic lab leak in Wuhan, and hence this conditional
odds ratio is assessed at about 20:1 for the COVID-19 pandemic—nearly the inverse of the
corresponding odds ratio for SARS.

This assessment is underscored by the geospatial data shown in Figure 18. The bat viruses with high
genetic similarity to SARS-CoV-2 have been identified from specimens collected in Yunnan province
and from other southeast Asian locations.'?- 3220349547 Those studies indicate that a bat virus from the
Vientiane province of Laos is the closest known relative to SARS-CoV-2.4%% However, but the
distance from that location to Wuhan is nearly 2000km. If the zoonotic spillover occured there, then
why were the earliest confirmed cases of COVID-19 identified in Wuhan rather than in Guangdong or
some other major urban center of PRC?

Spatiotemporal Distribution of Cases. During the SARS pandemic, the patttern of confirmed cases
pointed clearly to a zoonotic spillover. For example, the earliest cases included a cook, waiter, and
customer at a restaurant where palm civets were held in wire cages prior to being consumed.’®
Restaurant chefs and others handling wildlife animals for human consumption accounted for 39% of
confirmed SARS cases.”” A serology study found anti-SARS antibodies in 40% of wildlife animal
traders and only 5% of vegetable vendors.® Live virus was identified in 100% of samples collected
from palm civets and raccoon dogs at a particular food market, with a 99.8% genetic match to samples
of SARS from human patients. Independent outbreaks occurred at multiple locations in late 2002 and
early 2003, consistent with repeated instances of zoonotic spillover.”” Subsequent analysis identified
a cluster of asymptomatic SARS-like infections in spring 2001, indicating that viral strains had
undergone substantial evolution prior to the onset of the pandemic.”.

By contrast, none of those patterns were evident at the onset of the COVID-19 pandemic. The Wuhan
CDC identified 176 early cases (symptom onset by 31 December 2019), including 5 farmers and
30 vendors at the Huanan Market, none of whom were engaged in the sale of wildlife mammals. During
the period of 7-18 January 2020, the China CDC collected tissue samples from raccoon dogs and other
mammals (including bats) that were captured in the rural aras of Wuhan by local traders who had
previously been trapping them for sale at the Huanan Market, but SARS-CoV-2 was not found in any
of those samples.*”® Subsequent surveillance did not find SARS-CoV-2 in any farmed
or wild animals anywhere in PRC.*** 32> 3! Spatiotemporal analysis of the case data indicates a
conditonal odds ratio of 369:1, which can be interpreted as “extremely strong” evidence in favor
of the accidental lab leak hypothesis relative to the hypothesis of zoonotic spillover.
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Table 17: Comparing the Receptor Binding Domain in SARS-CoV-2 vs. Two Bat Viruses

Position of Codon in Spike Gene
448 453 458 463 468 473 478 483 488 493 498 503

SARS-CoV-2 NYNYL YRLFR KSNLK PFERD ISTEI YQAGS TPCNG VEGFN CYFPL QSYGF QPTNG VGYQP

BANAL-S2 . tiiee teeee sosee sosse sosse sasss sasss sseee seses Heeeeo cccee

(Vientiane, Laos)

RaTG13

(Yunnan’PRC) e[ feee oce0eee o Aoee oc0cee ccc0ee ccoce KO'.'QT'L' eeYeoeo YReeoee Yoo )e coeoo

Note: This table indicates the sequence of amino acids for the core region of the receptor binding domain (RBD) of the
ancestral strain of SARS-CoV-2 (sequence Wuhan-Hu-1) compared to two bat viruses. RaTG13 was collected in Yunnan
Province in 2013 (Genbank ID: MN996532), and BANAL-52 was collected in the Vientiane Province of Laos in 2020 (Genbank
ID: MZ937000). Each column refers to a specific position in the spike gene of SARS-CoV-2, and each letter
denotes the codon for a specific amino acid (N = asparagine, Y = tyrosine, etc.). For SARS-CoV-2, the green bold letters
denote the amino acids in the RBD that have been identified as critical for binding to the human ACE-2 receptor. For each
bat virus, a bullet (*) indicates that the amino acid at that position is identical to that of SARS-CoV-2, whereas a letter indicates
a different amino acid at that position, and bold purple denotes differences at positions that are critical for the
functioning of the RBD in SARS-CoV-2.

6.2 Limitations of the Analysis

The analysis in this paper is subject to a number of substantive limitations, each of which warrants
further research that will provide additional clarity about the origins of the COVID-19 pandemic.

Other Types of Viruses. Both of the specific origin hypotheses considered in this paper are framed
in terms of a bat-related coronavirus, reflecting the fact that the genome of SARS-CoV-2 is highly
similar to other strains of betacoronavirus that originated in bats. Thus, the statistical analysis
in Sections 2 and 3 has been focused on assessing the geospatial distribution of bat families and
locations of bat viral research laboratories. Nonetheless, this focus should not be interpreted as
downplaying the risk that the next pandemic could involve a different type of virus such as influenza.
Indeed, as noted above, the Spanish flu was the most catastrophic pandemic of the 20" century.

Genetic Analysis. The Bayesian framework of this paper has focused on assessing conditional odds
using spatiotemporal and zoonotic data, whereas the implications of genetic analysis have been confined
to the specification of the prior odds. However, Bayesian analysis can also be applied to genetic data to
elucidate the odds of the extraordinary chararacteristics of SARS-CoV-2 arising under each of the two
origin hypotheses, i.e., the accidental leak of a lab-produced chimera vs. zoonotic transmission from a
host animal. Several distinct sources of data are relevant for such analysis:

o  Comparisons to other Bat Viruses. In early 2020, WIV reported that SARS-CoV-2 exhibited
similarity of 96.1% to a bat virus (RaTG13) that had been collected in 2013 at a location inYunnan
province.'”” From July 2020 to January 2021, an international team collected and sequenced bat
viruses from several locations in Laos and identified one virus (BANAL-52) with somewhat
higher similarity of 96.8% to SARS-CoV-2.* Moreover, as shown in Table 17, the core region
of the RBD of BANAL-52 virus is nearly identical to that of SARS-CoV-2, whereas the

corresponding region of RaTG13 diverges at five of the six critical positions.**® %
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Comprehensive surveys of bat viruses have not identified any viruses anywhere in PRC with
greater similarity to SARS-CoV-2.%3%%78

e  Pre-Pandemic Evolution. Researchers have compared the genetic sequence of SARS-CoV-2 to a
wide range of bat viruses with the aim of identifying point mutations and recombination events
and estimating the timing of its evolutionary divergence from other bat viruses.?*>***°7 One such
study used Bayesian methods and concluded that the SARS-CoV-2 virus diverged from RaTG13
several decades ago.'”” However, such analysis has generally been conducted under the
assumption of a zoonotic origin, but such approaches should be used to assess and compare the

odds of both origin hypotheses, > 49308510

e  SARS-CoV-2 Evolution Since 2020. The SARS-CoV-2 virus spread worldwide during 2020-21
and infected more than 1 billion people by the time that the Omicron variant was identfied in
November 2021; the virus likely underwent about 50 billion replication cycles over that time
interval.”'"*"* Genetic analysis of omicron variant BA.2.76 found similarity of 99.7% to the
ancestral strain of SARS-CoV-2 (Wuhan-Hu-1), with nearly all of the mutations involved a single
nucleotide substitution or deletion, and none involving more than two consecutive nucleotides.

This finding underscores the efficacy of the coronaviral proofreading system

in minimizing replication errors but may also reflect the extent to which the ancestral strain

516-519

of SARS-CoV-2 was already very well adapted to humans.

e Bat Viral Genomic Data. Prior to the pandemic, WIV maintained a password-protected database
of about 16,000 samples of bat viruses, most of which had been collected and sequenced by WIV
researchers for work that had not yet been published, and hence those genetic sequences had not
yet been uploaded to any public databases such as Genbank or GISAID; this WIV database was
taken offline in early 2020 due to concerns about potential security breaches. 6244246254

The China CDC has released detailed information about its environmental sampling at the Huanan
Market, including all of the raw genomic data from its high-throughput processing and analysis.
Likewise, comprehensive surveys of bat species and bat-related viruses in PRC have been published in
international journals. Along similar lines, it would now be ideal for PRC authorities to disseminate all
of the pre-pandemic genomic data that was stored or produced at Wuhan research labs, which could

facilitate further systematic assessment of both origin hypotheses.**% %!

Nonetheless, genomic data may not provide definitive conclusions about the origins of SARS-CoV-2.
It is evident that the virulence of this virus was not optimized using complex numerical algorithms or
extensive serial passaging in cell cultures.'? If SARS-CoV-2 was indeed created as an artificial chimera,
then it may have been produced in lab experiments conducted by a single graduate student or
postdoctoral researcher.’**>** Such research could be conducted using routine methods and off-the-shelf
lab materials in conjunction with the genomic data on bat viruses (such as RaTG13) that were stored in
internal WIV databases. Such experiments could have been conducted with little or no supervision and
practically no electronic records apart from a single workstation.

Moreover, if SARS-CoV-2 originated in a research laboratory, then the initial infections would almost
certainly have been invisible, because severe SARS-CoV-2 infections are extremely rare for healthy
younger adults (ages 20-39).% %% 3% Once the virus began spreading more widely, all evidence of its
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origins would have been promptly deleted so that WIV officials and other investigators could find no
indication of its existence in any internal WIV databases.*****

COVID-19 Case Data. The statistical analysis in Sections 4 and 5 uses data on confirmed COVID-19
cases that were identified by the Wuhan CDC. One notable limitation of those data is that all of the
confirmed cases with symptom onset in December 2019 were hospitalized patients, because RT-PCR
tests for the live SARS-CoV-2 virus were not yet available.*®> Consequently, the probit analysis reported
here only elucidates the spatiotemporal characteristics of severe COVID-19 cases that required
hospitalization. However, a high proportion of SARS-CoV-2 infections are mild or asymptomatic, and
hence it is likely that several thousand Wuhan residents were infected with the virus by the end of
201920 363365, 378. 385 Thyg it would be ideal to extend this analytical framework to provide further
insights about the spatiotemporal pattern of all early SARS-CoV-2 infections, not just the most severe
cases. Moreover, the PRC authorites could facilitate such research by releasing de-identified data for
all confirmed cases with symptom onset in 2019, including each individual’s age, sex, and location of
residence and employment.

The COVID-19 case data may also exhibit underascertainment of severe COVID-19 cases,
notwithstanding the Wuhan CDC’s intensive review of hospital records and other information.
As in many locations worldwide, such underascertainment could reflect instances in which an individual
succumbed to COVID-19 without having been hospitalized and with no post-mortem analysis.’
Bayesian analysis of serum samples collected in spring 2020 indicates that Wuhan’s infection fatality
ratio (IFR) was 0.23% (CI: 0.19-0.26%), and epidemiology studies indicate that about two-thirds of
COVID-19 fatalities occured within 14 days of symptom onset during the first wave of the pandemic >
7.524.525 Based on those data, there may well have been 50+ COVID-19 fatalities in Wuhan during
December 2019, only a few of whom were hospitalized and hence considered by the Wuhan CDC’s
epidemiological investigation.

Nonetheless, these limitations of the COVID-19 case data may not have material implications for the
key findings of this paper. The spatiotemporal analysis in Section 4 indicates that the incidence of early
cases on the southeast bank of Yangtze River — the area where bat viral research laboratories were
located — was markedly higher than what would be predicted solely from population density and
distance from the dense urban core of Wuhan, and that result might well be strengthened by the inclusion
of additional cases that were not considered during the Wuhan CDC’s investigation. Likewise, the
findings of Section 5 would be unlikely to be overturned by further information about vendor cases at
the Huanan Market, because those cases were scrutinized by the Wuhan CDC and in the China CDC’s
analysis.”

Zoonotic Hosts. The genetic data from the China CDC’s environmental surveillance is invaluable for
identifying the location of shops at the Huanan Market where wildlife mammals were sold.”® However,
such data do not indicate the number of animals of each species that were being sold by each individual
shop during the final months of 2019. Ironically, such information was collected for a monthly survey
of wildlife sales at Wuhan markets, but that study only reported citywide averages over the full survey
period (May 2017 to November 2019), and its supplementary materials did not include any market-
specific or chronological data.?” With the passing of nearly four years after the publication of that article,
it would be ideal for its authors to now post all of the relevant underlying data. It would also be helpful
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to conduct a systematic study of viral transmission in each of those species using the ancestral strain of
the virus (Wuhan-Hu-1).%%

Alternative Locations of Zoonotic Spillover. The analysis in Sections 4 and 5 above has focused
on a zoonotic spillover from wildlife mammals at the Huanan Market. However, further research could
consider alternative scenarios in which SARS-CoV-2 originated elsewhere and was promptly
transmitted to residents in Wuhan, which would then have emerged as the location of the earliest

confirmed cases even though Wuhan was not actually the site of zoonotic origin. Several such locations
could be considered as plausible alternatives:

Yunnan Province. In 2015, WIV researchers collected serum samples from 218 individuals living
near the Yunnan caves where bat specimens were being collected, and a bat-related
viral strain was identifiied in six of those samples (2.7%) but not in any samples from Wuhan
residents (who served as the control group).'® '%% 1920 Unlike SARS or SARS-CoV-2, that
particular viral strain does not bind to the human ACE2 receptor, but the findings confirmed that
individuals living near bat caves have elevated levels of exposure to bat-related viruses. However,
experimental studies and phylogenetic analysis have uniformly concluded that bats could not
have been the direct zoonotic source of SARS-CoV-2.'7%27-283 Consequently, this scenario raises
a host of difficult questions. If a Yunnan resident had in fact been “patient zero”, what was the
intermediate animal host? Why was the virus transmitted to Wuhan instead of some other location
in PRC? And how was it transmitted to Wuhan (a distance exceeding 1500km) without leaving
any traces of its origin? An infected individual from rural Yunnan would presumably have
traveled to Wuhan on an intercity bus or train originating in Kunming (the province’s capital and
primary transportation hub) but there were no confirmed COVID-19 cases in Kunming or
anywhere else in Yunnan prior to 21 January 2020.>” Moreover, such modes of transportation
would be associated with a high rate of viral transmission to other passengers and hence
widespread dispersion of SARS-CoV-2 across southern and central PRC, rather than the observed
pattern in which all of the early cases were located in Wuhan itself.

Guangdong Province. During 2009-2013 researchers conducted surveillance in 12 Guangdong
districts where large numbers of wildlife animals were being sold at markets and restaurants.’
About two-thirds of the study participants reported having eaten wild animals, and nearly half
were employed in occupations involving meat preparation (hunters, butchers, and restaurant
workers); however, the incidence of SARS antibodies in each of those subgroups was not
statistically distinguishable from that of the general population, while antibodies to rodent-related
viruses (hanta and bunya) were somewhat more common in butchers than in other occupational
categories.”® Thus, these results do not indicate an elevated risk of bat-related viruses in
Guangdong during the timeframe that the surveillance was conducted. If the
SARS-CoV-2 virus did originate in Guandong, why was its dissemination markedly different
from that of SARS-CoV? Given that Guangdong is highly urbanized and densely populated, it
would seem likely that the earliest cases of COVID-19 would have been observed there rather
than in Wuhan. Consequently, the marginal likelihood of a zoonotic spillover in Guangdong
can reasonably be assessed as even lower than in Yunnan.
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o Southeast Asia. In many tropical areas of southeast Asia, consumption of wildlife animals
(“bushmeat”) is relatively common, and serology studies have found elevated incidence of
SARS-related viruses among bushmeat hunters as well as individuals working in bat guano
extraction and forestry-related occupations.’” > Thus, prior to the COVID-19 pandemic, the
incidence of bushmeat hunting was identified as a key factor in assessing the global distribution
of zoonotic bat viruses.”** As noted above, the virus (BANAL-52) whose genome is closest to
that of SARS-CoV-2 was extracted from bat specimens collected in Vientiane, Laos. However, a
serology study conducted in August-September 2020, encompassing Vientiane and four other
Laotian provinces, found “no evidence for significant SARS-CoV-2 circulation” as of that date.
Moreover, there is no apparent link between Vientiane and Wuhan (apart from bat viral research),
and hence it seems very unlikely that SARS-CoV-2 could have originated in Laos and been
promptly transmitted to residents in Wuhan without leaving any traces of its origin.

Scientific Epistemology. This study has not provided any systematic characterization of the evolving
views of public health officials or researchers regarding the origins of SARS-CoV-2, which would
necessarily encompass a wide array of public documents, articles, working papers, interviews, and
social media interchanges. Such a systematic review would be a substantive contribution to the field of
scientific epistemology and might well have practical implications for pandemic preparedness and crisis
management.>!>%*

At the onset of the COVID-19 pandemic, China CDC officials proceeded on the premise that the novel
virus had been transmitted from wildlife mammals, especially once it was confirmed that the novel virus
was closely related to SARS-CoV.'™ >** However, those officials subsequently realized
that this premise was not consistent with the incoming evidence: (a) SARS-CoV-2 was far more
contagious than what would be expected for a virus that had not yet circulated widely among humans;
(b) no trace of the virus was found in any animal samples from the Huanan Market; (c) no COVID-19
cases were found in wildlife traders or vendors; and (d) the earliest confirmed cases included a large
number of individuals with no known link to the Huanan Market.'®

Thus, in May 2020 the now-retired China CDC director explained: “At first, we assumed the seafood
market might have [produced] the virus, but now the market is more like a victim.”*® In a subsequent
BBC interview, that same official was asked about the scenario of an accidental lab leak and replied:

“Don t rule out anything.

Although the WHO 2021 Report characterized the hypothesis of an accidental lab leak as “extremely
unlikely”, the director-general of WHO contradicted that judgment at a press conference in July 2021,
stating that “there was a premature push to especially reduce one of the options like the lab theory...I
was a lab technician myself, an immunologist, and I have worked in the lab, and lab accidents happen.

It's common; I have seen it happening and I have myself had errors, so it can happen.”*%% 7%

Nonetheless, prominent researchers have downplayed or dismissed the hypothesis of an accidental
lab leak in journal articles, editorials, and media interviews. ! 135137, 538-545 pip example, in fall 2024
the Journal of Virology published an editor-endorsed commentary coauthored by 41 virologists and
entitled “The harms of promoting the lab leak hypothesis for SARS-CoV-2 origins without evidence”
which warned that “the resulting anti-science movement puts the research community, scientific
research, and pandemic preparedness at risk.”** It remains to be seen whether those views may be
reconsidered in light of the findings of the present study.
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Public Policy Implications. The foregoing analysis has focused on analyzing the likely origin of the

SARS-CoV-2 virus but has not considered any potential public policy implications for the regulation of

virology research or wildlife trade. In light of that analysis, however, it is evident that some key factors
associated with the risk of zoonotic spillover have been receding notably in recent years, whereas other

zoonotic risk factors remain elevated:

Culinary Use of Wildlife Mammals. In February 2020 the PRC adopted a permanent and

comprehensive ban on the farming, sale, and consumption of all terrestrial wildlife animals.>*’

Fur Farming. PRC fur farms produced 50 million pelts in 2018, about half of the global total,
but their production fell sharply to about 10 million pelts in 2023, roughly similar to the drop
in global volume of furs.>**** The price of a mink pelt (in inflation-adjusted U.S. dollars) fell by
about 75% from 2011 to 2023.' The European Commission is now actively considering
a complete ban on fur farming.*> These developments reflect public concerns about humane

treatment of animals as well as innovations in producing high-quality “faux fur” substitutes.’>*

Bat Guano. Small-scale farms use bat guano as an organic fertilizer in some regions of southeast
Asia and sub-Saharan Africa.”>* Apart from potential zoonotic risks, the effectiveness of bat
guano is limited by unpredictable composition and rapid decomposition and hence is rarely used
by larger and more productive farms.>>

Bushmeat. No comprehensive global data has quantified the incidence of bushmeat activities
(i.e., the hunting and sale of wild animals for human consumption), but systematic reviews
indicate that bushmeat is a substantial component of nutritional intake in tropical low-income
rural areas in Brazil, sub-Saharan Africa, and southeast Asia.”>® >’ Policies that foster sustained

economic development will be crucial for reducing dependence on bushmeat in those areas.’*®

By contrast, the revolution in genetic editing has continued at an extraordinary pace in recent years. For

example, the following innovations were described in peer-reviewed journals during 2024:

Click Editing> This method enables precise and programmable genome engineering from
simple DNA templates. The accompanying Nature Biotechnology briefing described it as
“well validated” and “akin to clicking and editing the text of a word processing document.”

Seamless Insertions.”® The CRISPR-Cas9 method is combined with the single-stranded
annealing repair pathway to faciliate the insertion of a genetic sequence at a specific location in
the genome without leaving any unwanted markers at the integration site.

Customized Coronavirus Receptors.”' This article demonstrates that functional viral receptors
can be engineered to match the receptor-binding domain (RBD) of a specific coronavirus.
Evidently, a similar approach could be used to produce a customized viral RBD that binds to any
specified receptor in a host cell.

CRISPRFKit.>%* This kit provides an inexpensive, safe, and user-friendly approach for introducing
CRISPR technology to high school students. CRISPR methods are routinely used by
undergraduate biology students, some of whom collaborate with graduate students and
postdoctoral researchers who are overseen by a more senior principal investigator.
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Further enhancements to the precision, ease, and cost-effectiveness of genetic editing will surely
continue over the next 5-10 years. Such technical enhancements may even be boosted by more complex
algorithms developed with the assistance of artificial intelligence and implemented with quantum
computing.

The analysis of this paper indicates extraordinarily high odds that the COVID-19 pandemic resulted
from an accidental leak of a viral chimera. But even if there were certainty that SARS-CoV-2 had
a zoonotic origin, the risks posed by chimera viruses will surely intensify over coming years. In benign
scenarios, such a leak could involve a mildly virulent chimera produced by a biology student without
adequate supervision or safeguards. However, far more adverse scenarios—perhaps involving hostile
actors working with low-cost equipment and supplies—cannot be dismissed. Moreover, unlike SARS-
CoV-2, such a viral chimera would not necessarily be most severe for older adults. The worst pandemic
in modern history—the Spanish flu—mainly caused fatalities in younger adults ages 18-39 years.%*7

Conclusion

It is extraordinarily difficult for anyone to be fully objective in considering a catastrophic event
that has caused millions of fatalities. Nonetheless, assessing the origins of the SARS-CoV-2 virus
is intrinsically a matter of analyzing and weighing observable facts, without influence from ideology or
geopolitics or conflicts of interest. However, progress towards this goal has been hampered by the
absence of a coherent statistical framework.

Thus, a key contribution of this study is the formulation of a Bayesian framework that can be used
to assess the relative weight of the evidence. This framework indicates an overwhelming degree of
support for the hypothesis that the COVID-19 pandemic originated from an accidental lab leak rather
than zoonotic spillover. This conclusion is not sensitive to the specific details of the analysis, because
each of the conditional Bayes factors points in the same direction. Nonetheless, such an important issue
cannot and should not be settled by any single academic study; further research is clearly warranted.
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