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Understanding how severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in 2019 is
critical to preventing zoonotic outbreaks before they become the next pandemic. The Huanan Seafood
Wholesale Market in Wuhan, China, was identified as a likely source of cases in early reports but later this
conclusion became controversial. We show the earliest known COVID-19 cases from December 2019,
including those without reported direct links, were geographically centered on this market. We report that
live SARS-CoV-2 susceptible mammals were sold at the market in late 2019 and, within the market, SARS-
CoV-2-positive environmental samples were spatially associated with vendors selling live mammals. While
there is insufficient evidence to define upstream events, and exact circumstances remain obscure, our
analyses indicate that the emergence of SARS-CoV-2 occurred via the live wildlife trade in China, and show
that the Huanan market was the epicenter of the COVID-19 pandemic.

On 31 December 2019, the Chinese government notified the
World Health Organization (WHO) of an outbreak of severe
pneumonia of unknown etiology in Wuhan, Hubei province
(1-4), a city of approximately 11 million people. Of the initial
41 people hospitalized with unknown pneumonia by 2 Janu-
ary 2020, 27 (66%) had direct exposure to the Huanan Whole-
sale Seafood Market (hereafter, “Huanan market”) (2, 5, 6).
These first cases were confirmed to be infected with a novel
coronavirus, subsequently named severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and were suffering
from a disease later named coronavirus disease 2019 (COVID-
19). The initial diagnoses of COVID-19 were made in several
hospitals independently between 18 and 29 December 2019
(5). These early reports were free from ascertainment bias as
they were based on signs and symptoms before the Huanan
market was identified as a shared risk factor (5). A
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subsequent systematic review of all cases notified to China’s
National Notifiable Disease Reporting System by hospitals in
Wuhan as part of the joint WHO-Chinese “WHO-convened
global study of origins of SARS-CoV-2: China Part” (hereafter,
“WHO mission report”) (7) showed that 55 of 168 of the earli-
est known COVID-19 cases were associated with this market.
However, the observation that the preponderance of early
cases were linked to the Huanan market does not establish
that the pandemic originated there.

Sustained live mammal sales during 2019 occurred at the
Huanan and three other markets in Wuhan, including wild
and farmed wild-life (8). Several of these species are known
to be experimentally susceptible to SARS-related corona-
viruses (SARSr-CoVs), such as SARS-CoV (hereafter, “SARS-
CoV-1”) and SARS-CoV-2 (9-1I). During the early stages of the
COVID-19 pandemic, animals sold at the Huanan market
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were hypothesized to be the source of the unexplained pneu-
monia cases (12-19) (data S1), consistent with the emergence
of SARS-CoV-1 from 2002-2004 (20), as well as other viral zo-
onoses (21-23). This led to the decision to close and sanitize
the Huanan market on 1 January 2020, with environmental
samples also being collected from vendors’ stalls (7, 12, 24)
(data S1).

Determining the epicenter of the COVID-19 pandemic at
a neighborhood- rather than city-level could help resolve if
SARS-CoV-2 had a zoonotic origin, similar to SARS-CoV-1
(20). In this study, we obtained data from a range of sources
to test the hypothesis that the COVID-19 pandemic began at
the Huanan market. Despite limited testing of live wildlife
sold at the market, collectively, our results provide evidence
that the Huanan market was the early epicenter of the
COVID-19 pandemic and suggest that SARS-CoV-2 likely
emerged from the live wildlife trade in China. However,
events upstream of the market, as well as exact circumstances
at the market, remain obscure, highlighting the need for fur-
ther studies to understand and lower the risk of future pan-
demics.

Results

Early cases lived near to and centered on the Huanan
market

The 2021 WHO mission report identified 174 COVID-19 cases
in Hubei province in December 2019 after careful examina-
tion of reported case histories (7). Although geographical co-
ordinates of the residential locations of the 164 cases who
lived within Wuhan were unavailable, we were able to relia-
bly extract the latitude and longitude coordinates of 155 cases
from maps in the report (figs. S1 to S8).

While early COVID-19 cases occurred across Wuhan, the
majority clustered in central Wuhan near the west bank of
the Yangtze River, with a high density of cases near to, and
surrounding, the Huanan market (Fig. 1A). We used a kernel
density estimate (KDE) to reconstruct an underlying proba-
bility density function from which the home locations for
each case were drawn (25). Using all 155 December 2019
cases, the location of the Huanan market lies within the high-
est density contour that contains 1% of the probability mass
(Fig. 1B). For a KDE estimated using the 120 cases with no
known linkage to the market, the market remains within the
highest density 1% contour (Fig. 1C). The clustering of
COVID-19 cases in December around the Huanan market
(Fig. 1, B and C, insets) contrasts with the pattern of widely
dispersed cases across Wuhan by early January through mid-
February 2020 (Fig. 1, D and E), which we mapped using lo-
cation data from individuals using a COVID-19 assistance app
on Sina Weibo (26). Weibo-based data analyses show that,
unlike early COVID-19 cases, by January and February many
of the sick who sought help resided in highly populated areas
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of the city, and particularly in areas with a high density of
older people (Fig. 1E and figs. S9 and S10).

We also investigated whether the December COVID-19 cases
were closer to the market than expected based on an empirical
null distribution of Wuhan’s population density (data from
worldpop.org (27, 28)), with its median distance to the Huanan
market of 16.11km (25). To account for older individuals being
more likely to be hospitalized and sick with COVID-19 (29), we
age-matched the population data to the December 2019 COVID-
19 case data. We considered three categories of cases, and they
were all significantly closer to the Huanan market than ex-
pected: (7) all cases (median 4.28km: p<0.001), (77) cases linked
directly to the Huanan market (median 5.74km; »<0.001), and
(7i7) cases with no evidence of a direct link to the Huanan market
(median 4.00km: p<0.001) (Fig. 2A). The cases with no known
link to the market on average resided closer to the market than
the cases with links to the market (p=0.029). Furthermore, the
distances between the center-points (Fig. 2B) and the Huanan
market were shorter than expected for all categories of Decem-
ber cases compared with the empirical null distribution of Wu-
han’s population density (Fig. 2A). For all the December cases
the center-point was located 1.02km away (p=0.007); the center-
point for cases with market links was 2.28km away (p=0.034),
and the center-point for the cases with no reported link to the
market was 0.91km away (p=0.006). In comparison, the center-
point of age-matched samples drawn from the empirical null dis-
tribution was 4.65km away from the market (Fig. 2A).

We tested the robustness of our results to the possibility
of ascertainment bias (25). For all mapped cases (n=155), un-
der the ‘center-point distance to the Huanan market’ test, the
38 cases residing closest to the market (within a radius of
1.6km) could be removed from the data set before losing sig-
nificance at the «=0.05 level (fig. S12). For the ‘median dis-
tance to Huanan market’ test, we could remove 98 (63%)
(r=5.8km). For cases not directly linked to the Huanan mar-
ket (n=120), we could remove 36 (30%) (r=1.5km) and 81
(68%) (r=4.3km) for the two tests, respectively, before losing
significance at the «=0.05 level (fig. S12).

We performed a spatial relative risk analysis (25) to com-
pare December 2019 COVID-19 cases with January-February
2020 cases, reported via Weibo (Fig. 2C). The Huanan market
is located within a well-defined area with high case density
that would be expected to be observed in fewer than one in
100,000 samplings of the Weibo data empirical distribution
(relative risk analysis in Fig. 2C, control distribution in Fig.
1D). No other regions in Wuhan showed a comparable case
density.

Both early lineages of SARS-CoV-2 were geographically
associated with the market

Two lineages of SARS-CoV-2 designated A and B (30) have co-
circulated globally since early in the COVID-19 pandemic (31).
Until a report in a recent preprint (24), only lineage B
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sequences had been sampled at the Huanan market. The
eleven lineage B cases from December 2019, for which we
have location information, resided closer than expected to
the Huanan market compared to the age-matched Wuhan
population distribution (median 8.30km; p=0.017) (25). The
center-point of the eleven lineage B cases was 1.95km from
the Huanan market, also closer than expected (p=0.026). The
two lineage A cases for which we have location information
involved the two earliest lineage A genomes known to date.
Neither case reported any contact to the Huanan market (7).
The first case was detected before any knowledge of a possi-
ble association of unexplained pneumonia in Wuhan with the
Huanan market (5) and therefore could not have been a prod-
uct of ascertainment bias in favor of cases residing near the
market. The second had stayed in a hotel near the market
(32) for the five days preceding symptom onset (25). Relative
to the age-matched Wuhan population distribution, the first
individual resided closer to the Huanan market (2.31km) than
expected (p=0.034). While the exact location of the hotel near
the market was not reported (32), there are at least 20 hotels
within 500 m (table S1). Under the conservative assumption
that the hotel could have been located as far as 2.31km from
the Huanan market (as was the residence of the other lineage
A case), and assuming this location is comparable to a resi-
dential location given the timing of the stay prior to symptom
onset (25), it would be unlikely to observe both the earliest
lineage A cases this near to the Huanan market (p=0.001 or
less). That both identified lineage A cases had a geographical
connection to the market, in combination with the detection
of lineage A within the market (24), support the likelihood
that during the early epidemic lineage A was, like lineage B,
disseminating outward from the Huanan market into the sur-
rounding neighborhoods.

Our statistical results were robust to a range of factors, for
example, the use of an empirical control distribution based on
presumptive COVID-19 cases locations later in the Wuhan epi-
demic (Weibo data); laboratory-confirmed versus clinically-diag-
nosed cases; and uncertainty in case location or missing data
(figs. S13 to S15) (25). For instance, we artificially introduced lo-
cation uncertainty (‘noise’) in each case location in our data set
by randomly re-sampling each point within a circle of radius
1000m centered on its original center-point; the conclusions
were unaffected (fig. S13). The extraction method we employed
actually introduced up to about 50m of noise in each case loca-
tion estimate (fig. S7), ruling out the possibility that our overall
results were affected by this source of error. The results were
also robust when corrected for multiple hypothesis testing (table
S4).

Wild animal trading in Wuhan markets

In addition to selling seafood, poultry, and other commodi-
ties, the Huanan market was among four markets in Wuhan
reported to consistently sell a variety of live, wild-captured or
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farmed, mammal species in the years and months leading up
to the COVID-19 pandemic (8). There are, however, no prior
reports of which species, if any, were sold at the Huanan mar-
ket in the months leading up to the pandemic. Here, we re-
port that multiple plausible intermediate wildlife hosts of
SARS-CoV-2 progenitor viruses, including red foxes (Vulpes
ovulpes), hog badgers (Arctonyx albogularis) and common
raccoon dogs (Nyctereutes procyonoides), were sold live at the
Huanan market up until at least November of 2019 (Table 1
and table S5). No reports are known to be available for SARS-
CoV-2 test results from these mammals at the Huanan mar-
ket. Despite a general slow-down in live animal sales during
the winter months, we report that raccoon dogs that are sold
for both meat and fur were consistently available for sale
throughout the year, including at the Huanan market in No-
vember 2019 (Table 1 and table S5).

There were potentially many locations in Wuhan, a city of
11 million, that would have been equally or more likely than
the Huanan market to sustain the first recognized cluster of
a new respiratory pathogen had its introduction not been
linked to a live animal market, including other shopping ven-
ues, hospitals, elder care facilities, workplaces, universities,
and places of worship. To investigate possible sites, we com-
pared the relative extent of intra-urban human traffic to the
Huanan market versus other locations within the city of Wu-
han using a location-specific data set of social media check-
ins in the Sina Visitor System (25, 33). We found at least 70
other markets throughout the city of Wuhan that received
more social media visitors than the Huanan market (Fig. 3).
To extend this analysis beyond only markets, we also used a
subsequently published list of known SARS-CoV-2 super-
spreader locations (34) to identify 430 locations in Wuhan
that may have been at high risk for superspreader events and
which received more check-ins than the Huanan market (Fig.
3, inset). The Huanan market accounted for 0.12% (120 of
98,146) of social media check-ins to markets in the data
set that received at least as many check-ins as the Huanan
market. The market accounted for 0.04% (120 of 262,233)
of all social media check-ins to the >400 sites in Wuhan
identified as especially likely to be potential superspreader
locations and which received at least as many social media
visits as the Huanan market. Considering the number of
check-ins to all four markets selling live, wild animals in
Wuhan (combined), they accounted for 0.21% (206 of
98,146) of market visits and 0.079% (206 of 262,233) of vis-
its to the 430 potential superspreader sites, where a new
respiratory disease might first be noticed in a large city.

A data set from the Chinese Center for Disease Prevention
and Control (CCDC) report dated 22 January 2020 (data S1) (12,
13, 15, 16) was made publicly available in June 2020 (24, 35). 585
environmental samples were initially taken from various sur-
faces in the Huanan market on 1 and 12 January 2020 by the
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CCDC (tables S6 and S7 and data S1) (12, 13, 15, 16, 24, 35),
with further samples taken through the market during Janu-
ary and February (24). We extended the analysis in the WHO
mission report (7) by integrating public online maps and pho-
tographic evidence, data from public business registries (ta-
ble S8 and data S2), information about which live mammal
species were sold at the Huanan market in late 2019 (Table 1
and table S5), and the CCDC report (data S1). We recon-
structed the floor plan of the market and integrated infor-
mation from business registries of vendors at the market (fig.
S16 and table S8), as well as an official report (36) recording
fines to three business owners for illegal sale of live mammals
(data S2) (36). From this, we identified an additional five
stalls that were likely selling live or freshly butchered mam-
mals or other unspecified meat products in the southwest
corner of the western section of the market (Fig. 4A, figs. S16
and S17, and table S6).

Five of the SARS-CoV-2-positive environmental samples
were taken from a single stall selling live mammals in late
2019 (table S6). Further, the objects sampled showed an as-
sociation with animal sales, including a metal cage, two carts
(of the kind frequently used to transport mobile animal
cages) and a hair/feather remover (table S6). No human
COVID-19 cases were reported there (7, 12). The same stall
was visited by one of us (ECH) in 2014, who then observed
live raccoon dogs housed in a metal cage stacked on top of a
cage with live birds (Fig. 4A) (37). A recent report (24) iden-
tified that the grates outside of this stall, upon which animal
cages were stacked (37), were positive for SARS-CoV-2.

Positive environmental samples linked both to live
mammal sales and to human cases at the Huanan mar-
ket

We used a spatial relative risk analysis to identify potential
regions of the market with an increased density of positive
environmental samples (25). We found evidence (p<0.05) of
a region in the southwest area of the market where live mam-
mals were on sale (Fig. 4B). Although environmental sam-
pling of the market was incomplete and spatially
heterogeneous (data S1 and table S6), our analysis accounts
for the empirical environmental sampling distribution,
which was biased toward ‘stalls related to December cases’ as
well as ‘stalls that sold livestock, poultry, farmed wildlife’ (7)
(Fig. 4, C and D). The ‘distance to the nearest vendor selling
live mammals’ and ‘distance to the nearest human case’ were
independently predictive of environmental sample positivity
(p=0.004 and 0.014, respectively for N=6; table S9). To fur-
ther investigate the robustness of these findings to possible
sampling biases, we considered three scenarios: (7) over-
sampling of live mammal and unknown meat stalls, (i7) over-
counting of positive samples, and (777) exclusion of the sea-
food stand near the wildlife area of the market (with five
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positive samples) from our analysis (table S10). In each case,
the distance to live mammal vendors remained predictive of
environmental sample positivity, and the region of increased
positive sample density in the southwest corner of the west-
ern section of the market remained consistent (fig. S18).

Finally, to analyze the spatial patterning of human cases
within the Huanan market, we plotted cases as a function of
symptom onset from the WHO mission report (7) (Fig. 5A and
table S11) (25). All eight COVID-19 cases detected prior to 20
December were from the western side of the market, where
mammal species were also sold (Fig. 5, B and C). Unlike
SARS-CoV-2 positive environmental samples (Fig. 4, A and C),
we found that COVID-19 cases were more diffuse throughout
the building (Fig. 5).

Study limitations

There are several limitations to our study. We have been able
to recover location data for most of the December-onset
COVID-19 cases identified by the WHO mission (7) and have
been able to do so with sufficient precision to support our
conclusions. However, we do not have access to the precise
latitude and longitude coordinates of all these cases. Should
such data exist, they may be accompanied by additional
metadata, some of which we have reconstructed, but some of
which, including the date of onset of each case, would be val-
uable for ongoing studies. We also lack direct evidence of an
intermediate animal infected with a SARS-CoV-2 progenitor
virus either at the Huanan market or at a location connected
to its supply chain, like a farm. Additionally, no line list of
early COVID-19 cases is available and we do not have com-
plete details of environmental sampling, though compared to
many other outbreaks, we have more comprehensive infor-
mation on early cases, hospitalizations and environmental

sampling (7).

Discussion

Several lines of evidence support the hypothesis that the
Huanan market was the epicenter of the COVID-19 pandemic
and that SARS-CoV-2 emerged from activities associated with
live wildlife trade. Spatial analyses within the market show
that SARS-CoV-2-positive environmental samples, including
cages, carts, and freezers, were associated with activities con-
centrated in the southwest corner of the market. This is the
same section where vendors were selling live mammals, in-
cluding raccoon dogs, hog badgers, and red foxes, immedi-
ately prior to the COVID-19 pandemic. Multiple positive
samples were taken from one stall known to have sold live
mammals, and the water drain proximal to this stall, as well
as other sewerages and a nearby wildlife stall on the south-
west side of the market, tested positive for SARS-CoV-2 (24).
These findings suggest that infected animals were present at
the Huanan market at the beginning of the COVID-19
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pandemic; however, we do not have access to any live animal
samples from relevant species. Additional information, in-
cluding sequencing data and detailed sampling strategy,
would be invaluable to test this hypothesis comprehensively.

In a related study, we infer separate introductions of
SARS-CoV-2 lineages A and B into humans from likely in-
fected animals at the Huanan market (38). We estimate the
first COVID-19 case to have occurred in November 2019, with
few human cases and hospitalizations occurring through
mid-December (38). A recent preprint (24) confirms the au-
thenticity of the CCDC report (data S1) and records addi-
tional positive environmental samples in the southwestern
area of the market selling live animals. This report also doc-
uments the early presence of the A lineage of SARS-CoV-2 in
a Huanan market environmental sample. This, along with the
lineage A cases we report in close geographical proximity to
the market in December, challenges the suggestion that the
market was simply a superspreading event, which would be
lineage-specific. Rather, it adds to the evidence presented
here that lineage A, like lineage B, may have originated at the
Huanan market then spread from this epicenter into the
neighborhoods surrounding the market and then beyond.

Several observations suggest that the geographic associa-
tion of early COVID-19 cases with the Huanan market is un-
likely to have been the result of ascertainment bias
(supplementary text and tables S2 and S3) (39). These in-
clude: (7) few, if any, cases among Huanan market-unlinked
individuals are likely to have been detected by active search-
ing in the neighborhoods around the market - only in hospi-
tals - since all cases analyzed here were hospitalized (7), (i7)
public health officials simultaneously became aware of
Huanan-linked cases near and far from the Huanan market,
not just ones near it (fig. S11) (5), (77) Huanan-unlinked cases
would not be expected to live significantly closer to the mar-
ket than linked cases if they had been ascertained as contacts
traced from those market-linked cases, and (iv) seropreva-
lence in Wuhan was highest in the districts around the mar-
ket (40, 41). It is also noteworthy that the December 2019
COVID-19 cases we consider here were identified based on
reviews of clinical signs and symptoms, not epidemiological
factors such as where they resided or links to the Huanan
market (7) and that excess deaths from pneumonia rose first
in the districts surrounding the market (42). Moreover, the
spatial relationship with the Huanan market remains after
removing the two-thirds of the unlinked cases residing near-
est the market.

One of the key findings of our study is that ‘unlinked’ early
COVID-19 patients, those who neither worked at the market
or knew someone who did, nor had recently visited the mar-
ket, resided significantly closer to the market than patients
with a direct link to the market. The observation that a sub-
stantial proportion of early cases had no known
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epidemiological link had previously been used as an argu-
ment against a Huanan market epicenter of the pandemic.
However, this group of cases resided significantly closer to
the market than those who worked there, indicating that they
had been exposed to the virus at, or near, the Huanan market.
For market workers, the exposure risk was their place of work
not their residential locations, which were significantly fur-
ther afield than those cases not formally linked to the market.

Our spatial analyses show how patterns of COVID-19 cases
shifted between late 2019, when the outbreak began (43), and
early 2020, as the epidemic spread widely across Wuhan.
COVID-19 cases in December 2019 were associated with the
Huanan market in a manner unrelated to Wuhan population
density or demographic patterns, unlike the wide spatial dis-
tribution of cases observed during later stages of the epi-
demic in January and February. This observation fits with the
evidence from other sources that SARS-CoV-2 was not wide-
spread in Wuhan at the end of 2019. For example, no SARS-
CoV-2-positive sera or influenza-like illness (ILI) reports were
recorded among more 40,000 blood donor samples collected
up to December 2019 (44, 45), and none of thousands of sam-
ples taken from ILI patients at Wuhan hospitals in October-
December 2019 tested for SARS-CoV-2 RNA was positive (7).

The sustained presence of a potential source of virus
transmission into the human population in late 2019, plausi-
bly from infected live mammals sold at the Huanan market,
offers an explanation of our findings and the origins of SARS-
CoV-2. The pattern of COVID-19 cases reported for the
Huanan market, with the earliest cases in the same part of
the market as the wildlife sales and evidence of at least two
introductions (38), resembles the multiple cross-species
transmissions of SARS-CoV-2 subsequently observed during
the pandemic from animals to humans on mink farms (46),
and from infected hamsters to humans in the pet trade (47).
There was an extensive network of wildlife farms in western
Hubei province, including hundreds of thousands of raccoon
dogs on farms in Enshi prefecture, which supplied the
Huanan market (48). This region of Hubei contains extensive
cave complexes housing Rhinolophus bats, which carry
SARSr-CoVs (49). SARS-CoV-1 was recovered from farmed
masked palm civets from Hubei in 2003 and 2004 (20). The
animals on these farms (nearly 1 million) were rapidly re-
leased, sold, or Killed in early 2020 (48), apparently without
testing for SARS-CoV-2 (7). Live animals sold at the market
(Table 1) were apparently not sampled either. By contrast, dur-
ing the SARS-CoV-1 outbreaks farms and markets remained
open for over a year after the first human cases occurred, allow-
ing sampling of viruses from infected animals (20).

The live animal trade and live animal markets are a com-
mon theme in virus spillover events (21-23, 50), with markets
such as the Huanan market selling live mammals being in the
highest risk category (5I). The events leading up to the
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COVID-19 pandemic mirror the SARS-CoV-1 outbreaks from
2002-2004, which were traced to infected animals in Guang-
dong, Jiangxi, Henan, Hunan, and Hubei provinces in China
(20). Maximum effort must now be applied to elucidate the
upstream events that might have brought SARS-CoV-2 into
the Huanan market, culminating in the COVID-19 pandemic.
To reduce the risk of future pandemics we must understand,
and then limit, the routes and opportunities for virus spillo-
ver.

Methods summary

Ethics statement

This research was reviewed by the Human Subject Protection
Program at the University of Arizona and the Institutional
Review Board at The Scripps Research Institute and deter-
mined to be exempt from IRB approval because it constitutes
secondary research for which consent is not required.

Data sources

COVID-19 case data from December 2019 was obtained from
the WHO mission report (7) and our previous analyses (5).
Location information was extracted and sensitivity analyses
performed to confirm accuracy and assess potential ascer-
tainment bias. Geotagged January/February 2020 data from
Weibo COVID-19 help seekers was obtained from the authors
(26). Population density data was obtained from
worldpop.org (27). Sequencing- or qPCR-based environmen-
tal sample SARS-CoV-2 positivity from the Huanan market
was obtained from a January 2020 China CDC report (data
S1) (24).

Wildlife trading at the Huanan marlket

Animal sales from Wuhan wet markets immediately prior to
the COVID-19 pandemic was previously reported (8) and in
this study we report details about animals for sale at the
Huanan market up until November 2019.

Spatial analyses of COVID-19 cases

Haversine distances to the Huanan market were calculated
for each of the geolocated December 2019 cases. Center-
points and median distances from cases to the Huanan mar-
ket were calculated separately for (1) all 155 cases, (2) the 35
cases epidemiologically linked to the Huanan market, (3) for
the 120 cases not epidemiologically linked to the market, (4)
the eleven lineage B cases, and (5) the earliest lineage A case.
These distances were also calculated for the 737 Weibo help
seekers from 8 January to 10 February 2020 (26). Empirical
null distributions were generated from the population den-
sity data and the Weibo data. The population density null dis-
tributions were age-matched to the December 2019 cases..
Kernel density estimates were also generated for the market-
linked cases, unlinked-cases and all cases, to infer a
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probability density function from which the cases could have
been drawn. Highest-density contours representing specific
probability masses (0.5, 0.25, 0.1, 0.05, and 0.01) were in-
ferred and the location of the market compared to these.

Mobility analyses

To estimate the relative amount of intra-urban human traffic
to the Huanan market compared to other locations within the
city of Wuhan, we utilized a location-specific dataset of social
media check-ins in the Sina Visitor System as shared by Li et
al. 2015 (33). This dataset is based on 1,491,499 individual
check-in events across the city of Wuhan from the years 2013-
2014 (5-6 years before the start of the COVID-19 pandemic),
and 770,521 visits are associated with 312,190 unique user
identifiers. Location names and categories were translated
using a Python API for Google Translate.

Spatial analyses of environmental samples at the
Huanan market

We used the official maps from the China CDC (12) (data S1)
and WHO map (7), as well as satellite photographs (Google
Maps, Google Earth, Baidu Maps), aerial photographs, and
images of the market in the public domain to reconstruct the
floorplan of the market. Market stalls were assigned by cate-
gories of the types of goods sold using official reports and
data from the TianYanCha.com business directory (table S8).
Final maps of the Huanan market were converted into
geojson format for spatial analyses. Significance testing of
live animal vendors and/or human SARS-CoV-2 cases on the
number of positive environmental samples was performed
using a binomial GLM. Distances between businesses were
defined as the distance between their respective center-
points and spatial relative risk analysis was performed using
the ‘sparr’ package in R, using linear boundary kernels for
edge correction (52), with bandwidth selection performed us-
ing least squares cross-validation.
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Fig. 1. Spatial patterns of COVID-19 cases in Wuhan in December 2019 and January-February 2020. (A)
Locations of the 155 cases we extracted from the WHO mission report (7). Inset: map of Wuhan with December
2019 case indicated with gray dots. (No cases are obscured by the inset.) In both the inset and the main panel
the location of the Huanan market is indicated with a red square. (B) Probability density contours reconstructed
by a kernel density estimate (KDE) using all 155 COVID-19 cases locations from December 2019. The highest
density 50% contour marked is the area for which cases drawn from the probability distribution are as likely to
lie inside as outside. Also shown are the highest density 25%, 10%, 5%, and 1% contours. Inset showing an
expanded view and the highest density 1% probability density contour. (C) Probability density contours
reconstructed using the 120 COVID-19 cases locations from December 2019 that were unlinked to the Huanan
market. (D) Locations of 737 COVID-19 cases from Weibo data dating to January and February of 2020. (E) The
same highest probability density contours (50% through 1%) for 737 COVID-19 case locations from Weibo data.
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Fig. 2. Spatial analyses. (A) Inset: map of Wuhan, with gray dots indicating 1000 random samples from
worldpop.com null distribution. Main panel: median distance between Huanan market and (1) worldpop.org
null distribution shown with a black circle and (2) December cases shown by red circles (distance to Huanan
market depicted in purple boxes). Center-point of Wuhan population density data shown by blue dot.
Center-points of December case locations shown by red dots (‘all’, ‘linked" and ‘unlinked’ cases); dark blue
dot (lineage A cases); and yellow dot (lineage B cases). Distance from center-points to Huanan market
depicted in orange boxes. (B) Schematic showing how cases can be near to, but not centered on, a specific
location. We hypothesized that if the Huanan market epicenter of the pandemic then early cases should fall
not just unexpectedly near to it but should also be unexpectedly centered on it (see Methods). The blue
cases show how cases quite near the Huanan market could nevertheless not be centered on it. (C)
Tolerance contours based on relative risk of COVID-19 cases in December, 2019 versus data from January-
February 2020. The dots show the December case locations. The contours represent the probability of
observing that density of December cases within the bounds of the given contour if the December cases
had been drawn from the same spatial distribution as the January-February data.
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Fig. 3. Visitors to locations throughout Wuhan. Number of social media check-ins in the Sina Visitor System
from 2013-2014 as shared by (33). Number of visitors to individual markets throughout the city are shown in
comparison to the Huanan market. Inset: the total number of check-ins to all individual locations across the city
of Wuhan, grouped by category. Locations with more than 50 visitor check-ins are shown, and the locations which
received more check-ins than the Huanan market in the same period are shown in red.

First release: 26 July 2022 www.sciencemag.org  (Page numbers not final at time of first release) 14

2202 ‘12 AInc uo Bio'aous1os'mmmy/:sdny WwoJy papeojumoqd


http://www.sciencemag.org/

West Side East Side

[ = [T] ‘
Positive sample Canopy [ <
Q37, Interior surface of freezer o} : L
= ] vericle
o a i
| | BmEs77778BER A0
| 7
o Positive sample t [
F_ F13, Wall surface
) (Lineage B) ———
A [ .
oo g
| R
|
| ﬂ I z Positive samples
trash__| A2, Ground surface
Gt | Y7 (A I i | A18, Shoe bottoms o B2
l A20, Gloves (Lineage A)
\ - l o Ll ] Positive sample
— T e B5, Ground surface
(Lineage B)
- | |
Positive samples o 1 2 FEE Q ol
Q61, Cart # of environmental positives | -
Q64, Cart Positive sample
Q68, Ground surface (%) Human Case(s) F54, Ground surface
Q69, Hair/Feather removal machine (/) Live mammals (Lineage B)
Q70, Metal cage in inner room [Z) Unknown meat
vehicle
entry
el 50 meters
entry
[— |
0 6e-5 1.5e-4 2.5e-4
Density
5e-5 1e-4 1585
1 2 3 4 Density

Relative risk _—

Fig. 4. Map of the Huanan Wholesale Seafood Market. (A) Aggregated environmental sampling and human case
data from Huanan Market. Captions (left) describe the types of SARS-CoV-2 positive environmental samples
obtained from known live animal vendors and (center) from stalls with samples with known virus lineage. Lineage is
unknown unless noted; sequencing data has not been released for some samples and many samples were PCR-
positive but not sequenced. Image (left) of raccoon dogs in a metal cage, on top of caged birds, taken in business
with five positive environmental samples (photo credit: E.C.H.). Rectangle with dashed outline is used to denote the
‘wildlife” section of the market. (B) Relative risk analysis of positive environmental samples. Tolerance contours
enclose regions with statistically significant elevation in density of positive environmental samples relative to the
distribution of sampled stalls. (C) Distribution of positive environmental samples. Sample locations (centroid of
corresponding business) and quantity are shown as black circles. (D) Control distribution for relative risk analysis.
All businesses investigated with environmental sampling are shown as black circles (one per business, whether or
not a positive sample was found). See table S12 for details on stalls that were SARS-CoV-2-negative.
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Fig. 5. Location and timing of human cases in Huanan market. (A) Outline colors correspond to the timing of the
first known case in each business. Individual case timing is denoted by marker color and shown within the outlined
business. (B) Distribution of known cases on or before December 20th, 2019. Locations of each case are shown as
a black circle. (C) Distribution of all known human cases in Huanan Market. See table S11 for details on SARS-CoV-
2 positive human cases with the Huanan market.
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Table 1. Live mammals traded at the Huanan market in November and December 2019

Raccoon dog

(Nyctereutes procyonoides) (Y) Canidae (Y) Carnivora () Y
Amur hedgehog . ) .

(Erinaceus amurensis) Erinaceidae Eulipotyphla Y
Hog badger . .

(Arctonyx albogularis) (Y) Mustelidae (Y) Carnivora (Y) Y
Asian badger (Meles leucurus) Mustelidae (Y) Carnivora (Y)

Chinese hare (Lepus sinensis) Leporidae (Y) Lagomorpha (Y)

Chinese bamboo rat . .

(Rhizomys sinensis) (Y) Spalacidae (Y) Rodentia (Y) Y
Malayan porcupine - .

(Hystrix brachyura) Hystricidae Rodentia (Y) Y
Chinese muntjac . )

(Muntiacus reevesi) Cervidae (Y) Artiodactyla (Y) Y
Marmot (Marmota himalayana)  Sciuridae Rodentia (Y) Y
Red fox (Vulpes vulpes) (Y) Canidae (Y) Carnivora (Y) Y
Siberian weasel (Mustela sibirica) Mustelidae (Y) Carnivora (Y) Nt
Pallas's squirrel Sciuridae Rodentia (Y) N

(Callosciurus erythraeus)

Masked palm civet

(Paguma larvata) (Y) Viverridae (Y) Carnivora (Y) N
Coypu (Myocastor coypus) Echimyidae Rodentia (Y) N
Mink (Neovison vison) (Y) Mustelidae (Y) Carnivora (Y) N
Red squirrel (Sciurus vulgaris) Sciuridae Rodentia (Y) N
Wild boar (Sus scrofa) (Y) Suidae (Y) Artiodactyla (Y) N
Complex-toothed flying squirrel Sciuridae Rodentia (Y) N

(Trogopterus xanthipes)

*Based on live susceptibility findings, serological findings, or ACE2-binding assays. See table S5 for
details and associated references.
TAnimals listed as “No" were, however, present at Wuhan markets during the 2017-2019 study period (8).
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Understanding the circumstances that lead to pandemics is important for their prevention. Here, we
analyze the genomic diversity of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) early in
the coronavirus disease 2019 (COVID-19) pandemic. We show that SARS-CoV-2 genomic diversity before
February 2020 likely comprised only two distinct viral lineages, denoted A and B. Phylodynamic rooting
methods, coupled with epidemic simulations, reveal that these lineages were the result of at least two
separate cross-species transmission events into humans. The first zoonotic transmission likely involved
lineage B viruses around 18 November 2019 (23 October—8 December), while the separate introduction of
lineage A likely occurred within weeks of this event. These findings indicate that it is unlikely that SARS-
CoV-2 circulated widely in humans prior to November 2019 and define the narrow window between when
SARS-CoV-2 first jumped into humans and when the first cases of COVID-19 were reported. As with other
coronaviruses, SARS-CoV-2 emergence likely resulted from multiple zoonotic events.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is responsible for the coronavirus disease 19 (COVID-19)
pandemic that caused more than 5 million confirmed deaths
in the two years following its detection at the Huanan Sea-
food Wholesale Market (hereafter the ‘Huanan market’) in
December 2019 in Wuhan, China (7-3). As the original out-
break spread to other countries, the diversity of SARS-CoV-2
quickly increased and led to the emergence of multiple vari-
ants of concern, but the beginning of the pandemic was
marked by two major lineages denoted ‘A’ and ‘B’ (4).
Lineage B has been the most common throughout the
pandemic and includes all eleven sequenced genomes from
humans directly associated with the Huanan market,
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including the earliest sampled genome, Wuhan/IPBCAMS-
WH-01/2019, and the reference genome, Wuhan/Hu-1/2019
(hereafter ‘Hu-1’) (5), sampled on 24 and 26 December 2019,
respectively. The earliest lineage A viruses, Wuhan/IME-
WHO01/2019 and Wuhan/WH04/2020, were sampled on 30
December 2019 and 5 January 2020, respectively (6). Lineage
A differs from lineage B by two nucleotide substitutions,
C8782T and T28144C, which are also found in related coro-
naviruses from Rhinolophus bats (4), the presumed host res-
ervoir (7). Lineage B viruses have a ‘C/T’ pattern at these key
sites (C8782, T28144), whereas lineage A viruses have a ‘T/C’
pattern (C8782T, T28144C). The earliest lineage A genomes
from humans lack a direct epidemiological connection to the
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Huanan market, but were sampled from individuals who
lived or had recently stayed close to the market (8). It has
been hypothesized that lineages A and B emerged separately
(9), but ‘C/C’ and ‘T/T° genomes intermediate to lineages A
and B present a challenge to that hypothesis, as their exist-
ence suggests within-human evolution of one lineage toward
the other via a transitional form.

Questions about these lineages remain: if lineage B vi-
ruses are more distantly related to sarbecoviruses from Rhi-
nolophus bats, (i) why were lineage B viruses detected earlier
than lineage A viruses and (ii) why did lineage B predominate
early in the pandemic?

Answering these questions requires determining the an-
cestral haplotype, the genomic sequence characteristics of the
most recent common ancestor (MRCA) at the root of the
SARS-CoV-2 phylogeny. In this study, we combined genomic
and epidemiological data from early in the COVID-19 pan-
demic with phylodynamic models and epidemic simulations.
We eliminated many of the haplotypes previously suggested
as the MRCA of SARS-CoV-2 and show that the pandemic
most likely began with at least two separate zoonotic trans-
missions starting in November 2019.

Results

Erroneous assignment of haplotypes intermediate to
lineages A and B

There are 787 near-full length genomes available from lin-
eages A and B sampled by 14 February 2020 (data S1 and S2).
However, there are also 20 genomes of intermediate haplo-
types from this period containing either T28144.C or C8782T
but not both mutations: C/C or T/T, respectively.

We identified numerous instances of C/C and T/T ge-
nomes sharing rare mutations with lineage A or lineage B vi-
ruses, often sequenced in the same laboratory, indicating
these intermediate genomes are likely artifacts of contamina-
tion or bioinformatics (10), similar to findings from our anal-
ysis of the emergence of SARS-CoV-2 in North America (11)
(fig. S1 and supplementary text). We confirmed that a C/C ge-
nome from South Korea sharing three such mutations had
low sequencing depth at position 28144 (<10x), a T/T genome
sampled in Singapore had low coverage at both 8782 and
28144 (<10x), and three T/T genomes sampled in Wuhan had
low sequencing depth and indeterminate nucleotide assign-
ment at position 8782 (table S1). Further, the authors of
eleven C/C genomes sampled in Wuhan and Sichuan con-
firmed that low sequencing depth at position 8782 led to the
erroneous assignment of intermediate haplotypes.

C/C and T/T genomes continue to be observed throughout
the pandemic as a result of convergent evolution, including
T/T aboard the Diamond Princess cruise ship outbreak and
subsequent COVID-19 waves in New York City and San Diego
(fig. S2 to S5 and supplementary text). Instances of
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convergent evolution are identifiable because SARS-CoV-2
phylogenies exist in ‘near-perfect’ tree space where topology
can be inferred with high accuracy (12). These findings cast
doubt on the claim that transitional C/C or T/T haplotypes
between lineages A and B circulated in humans, reopening
the door to the hypothesis that lineages A and B represent
separate zoonotic introductions.

Progenitor genome reconstruction

To better understand SARS-CoV-2 mutational patterns,
we reconstructed the genome of a hypothetical progenitor of
SARS-CoV-2. Using maximum likelihood ancestral state re-
construction across 15 non-recombinant regions of SARS-
CoV-2 and closely related sarbecovirus genomes sampled
from bats and pangolins (13), we inferred the genome of this
recombinant common ancestor (“recCA”) (figs. S6 and S7 and
supplementary text). The recCA differed from Hu-1 by just
381 substitutions, including C8782T and T28144.C. It is more
informative than an outgroup sarbecovirus because it ac-
counts for the closest relative across all recombinant seg-
ments (figs. S8 to S14 and supplementary text) (I4), and, as
an internal node on the phylogeny, is more genetically similar
to SARS-CoV-2 than any extant sarbecovirus.

Reversions across the early pandemic phylogeny

The ubiquity of SARS-CoV-2 reversions (i.e., mutations
from Hu-1toward the recCA) indicates that genetic similarity
to related viruses is a poor proxy for the ancestral haplotype.
We observe 23 unique reversions and 631 unique substitu-
tions (excluding reversions) across the SARS-CoV-2 phylog-
eny from the COVID-19 pandemic up to 14 February 2020
(Fig. 1). Substitutions were overrepresented at the 381 sites
separating the recCA from Hu-1 (23/381 = 6.04%), compared
with substitutions at all other sites (631/29,134 = 2.17%).

Most reversions were C-to-T mutations (19/23 = 82.6%),
matching the mutational bias of SARS-CoV-2 (15-17). Ge-
nomes with C-to-T reversions can be found within lineage A,
including C18060T (lineage A.1; e.g., WAI) and C29095T (e.g.,
20SF012), as well as C24023T, C25000T, C4276T, and
C22747T in mid-late January and February 2020. Hence, tri-
ple revertant genomes, like WA1 and 20SF012, are neither
unique nor rare. We also identified a lineage A genome (Ma-
laysia/MKAK-CL-2020-6430/2020), sampled on 4 February
2020 from a Malaysian citizen traveling from Wuhan whose
only four mutations from Hu-1 are all reversions (lineage
A.1+T6025C) (Fig. 1). Therefore, no highly revertant haplo-
type can automatically be assumed to represent the MRCA of
SARS-CoV-2, especially when these reversions are most often
the result of C-to-T mutations. In fact, we continue to observe
these reversion patterns throughout the pandemic, including
in the emergence of WHO-named variants (figs. S15 and S16).
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Inferring the MRCA of SARS-CoV-2

To infer the ancestral SARS-CoV-2 haplotype, we devel-
oped a non-reversible, random-effects substitution process
model in a Bayesian phylodynamic framework that simulta-
neously reconstructs the underlying coalescent processes and
the sequence of the MRCA of the SARS-CoV-2 phylogeny. The
randome-effects substitution model captures the C-to-T tran-
sition and G-to-T transversion biases (fig. S17 and supplemen-
tary text). Using this model, referred to as the unconstrained
rooting (fig. S18A), we inferred the ancestral haplotype of the
787 lineage A and B genomes sampled by 14 February 2020.

Our unconstrained rooting strongly favors a lineage B or
C/C ancestral haplotype and shows that a lineage A ancestral
haplotype is inconsistent with the molecular clock [Bayes fac-
tor (BF) = 48.1] (Table 1). Lineage B exhibits more divergence
from the root of the tree than would be expected if lineage A
were the ancestral virus in humans (figs. S19 and S20). The
T/T ancestral haplotype was also disfavored (BF>10), likely
because of the C-to-T transition bias (fig. S17). We
acknowledge that the timing of the earliest sampled lineage
B genomes associated with the Huanan market could bias
rooting inference toward lineage B haplotypes; however, lin-
eage A was still disfavored after excluding all market-associ-
ated genomes (BF=11.0).

Even though sequence similarity to closely related sarbe-
coviruses alone is insufficient to determine the SARS-CoV-2
ancestral haplotype, this similarity can inform phylodynamic
inference. Rather than rely on outgroup rooting [fig. S18B
and (18)], we developed a rooting method that assigns the
recCA as the progenitor of the inferred SARS-CoV-2 MRCA
(fig. S18C). As opposed to the unconstrained rooting, the
recCA root favored a lineage A haplotype over lineage B, alt-
hough support for C/C was unchanged (Table 1). Our results
were insensitive to the method of breakpoint identification
in the recCA (supplementary text).

The A.1 and A+C29095T proposed ancestral haplotypes
were strongly rejected by all the phylodynamic analyses, even
when rooting with recCA or bat sarbecovirus outgroups,
which include both C18060T and C29095T (Table 1 and data
S3). Hence, WA1-like and 20SF012-like haplotypes cannot
plausibly represent the MRCA of SARS-CoV-2 as previously
suggested (19-21): the similarity of these genomes to the
recCA is due to C-to-T reversions. Haplotypes not reported in
Table 1 were similarly rejected (data S3).

We inferred the tMRCA for SARS-CoV-2 to be 11 December
2019 (95% HPD: 25 November-12 December) using uncon-
strained rooting. It has been suggested that a phylogenetic
root in lineage A would produce an older time of most recent
common ancestor (tMRCA) than a lineage B rooting (21).
Therefore, we developed an approach to assign a haplotype
as the SARS-CoV-2 MRCA and inferred the tMRCA (z.e., A, B,
C/C, A1 or A+C29095T) (fig. S18D). The tMRCA was
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consistent with the recCA-rooted and fixed ancestral haplo-
type analyses (table S2 and supplementary text).

We infer only three plausible ancestral haplotypes: line-
age A, lineage B, and C/C. However, the inability to reconcile
the molecular clock at the outset of the COVID-19 pandemic
with a lineage A ancestor without information from related
sarbecoviruses (e.g., the recCA) requires us to question the
assumption that both lineages A and B resulted from a single
introduction.

Separate introductions of lineages A and B

We next sought to determine whether a single introduc-
tion from one of the plausible ancestral haplotypes (lineage
A, lineage B, or C/C) is consistent with the SARS-CoV-2 phy-
logeny. We simulated SARS-CoV-2-like epidemics (22, 23)
with a doubling time of 3.47 days [95% highest density inter-
val (HDI) across simulations: 1.35-5.44] (24-26) to account
for the rapid spread of SARS-CoV-2 before it was identified
as the etiological agent of COVID-19 (figs. S21 and S22, tables
S3 and S4, and supplementary text). We then simulated coa-
lescent processes and viral genome evolution across these ep-
idemics to determine how frequently we recapitulated the
observed SARS-CoV-2 phylogeny.

Lineages A and B comprise 35.2% and 64.8% of the early
SARS-CoV-2 genomes, and each lineage is characterized by a
large polytomy (7.e., many sampled lineages descending from
a single node on the phylogenetic tree), with the base of line-
ages A and B being the two largest polytomies observed in
the early pandemic (Fig. 1). Furthermore, large polytomies
are characteristic of SARS-CoV-2 introductions into geo-
graphical regions at the start of the pandemic (e.g., fig. S23)
(11, 27-29) and would similarly be expected to occur after a
successful introduction of SARS-CoV-2 into humans. Congru-
ently, the most common topology in our simulations is a large
basal polytomy (with =100 descendent lineages), present in
47.5% of simulated epidemics (Fig. 2A).

In contrast, a topology corresponding to a single introduc-
tion of an ancestral C/C haplotype, characterized by two
clades, each comprising =30% of the taxa, possessing a large
polytomy at the base, and separated from the MRCA by one
mutation (Fig. 2B), was only observed in 0.1% of our simula-
tions. Further, a topology corresponding to a single introduc-
tion of an ancestral lineage A or lineage B haplotype,
characterized by a large basal polytomy and a large clade,
comprising between 30% and 70% of taxa, two mutations
from the root with no intermediate genomes, was observed
in only 0.5% of our simulations (Fig. 2C, see supplementary
text for details).

Our epidemic simulations do not support a single intro-
duction of SARS-CoV-2 giving rise to the observed phylogeny.
We therefore quantified the relative support for two intro-
ductions resulting in the empirical topology. By synthesizing
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posterior probabilities of inferred ancestral haplotypes, fre-
quencies of topologies in epidemic simulations, and the ex-
pected relationships between these haplotypes and
topologies, we infer strong support favoring separate intro-
ductions of lineages A and B (BF=61.6 and BF=60.0 using the
recCA and unconstrained rooting, respectively; see Methods).
This support is robust across shorter and longer doubling
times, varying ascertainment rates, and minimum polytomy
size (tables S4 and S5).

If lineages A and B arose from separate introductions,
then the MRCA of SARS-CoV-2 was not in humans, and it is
the tMRCAs of lineages A and B that are germane to the ori-
gins of SARS-CoV-2 (i.e, not the timing of their shared ances-
tor). Rooting with the recCA, we inferred the median tMRCA
of lineage B to be 15 December (95% HPD: 5 December to 23
December) and the median tMRCA of lineage A to be 20 De-
cember (95% HPD: 5 December to 29 December) (Fig. 3A).
The tMRCA of lineage B consistently predates the tMRCA of
lineage A (Fig. 3B). These results are robust to using uncon-
strained rooting, fixing the ancestral haplotype, and exclud-
ing market-associated genomes (Fig. 3, A and B; table S2; and
supplementary text).

Timing the introductions of lineages A and B

The primary case, the first human infected with a virus in
an outbreak, could precede the tMRCA if basal lineages went
extinct during cryptic transmission (23, 30, 3I). The index
case, the first identified case, is rarely also the primary case
(32, 33). We next used an extension of our previously pub-
lished framework combining epidemic simulations and phy-
lodynamic tMRCA inference [see Methods; (23, 30, 31)] to
infer the timing of the lineage B and lineage A primary cases,
accounting for both the index case symptom onset date and
earliest documented COVID-19 hospitalization date.

The earliest unambiguous case of COVID-19, with symp-
tom onset on 10 December and hospitalization on 16 Decem-
ber, was a seafood vendor at the Huanan market.
Unfortunately no published genome is available for this case
(8). Nonetheless, we can reasonably assume this individual
had a lineage B virus (supplementary text), as an environ-
mental sample (EPI_ISL_408512) from the stall this vendor
operated was lineage B. The earliest lineage A genome (IME-
WHO1) is from a familial cluster where the earliest symptom
onset is 15 December and earliest hospitalization is 25 De-
cember (34). Accounting for these dates and using the recCA
rooting, we inferred the infection date of the lineage B pri-
mary case to be 18 November (95% HPD: 23 October to 8 De-
cember) and the infection date of the primary case of lineage
A to be 25 November (95% HPD: 29 October to 14 December).
The lineage B primary case predated that of lineage A in
64.6% of the posterior sample, by a median of 7 days (Fig. 3D
and table S6).
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Our lineage A and B primary case inference is robust to
rooting on the recCA and fixing the plausible ancestral hap-
lotype to lineage A, lineage B, or C/C, as well as different in-
dex case dates, accounting for only hospitalization dates, and
varying growth rates and ascertainment rates (tables S7 to
S10 and supplementary text). Therefore, our results indicate
that lineage B was introduced into humans no earlier than
late-October and likely in mid-November 2019, and the intro-
duction of lineage A occurred within days to weeks of this
event.

We then inferred the number of ascertained infections
and hospitalizations arising from these separate introduc-
tions. We find that an earlier introduction of lineage B leads
to a faster rise in lineage B-associated infections, dominating
the simulated epidemics (Fig. 4) and recapitulating the pre-
dominance of lineage B observed in China in early 2020 (35).
Similarly, simulated lineage B hospitalizations are more com-
mon than those from lineage A through January 2020 (fig.
S24). We observe these patterns regardless of rooting strategy
(unconstrained or recCA), ancestral haplotype (B, A, or C/C)
(Fig. 4 and tables S11 and S12), and doubling time (figs. S25
to S28).

Minimal cryptic circulation of SARS-CoV-2

We do not see evidence for substantial cryptic circulation
before December 2019 (Fig. 4), even if we assume a single in-
troduction (fig. S29 and supplementary text). Our simulated
epidemics have a median of three (95% HPD 1-18) cumulative
infections at the tMRCA, with 99% of simulated epidemics
resulting in at most 33 infections (table S13 and supplemen-
tary text). Further, it is unlikely there were any COVID-19 re-
lated hospitalizations before December (36), as the simulated
epidemics show a median of zero (95% HPD: 0-2) hospitali-
zations by 1 December 2019. These results are in accordance
with the lack of a single SARS-CoV-2-positive sample among
tens of thousands of serology samples from healthy blood do-
nors from September to December 2019 (37) and thousands
of specimens obtained from influenza-like illness patients at
Wuhan hospitals from October to December 2019 (34). There-
fore, there was likely extremely low prevalence of SARS-CoV-
2 in Wuhan before December 2019. Even when we simulated
epidemics with a longer doubling time, resulting in an earlier
timing of the primary cases (tables S8 and S10), there were
still few infections prior to December 2019 (table S13).

Additional introductions

The extinction rate of our simulated epidemics (i.e., simu-
lations that did not produce self-sustaining transmission
chains) indicate there were likely multiple failed introduc-
tions of SARS-CoV-2. Similar to our previous findings (23),
77.8% of simulated epidemics went extinct. These failed in-
troductions produced a mean of 2.06 infections and 0.10
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hospitalizations; hence, failed introductions could easily go
unnoticed. If we treat each SARS-CoV-2 introduction, failed
or successful, as a Bernoulli trial and simulate introductions
until we see two successful introductions, we estimate that
eight (95% HPD: 2-23) introductions led to the establishment
of both lineage A and B in humans.

Limitations

Our analysis of the putative intermediate haplotypes sug-
gests there remain lineage assignment errors between line-
ages A and B, particularly of genomes sampled in January
and February of 2020, which could influence the precision of
the phylogenetic topology and tMRCA inference. Im-
portantly, we lack direct evidence of a virus closely related to
SARS-CoV-2 in non-human mammals at the Huanan market
or its supply chain. The genome sequence of a virus directly
ancestral to SARS-CoV-2 would provide more precision re-
garding the timing of the introductions of SARS-CoV-2 into
humans and the epidemiological dynamics prior to its discov-
ery. Although we simulated epidemics across a range of plau-
sible epidemiological dynamics, our models represent a
timeframe prior to the ascertainment of COVID-19 cases and
sequencing of SARS-CoV-2 genomes and thus prior to when
these models could be empirically validated.

Discussion

The genomic diversity of SARS-CoV-2 during the early
pandemic presents a paradox. Lineage A viruses are at least
two mutations closer to bat coronaviruses, indicating that the
ancestor of SARS-CoV-2 arose from this lineage. However, lin-
eage B viruses predominated early in the pandemic, particu-
larly at the Huanan market, indicating that this lineage began
spreading earlier in humans. Further complicating this mat-
ter is the molecular clock of SARS-CoV-2 in humans, which
rejects a single-introduction origin of the pandemic from a
lineage A virus. Here, we resolve this paradox by showing that
early SARS-CoV-2 genomic diversity and epidemiology is best
explained by at least two separate zoonotic transmissions, in
which lineage A and B progenitor viruses were both circulat-
ing in non-human mammals prior to their introduction into
humans (figs. S30 and S31).

The most probable explanation for the introduction of
SARS-CoV-2 into humans involves zoonotic jumps from as-
yet undetermined, intermediate host animals at the Huanan
market (34, 38, 39). Through late-2019 the Huanan market
sold animals that are known to be susceptible to SARS-CoV-
2 infection and capable of intra-species transmission (40-42).
The presence of potential animal reservoirs, coupled with the
timing of the lineage B primary case and the geographic clus-
tering of early cases around the Huanan market (39), support
the hypothesis that SARS-CoV-2 lineage B jumped into hu-
mans at the Huanan market in mid-November 2019.
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In a related study (39), we show that the two earliest lin-
eage A cases are more closely positioned geographically to the
Huanan market than expected compared with other COVID-
19 cases in Wuhan in early 2020, despite having no known
association with the market. This geographic proximity is
consistent with a separate and subsequent origin of lineage
A at the Huanan market in late-November 2019. The presence
of lineage A virus at the Huanan market was confirmed by
Gao et al. (43) from a sample taken from discarded gloves.

The high extinction rate of SARS-CoV-2 transmission
chains, observed in both our simulations and real-world data
(44), indicates that the two zoonotic events establishing line-
ages A and B may have been accompanied by additional,
cryptic introductions. However, such introductions could eas-
ily be missed, particularly if their subsequent transmission
chains quickly went extinct or the introduced viruses had a
lineage A or B haplotype. Failed introductions of intermedi-
ate haplotypes are also possible. Critically, we have no evi-
dence of subsequent zoonotic introductions in late-December
leading up to the closure of the Huanan market on 1 January
2020. By then, the susceptible host animals that had been
documented at the market during the previous months were
no longer found in the Huanan market (34).

Other coronavirus epidemics and outbreaks in humans,
including SARS-CoV-1, MERS-CoV, and, most recently, por-
cine deltacoronavirus in Haiti, have been the result of re-
peated introductions from animal hosts (45-47). These
repeated introductions were easily identifiable because hu-
man viruses in these outbreaks were more closely related to
viruses sampled in the animal reservoirs than to other human
viruses. However, the genomic diversity within the putative
SARS-CoV-2 animal reservoir at the Huanan market was
likely shallower than that seen in SARS-CoV-1 and MERS-CoV
reservoirs (45, 46, 48). Hence, even though lineages A and B
had nearly identical haplotypes, their MRCA likely existed in
an animal reservoir. The ability to disentangle repeated in-
troductions of SARS-CoV-2 from a shallow genetic reservoir
has previously been shown in the early SARS-CoV-2 epidemic
in Washington state, where two viruses, separated by two
mutations, were independently introduced from, and shared
an MRCA in, China (figs. S23 and S30 and supplementary
text) (11).

Successful transmission of both lineage A and B viruses
after independent zoonotic events indicates that evolutionary
adaptation within humans was not needed for SARS-CoV-2
to spread (49). We now know that SARS-CoV-2 can readily
spread after reverse-zoonosis to Syrian hamsters (Mesocrice-
tus auratus), American mink (Neovison vison), and white-
tailed deer (Odocoileus virginianus), indicating its host gen-
eralist capacity (50-55). Furthermore, once an animal virus
acquires the capacity for human infection and transmission,
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the only remaining barrier to spillover is contact between hu-
mans and the pathogen. Thereafter, a single zoonotic trans-
mission event indicates the conditions necessary for
spillovers have been met, which portends additional jumps.
For example, there were at least two zoonotic jumps of SARS-
CoV-2 into humans from pet hamsters in Hong Kong (56) and
dozens from minks to humans on Dutch fur farms (52, 53).
We show that it is highly unlikely that SARS-CoV-2 circu-
lated widely in humans earlier than November 2019 and that
there was limited cryptic spread, with, at most, dozens of
SARS-CoV-2 infections in the weeks leading up to the inferred
tMRCA, but likely far fewer. By late-December, when SARS-
CoV-2 was identified as the etiological agent of COVID-19 (8),
the virus had likely been introduced into humans multiple
times as a result of persistent contact with a viral reservoir.

Materials and methods summary
Materials and methods described in full detail can be
found in the supplementary materials.

Sequence data

We queried the GISAID database (57), GenBank, and Na-
tional Genomics Data Center of the China National Center for
Bioinformatics (CNCB), for complete high-coverage SARS-
CoV-2 genomes collected by 14 February 2020, resulting in a
dataset of 787 taxa belonging to lineages A and B and 20 taxa
with C/C or T/T haplotypes. Genomes were aligned using
MAFFT v7.453 (68) to the SARS-CoV-2 reference genome
(Wuhan/Hu-1/2019) and 388 sites were masked at the 5' and
3' ends and at sites based on De Maio et al. (59). All genome
accessions are available in data S1 and S2.

Progenitor genome reconstruction and reversion
analysis

We reconstructed the progenitor of SARS-CoV-2, the re-
combinant common ancestor (the recCA). We (i) inferred a
maximum likelihood tree of 31 sarbecovirus genomes (SARS-
CoV-2 and 30 closely related sarbecoviruses sampled from
bats and pangolins) across 15 predefined non-recombinant
regions (13) with IQ-TREE v2.0.7 (60), (ii) inferred the se-
quence of the ancestor of SARS-CoV-2 in each tree with
TreeTime v0.8.1 (61), and (iii) concatenated the resulting se-
quences. We next inferred a maximum likelihood tree of the
787 SARS-CoV-2 taxa with IQ-TREE and performed ancestral
state reconstruction with TreeTime to identify substitutions
that were reversions from Wuhan-Hu-1 to the recCA across
the SARS-CoV-2 phylogeny.

Phylodynamic inference and epidemic simulations
We performed phylodynamic inference using BEAST

of lineages A and B), employing a non-reversible random-ef-
fects substitution model and exploring unconstrained root-
ing, recCA-rooting, fixing the ancestral haplotype as a root,
and outgroup rooting. SARS-CoV-2-like epidemics were sim-
ulated with FAVITES-COVID-Lite v0.0.1 (22, 63) using a
scale-free network of 5 million individuals and a customized
extension of the SAPHIRE model (64), producing coalescent
trees on which we simulated mutations. We calculated the
Bayes factor comparing the support of two introductions of
SARS-CoV-2 to one introduction by considering the posterior
probabilities of the four most likely ancestral haplotypes
from the phylodynamic inference (Lineage A, Lineage B, C/C,
and T/T), the frequencies of the phylogenetic structures asso-
ciated with introductions of these haplotypes in the epidemic
simulations, and equal prior probabilities for each ancestral
haplotype and one versus two introductions.

We connected the phylodynamic inference and epidemic
simulations via a rejection sampling-based approach (23), ac-
counting for the tMRCAs of lineages A and B and the earliest
documented COVID-19 illness onset and hospitalization
dates. We then inferred the timing of the introductions of lin-
eages A and B and the infections and hospitalizations for each
lineage. The proportion of epidemic simulations that went
extinct (i.e., no onward transmission by the end of the simu-
lation) was used to approximate the number of SARS-CoV-2
introductions needed to result in two introductions with sus-
tained onward transmission.
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Table 1. Posterior probabilities of inferred ancestral haplotype at the MRCA of SARS-CoV-2. Positions 8782 and 28144 are
indicated in parentheses. Representative genome is that with its sequence matching the haplotype. “No market” excludes 15 market-
associated genomes (13 lineage B genomes associated with the Huanan market plus one lineage A and one lineage B genome not as-
sociated with the Huanan market). *BF > 10. **BF > 100. ***BF > 1000; BFs are in favor of hypothesis rejection.

Phylodynamic analysis

Mutations from Hu-1 Representative
Haplotype

reference genome Unconstrained  No market recCA
(%) (%) (%)

B (CIT) N/A Hu-1 80.85" 62.967 8.18
A (TIC) C8782T+T28144C WHO04 1.68* 5.73* 77.28%
CIC T28144C N/A 10.32 23.02 10.49
TIT c8782T N/A 0.92* 1.68* 3.71*
AICOOST  CHTRTSTAOMMCC? oty ores oo 0207
AL (T/C) gggg$T+T28144c+c1 WAL <0.01%** <0.01%** 0.04%%+

tHaplotype with greatest posterior probability; reference for BF.
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Democracy Dies in Darkness

Prominent scientist who said lab-leak theory of
covid-19 origin should be probed now believes
evidence points to Wuhan market

Controversy continues amid sketchy data and lack of transparency from Chinese authorities

By Joel Achenbach

Yesterday at 2:00 p.m. EST
#F 0 O

The location of early coronavirus infections in late 2019 in Wuhan, China, suggests the virus probably spread to
humans from a market where wild and domestically farmed animals were sold and butchered, according to a peer-
reviewed article published Thursday in the journal Science that is the latest salvo in the debate over how the
pandemic began.

The article, by University of Arizona evolutionary virologist Michael Worobey — a specialist in the origins of viral
epidemics — does not purport to answer all questions about the pandemic’s origins, nor is it likely to quell
speculation that the virus might have emerged somehow from risky laboratory research.

Worobey has been open to the theory of a lab leak. He was one of the 18 scientists who wrote a much-publicized
letter to Science in May calling for an investigation of all possible sources of the virus, including a laboratory
accident. But he now contends that the geographic pattern of early cases strongly supports the hypothesis that the
virus came from an infected animal at the Huanan Seafood Market — an argument that will probably revive the
broader debate about the virus’s origins.

Worobey notes that more than half of the earliest documented illnesses from the virus were among people with a
direct connection to the market, and he argues this was not merely the result of the early focus on the market as a
potential source of the outbreak. He concludes that the first patient known to fall ill with the virus was a female
seafood vendor at the market who became symptomatic on Dec. 11, 2019.

That contradicts a report earlier this year from investigators for the World Health Organization and China, who
concluded that the first patient was a 41-year-old accountant with no connection to the market who became sick on
Dec. 8. But Worobey said the accountant’s medical records reveal he visited the dentist that day to deal with
retained baby teeth that needed to be pulled, but did not show symptoms from the coronavirus until Dec. 16, and
was hospitalized six days after that.

The stealthy nature of the virus, which can spread asymptomatically, makes it highly likely that the pathogen began
to spread many weeks before any of the cases that were identified. But Worobey said the locations and occupations
of the first known patients point to a market origin, with the virus radiating outward into the city of 11 million.

“It becomes almost impossible to explain that pattern if that epidemic didn’t start there,” Worobey said in an

interview.

Geography has been central to theories about the origin of the virus. Wuhan is home to the Wuhan Institute of

Virology, where researchers study and conduct experiments upon coronaviruses that circulate abundantly in bats in



central and southern China. The institute has been a focus of those who argue that an accidental leak from one of its
research labs is the most likely explanation for the spillover of the virus into humans.

The Huanan Seafood Market is many miles, and across the Yangtze River, from the virology institute. Few of the
early documented cases were anywhere near the laboratory. A second laboratory studying coronaviruses at the
Wuhan CDC, which oversaw the city’s coronavirus response, relocated in late 2019 to a spot close to the market.

Worobey’s article immediately drew skeptical responses from two prominent scientists who, like Worobey, have
been deeply engaged in the debate over the most likely scenario for the start of the pandemic.

“It is based on fragmentary information and to a large degree, hearsay,” David A. Relman, a professor of
microbiology at Stanford University, said in an email after reading an embargoed copy. “In general, there is no way
of verifying much of what he describes, and then concludes.”

Jesse Bloom, a computational biologist at the Fred Hutchinson Cancer Research Center in Seattle, said the quality
of the data from China on early coronavirus infections is too poor to support any conclusion.

“I don’t feel like anything can be concluded with high or even really modest confidence about the exact origin of
SARS-CoV-2 in Wuhan, simply because the underlying data are so limited,” Bloom said. He contends that genetic
evidence from early virus samples points to the market as a superspreader event, but not as the location of the first
set of infections.

Bloom has been among those sounding alarms about what he feels is overly risky research conducted at the Wuhan
Institute of Virology. That research has generated tremendous controversy, with some Republican lawmakers and
conservative media figures focusing on funding for some of the experiments, funneled via a nonprofit group,
EcoHealth Alliance, from the National Institute of Allergy and Infectious Diseases, which is led by President Biden’s
chief pandemic medical adviser, Anthony S. Fauci.

Worobey’s paper drew strong praise from those favoring the natural zoonosis theory.

“Mike’s piece shows beyond a shadow of a doubt that in fact the Huanan market was the epicenter of the outbreak,”
said Robert F. Garry Jr., a virologist at Tulane University and one of the most vocal proponents of the zoonosis
hypothesis.

Benjamin Neuman, a virologist at Texas A&M University who was one of the coronavirus experts to give SARS-
CoV-2 its name in early 2020, called the report “detailed and compelling, in a way that the most detailed conspiracy
timelines have not been. ... When the evidence is laid out like this, the association with the market is strong long
before anyone realized it — right from the start.”

Worobey and critics Relman and Bloom have one thing in common: They signed the letter to the journal Science in
May that called for continued investigation into the virus’s origins, including the possibility of a lab leak.

Soon, public opinion polls showed more people favored the lab-leak theory than the market origin. And Biden
ordered his intelligence agencies to look into the matter and report back within 9o days.

In the months since he signed the Science letter, Worobey has become more convinced that the pandemic began as
a spillover in the market, where animals known to be capable of harboring the virus — such as raccoon dogs — were
sold.

The Science letter was influential in taking conjecture that had once been derided as a conspiracy theory and
propelling it into the mainstream of virus-origin debates, even making it, as Worobey puts it, “the leading
contender” in the public mind for the origin of the pandemic.

“The pendulum has swung way too far to the other side,” he said.

Tt has heen known since the start of the nandemic that the Hiuanan market was linked to manv earlv cases. and the
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first news reports invariably cited it as the likely source of viral spillover. But the joint report from the WHO and
China this year presented a murkier picture, noting that some cases in December 2019 had no link to the market:
“No firm conclusion therefore about the role of the Huanan market in the origin of the outbreak, or how the
infection was introduced into the market, can currently be drawn.”

The market was quickly closed, the animals culled before any were screened for SARS-CoV-2, and everything
cleaned and sanitized soon after the outbreak began. Still, a subsequent investigation showed that traces of the

virus were found on surfaces in the market, including drains, particularly in the area where vendors sold animals.

Worobey acknowledged that the clustering of infections could be misleading, saying the early focus on the market
might have skewed data because epidemiologists might have looked for market-linked infections and missed
infections occurring in areas getting less attention — a common tendency in research known as “ascertainment

bias.” But he concluded that the timeline and geography of early cases rule out such an error.

Chinese officials have said the Huanan market was not the source of the pandemic. China’s government has pushed
the idea that the coronavirus could have been brought to China from overseas, including from Fort Detrick in
Maryland and through frozen food imports.

Worobey does not contend that he has proved definitively how the pandemic began. And his article is not a research
study presenting all-new data, but rather is labeled a “Perspective” piece. Such articles typically aggregate and
interpret information that for the most part has already been in the public domain.

Although the lab-leak idea was at first derided by many scientists and in the mainstream media as a conspiracy
theory — one embraced by President Donald Trump and his allies as part of their rhetorical attacks on China and
the “China virus” — the failure to find an animal host of the immediate precursor to SARS-CoV-2 has kept all
hypotheses on the table.

The 90-day investigation conducted by U.S. intelligence agencies at the behest of Biden was inconclusive. Most
agencies favored the natural zoonosis theory. One favored the lab leak. The only firm conclusion was that the virus
was not a bioweapon.

Worobey said he was open to the possibility of a lab leak, simply because of the proximity of the Wuhan Institute of
Virology to the first outbreak. But he examined the geography question more closely. If the virus came out of the
lab, why did the first cases cluster in and around the market many miles away? And that market, he notes, had sold
animals that were implicated in the first SARS epidemic of 2002-2003.

“It becomes almost absurd, in my mind, to imagine that this virus started at the Wuhan Institute of Virology, and
almost immediately that person went to one of the few places that sold raccoon dogs and other animals that were
implicated in SARS-1,” he said.

His paper does not mention the Wuhan CDC laboratory. Chinese officials have insisted that SARS-CoV-2 was never
in one of the country’s laboratories, nor has it been found through tests in wild or domesticated animals.

Proponents of the lab-leak theory point to the lack of transparency of Chinese officials and the removal of
experimental data from a database at the Wuhan Institute of Virology several months before the pandemic.
Worobey’s market-origin theory suggests an alternative scenario, one in which authorities were not eager to find
proof that the spillover happened in a market with live animals that may have been illegally captured and sold.

Worobey also suggests that Chinese officials may have been embarrassed that the country’s system for identifying
and rapidly responding to novel pneumonia-like illnesses — a system put in place after the original SARS epidemic
— was slow to detect the outbreak of illnesses caused by the novel coronavirus.

Eva Dou contributed to this report.
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Dissecting the early COVID-19 cases in Wuhan

By Michael Worobey

Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ, USA. Email: worobey@arizona.edu

Elucidating the origin of the pandemic requires understanding of the Wuhan outbreak

Some key questions lie at the heart of investigations into the
origin of the COVID-19 pandemic, including what is known
about the earliest COVID-19 cases in Wuhan, China, and what
can be learned from them? Despite assertions to the contrary
(1), it is now clear that live mammals susceptible to corona-
viruses, including raccoon dogs (Nyctereutes procyonoides),
were sold at Huanan Market and three other live-animal mar-
kets in Wuhan before the pandemic (2, 3). Severe acute res-
piratory syndrome-related coronaviruses (SARSr-CoVs) were
found in raccoon dogs during the SARS outbreak, which was
facilitated by animal-to-human contact in live-animal mar-
kets in China. However, because of the early public health
focus on Huanan Market, it remains unclear whether the ap-
parent preponderance of hospitalized COVID-19 cases associ-
ated with this market was truly reflective of the initial
outbreak. Answering these questions requires resolving sev-
eral crucial events that took place in December 2019 and
early January 2020.

On 30 December 2019, the Wuhan Municipal Health Com-
mission (WHC) issued two emergency notices for internal cir-
culation to local hospitals alerting them to patients with
unexplained pneumonia—several of whom worked at
Huanan Market—and laying out a treatment and response
plan (see fig. S1). The first official public report was WHC’s
announcement the next day that they had carried out case
searches and retrospective investigations related to Huanan
Market and found 27 patients. Forty-one of the first known
patients formed the basis of an influential study that reported
that 66%—i.e., not all early cases—had a link to Huanan Mar-
ket (4). They had been transferred between 29 December and
2 January from other hospitals to Jinyintan Hospital, Wu-
han’s premier infectious disease center. Notably, individuals
were enrolled according to clinical presentation, not epide-
miologic information, such as connections to Huanan Market
4).

China’s Viral Pneumonia of Unknown Etiology (VPUE)
mechanism was set up in the wake of SARS to be an early
warning reporting system for detecting unknown viral dis-
eases and is overseen by the China Center for Disease Control
and Prevention (CCDC) (5). PUE cases are supposed to be rap-
idly reported by clinicians to the national notifiable disease
reporting system through an internet-based platform. Evi-
dently, that did not happen in Wuhan in December. The
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system appears to have been in active use only from 3 Janu-
ary. Although it favored cases having a connection to Huanan
Market (6-8), the VPUE mechanism could not have improp-
erly inflated the proportion of Huanan Market-linked cases
in December (I). Moreover, reporting began only after the 41
patients were transferred from other hospitals to Jinyintan
Hospital. Nevertheless, it is possible that a disproportionate
number of cases linked to Huanan Market were transferred
to Jinyintan Hospital because of public health officials’ early
focus there.

There is, however, a way to step back to a period before
any such bias could have crept in, by considering what hap-
pened in the hospitals that first pieced together that a new
viral outbreak was underway. Although not mentioned by
name in scientific publications (9), media reports reveal that
Hubei Provincial Hospital of Integrated Chinese and Western
Medicine (HPHICWM) was the first hospital to alert district,
municipal, and provincial public health authorities about the
mysterious pneumonia cases (see fig. S1). Zhang Jixian, direc-
tor of respiratory and critical care medicine, noticed on 27
December that an elderly couple had large “ground glass”
opacities in computed tomography (CT) images of their
lungs, distinct from those she had seen in other cases of viral
pneumonia. Zhang insisted that the couple’s son, who was
not a patient and had no symptoms, undergo a CT scan, and
the same unusual lesions were observed. The husband and
wife evidently are “cluster 1” in the World Health Organiza-
tion (WHO)-China report (I): They are the earliest known
case cluster and the only cluster admitted by 26 December.
They had no known connection to Huanan Market.

Another patient with similar CT imaging, a worker at
Huanan Market, was admitted on 27 December. Zhang, con-
cerned about a new, probably infectious viral disease, re-
ported the four cases to hospital officials, who alerted the
Jianghan District CDC that same day. Over 28 and 29 Decem-
ber, three more patients, all of whom worked at Huanan Mar-
ket, were admitted and recognized to have the same
unknown respiratory disease. A vice president of HPHICWM,
Xia Wenguang, brought together 10 experts from the hospi-
tal, including Zhang, for an emergency meeting on 29 Decem-
ber, and they concluded that the situation was extraordinary.
Upon learning of similar patients, also linked to Huanan
Market, at Tongji and Union (Xiehe) Hospitals, Xia alerted
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the Wuhan and Hubei CDCs on 29 December.

A notably similar situation unfolded at Wuhan Central
Hospital. On 18 December, Ai Fen, director of the emergency
department, encountered her first unexplained pneumonia
patient, a 65-year-old man who had become ill on either 13 or
15 December. Unbeknownst to Ai at the time, the patient was
a deliveryman at Huanan Market. A CT scan revealed infec-
tion in both lungs, and he did not respond to antibiotics or
anti-influenza drugs. On 24 December, a bronchoalveolar lav-
age specimen collected from him was sent to Vision Medicals,
a metagenomics sequencing company. They identified a new
SARSr-CoV on 26 December and relayed the finding by tele-
phone to the hospital on 27 December. By 28 December, Wu-
han Central Hospital had identified seven cases, of which
four turned out to be linked to Huanan Market. Notably,
these seven cases, like those at HPHICWM, were ascertained
before epidemiologic investigations concerning Huanan Mar-
ket commenced on 29 December.

At Zhongnan Hospital in the Wuchang District of Wuhan,
15 km away from Huanan Market and on the opposite bank
of the Yangtze River, Vice President Yuan Yufeng asked units
on 31 December to search for unexplained pneumonia cases,
and the Respiratory Medicine Department reported two. The
first lived in Wuchang District but worked at Huanan Market
(in Jianghan District). The second did not work at Huanan
Market but had friends who did and who had visited his
home. On 3 January, three more cases were identified—a fam-
ily cluster unlinked to Huanan Market. Clearly, hospitals in
the first weeks of the outbreak were identifying cases both
with and without a known connection to Huanan Market.
And Wuhan hospitals were not swamped with unexplained
pneumonia cases at the end of December—that would come
later.

Thus, 10 of these hospitals’ 19 earliest COVID-19 cases
were linked to Huanan Market (~53%), comparable both to
Jinyintan’s 66% (of 41 cases) (4¢) and to the WHO-China re-
port’s 33% of 168 retrospectively identified cases across De-
cember 2019 (7). Regarding cases at the Wuhan Central
Hospital and HPHICWM, patients with a history of exposure
at Huanan Market could not have been “cherry picked” be-
fore anyone had identified the market as an epidemiologic
risk factor. Hence, there was a genuine preponderance of
early COVID-19 cases associated with Huanan Market.

How can this knowledge inform our understanding of the
pandemic? If Huanan Market was the source, why were only
one- to two-thirds of early cases linked to the market? Per-
haps a better question is why would one expect all cases as-
certained weeks into the outbreak to be confined to one
market? Given the high transmissibility of SARS-CoV-2 and
the high rate of asymptomatic spread, many symptomatic
cases would inevitably soon lack a direct link to the location
of the pandemic’s origin. And some cases counted as
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“unlinked” may have been only one or two transmissions
away, as exemplified by the second patient identified at
Zhongnan Hospital. That so many of the >100 COVID-19
cases from December (I) with no identified epidemiologic
link to Huanan Market nonetheless lived in its direct vicinity
is notable (see the figure) and provides compelling evidence
that community transmission started at the market.

Additionally, the earliest known cases should not neces-
sarily be expected to be the first infected or linked to Huanan
Market: They probably postdated the outbreak’s index case
by a considerable period (10) because only ~7% of SARS-CoV-
2 infections lead to hospitalization (1I); most fly under the
radar. Similarly, it is entirely expected that early, ascertained
cases from a seafood market would be workers who were not
necessarily directly associated with wildlife sales because the
outbreak spread from human to human. The index case was
most likely one of the ~93% who never required hospitaliza-
tion and indeed could have been any of hundreds of workers
who had even brief contact with infected live mammals.

Crucially, however, the now famous “earliest” COVID-19
case (I), a 41-year-old male accountant, who lived 30 km
south of Huanan Market and had no connection to it—illness
onset reported as 8 December—appears to have become ill
with COVID-19 considerably later (12). When interviewed, he
reported that his COVID-19 symptoms started with a fever on
16 December; the 8 December illness was a dental problem
related to baby teeth retained into adulthood (72). This is cor-
roborated by hospital records and a scientific paper that re-
ports his COVID-19 onset date as 16 December and date of
hospitalization as 22 December (13). This indicates that he
was infected through community transmission after the virus
had begun spreading from Huanan Market. He believed that
he may have been infected in a hospital (presumably during
his dental emergency) or on the subway during his commute;
he had also traveled north of Huanan Market shortly before
his symptoms began (72). His symptom onset came after mul-
tiple cases in workers at Huanan Market, making a female
seafood vendor there the earliest known case, with illness on-
set 11 December (12). Notably, she reported knowledge of sev-
eral possible COVID-19 cases in clinics and hospitals that
were near Huanan Market from 11 December, and Huanan
Market patients were hospitalized at Union Hospital as early
as 10 December (see fig. S1).

Although a widely cited report (7) credits the VPUE mech-
anism with uncovering the pandemic, it was HPHICWM that
identified both the outbreak and the Huanan Market connec-
tion and passed on these fully formed discoveries to district,
municipal, and provincial public health officials by 29 De-
cember (9). National officials reportedly did not learn about
the outbreak until CCDC Director George Gao encountered
online group chats about the WHC emergency notices on the
evening of 30 December. Concerned that so many cases had
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not been reported to the VPUE system, he quickly notified
the National Health Commission (14) (see fig. S1).

Therefore, the preponderance of early cases connected to
Huanan Market could not have been an artifact of ascertain-
ment bias introduced by case definitions in the VPUE system.
Although mechanisms like China’s VPUE system are poten-
tially invaluable, they will fail without both widespread buy-
in from health care providers and rapid data sharing from
local to central authorities. Key problems with the VPUE sys-
tem were known before the pandemic, including that most
clinicians in China had little awareness of the VPUE system
and were not reporting cases to it—for example, 0 of 335 PUE
cases in one study from 2019 (5). China should be com-
mended, however, for having such a system, which is lacking
in most countries. The focus now should be on fixing the
problems that COVID-19 has exposed and blanketing the
globe with a highly functional PUE early warning system.

Samples from the earliest COVID-19 patients in Wuhan
have been sequenced, and two distinct SARS-CoV-2 lineages,
A and B, have been identified. Given that the elderly couple
at HPHICWM was the WHO report’s cluster 1, it follows that
the husband, illness onset 26 December (I), must be the
source of the earliest lineage A sequence, Wuhan/IME-
WHO01/2019 (GenBank accession number MT291826) (see fig.
S1), which he most likely got from his wife, who became ill 15
December. This raises the possibility that the Yangchahu
market that they visited may have been a site of a separate
animal spillover. The recent discovery that there may be no
true lineage A or B intermediates in humans (75) also raises
the possibility of separate spillovers of both lineages. How-
ever, the earliest known lineage A genomes have close geo-
graphical connections to Huanan Market: one from a patient
(age and gender not reported) who stayed in a hotel near
Huanan Market in the days before illness onset in December
(13) and the other from the 62-year-old husband in cluster 1
who visited Yangchahu Market, just a few blocks north of
Huanan Market (I), and lived just to the south (see the fig-
ure). Therefore, if lineage A had a separate animal origin
from lineage B, both most likely occurred at Huanan Market,
and the association with Yangchahu Market, which does not
appear to have sold live mammals, is likely due to community
transmission starting in the neighborhoods surrounding
Huanan Market.

With SARS, live-animal markets continued to sell infected
animals for many months, allowing zoonotic spillover to be
established as the origin and revealing multiple independent
jumps from animals into humans (3). Unfortunately, no live
mammal collected at Huanan Market or any other live-ani-
mal market in Wuhan has been screened for SARS-CoV-2-
related viruses (I), and Huanan Market was closed and disin-
fected on 1 January 2020. Nevertheless, that most early symp-
tomatic cases were linked to Huanan Market—specifically to
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the western section (Z) where raccoon dogs were caged (2)—
provides strong evidence of a live-animal market origin of the
pandemic.

This would explain the extraordinary preponderance of
early COVID-19 cases at one of the handful of sites in Wu-
han—population 11 million—that sell some of the same ani-
mals that brought us SARS. Although it may never be possible
to recover related viruses from animals if they were not sam-
pled at the time of emergence, conclusive evidence of a
Huanan Market origin from infected wildlife may nonethe-
less be obtainable through analysis of spatial patterns of early
cases and from additional genomic data, including SARS-
CoV-2-positive samples from Huanan Market, as well as
through integration of additional epidemiologic data. Pre-
venting future pandemics depends on this effort.
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COVID-19 cases in Wuhan in December 2019

The map shows that most of the earliest cases of COVID-19 were in close
proximity to Huanan Market, even if they were not directly connected with
the market through working there or visiting. This suggests that transmis-
sion in the community around the market was occurring in December 2018.
The map is based on a subset of data from 174 COVID-19 cases in and
around Wuhan (1).
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Scientist Finds Early Virus Sequences That Had Been Mysteriously Deleted

By rooting through files stored on Google Cloud, a researcher says he recovered 13 early coronavirus sequences that had disappeared from a database last
year.

1 By Carl Zimmer
-

June 23, 2021

About a year ago, genetic sequences from more than 200 virus samples from early cases of Covid-19 in Wuhan disappeared from an online scientific
database.

Now, by rooting through files stored on Google Cloud, a researcher in Seattle reports that he has recovered 13 of those original sequences — intriguing
new information for discerning when and how the virus may have spilled over from a bat or another animal into humans.

The new analysis, released on Tuesday, bolsters earlier suggestions that a variety of coronaviruses may have been circulating in Wuhan before the initial
outbreaks linked to animal and seafood markets in December 2019.

As the Biden administration investigates the contested origins of the virus, known as SARS-CoV-2, the study neither strengthens nor discounts the
hypothesis that the pathogen leaked out of a famous Wuhan lab. But it does raise questions about why original sequences were deleted, and suggests that
there may be more revelations to recover from the far corners of the internet.

“This is a great piece of sleuth work for sure, and it significantly advances efforts to understand the origin of SARS-CoV-2,” said Michael Worobey, an
evolutionary biologist at the University of Arizona who was not involved in the study.

Jesse Bloom, a virologist at the Fred Hutchinson Cancer Research Center who wrote the new report, called the deletion of these sequences suspicious. It
“seems likely that the sequences were deleted to obscure their existence,” he wrote in the paper, which has not yet been peer-reviewed or published in a
scientific journal.

Dr. Bloom and Dr. Worobey belong to an outspoken group of scientists who have called for more research into how the pandemic began. In a letter
published in May, they complained that there wasn’t enough information to determine whether it was more likely that a lab leak spread the coronavirus,
or that it leapt to humans from contact with an infected animal outside of a lab.

The genetic sequences of viral samples hold crucial clues about how SARS-CoV-2 shifted to our species from another animal, most likely a bat. Most
precious of all are sequences from early in the pandemic, because they take scientists closer to the original spillover event.

As Dr. Bloom was reviewing what genetic data had been published by various research groups, he came across a March 2020 study with a spreadsheet
that included information on 241 genetic sequences collected by scientists at Wuhan University. The spreadsheet indicated that the scientists had
uploaded the sequences to an online database called the Sequence Read Archive, managed by the U.S. government’s National Library of Medicine.

But when Dr. Bloom looked for the Wuhan sequences in the database earlier this month, his only result was “no item found.”

Puzzled, he went back to the spreadsheet for any further clues. It indicated that the 241 sequences had been collected by a scientist named Aisi Fu at
Renmin Hospital in Wuhan. Searching medical literature, Dr. Bloom eventually found another study posted online in March 2020 by Dr. Fu and colleagues,
describing a new experimental test for SARS-CoV-2. The Chinese scientists published it in a scientific journal three months later.

In that study, the scientists wrote that they had looked at 45 samples from nasal swabs taken “from outpatients with suspected Covid-19 early in the
epidemic.” They then searched for a portion of SARS-CoV-2’s genetic material in the swabs. The researchers did not publish the actual sequences of the
genes they fished out of the samples. Instead, they only published some mutations in the viruses.

But a number of clues indicated to Dr. Bloom that the samples were the source of the 241 missing sequences. The papers included no explanation as to
why the sequences had been uploaded to the Sequence Read Archive, only to disappear later.

Perusing the archive, Dr. Bloom figured out that many of the sequences were stored as files on Google Cloud. Each sequence was contained in a file in the
cloud, and the names of the files all shared the same basic format, he reported.

Dr. Bloom swapped in the code for a missing sequence from Wuhan. Suddenly, he had the sequence. All told, he managed to recover 13 sequences from the
cloud this way.

With this new data, Dr. Bloom looked back once more at the early stages of the pandemic. He combined the 13 sequences with other published sequences
of early coronaviruses, hoping to make progress on building the family tree of SARS-CoV-2.

Working out all the steps by which SARS-CoV-2 evolved from a bat virus has been a challenge because scientists still have a limited number of samples to
study. Some of the earliest samples come from the Huanan Seafood Wholesale Market in Wuhan, where an outbreak occurred in December 2019.

But those market viruses actually have three extra mutations that are missing from SARS-CoV-2 samples collected weeks later. In other words, those
later viruses look more like coronaviruses found in bats, supporting the idea that there was some early lineage of the virus that did not pass through the
seafood market.

Dr. Bloom found that the deleted sequences he recovered from the cloud also lack those extra mutations. “They’re three steps more similar to the bat
coronaviruses than the viruses from the Huanan fish market,” Dr. Bloom said.
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The Wuhan Huanan Wholesale Seafood Market in January 2020. Dake Kang/Associated Press

This suggests, he said, that by the time SARS-CoV-2 reached the market, it had been circulating for awhile in Wuhan or beyond. The market viruses, he
argued, aren’t representative of full diversity of coronaviruses already loose in late 2019.

“Maybe our picture of what was present early in Wuhan from what has been sequenced might be somewhat biased,” he said.

In his report, Dr. Bloom acknowledged that this conclusion would have to be confirmed with a deeper analysis of the virus sequences. Dr. Worobey said
that he and his colleagues are working on a large-scale study of SARS-CoV-2 genes to better understand its origin and that they’ll now add Dr. Bloom’s 13
recovered sequences.

“These additional data will play a big role in that effort,” Dr. Worobey said.

It’s not clear why this valuable information went missing in the first place. Scientists can request that files be deleted by sending an email to the
managers of the Sequence Read Archive. The National Library of Medicine, which manages the archive, said that the 13 sequences were removed last
summer.

“These SARS-CoV-2 sequences were submitted for posting in SRA in March 2020 and subsequently requested to be withdrawn by the submitting
investigator in June 2020,” said Renate Myles, a spokeswoman for the National Institutes of Health.

She said that the investigator, whom she did not name, told the archive managers that the sequences were being updated and would be added to a
different database. But Dr. Bloom has searched every database he knows of, and has yet to find them. “Obviously I can’t rule out that the sequences are on
some other database or web page somewhere, but I have not been able to find them any of the obvious places I’ve looked,” he said.

Three of the co-authors of the 2020 testing study that produced the 13 sequences did not immediately respond to emails inquiring about Dr. Bloom’s
finding. That study did not give contact information for another co-author, Dr. Fu, who was also named on the spreadsheet from the other study.

Some scientists are skeptical that there is anything sinister behind the removal of the sequences. “I don’t really understand how this points to a cover-up,”
said Stephen Goldstein, a virologist at the University of Utah.

Dr. Goldstein noted that the testing paper listed the individual mutations the Wuhan researchers found in their tests. Although the full sequences are no
longer in the archive, the key information has been public for over a year, he said. It was just tucked away in a format that is hard for researchers to find.

“We all missed this relatively obscure paper;,” Dr. Goldstein said.

“You can’t really say why they were removed,” Dr. Bloom acknowledged in an interview. “You can say that the practical consequence of removing them
was that people didn’t notice they existed.” He also noted that the Chinese government ordered the destruction of a number of early samples of the virus
and barred the publication of papers on the coronavirus without its approval.

For his part, Dr. Worobey still wants answers. “I hope we hear from the authors who generated, but then deleted, these crucial sequences so we can
understand more about their motivation for doing so,” he said. “It certainly is strange at face value and really demands an explanation.”

Regardless of what happened to these 13 sequences, Dr. Bloom now wonders what other clues might be discovered online. In order to reconstruct the
origin of Covid-19, all those clues potentially matter.

“Ideally, we need to try to find as many other early sequences as possible,” he said. “And I think this study suggests that we should look everywhere.”

https://www.nytimes.com/2021/06/23/science/coronavirus-sequences.html 2/2
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Recovery of deleted deep sequencing data sheds more
light on the early Wuhan SARS-CoV-2 epidemic

Jesse D. Bloom

Fred Hutchinson Cancer Research Center
Howard Hughes Medical Institute

Seattle, WA, USA

ABSTRACT The origin and early spread of SARS-CoV-2 remains shrouded in mystery. Here | identify a data set containing
SARS-CoV-2 sequences from early in the Wuhan epidemic that has been deleted from the NIH’s Sequence Read Archive. |
recover the deleted files from the Google Cloud, and reconstruct partial sequences of 13 early epidemic viruses. Phylogenetic
analysis of these sequences in the context of carefully annotated existing data suggests that the Huanan Seafood Market
sequences that are the focus of the joint WHO-China report are not fully representative of the viruses in Wuhan early in the
epidemic. Instead, the progenitor of known SARS-CoV-2 sequences likely contained three mutations relative to the market
viruses that made it more similar to SARS-CoV-2’s bat coronavirus relatives.

nderstanding the spread of SARS-CoV-2 in Wuhan is crucial
to tracing the origins of the virus, including identifying
events that led to infection of patient zero. The first reports
outside of China at the end of December 2019 emphasized the
role of the Huanan Seafood Market (ProMED 2019), which was
initially suggested as a site of zoonosis. However, this theory
became increasingly tenuous as it was learned that many early
cases had no connection to the market (Cohen 2020; Huang et al.
2020; Chen ef al. 2020). Eventually, Chinese CDC Director Gao Fu
dismissed the theory, stating “At first, we assumed the seafood
market might have the virus, but now the market is more like a
victim. The novel coronavirus had existed long before” (Global
Times 2020).

Indeed, there were reports of cases that far preceded the out-
break at the Huanan Seafood Market. The Lancet described a
confirmed case having no association with the market whose
symptoms began on December 1, 2019 (Huang et al. 2020). The
South China Morning Post described nine cases from Novem-
ber 2019 including details on patient age and sex, noting that
none were confirmed to be “patient zero” (Ma 2020). Professor
Yu Chuanhua of Wuhan University told the Health Times that
records he reviewed showed two cases in mid-November, and
one suspected case on September 29 (Health Times 2020). At
about the same time as Professor Chuanhua’s interview, the
Chinese CDC issued an order forbidding sharing of information
about the COVID-19 epidemic without approval (China CDC
2020), and shortly thereafter Professor Chuanhua re-contacted
the Health Times to say the November cases could not be con-
firmed (Health Times 2020). Then China’s State Council issued
a much broader order requiring central approval of all publica-
tions related to COVID-19 to ensure they were coordinated “like
moves in a game of chess” (Kang et al. 2020a). In 2021, the joint
WHO-China report dismissed all reported cases prior to Decem-
ber 8 as not COVID-19, and revived the theory that the virus
might have originated at the Huanan Seafood Market (WHO
2021).

In other outbreaks where direct identification of early cases

Manuscript compiled: Friday 18 June, 2021
Corresponding author: joloom@fredhutch.org

has been stymied, it has increasingly become possible to use ge-
nomic epidemiology to infer the timing and dynamics of spread
from analysis of viral sequences. For instance, analysis of SARS-
CoV-2 sequences has enabled reconstruction of the initial spread
of SARS-CoV-2 in North America and Europe (Bedford ef al.
2020; Worobey et al. 2020; Deng et al. 2020; Fauver et al. 2020).

But in the case of Wuhan, genomic epidemiology has also
proven frustratingly inconclusive. Some of the problem is simply
limited data: despite the fact that Wuhan has advanced virology
labs, there is only patchy sampling of SARS-CoV-2 sequences
from the first months of the city’s explosive outbreak. Other than
a set of multiply sequenced samples collected in late December
of 2019 from a dozen patients connected to the Huanan Seafood
Market (WHO 2021), just a handful of Wuhan sequences are
available from before late January of 2020 (see analysis in this
study below). This paucity of sequences could be due in part to
an order that unauthorized Chinese labs destroy all coronavirus
samples from early in the outbreak, reportedly for “laboratory
biological safety” reasons (Pingui 2020).

However, the Wuhan sequences that are available have also
confounded phylogenetic analyses designed to infer the “pro-
genitor” of SARS-CoV-2, which is the sequence from which all
other currently known sequences are descended (Kumar ef al.
2021). Although there is debate about exactly how SARS-CoV-2
entered the human population, it is universally accepted that
the virus’s deep ancestors are bat coronaviruses (Lytras et al.
2021). But the earliest known SARS-CoV-2 sequences, which
are mostly derived from the Huanan Seafood Market, are no-
tably more different from these bat coronaviruses than other
sequences collected at later dates outside Wuhan. As a result,
there is a direct conflict between the two major principles used to
infer an outbreak’s progenitor: namely that it should be among
the earliest sequences, and that it should be most closely related
to deeper ancestors (Pipes et al. 2021).

Here I take a step towards resolving these questions by iden-
tifying and recovering a deleted data set of partial SARS-CoV-2
sequences from outpatient samples collected early in the Wuhan
epidemic. Analysis of these new sequences in conjunction with
careful annotation of existing ones suggests that the early Wuhan
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SRR11313485 is removed

Run Browser
Search and browse data for a single RUN

Accession: Search

@What can be entered in this field?

Figure 1 Accessions from deep sequencing project PR-
JNA612766 have been removed from the SRA. Shown is the
result of searching for “SRR11313485” in the SRA search tool-
bar. This result has been digitally archived on the Wayback
Machine at https://web.archive.org/web/20210502131630/https:
/ftrace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR11313485.

samples that have been the focus of most studies including the
joint WHO-China report (WHO 2021) are not fully representa-
tive of the viruses actually present in Wuhan at that time. These
insights help reconcile phylogenetic discrepancies, and suggest
two plausible progenitor sequences, one of which is identical to
that inferred by Kumar et al. (2021). Furthermore, the approach
taken here hints it may be possible to advance understanding
of SARS-CoV-2’s origins or early spread even without further
on-the-ground studies, such as by more deeply probing data
archived by the NIH and other entities.

Results

Identification of a SARS-CoV-2 deep sequencing data set that
has been removed from the Sequence Read Archive

During the course of my research, I read a paper by Farkas et al.
(2020) that analyzed SARS-CoV-2 deep sequencing data from the
Sequence Read Archive (SRA), which is a repository maintained
by the NIH’s National Center for Biotechnology Information.
The first supplementary table of Farkas et al. (2020) lists all SARS-
CoV-2 deep sequencing data available from the SRA as of March
30, 2020.

The majority of entries in this table refer to a project (Bio-
Project PRINA612766) by Wuhan University that is described
as nanopore sequencing of SARS-CoV-2 amplicons. The table
indicates this project represents 241 of the 282 SARS-CoV-2 se-
quencing run accessions in the SRA as of March, 30, 2020. Be-
cause I had never encountered any other mention of this project,
I performed a Google search for “PRJNA612766,” and found no
search hits other than the supplementary table itself. Searching
for “PRJNA612766” in the NCBI’s SRA search box returned a
message of “No items found.” I then searched for individual
sequencing run accessions from the project in the NCBI’s SRA
search box. These searches returned messages indicating that
the sequencing runs had been removed (Figure 1).

The SRA is designed as a permanent archive of deep sequenc-
ing data. The SRA documentation states that after a sequencing
run is uploaded, “neither its files can be replaced nor filenames
can be changed,” and that data can only be deleted by e-mailing
SRA staff (SRA 2021). An example of this process from another
study is in Figure 2, which shows an e-mail by the lead author of
a paper on pangolin coronaviruses (Xiao ef al. 2020) requesting
deletion of two sequencing runs. Subsequent to March 30, 2020,
a similar e-mail request must have been made to fully delete
SARS-CoV-2 deep sequencing project PRINA612766.

31002020

Request to delete two SRA terms of from my submission Incoming Received

5:47 AM

From e

To sra(@nchi.nlm.nih.govisra@ncbi.nlm.nih.gov;
Attachment #

Dear administrator:

| uploaded two unrelated files in my Bioproject, can you help me to delete them?

The BioProject ID is PRINABO7174.

The submission ID is SUB6988522.

The BioSample accession of two objects need to deletet: SAMN 14126327 and SAMN 14126328
Please help me to delete these two BioSample (SAMN14126327 and SAMN14126328) and their
related SRA files.

Thank you very much.

Yours

Xiao
20200310
310/2020  Re: case #CAS-503400-N75952: Request to delete two SRA
10:49 AM  terms of from my submi... TRACKING:000393000005514

From nlm-support@nlm.nih.gov
To —_—
Attachment #

1 have withdrawn SAMN14126327 and SAMN 14126328, along with the associated SRA data.
Cheers,

Outgoing Sent

SRA Curator

Figure 2 Example of the process to delete SRA data. The image
shows e-mails between the lead author of the pangolin coro-
navirus paper Xiao et al. (2020) and SRA staff excerpted from
USRTK (2020).

The deleted data set contains sequencing of viral samples col-
lected early in the Wuhan epidemic

The metadata in the first supplementary table of Farkas et al.
(2020) indicates that the samples in deleted project PRNJA612766
were collected by Aisu Fu and Renmin Hospital of Wuhan Uni-
versity. Google searching for these terms revealed the samples
were related to a study posted as a pre-print on medRxiv in early
March of 2020 (Wang et al. 2020a), and subsequently published
in the journal Small in June of 2020 (Wang et al. 2020b).

The study describes an approach to diagnose infection with
SARS-CoV-2 and other respiratory viruses by nanopore sequenc-
ing. This approach involved reverse-transcription of total RNA
from swab samples, followed by PCR with specific primers to
generate amplicons covering portions of the viral genome. These
amplicons were then sequenced on an Oxford Nanopore Grid-
ION, and infection was diagnosed if the sequencing yielded
sufficient reads aligning to the viral genome. Importantly, the
study notes that this approach yields information about the
sequence of the virus as well enabling diagnosis of infection.

The pre-print (Wang et al. 2020a) says the approach was ap-
plied to “45 nasopharyngeal swab samples from outpatients with
suspected COVID-19 early in the epidemic.” The digital object
identifier (DOI) for the pre-print indicates that it was processed
by medRxiv on March 4, 2020, which is one day after China’s
State Council ordered that all papers related to COVID-19 must
be centrally approved (Kang ef al. 2020a). The final published
manuscript (Wang ef al. 2020b) from June of 2020 updated the de-
scription from “early in the epidemic” to “early in the epidemic
(January 2020).” Both the pre-print and published manuscript
say that 34 of the 45 early epidemic samples were positive in the
sequencing-based diagnostic approach. In addition, both state
that the approach was later applied to 16 additional samples
collected on February 11-12, 2020, from SARS-CoV-2 patients
hospitalized at Renmin Hospital of Wuhan University.

There is complete concordance between the accessions for
project PRINA612766 in the supplementary table of Farkas ef al.
(2020) and the samples described by Wang et al. (2020a). There
are 89 accessions corresponding to the 45 early epidemic sam-



bioRxiv preprint doi: https://doi.org/10.1101/2021.06.18.449051; this version posted June 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

ples, with these samples named like wells in a 96-well plate (A1,
A2, etc). The number of accessions is approximately twice the
number of early epidemic samples because each sample has data
for two sequencing runtimes except one sample (B5) with just
one runtime. There are 31 accessions corresponding to the 16
samples collected in February from Renmin Hospital patients,
with these samples named R01, R02, etc. Again, all but one sam-
ple (R04) have data for two sequencing runtimes. In addition,
there are 7 accessions corresponding to positive and negative
controls, 2 accessions corresponding to other respiratory virus
samples, and 112 samples corresponding to plasmids used for
benchmarking of the approach. Together, these samples and
controls account for all 241 accessions listed for PRINA612766
in the supplementary table of Farkas et al. (2020).

Neither the pre-print (Wang et al. 2020a) nor published
manuscript (Wang et al. 2020b) contain any correction or note
that indicates a scientific reason for deleting the study’s sequenc-
ing data from the SRA. I e-mailed both corresponding authors
of Wang et al. (2020a) to ask why they had deleted the deep
sequencing data and to request details on the collection dates of
the early outpatient samples, but received no reply.

Recovery of deleted sequencing data from the Google Cloud

As indicated in Figure 1, none of the deleted sequencing runs
could be accessed through the SRA’s web interface. In addition,
none of the runs could be accessed using the command-line
tools of the SRA Toolkit. For instance, running fastq-dump
SRR11313485 or vdb-dump SRR11313485 returned the message
“err: query unauthorized while resolving query within virtual
file system module - failed to resolve accession 'SRR11313485"”.
However, the SRA has begun storing all data on
the Google and Amazon clouds. While inspecting the
SRA’s web interface for other sequencing accessions, I
noticed that SRA files are often available from links to
the cloud such as https://storage.googleapis.com/nih-
sequence-read-archive/run/<ACCESSION>/<ACCESSION>.
Based on the hypothesis that deletion of sequencing runs

by the SRA might not remove files stored on the cloud,
I interpolated the cloud URLs for the deleted accessions
and tested if they still yielded the SRA files. This strategy
was successful; for instance, as of June 3, 2021, going to
https://storage.googleapis.com/nih-sequence-read-archive/run
/SRR11313485/SRR11313485 downloads the SRA file for
accession SRR11313485. T have archived this file on the Wayback
Machine at https://web.archive.org/web/20210502130820/https:
//storage.googleapis.com/nih-sequence-read-archive/run/SRR11
313485/SRR11313485.

I automated this strategy to download the SRA files for 97
of the 99 sequencing runs corresponding to the 34 SARS-CoV-
2 positive early epidemic samples and the 16 hospital samples
from February (files for SRR11313490 and SRR11313499 were not
accessible via the cloud). I used the SRA Toolkit to get the object
timestamp (vdb-dump --obj_timestamp) and time (vdb-dump
--info) for each SRA file. For all files, the object timestamp is
February 15, 2020, and the time is March 16, 2020. Although the
SRA Toolkit does not clearly document these two properties, my
guess is that the object timestamp may refer to when the SRA
file was created from a FASTQ file uploaded to the SRA, and the
time may refer to when the accession was made public.

The data are sufficient to determine the viral sequence from
the start of spike through the end of ORF10 for some samples

Wang et al. (2020a) sequenced PCR amplicons covering nu-
cleotide sites 21,563 to 29,674 of the SARS-CoV-2 genome, which
spans from the start of the spike gene to the end of ORF10. They
also sequenced a short amplicon generated by nested PCR that
covered a fragment of ORFlab spanning sites ~15,080 to 15,550.
In this paper, I only analyze the region from spike through
ORF10 because this is a much longer contiguous sequence
and the amplicons were generated by conventional rather than
nested PCR. I slightly trimmed the region of interest to 21,570 to
29,550 because many samples had poor coverage at the termini.

I aligned the recovered deep sequencing data to the SARS-
CoV-2 genome using minimap?2 (Li 2018), combining accessions

substitutions relative to proCoV2

sample  fraction sites called (21570-29550)  patient group
A4 0.9827  early outpatient
C1 0.9966  early outpatient
C2 0.9962  early outpatient
9 0.9536  early outpatient
D9 0.9585  early outpatient
D12 0.9970  early outpatient
El 0.9759  early outpatient
E5 0.9758  early outpatient
El1l 0.9877  early outpatient
F11 0.9594 early outpatient
G1 0.9959  early outpatient
G11 0.9677  early outpatient
H9 0.9941  early outpatient
R11 0.9987  hospital patient (Feb)

none

G22081A (A=924, C=4, G=9), C28144T (C=6, T=1185), T29483G (C=1, G=45, T=1)
C29095T (C=1, G=1, T=751)

C28144T (C=3, T=823), G28514T (G=1, T=36)

C28144T (C=4, T=1653)

C28144T (C=8, T=2400)

C28144T (T=125)

C24034T (A=5, C=3, T=74), T26729C (C=12), G28077C (C=142, G=4)
C25460T (C=2, T=246), C28144T (C=1, T=412)

T25304A (A=9, T=1), C28144T (C=6, G=1, T=1328)

none

none

C28144T (C=2, T=1254)

C21707T (T=401), C28144T (A=1, C=18, T=4265)

Table 1 Samples for which the SARS-CoV-2 sequence could be called at >95% of sites between 21,570 and 29,550, and the substitu-
tions in this region relative to the putative SARS-CoV-2 progenitor proCoV2 inferred by Kumar et al. (2021). Numbers in parenthe-
ses after each substitution give the deep sequencing reads with each nucleotide identity.
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Figure 3 The reported collection dates of SARS-CoV-2 sequences in GISAID versus their relative mutational distances from the
RaTG13 bat coronavirus outgroup. Mutational distances are relative to the putative progenitor proCoV2 inferred by Kumar et al.
(2021). The plot shows sequences in GISAID collected no later than February 28, 2020. Sequences that the joint WHO-China re-
port (WHO 2021) describes as being associated with the Wuhan Seafood Market are plotted with squares. Points are slightly jittered
on the y-axis. Go to https://jbloom.github.io/SARS-CoV-2_PRJNA612766/deltadist.html for an interactive version of this plot that en-
ables toggling of the outgroup to RpYNO06 and RmYNO02, mouseovers to see details for each point including strain name and muta-
tions relative to proCoV2, and adjustment of the y-axis jittering. Static versions of the plot with RpYNO06 and RmYNO2 outgroups

are in Figure S3.

for the same sample. Figure S1 shows the sequencing cover-
age for the 34 virus-positive early epidemic samples and the
16 hospitalized patient samples over the region of interest; a
comparable plot for the whole genome is in Figure S2.

I called the consensus viral sequence for each sample at each
site with coverage >3 and >80% of the reads concurring on the
nucleotide identity. With these criteria, 13 of the early outpatient
samples and 1 of the February hospitalized patient samples had
sufficient coverage to call the consensus sequence at >95% of the
sites in the region of interest (Table 1), and for the remainder of
this paper I focus on these high-coverage samples. Table 1 also
shows the mutations in each sample relative to proCoV2, which
is a putative progenitor of SARS-CoV-2 inferred by Kumar et al.
(2021) that differs from the widely using Wuhan-Hu-1 reference
sequence by three mutations (C8782T, C18060T, and T28144C).
Although requiring coverage of only >3 is relatively lenient,
Table 1 shows that all sites with mutations have coverage >10.
In addition, the mutations I called from the raw sequence data
in Table 1 concord with those mentioned in Wang et al. (2020b).

I also determined the consensus sequence of the plasmid con-
trol used by Wang et al. (2020a) from the recovered sequencing
data, and found that it had mutations C28144T and G28085T
relative to proCoV2, which means that in the region of interest
this control matches Wuhan-Hu-1 with the addition of G28085T.
Since none of the viral samples in Table 1 contain G28085T and
the samples that prove most relevant below also lack C28144T
(which is a frequent natural mutation among early Wuhan se-
quences), plasmid contamination did not afflict the viral samples
in the deleted sequencing project.

Analysis of existing SARS-CoV-2 sequences emphasizes the
perplexing discordance between collection date and distance
to bat coronavirus relatives

To contextualize the viral sequences recovered from the deleted
project, I first analyze early SARS-CoV-2 sequences already avail-
able in the GISAID database (Shu and McCauley 2017). The
analyses described in this section are not entirely novel, but syn-

thesize observations from multiple prior studies (Kumar et al.
2021; Pekar et al. 2021; Rambaut et al. 2020; Forster et al. 2020;
Pipes et al. 2021) to provide key background.

Known human SARS-CoV-2 sequences are consistent with
expansion from a single progenitor sequence (Kumar ef al. 2021;
Pekar et al. 2021; Rambaut et al. 2020; Forster et al. 2020; Pipes
et al. 2021). However, attempts to infer this progenitor have
been confounded by a perplexing fact: the earliest reported
sequences from Wuhan are not the sequences most similar to
SARS-CoV-2’s bat coronavirus relatives (Pipes et al. 2021). This
fact is perplexing because although the proximal origin of SARS-
CoV-2 remains unclear (i.e., zoonosis versus lab accident), all
reasonable explanations agree that at a deeper level the SARS-
CoV-2 genome is derived from bat coronaviruses (Lytras et al.
2021). One would therefore expect the first reported SARS-
CoV-2 sequences to be the most similar to these bat coronavirus
relatives—but this is not the case.

This conundrum is illustrated in Figure 3, which plots the
collection date of SARS-CoV-2 sequences in GISAID versus the
relative number of mutational differences from RaTG13 (Zhou
et al. 2020b), which is the bat coronavirus with the highest full-
genome sequence identity to SARS-CoV-2. The earliest SARS-
CoV-2 sequences were collected in Wuhan in December, but
these sequences are more distant from RaTG13 than sequences
collected in January from other locations in China or even other
countries (Figure 3). The discrepancy is especially pronounced
for sequences from patients who had visited the Huanan Seafood
Market (WHO 2021). All sequences associated with this mar-
ket differ from RaTG13 by at least three more mutations than
sequences subsequently collected at various other locations (Fig-
ure 3)—a fact that is difficult to reconcile with the idea that
the market was the original location of spread of a bat coron-
avirus into humans. Importantly, all these observations also
hold true if SARS-CoV-2 is compared to other related bat coron-
aviruses (Lytras et al. 2021) such as RpYNO6 (Zhou ef al. 2021) or
RmYNO2 (Zhou et al. 2020a) rather than RaTG13 (Figure S3).

This conundrum can be visualized in a phylogenetic con-
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progenitor as Guangdong/HKU-5Z-002/2020 (2020-01-10)
mutations from proCoV2 (Kumar et al): T18060C, C29095T
mutations from Wuhan-Hu-1: C8782T, T28144C, C29095T

progenitor as Shandong/LY005-2/2020 (2020-01-24)
mutations from proCoV2 (Kumar et al): T3171C, T18060C
mutations from Wuhan-Hu-1: T3171C, C8782T, T28144C
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Figure 4 Phylogenetic trees of SARS-CoV-2 sequences in GISAID with multiple observations among viruses collected before Febru-
rary, 2020. The trees are identical except they are rooted to make the progenitor each of the three sequences with highest identity to
the RaTG13 bat coronavirus outgroup. Nodes are shown as pie charts with areas proportional to the number of observations of that
sequence, and colored by where the viruses were collected. The mutations on each branch are labeled, with mutations towards the
nucleotide identity in the outgroup in purple. The labels at the top of each tree give the first known virus identical to each putative
progenitor, as well as mutations in that progenitor relative to proCoV2 (Kumar ef al. 2021) and Wuhan-Hu-1. The monophyletic
group containing C28144T is collapsed into a node labeled “clade B” in concordance with the naming scheme of Rambaut ef al.
(2020); this clade contains Wuhan-Hu-1. Figure S4 shows identical results are obtained if the outgroup is RpYN06 or RmYNO2.

text by rooting a tree of early SARS-CoV-2 sequences so that
the progenitor sequence is closest to the bat coronavirus out-
group. If we limit the analysis to sequences with at least two
observations among strains collected no later than January 2020,
there are three ways to root the tree in this fashion since there
are three different sequences equally close to the outgroup (Fig-
ure 4, Figure S4). Importantly, none of these rootings place
any Huanan Seafood Market viruses (or other Wuhan viruses
from December 2019) in the progenitor node—and only one of
the rootings has any virus from Wuhan in the progenitor node
(in the leftmost tree in Figure 4, the progenitor node contains
Wuhan/0126-C13/2020, which was reportedly collected on Jan-
uary 26, 2020). Therefore, inferences about the progenitor of
SARS-CoV-2 based on comparison to related bat viruses are in-
consistent with other evidence suggesting the progenitor is an
early virus from Wuhan (Pipes et al. 2021).

Several plausible explanations have been proposed for the
discordance of phylogenetic rooting with evidence that Wuhan
was the origin of the pandemic. Rambaut et al. (2020) suggest
that viruses from the clade labeled “B” in Figure 4 may just “hap-
pen” to have been sequenced first, but that other SARS-CoV-2

sequences are really more ancestral as implied by phylogenetic
rooting. Pipes et al. (2021) discuss the conundrum in detail, and
suggest that phylogenetic rooting could be incorrect due to tech-
nical reasons such as high divergence of the outgroup or unusual
mutational processes not captured in substitution models. Ku-
mar ef al. (2021) agree that phylogenetic rooting is problematic,
and circumvent this problem by using an alternative algorithm
to infer a progenitor for SARS-CoV-2 that they name proCoV2.
Notably, proCoV2 turns out to be identical to one of the puta-
tive progenitors yielded by my approach in Figure 4 of simply
placing the root at the nodes closest to the outgroup. However,
neither the sophisticated algorithm of Kumar ef al. (2021) nor my
more simplistic approach explain why the progenitor should be
so different from the earliest sequences reported from Wuhan.

Before moving to the next section, I will also briefly address
two less plausible explanations for the discordance between phy-
logenetic rooting and epidemiological data that have gained trac-
tion in discussion of SARS-CoV-2’s origins. The first explanation,
which has circulated on social media, suggests that the RaTG13
sequence might be faked in a way that confounds phylogenetic
inference of SARS-CoV-2’s progenitor. But although there are un-
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usual aspects of RaTG13’s primary sequencing data (Singla ef al.
2020; Rahalkar and Bahulikar 2020), the conundrum about infer-
ring the progenitor holds for other outgroups such as RpYNO6,
RmYNO2, and more distant bat coronaviruses reported before
emergence of SARS-CoV-2 such as ZC45 (Tang et al. 2020). The
second explanation, which was proposed in a blog post by Garry
(2021) and amplified by a popular podcast (Racaniello et al. 2021),
is that there were multiple zoonoses from distinct markets, with
the Huanan Seafood Market being the source of viruses in clade
B, and some other market being the source of viruses that lack
the T8782C and C28144T mutations. However, inspection of Fig-
ure 4 shows that clade B is connected to viruses lacking T8782C
and C28144T by single mutational steps via other human iso-
lates, so this explanation requires not only positing two markets
with two progenitors differing by just two mutations, but also
the exceedingly improbable evolution of one of these progenitors
towards the other after it had jumped to humans.

Sequences recovered from the deleted project and better an-
notation of Wuhan-derived viruses help reconcile inferences
about SARS-CoV-2’s progenitor

To examine if the sequences recovered from the deleted data set
help resolve the conundrum described in the previous section, I
repeated the analyses including those sequences. In the process,
I noted another salient fact: four GISAID sequences collected
in Guangdong that fall in a putative progenitor node are from
two different clusters of patients who traveled to Wuhan in late
December of 2019 and developed symptoms before or on the
day that they returned to Guangdong, where their viruses were
ultimately sequenced (Chan ef al. 2020; Kang et al. 2020b). Since
these patients were clearly infected in Wuhan even though they
were sequenced in Guangdong, I annotated them separately
from both the other Wuhan and other China sequences.

Repeating the analysis of the previous section with these
changes shows that several sequences from the deleted project
and all sequences from patients infected in Wuhan but se-
quenced in Guangdong are more similar to the bat coronavirus
outgroup than sequences from the Huanan Seafood Market (Fig-
ure 5). This fact suggests that the market sequences, which
are the primary focus of the genomic epidemiology in the joint
WHO-China report (WHO 2021), are not representative of the
viruses that were circulating in Wuhan in late December of 2019
and early January of 2020.

Furthermore, it is immediately apparent that the discrepancy
between outgroup rooting and the evidence that Wuhan was
the origin of SARS-CoV-2 is alleviated by adding the deleted se-
quences and annotating Wuhan infections sequenced in Guang-
dong. The rooting of the middle tree in Figure 6 is now highly
plausible, as half its progenitor node is derived from early
Wuhan infections, which is more than any other equivalently
large node. The first known sequence identical to this puta-
tive progenitor (Guangdong/HKU-5Z-002/2020) is from a pa-
tient who developed symptoms on January 4 while visiting
Wuhan (Chan et al. 2020). This putative progenitor has three mu-
tations towards the bat coronavirus outgroup relative to Wuhan-
Hu-1 (C8782T, T28144C, and C29095T), and two mutations rela-
tive to proCoV2 (T18060C away from the outgroup and C29095T
towards the outgroup). The leftmost tree in Figure 6, which has
a progenitor identical to proCoV2 (Kumar et al. 2021) also looks
plausible, with some weight from Wuhan sequences. However,
analysis of this rooting is limited by the fact that the defining
C18060T mutation is in a region not covered in the deleted se-
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Figure 5 Relative mutational distance from RaTG13 bat coro-
navirus outgroup calculated only over the region of the SARS-
CoV-2 genome covered by sequences from the deleted data set
(21,570-29,550). The plot shows sequences in GISAID collected
before February of 2020, as well as the 13 early Wuhan epi-
demic sequences in Table 1. Mutational distance is calculated
relative to proCoV2, and points are jittered on the y-axis. Go
to https://jbloom.github.io/SARS-CoV-2_PRJNA612766/deltadi
st_jitter.html for an interactive version of this plot that enables
toggling the outgroup to RpYNO06 or RmYNO02, mouseovers to
see details for each point, and adjustment of jittering.

quences. The rightmost tree in Figure 6 looks less plausible,
as it has almost no weight from Wuhan and the first sequence
identical to its progenitor was not collected until January 24.

We can also qualitatively examine the three progenitor place-
ments in Figure 6 using the principle employed by Worobey et al.
(2020) to help evaluate scenarios for emergence of SARS-CoV-2
in Europe and North America: namely that during a growing
outbreak, a progenitor is likely to give rise to multiple branching
lineages. This principle is especially likely to hold for the scenar-
ios in Figure 6, since there are multiple individuals infected with
each putative progenitor sequence, implying multiple opportu-
nities to transmit descendants with new mutations. Using this
qualitative principle, the middle scenario in Figure 6 seems most
plausible, the leftmost (proCoV2) scenario also seems plausible,
and the rightmost scenario seems less plausible. I acknowledge
these arguments are purely qualitative and lack the formal sta-
tistical analysis of Worobey et al. (2020)—but as discussed below,
there may be wisdom in qualitative reasoning when there are
valid concerns about the nature of the underlying data.

Discussion

I have identified and recovered a deleted set of partial SARS-
CoV-2 sequences from the early Wuhan epidemic. Analysis of
these sequences leads to several conclusions. First, the Huanan
Seafood Market sequences that were the focus of the joint WHO-
China report (WHO 2021) are not representative of all SARS-
CoV-2 in Wuhan early in the epidemic. The deleted data as well
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Figure 6 Phylogenetic trees like those in Figure 4 with the addition of the early Wuhan epidemic sequences from the deleted data
set, and Guangdong patients infected in Wuhan prior to January 5 annotated separately. Because the deleted sequences are partial,
they cannot all be placed unambiguously on the tree. Therefore, they are added to each compatible node proportional to the num-
ber of sequences already in that node. The deleted sequences with C28144T (clade B) or C29095T (putative progenitor in middle
tree) can be placed relatively unambiguously as defining mutations occur in the sequenced region, but those that lack either of these
mutations are compatible with a large number of nodes including the proCoV2 putative progenitor. Figure S4 demonstrates that the
results are identical if RpYNO6 or RmYNO?2 is instead used as the outgroup.

as existing sequences from Wuhan-infected patients hospital-
ized in Guangdong show early Wuhan sequences often carried
the T29095C mutation and were less likely to carry T8782C /
(C28144T than sequences in the joint WHO-China report (WHO
2021). Second, given current data, there are two plausible identi-
ties for the progenitor of all known SARS-CoV-2. One is proCoV2
described by Kumar et al. (2021), and the other is a sequence
that carries three mutations (C8782T, T28144C, and C29095T)
relative to Wuhan-Hu-1. Crucially, both putative progenitors are
three mutations closer to SARS-CoV-2’s bat coronavirus relatives
than sequences from the Huanan Seafood Market. Note also
that the progenitor of all known SARS-CoV-2 sequences could
still be downstream of the sequence that infected patient zero
depending on the transmission dynamics of the first infections.

The fact that such an informative data set was deleted has im-
plications beyond those gleaned directly from the recovered
sequences. Samples from early outpatients in Wuhan are a
gold mine for anyone seeking to understand spread of the virus.
Even my analysis of the partial sequences is revealing, and it
clearly would have been more scientifically informative to fully
sequence the samples rather than surreptitiously delete the par-

tial sequences. There is no plausible scientific reason for the
deletion: the sequences are perfectly concordant with the sam-
ples described in Wang ef al. (2020a,b), there are no corrections
to the paper, the paper states human subjects approval was ob-
tained, and the sequencing shows no evidence of plasmid or
sample-to-sample contamination. It therefore seems likely the
sequences were deleted to obscure their existence. Particularly
in light of the directive that labs destroy early samples (Pingui
2020) and multiple orders requiring approval of publications
on COVID-19 (China CDC 2020; Kang ef al. 2020a), this sug-
gests a less than wholehearted effort to trace early spread of the
epidemic.

Another important implication is that genomic epidemiology
studies of early SARS-CoV-2 need to pay as much attention to
the provenance and annotation of the underlying sequences as
technical considerations. There has been substantial scientific
effort expended on topics such as phylogenetic rooting (Pipes
et al. 2021; Morel et al. 2021), novel algorithms (Kumar et al.
2021), and correction of sequencing errors (Turakhia ef al. 2020).
Future studies should devote equal effort to going beyond the
annotations in GISAID to carefully trace the location of patient
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infection and sample sequencing. The potential importance
of such work is revealed by the observation that many of the
sequences closest to SARS-CoV-2’s bat coronavirus relatives
are from early patients who were infected in Wuhan, but then
sequenced in and attributed to Guangdong.

There are several caveats to this study. Most obviously, the
sequences recovered from the deleted data set are partial and
lack full metadata. Therefore, it is impossible to unambigu-
ously place them phylogenetically, or determine exactly when
they were collected. However, little can be done to mitigate
this caveat beyond my failed attempt to contact the correspond-
ing authors of Wang et al. (2020a). It is also important to note
that my phylogenetic analyses use relatively simple methods
to draw qualitative conclusions without formal statistical test-
ing. Further application of more advanced methods would be
a welcome advance. However, qualitative and visual analyses
do have advantages when the key questions relate more to the
underlying data than the sophistication of the inferences. Fi-
nally, both plausible putative progenitors require that an early
mutation to SARS-CoV-2 was a reversion towards the bat coron-
avirus outgroups (either C18060T or C29095T) on a branch that
subsequently gave rise to multiple distinct descendants. Such a
scenario can only be avoided by invoking recombination very
early in the pandemic, which is not entirely implausible for a
coronavirus (Boni ef al. 2020). However, because the outgroups
have ~4% nucleotide divergence from SARS-CoV-2, a mutation
towards the outgroup is also entirely possible. Of course, future
identification of additional early sequences could fully resolve
these questions.

More broadly, the approach taken here suggests it may be
possible to learn more about the origin or early spread of SARS-
CoV-2 even without an international investigation. Minimally,
it should be immediately possible for the NIH to determine the
date and purported reason for deletion of the data set analyzed
here, since the only way sequences can be deleted from the SRA
is by an e-mail request to SRA staff (SRA 2021). In addition, I
suggest it could be worthwhile to review e-mail records to iden-
tify other SRA deletions, which are already known to include
SRR11119760 and SRR11119761 (USRTK 2020). Importantly, SRA
deletions do not imply any malfeasance: there are legitimate
reasons for removing sequencing runs, and the SRA houses
>13-million runs making it infeasible for its staff to validate the
rationale for all requests. However, the current study suggests
that at least in one case, the trusting structures of science have
been abused to obscure sequences relevant to the early spread of
SARS-CoV-2 in Wuhan. A careful re-evaluation of other archived
forms of scientific communication, reporting, and data could
shed additional light on the early emergence of the virus.

Methods

Code and data availability

The computer code and input data necessary to reproduce all anal-
yses described in this paper are available on GitHub at https:/github
.com/jbloom/SARS-CoV-2_PRJNA612766. This GitHub repository in-
cludes a Snakemake (Molder ef al. 2021) pipeline that fully automates all
steps in the analysis except for downloading of sequences from GISAID,
which must be done manually as described in the GitHub repository’s
README in order to comply with GISAID data sharing terms.

The deleted SRA files recovered from the Google Cloud are all avail-
able at https:/github.com/jbloom/SARS-CoV-2_PRJNA612766/tree/main/r
esults/sra_downloads. I have suffixed the file extension .sra to all these
files. The consensus sequences recovered from these deleted SRA files
are linked to in the relevant Methods subsection below.

Archiving of key weblinks

I'have digitally archived key weblinks in the Wayback Machine, includ-
ing a subset of the SRA files from PRJNA612766 on the Google Cloud:

¢ The first supplementary table of Farkas et al. (2020) is archived
at https://web.archive.org/web/20210502130356/https://dfzljdn9uc3p
i.cloudfront.net/2020/9255/1/Supplementary_Table_1.xIsx.

e SRR11313485: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313485/SRR11313485

e SRR11313486: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313486/SRR11313486

e SRR11313274: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313274/SRR11313274

e SRR11313275: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313275/SRR11313275

e SRR11313285: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313285/SRR11313285

e SRR11313286: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313286/SRR11313286

e SRR11313448: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313448/SRR11313448

e SRR11313449: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313449/SRR11313449

e SRR11313427: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313427/SRR11313427

e SRR11313429: https://storage.googleapis.com/nih-sequence-read-a
rchive/run/SRR11313429/SRR11313429

Recovery of SRA files from deleted project PRINA612766

I parsed the first supplementary table of Farkas et al. (2020) to extract the
accessions for sequencing runs for deleted SRA BioProject PRINA612766.
By cross-referencing the samples described in this table to Wang et al.
(2020a,b), I identified the accessions corresponding to the 34 early outpa-
tient samples who were positive, as well as the accessions corresponding
to the 16 hospitalized patient samples from February. Samples had
both 10 minute and 4 hour sequencing runtime accessions, which were
combined in the subsequent analysis. I also identified the samples cor-
responding to the high-copy plasmid controls to enable analysis of the
plasmid sequence to rule out contamination. The code used to parse the
Excel table is available as a Jupyter notebook at https:/github.com/jbloom/
SARS-CoV-2_PRJNA612766/tree/main/manual_analyses/PRIJNA612766.
I recovered the SRA files from the Google Cloud by using wget to
download files with from paths like https://storage.googleapis
.com/nih-sequence-read-archive/run/SRR11313485/SRR11313485.
Note that I cannot guarantee that these Google Cloud links will remain
active, as my analyses of other deleted SRA runs (beyond the scope
of this study) indicates that only sometimes are deleted SRA files
still available via the Google Cloud. For this reason, key runs have
been archived on the Wayback Machine as described above, and all
downloaded SRA files relevant to this study are included in the GitHub
repository. Note also that as described in this paper’s main text, two
SRA files could not be downloaded from the Google Cloud using the
aforementioned method, and so are not part of this study.

Alignment of recovered reads and calling of consensus sequences

The downloaded SRA files were converted to FASTQ files using
fasterq-dump from the SRA Toolkit. The FASTQ files were pre-
processed with fastp (Chen ef al. 2018) to trim reads and remove low-
quality ones (the exact settings using in this pre-processing are specified
in the Snakemake file in the GitHub repository).

The reads in these FASTQ files were then aligned to a SARS-CoV-2
reference genome using minimap2 (Li 2018) with default settings. The
reference genome used for the entirety of this study is proCoV2 (Ku-
mar et al. 2021), which was generated by making the following three
single-nucleotide changes to the Wuhan-Hu-1 reference (ASM985889v2)
available on NCBI: C8782T, C18060T, and T28144C.

I processed the resulting alignments with samtools and pysam to
determine the coverage at each site by aligned nucleotides with a quality
score of at least 20. These coverage plots are in Figure S1 and Fig-
ure S2; the legends of these figures also link to interactive versions
of the plots that enable zooming and mouseovers to get statistics for
specific sites. I called the consensus sequence at a site if this cover-
age was >3 and >80% of the reads agreed on the identity. These con-
sensus sequences over the entire SARS-CoV-2 genome are available
at https://github.com/jbloom/SARS-CoV-2_PRJNA612766/raw/main/result
s/consensus/consensus_seqs.csv; note that they are mostly N nucleotides
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since the sequencing approach of Wang et al. (2020a) only covers part of
the genome.

I only used the recovered consensus sequences in the downstream
analyses if it was possible to call the consensus identity at >95% of the
sites in the region of interest from site 21,570 to 29,550. These are the
sequences listed in Table 1, and as described in that table, all mutation
calls were at sites with coverage >10. These sequences in the region of
interest (21,570 to 29,550) are available at https:/github.com/jbloom/SARS
-CoV-2_PRJNAG612766/blob/main/results/recovered_segs.fa.

Bat coronavirus outgroup sequences

For analyses that involved comparisons to SARS-CoV-2’s bat coron-
avirus relatives (Lytras ef al. 2021), the bat coronavirus sequences were
manually downloaded from GISAID (Shu and McCauley 2017). The
sequences used were RaTG13 (Zhou ef al. 2020b), RmYNO2 (Zhou et al.
2020a), and RpYNO06 (Zhou et al. 2021)—although the multiple sequence
alignment of these viruses to SARS-CoV-2 also contains PrC31 (Li et al.
2021), which was not used in the final analyses as it more diverged from
SARS-CoV-2 than the other three bat coronaviruses at a whole-genome
level. The GISAID accessions for these sequences are listed at
https://github.com/jbloom/SARS-CoV-2_PRJNA612766/blob/main/data/co
mparator_genomes_gisaid/accessions.txt, and a table acknowledging the
labs and authors is at https://github.com/jbloom/SARS-CoV-2_PRJNAG1
2766/blob/main/data/comparator_genomes_gisaid/acknowledgments.csv.
Sites in SARS-CoV-2 were mapped to their corresponding nucleotide
identities in the bat coronavirus outgroups via a multiple sequence
alignment of proCoV2 to the bat coronaviruses generated using
mafft (Katoh and Standley 2013).

Curation and analysis of early SARS-CoV-2 sequences from GISAID

For the broader analyses of existing SARS-CoV-2 sequences,
I downloaded all sequences from collected prior to March
of 2020 from GISAID. The accessions of these sequences are
at https://github.com/jbloom/SARS-CoV-2_PRJNA612766/blob/
main/data/gisaid_sequences_through_Feb2020/accessions.txt,

and a table acknowledging the labs and authors is at
https://github.com/jbloom/SARS-CoV-2_PRJNA612766/blob/main/d
ata/gisaid_sequences_through_Feb2020/acknowledgments.csv.

I then used mafft (Katoh and Standley 2013) to align these sequences
to the proCoV2 reference described above, stripped any sites that were
gapped relative to the reference, and filtered the sequences using the
following criteria:

¢ Iremoved any sequences collected after February 28, 2020.

¢ Iremoved any sequences that had >4 mutations within any 10-
nucleotide stretch, as such runs of mutations often indicate se-
quencing errors.

* Jremoved any sequence for which the alignment covered <90% of
the proCoV2 sequence.

e Iremoved any sequence with >15 mutations relative to the refer-
ence.

e Iremoved any sequence with >5,000 ambiguous nucleotides.

I then annotated the sequences using some additional information.
First, I annotated sequences based on the joint WHO-China report (WHO
2021) and also Zhu et al. (2020) to keep only one representative from
multiply sequenced patients, and to indicate which sequences were from
patients associated with the Huanan Seafood Market. My version of
these annotations is at https:/github.com/jbloom/SARS-CoV-2_PRJNA61
2766/blob/main/data/WHO_China_Report_Dec2019_cases.yaml. Next, I
identified some sequences in the set that were clearly duplicates from the
same patient, and removed these. The annotations used to remove these
duplicates are at https:/github.com/jbloom/SARS-CoV-2_PRJNA612766
/blob/main/data/seqgs_to_exclude.yaml. Finally, I used information from
Chan et al. (2020) and Kang et al. (2020b) to identify patients who were
infected in Wuhan before January 5 of 2020, but ultimately sequenced in
Guangdong: these annotations are at https:/github.com/jbloom/SARS-C
oV-2_PRJNA612766/blob/main/data/Wuhan_exports.yaml.

I next removed any of the handful of mutations noted by Turakhia
et al. (2020) to be lab artifacts that commonly afflict SARS-CoV-2 se-
quences. I also limited the analyses to the region of the genome that
spans from the start of the first coding region (ORFlab) to the end of
the last (ORF10), because I noticed that some sequences had suspicious
patterns (such as many mutations or runs of mutations) near the termini
of the genome.

The plot in Figure 3 contains all of the GISAID sequences after this
filtering. The plot in Figure 5 shows the filtered GISAID sequences

collected before February of 2020 plus the 13 good coverage recovered
partial early outpatient sequences (Table 1), considering only the region
covered by the partial sequences (21,570 to 29,550).

Phylogenetic analyses

The phylogenetic trees were inferred using the GISAD sequences af-
ter the filtering and annotations described above, only considering
sequences with >95% coverage over the region of interest that were
collected before February of 2020. In addition, after generating this
sequence set I removed any sequence variants with a combination
of mutations that was not observed at least twice so the analysis
only includes multiply observed sequence variants. A file indicat-
ing the unique sequences used for the phylogenetic analysis, their
mutations relative to proCoV2, and other sequences in that cluster is
at https://github.com/jbloom/SARS-CoV-2_PRJNA612766/blob/main/resul
ts/phylogenetics/all_alignment.csv.

I then used IQ-Tree (Minh et al. 2020) to infer a maximume-likelihood
phylogenetic tree using a GTR nucleotide substitution model with em-
pirical nucleotide frequencies, and collapsing zero-length branches to
potentially allow a multifurcating tree. The inference yielded the tree
topology and branch lengths shown in all figures in this study with
phylogenetic trees. I then rendered the images of the tree using ETE
3 (Huerta-Cepas et al. 2016), manually re-rooting the tree to place the
first (progenitor) node at each of the three nodes that have the highest
identity to the bat coronavirus outgroup. In these images, node sizes are
proportional to the number of sequences in that node, and are colored
in proportion to the location from which those sequences are derived.
As indicated in the legend to Figure 4, the node containing the mono-
phyletic set of sequences with C28144T is collapsed into a single node in
the tree images.

For the trees in which I added the recovered sequences from the
deleted data set (Figure 6), the actual trees are exactly the same as
those inferred using the GISAID sequences above. The difference is that
the sequences from the deleted data set are then added to each node
with which they are compatible given their mutations in an amount
proportional to the size of the node, the logic being that a sequence is
more likely to fall into larger clusters.

Interactive versions of some figures

Interactive versions of some figures are available at https://jbloom.githu
b.io/SARS-CoV-2_PRJNA612766/, and were created using Altair (Van-
derPlas et al. 2018)
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