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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. 

Haplotype 
Mutations from Hu-1 

reference 

Representative 

genome 

Phylodynamic analysis 

Unconstrained 

(%) 

No market 

(%) 

recCA 

(%) 

B (C/T) N/A Hu-1 80.85† 62.96† 8.18 

A (T/C) C8782T+T28144C WH04 1.68* 5.73* 77.28† 

C/C T28144C N/A 10.32 23.02 10.49 

T/T C8782T N/A 0.92* 1.68* 3.71* 

A+C29025T 

(T/C) 

C8782T+T28144C+C2

9095T 
20SF012 <0.01*** <0.01*** 0.20** 

A.1 (T/C) 
C8782T+T28144C+C1

8060T 
WA1 <0.01*** <0.01*** 0.04*** 

†Haplotype with greatest posterior probability; reference for BF. 

 

D
ow

nloaded from
 https://w

w
w

.science.org on July 27, 2022

https://science.org/


Use of this article is subject to the Terms of service

Science (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.
Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to
original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

The molecular epidemiology of multiple zoonotic origins of SARS-CoV-2
Jonathan E. PekarAndrew MageeEdyth ParkerNiema MoshiriKatherine IzhikevichJennifer L. HavensKarthik
GangavarapuLorena Mariana Malpica SerranoAlexander Crits-ChristophNathaniel L. MattesonMark ZellerJoshua I. LevyJade
C. WangScott HughesJungmin LeeHeedo ParkMan-Seong ParkKatherine Zi Yan ChingRaymond Tzer Pin LinMohd Noor Mat
IsaYusuf Muhammad NoorTetyana I. VasylyevaRobert F. GarryEdward C. HolmesAndrew RambautMarc A. SuchardKristian G.
AndersenMichael WorobeyJoel O. Wertheim

Science, Ahead of Print • DOI: 10.1126/science.abp8337

View the article online
https://www.science.org/doi/10.1126/science.abp8337
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org on July 27, 2022

https://www.science.org/about/terms-service


���������	�
��	
�	���
����

�����������	���������	����	�������	����	���	����	� 	�����!������	 ���	�������	�����������

"�	#���	$����%���

&��������	��	'())	!*�*	+,-

./0	12345627	28	0491:	329274;69<=	678035627=	67	1450	>?@A	67	B</47C	D/674C	=<EE0=5=	5/0	;69<=	F92G4G1:	=F904H	52

/<I47=	892I	4	I49J05	K/090	K61H	47H	H2I0=563411:	849I0H	476I41=	K090	=21H	47H	G<53/090HC	43329H67E	52	4	F009L

90;60K0H	4956310	F<G16=/0H	./<9=H4:	67	5/0	M2<9741	N360730	5/45	6=	5/0	1450=5	=41;2	67	5/0	H0G450	2;09	/2K	5/0

F47H0I63	G0E47O

./0	4956310C	G:	P76;09=65:	28	Q96R274	0;21<562749:	;69212E6=5	S63/401	B292G0:	T	4	=F036416=5	67	5/0	296E67=	28	;6941

0F6H0I63=	T	H20=	725	F<9F295	52	47=K09	411	U<0=5627=	4G2<5	5/0	F47H0I63V=	296E67=C	729	6=	65	16J01:	52	U<011

=F03<145627	5/45	5/0	;69<=	I6E/5	/4;0	0I09E0H	=2I0/2K	892I	96=J:	14G294529:	90=0493/O

B292G0:	/4=	G007	2F07	52	5/0	5/029:	28	4	14G	104JO	W0	K4=	270	28	5/0	@X	=360756=5=	K/2	K9250	4	I<3/LF<G1636R0H

105509	52	N360730	67	S4:	341167E	829	47	67;0=56E45627	28	411	F2==6G10	=2<930=	28	5/0	;69<=C	6731<H67E	4	14G294529:

4336H075O	Y<5	/0	72K	327507H=	5/45	5/0	E02E94F/63	F455097	28	0491:	34=0=	=5927E1:	=<FF295=	5/0	/:F25/0=6=	5/45	5/0

;69<=	34I0	892I	47	6780350H	476I41	45	5/0	W<4747	N04822H	S49J05	T	47	49E<I075	5/45	K611	F92G4G1:	90;6;0	5/0

G924H09	H0G450	4G2<5	5/0	;69<=V=	296E67=O

B292G0:	7250=	5/45	I290	5/47	/418	28	5/0	049160=5	H23<I0750H	61170==0=	892I	5/0	;69<=	K090	4I27E	F02F10	K65/	4

H69035	3277035627	52	5/0	I49J05C	47H	/0	49E<0=	5/6=	K4=	725	I0901:	5/0	90=<15	28	5/0	0491:	823<=	27	5/0	I49J05	4=	4

F25075641	=2<930	28	5/0	2<5G904JO	W0	32731<H0=	5/45	5/0	869=5	F456075	J72K7	52	8411	611	K65/	5/0	;69<=	K4=	4	80I410

=04822H	;07H29	45	5/0	I49J05	K/2	G034I0	=:IF52I4563	27	Z03O	@@C	>?@AO

./45	327594H635=	4	90F295	0491609	5/6=	:049	892I	67;0=56E4529=	829	5/0	B291H	W0415/	[9E476R45627	47H	D/674C	K/2

32731<H0H	5/45	5/0	869=5	F456075	K4=	4	\@L:049L21H	4332<75475	K65/	72	3277035627	52	5/0	I49J05	K/2	G034I0	=63J	27

Z03O	XO	Y<5	B292G0:	=46H	5/0	4332<75475V=	I0H6341	90329H=	90;041	/0	;6=650H	5/0	H0756=5	5/45	H4:	52	H041	K65/

9054670H	G4G:	5005/	5/45	700H0H	52	G0	F<110HC	G<5	H6H	725	=/2K	=:IF52I=	892I	5/0	329274;69<=	<7561	Z03O	@]C	47H

K4=	/2=F65416R0H	=6̂	H4:=	48509	5/45O

./0	=50415/:	745<90	28	5/0	;69<=C	K/63/	347	=F904H	4=:IF52I4563411:C	I4J0=	65	/6E/1:	16J01:	5/45	5/0	F45/2E07	G0E47

52	=F904H	I47:	K00J=	G08290	47:	28	5/0	34=0=	5/45	K090	6H0756860HO	Y<5	B292G0:	=46H	5/0	12345627=	47H	233<F45627=

28	5/0	869=5	J72K7	F456075=	F2675	52	4	I49J05	296E67C	K65/	5/0	;69<=	94H64567E	2<5K49H	6752	5/0	365:	28	@@	I611627O

_̀5	G032I0=	41I2=5	6IF2==6G10	52	0̂F1467	5/45	F455097	68	5/45	0F6H0I63	H6H7V5	=5495	5/090Ca	B292G0:	=46H	67	47

67509;60KO

b02E94F/:	/4=	G007	3075941	52	5/02960=	4G2<5	5/0	296E67	28	5/0	;69<=O	B</47	6=	/2I0	52	5/0	B</47	̀7=565<50	28

c69212E:C	K/090	90=0493/09=	=5<H:	47H	327H<35	0̂F096I075=	<F27	329274;69<=0=	5/45	3693<1450	4G<7H4751:	67	G45=	67
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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 

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 (1). 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 (1): 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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Elucidating the origin of the pandemic requires understanding of the Wuhan outbreak 

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 o
n
 N

o
v
em

b
er 1

9
, 2

0
2
1



First release: 18 November 2021  science.org  (Page numbers not final at time of first release) 2 

 

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 (1). 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 

“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 (1) 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 (11); 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 (1), 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 (12). 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 (12). 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 (1), must be the 

source of the earliest lineage A sequence, Wuhan/IME-

WH01/2019 (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 (15) 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 (1), 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 (1), 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 

the western section (1) 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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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.

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.

https://www.nytimes.com/2021/06/23/science/coronavirus-sequences.html
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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.”

The Wuhan Huanan Wholesale Seafood Market in January 2020. Dake Kang/Associated Press



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
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ABSTRACT The origin and early spread of SARS-CoV-2 remains shrouded in mystery. Here I 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. I
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.

Understanding 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 et 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
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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 et 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 et 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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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:
//trace.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 PRJNA612766) 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 et 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 PRJNA612766.

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 et al. 2020a). The final published
manuscript (Wang et 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 PRJNA612766 in the supplementary table of Farkas et al.
(2020) and the samples described by Wang et al. (2020a). There
are 89 accessions corresponding to the 45 early epidemic sam-
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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 PRJNA612766
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. I 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 ORF1ab 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 minimap2 (Li 2018), combining accessions

sample fraction sites called (21570-29550) patient group substitutions relative to proCoV2

A4 0.9827 early outpatient none

C1 0.9966 early outpatient G22081A (A=924, C=4, G=9), C28144T (C=6, T=1185), T29483G (C=1, G=45, T=1)

C2 0.9962 early outpatient C29095T (C=1, G=1, T=751)

C9 0.9536 early outpatient C28144T (C=3, T=823), G28514T (G=1, T=36)

D9 0.9585 early outpatient C28144T (C=4, T=1653)

D12 0.9970 early outpatient C28144T (C=8, T=2400)

E1 0.9759 early outpatient C28144T (T=125)

E5 0.9758 early outpatient C24034T (A=5, C=3, T=74), T26729C (C=12), G28077C (C=142, G=4)

E11 0.9877 early outpatient C25460T (C=2, T=246), C28144T (C=1, T=412)

F11 0.9594 early outpatient T25304A (A=9, T=1), C28144T (C=6, G=1, T=1328)

G1 0.9959 early outpatient none

G11 0.9677 early outpatient none

H9 0.9941 early outpatient C28144T (C=2, T=1254)

R11 0.9987 hospital patient (Feb) 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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Wuhan other China outside China
false true

from Huanan Seafood Market

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 RpYN06 and RmYN02, 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 RpYN06 and RmYN02 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 et 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 RpYN06 (Zhou et al. 2021) or
RmYN02 (Zhou et al. 2020a) rather than RaTG13 (Figure S3).

This conundrum can be visualized in a phylogenetic con-
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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 et 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 et al.
(2020); this clade contains Wuhan-Hu-1. Figure S4 shows identical results are obtained if the outgroup is RpYN06 or RmYN02.

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 et 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 et 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 et al.
2020; Rahalkar and Bahulikar 2020), the conundrum about infer-
ring the progenitor holds for other outgroups such as RpYN06,
RmYN02, 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 et 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-SZ-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-

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 RpYN06 or RmYN02, 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 RpYN06 or RmYN02 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 et 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 et 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 et 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 et 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 (Mölder et 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.xlsx.

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

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

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

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

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

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

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

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

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

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

Recovery of SRA files from deleted project PRJNA612766
I parsed the first supplementary table of Farkas et al. (2020) to extract the
accessions for sequencing runs for deleted SRA BioProject PRJNA612766.
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/PRJNA612766.

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 et 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_PRJNA612766/blob/main/results/recovered_seqs.fa.

Bat coronavirus outgroup sequences
For analyses that involved comparisons to SARS-CoV-2’s bat coron-
avirus relatives (Lytras et al. 2021), the bat coronavirus sequences were
manually downloaded from GISAID (Shu and McCauley 2017). The
sequences used were RaTG13 (Zhou et al. 2020b), RmYN02 (Zhou et al.
2020a), and RpYN06 (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_PRJNA61
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:

• I removed any sequences collected after February 28, 2020.
• I removed any sequences that had ≥4 mutations within any 10-

nucleotide stretch, as such runs of mutations often indicate se-
quencing errors.

• I removed any sequence for which the alignment covered <90% of
the proCoV2 sequence.

• I removed any sequence with ≥15 mutations relative to the refer-
ence.

• I removed 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/seqs_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 (ORF1ab) 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 maximum-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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