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A Novel Coronavirus from Patients
with Pneumonia in China, 2019

Na Zhu, Ph.D., Dingyu Zhang, M.D., Wenling Wang, Ph.D., Xingwang Li, M.D.,
Bo Yang, M.S., Jingdong Song, Ph.D., Xiang Zhao, Ph.D., Baoying Huang, Ph.D.,
Weifeng Shi, Ph.D., Roujian Lu, M.D., Peihua Niu, Ph.D., Faxian Zhan, Ph.D.,
Xuejun Ma, Ph.D., Dayan Wang, Ph.D., Wenbo Xu, M.D., Guizhen Wu, M.D.,
George F. Gao, D.Phil., and Wenjie Tan, M.D., Ph.D., for the China Novel
Coronavirus Investigating and Research Team

SUMMARY

In December 2019, a cluster of patients with pneumonia of unknown cause was
linked to a seafood wholesale market in Wuhan, China. A previously unknown
betacoronavirus was discovered through the use of unbiased sequencing in samples
from patients with pneumonia. Human airway epithelial cells were used to isolate a
novel coronavirus, named 2019-nCoV, which formed a clade within the subgenus
sarbecovirus, Orthocoronavirinae subfamily. Different from both MERS-CoV and
SARS-CoV, 2019-nCoV is the seventh member of the family of coronaviruses that
infect humans. Enhanced surveillance and further investigation are ongoing.
(Funded by the National Key Research and Development Program of China and the
National Major Project for Control and Prevention of Infectious Disease in China.)

MERGING AND REEMERGING PATHOGENS ARE GLOBAL CHALLENGES FOR

public health.! Coronaviruses are enveloped RNA viruses that are distributed

broadly among humans, other mammals, and birds and that cause respira-
tory, enteric, hepatic, and neurologic diseases.* Six coronavirus species are known
to cause human disease.* Four viruses — 229E, OC43, NL63, and HKU1 — are
prevalent and typically cause common cold symptoms in immunocompetent indi-
viduals.* The two other strains — severe acute respiratory syndrome coronavirus
(SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) — are
zoonotic in origin and have been linked to sometimes fatal illness.” SARS-CoV was
the causal agent of the severe acute respiratory syndrome outbreaks in 2002 and
2003 in Guangdong Province, China.®® MERS-CoV was the pathogen responsible
for severe respiratory disease outbreaks in 2012 in the Middle East.’ Given the high
prevalence and wide distribution of coronaviruses, the large genetic diversity and
frequent recombination of their genomes, and increasing human-animal interface
activities, novel coronaviruses are likely to emerge periodically in humans owing
to frequent cross-species infections and occasional spillover events.>*

In late December 2019, several local health facilities reported clusters of pa-
tients with pneumonia of unknown cause that were epidemiologically linked to a
seafood and wet animal wholesale market in Wuhan, Hubei Province, China.'! On
December 31, 2019, the Chinese Center for Disease Control and Prevention (China
CDC) dispatched a rapid response team to accompany Hubei provincial and Wuhan
city health authorities and to conduct an epidemiologic and etiologic investigation.
We report the results of this investigation, identifying the source of the pneumonia
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clusters, and describe a novel coronavirus detect-
ed in patients with pneumonia whose specimens
were tested by the China CDC at an early stage
of the outbreak. We also describe clinical fea-
tures of the pneumonia in two of these patients.

METHODS

VIRAL DIAGNOSTIC METHODS

Four lower respiratory tract samples, including
bronchoalveolar-lavage fluid, were collected from
patients with pneumonia of unknown cause who
were identified in Wuhan on December 21, 2019,
or later and who had been present at the Huanan
Seafood Market close to the time of their clinical
presentation. Seven bronchoalveolar-lavage fluid
specimens were collected from patients in Beijing
hospitals with pneumonia of known cause to
serve as control samples. Extraction of nucleic
acids from clinical samples (including uninfect-
ed cultures that served as negative controls) was
performed with a High Pure Viral Nucleic Acid
Kit, as described by the manufacturer (Roche).
Extracted nucleic acid samples were tested for
viruses and bacteria by polymerase chain reac-
tion (PCR), using the RespiFinderSmart22kit
(PathoFinder BV) and the LightCycler 480 real-
time PCR system, in accordance with manufac-
turer instructions.!? Samples were analyzed for
22 pathogens (18 viruses and 4 bacteria) as de-
tailed in the Supplementary Appendix. In addition,
unbiased, high-throughput sequencing, described
previously,® was used to discover microbial se-
quences not identifiable by the means described
above. A real-time reverse transcription PCR (RT-
PCR) assay was used to detect viral RNA by tar-
geting a consensus RdRp region of pan -CoV, as
described in the Supplementary Appendix.

ISOLATION OF VIRUS
Bronchoalveolar-lavage fluid samples were col-
lected in sterile cups to which virus transport
medium was added. Samples were then centri-
fuged to remove cellular debris. The supernatant
was inoculated on human airway epithelial cells,
which had been obtained from airway specimens
resected from patients undergoing surgery for
lung cancer and were confirmed to be special-
pathogen-free by NGS.*

Human airway epithelial cells were expanded
on plastic substrate to generate passage-1 cells

and were subsequently plated at a density of
2.5x10° cells per well on permeable Transwell-
COL (12-mm diameter) supports. Human airway
epithelial cell cultures were generated in an
air-liquid interface for 4 to 6 weeks to form
well-differentiated, polarized cultures resem-
bling in vivo pseudostratified mucociliary epi-
thelium.

Prior to infection, apical surfaces of the hu-
man airway epithelial cells were washed three
times with phosphate-buffered saline; 150 wl of
supernatant from bronchoalveolar-lavage fluid
samples was inoculated onto the apical surface
of the cell cultures. After a 2-hour incubation at
37°C, unbound virus was removed by washing with
500 wul of phosphate-buffered saline for 10 min-
utes; human airway epithelial cells were main-
tained in an air-liquid interface incubated at
37°C with 5% carbon dioxide. Every 48 hours,
150 wl of phosphate-buffered saline was applied
to the apical surfaces of the human airway epi-
thelial cells, and after 10 minutes of incubation
at 37°C the samples were harvested. Pseudostrat-
ified mucociliary epithelium cells were main-
tained in this environment; apical samples were
passaged in a 1:3 diluted vial stock to new cells.
The cells were monitored daily with light micros-
copy, for cytopathic effects, and with RT-PCR, for
the presence of viral nucleic acid in the superna-
tant. After three passages, apical samples and
human airway epithelial cells were prepared for
transmission electron microscopy.

TRANSMISSION ELECTRON MICROSCOPY
Supernatant from human airway epithelial cell
cultures that showed cytopathic effects was
collected, inactivated with 2% paraformalde-
hyde for at least 2 hours, and ultracentrifuged
to sediment virus particles. The enriched super-
natant was negatively stained on film-coated
grids for examination. Human airway epithelial
cells showing cytopathic effects were collected
and fixed with 2% paraformaldehyde—2.5%
glutaraldehyde and were then fixed with 1%
osmium tetroxide dehydrated with grade ethanol
embedded with PON812 resin. Sections (80 nm)
were cut from resin block and stained with
uranyl acetate and lead citrate, separately. The
negative stained grids and ultrathin sections
were observed under transmission electron mi-
Croscopy.

N ENGL J MED 382;8 NEJM.ORG FEBRUARY 20, 2020
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VIRAL GENOME SEQUENCING
RNA extracted from bronchoalveolar-lavage flu-
id and culture supernatants was used as a tem-
plate to clone and sequence the genome. We
used a combination of Illumina sequencing and
nanopore sequencing to characterize the virus
genome. Sequence reads were assembled into
contig maps (a set of overlapping DNA segments)
with the use of CLC Genomics software, version
4.6.1 (CLC Bio). Specific primers were subse-
quently designed for PCR, and 5- or 3-RACE
(rapid amplification of cDNA ends) was used to
fill genome gaps from conventional Sanger se-
quencing. These PCR products were purified
from gels and sequenced with a BigDye Termi-
nator v3.1 Cycle Sequencing Kit and a 3130XL
Genetic Analyzer, in accordance with the manu-
facturers’ instructions.

Multiple-sequence alignment of the 2019-
nCoV and reference sequences was performed
with the use of Muscle. Phylogenetic analysis of
the complete genomes was performed with
RAXML (13) with 1000 bootstrap replicates and
a general time-reversible model used as the nu-
cleotide substitution model.

RESULTS

PATIENTS
Three adult patients presented with severe pneu-
monia and were admitted to a hospital in Wuhan
on December 27, 2019. Patient 1 was a 49-year-
old woman, Patient 2 was a 61-year-old man, and
Patient 3 was a 32-year-old man. Clinical profiles
were available for Patients 1 and 2. Patient 1 re-
ported having no underlying chronic medical
conditions but reported fever (temperature, 37°C
to 38°C) and cough with chest discomfort on
December 23, 2019. Four days after the onset of
illness, her cough and chest discomfort wors-
ened, but the fever was reduced; a diagnosis of
pneumonia was based on computed tomograph-
ic (CT) scan. Her occupation was retailer in the
seafood wholesale market. Patient 2 initially re-
ported fever and cough on December 20, 2019;
respiratory distress developed 7 days after the on-
set of illness and worsened over the next 2 days
(see chest radiographs, Fig. 1), at which time
mechanical ventilation was started. He had been
a frequent visitor to the seafood wholesale market.
Patients 1 and 3 recovered and were discharged

Figure 1. Chest Radiographs.

Shown are chest radiographs from Patient 2 on days 8
and 11 after the onset of illness. The trachea was intu-
bated and mechanical ventilation instituted in the period
between the acquisition of the two images. Bilateral
fluffy opacities are present in both images but are in-
creased in density, profusion, and confluence in the
second image; these changes are most marked in the
lower lung fields. Changes consistent with the accumu-
lation of pleural liquid are also visible in the second
image.

from the hospital on January 16, 2020. Patient 2
died on January 9, 2020. No biopsy specimens
were obtained.

N ENGLJ MED 382;8 NEJM.ORG FEBRUARY 20, 2020
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A Mock

B HAE-CPE

Figure 2. Cytopathic Effects in Human Airway Epithelial Cell Cultures after Inoculation with 2019-nCoV.

DETECTION AND ISOLATION OF A NOVEL
CORONAVIRUS

Three bronchoalveolar-lavage samples were col-
lected from Wuhan Jinyintan Hospital on De-
cember 30, 2019. No specific pathogens (includ-
ing HCoV-229E, HCoV-NL63, HCoV-OC43, and
HCoV-HKU1) were detected in clinical specimens
from these patients by the RespiFinderSmart-
22kit. RNA extracted from bronchoalveolar-lavage
fluid from the patients was used as a template
to clone and sequence a genome using a com-
bination of Illumina sequencing and nanopore
sequencing. More than 20,000 viral reads from
individual specimens were obtained, and most
contigs matched to the genome from lineage B
of the genus betacoronavirus — showing more
than 85% identity with a bat SARS-like CoV
(bat-SL-CoVZC45, MG772933.1) genome pub-
lished previously. Positive results were also ob-
tained with use of a real-time RT-PCR assay for
RNA targeting to a consensus RdRp region of
pan B-CoV (although the cycle threshold value
was higher than 34 for detected samples). Virus
isolation from the clinical specimens was per-
formed with human airway epithelial cells and
Vero E6 and Huh-7 cell lines. The isolated virus
was named 2019-nCoV.

To determine whether virus particles could be
visualized in 2019-nCoV-infected human airway
epithelial cells, mock-infected and 2019-nCoV-
infected human airway epithelial cultures were
examined with light microscopy daily and with
transmission electron microscopy 6 days after
inoculation. Cytopathic effects were observed 96
hours after inoculation on surface layers of hu-

man airway epithelial cells; a lack of cilium
beating was seen with light microcopy in the
center of the focus (Fig. 2). No specific cyto-
pathic effects were observed in the Vero E6 and
Huh-7 cell lines until 6 days after inoculation.

Electron micrographs of negative-stained
2019-nCoV particles were generally spherical
with some pleomorphism (Fig. 3). Diameter var-
ied from about 60 to 140 nm. Virus particles had
quite distinctive spikes, about 9 to 12 nm, and
gave virions the appearance of a solar corona.
Extracellular free virus particles and inclusion
bodies filled with virus particles in membrane-
bound vesicles in cytoplasm were found in the
human airway epithelial ultrathin sections. This
observed morphology is consistent with the
Coronaviridae family.

To further characterize the virus, de novo se-
quences of 2019-nCoV genome from clinical spec-
imens (bronchoalveolar-lavage fluid) and human
airway epithelial cell virus isolates were obtained
by Illumina and nanopore sequencing. The novel
coronavirus was identified from all three patients.
Two nearly full-length coronavirus sequences
were obtained from bronchoalveolar-lavage fluid
(BetaCoV/Wuhan/IVDC-HB-04/2020, BetaCoV/
Wuhan/IVDC-HB-05/2020|EPI_ISL_402121), and
one full-length sequence was obtained from a
virus isolated from a patient (BetaCoV/Wuhan/
IVDC-HB-01/2020|EPI_ISL_402119). Complete ge-
nome sequences of the three novel coronaviruses
were submitted to GISAID (BetaCoV/Wuhan/
IVDC-HB-01/2019, accession ID: EPI_ISL_402119;
BetaCoV/Wuhan/IVDC-HB-04/2020, accession ID:
EPL_ISL_402120; BetaCoV/Wuhan/IVDC-HB-05/2019,
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Figure 3. Visualization of 2019-nCoV with Transmission Electron Microscopy.

Negative-stained 2019-nCoV particles are shown in Panel A, and 2019-nCoV particles in the human airway epithelial
cell ultrathin sections are shown in Panel B. Arrowheads indicate extracellular virus particles, arrows indicate inclu-
sion bodies formed by virus components, and triangles indicate cilia.

accession ID: EPI_ISL_402121) and have a 86.9%
nucleotide sequence identity to a previously pub-
lished bat SARS-like CoV (bat-SL-CoVZC45,
MG772933.1) genome. The three 2019-nCoV ge-
nomes clustered together within the sarbecovirus
subgenus, which shows the typical betacorona-
virus organization: a 5" untranslated region (UTR),
replicase complex (orflab), S gene, E gene, M gene,
N gene, 3 UTR, and several unidentified non-
structural open reading frames.

Although 2019-nCoV is similar to some beta-
coronaviruses detected in bats (Fig. 4), it is dis-
tinct from SARS-CoV and MERS-CoV. The three
2019-nCoV coronaviruses from Wuhan, together
with two bat-derived SARS-like strains, ZC45
and ZXC21, form a distinct clade. SARS-CoV
strains from humans and genetically similar
SARS-like coronaviruses from bats collected
from southwestern China formed another clade
within the subgenus sarbecovirus. Since the se-
quence identity in conserved replicase domains
(ORF 1ab) is less than 90% between 2019-nCoV
and other members of betacoronavirus, the
2019-nCoV — the likely causative agent of the
viral pneumonia in Wuhan — is a novel beta-

coronavirus belonging to the sarbecovirus sub-
genus of Coronaviridae family.

DISCUSSION

We report a novel CoV (2019-nCoV) that was
identified in hospitalized patients in Wuhan,
China, in December 2019 and January 2020. Evi-
dence for the presence of this virus includes
identification in bronchoalveolar-lavage fluid in
three patients by whole-genome sequencing, di-
rect PCR, and culture. The illness likely to have
been caused by this CoV was named “novel coro-
navirus-infected pneumonia” (NCIP). Complete
genomes were submitted to GISAID. Phyloge-
netic analysis revealed that 2019-nCoV falls into
the genus betacoronavirus, which includes coro-
naviruses (SARS-CoV, bat SARS-like CoV, and
others) discovered in humans, bats, and other
wild animals.” We report isolation of the virus
and the initial description of its specific cyto-
pathic effects and morphology.

Molecular techniques have been used suc-
cessfully to identify infectious agents for many
years. Unbiased, high-throughput sequencing is
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Figure 4. Schematic of 2019-nCoV and Phylogenetic Analysis of 2019-nCoV and Other Betacoronavirus Genomes.
Shown are a schematic of 2019-nCoV (Panel A) and full-length phylogenetic analysis of 2019-nCoV and other betacoronavirus genomes
in the Orthocoronavirinae subfamily (Panel B).
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a powerful tool for the discovery of patho-
gens.'*!® Next-generation sequencing and bioin-
formatics are changing the way we can respond
to infectious disease outbreaks, improving our
understanding of disease occurrence and trans-
mission, accelerating the identification of patho-
gens, and promoting data sharing. We describe
in this report the use of molecular techniques
and unbiased DNA sequencing to discover a
novel betacoronavirus that is likely to have been
the cause of severe pneumonia in three patients
in Wuhan, China.

Although establishing human airway epithe-
lial cell cultures is labor intensive, they appear
to be a valuable research tool for analysis of hu-
man respiratory pathogens.’* Our study showed
that initial propagation of human respiratory se-
cretions onto human airway epithelial cell cul-
tures, followed by transmission electron micros-
copy and whole genome sequencing of culture
supernatant, was successfully used for visualiza-
tion and detection of new human coronavirus
that can possibly elude identification by tradi-
tional approaches.

Further development of accurate and rapid
methods to identify unknown respiratory patho-
gens is still needed. On the basis of analysis of
three complete genomes obtained in this study,
we designed several specific and sensitive assays
targeting ORFlab, N, and E regions of the 2019-
nCoV genome to detect viral RNA in clinical
specimens. The primer sets and standard oper-

ating procedures have been shared with the
World Health Organization and are intended for
surveillance and detection of 2019-nCoV infec-
tion globally and in China. More recent data
show 2019-nCoV detection in 830 persons in
China.”

Although our study does not fulfill Koch’s
postulates, our analyses provide evidence impli-
cating 2019-nCoV in the Wuhan outbreak. Ad-
ditional evidence to confirm the etiologic sig-
nificance of 2019-nCoV in the Wuhan outbreak
include identification of a 2019-nCoV antigen in
the lung tissue of patients by immunohisto-
chemical analysis, detection of IgM and IgG
antiviral antibodies in the serum samples from
a patient at two time points to demonstrate se-
roconversion, and animal (monkey) experiments
to provide evidence of pathogenicity. Of critical
importance are epidemiologic investigations to
characterize transmission modes, reproduction in-
terval, and clinical spectrum resulting from infec-
tion to inform and refine strategies that can pre-
vent, control, and stop the spread of 2019-nCoV.

This work was supported by grants from the National Key
Research and Development Program of China (2016YFD0500301)
and the National Major Project for Control and Prevention of
Infectious Disease in China (2018Z2X10101002).
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Genomic characterisation and epidemiology of 2019 novel
coronavirus: implications for virus origins and receptor
binding

Roujian Lu*, Xiang Zhao*, Juan Li*, Peihua Niu*, Bo Yang*, Honglong Wu*, Wenling Wang, Hao Song, Baoying Huang, Na Zhu, Yuhai Bi,
Xuejun Ma, Faxian Zhan, Liang Wang, Tao Hu, Hong Zhou, Zhenhong Hu, Weimin Zhou, Li Zhao, Jing Chen, Yao Meng, Ji Wang, Yang Lin,
Jianying Yuan, Zhihao Xie, Jinmin Ma, William J Liu, Dayan Wang, Wenbo Xu, Edward C Holmes, George F Gao, Guizhen Wue[, Weijun Chen],
Weifeng Shiql, Wenjie Tanq[

Summary

Background In late December, 2019, patients presenting with viral pneumonia due to an unidentified microbial agent
were reported in Wuhan, China. A novel coronavirus was subsequently identified as the causative pathogen,
provisionally named 2019 novel coronavirus (2019-nCoV). As of Jan 26, 2020, more than 2000 cases of 2019-nCoV
infection have been confirmed, most of which involved people living in or visiting Wuhan, and human-to-human
transmission has been confirmed.

Methods We did next-generation sequencing of samples from bronchoalveolar lavage fluid and cultured isolates from
nine inpatients, eight of whom had visited the Huanan seafood market in Wuhan. Complete and partial 2019-nCoV
genome sequences were obtained from these individuals. Viral contigs were connected using Sanger sequencing to
obtain the full-length genomes, with the terminal regions determined by rapid amplification of cDNA ends.
Phylogenetic analysis of these 2019-nCoV genomes and those of other coronaviruses was used to determine the
evolutionary history of the virus and help infer its likely origin. Homology modelling was done to explore the likely
receptor-binding properties of the virus.

Findings The ten genome sequences of 2019-nCoV obtained from the nine patients were extremely similar, exhibiting
more than 99-98% sequence identity. Notably, 2019-nCoV was closely related (with 88% identity) to two bat-derived
severe acute respiratory syndrome (SARS)-like coronaviruses, bat-SL-CoVZC45 and bat-SL-CoVZXC21, collected
in 2018 in Zhoushan, eastern China, but were more distant from SARS-CoV (about 79%) and MERS-CoV (about 50%).
Phylogenetic analysis revealed that 2019-nCoV fell within the subgenus Sarbecovirus of the genus Betacoronavirus,
with a relatively long branch length to its closest relatives bat-SL-CoVZC45 and bat-SL-CoVZXC21, and was genetically
distinct from SARS-CoV. Notably, homology modelling revealed that 2019-nCoV had a similar receptor-binding
domain structure to that of SARS-CoV, despite amino acid variation at some key residues.

Interpretation 2019-nCoV is sufficiently divergent from SARS-CoV to be considered a new human-infecting
betacoronavirus. Although our phylogenetic analysis suggests that bats might be the original host of this virus, an
animal sold at the seafood market in Wuhan might represent an intermediate host facilitating the emergence of the
virus in humans. Importantly, structural analysis suggests that 2019-nCoV might be able to bind to the angiotensin-
converting enzyme 2 receptor in humans. The future evolution, adaptation, and spread of this virus warrant urgent
investigation.

Funding National Key Research and Development Program of China, National Major Project for Control and
Prevention of Infectious Disease in China, Chinese Academy of Sciences, Shandong First Medical University.

Copyright © 2020 Elsevier Ltd. All rights reserved.

Introduction Among the several coronaviruses that are pathogenic

Viruses of the family Coronaviridae possess a single-
strand, positive-sense RNA genome ranging from
26 to 32 kilobases in length.! Coronaviruses have been
identified in several avian hosts,** as well as in various
mammals, including camels, bats, masked palm civets,
mice, dogs, and cats. Novel mammalian coronaviruses
are now regularly identified." For example, an HKU2-
related coronavirus of bat origin was responsible for a
fatal acute diarrhoea syndrome in pigs in 2018.*

www.thelancet.com Vol 395 February 22,2020

to humans, most are associated with mild clinical
symptoms,' with two notable exceptions: severe acute
respiratory syndrome (SARS) coronavirus (SARS-CoV), a
novel betacoronavirus that emerged in Guangdong,
southern China, in November, 2002,° and resulted in
more than 8000 human infections and 774 deaths in
37 countries during 2002-03;° and Middle East respiratory
syndrome (MERS) coronavirus (MERS-CoV), which was
first detected in Saudi Arabia in 2012’ and was responsible
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Research in context

Evidence before this study

The causal agent of an outbreak of severe pneumonia in
Wuhan, China, is a novel coronavirus, provisionally named
2019 novel coronavirus (2019-nCoV). The first cases were
reported in December, 2019.

Added value of this study

We have described the genomic characteristics of 2019-nCoV
and similarities and differences to other coronaviruses,
including the virus that caused the severe acute respiratory
syndrome epidemic of 2002-03. Genome sequences of
2019-nCoV sampled from nine patients who were among the
early cases of this severe infection are almost genetically
identical, which suggests very recent emergence of this virus in

for 2494 laboratory-confirmed cases of infection and
858 fatalities since September, 2012, including 38 deaths
following a single introduction into South Korea.*

In late December, 2019, several patients with viral
pneumonia were found to be epidemiologically associ-
ated with the Huanan seafood market in Wuhan, in the
Hubei province of China, where a number of non-aquatic
animals such as birds and rabbits were also on sale
before the outbreak. A novel, human-infecting corona-
virus,®" provisionally named 2019 novel coronavirus
(2019-nCoV), was identified with use of next-generation
sequencing. As of Jan 28, 2020, China has reported more
than 5900 confirmed and more than 9000 suspected
cases of 2019-nCoV infection across 33 Chinese prov-
inces or municipalities, with 106 fatalities. In addition,
2019-nCoV has now been reported in Thailand, Japan,
South Korea, Malaysia, Singapore, and the USA. Infec-
tions in medical workers and family clusters were also
reported and human-to-human transmission has been
confirmed.” Most of the infected patients had a high
fever and some had dyspnoea, with chest radiographs
revealing invasive lesions in both lungs.*"

We report the epidemiological data of nine inpatients,
from at least three hospitals in Wuhan, who were
diagnosed with viral pneumonia of unidentified cause.
Using next-generation sequencing of bronchoalveolar
lavage fluid samples and cultured isolates from these
patients, 2019-nCoV was found. We describe the genomic
characterisation of ten genomes of this novel virus,
providing important information on the origins and cell
receptor binding of the virus.

Methods

Patients and samples

Nine patients with viral pneumonia and negative for
common respiratory pathogens, who presented to at least
three hospitals in Wuhan, were included in this study.
Eight of the patients had visited the Huanan seafood
market before the onset of illness, and one patient
(WHO4) did not visit the market but stayed in a hotel near

humans and that the outbreak was detected relatively rapidly.
2019-nCoV is most closely related to other betacoronaviruses
of bat origin, indicating that these animals are the likely
reservoir hosts for this emerging viral pathogen.

Implications of all the available evidence

By documenting the presence of 2019-nCoV in a sample of
patients, our study extends previous evidence that this virus
has led to the novel pneumonia that has caused severe disease
in Wuhan and other geographical localities. Currently available
data suggest that 2019-nCoV infected the human population
from a bat reservoir, although it remains unclear if a currently
unknown animal species acted as an intermediate host
between bats and humans.

the market between Dec 23 and Dec 27, 2019 (table).
Five of the patients (WH19001, WH19002, WH19004,
WH19008, and YS8011) had samples collected by the
Chinese Center for Disease Control and Prevention
(CDC) which were tested for 18 viruses and four bac-
teria using the RespiFinderSmart22 Kit (PathoFinder,
Maastricht, Netherlands) on the LightCycler 480 Real-
Time PCR system (Roche, Rotkreuz, Switzerland).
Presence of SARS-CoV and MERS-CoV was tested using
a previously reported method.” All five CDC samples
were negative for all common respiratory pathogens
screened for. Four of the patients (WH01, WHO02, WHO03,
and WHO04) had samples collected by BGI (Beijing,
China), and were tested for five viruses and one bacterium
using the RespiPathogen 6 Kit (Jiangsu Macro & Micro
Test, Nantong, China) on the Applied Biosystems ABI
7500 Real-Time PCR system (ThermoFisher Scientific,
Foster City, CA, USA). All four samples were negative for
the targeted respiratory pathogens.

Virus isolation

Special-pathogen-free human airway epithelial (HAE)
cells were used for virus isolation. Briefly, bronchoalveolar
lavage fluids or throat swabs from the patients were
inoculated into the HAE cells through the apical surfaces.
HAE cells were maintained in an air-liquid interface
incubated at 37°C. The cells were monitored daily for
cytopathic effects by light microscopy and the cell
supernatants were collected for use in quantitative
RT-PCR assays. After three passages, apical samples
were collected for sequencing.

BGI sequencing strategy

All collected samples were sent to BGI for sequencing.
140 pL bronchoalveolar lavage fluid samples (WHO1 to
WHO04) were reserved for RNA extraction using the
QIAamp Viral RNA Mini Kit (52904; Qiagen, Heiden,
Germany), according to the manufacturer’s recom-
mendations. A probe-captured technique was used to
remove human nucleic acid. The remaining RNA was
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Patient information Sample information Genome sequence obtained
Exposure to Date of Admissiondate  Sample type Collection date  Ctvalue
Huanan seafood  symptom onset
market
Samples WH19001  Yes Dec 23,2019 Dec 29,2019 BALF and Dec 30,2019 30-23 Complete
and WH19005 cultured virus
Sample WH19002 Yes Dec 22,2019 NA BALF Dec 30,2019 30-50 Partial (27 130 nucleotides)
Sample WH19004  Yes NA NA BALF Jan1,2020 3214 Complete
Sample WH19008 Yes NA Dec 29,2019 BALF Dec 30,2019 26-35 Complete
Sample YS8011 Yes NA NA Throat swab Jan7,2020 22.85 Complete
Sample WHO1 Yes NA NA BALF Dec 26,2019 32-60 Complete
Sample WH02 Yes NA NA BALF Dec 31,2019 3423 Partial (19 503 nucleotides)
Sample WHO3 Yes Dec 26,2019 NA BALF Jan1,2020 2538 Complete
Sample WHO4 No* Dec 27,2019 NA BALF Jan5,2020 2523 Complete
Ct=threshold cycle. BALF=bronchoalveolar lavage fluid. NA=not available. 2019-nCoV=2019 novel coronavirus. *Patient stayed in a hotel near Huanan seafood market
from Dec 23 to Dec 27, 2019, and reported fever on Dec 27, 2019.
Table: Information about samples taken from nine patients infected with 2019-nCoV

reverse-transcribed into ¢cDNA, followed by the second-
strand synthesis. Using the synthetic double-stranded
DNA, a DNA library was constructed through DNA-
fragmentation, end-repair, adaptorligation, and PCR
amplification. The constructed library was qualified with
an Invitrogen Qubit 2.0 Fluorometer (ThermoFisher,
Foster City, CA, USA), and the qualified double-stranded
DNA library was transformed into a single-stranded
circular DNA library through DNA-denaturation and circu-
larisation. DNA nanoballs were generated from single-
stranded circular DNA by rolling circle amplification,
then qualified with Qubit 2.0 and loaded onto the flow cell
and sequenced with PE100 on the DNBSEQ-T7 platform
(MGI, Shenzhen, China).

After removing adapter, low-quality, and low-complexity
reads, high-quality genome sequencing data were
generated. Sequence reads were first filtered against the
human reference genome (hgl9) using Burrows-Wheeler
Alignment.” The remaining data were then aligned to
the local nucleotide database (using Burrows-Wheeler
Alignment) and non-redundant protein database (using
RapSearch),” downloaded from the US National Center
for Biotechnology Information website, which contain
only coronaviruses that have been published. Finally, the
mapped reads were assembled with SPAdes” to obtain a
high-quality coronavirus genome sequence.

Primers were designed with use of OLIGO Primer
Analysis Software version 6.44 on the basis of the assem-
bled partial genome, and were verified by Primer-Blast
(for more details on primer sequencs used please
contact the corresponding author). PCR was set up as
follows: 4-5 pL of 10X buffer, 4 pL of dNTP mix
(2-5 pmol/L), 1 pL of each primer (10 pmol/L), and
0-75 units of HS Ex Taq (Takara Biomedical Technology,
Beijing, China), in a total volume of 30 pL. The cDNAs
reverse transcribed from clinical samples were used
as templates, and random primers were used.
The following program was run on the thermocycler:

www.thelancet.com Vol 395 February 22,2020

95°C for 5 min; 40 cycles of 95°C for 30 s, 55°C for 30 s,
and 72°C for 1 min as determined by product size; 72°C
for 7 min; and a 4°C hold. Finally, the PCR products
were separated by agarose gel electrophoresis, and pro-
ducts of the expected size were sequenced from both
ends on the Applied Biosystems 3730 DNA Analyzer
platform (Applied Biosystems, Life Technologies, Foster
City, CA, USA; for more details on expected size please
contact the corresponding author).

Chinese CDC sequencing strategy

The whole-genome sequences of 2019-nCoV from
six samples (WH19001, WH19005, WH19002, WH19004,
WH19008, and YS8011) were generated by a combination
Sanger, Illumina, and Oxford nanopore sequencing.
First, viral RNAs were extracted directly from clinical
samples with the QIAamp Viral RNA Mini Kit, and then
used to synthesise cDNA with the SuperScript III Reverse
Transcriptase (ThermoFisher, Waltham, MA, USA) and
N6 random primers, followed by second-strand syn-
thesis with DNA Polymerase I, Large (Klenow) Fragment
(ThermoFisher). Viral ¢cDNA libraries were prepared
with use of the Nextera XT Library Prep Kit (Illumina,
San Diego, CA, USA), then purified with Agencourt
AMPure XP beads (Beckman Coulter, Brea, CA, USA),
followed by quantification with an Invitrogen Qubit 2.0
Fluorometer. The resulting DNA libraries were sequenced
on either the MiSeq or iSeq platforms (Illumina) using a
300-cycle reagent kit. About 1-2-5 GB of data were
obtained for each sample.

The raw fastQ files for each virus sample were filtered
using previously described criteria,” then subjected to
de novo assembly with the CLCBio software version
11.0.1. Mapped assemblies were also done using the bat-
derived SARS-like coronavirus isolate bat-SL-CoVZC45
(accession number MG772933.1) as a reference. Variant
calling, genome alignments, and sequence illustra-
tions were generated with CLCBio software, and the

For the National Center for
Biotechnology Information
website see https://www.ncbi.
nlm.nih.gov/
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assembled genome sequences were confirmed by Sanger
sequencing.

Rapid amplification of cDNA ends (RACE) was done
to obtain the sequences of the 5" and 3' termini, using the
Invitrogen 5 RACE System and 3 RACE System
(Invitrogen, Carlsbad, CA, USA), according to the manu-
facturer’s instructions. Gene-specific primers (appendix
p 1) for 5" and 3" RACE PCR amplification were designed
to obtain a fragment of approximately 400-500 bp for the
two regions. Purified PCR products were cloned into the
pMDI18-T Simple Vector (TaKaRa, Takara Biotechnology,
Dalian, China) and chemically competent Escherichia coli
(DH5a cells; TaKaRa), according to the manufacturer’s
instructions. PCR products were sequenced with use of
M13 forward and reverse primers.

Virus genome analysis and annotation

Reference virus genomes were obtained from GenBank
using Blastn with 2019-nCoV as a query. The open
reading frames of the verified genome sequences were
predicted using Geneious (version 11.1.5) and anno-
tated using the Conserved Domain Database.” Pairwise
sequence identities were also calculated using Geneious.
Potential genetic recombination was investigated using
SimPlot software (version 3.5.1)* and phylogenetic
analysis.

Phylogenetic analysis

Sequence alignment of 2019-nCoV with reference se-
quences was done with Mafft software (version 7450).”
Phylogenetic analyses of the complete genome and
major coding regions were done with RAXML software
(version 8.2.9)* with 1000 bootstrap replicates, employing
the general time reversible nucleotide substitution model.

Development of molecular diagnostics for 2019-nCoV

On the basis of the genome sequences obtained, a real-time
PCR detection assay was developed. PCR primers and
probes were designed using Applied Biosystems Primer
Express Software (ThermoFisher Scientific, Foster City, CA,
USA) on the basis of our sequenced virus genomes. The
specific primers and probe set (labelled with the reporter
6-carboxyfluorescein [FAM] and the quencher Black Hole
Quencher 1[BHQ1]) for orfla were as follows: forward primer
5'-AGAAGATTGGTTAGATGATGATAGT-3'; reverse primer
5'-TTCCATCTCTAATTGAGGTTGAACC-3'; and probe
5'-FAM-TCCTCACTGCCGTCTTGTTGACCA-BHQ1-3".
The human GAPDH gene was used as an internal control
(forward primer 5-TCAAGAAGGTGGTGAAGCAGG-3;
reverse primer 5-CAGCGTCAAAGGTGGAGGAGT-3;
probe 5'-VIC-CCTCAAGGGCATCCTGGGCTACACT-
BHQ1-3'). Primers and probes were synthesised by BGI
(Beijing, China). RT-PCR was done with an Applied
Biosystems 7300 Real-Time PCR System (Thermo-
Scientific), with 30 pL reaction volumes consisting of 14 pL
of diluted RNA, 15 pL of 2X Tagman One-Step RT-PCR
Master Mix Reagents (4309169; Applied Biosystems,

ThermoFisher), 0-5 pL of 40X MultiScribe and RNase
inhibitor mixture, 0-75 pL forward primer (10 pmol/L),
0-75 pL reverse primer (10 pmol/L), and 0-375 pL probe
(10 pmol/L). Thermal cycling parameters were 30 min
at 42°C, followed by 10 min at 95°C, and a subsequent
40 cycles of amplification (95°C for 15 s and 58°C for 45 s).
Fluorescence was recorded during the 58°C phase.

Role of the funding source

The funder of the study had no role in data collection,
data analysis, data interpretation, or writing of report.
GFG and WS had access to all the data in the study, and
GFG, WS, WT, WC, and GW were responsible for the
decision to submit for publication.

Results

From the nine patients’ samples analysed, eight complete
and two partial genome sequences of 2019-nCoV were
obtained. These data have been deposited in the China
National Microbiological Data Center (accession num-
ber NMDC10013002 and genome accession numbers
NMDC60013002-01 to NMDC60013002-10) and the data
from BGI have been deposited in the China National
GeneBank (accession numbers CNA0007332-35).

Based on these genomes, we developed a real-time
PCR assay and tested the original clinical samples from
the BGI (WHO01, WH02, WHO03, and WHO04) again to
determine their threshold cycle (Ct) values (table). The
remaining samples were tested by a different real-time
PCR assay developed by the Chinese CDC, with Ct values
ranging from 22-85 to 32-41 (table). These results
confirmed the presence of 2019-nCoV in the patients.

Bronchoalveolar lavage fluid samples or cultured
viruses of nine patients were used for next-generation
sequencing. After removing host (human) reads, de novo
assembly was done and the contigs obtained used as
queries to search the non-redundant protein database.
Some contigs identified in all the samples were
closely related to the bat SARS-like betacoronavirus
bat-SL-CoVZC45 betacoronavirus.?  Bat-SL-CoVZC45
was then used as the reference genome and reads from
each pool were mapped to it, generating consensus
sequences corresponding to all the pools. These
consensus sequences were then used as new reference
genomes. Eight complete genomes and two partial
genomes (from samples WH19002 and WHO2; table)
were obtained. The de novo assembly of the clean reads
from all the pools did not identify any other long contigs
that corresponded to other viruses at high abundance.

The eight complete genomes were nearly identical
across the whole genome, with sequence identity above
99-98%, indicative of a very recent emergence into the
human population (figure 1A). The largest nucleotide
difference was four mutations. Notably, the sequence
identity between the two virus genomes from the same
patient (WH19001, from bronchoalveolar lavage fluid,
and WH19005, from cell culture) was more than 99-99%,
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Figure 1: Sequence comparison and genomic organisation of 2019-nCoV
(A) Sequence alignment of eight full-length genomes of 2019-nCoV, 29 829 base pairs in length, with a few nucleotides truncated at both ends of the genome.
(B) Coding regions of 2019-nCoV, bat-SL-CoVZ(45, bat-SL-CoVZX(21, SARS-CoV, and MERS-CoV. Only open reading frames of more than 100 nucleotides are

shown. 2019-nCoV=2019 novel coronavirus. SARS-CoV=severe acute respiratory syndrome coronavirus. MERS-CoV=Middle East respiratory syndrome coronavirus.
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Figure 2: Sequence identity between the consensus of 2019-nCoV and representative betacoronavirus genomes
(A) Sequence identities for 2019-nCoV compared with SARS-CoV GZ02 (accession number AY390556) and the bat SARS-like coronaviruses bat-SL-CoVZ (45
(MG772933) and bat-SL-CoVZX(C21 (MG772934). (B) Similarity between 2019-nCoV and related viruses. 2019-nCoV=2019 novel coronavirus. SARS-CoV=severe

acute respiratory syndrome coronavirus.

with 100% identity at the amino acid level. In addition,
the partial genomes from samples WHO02 and WH19002
also had nearly 100% identity to the complete genomes
across the aligned gene regions.

A Blastn search of the complete genomes of 2019-nCoV
revealed that the most closely related viruses available
on GenBank were bat-SL-CoVZC45 (sequence identity
87-99%; query coverage 99%) and another SARS-like
betacoronavirus of bat origin, bat-SL-CoVZXC21 (acces-
sion number MG772934;% 87-23%; query coverage 98%).
In five gene regions (E, M, 7, N, and 14), the sequence
identities were greater than 90%, with the highest
being 98-7% in the E gene (figure 2A). The S gene of
2019-nCoV exhibited the lowest sequence identity with
bat-SL-CoVZC45 and bat-SL-CoVZXC21, at only around
75%. In addition, the sequence identity in 1b (about 86%)
was lower than that in 1a (about 90%; figure 2A). Most of
the encoded proteins exhibited high sequence identity
between 2019-nCoV and the related bat-derived corona-
viruses (figure 2a). The notable exception was the spike
protein, with only around 80% sequence identity, and

protein 13, with 73-2% sequence identity. Notably, the
2019-nCoV strains were less genetically similar to
SARS-CoV (about 79%) and MERS-CoV (about 50%). The
similarity between 2019-nCoV and related viruses was
visualised using SimPlot software, with the 2019-nCoV
consensus sequence employed as the query (figure 2B).
Comparison of the predicted coding regions of
2019-nCoV showed that they possessed a similar genomic
organisation to bat-SL-CoVZC45, bat-SL-CoVZXC21, and
SARS-CoV (figure 1B). At least 12 coding regions were
predicted, including 1ab, S, 3, E, M, 7, 8,9, 10b, N, 13, and
14 (figure 1B). The lengths of most of the proteins encoded
by 2019-nCoV, bat-SL-CoVZC45, and bat-SL-CoVZXC21
were similar, with only a few minor insertions or dele-
tions. A notable difference was a longer spike protein
encoded by 2019-nCoV compared with the bat SARS-like
coronaviruses, SARS-CoV, and MERS-CoV (figure 1B).
Phylogenetic analysis of 2019-nCoV and its closely
related reference genomes, as well as representative beta-
coronaviruses, revealed that the five subgenera formed
five well supported branches (figure 3). The subgenus
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Figure 3: Phylogenetic analysis of full-length genomes of 2019-nCoV and representative viruses of the genus Betacoronavirus
2019-nCoV=2019 novel coronavirus. MERS-CoV=Middle East respiratory syndrome coronavirus. SARS-CoV=severe acute respiratory syndrome coronavirus.

Sarbecovirus could be classified into three well supported
clades: two SARS-CoV-related strains from Rhinolophus sp
from Bulgaria (accession number GU190215) and Kenya
(KY352407) formed clade 1; the ten 2019-nCoV from
Wuhan and the two bat-derived SARS-like strains from
Zhoushan in eastern China (bat-SL-CoVZC45 and
bat-SL-CoVZXC21) formed clade 2, which was notable for
the long branch separating the human and bat viruses;
and SARS-CoV strains from humans and many genetically
similar SARS-like coronaviruses from bats collected
from southwestern China formed clade 3, with bat-derived
coronaviruses also falling in the basal positions (figure 3).
In addition, 2019-nCoV was distinct from SARS-CoV
in a phylogeny of the complete RNA-dependent RNA
polymerase (RdRp) gene (appendix p 2). This evidence
indicates that 2019-nCoV is a novel betacoronavirus
from the subgenus Sarbecovirus.

As the sequence similarity plot revealed changes in
genetic distances among viruses across the 2019-nCoV
genome, we did additional phylogenetic analyses of
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the major encoding regions of representative members
of the subgenus Sarbecovirus. Consistent with the
genome phylogeny, 2019-nCoV, bat-SL-CoVZC45, and
bat-SL-CoVZXC21 clustered together in trees of
the la and spike genes (appendix p 3). By contrast,
2019-nCoV did not cluster with bat-SL-CoVZC45 and
bat-SL-CoVZXC21 in the 1b tree, but instead formed a
distinct clade with SARS-CoV, bat-SL-CoVZC45, and
bat-SL-CoVZXC21 (appendix p 3), indicative of potential
recombination events in 1b, although these probably
occurred in the bat coronaviruses rather than 2019-nCoV.
Phylogenetic analysis of the 2019-nCoV genome ex-
cluding 1b revealed similar evolutionary relationships as
the full-length viral genome (appendix p 3).

The envelope spike (S) protein mediates receptor
binding and membrane fusion* and is crucial for
determining host tropism and transmission capacity.**
Generally, the spike protein of coronaviruses is func-
tionally divided into the S1 domain (especially positions
318-510 of SARS-CoV), responsible for receptor binding,
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Figure 4: Specific amino acid variations among the spike proteins of the subgenus sarbecovirus
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and the S2 domain, responsible for cell membrane
fusion.” The 2019-nCoV S2 protein showed around
93% sequence identity with bat-SL-CoVZC45 and
bat-SL-CoVZXC21—much higher than that of the
S1 domain, which had only around 68% identity with
these bat-derived viruses. Both the N-terminal domain
and the C-terminal domain of the S1 domain can bind to
host receptors.” We inspected amino acid variation in the
spike protein among the Sarbecovirus coronaviruses
(figure 4). Although 2019-nCoV and SARS-CoV fell
within different clades (figure 3), they still possessed
around 50 conserved amino acids in S1, whereas most
of the bat-derived viruses displayed mutational differences
(figure 4). Most of these positions in the C-terminal
domain (figure 4). In addition, a number of deletion
events, including positions 455-457, 463—464, and 485497,
were found in the bat-derived strains (figure 4).

The receptor-binding domain of betacoronaviruses,
which directly engages the receptor, is commonly
located in the C-terminal domain of S1, as in SARS-CoV?*
for lineage B, and MERS-CoV*" and BatCoV HKU4,*
for lineage C (figure 5). Through phylogenetic analysis
of the receptor-binding domain of four different lineages
of betacoronaviruses (appendix p 4), we found that,
although 2019-nCoV was closer to bat-SL-CoVZC45
and bat-SL-CoVZXC21 at the whole-genome level, the
receptor-binding domain of 2019-nCoV fell within
lineage B and was closer to that of SARS-CoV (figure 5A).
The three-dimensional structure of 2019-nCoV receptor-
binding domain was modelled using the Swiss-Model
program® with the SARS-CoV receptor-binding domain
structure (Protein Data Bank ID 2DD8)* as a template.
This analysis suggested that, like other betacoro-
naviruses, the receptor-binding domain was composed
of a core and an external subdomain (figure 5B-D).

Notably, the external subdomain of the 2019-nCoV
receptor-binding domain was more similar to that of
SARS-CoV. This result suggests that 2019-nCoV might
also use angiotensin-converting enzyme 2 (ACE2) as a
cell receptor. However, we also observed that several key
residues responsible for the binding of the SARS-CoV
receptor-binding domain to the ACE2 receptor were
variable in the 2019-nCoV receptor-binding domain
(including Asn439, Asn501, GIn493, Gly485 and Phe486;
2019-nCoV numbering).

Discussion

From genomic surveillance of clinical samples from
patients with viral pneumonia in Wuhan, China, a novel
coronavirus (termed 2019-nCoV) has been identified."
Our phylogenetic analysis of 2019-nCoV, sequenced from
nine patients’ samples, showed that the virus belongs to
the subgenus Sarbecovirus. 2019-nCoV was more similar
to two bat-derived coronavirus strains, bat-SL-CoVZC45
and bat-SL-CoVZXC21, than to known human-infecting
coronaviruses, including the virus that caused the SARS
outbreak of 2003.

Epidemiologically, eight of the nine patients in our study
had a history of exposure to the Huanan seafood market
in Wuhan, suggesting that they might have been in close
contact with the infection source at the market. However,
one patient had never visited the market, although he
had stayed in a hotel near the market before the onset of
their illness. This finding suggests either possible droplet
transmission or that the patient was infected by a currently
unknown source. Evidence of clusters of infected family
members and medical workers has now confirmed the
presence of human-to-human transmission.” Clearly,
this infection is a major public health concern, particularly
as this outbreak coincides with the peak of the Chinese
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Spring Festival travel rush, during which hundreds of
millions of people will travel through China.

As a typical RNA virus, the average evolutionary rate
for coronaviruses is roughly 104 nucleotide substitutions
per site per year,! with mutations arising during
every replication cycle. It is, therefore, striking that
the sequences of 2019-nCoV from different patients
described here were almost identical, with greater than
99-9% sequence identity. This finding suggests that
2019-nCoV originated from one source within a very
short period and was detected relatively rapidly.
However, as the virus transmits to more individuals,
constant surveillance of mutations arising is needed.

Phylogenetic analysis showed that bat-derived corona-
viruses fell within all five subgenera of the genus
Betacoronavirus. Moreover, bat-derived coronaviruses fell
in basal positions in the subgenus Sarbecovirus, with
2019-nCoV most closely related to bat-SL-CoVZC45
and bat-SL-CoVZXC21, which were also sampled from
bats.” These data are consistent with a bat reservoir for
coronaviruses in general and for 2019-nCoV in particular.
However, despite the importance of bats, several facts
suggest that another animal is acting as an intermediate
host between bats and humans. First, the outbreak was
first reported in late December, 2019, when most bat
species in Wuhan are hibernating. Second, no bats were
sold or found at the Huanan seafood market, whereas
various non-aquatic animals (including mammals) were
available for purchase. Third, the sequence identity
between 2019-nCoV and its close relatives bat-SL-CoVZC45
and bat-SL-CoVZXC21 was less than 90%, which is
reflected in the relatively long branch between them.
Hence, bat-SL-CoVZC45 and bat-SL-CoVZXC21 are not
direct ancestors of 2019-nCoV. Fourth, in both SARS-CoV
and MERS-CoV, bats acted as the natural reservoir,
with another animal (masked palm civet for SARS-CoV*
and dromedary camels for MERS-CoV)* acting as an
intermediate host, with humans as terminal hosts.
Therefore, on the basis of current data, it seems likely
that the 2019-nCoV causing the Wuhan outbreak might
also be initially hosted by bats, and might have been
transmitted to humans via currently unknown wild
animal(s) sold at the Huanan seafood market.

Previous studies have uncovered several receptors
that different coronaviruses bind to, such as ACE2 for
SARS-CoV” and CD26 for MERS-CoV.* Our molecular
modelling showed structural similarity between the
receptor-binding domains of SARS-CoV and 2019-nCoV.
Therefore, we suggest that 2019-nCoV might use ACE2 as
the receptor, despite the presence of amino acid mutations
in the 2019-nCoV receptor-binding domain. Although a
previous study using Hela cells expressing ACE2
proteins showed that 2019-nCoV could employ the ACE2
receptor,” whether these mutations affect ACE2 binding
or change receptor tropism requires further study.

Recombination has been seen frequently in coro-
naviruses." As expected, we detected recombination in
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Figure 5: Phylogenetic analysis and homology modelling of the receptor-binding domain of the 2019-nCoV,
SARS-CoV, and MERS-CoV

(A) Phylogenetic analysis of the receptor-binding domain from various betacoronaviruses. The star highlights
2019-nCoV and the question marks means that the receptor used by the viruses remains unknown. Structural
comparison of the receptor-binding domain of SARS-CoV (B), 2019-nCoV (C), and MERS-CoV (D) binding to

their own receptors. Core subdomains are magenta, and the external subdomains of SARS-CoV, 2019-nCoV,

and MERS CoV are orange, dark blue, and green, respectively. Variable residues between SARS-CoV and 2019-nCoV
in the receptor-binding site are highlighted as sticks. CoV=coronavirus. 2019-nCoV=2019 novel coronavirus.
SARS-CoV=severe acute respiratory syndrome coronavirus. MERS=Middle East respiratory syndrome coronavirus.

the Sarbecoviruses analysed here. Our results suggest
that recombination events are complex and are more
likely occurring in bat coronaviruses than in 2019-nCoV.
Hence, despite its occurrence, recombination is probably
not the reason for emergence of this virus, although this
inference might change if more closely related animal
viruses are identified.

In conclusion, we have described the genomic structure
of a seventh human coronavirus that can cause severe
pneumonia and have shed light on its origin and
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receptor-binding properties. More generally, the disease
outbreak linked to 2019-nCoV again highlights the hid-
den virus reservoir in wild animals and their potential to
occasionally spill over into human populations.
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Abstract SARS-CoV-2, the causative agent of COVID-19, emerged in December 2019.
Its origins remain uncertain. It has been reported that a number of the early human cases
had a history of contact with the Huanan Seafood Market. Here we present the results
of surveillance for SARS-CoV-2 within the market. From January 1% 2020, after closure
of the market, 923 samples were collected from the environment. From 18" January,
457 samples were collected from 18 species of animals, comprising of unsold contents
of refrigerators and freezers, swabs from stray animals, and the contents of a fish tank.
Using RT-qPCR, SARS-CoV-2 was detected in 73 environmental samples, but none of
the animal samples. Three live viruses were successfully isolated. The viruses from the
market shared nucleotide identity of 99.99% to 100% with the human isolate HCoV-
19/Wuhan/IVDC-HB-01/2019. SARS-CoV-2 lineage A (8782T and 28144C) was
found in an environmental sample. RNA-seq analysis of SARS-CoV-2 positive and
negative environmental samples showed an abundance of different vertebrate genera at
the market. In summary, this study provides information about the distribution and
prevalence of SARS-CoV-2 in the Huanan Seafood Market during the early stages of
the COVID-19 outbreak.

Keywords:
COVID-19, SARS-CoV-2, Huanan Seafood Market, origin, high-throughput

sequencing, virus isolation, sewage
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Infections with novel human coronavirus 2019 (HCoV-19) ', named as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) by the International Committee on
Taxonomy of Viruses (ICTV) 3, can result in coronavirus disease 2019 (COVID-19),
characterized by various clinical outcomes from asymptomatic infections to severe
pneumonia and even death *°. Globally, as of Feb 28" 2023, over 758 million confirmed

cases and over 6.8 million deaths have been reported (covid19.who.int).

Human cases with COVID-19 were first reported in late December 2019, in Wuhan,
China, as pneumonia of unknown etiology (PUE). A majority of these early cases were
found to be linked to the Huanan Seafood Market (HSM) in Wuhan *°, where various
animal meats, exotic seafood and live animals were available for purchase. The HSM
has been suspected to be the source of the COVID-19 pandemic 7. Not all of the early

human cases had epidemiological links to the market®8

and alternative hypotheses for
the market association, for example entry of virus into the market via humans or the

cold-chain, also exist.

SARS-CoV-2 has high similarity with a few coronaviruses derived from bats in Asian
countries including China, LLaos, Japan, Cambodia and Thailand, and some scientists
have proposed that bats might be the original source of SARS-CoV-2 1814, Whether
another animal might have acted as an intermediate host to facilitate virus spillover
from bats to humans is still unknown >, An important finding was the discovery of
SARS-CoV-2-related coronaviruses from pangolins, in which the spike proteins
contained receptor-binding domains (RBD) showing high similarity to the RBD of
SARS-CoV-2 719, Pangolins might be involved in the ecology of coronaviruses, but
whether they are the intermediate host for SARS-CoV-2 is unknown, given the current
data?®. A recent study documented the animal species in the HSM between May 2017
and November 2019 and noted that no pangolins or bats were present, but some
hypothesized sarbecovirus-susceptible animals, such as raccoon dogs were present 2!
Thus far, the origins of SARS-CoV-2 2223 and the role of the HSM in the origins and
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spread of SARS-CoV-2 remain unclear. The data from the HSM may provide important

information.

The HSM is located in the Jianghan District in the downtown area of Wuhan, the capital
city of Hubei Province, and is approximately 800 m away from Hankou Railway Station,
a major railway travel hub. It occupies >50,000 m?, with 678 stalls located close to each
other in extremely crowded conditions (Fig. 1A). The market is separated into two
zones, the East and West Zones, with seafood and animals mainly sold in the West Zone
and livestock meat in the East Zone. Among the 678 stalls of the market, 10 stalls selling
domesticated wildlife (1.5%) were identified according to sale records 24, located in the
south-western corner of West Zone (8/10) and the north-western corner of East Zone
(2/10), respectively (Fig. 1A). According to sale records, during late December 2019,
animals or animal products were sold in these 10 animal stalls. Animals included snakes,
avian species (chickens, ducks, gooses, pheasants and doves), Sika deer, badgers,
rabbits, bamboo rats, porcupines, hedgehogs, salamanders, giant salamanders, bay
crocodiles and Siamese crocodiles, etc., among which snakes, salamanders and
crocodiles were traded as live animals (described in detail in the Report of WHO-

convened global study of origins of SARS-CoV-2 24).

The market was closed in the morning of January 1%, 2020, shortly after the
identification of the PUE. On the same day, in the early morning, the Chinese Center
for Disease Control and Prevention (China CDC) dispatched an epidemiological team,
together with experts from Hubei Provincial CDC and Wuhan Municipal CDC, to the
HSM to collect environmental samples in order to investigate the potential introduction
of SARS-CoV-2 to the market (Fig. 1B). From January 1% 2020 until March 2" 2020,
a total of 923 environmental samples from different locations within and around the
market and 457 animal samples, including dead animals in refrigerators and freezers
and stray animals and their feces, were collected, with some stray animals sampled until

March 30" (Extended Data Tables 1, 2, 3 and Supplementary Table 1). After the closure

4
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of the market, the outside surface of the rolling shutter doors of the stalls and the
corridors were disinfected (with 1% bleach mixed with water) throughout January and
February 2020. The goods inside the stalls were completely cleared and disinfected
until early March 2020.

Out of the 923 environmental samples collected in and around the HSM, 73 were found
by the real-time polymerase chain reactions (RT-PCR) to be positive for SARS-CoV-2
with positivity rate of 7.9%. Cycle threshold (CT) values for the RT-PCR ranged from
23.9 to 41.7 (Supplementary Table 2). Among the 828 samples inside the HSM, 64
samples (7.7%) were positive. Of the 64 SARS-CoV-2 positive samples collected inside
the HSM, 87.5% (56/64) were collected in the West Zone of the market, in particular
streets from no. 1 to 8, with 71.4% (40/56) positive samples identified herein (Fig. 1A).
Among the 14 samples from warehouses related to the HSM, five tested positive. This
may reflect the nature of SARS-CoV-2 presence in the market during the early phase
of the outbreak. Among the 51 samples from sewerage wells (Supplementary Table 1)
in the surrounding areas outside the HSM, three tested positive (Supplementary Table
2). Notably, one sample (Env.0601), a floor surface swab, out of the 30 environmental
samples collected from Dongxihu Market in Wuhan on January 22" 2020, also tested

positive (Supplementary Table 2, Extended Data Table 4).

Of the 110'samples collected from sewers or sewerage wells in the market, 24 samples
were positive for SARS-CoV-2 nucleic acid. All four sewerage wells in the market
tested positive. During the onsite investigation of the overground drainage pathway in
the HSM, we found that the wastewater in the overground drainage led into the
underground drainage inside the market and then flowed into the wells on the edge of
the market. We then did a spot-check sampling across all the overground drains
according to the principles described in the Methods (Extended Data Fig. 1). Excreta
of the upper respiratory tract of infected humans and the potential animal waste would

be mixed together into the overground drainage. Thus, these data suggested that either
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infected people and/or animals in the market contaminated the sewage or that the
contaminated sewage may have further played a role in furthering the virus

transmission within the case cluster in the market.

The merchants’ activities were assessed against the PCR results of the environmental
samples. The sampling covered 19.8% (134/678) of the shops in the market (95%
confidence interval (CI): 16.8-23.0%). Of the positive samples, 44 were distributed
among 21 shops in the market, 19 of whom were located in the West Zone with the
remaining two located in the east area (Fig. 1A). Some vendors sold more than one type
of product. While the results provided some indication of the association of cases with
different products, no significant differences were observed between different shops,
including those selling poultry (22%, 8/37: 95% CI: 9.8-38.2%), cold-chain products
(18.4%, 16/87, 95% CI: 10.9-28.1%), aquatic products (17.8%, 13/73, 95% CI: 9.8-
28.5%), livestock (14%, 5/36: 95% CI: 4.7-29.5%), seafood products (11%, 6/56: 95%
CI: 4-21.9%), wildlife products (11%, 1/9:95% CI: 0.3-48.2%), and vegetables (25%,
2/8: 95% CI: 3.2-65%) (Extended Data Fig. 2, Extended Data Table 5). The detection
of SARS-CoV-2 in multiple shops selling different product types suggested that SARS-
CoV-2 may have been circulating in the market, especially the West Zone, for a while
in December 2019, leading to an extensive distribution of the virus within the market,
which may have been facilitated by the crowded buyers and the contaminated

environment.

The 457 animal samples included 188 individuals belonging to 18 species (with some
stray -animals sampled until March 30") (Extended Data Table 6). The sources of the
samples included unsold goods kept in refrigerators and freezers in the stalls of the
HSM, and goods kept in warehouses and refrigerators related to the HSM. Three
Chinese giant salamanders, which were found in a fish tank, were alive and swab
samples were collected and tested. Samples from stray animals in the market were also

collected, comprising swab samples from 10 stray cats, 27 samples of cat feces, one
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dog, one weasel, and 10 rats. All the 457 animal samples tested negative for SARS-

CoV-2 nucleic acid.

To determine whether there was live virus in the HSM, we inoculated 27 SARS-CoV-
2 positive environmental samples collected on January 1%, 2020, into cell lines,
including Vero E6 and Huh7.5 cells. Cytopathic effects (CPE) were observed 3 days
post inoculation with sample Env_0313 on Vero E6 cells. CPE was also observed 5
days post inoculation on Huh7.5 cells. The electron micrographs of Vero E6 cells after
5 days of post inoculation showed that virus particles were present in both the
supernatant and the cells. Negative-stained virus particles and ultra<thin cultured cell
sections showed typical coronavirus morphology (Fig. 2)..Live viruses were isolated
from samples Env_0313, Env_0354 and Env_0126, which were the only three samples
with CT values <30 in the PCR. Env_0354 and Env_0126 were swab samples from the
ground and Env_0313 were swab samples from a wall. Notably, samples Env_0313 and
Env 0354 were from the stalls with confirmed patients. All the results of successful
virus isolation from the original samples with low CT values revealed the existence of
live SARS-CoV-2 with high titers in the environment of the HSM. Do the high CT
values, we did not perform virus isolation based on the samples collected from later

time points due.

During later sampling in the HSM in February, we collected samples to investigate the
virus RNA persistence in the market. Some of these samples tested positive, especially
in the sewage well and even on the walls (Supplementary Table 2). Within the 73 PCR
positive samples, 35 samples (27 within the HSM and 8 from the surrounding area)
collected in February were still positive for SARS-CoV-2. The long persistence of its
genetic material in the environment might reflect high levels of environmental
contamination before the market was closed. For the sample Env_0838, collected from
a wall on February 201 2020, a 3-plex PCR test was performed. The viral RNA segment

was undetectable in one PCR channel targeting N gene, but could be amplified in the
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other two channels targeting the RdRp and E genes, with CT values of 32.59 and 37.34,
respectively. This result is reasonable considering the degradation of the viral genome.
However, the results also indicate a long persistence of the viral RNA in the

environment.

We further performed high-throughput sequencing (Supplementary Table 3) and
successfully obtained seven complete or near complete SARS-CoV-2 genome
sequences, including three sequences from three environmental samples (Env_0313,
Env 0354 and Env_0020), and four sequences from cell supernatants of Env 0313,
Env_0354 and Env_0126 (Fig. 3, Supplementary Table 4). A few samples were re-
sequenced using a multiplex PCR approach, including Env_ 0020 seq0l1,
Env 0313 seq04, Env 0313 seq05, Env 0126 seq06, - and Env_ 0354 seq07
(Supplementary Table 3 and 4). The genome sequences of three environmental samples,
Env 0126, Env_0313 and Env_0354, were found to be completely identical to the
reference strain HCoV-19/Wuhan/IVDC-HB-01/2019 (IVDC-HB-01, GISAID
accession number: EPI ISL 402119) and the human strain Wuhan-Hu-1 (GenBank:
NC 045512) (Fig. 3A). The genome sequence of the isolated virus from environmental
sample Env 0354 had two synonymous mutations compared to HCoV-
19/Wuhan/IVDC-HB-01/2019, with sequence identity of 99.99% (Fig. 3A). Therefore,
the SARS-CoV-2 sequences from environmental samples were highly similar to the

clinical strains obtained during the early stages of the COVID-19 outbreak.

Previously, SARS-CoV-2 has been proposed to be classified into two major linecages
based on the two highly-linked single nucleotide polymorphisms (SNPs): A lineage
(8782T and 28144C, or S lineage in another nomenclature of SARS-CoV-2) and B
lineage (8782C and 28144T, or L lineage). It has been proposed that A/S lineage most
likely is the ancestral lineage, because all of the SARS-CoV-2 related coronaviruses

C 25,26

from bats and pangolins possessed 8782T and 28144 , while Pekar et al. also

presented a possibility that both lineages represent separate introduction events?’.
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Phylogenetic analysis revealed that most of the environmental strains belong to the B/L
lineage and they cluster together with the human strains circulating in the early stage
of the pandemic (Fig. 3B, Supplementary Fig. 1). The phylogenetic analysis did not
involve the environmental sample Env_0020, the A/S lineage of which was confirmed
by the high number of reads mapped to positions 8782 and 28144 in Env_0020
(Supplementary Table 5). However, it should be noted that the genome of Env_0020 is
of low quality and there are many discontinuous gaps in the assembled genome. Indeed,
though it is difficult to root the SARS-CoV-2 phylogenetic tree, our analysis indicated
that the environmental viruses clustered together with the human strains circulating in

the early stages of the pandemic.

We conducted RNA-seq analysis using 60 SARS-CoV-2 PCR-positive and 112 SARS-
CoV-2 PCR-negative environmental samples” from ‘the HSM (Fig. 4A and
Supplementary Table 3), in which the bias of sampling and RNA-seq should be
considered. We used two approaches for genera identification. The Kraken2 method
with all available genes/genomes in the database was used for the identification of all
genera, including bacteria, viruses, eukaryota, and archaea. Additionally, the barcoding
method using mitochondrial cytochrome ¢ oxidase subunit [ (COI) sequences was used
specifically for the identification of Chordata genera. Bacteria were the most abundant
species in almost all samples and mammal species could be found in most samples,
which fit-the feature of samples collected from the environment (Fig. 4B and
Supplementary Table 6 and 7). Gallus, Homo, Anas, Sus, Bos, and Canis could be
detected in most samples (Fig. 4C and Supplementary Table 8), which was in
accordance with the environmental feature of the seafood markets in China. We
analyzed the mammalian genera in all sequenced samples with kranken2 (detailed in
the methods) using different thresholds. A total of 70 mammal genera, which existed in
more than 2% samples, were identified with a threshold of 100 reads per million (Fig.
4D). It is important to highlight that the results of the kraken2 analysis (Figure 4D) and
the BOLD analysis (Extended Data Figure 3) differ. In particular, the proportion of
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reads assigned as raccoon dog differ considerably with the two methods used. This may
be due to the heterogeneity of the reference data used by the two methods (BOLD, as
for mitochondria, and kraken2 for whole genome). It should be noted that the genera
identified using current approaches might be updated with additional reference
genomes. As such, this list is not definitive and further in-depth analysis with other
methods will be required to provide more information regarding the wildlife species

present at the market.

Particularly, we analyzed three samples (Env 0126, Env 0313 and Env 0354)
collected on 1% Jan 2020 with high levels of SARS-CoV-2 (Ct value <30) (Fig. 4E).
The identified mammal genera in the Env_0313 and Env_0354 samples were related to
species in the general food market, such as Homo, Ovis, Bos, Canis, Sus, and Felis.
Many mammalian genera were observed in the Env 0126 sample, but the most
abundant mammalian genera were also related to the general food market, including
Bos (77.30%), Ovis (19.91%), Homo (0.77%), and Bubalus (0.57%). Pipistrellus
(0.002%) and Lutra (0.001%) were found also found in this sample, but at extremely
low relative abundance, raising the possibility of false detection. Moreover, we also
noted that only Homo, Ovis, Bos, and Sus reads but not species related to wildlife were

found in the Env_0020 samples, the one that belongs to the A/S lineage.

We illustrated the top-ranked genera in four areas of the market, where multiple SARS-
CoV-2 PCR-positive samples were detected. As shown in Fig. 4F, the top-ranked genera
in these areas were fomo or other genera that generally exist in food markets. We also
noted that Nyctereutes could be found in the shop 25 of street 8, while Atelerix and
Erinaceus could be found in shops 15-17 of street 7 (Fig. 4F). These genera were
detected in both SARS-CoV-2 positive and SARS-CoV-2 negative samples, and
actually more often so in negative ones (Supplementary Table 6-9), and furthermore,
this does not allow conclusions about whether these animals were infected with SARS-

CoV-2.
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We checked samples that might relate to wildlife, such as samples collected in the
defeathering machine and areas with the visible blood spots. The most abundant
mammal genera of the defeathering machine sample (Env_0584) was Canis (Extended
data Fig 3). The most abundant mammal species of the visible blood spot sample
(Env_0262) were Bos, Sus, Ovis and Bison, accordingly (Extended data Fig 3).
Additionally, we plotted the distribution of some genera of concern, including Myofis,
Erinaceus, Mustela, Nyctereutes, Rhizomys, Meles, and Melogale. Most of these
samples were distributed in the western district of the market (Extended data Fig 4),
where wildlife products were sold, though this also reflects the zone much more
intensively sampled and analyzed by RNA-seq. The distribution locations of Homo,
Sus, Bos, Gallus and Anas were also dominant in this area, where the enriched areas of
SARS-CoV-2 PCR-positive samples were nearby. The repeated sampling of the
locations with PCR-positive results may contribute some bias to the distribution
analyses of enriched areas of SARS-CoV-2 PCR-positive samples. Additionally, We
plotted the proportions of mammal genera in those SARS-CoV-2 positive samples with
high abundance of genera related to wildlife, such as Env_0576 (Nyctereutes enriched),
Env 0807 (Lariscus enriched), Env 0809 (Erinaceus enriched), and Env_0585

(Erinaceus enriched) (Extended Data Fig. 3).

Of particular note was the difference in the results from PCR and NGS. Among the 60
SARS-CoV-2 PCR-positive samples for RNA-seq analysis, 39 samples tested negative
by NGS (no SARS-CoV-2 reads at all) (65.0%), including sample Env_0262. For these
NGS-negative samples, the CT values ranged from 31.80 to 37.44. Since the RT-PCR
detection assay employed in the very early stage of the pandemic was not formally
verified, we believe that there may be some false positives in the PCR detection results
in this study. Meanwhile, we also found that SARS-CoV-2 reads could also be detected
by NGS in a portion of SARS-CoV-2 PCR negative samples (15.2%), which might be
caused by the degradation of SARS-CoV-2 within the PCR target region or
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contamination during library building.

In summary, we report the detection of SARS-CoV-2 RNA and live virus in
environmental samples from the West Zone of the HSM. We should note that the
selection of shops for sampling was biased because shops selling wildlife as well as
shops linked to early cases were prioritized for sampling. The origin of the virus cannot
be determined from all the analyses available so far. Although gene barcode analysis of
animal species in the study suggested that Myotis, Nyctereutes and Melogale — species
that have been recognized as potential host species of sarbecoviruses — were present at
the market, these barcodes were mostly detected within the SARS-CoV-2 PCR negative
environment samples. It remains possible that the market may acted as an amplifier of
transmission due to the high number of visitors every day, causing many of the initially

identified infection clusters in the early stages of the outbreak .

Recent reports traced the outbreak back to the HSM and proposed, after compiling
information reported by various sources, including the WHO-China Joint Report and
social media, etc. that the market sold live wild animals as recently as 2019 28, Another
report hypothesized that'SARS-CoV-2 spilled over from animals to humans at least
twice in November or December 2019, and the raccoon dog was hypothesized to be the
intermediate host animal 2’. The evidence provided in this study is not sufficient to
support such a hypothesis 2°. Our study confirmed the existence of raccoon dogs, and
other hypothesized/potential SARS-CoV-2 susceptible animals, at the market, prior to
its closure. However, these environmental samples cannot prove that the animals were
infected. Furthermore, even if the animals were infected, our study does not rule out
that human-to-animal transmission occurred, considering the sampling time was after
the human infection within the market as reported retrospectively®. Thus, the possibility
of potential introduction of the virus to the market through infected humans, or cold

chain products, cannot be ruled out yet.
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More work, involving internationally coordinated efforts, is needed to investigate the
potential origins of SARS-CoV-2 24, Surveillance of wild animals should be enhanced
to explore the potential natural and intermediate hosts for SARS-CoV-2 730, if any,

which would help to prevent future pandemics caused by animal-origin coronaviruses.
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Figure legends

Fig. 1. The distribution of the positive environmental samples in the Huanan
Seafood Market.

A. As the place of the early cluster of COVID-19 patients, the Huanan Seafood Market
is separated into East and West Zones with the Xinhua Road between them. To detect
for the presence of SARS-CoV-2 RNA, reverse transcription, quantitative polymerase
chain reaction (RT-qPCR) was performed. The locations of the positive samples were
marked in the map of the market within orange, while the location of the samples that
the live viruses were isolated from were labeled with red. The map also shows locations
of stalls where domesticated wildlife products were sold. B. Timeline of environmental
and animal samples collected within and around the Huanan Seafood Market. The
information of confirmed patients up to December 31st 2019 was referenced from the

Report of WHO-convened global study of origins of SARS-CoV-2.

Fig. 2. The SARS-CoV-2 virus isolation from environmental samples of the
Huanan Seafood Market.

The electron micrographs of the SARS-CoV-2 viruses isolated from the environmental
samples in the Huanan Seafood Market. To determine whether SARS-CoV-2 particles
could be visualized from the cell supernatant and lysate, we used transmission electron
microscopy (EM) to observe the culture supernatant and ultra-thin section cells based
from both VeroE6 and Huh7.5 cells. The electron micrographs showed that virus
particles were present in both the supernatant (A, B) and the cells (C, D). Negative-
stained virus particles were generally spherical, pleomorphic and 60-140 nm in
diameter. Spike protrusions were observed around the particles in a crown (corona)
shape (A, B). In ultra-thin cultured cell sections, a group of virus particles can be seen
outside the cell (C), and sheets of virus particles can also be observed inside the cells
(D). The graphs were the representatives of repeated experiments of electron

micrographs.
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Fig. 3. Genomic and phylogenetic analyses of SARS-CoV-2 virus genomes from
the Huanan Seafood Market.

A. Sequence comparison of the full-length SARS-CoV-2 genomes in the environmental
samples. B. Phylogenetic analysis of full-length SARS-CoV-2 genomes from the
Huanan Seafood Market and representative strains from the early stage of the COVID-
19 pandemic, showing that most environmental strains cluster together with the human

strains in the B/L lineage, with Env_0020 in A/S lineage.
Fig. 4. Analysis of environmental samples in the Huanan Seafood Market.

A. Schematic illustration of the experimental design. All 73 SARS-CoV-2 positive
samples were included for RNA-seq. A total of 60 RNA-seq libraries were successfully
constructed. Additionally, RNA-seq libraries of 112 SARS-CoV-2 negative samples
passed library quality control. The kranken2 was used for genus classification. The
bowtie2 and sequences in the barcode of life data system was used for the classification
of genus in the Mammalia class. B. Heatmap showing the reads distribution of the four
domains (Bacteria, Eukaryota, Viruses and Archaea), the Homo genus, the Mammalia
class and the SARS-CoV-2 species. SARS-CoV-2 PCR-positive or -negative were
shown in the left panel. C. Positive ratio of illustrated genus in all tested samples. Top
ranked genus within the Mammalia class were shown. D. Illustration of mammal genera
in market using the threshold of 100 reads per millions. The samples were group by
SARS-CoV-2 PCR results. The blue bar indicates the positive detected genera. E.
Illustration of mammal genera distribution in samples with high viral load. The
Env. 0020, Env_0313, Env_0354 and Env_0126 were shown.

F. Distribution of the positively detected Mammal genera in the market. Samples in four
areas where multiple SARS-CoV-2 PCR-positive samples were plotted. The

distribution of top mammal genera in each area was shown.
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Methods

Sample collection

The Huanan Seafood Market (HSM) was closed in the early morning of January 1st
2020, and at the same time, China CDC began collecting environmental and animal
samples. Staff from China CDC entered the market about 30 times before the market’s
final clean-up on March 2" 2020, with some stray animals sampled outside the market
until March 30™. Environmental samples in the HSM were collected to represent
exhaustively as possible, from a wide diversity of surfaces, animals and products
(Supplementary Table 2 and Extended Data Table 6) according to different sampling
principles, as described in detail in the Joint Report of WHO-convened Global Study
of Origins of SARS-CoV-2: China Part 2,

The principles and ranges of in-market sampling covered: (1) environmental samples
from stalls related to early cases; (2) environmental samples from doors and floors of
all stalls in the blocks where the early cases were located; (3) environmental samples
in the East Zone of the market were collected according to blocks; (4) transport carts,
trash cans and similar objects; (5) environmental samples from stalls that sold livestock,
poultry, farmed wildlife (also called “domesticated wildlife” or “domesticated wildlife
products” in this report); (6) samples of sewage and silt from drainage channels and
sewerage wells; (7) stray cats, rats and other stray animals in the market; (8) animal
products and other commodity samples kept in the cold storages and refrigerators in the
market; (9) the market’s ventilation and air-conditioning system; and (10) public toilets,
public activity rooms and other places where people gathered in the market.

The investigators used full personal protective equipment during the sampling in the
market. Commercial products of swabs and virus preservation solution were used for
the sampling (Disposable Virus Sampling Tube, V5-S-25, Shen Zhen Zi Jian
Biotechnology Co., Ltd., Shenzhen, China). For environmental samples, sampling
swabs were applied to smear the floors, walls or surfaces of objects and then preserved
them in virus preservation solution.

For animal samples, depending on the type of animal and whether it was alive or

frozen, pharyngeal, anal, body surface and body cavity swabs or tissue samples were
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collected for nucleic acid testing (NAT). Generally, for alive animal and frozen full
bodies, three samples, including pharyngeal, anal and body surface swabs were
collected for each animal individuals. And for animal bodies after “bai tiao” disposing
(remaining parts of poultry or livestock after removal of hair and viscera), the body
cavity swabs were collected.

Drain samples were collected by the use of virus sampling swabs to probe into.the
silt at the bottom of drainage channels in the market. Wastewater and silt samples were
preserved in virus preservation solution. For the sewage well (for the drain water), a
container was used to take a silt-water mixture from a location near the bottom of the
well, and an appropriate amount of sample was collected by using virus sampling swabs
and then preserved in virus preservation solution.

Nucleic acid extraction and SARS-CoV-2 real-time PCR assay

A virus nucleic acid extraction kit (Xi'an Tianlong) was used to extract viral nucleic
acid from samples using an automated nucleic acid extraction instrument according to
the manufacturer’s instructions. Real-time (RT) PCR was performed on extracted
nucleic acid samples with a SARS-CoV-2 nucleic acid assay kit. The reagent brands
include BioGerm (40/38, cycle number/cut-off value, the same as below), DAAN
(45/40) and BGI (40/38).

Virus isolations

Virus isolations were performed in biosafety level (BSL)-3 laboratory in National
Institute for Viral Diseases Control and Prevention, China CDC. Samples positive for
SARS-CoV-2 were cultured in Vero E6 and Huh7.5 cells on January 11%, 2020. The
cell lines were inoculated with positive samples and three blind passages were
performed for each sample. The culture supernatant and cell pellet of each passage were
harvested for RT PCR. The morphology of viral particles in the cell sections and the
supernatant were firstly observed by transmission electron microscope (TEM) on
January 22", 2020.

Metagenomic sequencing

Metagenomic sequencing was conducted at National Institute for Viral Disease Control
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and Prevention, China CDC and Wuhan BGI. Nucleic acid was extracted using Qiagen's
viral RNA microextraction kit and human nucleic acid was removed using an
enrichment kit to improve the sensitivity of viral RNA detection. Extracted RNA was
reverse transcribed into cDNA and segmented into 150-200 bp by enzyme digestion.
After repair, fitting, purification, PCR amplification and purification, sample
concentration was assayed by DNBSEQ-T7, and an average output of more than 200
million reads was obtained. Sequencing data were compared with those in a-'SARS-
CoV-2 database to determine whether the samples contained coronavirus. sequences.
For the seven complete SARS-CoV-2 genome sequences, three sequences from
environmental samples (Env_0020 seq01, Env_0313 seq02 and Env_0354 seq03)
were obtained from DNBSEQ-T7, and four sequences from cell supernatants of
Env_0313,Env_0354 and Env_0126 (Fig. 3) were obtained from NextSeq 550 platform.
A few samples were re-sequenced using a multiplex PCR approach, including
Env_0020 seq01, Env 0313 seq04, Env. 0313 seq05, Env 0126 seq06, and
Env 0354 seq07 (Supplementary Table 3 and 4). All raw data related to the genomes,
including any partial genomes that were sequenced were fully reported and deposited
to the public database (Supplementary Table 3 and 4).

Virus genome assembly and phylogenetic analysis

Raw reads were adaptor- and quality- trimmed with the Fastp (version 0.20.0) program.
The clean reads were mapped to the SARS-CoV-2 reference genome (GenBank:
NC 045512) using Bowtie2. The assembled genomes were merged and checked using
Geneious (version 11.1.5) (https://www.geneious.com). The coverage and depth of
genomes were calculated with SAMtools v1.10 based on SAM files from Bowtie2.
Reference genomes, IVDC-HB-01 (GISAID: EPI ISL 402119) and Wuhan-Hu-1
(GenBank: NC 045512), were employed as a query. Multiple sequence alignment of
the seven SARS-CoV-2 sequences obtained from this study and reference sequences
were performed with Mafft (v7.450). Phylogenetic analyses were performed using
RAXML v8.2.9 with 1000 bootstrap replicates, employing the GTR nucleotide

substitution model and the Gamma distribution.
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Bioinformatic analysis of the species abundances

The Kraken2 (version 2.1.2)%' was used for species classification with the option --
confidence 0.1°. Sequences of all species in the Nucleotide (nt) database were used for
generating the index. The bracken (version 2.5) was used for re-evaluating species
abundance. The matrix of species was obtained by using the pavian algorithm*?. ggplot2
package in R was used for plotting. Read counts of each genus were used for further
analysis and plotting. Raw counts of four domains (Archaea, Viruses, Eukaryota, and
Bacteria), SARS-CoV-2, Homo genus, and Mammalia class were shown by heatmap
(4B). Two tail unpaired t-test was used for identification of differential genus between
SARS-CoV-2 PCR-positive and -negative samples.

For the analysis of the Chordata genera characterization, the reference was generated
using the sequence of mitochondrial cytochrome ¢ oxidase subunit I (COI) in the
barcode of life data (BOLD) system®-%5. RNA-seq samples were mapped to the
reference sequences by the bowtie23¢ algorithm with the default settings. Read counts
of each genus were calculated by the samtools®”. Read counts over 20 were used as cut-
off for the identification of positively enriched genus. Fisher’s exact test was used for
comparing the differential genus in the Mammalia class between SARS-CoV-2 PCR-

positive and -negative samples.

Ethics
The sample collection was determined by China CDC to be part of the emergency
responses to the pneumonia of unknown etiology (PUE) and therefore exempt from

institutional review board assessment.

Reporting summary
Further information on research design is available in the Nature Research Reporting

Summary linked to this paper.

Data availability
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All the raw sequencing data and genomes have been uploaded onto the GISAID (China
CDC Weekly, 2021, DOI: 10.46234/ccdcw2021.255). The list of accession codes in
Supplementary Table 3 and 4. The raw sequence data reported in this paper have also
been deposited in the Genome Sequence Archive (Genomics, Proteomics &
Bioinformatics, 2021, DOI:  10.1016/j.gpb.2021.08.001) in National Genomics Data
Center (Nucleic Acids Res, 2022, DOI: 10.1093/nar/gkab951), China National Center
for Bioinformation / Beijing Institute of Genomics, Chinese Academy of Sciences that
are publicly accessible at https://ngdc.cncb.ac.cn/gsa (GSA: CRA010170). The viral
genomes reported in this paper have been deposited in the GenBase in National
Genomics Data Center (Beijing Institute of Genomics, Chinese Academy of
Sciences/China National Center for Bioinformation under accession numbers
C AA002295.1 to C _AA002301.1 that are publicly accessible at
https://ngdc.cncb.ac.cn/genbase/. Raw sequence data were also deposited into NCBI
BioProject under accession number PRINA948658
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA948658) and in China National
Microbiology Data Center (NMDC) with accession numbers NMDC10018366
(https://nmdc.cn/resource/genomics/sample/detail/NMDC10018366).
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Extended Data Figure Legends

Extended Data Fig. 1. The overground drainage pathway in the Huanan Seafood
Market and environmental sample collection.

The wastewater in the overground drainage was lead into the underground drainage
inside the market and then flow into the wells on the edge of the market. And we did a
spot-check sampling across all the overground drainages. To detect for the presence of
SARS-CoV-2 RNA, reverse transcription and quantitative polymerase chain reaction
(RT-gPCR) were performed. The locations of the positive samples were marked in the
map of the market within yellow.

Extended Data Fig. 2. Positive environmental samples associated with different
products in the Huanan Seafood Market.

Dots represent the percentage of positive environmental samples associated with each
product. Bars represent 95% confidence intervals for the binomials in the text above.
Note that the confidence interval (CI) for some products (e.g. vegetables, farmed
wildlife) have broad error bars that are likely due to the low number of vendors for
these categories in the market. Nine of the 10 vendors selling farmed wildlife have been
sampled. Data are represented as percentage in this figure.

Extended Data Fig. 3. Illustration of mammal genera distribution in samples of
concerns. Illustration of mammal genera distribution in samples of concerns. Samples
related to the blood spot and the de-feather machine (Env_0262 and Env 0584) and
samples enriched with genera related to wildlife (Env_0576, Env_0807, Env_0809, and

Env_0585) were plotted. Animal genera identified by the BOLD method were shown
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in the left panel, while mammal genera identified by the kraken2 method were shown
in the right panel.

Extended Data Fig. 4. Distribution of the positively detected Mammal genera in
the market. The distribution of SARS-CoV-2 and potential host were plotted by yellow
and blue dots, respectively. The density of the distribution of potential host was shown

in red, while the SARS-CoV-2 by green.

Extended Data Tables

Extended Data Table 1. Overview of environmental sample sampling and testing
in the Huanan Seafood Market.

Extended Data Table 2. The collection logic of the environment samples.
Extended Data Table 3. The collection logic of the animal samples.

Extended Data Table 4. The information of the sampling in other markets.
Extended Data Table 5. Twenty-one shops of RT-PCR positive in the Huanan
Seafood Market.

Extended Data Table 6. The animal samples collected in the Huanan Seafood
Market.
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Extended Data Table 1. Overview of environmental sample sampling and testing in the

Huanan Seafood Market.

Number of Number of positive Number of
samples samples by RT-PCR isolated viruses

Huanan Seafood Market 718 40 3

Warehouses related to the 14 5

Huanan Seafood Market®

Other markets in Wuhan and

Huanggang® 30 !

ggang

Drainage system in the Huanan 110 24

Seafood Market

Sewerage wells in surrounding 51 3

areas

Total 923 73 3

2 The warehouses related to the Huanan Seafood Market were located out of the market.
® The one positive sample outside HSM was collected from Dongxihu Market in Wuhan. More
information was provided in Extended Data Table 4.



Extended Data Table 2. The collection logic of the environment samples.

. o Sample
No. | Time Objective . Amount | Sum
time
(1) Environmental samples from stalls related to
early cases; (2) Environmental samples from doors
and floors of all stalls in the blocks where the early
1 1,Jan cases were located; (3) Environmental samples in 1,Jan 515 515
the east wing of the market were collected
according to blocks; (4) Transport carts, trash cans
and similar objects.
Environmental samples from stalls that sold
2 12,Jan | livestock, poultry, farmed wildlife (also called 12,Jan 70 70
domesticated wildlife).
Environmental samples from other markets in
3 | 22,Jan 22,Jan 30 30
Wuhan
23,Jan 23
25,]Jan 2
4 23,Jan- | The outdoor environmental samples from stalls that | 3,Feb 16 5
19,Feb | sold livestock, poultry, farmed wildlife. 9,Feb
15,Feb 4
19,Feb
27,Jan 38
s 27,Jan- | Samples of sewage and silt from drainage channels | 29,Jan 26 04
15,Feb | and sewerage wellsin the market. 9,Feb 9
15,Feb 21
6 5,Feb- | Samples of sewage and silt from city sewerage 5,Feb 32 7
9,Feb wells around the market. 9,Feb 39
(1)Cold storages and refrigerators from stalls that | 20,Feb 27
sold livestock, poultry, farmed wildlife in the 22,Feb 12
; 20,Feb- | market; (2) The market’s ventilation and air- 23,Feb 1 01
2,Mar | conditioning system; (3) Public toilets, public 25,Feb 2
activity rooms and other places where people 29,Feb 15
gathered in the market. 2 Mar 34
Total 923




Extended Data Table 3. The collection logic of the animal samples.

. o Sample
No.? | Time Objectives . Amount | Sum
time
8 22,Jan Animal products in other markets. 22, Jan 6 6
25,Jan 55
20,Feb 23
Animal products and other
. ] 21,Feb 36
25,Jan- commodity samples kept in the cold
9 . . 23,Feb 5 306
10,Mar storages and refrigerators in the
25,Feb 47
market.
2,Mar 75
10,Mar 65
27,Jan 5
5,Feb 3
10 27,Jan- Live animals captured around the 9,Feb 2 17
1,Mar market. 15,Feb 3
29,Feb 2
1,Mar 2
18,Jan 1
27,Jan 12
28,Jan 8
29,Jan 21
18] Stray cats, mice, cat feces and other | 5,Feb 10
,Jan- .
11 stray animals (one dog and one 15,Feb 2 96
30,Mar )
weasel in the market). 23,Feb 2
14,Mar 2
20,Mar 2
22 ,Mar 4
30,Mar 32
1o Animal products and other 19,Feb 28
,I'€D- . .
12 commodity samples kept in the cold 32
23,Feb 23,Feb 4
storages.
Total 457

2 The number follows the upper Table for environment samples.




Extended Data Table 4. The information of the sampling in other markets.

Number of  Number of Nl}mber of Nul?lber of .
o . I, . animal positive animal
District environment positive environment samples b 1
samples ? by RT-PCR samples samp'es
by RT-PCR

Jiang’han district 7 0 2 0
Jiang’an district g 0 2 0
Donxihu district 7 1 1 0
Huanggang city 8 0 1 0
Total 30 1 6 0

3 Swab sample collected from the floor, wall or chopping board.
b The heart, liver and large intestine tissues from pigs.



Extended Data Table 5. Twenty-one shops of RT-PCR positive in the Huanan Seafood Market.

Product types®
. Cold-chain  Aquatic Seafood . Wildlife
Vendors No. Location Poultry Livestock Vegetables
products products  products products
1 West no no no yes no no no
2 West yes yes yes no no no no
3 West yes yes no yes yes yes no
4 East yes no no yes yes no no
S West no no no no no no no
6 West no yes no yes yes no no
7 West yes no no yes no no no
8 West yes yes yes yes no no no
9 West yes yes yes no no no no
10 West yes yes yes yes yes no no
11 West yes yes no no no no no
12 West yes yes yes no no no no
13 West yes yes no no no no no
14 West yes yes no no no no no
15 West yes yes no no no no no
16 West yes yes no no no no no
17 West no no no no no no no
18 West yes no no yes yes no no
19 West no no no no no no yes
20 West yes no no no no no yes
21 East yes yes yes no no no no
Sum of NAT positive vendors 16 13 6 8 5 1 2
Vendors sampled in the study
87 73 56 37 36 9 8

selling such products

2“yes” indicates product sold by vendors; “no” indicates product not sold by vendors.



Extended Data Table 6. The animal samples collected in the Huanan Seafood Market.

Species Animal number  Sample number RT-PCR positive
number

Rabbit/Hares 52 104 0
Stray cat 27 802 0
Snake 40 80 0
Hedgehog 16 67 0
Muntjac 6 18 0
Dog 7° 17 0
Badger 6 16 0
Bamboo rat 6 15 0
Mouse 10 12 0
Pig NA® 6¢ 0
Chicken 5 5 0
Chinese giant salamander 3 5 0
Crocodile 2 4 0
Wild boar 2 4 0
Soft-shelled turtle 2 3 0
Weasel® 1 2 0
Fish 2 2 0
Sheep 1 1 0
Others NAf 16 0
Total 188 457 0

2 Six of the cats were from the Huanan Seafood Market. And the samples included faeces.
b Including one stray dog in the Huanan Seafood Market.

¢ Not applicable due to the processed pork.

4 Collected from other markets.

¢ The weasel was not sold in the market, but caught alive in the Market.

fNot applicable due to the unrecognized “bai tiao” product as described in the methods.
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Data analysis Virus genome assembly and phylogenetic analysis
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(https://www.geneious.com). The coverage and depth of genomes were calculated with SAMtools v1.10 based on SAM files from Bowtie2.
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Bioinformatic analysis of the species abundances
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Mammalia class were shown by heatmap. Two tail unpaired t-test was used for identification of differential genus between SARS-CoV-2
PCRpositive
and -negative samples.
For the analysis of the mammalian genus characterization, the reference was generated using the sequence of mitochondrial cytochrome ¢
oxidase subunit | (COI-5P) in the barcode of life data (BOLD) system. RNA-seq samples were mapped to the reference sequences by the
bowtie2 algorithm with the default settings. Read counts of each genus were calculated by the samtools. Read counts over 20 were used as




cut-off for the identification of positively enriched genus. Fisher's exact test was used for comparing the differential genus in the Mammalia
class between SARS-CoV-2 PCR-positive and -negative samples.
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Study description We presented the SARS-CoV-2 detection results of 1380 samples collected from the environment and the animals within the market
in early 2020. We further conducted RNA-seq analysis.

Research sample Environmental samples in the Huanan Seafood Market were collected to represent exhaustively as possible, from a wide diversity of
surfaces, animals and products.

Sampling strategy Please refer to the sample collection in the method section.

Data collection Please refer to the sample collection in the method section.

Timing and spatial scale  Please refer to the sample collection in the method section and Table 1, Table 2 and Supplementary Table 1.

Data exclusions For the RNA-Seq analysis. 73 SARS-CoV-2 positive environmental samples were used for RNA-seq library construction. Among these,
60 samples successfully passed the library quality control and were used for analysis. A total of 850 SARS-CoV-2 negative
environmental samples were obtained. Among these, 112 samples with high RNA abundance were used for RNA-seq analysis. Finally,

172 samples were used for analysis, and no samples were excluded.
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Disturbance Huanan Seafood Market was a large market with more than 600 stalls inside. Thus, it was a tough job to finish the sampling of all the
stalls in a short time during the emergency response to COVID-19. Thus, we performed the sample collection according to the ten
different sampling principles we summarized in the methods. Especially, early case-related stores and wildlife-related stores were
prioritized for sample collection and repeated sampling were also performed in these locations. Thus, it should be noted that these
factors may lead to a biased sampling in the market.
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of SARS-CoV-2 virus from the imported frozen cod package surface
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Coronavirus disease 2019 (COVID-19) pandemic has spread in 220 countries/regions to wreak havoc to human beings
around the world. At present, the second wave of COVID-19 has begun in many European countries. The complete con-
trol of COVID-19 is very urgent. Although China quickly brought the virus under control, there have been eight spo-
radic outbreaks in China since then. Both in Xinfadi of Beijing and Dalian outbreak of COVID-19, environmental

swab samples related to imported cold chain food were tested nucleic acid positive for SARS-CoV-2. In this outbreak

Keywords:
COVID-19
SARS-CoV-2

Cod outer package
Frozen food

in Qingdao, we directly isolated SARS-CoV-2 from the cod outer package's surface swab samples. This is the first
time worldwide, SARS-CoV-2 were isolated from the imported frozen cod outer package's surface, which showed
that imported frozen food industry could import SARS-CoV-2 virus.

© 2020 Chinese Medical Association Publishing House. Published by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Since the outbreak in December 2019, the coronavirus disease 2019
(COVID-19) has spread in 219 countries (regions) worldwide. 45,678,440
confirmed cases and 1,189,945 deaths caused by the COVID-19 global pan-
demic have brought a massive disaster to human beings. At present, as the
northern hemisphere enters autumn and winter, which may indicate a high
incidence of respiratory infectious diseases, many European countries have
started a second wave of the COVID epidemic. After the COVID-19 outbreak,
China quickly took adequate measures to bring the outbreak under control in
Wuhan and across the country. Since then, there have been eight sporadic
and localized outbreaks in Suifenhe, Harbin [1], Shulan [2], Beijing, Urumqi
[3], Dalian [4], and most recently Qingdao and Kashgar, respectively.

On September 24, 2020, during the routine nucleic acid inspection of the
personnel in Qingdao Port, two stevedores were found to be SARS-CoV-2
positive and were identified as asymptomatic infection. The Qingdao Center
for Disease Control and Prevention responded quickly by conducting an ex-
tensive epidemiological investigation to identify the source of infection. It
was revealed that both cases had no COVID-19 case contact history and no

* Corresponding author: NHC Key Laboratory of Biosafety, National Institute for Viral
Disease Control and Prevention, Chinese Center for Disease Control and Prevention, Beijing
102206, China.

E-mail address: wugz@ivdc.chinacde.cn (Guizhen Wu).

! These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.bsheal.2020.11.003

foreign personnel contact history. However, both carried out loading and
unloading of frozen cod in bulk on September 19, 2020.

Subsequently, the surface swab samples of the frozen cod outer package
were collected and then tested. Out of 421 surface samples, 50 were tested
SARS-CoV-2 nucleic acid positive. After that, the whole-genome sequenc-
ing and virus isolation were performed on the throat swab samples taken
from the two workers and the frozen cod outer package's surface swab sam-
ples. Full-length genome sequences were successfully achieved for seven
surface swab samples and two nasopharyngeal swab samples. After inocu-
lation on Vero-E6 cells, cytopathic effects (CPE) were not observed during
six days of culture; however, the supernatants of one surface sample and
one nasopharyngeal swab sample were tested positive for SARS-CoV-2.
Then the two supernatants were inoculated on the new surface layers of
Vero-E6 cells for continuing virus isolation. Six days after the passage,
two infections, CPE were observed, and the supernatants were tested posi-
tive for SARS-CoV-2 nucleic acid (Fig. 1). Meanwhile, we got the whole
viral genome sequence using the Illumina MiSeq platform successfully.
For the two cell-cultured samples, genome sequence alignments also con-
firmed the positive results of SARS-CoV-2 isolation.

A total of 16 nucleotide variations for these viruses were observed
compared with the reference sequence (NC 045512), isolated from
Wuhan City in Hubei Province on January 7, 2020. Phylogenetic analysis
indicated that the SARS-CoV-2 (hCoV-19/Qingdao/IVDC-QD-11-2P2/

2590-0536/© 2020 Chinese Medical Association Publishing House. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Cytopathic effects in Vero-E6 cell cultures after inoculation with cod outer package surface swab samples. A. Six days after the passage 2 in Vero-E6 cell, cytopathic
effects were observed with a 10 X objective lens; B. negative control were observed with a 10 X objective lens.

2020 and hCoV-19/Qingdao/IVDC-QD-G2020QD80P2,/2020 isolated from
cod package surface and a worder' throat swab sample, respectively) re-
sulted in the outbreak in Qingdao City fell in a European branch (L lineage
B1.1), which originated in Europe (Fig. 2). The virus' full genome sequence
isolated from the patient's nasopharyngeal swab has a 100% similarity to
that of the original sample. In contrast, the virus' genome sequence is highly
homologous to the original piece from the frozen cod outer package, with
two distinct nucleotides (Table 1).

The first time worldwide, we isolated SARS-CoV-2 from the imported
frozen cod outer package's surface. Together with the epidemiological
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data, we concluded that the COVID-19 outbreak of Qingdao was probably
caused by SARS-CoV-2 contamination of cod outer package during produc-
tion or cold-chain transportation. To our knowledge, when the temperature
reaches —18 °C during cold-chain transportation, viruses can survive for
more than 21 days under the low-temperature condition [5]. Once the des-
tination is reached, the SARS-CoV-2 virus may infect stevedores or other
staff working in the port through direct contact with the goods (Fig. 3).
The salmon surface was nucleic acid positive for SARS-CoV-2 in the
COVID-19 epidemic of Beijing's Xinfadi market. However, the live virus
has not been isolated due to the low nucleic acid concentration of the

Lineage B.1.1

L

Lineage B.1.3

Lineage B.1

Lineage A

Fig. 2. Phylogeny of isolated SARS-CoV-2 and corresponding original samples from Qingdao based on the full-length genome sequences of the COVID-19 virus. The virus
isolated from workers and cod package surface along with the corresponding original samples are indicated with red and cyan characters, respectively.
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Table 1

Nucleotide variations for distinct SARS-CoV derived from Qingdao samples.

Position Ref® Alt® 11-2

11-2P2

G2020QD80 G2020QD81 QD-80P2

241
1,282
2,523
3,037
3,743
3,773
5,144
5,170

14,408

23,299

23,403

23,755

28,881

28,882

28,883

29,868
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@ Ref means reference sequence.

b Alt means alteration compared with the reference sequence.
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Fig. 3. Probable route of transmission for SARS-CoV-2 through cold-chain transportation in the frozen food industry. Frozen food and outer package were contaminated with
SARS-CoV-2 during processing and packaging. Through cold-chain transportation with low temperature (such as -20°C), SARS-CoV-2 survived and then infected stevedores

or peddlers after reaching the destination.

samples tested. The successful SARS-CoV-2 virus isolation from the seafood
packaging surface proves that the imported virus that re-infected humans
and caused the outbreaks through cold-chain transportation is all possible.
In the future, we should strengthen the inspection and quarantine of
imported cold-chain food and pay more attention to the personal protection
of relevant workers to better prevent and control COVID-19.
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Accelerating Biosafety Capacity Building to Ensure National Biosecurity
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Abstract Biosafety is an essential part of the national security system, which is related to people’s lives and health, the country’s long-

term stability, and sustainable development, which is the bottom line that must be guaranteed. The international biosafety situation is grim

and complex, while domestic biosafety faces challenges. Therefore, biosafety capacity building has become an international hot spot, among

which scientific and technological innovation, talent training, and infrastructure platform construction are the top priorities. Although China
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has achieved strategic results in the rapid identification of pathogens, research, and development of specific vaccines and medicine in fighting
against COVID-19 by relying on scientific research, it has shown the urgency for scientific and technological innovation in biosafety. Therefore,
China has developed a strategic plan on “promoting the modernization of the national security system and capabilities, resolutely safeguarding
national security and social stability” included in the 20th National Congress of the Communist Party of China. Hence, it is suggested to
promote biosafety capacity building further to improve China’s biosecurity system, protect people’s health, ensure national security, and
maintain long-term peace and stability by improving the layout of scientific and technological frontiers, promoting the construction of biosafety

discipline, training of more special talents, and infrastructure platform construction.
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Abstract: The centers for disease control and prevention are assuming an increasingly important role in
the field of public health in China. Furthermore, higher requirements have been put forward for national
disease control centers in the new era under the new situation of China. As the security and technical
support and an inevitable trend for disease prevention and control, a digital management system
complying with the current quality and safety standards has been developed for the laboratory to
effectively improve the capacity of laboratories in disease control centers and laboratory management. The

application of laboratory information management system for disease control and prevention will play an

active role in promoting the development and management of CDC laboratories.
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