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Another Decade, Another Coronavirus

Stanley Perlman, M.D., Ph.D.

For the third time in as many decades, a zoonotic
coronavirus has crossed species to infect human
opulations. This virus, provisionally called
h was first identified in Wuhan, China
in persons exposed to a seafood or
The rapid response of the Chinese public health,
clinical, and scientific communities facilitated
recognition of the clinical disease and initial
understanding of the epidemiology of the infec-
tion. First reports indicated that human-to-human
transmission was limited or nonexistent, but we
now know that such transmission occurs, al-
though to what extent remains unknown. Like
outbreaks caused by two other pathogenic hu-
man respiratory coronaviruses (severe acute re-
spiratory syndrome coronavirus and
Middle East respiratory syndrome coronavirus
causes
1 As of January 24, 2020,
there were more than 800 reported cases, with a
rate of (https://promedmail.org/).
As now reported in the Journal, Zhu et al.?
have identified and characterized 2019-nCoV.
The- has been and these
results in conjunction with other reports show
that it is
and even more
It can be propagated in the same
cells that are useful for growing SARS-CoV and

standard tissue-culture cells,
CoV. Identification of the virus will al-

or
low the development of reagents to address key
unknowns about this new coronavirus infection
and guide the development of antiviral therapies.
First, knowing the sequence of the genome fa-
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cilitates the development of sensitive quantitative

Second, the

development of assays will -.-
i of the of the infection in

humans and in potential zoonotic sources of the
virus in wet markets and other settings. These
reagents will also be useful for assessing wheth-
er the human infection is more widespread than
originally thought, since wet markets are pres-
ent throughout China. Third, having the virus in
hand will spur efforts to develop antiviral thera-
pies and vaccines, as well as experimental ani-
mal models.

Much still needs to be learned about this in-
fection. Most important, the extent of interhu-
man transmission and the spectrum of clinical
disease need to be determined. Transmission of
SARS-CoV and MERS-CoV occurred to a large
extent by means of superspreading events.** ﬁ
— have been implicated in

2019-nCoV transmission, but their relative im-

and from pa-

siins. It aiiears

CoV (human angiotensin-converting

tients with
tients with

to better bind to its cellular receptor
and to optimize replication in human cells,

7 Adaptation readili occurs

because
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dependent RNA polymerases making-
and recombination events By contrast,

MERS-CoV has not mutated substantially to en-

hance human infectivity since it was detected in

2012.8

It is likely that
nd further adapt to the human

Conse-

be important to obtain as many
temporally and [gebgiaphically Gnrelated clinical
ﬂas IiOSSible to assess the degree to which

the virus is and to assess whether these
mutations indicate adaptation to the human host.
Furthermore,
the virus will
tient will help elucidate the
pathogenesis of the infection and modify thera-
peutic interventions rationally. It will also help
validate results obtained from experimental in-
fections of laboratory animals.

A second key question is identification of the
zoonotic origin of the virus. Given its close
it is likely that

for the virus.
SARS-CoV was transmitted to humans from ex-
otic animals in wet markets, whereas CoV
is transmitted from to humans.” In
cases, the were probably
Whether 2019-nCoV is transmitted directly from
bats or by means of intermediate hosts is impor-
tant to understand and will help define zoonotic
transmission patterns.

A striking feature of the SARS epidemic was
that fear played a major role in the economic
and social consequences. Although specific an-
ticoronaviral therapies are still in development,
we now know much more about how to control
such infections in the community and hospitals
which should alleviate some of this fear. h
occurs by means

host, with
quently, it will
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0 and contact and-so by means
of and on the basis of our ex-
perience with SARS-CoV and MERS-CoV.** Pub-
lic health measures, including quarantining in
the community as well as timely diagnosis and
strict adherence to universal precautions in health
care settings, were critical in controlling SARS
and MERS. Institution of similar measures will
be important and, it is hoped, successful in re-
ducing the transmission of 2019-nCoV.

Disclosure forms provided by the author are available with the
full text of this editorial at NEJM.org.

From the Department of Microbiology and Immunology, Uni-
versity of lowa, lowa City.

This editorial was published on January 24, 2020, at NEJM.org.
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A Novel Coronavirus Emerging in China —
Key Questions for Impact Assessment

Vincent J. Munster, Ph.D., Marion Koopmans, D.V.M., Neeltje van Doremalen, Ph.D., Debby van Riel, Ph.D.,
and Emmie de Wit, Ph.D.

novel coronavirus, designated as 2019-nCoV,
emerged in Wuhan, China, at the end of
019. As of January 24, 2020, at least 830

cases had been diagnosed in nine countries: China,

Thailand, Japan, South Korea,
Singapore, Vietnam, Taiwan, Ne-
pal, and the United States. Twenty-
six fatalities occurred, mainly in
patients who had serious under-
lying illness.! Although many de-
tails of the emergence of this vi-
rus — such as its origin and its
ability to spread among humans
— remain unknown, an increas-
ing number of cases appear to
have resulted from human-to-
human transmission. Given the
severe acute respiratory syndrome
coronavirus (SARS-CoV) outbreak
in 2002 and the Middle East re-
spiratory syndrome coronavirus
(MERS-CoV) outbreak in 2012,
2019-nCoV is the third coronavirus
to emerge in the human popula-
tion in the past two decades —

an emergence that has put global
public health institutions on high
alert.

China responded quickly by in-
forming the World Health Orga-
nization (WHO) of the outbreak
and sharing sequence information
with the international community
after discovery of the causative
agent. The WHO responded rap-
idly by coordinating diagnostics
development; issuing guidance on
patient monitoring, specimen col-
lection, and treatment; and provid-
ing up-to-date information on the
outbreak.® Several countries in the
region as well as the United States
are screening travelers from Wu-
han for fever, aiming to detect
2019-nCoV cases before the virus
spreads further. Updates from

N ENGL ) MED NEJM.ORG

The New England Journal of Medicine

China, Thailand, Korea, and Japan
indicate that the disease associat-
ed with 2019-nCoV appears to be
relatively mild as compared with
SARS and MERS.

After initial reports of a SARS-
like virus emerging in Wuhan, it
appears_that 2019-nCoV_may be
less _pathogenic than MERS-CoV
and SARS-CoV (see table). How-
ever, the virus’s emergence raises
an important question: What is
the role of overall pathogenicity in
our ability to contain emerging vi-
ruses, prevent large-scale spread,
and prevent them from causing a
pandemic or becoming endemic
in the human population? Im-
portant questions regarding any
emerging virus are, What is the
shape of the disease pyramid?
What proportion of infected peo-
ple develop disease? And what pro-
portion of those seek health care?
These three questions inform the
classic surveillance pyramid (see
diagram).* Emerging coronavirus-
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PERSPECTIVE

A NOVEL CORONAVIRUS EMERGING IN CHINA

Table 1.

Case Fatality
Virus Rate (%)
2019-nCoV Unknown*
pHINY 00204
H7N9 39
NL63 Unknown

SARS Cov
WERS. Cov

Ebola virus (West
Africa)

63

Contained

Unknown No, efforts ongoing
Yes No, postpandemic circulation and es-
tablishment in human population
No No, eradication efforts in poultry res-
ervoir ongoing
Unknown No, endemic in human population

No

mal reservoir

Yes

Yes, eradicated from intermediate ani-

No, continuous circulation in animal
reservoir and zoonotic spillover

Remarks

58% of cases result from nos-
ocomial transmission

70% of cases result from nos-
ocomial transmission

* Number will most likely continue to change until all infected persons recover.

es raise an additional question:
How widespread is the virus in
its reservoir? Currently, epidemi-
ologic data that would allow us
to draw this pyramid are largely
unavailable (see diagram).
Clearly, efficient human-to-
human transmission is a require-
ment for large-scale spread of this
emerging virus. However, the se-
verity of disease is an important
indirect factor in a virus’s ability
to spread, as well as in our ability
to identify those infected and to
contain it — a relationship that
holds true whether an outbreak
results from a

people prob-
heathcare

they will go to
thereby potential-
the virus to their con-
tacts, possibly even internationally.
Whether subclinical or mild dis-
ease from 2019-nCoV is also as-
sociated with a reduced risk of
virus spread remains to be deter-
mined.

Much of our thinking regard-

ably will
centers.

the

relationship between

ind pathogenic-
of respiratory viruses has been
influenced by our understanding
of influenza A virus: the change
in receptor specificity necessary
for efficient human-to-human
transmission of avian influenza
viruses leads to a

resulting in a lower
disease burden. Two primary —
and recent — examples are the
pandemic virus and the avi-
an influenza virus. Whereas
the pandemic
binding to receptors in the
tract — caused rela-
disease and became
endemic in the population, the
virus — binding to recep-
tors in the respiratory tract

It is tempting to assume that
this association would apply to
other viruses as well, but such a
similarity is a two
coronaviruses that use the same
receptor and

N ENGL ) MED NEJM.ORG
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CoV — cause disease of
Whereas NL63
usually causes respi-
ratory tract disease and is en-

demic in the human population
SARS oV induced Severd lowek
resiiratori tract disease with a

(see table). SARS-CoV was even-
tually contained by means of
syndromic surveillance, isolation
of patients, and quarantine of their

Even if a virus causes subclini-
cal or mild disease in general,
some people may be more suscep-
tible and end up seeking care. The

of CoV and
CoV cases were associated with

resulting at least in part
from the use of BefosolgeRetaE

in patients with

resiiratori disease. In iarticularl

appear to have driven large out-
breaks within and between health
care settings. For example, travel
from Hong Kong to Toronto by
one person with SARS-CoV result-
ed in 128 SARS cases in a local
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PERSPECTIVE

A NOVEL CORONAVIRUS EMERGING IN CHINA

Ability to contain emerging virus
in absence of countermeasures

-or asymptomatic

Patients health and can
be and and
their contacts can be traced.

A caveat is that
have a

Patients do not seek health care,
do not receive a diagnosis, and
may spread the virus to contacts.

Figure 1_ and Its Relation to Outbreak Containment.

The proportion of mild and asymptomatic cases versus severe and fatal cases is cur-
rently unknown for 2019-nCoV — a knowledge gap that hampers realistic assess-
ment of the virus’s epidemic potential and complicates the outbreak response.

hospital. Similarly, the introduc-
tion of a single patient with MERS-
CoV from Saudi Arabia into the
South Korean health care system
resulted in 186 MERS cases.

The

outbreaks suggests that such trans-
mission is a serious risk with other
newly emerging respiratory coro-
naviruses. In addition to the

to outbreaks of emerging coro-
naviruses

from infection.

(such as diabetes or heart dis-
ease) are

CoV. Thus, emerging
viruses that may go undetected
because of a lack of severe dis-

ease in healthy people can pose

ulations with underlying medical
conditions.

A lack of severe disease mani-
festations affects our ability to
contain the spread of the virus.
Identification of chains of trans-
mission and subsequent contact
tracing are much more complicat-
ed if many infected people remain
asymptomatic or mildly sympto-
matic (assuming that these peo-

that
transmit well between humans
- generally be effec-
tively through

and contact tracing,
as exemplified by SARS-CoV and,
more recently, Ebola virus. Al-
though containment of the ongo-
ing Ebola virus outbreak in the
Democratic Republic of Congo is
complicated by violent conflict,
all previous outbreaks were con-
tained through identification of
cases and tracing of contacts, de-
spite the virus’s efficient person-
to-person transmission.

ile are able to transmit the virus).

systems and

losses. This possibilit
warrants the current i
aimed at tracing and
diagnosing every infected patient
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and thereb

Epidemiologic information on
the pathogenicity and transmis-
sibility of this virus obtained by
means of molecular detection and
serosurveillance is needed to fill
in the details in the surveillance
pyramid and guide the response to
this outbreak. Moreover, the pro-
pensity of novel coronaviruses to
spread in health care centers indi-
cates a need for peripheral health
care facilities to be on standby to
identify potential cases as well.
In addition, increased prepared-
ness is needed at animal markets
and other animal facilities, while
the possible source of this emerg-
ing virus is being investigated. If
we are proactive in these ways,
perhaps we will never have to dis-
cover the true epidemic or pan-
demic potential of 2019-nCoV.

Disclosure forms provided by the authors
are available at NEJM.org.

From the Laboratory of Virology, National
Institute of Allergy and Infectious Diseases,
National Institutes of Health, Hamilton, MT
(V.J.M., N.D., EW.); and the Department of
Viroscience, Erasmus Medical Center, Rot-
terdam, the Netherlands (M.K., D.R.).

This article was published on January 24,
2020, at NEJM.org.
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BRIEF REPORT

A Novel Coronavirus from Patients with
Pneumonia in China, 2019

Na Zhu, Ph.D., Dingyu Zhang, M.D., Wenling Wang, Ph.D., Xinwang 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 sam-
les from patients with pneumonia.

, which formed another clade within
the subgenus sarbecovirus, Orthocoronavirinae subfamily. Different from both
MERS-CoV and SARS-CoV, 2019-nCoV is the

that infect 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
are enveloped that are distributed

i and and that cause
diseases.**Six coronavirus species are known
to cause viruses — 229E, OC43, NL63, and HKU1 — are
prevalent and typically cause symptoms in_ indi-
viduals.* The ﬁ other strains — severe acute respiratory syndrome coronavirus
CoV) and Middle East respiratory syndrome coronavirus CoV) —are
in origin and have been linked to sometimes CoV was
the causal agent of the severe acute respiratory syndrome outbreaks in and
2003 inﬁProvince, China.*® CoV was the pathogen responsible
for severe respiratory disease outbreaks in in the ﬂg Given the high
of coronaviruses, the large genetic diversity and

and increasing human—animal interface
activities, are likely to - 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 hProvince, China.* On
the Chinese Center for Disease Control and Prevention
dispatched a rapid response team to accompany Hubei provincial and Wuhan
city health authorities and to conduct an epidemiologic and etiologic investigation.

N ENGL ) MED NEJM.ORG

The New England Journal of Medicine

From the MHC Key Laboratory of Bio-
safety, National Institute for Viral Dis-
ease Control and Prevention, Chinese
Center for Disease Control and Preven-
tion (N.Z.,, WW,, J.S,, X.Z.,, B.H,, R.L,
P.N., X.M., DW.,, WX., GW, G.FG,,
W.T.), and the Department of Infectious
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We report the results of this investigation, iden-
tifying the source of the pneumonia clusters,
and describe a novel coronavirus detected in
patients with pneumonia whose specimens were
tested by the China CDC at an early stage of the
outbreak. We also describe clinical features of
the pneumonia in two of these patients.

METHODS

VIRAL DIAGNOSTIC METHODS
Four lower r lower respiratory tract samples, including
bronchoalveolar—lavage ﬂuld 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 transc_ri&tion_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."

N ENGL J MED

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 ul 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 col-
lected, inactivated with 2% paraformaldehyde
for at least 2 hours, and ultracentrifuged to
sediment virus particles. The enriched superna-
tant 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% glutaral-
dehyde and were then fixed with 1% osmium
tetroxide dehydrated with grade ethanol embed-
ded 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 ob-
served under transmission electron microscopy.
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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 Wu-
han 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 reported 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 worsened, but the fever was
reduced; a diagnosis of pneumonia was based
on computed tomographic (CT) scan. Her occu-
pation was retailer in the seafood wholesale
market. Patient 2 initially reported fever and
cough on December 20, 2019; respiratory dis-
tress developed 7 days after the onset 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 from the

N ENGLJ MED

hospital on January 16, 2020. Patient 2 died on
January 9, 2020. No biopsy specimens were ob-
tained.

Fiure 1. Chest Radiographs.

Shown are chest radiographs from Patient 2 on-
TSGR HHE OHSeE OGS, T trches was -

bated and mechanical ventilation instituted in the peri-
od between the acquisition of the two images.
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 accu-
mulation of pleural liquid are also visible in the second
image.
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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-la-
vage fluid from the patients was used as a tem-
plate to clone and sequence a genome using a
combination of Illumina sequencing and nano-
pore sequencing. More than 20,000 viral reads
from individual specimens were obtained, and
most contigs matched to the genome from lin-
eage B of the genus betacoronavirus — showing
more than 85% identity with a bat SARS-like
CoV (bat-SL-CoVZC45, MG772933.1) genome
published previously. Positive results were also
obtained 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-
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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 GASAID (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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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.

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 and formed an inde-
pendent subclade within the sarbecovirus subge-
nus, which shows the typical betacoronavirus
organization: a 5  untranslated region (UTR),
replicase complex (orflab), S gene, E gene, M
gene, N gene, 3" UTR, and several unidentified
nonstructural 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 in lineage B of
the subgenus sarbecovirus. SARS-CoV strains
from humans and genetically similar SARS-like
coronaviruses from bats collected from south-
western China formed another clade within the
subgenus sarbecovirus. Since the sequence iden-
tity in conserved replicase domains (ORF 1ab) is
less than 90% between 2019-nCoV and other
members of betacoronavirus, the 2019-nCoV —
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the likely causative agent of the viral pneumonia
in Wuhan — is a novel betacoronavirus belonging
to the sarbecovirus subgenus 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

Complete
genomes were submitted to GASAID. 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-
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Figure 4. Phylogenetic Analysis of 2019-nCoV and Other Betacoronavirus Genomes in the Orthocoronavirinae Subfamily.

cessfully to identify infectious agents for many
years. Unbiased, high-throughput sequencing is
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
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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-
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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.
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