Clinical Chemistry 0:0
1-7 (2020)

Infectious Disease

Molecular Diagnosis of a Novel Coronavirus
(2019-nCoV) Causing an Outbreak of Pneumonia
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BACKGROUND: A novel coronavirus of zoonotic ori-
gin (2019-nCoV) has recently been identified in
patients with acute respiratory disease. This virus is
genetically similar to SARS coronavirus and bat
SARS-like coronaviruses. The outbreak was initially
detected in Wuhan, a major city of China, but has
subsequently been detected in other provinces of
China. Travel-associated cases have also been reported
in a few other countries. Outbreaks in health care
workers indicate human-to-human transmission.
Molecular tests for rapid detection of this virus are ur-
gently needed for early identification of infected
patients.

METHODS: We developed two 1-step quantitative real-
time reverse-transcription PCR assays to detect two dif-
ferent regions (ORF1b and N) of the viral genome. The
primer and probe sets were designed to react with this
novel coronavirus and its closely related viruses, such as
SARS coronavirus. These assays were evaluated using a
panel of positive and negative controls. In addition, re-
spiratory specimens from two 2019-nCoV-infected
patients were tested.

RESULTS: Using RNA extracted from cells infected
by SARS coronavirus as a positive control, these
assays were shown to have a dynamic range of at least
seven orders of magnitude (2x10~%-2000 TCIDs/re-
action). Using DNA plasmids as positive standards,
the detection limits of these assays were found to be
below 10 copies per reaction. All negative control sam-
ples were negative in the assays. Samples from two
2019-nCoV-infected patients were positive in the
tests.
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CONCLUSIONS:  The established assays can achieve a
rapid detection of 2019n-CoV in human samples,
thereby allowing early identification of patients.

Introduction

Coronaviruses can be classified into 4 genera (o, B, v,
and 8) and these viruses are detected in a wide range of
animal species, including humans (7). There are 6 previ-
ously known human coronaviruses that can be transmit-
ted between humans. Human alphacoronaviruses, 229E
and NL63, and betacoronaviruses, OC43 and HKUI,
are common respiratory viruses usually causing mild up-
per respiratory diseases. In contrast to these, the other 2
human beta-coronaviruses, SARS and MERS coronavi-
ruses, are highly pathogenic in humans. The case fatality
rates of SARS and MERS are about 10% and 35%, re-
spectively (2, 3). SARS and MERS can be transmitted
between humans and may cause major outbreaks in
health care settings or in community settings. Both
SARS and MERS coronaviruses are of zoonotic origins.
MERS coronavirus is widely circulated in dromedary
camels. Over 90% of dromedary camels in Middle East
countries are seropositive for MERS coronavirus (4, 5).
Because of such a high prevalence in this animal species,
sporadic zoonotic transmissions of MERS coronavirus
from camels to humans have been repeatedly detected
in the affected region since its discovery in 2012. For
the SARS outbreak in 2003, exotic mammals in wet
markets, such as palm civets and raccoon dogs, are be-
lieved to be the animal sources of the virus (6). The de-
tection of SARS coronavirus in these species led to a
temporary ban of selling of these animals in 2004,
thereby preventing additional spill-over events from ani-
mals to humans. But further surveillance studies indi-
cated that these animals are rarely positive for SARS
coronavirus in non-market settings, suggesting that they
only served as intermediate hosts in the SARS event (7,
7). Subsequent virus surveillances in wild animals iden-
tified a vast number of coronaviruses in bats (8).
Interestingly, several bat coronaviruses that are geneti-
cally similar to human SARS coronavirus were detected
in horseshoe bats. This group of SARS-like bat corona-
viruses, together with SARS coronavirus, form a unique
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clade under the subgenus Sarbecovirus. It is now gener-
ally believed that SARS coronavirus is a recombinant vi-
rus between several bat SARS-like beta-coronaviruses
(9). Some of these bat coronaviruses are experimentally
capable of infecting human cells in cultures (9), suggest-
ing that these animal viruses and their recombinants can
pose threats to human health.

In December 2019, a cluster of atypical pneumonia
patients epidemiologically linked to a wholesale market
in Wuhan was detected (10). A novel beta-coronavirus
named as 2019-novel coronavirus (2019-nCoV) has
been identified in some of these patients. This virus is
genetically similar to a bat virus in the subgenus
Sarbecovirus (11). As of 22 January 2020, over 200
cases, including 4 fatal ones, have been detected in
Wuhan and other provinces (72). In addition, con-
firmed patients with a recent travel history to Wuhan
have been detected in multiple countries (Japan: 1,
South Korea: 1, USA: 1, and Thailand: 2). Some of the
confirmed cases have no epidemiological link to wet
markets, suggesting the possibility of human-to-human
transmissions and/or multiple spill-over events in differ-
ent settings. At the time of preparing this article, a hos-
pital outbreak had been reported (73). The spectrum of
this disease in humans is yet to be fully determined.
Signs of infection are highly nonspecific, and these in-
clude respiratory symptoms, fever, cough, dyspnea, and
viral pneumonia. Thus, diagnostic tests specific for this
infection are urgently needed for confirming suspected
cases, screening patients and conducting virus
surveillance.

In this study, we report the development of RT-
PCR assays to detect this novel virus in human clinical
specimens.

Materials and Methods

PRIMER AND PROBE SEQUENCES

Two monoplex real-time RT-PCR assays targeting the
ORF1b and N gene regions of 2019-nCoV were
designed based on the first publicly available sequence
in Genbank (Accession number: MN908947). The
downloaded sequence and those for SARS coronavirus,
bat SARS-like coronaviruses, and other representative
coronaviruses were edited and aligned. Phylogenetic
analyses of these sequences were performed using the
neighbor joining method in MEGA X (14). Two se-
quence regions (ORF1b and N) that are highly con-
served amongst sarbecoviruses were selected for primer
and probe designs. The primer and probe sequences for
the ORF1b gene assay are: 5-TGGGGYTTTACRGG
TAACCT-3’ (Forward; Y=C/T, R=A/G), 5-AACR
CGCTTAACAAAGCACTC-3* (Reverse; R=A/G)
and  5-TAGTTGTGATGCWATCATGACTAG-3'
(Probe in 5-FAM/ZEN/3-IBFQ format; W =A/T),
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whereas the primer and probe sequences for the N gene
assay are: 5-TAATCAGACAAGGAACTGATTA-3'
(Forward), 5'-CGAAGGTGTGACTTCCATG-3'
(Reverse) and 5'-GCAAATTGTGCAATTTGCGG-3
(Probe in 5’-FAM/ZEN/3-IBFQ format). The expected
amplicon sizes of ORF1b and N gene assays are 132 bp
and 110bp, respectively. All primers and probes were
purchased from a commercial source (Integrated DNA
Technologies). The primer and probe sequences were
subsequently confirmed to have perfect matches with
other 2019-nCoV genome sequences available from
Global Initiative on Sharing All Influenza Data
(GISAID; https://www.gisaid.org/; Accession numbers:
EPL_ISL_402119, EPI_ISL_402120, EPI_ISL_
402121, EPL_ISL 402123 and EPI_ISL_402124;
Accessed 12 Jan 2020).

QUANTITATIVE RT-PCR ASSAY CONDITION

A typical 20 pL monoplex RT-PCR assay contained
5 uL of 4X master reaction mixture (TagMan Fast Virus
1-Step Master Mix, ThermoFisher), 0.5 pmol/L of for-
ward primer, 0.5 tmol/L of reverse primer, 0.25 pmo/L
of probe, and 4 pl of RNA sample. RT-PCR reactions
were conducted by a thermal cycler (ViiA7 Real-Time
PCR system, ThermoFisher) with the following condi-
tions: reverse transcription at 50°C for 5 min, inactiva-
tion of reverse transcriptase at 95°C for 20's, 40 cycles
of PCR amplification (Denaturing at 95°C for 5s;
Annealing/Extending at 60°C for 30s). The time for
each RT-PCR run was about 1 h and 15 min.

Viral RNA purification kit (QIAamp Viral RNA
Mini Kit, Qiagen) and DNA plasmid purification kit
(QIAprep Spin Miniprep Kit, Qiagen) were used for
RNA and DNA extractions, respectively, as instructed
by the manufacturer. For all RNA extractions, RNA was
extracted from 140 pL of sample and eluted in 60 puL
elution buffer containing poly(A) carrier RNA.

TESTED SAMPLES

Viral RNA extracted from SARS coronavirus-infected
cells was used for positive controls. In addition, the RT-
PCR products of SARS coronavirus generated by the
ORF1b and N gene assays were cloned into plasmids.
Serially diluted RNA or DNA samples were used to
evaluate the performance of these assays. To determine
the specificity of these assays, negative control samples
were tested. These negative control samples were: 1)
RNA extracted from cultured viruses: human coronavi-
ruses (229E, OC43, and MERS), camel coronavirus
(HKU23), human influenza A viruses (HIN1, H3N2,
H5N1, and H7N9 subtypes), avian influenza (H1, H4,
H6, and H9 subtypes), influenza B viruses (Yamagata
and Victoria lineages), and adenovirus, 2) RNA
extracted from retrospective human respiratory speci-
mens previously tested positive for coronavirus (229E,
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HKU1, NL63, OC43), influenza A viruses (HIN1 and
H3N2 subtypes), influenza B viruses (Yamagata and
Victoria lineages), adenovirus, enterovirus, human para-
influenza virus (PIV1, 2, 3 and 4), respiratory syncytial
virus, human metapneumovirus, rhinovirus and human
bocavirus, and 3) RNA extracted from sputum samples
from patients without respiratory viral infections
(n=9). Culture supernatants of infected cells or clinical
samples stored in standard virus transport media were
subjected to a brief centrifugation (15,170 X g, 2 min)
and 140 pL of supernatant from each sample was used
for RNA extraction.

Two patients (Patients 1 and 2) suspected to be
infected by 2019-nCoV in Beijing were included in this
study. For Patient 1, a sputum sample was collected at
day 5 post-onset of symptoms. The sputum sample
stored in standard virus transport media was treated
with an equal volume of Sputasol (ThermoFisher) be-
fore RNA extraction. For Patient 2, a throat swab sam-
ple was collected at day 3 post-onset of symptoms and
stored in standard virus transport media. 140 puL of each
aqueous sample was used for viral RNA extraction.
Relevant clinical and epidemiological data for both
patients were not accessible to this study. RNA extracted
from these samples were serially diluted and tested by
the assays.

Results

SPECIFICITY OF THE ASSAYS

At the time of preparing this assay, there was only one
viral sequence available from the public domain. With
such a limited sequence information, we decided to de-
velop two RT-PCR assays that can react with multiple
coronaviruses that are in the subgenus Sarbecovirus
(Fig. 1A; see discussion). Using additional sequence in-
formation from this clade of coronaviruses, we selected
highly conserved ORF1b and N gene regions as our tar-
gets (Fig. 1B). These designs allow the use of nucleic
acids derived from SARS coronavirus as positive
controls.

EVALUATION OF THE ASSAYS USING VIRAL RNA EXTRACTED
FROM POSITIVE AND NEGATIVE CONTROL SAMPLES

Viral RNA from cells infected by SARS coronavirus or
DNA plasmids containing the target sequences were
positive in the assays as expected. Using viral RNA
extracted from virus cultures with known titers, both
assays have a dynamic range of at least seven orders of
magnitude (2 x 10742000 TCIDsg/reaction; data not
shown). To accurately determine the detection limits of
these assays, we also tested serially diluted positive con-
trol plasmids in these assays. In our preliminary trial,
reactions with >10 copies of this positive control

plasmid were consistently positive in both of the assays
(n=15). The DNA amplifications of these newly estab-
lished assays were found to be efficient. The amplifica-
tion efficiencies of ORF1b and N gene assays were
99.6% and 95.4%, respectively (Fig. 2, R? > 0.99 in
both cases).

All negative controls were found to be negative in
these assays (data not shown). In addition, we also
spiked known amounts of SARS coronavirus into repre-
sentative negative control samples (10-fold serially di-
luted virus sample; range: 2 x 10742000 TCIDso/
reaction; Number of tests per concentration: 1). RNA
extracted from these spiked samples were all positive in
the tests, with no significant RT-PCR inhibition
detected.

DETECTION OF 2019-NCOV IN PATIENT SAMPLES
Respiratory specimens from two suspected patients were
tested by both RT-PCR assays. Both patients were posi-
tive in the tests (Table 1). Preliminary results from seri-
ally diluted RNA samples suggested that the N gene
assay is about 10 times more sensitive than the ORF-1b
gene assay in detecting positive clinical specimens. As
these samples could only be tested qualitatively by these
assays at the testing site, the exact viral copy numbers in
these specimens cannot be determined.

Discussion

In this study, two assays targeting the viruses in the sub-
genus Sarbecovirus were made and evaluated. We inten-
tionally made these assays to be reactive to multiple
viruses in this subgenus. This is because there is insuffi-
cient public information about the genetic diversity of
2019-nCoV in humans and animals. In 2003, SARS
coronaviruses found in palm civets and humans were ge-
netically highly similar, but distinct. For example, a par-
tial deletion was detected in SARS coronavirus found in
palm civets (6). Similar subtle sequence variations were
also observed in MERS coronavirus found in camels
and humans (75). To avoid the possible scenario in
which the genetic diversity of 2019-nCoV is much
more diverse than appreciated, our primer and probe
sets were designed to react with this clade of
coronaviruses.

We evaluated our assays using a panel of positive
and negative control samples. The assays were found to
be sensitive and specific to only sarbecoviruses. We fur-
ther used respiratory specimens from patients infected
by 2019-nCoV to demonstrate the potential use of these
tests. The tested clinical samples were different in nature
(sputum vs. throat swab) and they were collected at dif-
ferent onset times (day 5 vs. day 3). Thus, it is prema-
ture to use these data to determine the viral replication
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Fig. 1. Sequence analysis of 2019-nCoV. (A) Phylogenetics of 2019-nCoV and related sarbecoviruses. Representative o, B-, y-
coronaviruses were included in the analysis. Bootstrap values >70% are shown. Gene accession numbers in GenBank for corre-
sponding viral sequences are provided. Scale bar indicates estimated genetic distance. Human coronaviruses are in bold and
2019-nCoV is underlined. (B) Sequence alignment of ORF-1b (top) and N (bottom) amplicons generated from 2019-nCoV and
SARS-CoV. Arrows indicate the regions targeted by the studied primers. Sequence variations between these viruses are shown.
The expected amplicon sizes generated from ORF1b and N gene assays are 132 and 110 bp, respectively.

020z Aienige4 6z Uo Jasn AjisioAlun BIquNo) A 9€E61 ZS/620RBAL/WSYDUID/SE0 L "0 /I0P/10BISqR-]011JB-80UBAPE/WAYDUID/WOd dNo"dlWapeoe//:sdyy Wwol) papeojumoq

4 Clinical Chemistry 0:0 (2020)



Detection of 2019-nCoV

Orflb assay
40
s L LN y =-3.3308x + 39.598
T, R?=0.9937
30+ T ...
o | e
2 25 L O .
S ol e ..
o o
O 15}
10
5 -
0 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8
Log,, copy humber
40 ¢ N assay
@-..
35 F 0 T, o y = -3.4368x + 40.556
or ... R? = 0.9983
S 25 S
o o
> 20 e
5 15 | Q@
10
5 -
0 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8
Log,, copy humber
Fig. 2. Dynamic range of ORF1b and N gene assays.

kinetics in humans. Further systematic investigations on
clinical specimens collected from 2019-nCoV-infected
patients at different post-onset time points will be
needed. Nonetheless, the results demonstrated the clini-
cal value of these respiratory samples for molecular de-
tection of 2019-nCoV. In addition, the N gene RT-
PCR assay was found to be more sensitive in detecting
2019-nCoV RNA in the studied clinical samples. It is
possible that these clinical samples might contain
infected cells expressing subgenomic mRNA (76),
resulting in more N gene copies in the samples.

With the exception of 2019-nCoV and SARS coro-
navirus, none of the sarbecoviruses have been previously
detected in humans. SARS was eliminated in humans
and the last reported human SARS case was detected in
2004 (17). Individuals with samples that are positive in

these RT-PCR assays should be considered to be
infected by the 2019-nCoV or its related animal corona-
viruses. Based on their detection performances, the N
gene RT-PCR is recommended as a screening assay, and
the Orflb assay is recommended as a confirmatory one.
Using a diagnostic algorithm similar to MERS, an N
gene positive/Orflb negative result should be regarded
as indeterminate and the case is recommended to be re-
ferred to a WHO reference lab for further testing (18).
In the event of having positive PCR results, sequence
analyses of positive amplicons can help to confirm the
result and to distinguish between 2019-nCoV and other
genetically  related  coronaviruses  (e.g.,  SARS
coronavirus).

The biosafety classification of 2019-nCoV is yet to
be fully defined. Clinical samples for molecular tests are
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Table 1. Detection of 2019-nCoV in patient samples.

Assay (Ct value)

Dilution Orf1b? N?
Patient 1

Neat 28.79 30.96
10x 31.935 33.83
100x Neg 36.9
1000x Neg Neg
10,000x Neg Neg
Patient 2

Neat 22.10 2414
10x 25.66 28.02
100x 29.33 31.33
1000x 32.55 34.54
10,000x Neg 37.70

“Single test results at each dilution.

recommended to be handled using biosafety level 2
practices (19). As SARS coronavirus is classified as a bio-
safety level 3 (BSL3) pathogen, we therefore intention-
ally used DNA plasmids as positive controls in these
tests. This can avoid distributing SARS coronavirus ge-
nomic RNA which has the potential of generating infec-
tious clones via reverse genetics. In addition, this can
also help to distribute positive controls to laboratories at
different geographical regions in a more cost-effective
and robust manner. These DNA plasmid controls are
available upon request.

During the reviewing process of this manuscript,
Corman and colleagues reported the use synthetic con-
structs and SARS virus to develop RT-PCR assays for
2019-nCoV detection (20).

Nonstandard Abbreviations: TCID’’, Median tissue culture infec-
tious dose; SARS, Severe Acute Respiratory Syndrome; MERS,
Middle East Respiratory Syndrome.
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