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Abstract

Coronavirus disease 2019 (COVID-19) is an acute respiratory infection caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). Other coronaviruses (CoVs) can also infect humans, although the majority cause only mild respiratory
symptoms. Because early diagnosis of SARS-CoV-2 is critical for preventing further transmission events and improving clini-
cal outcomes, it is important to be able to distinguish SARS-CoV-2 from other SARS-related CoVs in respiratory samples.
Therefore, we developed and evaluated a novel reverse transcription quantitative polymerase chain reaction (RT-qPCR) assay
targeting the genes encoding the spike (S) and membrane (M) proteins to enable the rapid identification of SARS-CoV-2,
including several new circulating variants and other emerging SARS-like CoVs. By analysis of in vitro-transcribed mRNA,
we established multiplex RT-qPCR assays capable of detecting 5 X 10° copies/reaction. Using RNA extracted from cell
culture supernatants, our multiple simultaneous SARS-CoV-2 assays had a limit of detection of 1 X 10° TCID5,/mL and
showed no cross-reaction with human CoVs or other respiratory viruses. We also validated our method using human clini-
cal samples from patients with COVID-19 and healthy individuals, including nasal swab and sputum samples. This novel
one-step multiplex RT-qPCR assay can be used to improve the laboratory diagnosis of human-pathogenic CoVs, including
SARS-CoV-2, and may be useful for the identification of other SARS-like CoVs of zoonotic origin.

Introduction

Coronaviruses (CoVs) are single-stranded, positive-sense
RNA viruses belonging to the family Coronaviridae that
can infect both animals and humans [1-3]. The subfam-
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is divided into four distinct genera: Alphacoronavirus,
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Betacoronavirus, Gammavoronarius, and Deltacorona-
virus. Alpha- and betacoronaviruses are associated with
human infection, and seven CoVs, including severe acute
respiratory syndrome (SARS)-CoV, Middle East respiratory
syndrome (MERS)-CoV, and SARS-CoV-2, the causative
agent of the ongoing pandemic, have been shown to cause
respiratory diseases in humans [4, 5]. Sarbecovirus, a sub-
genus of the genus Betacoronavirus, includes SARS-CoV,
SARS-CoV-2, and other related animal viruses [5].

In December 2019, cases of pneumonia of unknown ori-
gin were reported in the city of Wuhan, Hubei, China [5].
A novel betacoronavirus, which was later officially named
SARS-CoV-2, was discovered to be the causative agent of
coronavirus disease 2019 (COVID-19) [6]. Next-generation
sequencing analysis of the whole SARS-CoV-2 genome
revealed that the virus shares 80-89% nucleotide sequence
identity with SARS-CoV. However, the genome sequence
identity between SARS-CoV-2 and bat-derived SARS-
like CoVs, such as BetaCoV/bat/Yunnan/ RaTG13/2013,
is approximately 96%, suggesting that SARS-CoV-2 may
have originated in a bat species. Therefore, pan-SARS-
CoV molecular diagnostics are no longer used to detect
SARS-CoV-2, and international research groups have been
designing specific primers and probes for the detection of
SARS-CoV-2 based on the most conserved genes, such as
the RNA-dependent RNA polymerase (RdRp), envelope (E),
or nucleocapsid (N) gene [7]. Initial RT-qPCR assays were
based on detection of a single target gene; however, assays
for detecting SARS-CoV-2 RNA are now available targeting
one, two, and/or three viral genes, resulting in complicated
diagnostic criteria for positive and negative results [§—10].
For example, verification of positive detection of SARS-
CoV-2 requires all target genes to be positive, including the
RdRp, N, and E genes [11, 12]. However, primers targeting
the RdRp gene for detection of SARS-CoV-2 cross-react
with SARS-CoV RNA [11], and some researchers have
found that the sensitivity of RT-qPCR is only approximately
70% for SARS-CoV-2 diagnosis [13], which may result in
false-negative results. These results suggest that, although a
protocol using RT-qPCR assay for SARS-CoV-2 detection
using RdRp, E, and N genes has been established, alterna-
tive molecular diagnostic targets are needed to improve the
sensitivity of SARS-CoV-2 virus detection.

The aim of this study was to develop a novel RT-qPCR
assay to rapidly detect SARS-CoV-2 by targeting the genes
encoding the spike (S) and membrane (M) proteins, effec-
tively distinguishing SARS-CoV-2 from other bat-related
SARS-like CoVs. The rationale behind this approach was
not only to design a highly sensitive and specific primer and
probe set for the detection of SARS-CoV-2 but to also pro-
duce a tool that would be able to distinguish this virus from
other similar SARS-like CoVs, such as those found in the bat
reservoir, which would have utility for use in resource-poor
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regions with limited laboratory capacity. The S gene encodes
a trimeric protein, with each monomer comprised of an S1
(receptor-binding) and an S2 (membrane-fusion) subunit
[14]. Although several amino acid substitutions [15] and
deletions [16] have been reported in the S1 subunit of SARS-
CoVs, the amino acid sequence of the S2 subunit is con-
served, similar to those of other CoV genes, including the
RdRp, E, and N genes. Accordingly, the S gene represents
a molecular diagnostic target for SARS-CoV-2 detection in
nasopharyngeal or throat swabs, as has been demonstrated
in previous studies [17, 18]. The M gene is a conserved
gene encoding an important glycoprotein that functions to
maintain virion size and shape and assists in the assembly
of other structural proteins [19]. Moreover, the M gene has
been shown to be useful for applications in molecular diag-
nostics for viral pathogen detection [20, 21]. However, the M
gene has not been used in screening procedures for SARS-
CoV-2 detection.

In this study, we developed and assessed the sensitivity
and specificity of an RT-qPCR assay targeting the S2 subunit
of the S gene and the M gene for simultaneous detection of
SARS-CoV-2 and SARS-like CoVs and avoidance of false-
negative results. Overall, our novel one-step multiplex RT-
gPCR assay was found to be sensitive and specific, and it
showed utility in the specific detection of human-pathogenic
members of the subgenus Sarbecovirus, including SARS-
CoV and SARS-CoV-2.

Materials and methods
Primer and probe design for RT-qPCR

To develop the RT-qPCR assay for detecting various types
of CoVs, four specific probes targeting the S (S2 domain)
and M genes of SARS-CoV-2 and SARS-like CoVs were
developed. To inform the design, we obtained 265 reference
sequences from the GenBank and Global Initiative on Shar-
ing All Influenza Data (GISAID) databases, which included
200 reference sequences representing 10 clades of SARS-
CoV-2 and six variants of concern worldwide (up to April 5,
2021), 25 reference sequences of SARS-CoV, and 40 refer-
ence sequences of nonhuman SARS-related viruses detected
in bats and pangolins (isolated between 2005 and 2019). The
sequences were aligned using ClustalW in BioEdit software
(version 6.0) and used as a template for the design of the
multiplex RT-qPCR assay. The probes were labeled with
5-carboxyfluorescein (FAM) and 5-hexachlorofluorescein
(HEX) for detection of the M gene from SARS-CoV-2 and
SARS-like CoVs, respectively, and with cyanine dye 5 (Cy5)
and Texas red for detection of the S gene (S2 domain) of
SARS-CoV-2 and SARS-like CoVs, respectively. RT-qPCR
targeting the RdRp and E genes was used as a gold standard
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for evaluating the results obtained with our assays. All
primers and probes, including reference primers and probes
targeting the E and RdRp genes [22] were synthesized by
Cosmogenetech, Inc. (Seoul, Republic of Korea).

Viruses and viral RNA samples

To evaluate the sensitivity and specificity of our multiplex
RT-qPCR assay, cell culture supernatants from cells infected
with CoVs and other respiratory viruses were used. In total,
19 different cultured viruses were evaluated. Four SARS-
CoV-2 isolates from Korea (wild-type, alpha variant, beta
variant, and delta variant), human coronavirus NL63 (Korea/
CNO0601/14), human coronavirus 229E (Korea/KUMC-9),
human coronavirus OC43 (KBPV-VR-8), and MERS-CoV
(MERS-CoV/KOR/KNIH/002_05_2015) were obtained
from the Korea Centers for Disease Control and Preven-
tion (KCDC, Republic of Korea), and other viruses, includ-
ing porcine epidemic diarrhea virus (Korea/SM98), dengue
virus type 2 (Korea/DENV-2/KBPV-VR-29), human H3N2
influenza A virus (Korea/37/2012), human HIN1 influenza
A virus (California/04/09), human influenza B virus (B/
Brisbane/60/2008), parainfluenza virus 1 (Korea/KUMC-
44), human respiratory syncytial virus (HRSV-A/IC688/12),
and adenovirus type 3 (KUMC-62), were obtained from the
Korea Research Institute of Bioscience and Biotechnology
(KRIBB) or purchased from the Korea Bank for Pathogenic
Viruses (Republic of Korea) [23]. RNA from SARS-CoV
(HKU-39849) was provided by Dr. Seungtaeck Kim (Insti-
tute Pasteur Korea) [24], and viral RNA samples from bat-
derived SARS-related CoV (GenBank accession numbers:
MK991935 and MK991936) from bat fecal samples, which
were used in specificity assays (Table 2), were provided by
Prof. Hye Kwon Kim (Chungbuk National University, South
Korea) [25].

SARS-CoV-2 propagation

Vero cells were purchased from the American Type Cul-
ture Collection (cat. no. CRL-1586; Manassas, VA,
USA) and were maintained in Dulbecco’s modified Eagle
medium (Corning, NY, USA) containing 5% fetal bovine
serum (Thermo Fisher Scientific, MA, USA) and penicil-
lin (100 IU/mL; Thermo Fisher Scientific) with incubation
at 37 °C in an atmosphere containing 5% CO,. For titra-
tion of SARS-CoV-2, Vero cells were seeded at 1 x 10°
cells/well in 96-well plates for 24 h before inoculation with
serial tenfold dilutions of SARS-CoV-2. After incubation
for 72 h, the 50% tissue culture infective dose (TCIDsg)/
mL was determined using the method described by Reed
and Muench [26]. All SARS-CoV-2 experiments were
conducted at KRIBB (Daejeon, Republic of Korea) with
approval from and in accordance with the guidelines of

the Institutional Biosafety Committee (approval number
KRIBB-IBC-20200208). Experimental work with SARS-
CoV-2 was conducted in a biosafety level 3 (BL-3) facility
at KRIBB (permission number KCDC-HP-19-3-01).

One-step multiplex RT-qPCR assay

Viral RNA was purified using a QIAamp Viral RNA Mini
Kit (QIAGEN, Hilden, Germany), following the manu-
facturer’s instructions, and samples were stored at -80 °C
until further analysis. Viral RNA from SARS-CoV-2 was
extracted from 200 pL of culture supernatant in a BL-3 con-
tainment facility at KRIBB, and all RT-qPCR assays were
conducted in BL-2 facilities at KRIBB. RT-qPCR assays
were performed using a LightCycler 96 instrument and anal-
ysis software (Roche, Switzerland). We used a SensiFAST
Probe No-ROX One-Step Kit (Bioline, UK) for the one-step
RT-gqPCR assays according to the manufacturer’s guidelines.
Briefly, the reaction mixture contained 5 pL RNA template,
0.2 pL of reverse transcriptase, 0.4 pL of RNase inhibitor
for cDNA synthesis, 10 pL of 2X reaction buffer with Taq
polymerase, 1 pL of each primer (10 pM), 1 pL of each
probe (5 puM), and RNase-free water to a final volume of
20 pL. The PCR cycling conditions were as follows: initial
incubation at 45 °C for 15 min and 95 °C for 10 min for the
reverse transcription step, followed by 40 cycles at 95 °C for
5 sand 58 °C for 30 s.

Determination of the detection limit based on in
vitro-transcribed RNA and SARS-CoV-2 virions

To evaluate the detection limit of the one-step multiplex
RT-qPCR assay for in vitro-transcribed RNA, DNA seg-
ments from wild-type SARS-CoV-2 (hCoV-19/South Korea/
KUMCO01/2020), which covered both the S2 domain and M
gene, were amplified by one-step RT-PCR using primers
containing the T7 promoter (CoV-2_T7_24525_Forward,
5'-TAATACGACTCACTATAGGGTTGATCACAGGCA
GACTTC-3'; and CoV-2_26894 Reverse, 5'-TCTGGTCAG
AATAGTGCCATGGA-3") and a One-Step RT-PCR Kit
(QIAGEN, Germany) following the manufacturer’s guide-
lines. DNA purified using a gel extraction kit (QIAGEN,
Germany) was subjected to mRNA transcription using an
mMESSAGE mMACHINE T7 Transcription Kit (Thermo
Fisher Scientific, USA) following the manufacturer’s guide-
lines. Briefly, the transcription mixture contained 200 ng
of DNA template, 10 pL. of 2x NTP/CAP solution, 2 pL of
10X reaction buffer, 2 pL of enzyme mix, and RNase-free
water to a final volume of 20 pL. The reaction conditions
were as follows: incubation at 37°C for 2 h, addition of 1
pL TURBO DNase to the reaction mix, and incubation for
15 min at 37 °C to remove the DNA template. The purified
mRNA preparation had a concentration of 263 ng/uL, which
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was calculated to be 2 X 10'! copies/uL using an online
tool (https://endmemo.com/bio/dnacopynum.php). The
transcribed mRNA was serially diluted tenfold from 107 to
10° copies/uL and then evaluated by RT-qPCR. To assess
the sensitivity of the one-step multiplex RT-qPCR assay for
SARS-CoV-2 virions, SARS-CoV-2 was serially diluted ten-
fold from 10° to 10° TCIDs,/mL, and viral RNA was then
extracted using a QIAamp Viral RNA Mini Kit (QIAGEN,
Germany) according to the manufacturer’s instructions. The
intact viral RNA was then amplified by RT-qPCR.

Collection of human clinical samples

Virus-negative nasal swabs and sputum samples were
obtained from healthy donors, and clinical samples were
obtained from patients with COVID-19 at Chungnam
National University School of Medicine (Daejeon, South
Korea). In total, 67 clinical samples (40 from men and 27
from women) were used in this study, including 29 from
patients with laboratory-confirmed COVID-19 who tested
positive for SARS-CoV-2 RNA by RdRp2 assays and 38
healthy donors (age: 18—64 years). Written informed con-
sent was obtained from all participants. All samples were
collected with the approval of the Institutional Review
Board (IRB) of the National Medical Center, Republic of
Korea (IRB number: 2020-03-057). All experiments using
human clinical samples were performed following approved
guidelines.

Table 1 Primers and probes for detection of coronaviruses

Results
Primer and probe design for RT-qPCR

After analyzing the alignment of 265 reference sequences,
potential target regions on the S and M genes were screened,
and sequences satisfying the requirements for our assay
design were checked for GC content, melting temperature,
potential secondary structure formation, and dimeriza-
tion using the Oligo Analyzer tool on the Integrated DNA
Technology website (https://sg.idtdna.com). The primers
and probes designed for the detection of each target were
selected and are listed in Table 1. A graphic showing the
selected target sequence regions from 20 representative
strains (SARS-CoV, SARS-CoV-2, and bat SARS-related
CoVs) is presented in Fig. 1. In silico analysis was per-
formed to determine the number of mismatches in the prim-
ers/probes against SARS-CoV-2 and bat SARS-related-
CoVs (Supplementary Table S1).

Specificity of the multiplex RT-qPCR assay

To determine the specificity of the RT-qPCR assay for dis-
tinguishing among SARS-CoV-2, SARS-CoV, and other
human-pathogenic CoVs and respiratory viruses, we used
19 viral RNA samples extracted from cultured viruses,
including human and swine CoVs, human influenza A (sub-
type HIN1 and H3N2) and B viruses, dengue virus type
2, parainfluenza virus type 1, human respiratory syncyt-
ial virus, and adenovirus type 3. The multiplex RT-qPCR
assay showed no cross-reactivity with any of these viruses
(Table 2). In particular, SARS-CoVs and bat-associated
SARS-like viruses were successfully detected by the SARS-
like CoV probe, whereas MERS-CoV and other viruses were

Primer/probe Sequence (5'-3") Target Position Ampli-  Reference
con size
(bp)
Primer/probe set A SARS-like-CoV-Forward GTG CTT GCT GCT GTY TAC AG M gene 26697 152 EPI_ISL_413017

SARS-CoV-2-Probe
CGC -BHQ1
SARS-like-CoV-Probe

SARS-like-CoV-Reverse

Primer/probe set B
SARS-like-CoV-Probe

GC-BHQ2

SARS-Cov-2-Probe

BHQ2

SARS-like-CoV-Reverse

FAM - CAC CGG TGG AAT TGC TAT

HEX — GAA GTA GCT RAG CCA CAT
CAA GCC -BHQ1

GTT TCT GGR TTG AAT GAC CAC A
SARS-like-CoV-Forward ATY AGR GCT GCW GAA ATC AG
Texas red-GCT TCT GCY AAY CTT GCT

Cy5-ATG AGG TGC TGA CTG AGG GA-

CCW TCA TGA CAA ATD GCW GG

26729

—26789

—26848
24578 218
24599

S gene

—24715

—24795
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Fig. 1 Positions of amplicon targets and oligonucleotide binding
regions in the M (A) and S (B) genes. The panels show oligonu-
cleotide binding regions in rectangular boxes for primer/probe sets
A and B (n = 20). Dots represent identical nucleotides, and dashes
indicate nucleotide deletions compared to the hCoV-19/Spain/Valen-
cia50/2020 sequence, which was the most recently released sequence

not detected by our multiplex RT-qPCR assay. Moreover, we
confirmed the performance of the RT-qPCR assay using the
viral samples with reference primers and probes targeting
the E and RdRp genes, as published in the WHO guidelines
[22]. These primer/probe sets could also detect four differ-
ent SARS-CoV-2 and SARS-CoV isolates as well as SARS-
related CoVs from bats (Table 2).

Detection limit of the multiplex RT-qPCR assay
based on in vitro-transcribed mRNA and SARS-CoV-2
virions

In vitro-transcribed mRNA obtained from the wild-type
SARS-CoV-2 (KUMCO01/2020) viral RNA template was
used for determination of the detection limit of our novel
RT-qPCR assay. The detection limit of our multiplex
RT-qPCR assay was 5 X 10° mRNA copies per reaction,
with Cq values ranging between 35.7 and 36.49, similar
to that of the E gene, following the WHO reference pro-
tocol (Cq value, 35.86) (Supplementary Table S2). To
determine the detection limit of our RT-qPCR assay, a

h

noppppRnn
nnnnnnnnn
nnnnnnnnnn
Pribrbrbbn
nnnnnnnnno
LT Y
hnnnnnnnn
fneornoRe B
ohenhboRG
PRRRAR AR
hhhhhhhhh
i ddddddd
ppbppbppD
I dddddddd
I3 ddaddd
PEEErbErby

at the time (GISAID accession number EPI_ISL_420131). The
regions encoding domains of the spike protein are annotated. SP, sig-
nal peptide; NTD, N-terminal domain, RBD receptor-binding domain,
RBM receptor (ACE2)-binding motif, SD subdomain, MCS multiple
cleavage site, FP fusion peptide, HR heptad repeat, TM transmem-
brane domain, CP cytoplasmic domain

standard curve was made using the Cq values obtained
using a tenfold serial dilution of transcribed mRNA from
5% 107 to 5 x 10° copies/reaction, and the efficiency of
the singleplex assay was found to be 102.52-104.26%,
compared with 101.67-104.98% for the multiplex assay
(Fig. 2A). We confirmed the detection limit of the mul-
tiplex RT-qPCR assay using SARS-CoV-2 virions. Four
SARS-CoV-2 variants (wild-type, alpha variant, beta vari-
ant, and delta variant) were used to extract viral genomic
RNA. To compare the detection limit of each singleplex
and multiplex assay, both assays were performed in tripli-
cate in three independent experiments. The detection limit
of our multiplex RT-qPCR assay was 1 x 10° 50% tissue
culture infective dose (TCIDs,) per ml of culture super-
natant, with Cq values ranging between 34.15 and 35.32,
which is similar to that of the WHO reference protocol
(Cq values between 34.41 and 36.42) (Supplementary
Table S3). The detection limits for all assays, determined
using a standard curve of the Cq values derived from
a tenfold serial dilution of viral RNA from the original
SARS-CoV-2 strain [27], ranged from 1 x 10° to 10°
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Table 2 Analysis of this specificity of the multiplex RT-qPCR assay using cell culture supernatants

Virus Virus family Host Accession Mean Ct value (standard deviation)
number
Multiplex assay WHO reference
S gene target M gene target
SARS-CoV-2 SARS- SARS-CoV-2 SARS- RdRp E
like CoVs like CoVs
Wild-type SARS- Coronaviridae ~ Human EPI_ 15.35 (0.21) 14.03 (0.07) 14.15 (0.13) 14.22 (0.16) 17.31 (0.29) 15.15 (0.45)
CoV -2 (hCoV-19/ ISL_413017
South Korea/
KUMCO01/2020)
Alpha variant SARS- Coronaviridae  Human  EPI_ 14.23 (0.19) 14.13 (0.12) 13.36 (0.09) 14 (0.11) 17.42 (0.24) 14.08 (0.21)
CoV -2 (hCoV-19/ ISL_738139
South Korea/
KDCA0001/2020)
Beta variant SARS- Coronaviridae  Human EPL_ 14.49 (0.09) 14.58 (0.14) 14.37 (0.1) 14.88 (0.15) 18.57 (0.13) 15.24 (0.22)
CoV -2 (hCoV-19/ ISL_762992
South Korea/
KDCA0463/2020)
Delta variant SARS- Coronaviridae  Human  EPI_ 14.64 (0.18) 15.07 (0.01) 13.96 (0.02) 14.4 (0.02) 18.04 (0.01) 15.18 (0.01)
CoV -2 ISL_833249
(hCoV-19/South Korea/
KDCA0464/2021)
SARS-CoV (HKU- Coronaviridae ~ Human — AY278491 N.D 1475(0.31)  N.D 1452 (0.16)  17.2(0.33) 15.38 (0.26)
39849)
Bat SARS-related coro- Coronaviridae — Bat MK991935 N.D 21.92 (0.13) N.D 22.19 (0.23) 24.88 (0.27) 22.56 (0.17)
navirus (B18-83)
Bat SARS-related coro- Coronaviridae — Bat MK991936 N.D 22.18 (0.38) N.D 22.32(0.15) 25.05 (0.18) 21.96 (0.35)
navirus (B18-92)
Coronavirus NL63 Coronaviridae  Human — MG772808 N.D N.D N.D N.D N.D N.D
(Korea/CN0601/14)
Coronavirus 229E Coronaviridae  Human AY386391 N.D N.D N.D N.D N.D N.D
(Korea/KUMC-9)
Coronavirus OC43 Coronaviridae  Human AY391777.1 N.D N.D N.D N.D N.D N.D
(KBPV-VR-8)
MERS-CoV (Korea/ Coronaviridae  Human  KT029139 N.D N.D N.D N.D N.D N.D
KNIH/002_5_2015)
PEDV (Korea/SM98) Coronaviridae ~ Swine GU937797 N.D N.D N.D N.D N.D N.D
Dengue virus type 2 Flaviviridae Human  KP406804 N.D N.D N.D N.D N.D N.D
(Korea/DENV-2/
KBPV-VR-29)
Human H3N2 Orthomyxoviri- Human  KT889146 N.D N.D N.D N.D N.D N.D
influenza A virus dae
(Korea/37/2012)
Human HINI1 influenza Orthomyxoviri- Human — GQ117044 N.D N.D N.D N.D N.D N.D
A virus (Califor- dae
nia/04/09)
Influenza B virus (B/ Orthomyxoviri- Human  FJ766842 N.D N.D N.D N.D N.D N.D
Brisbane/60/2008) dae
Parainfluenza virus 1 Paramyxoviri- Human MG255129 N.D N.D N.D N.D N.D N.D
(Korea/KUMC-44) dae
Human respiratory syn- Pneumoviridae Human  KP663728 N.D N.D N.D N.D N.D N.D
cytial virus (HRSV-
A/IC688/12)
Adenovirus type 3 Adenoviridae Human  KY320276 N.D N.D N.D N.D N.D N.D
(KUMC-62)
Control (double- N.D N.D N.D N.D N.D N.D

distilled water)

TCIDso/mL, and the efficiency of the singleplex assay  used for screening for a broader range of CoVs while
was 102.65-105.68%, compared with 97.91-101.95% for =~ maintaining an analytical sensitivity comparable to that
the multiplex assay (Fig. 2B). These results suggested  of singleplex assays.

that the multiplex RT-qPCR assay was capable of being
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Fig.2 Amplification plots and standard curves of the singleplex and
multiplex RT-qPCR assays. The RT-qPCR assay used FAM, Hex,
Cy5, and Texas Red dye for the different probes (shown in Table 1).
The assays were performed using in vitro-transcribed mRNA of
wild-type SARS-CoV-2 (KUMCO01/2020) and SARS-like CoV. The
virus concentration ranged from 5 x 107 to 10° RNA copies per reac-

Multiplex RT-qPCR of human clinical samples

To evaluate the diagnostic performance of the multiplex
assay, we tested 29 clinical samples, including nasal swabs
and sputum from patients with COVID-19 showing symp-
toms of respiratory disease, including fever, cough, and/
or respiratory failure, obtained from Chungnam National
University Hospital (Daejeon, South Korea) and 38 nega-
tive specimens from healthy donors. Asymptomatic patients
were not included in this study. As shown in Supplemen-
tary Figure S4, all specimens from patients with COVID-
19 tested positive for SARS-CoV-2 (100% sensitivity), and
there was no cross-reactivity with any of the other target
viruses in our one-step multiplex RT-qPCR assay. We also
tested the same samples using the WHO-recommended
protocol, which uses RdRp- and E-gene-specific primer/
probe sets. The Cq value obtained in our multiplex assay
was comparable to that of the assay targeting the E gene
and approximately 2 units lower than the assay targeting the
RdRp gene using the WHO-recommended procedure. These
results suggested that the sensitivity and specificity of the
multiplex RT-qPCR assay for SARS-CoV-2 RNA in swabs

Singleplex assay Multiplex assay

tion (A). The assays were performed using intact viral RNA from
SARS-CoV-2, and the range of the serial virus dilution was 6 to 0
log,TCIDsy/ml (B). The cycle threshold in amplification plots, the
correlation coefficient (R2), the slope of the standard curve for the
assays, and the efficiency were determined automatically using Light-
Cycler 96 software. Each concentration was tested in triplicate

and sputum were similar to those of the WHO-recommended
assay.

Discussion

In this study, we developed a novel multiplex molecular
diagnostic assay based on RT-qPCR targeting the S and M
genes to detect SARS-like CoVs and distinguish SARS-
CoV-2 from other CoVs. The S glycoprotein of SARS-
CoV-2 has about 76% amino acid sequence identity to
that of SARS-CoV and approximately 80% identity to
those of bat-derived CoVs [28-30], indicating the util-
ity of S glycoproteins as targets for molecular diagnostics
and discrimination between human-pathogenic CoVs and
related zoonotic viruses. The M glycoprotein from SARS-
CoV-2 is highly conserved and shares approximately 90%
sequence identity with those of other members of the sub-
genus Sarbecovirus. The newly designed primer/probe sets
targeting S and M genes for the detection of SARS-CoV-2
and SARS-like CoVs were shown to successfully detect
the corresponding virus in clinical samples from patients
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with COVID-19 and several different cultured viruses.
WHO recently published a list of several RT-qPCR assays
to detect SARS-CoV-2 using RNA transcript standards,
including ORF1/nspl4, N, E, and RdRp genes. Our one-
step multiplex RT-qPCR assays could have applications in
the simultaneous wide screening of SARS-related CoVs
and in discrimination of SARS-CoV-2 from other SARS-
related CoVs.

In this study, we compared the results obtained using
our novel multiplex assay with those obtained using sin-
gleplex assays. In particular, the multiplex RT-qPCR assay
yielded results that were comparable to those obtained
using the assay targeting the E gene and yielded Cq val-
ues that were approximately two units lower than those
obtained using the assay targeting the RdRp gene for the
detection of SARS-CoV-2 in cultured viruses (Table 2)
and respiratory tract clinical specimens (Supplementary
Table S4). Our multiplex assay could also be performed
with a reduced number of primer sets, with four chan-
nels for reading signals using a commercial real-time PCR
instrument, as compared with conventional multiplex RT-
qPCR assays. The small number of tests (67) performed
for the detection of SARS-CoV-2 in human clinical sam-
ples and the two bat-derived SARS-related CoV samples
is a limitation of this study. However, our results showed
100% sensitivity, and the results were comparable obtained
targeting those of the RdRp and E genes based on WHO
guidelines (Table 2 and Supplementary Table S4). Over-
all, our one-step multiplex molecular diagnostic assay pro-
vides consistent and reliable results.

Bats, which are the natural hosts of many viruses associ-
ated with emerging infectious diseases, including SARS-
CoVs, could have been the origin of past and ongoing human
pandemics, particularly through the involvement of interme-
diate hosts [31]. Furthermore, expansion of the host range of
the virus and the high rate of mutation have contributed to
the complex evolutionary dynamics of SARS-CoV-2 [32].
Epidemiological surveillance of SARS-CoVs, an important
initial step for the prevention of potential pandemic out-
breaks in humans, is necessary. Analysis of the number of
mismatches in primers/probes against SARS-CoV-2 and bat
SARS-related-CoV (Supplementary Table S1) and specific
tests using two bat SARS-like CoV strains (Table 2) sug-
gested that the novel multiplex RT-qPCR assay developed in
this study may have applications in detection of SARS-like
CoVs in human and bat samples.

In summary, we have developed a novel one-step multi-
plex RT-qPCR assay that could be used in clinical laborato-
ries to detect human-pathogenic SARS-like CoVs, including
SARS-CoV and SARS-CoV-2, and other SARS-like CoVs
from bats. This may contribute to the public health response
and disease control strategies in countries with limited labo-
ratory capacity.

@ Springer

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-022-05383-0.

Acknowledgements We thank Hyung-Jun Kwon (Korea Research
Institute of Bioscience and Biotechnology, South Korea) for excel-
lent technical assistance at the BL-3 facility, and Prof. Min-Suk
Song (Chungbuk National University, South Korea) for informative
discussions.

Author contributions Designed research and prepared the manuscript:
T.B.L., HKK., M.Z, SS.W, J.LAK., D.GJ., and S.W.Y. Performed
experiments: T.B.L., MJ.A., V.T.L., S.L., and Z.J. Contributed to
the preparation of clinical reagents: H.K.K., PK.B., S.K., and Y.S.K.
Drafted the paper: all authors. All authors have read and agreed to the
published version of the manuscript.

Funding This work was supported by grants from the KRIBB Initiative
Program, the BioNano Health-Guard Research Center funded by the
Ministry of Science, ICT & Future Planning (MSIP) of Korea as the
Global Frontier Project (grant no. H-GUARD 2013M3A6B2078954);
a grant from the National Research Foundation of Korea (NRF) funded
by the Korean government (grant no. 2020R1A2C2009262); and a
grant from the NRF funded by the Korean government (MSIT; grant
no. 2021M3A91208049511).

Declarations
Conflict of interest The authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. de Wit E, van Doremalen N, Falzarano D et al (2016) SARS and
MERS: recent insights into emerging coronaviruses. Nat Rev
Microbiol 14:523-534. https://doi.org/10.1038/nrmicro.2016.
81

2. Corman VM, Miiller MA, Costabel U et al (2012) Assays for
laboratory confirmation of novel human coronavirus (hCoV-
EMC) infections. Euro Surveill. https://doi.org/10.2807/ese.17.
49.20334-en

3. Corman VM, Muth D, Niemeyer D et al (2018) Hosts and sources
of endemic human Coronaviruses. Adv Virus Res 100:163-188.
https://doi.org/10.1016/bs.aivir.2018.01.001

4. Hussain I, Pervaiz N, Khan A et al (2020) Evolutionary and struc-
tural analysis of SARS-CoV-2 specific evasion of host immunity.
Genes Immun. https://doi.org/10.1038/s41435-020-00120-6

5. Zhu N, Zhang D, Wang W et al (2020) A novel coronavirus from
patients with pneumsonia in China, 2019. N Engl J Med 382:727-
733. https://doi.org/10.1056/NEJM0a2001017


https://doi.org/10.1007/s00705-022-05383-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.2807/ese.17.49.20334-en
https://doi.org/10.2807/ese.17.49.20334-en
https://doi.org/10.1016/bs.aivir.2018.01.001
https://doi.org/10.1038/s41435-020-00120-6
https://doi.org/10.1056/NEJMoa2001017

Development of novel emerging coronavirus RT-qPCR assays

879

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

World Health Organization (WHO) Coronavirus. Geneva: WHO
2020, https://www.who.int/health-topics/coronavirus.

Corman VM, Landt O, Kaiser M et al (2020) Detection of 2019
novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Sur-
veill. https://doi.org/10.2807/1560-7917.e5.2020.25.3.2000045
Chen CJ, Hsieh LL, Lin SK et al (2020) Optimization of the CDC
protocol of molecular diagnosis of COVID-19 for timely diagno-
sis. Diagnostics (Basel). https://doi.org/10.3390/diagnostics 1005
0333

Chu DKW, Pan Y, Cheng SMS et al (2020) Molecular diagno-
sis of a Novel Coronavirus (2019-nCoV) causing an outbreak of
pneumonia. Clin Chem 66:549-555. https://doi.org/10.1093/clinc
hem/hvaa029

Li S, Lin L, Wang H et al (2003) The epitope study on the SARS-
CoV nucleocapsid protein. Genom Proteom Bioinform 1:198-
206. https://doi.org/10.1016/s1672-0229(03)01025-8

Chan JF, Yip CC, To KK et al (2020) Improved molecular diag-
nosis of COVID-19 by the novel, highly sensitive and specific
COVID-19-RdRp/Hel Real-time reverse transcription-PCR assay
validated in vitro and with clinical specimens. J Clin Microbiol.
https://doi.org/10.1128/jcm.00310-20

Yip CC, Ho CC, Chan JF et al (2020) Development of a Novel,
Genome Subtraction-Derived, SARS-CoV-2-Specific COVID-19-
nsp2 Real-Time RT-PCR Assay and Its Evaluation Using Clinical
Specimens. Int J Mol Sci. https://doi.org/10.3390/ijms21072574
Fang Y, Zhang H, Xie J et al (2020) Sensitivity of chest CT for
COVID-19: comparison to RT-PCR. Radiology 296:E115-e117.
https://doi.org/10.1148/radiol.2020200432

Kirchdoerfer RN, Cottrell CA, Wang N et al (2016) Pre-fusion
structure of a human coronavirus spike protein. Nature 531:118—
121. https://doi.org/10.1038/nature 17200

Wu A, Peng Y, Huang B et al (2020) Genome composition and
divergence of the Novel Coronavirus (2019-nCoV) originating in
China. Cell Host Microbe 27:325-328. https://doi.org/10.1016/j.
chom.2020.02.001

Yoshimoto FK (2020) The proteins of severe acute respiratory
syndrome Coronavirus-2 (SARS CoV-2 or n-COV19), the cause
of COVID-19. Protein J 39:198-216. https://doi.org/10.1007/
$10930-020-09901-4

Chan JF, Yuan S, Kok KH et al (2020) A familial cluster of pneu-
monia associated with the 2019 novel coronavirus indicating
person-to-person transmission: a study of a family cluster. Lancet
395:514-523. https://doi.org/10.1016/s0140-6736(20)30154-9
Zhen W, Berry GJ (2020) Design of a novel multiplex real time
RT-PCR assay for SARS-CoV-2 detection. bioRxiv. https://doi.
org/10.1101/2020.06.04.135608

Mahtarin R, Islam S, Islam MJ et al (2020) Structure and dynam-
ics of membrane protein in SARS-CoV-2. J Biomol Struct Dyn.
https://doi.org/10.1080/07391102.2020.1861983

Spackman E, Senne DA, Myers TJ et al (2002) Development of
a real-time reverse transcriptase PCR assay for type A influenza
virus and the avian H5 and H7 hemagglutinin subtypes. J Clin
Microbiol 40:3256-3260. https://doi.org/10.1128/jcm.40.9.3256-
3260.2002

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wise MG, Suarez DL, Seal BS et al (2004) Development of a
real-time reverse-transcription PCR for detection of newcastle dis-
ease virus RNA in clinical samples. J Clin Microbiol 42:329-338.
https://doi.org/10.1128/jcm.42.1.329-338.2004

World Health Organization (WHO) Diagnostic detection of
2019-nCoV by real-time RT-PCR. Geneva: WHO 2020, Preprint
at https://www.who.int/docs/default-source/coronaviruse/proto
col-v2-1

Le TB, Kim HK, Na W et al (2020) Development of a multiplex
RT-qPCR for the detection of different clades of Avian Influenza
in poultry. Viruses. https://doi.org/10.3390/v12010100

Park C, Lee J, Hassan Zu et al (2020) Robust and sensitive detec-
tion of SARS-CoV-2 using PCR based methods. bioRxiv. https://
doi.org/10.1101/2020.07.03.186304

Noh JY, Yoon SW, Kim DJ et al (2017) Simultaneous detection
of severe acute respiratory syndrome, Middle East respiratory
syndrome, and related bat coronaviruses by real-time reverse
transcription PCR. Arch Virol 162:1617-1623. https://doi.org/
10.1007/s00705-017-3281-9

Reed LJ, Muench H (1938) A simple method of estimating fifty
per cent endpoints12. Am J Epidemiol 27:493-497. https://doi.
org/10.1093/oxfordjournals.aje.al 18408

Dovas CI, Papanastassopoulou M, Georgiadis MP et al (2010)
Detection and quantification of infectious avian influenza A
(H5N1) virus in environmental water by using real-time reverse
transcription-PCR. Appl Environ Microbiol 76:2165-2174.
https://doi.org/10.1128/aem.01929-09

Ge XY, Li JL, Yang XL et al (2013) Isolation and characteriza-
tion of a bat SARS-like coronavirus that uses the ACE2 receptor.
Nature 503:535-538. https://doi.org/10.1038/nature 12711

Wan Y, Shang J, Graham R et al (2020) Receptor recognition by
the novel Coronavirus from Wuhan: an analysis based on decade-
long structural studies of SARS coronavirus. J Virol. https://doi.
org/10.1128/jvi.00127-20

Yang XL, Hu B, Wang B et al (2015) Isolation and characteriza-
tion of a novel bat coronavirus closely related to the direct pro-
genitor of severe acute respiratory syndrome coronavirus. J Virol
90:3253-3256. https://doi.org/10.1128/jvi.02582-15

Liu P, Jiang JZ, Wan XF et al (2020) Are pangolins the interme-
diate host of the 2019 novel coronavirus (SARS-CoV-2)? PLoS
Pathog 16:¢1008421. https://doi.org/10.1371/journal.ppat. 10084
21

Patterson EI, Elia G, Grassi A et al (2020) Evidence of exposure
to SARS-CoV-2 in cats and dogs from households in Italy. Nat
Commun 11:6231. https://doi.org/10.1038/s41467-020-20097-0

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://www.who.int/health-topics/coronavirus
https://doi.org/10.2807/1560-7917.es.2020.25.3.2000045
https://doi.org/10.3390/diagnostics10050333
https://doi.org/10.3390/diagnostics10050333
https://doi.org/10.1093/clinchem/hvaa029
https://doi.org/10.1093/clinchem/hvaa029
https://doi.org/10.1016/s1672-0229(03)01025-8
https://doi.org/10.1128/jcm.00310-20
https://doi.org/10.3390/ijms21072574
https://doi.org/10.1148/radiol.2020200432
https://doi.org/10.1038/nature17200
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1007/s10930-020-09901-4
https://doi.org/10.1007/s10930-020-09901-4
https://doi.org/10.1016/s0140-6736(20)30154-9
https://doi.org/10.1101/2020.06.04.135608
https://doi.org/10.1101/2020.06.04.135608
https://doi.org/10.1080/07391102.2020.1861983
https://doi.org/10.1128/jcm.40.9.3256-3260.2002
https://doi.org/10.1128/jcm.40.9.3256-3260.2002
https://doi.org/10.1128/jcm.42.1.329-338.2004
https://www.who.int/docs/default-source/coronaviruse/protocol-v2-1
https://www.who.int/docs/default-source/coronaviruse/protocol-v2-1
https://doi.org/10.3390/v12010100
https://doi.org/10.1101/2020.07.03.186304
https://doi.org/10.1101/2020.07.03.186304
https://doi.org/10.1007/s00705-017-3281-9
https://doi.org/10.1007/s00705-017-3281-9
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1128/aem.01929-09
https://doi.org/10.1038/nature12711
https://doi.org/10.1128/jvi.00127-20
https://doi.org/10.1128/jvi.00127-20
https://doi.org/10.1128/jvi.02582-15
https://doi.org/10.1371/journal.ppat.1008421
https://doi.org/10.1371/journal.ppat.1008421
https://doi.org/10.1038/s41467-020-20097-0

	Diagnostic performance and clinical feasibility of a novel one-step RT-qPCR assay for simultaneous detection of multiple severe acute respiratory syndrome coronaviruses
	Abstract
	Introduction
	Materials and methods
	Primer and probe design for RT-qPCR
	Viruses and viral RNA samples
	SARS-CoV-2 propagation
	One-step multiplex RT-qPCR assay
	Determination of the detection limit based on in vitro-transcribed RNA and SARS-CoV-2 virions
	Collection of human clinical samples

	Results
	Primer and probe design for RT-qPCR
	Specificity of the multiplex RT-qPCR assay
	Detection limit of the multiplex RT-qPCR assay based on in vitro-transcribed mRNA and SARS-CoV-2 virions
	Multiplex RT-qPCR of human clinical samples

	Discussion
	Acknowledgements 
	References




