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The current pandemic caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) exemplifies the critical need for rapid diagnostic assays to prompt
intensified virological monitoring both in human and wild animal populations.
To date, there are no clinical validated assays for pan-SARS-coronavirus
(pan-SARS-CoV) detection. Here, we suggest an innovative primer design strategy
for the diagnosis of pan-SARS-CoVs targeting the envelope (E) gene using reverse
transcription-quantitative polymerase chain reaction (RT-gPCR). Furthermore, we
developed a new primer—probe set targeting human B»-microglobulin (B2M) as
an RNA-based internal control for process efficacy. The universal RT-gPCR assay
demonstrated no false-positive amplifications with other human coronaviruses
or 20 common respiratory viruses, and its limit of detection (LOD) was 159.16
copies/ml at 95% detection probability. In clinical validation, the assay delivered
100% sensitive results in the detection of SARS-CoV-2-positive oropharyngeal
samples (n = 120), including three variants of concern (Wuhan, Delta, and
Omicron). Taken together, this universal RT-qPCR assay provides a highly sensitive,
robust, and rapid detection of SARS-CoV-1, SARS-CoV-2, and animal-derived
SARS-related CoVs.

KEYWORDS

molecular diagnostics, SARS-CoV-2, animal coronaviruses, SARS, COVID-19, real-time
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Introduction

Emerging and reemerging coronaviruses pose serious threats to global health. In
December 2019, a cluster of patients suffering from unidentified pneumonia was recognized
in Wuhan, China (Zhu et al, 2020). A novel coronavirus was later isolated from a
patient’s bronchoalveolar-lavage fluid and designated as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) by the International Committee on Taxonomy of Viruses
(ICTV; Gorbalenya et al, 2020; Wu et al, 2020a). The coronavirus disease 2019
(COVID-19) pandemic has spread rapidly and devastated nearly the entire world, marking
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the third introduction of a highly contagious coronavirus into the
human population in the twenty-first century (Drosten et al., 2003;
Zaki et al., 2012; Wu et al., 2020b).

The genome of SARS-CoV-2 is ~29-30kb in length including
the 3/- and 5'-untranslated regions, and the genes toward the
3’-end encode key structural proteins of the spike (S), envelope
(E), membrane (M), and nucleocapsid (N; Yan et al., 2020). S
protein contains major immunogenic epitopes, which directly bind
to angiotensin-converting enzyme 2 (ACE2) for host invasion in
a similar manner as SARS-CoV (Raj et al.,, 2013; Kesheh et al,
2022). Since the RNA genome of SARS-CoV-2 is prone to mutate
in the replication process, a number of noteworthy mutants have
been identified including Alpha (Leung et al., 2020), Beta (Makoni,
2021), Gamma (Faria et al, 2021), Delta (Singh et al, 2021),
and Omicron mutants (Cui et al., 2022). Among them, several
mutations in the S protein have been reported to confer enhanced
infection efficiency and immune evasion ability (Harvey et al,
2021; Liu et al, 2022; Malato et al, 2022). The genetic and
antigenic diversity in SARS-CoV-2 inevitably complicates medical
countermeasures to constrain the ongoing pandemic.

Moreover, SARS-CoV-2 is speculated to have a zoonotic origin
and maintained in a sylvatic cycle of transmission between wild
mammals and cave-dwelling bats as assumed for SARS-CoV-1
(2003; Calisher et al., 2006; Zhou et al., 2020). SARS-CoV-2 may
transmit to humans directly through an unknown intermediate
mammalian host, such as a pangolin (Johansen et al, 2020).
The ubiquitous shedding of coronaviruses in bats and wild
animals, along with the anthropogenic interference with natural
ecosystems, may facilitate the emergence of a hypothetical SARS-
CoV-3 or novel SARS-related CoVs to cause large outbreaks on an
international scale (Wang and Anderson, 2019; Irving et al., 2021;
Lauring and Hodcroft, 2021; Shivaprakash et al., 2021). From this
perspective, the development of an accurate and rapid diagnostic
assay to curb the spread of SARS-CoV-2 and improve the capacity
for emergency management is urgently needed.

Currently, several kinds of COVID-19 diagnostic tests are
available in clinical settings with variable diagnostic accuracy,
including molecular assays and antigen detection assays. While
the virus has been detected using a variety of immunodiagnostic
methods such as immunofluorescent, chemiluminescent, lateral
flow, and enzyme-linked immunosorbent assays, few have been
widely adopted for large-scale testing due to inconsistent accuracy
and heterogeneous sensitivity (Fong et al, 2020). Nucleic
acid testing by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) remains the gold standard technique
for COVID-19 diagnosis (Liu et al, 2020; Sharfstein et al,
2020). Previous virological studies have made modified assays
with specific oligonucleotide probes to achieve SARS-CoV-2
discrimination, but these strategies may not suffice to detect
SARS-CoV-1 or SARS-related CoVs. In addition, these RT-qPCR
assays generally lack or simply employ DNA as intrinsic control,
which cannot minimize the RT-qPCR failure caused by the reverse
transcription step. Therefore, the objective of this study is to
develop a robust pan-SARS-CoV assay with the optimization of
an RNA-based internal control. This universal RT-qPCR assay may
have greater potential for the routine surveillance of SARS-CoV-2
variants and to predict future emerged/reemerged SARS-related
CoVs or SARS-CoV-1 for global preparedness.
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Materials and methods

Viruses

Respiratory viruses including SARS-CoV-2 (Wuhan, Delta,
and Omicron variants), common human coronaviruses (229E,
OC43, NL63, and HKU1), human rhinovirus (HRV), measles
virus (MV), human bocavirus (HBoV), human metapneumovirus
(HMPV), respiratory syncytial viruses (RSV-A and RSV-B),
parainfluenza viruses (PIV1-4), influenza A viruses (H;N; and
H3N,), influenza B viruses (Victoria and Yamagata subtypes),
mumps virus (MUV), and rubella virus (RV) were stored by
Zhejiang Provincial Center for Disease Control and Prevention.
The SARS-CoV-2 isolate stock [1 x 10° 50% tissue culture
infective doses (TCIDsp)/ml] was titrated on Vero E6 cells
as previously described (Gao et al, 2020). All viruses were
stored at —80°C until use. The collection, transportation,
storage, and detection of viruses were strictly followed by the
SARS-CoV-2 Laboratory Biosafety Guidelines (Second Edition;
National Health Commission, 2020) and the Technical Guide for
Laboratory Testing of COVID-19 (Ninth Edition; National Health
Commission, 2022) issued by the General Office of National Health
Commission. All SARS-CoV-2 culture or nucleic acid extraction
work was performed in a biological safety cabinet of the biosafety
level-3 laboratory.

Nucleic acid extraction

Total nucleic acids were extracted from 200 ! of viral cultures
using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s specifications. The extracts were eluted into 50
pl of DNase- and RNase-free water, followed by storing at —80°C
until assayed for RNA quantitation.

Primer and probe design for
pan-SARS-CoVs

Full-length sequences of SARS-CoV-1, SARS-CoV-2, and
animal-derived SARS-like CoV were retrieved from the GISAID
database (https://gisaid.org/) and GenBank database (https://
www.ncbi.nlm.nih.gov/genbank/; Supplementary Table 1).
These sequences and SARS-CoV-2 primers and probes from
worldwide available panels (Table 1) were included in the
alignment and systematically analyzed the impact of their
nucleotide mismatches on pan-SARS-CoVs detection using
DNAMAN version 6.0 software. After homology comparisons,
conserved DNA segments that cover all downloaded sequences
were selected as candidates for primer and probe design.
Conserved positions were then evaluated for their role in the
GC content, amplicon size, melting temperature (Tm), homo
and heterodimerization of the primers, and presence of GC
clamps at the 3’-end to fulfill the primer and probe design
criteria. Three primer-probe pairs (pan-SARS-E, pan-SARS-N,
and pan-SARS-ORFlab) targeting the nucleocapsid protein (N),
envelope protein (E), and open reading frame (ORF) lab genes
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TABLE 1 Summary of publicly available primer and probe sequences used for SARS-CoV-2 RT-qPCR assays.

Country Target gene  Primer and probe name  Sequence (5 — 3’) References
China ORF-1ab CDC-F CCCTGTGGGTTTTACACTTAA China_CDC, 2020
CCDC-P FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQL
CCDC-R ACGATTGTGCATCAGCTGA
N CDC-N-F GGGGAACTTCTCCTGCTAGAAT China_CDC, 2020
CDC-N-P FAM-TTGCTGCTGCTTGACAGATT-TAMRA
CDC-N-R CAGACATTTTGCTCTCAAGCTG
ORF-1b HKU-F TGGGGYTTTACRGGTAACCT Chu etal,, 2020
HKU-P TAGTTGTGATGCWATCATGACTAG
HKU-R AACRCGCTTAACAAAGCACTC
N HKU-F TAATCAGACAAGGAACTGATTA Chu et al., 2020
HKU-P GCAAATTGTGCAATTTGCGG
HKU-R CGAAGGTGTGACTTCCATG
USA N USA-F-1 GACCCCAAAATCAGCGAAAT US_CDC, 2020b
USA-P-1 FAM-ACCCCGCATTACGTTTGGTGGACC-BHQI
USA-R-1 TCTGGTTACTGCCAGTTGAATCTG
N USA-F-2 TTACAAACATTGGCCGCAAA US_CDC, 2020b
USA-P-2 FAM-ACAATTTGCCCCCAGCGCTTCAG-BHQI
USA-R-2 GCGCGACATTCCGAAGAA
N USA-F-3 GGGAGCCTTGAATACACCAAAA US_CDC, 2020b
USA-P-3 FAM-AYCACATTGGCACCCGCAATCCTG-BHQI
USA-R-3 TGTAGCACGATTGCAGCATTG
German RdRp GER-F GTGARATGGTCATGTGTGGCGG Corman et al., 2020
GER-P1 CAGGTGGAACCTCATCAGGAGATGC
GER-P2 CCAGGTGGWACRTCATCMGGTGATGC
GER-R CARATGTTAAASACACTATTAGCATA
E GER-F ACAGGTACGTTAATAGTTAATAGCGT Corman et al., 2020
GER-P FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ
GER-R ATATTGCAGCAGTACGCACACA
N GER-F CACATTGGCACCCGCAATC Corman et al., 2020
GER-P FAM-ACTTCCTCAAGGAACAACATTGCCA-BBQ
GER-R GAGGAACGAGAAGAGGCTTG
Paris RdRp Paris-IP2-F ATGAGCTTAGTCCTGTTG Institute Pasteur P, 2020
Paris-IP2-R CTCCCTTTGTTGTGTTGT
Paris-1P2-P Hex-AGATGTCTTGTGCTGCCGGTA-BHQ-1
RdRp Pairs-IP4-F GGTAACTGGTATGATTTCG Institute Pasteur P, 2020
Pairs-IP4-R CTGGTCAAGGTTAATATAGG
Pairs-1P4-P FAM-TCATACAAACCACGCCAGG-BHQ-1
Japan N Jap-F AAATTTTGGGGACCAGGAAC Nao et al., 2020
Jap-R TGGCAGCTGTGTAGGTCAAC
Jap-P FAM-ATGTCGCGCATTGGCATGGA-BHQI
Thailand N Thailand-F CGTTTGGTGGACCCTCAGAT Li etal., 2020
Thailand-R CCCCACTGCGTTCTCCATT
Thailand-P FAM-CAACTGGCAGTAACCA-BQH1
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TABLE 2 Primer and probe sequences designed for real-time RT-PCR detection of pan-SARS-CoVs.

Target gene Primer and probe Length Sequence (5" — 3')
name (bp)
ORF-1ab Pan-SARS-ORFlab-F 24 GGAAAGGTTATGGCTGTAGTTGTG
Pan-SARS-ORFlab-R 18 CCGCACGGTGTAAGACGG
Pan-SARS-ORFlab-P 24 FAM-AACGGGTTTGCGGTGTAAGTGCAG-BHQI
E Pan-SARS-E-F 19 ACACTAGCCATCCTTACTG
Pan-SARS-E-R 20 CACGTTAACAATATTGCAGC
Pan-SARS-E-P 21 FAM-CGCTTCGATTGTGTGCGTACT-BHQ1
N Pan-SARS-N-F 19 ACATTGGCACCCGCAATCC
Pan-SARS-N-R 20 GCTTGACTGCCGCCTCTGCT
Pan-SARS-N-P 25 FAM-CGTGCTACAACTTCCTCAAGGAACA-BHQ1
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were selected as candidate gene regions for further characterization
(Table 2).

Primer and probe design for
internal control

The human housekeeping gene, P,-microglobulin (B2M),
was applied as an endogenous internal control. Its RNA-
based primers and probe were designed to span introns to
differentiate or eliminate the amplification interference caused
by human background DNA. The B2M sequence (Accession No:
NG_012920.2) and its corresponding mRNA sequence (Accession
No: NM_004048.3) were retrieved from the GenBank (https://
www.ncbinlm.nih.gov/genbank/) database. Sequence analysis was
performed by SnapGene and DNAMAN version 6.0 software to
identify the starting locus of retained exons. Using B2M mRNA
as a template, upstream and downstream primers were designed

Frontiers in Microbiology

in two distinct exon regions, and the probe was designed to span
two exons. The principle of internal control designing and the
primer—probe sequences for B2M amplification is illustrated in
Figure 1.

Primer and probe selection

All candidate RT-qPCR assays independently tested one
COVID-19-confirmed clinical sample using PrimeScript™
RT-PCR (Perfect Real-time) kit (TaKaRa Biotechnology, Japan)
by three times to screen the optimum primer-probe set. Each
assay was performed in a 25 pl reaction volume containing
12.5 ul of buffer, 0.5 pl of TaKaRa Ex Taqg™ HS, 0.5 ul of
enzyme mix, 0.48 uM of each primer, 0.24 uM probe, 5 pl of
RNase-free water, and 5 pl of RNA template. Amplifications
were performed on a 7500 Fast Real-Time PCR system (Applied

Biosystems, Waltham, MA, United States) using the following
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conditions: 10min at 42°C for reverse transcription, 2min at
95°C for initial denaturation, followed by 45 cycles of 95°C for
10s and 55°C for 30s. The fluorescence signal was acquired at
the end of each annealing step. The cycle threshold value (Ct)
and fluorescence intensity of designed primer-probe sets were
recorded and compared. The candidate assay yielded the lowest
Ct-value, and the strongest fluorescence response was selected for
further analysis.
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Reaction system optimization

To ensure the sensitivity of RT-qPCR, orthogonal experiments
were performed to obtain the optimal concentration of selected
primers and probes. The RT-qPCR tests were performed
using PrimeScriptTM RT-PCR (Perfect Real-time) kit (TaKaRa
Biotechnology, Japan), and the amplification cycle was the same as
described above.
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Assay specificity and sensitivity analysis

The nucleic acid extracts of SARS-CoV-2 strains and other
common respiratory viruses were used as templates to assess the
specificity of the pan-SARS-CoV RT-qPCR assay. The nucleic acid
extraction of SARS-CoV-2 cell culture isolates was then used to
generate standard curves with 10-fold serial dilutions, and each
dilution was tested by RT-qPCR assay using both pan-SARS-E and
GER-E primer-probe sets for sensitivity comparison. The analytical
sensitivity was first determined by the amplification of serial 2-fold
dilution of quantified RNA transcripts in 20 replicates/dilution. A
commercial quality control product of SARS-CoV-2 with known
RNA concentration (Fantasia Biopharma Co. Ltd., China) was
selected as a template. PCR water was used as a negative control.
Its corresponding limit of detection (LOD) was defined as the
concentration (copies/ml) of the lowest dilution at which all
replicates could be detected with >95% probability.

Clinical validation

The clinical performance of the universal RT-qPCR assay was
parallelly compared with the commercial diagnostic kit (Fosun
Diagnostics Co. Ltd., China), which identified the ORFIab, N, and E
genes specifically for SARS-CoV-2. Primer-probe set of GER-E was
also used as a reference for the comparison of clinical performance.
A total of 120 remnants of the specimens (oropharyngeal swabs)
with low viral load and relatively high C;-value (~Ci-value of 30)
were collected from routine monitoring with clinically confirmed
COVID-19. The panel included the latest variants of SARS-CoV-2
such as Wuhan-positive (n = 50), Omicron-positive (n = 60), and
Delta-positive (n = 10) samples. All patients provided informed
consent in accordance with the Declaration of Helsinki.

Statistical analysis

The result of the RT-qPCR test was considered positive when
an exponential fluorescent curve crossed the threshold within 40
cycles. Sensitivity was defined as the proportion of SARS-CoV-
2 samples that were detected positive by the RT-qPCR assay;
specificity was defined as the proportion of other respiratory viral
samples that were tested negative by the RT-qPCR assay. LOD was
calculated by a probit regression analysis with a 95% probability
endpoint. A 95% confidence interval was provided by the Wilson
score method. All statistical analyses were performed using SPSS
version 18.0 (Chicago, IL, USA). A p-value of 0.05 was considered
the minimum level for statistical significance.

Results

Primer and probe-template mismatches
analysis

As coronaviruses evolve, nucleotide substitutions can occur

in primer or probe binding regions and alter the efficiency of
RT-qPCR assays. To make a PCR amplification minimally affected
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by mutations, complete sequences of SARS-CoV-1, SARS-CoV-2
variants, and animal-derived SARS-like CoVs were downloaded
from GenBank and GISAID databases, resulting in a final list
of 54 sequences. The primer-probe sequences of three candidate
assays and several agencies published for SARS-CoV-2 diagnosis
were aligned to these 54 genome sequences in silico for mismatch
examination. Coverage analysis indicated that mismatches were
widely distributed in primer and probe binding regions, with a
median of 20 nucleotide mismatches for each published primer—
probe set (Figure 2A). Publicly available SARS-CoV-2 testing assays
displayed significantly more mismatches against the sequences of
SARS-CoV-1 or animal-associated SARS-like CoVs than SARS-
CoV-2 strains (Figure 2B, Supplementary Figure 1). Conversely,
the candidate assay of pan-SARS-E had 100% agreement with
the 54 sequences, confirming the good matching of newly
designed primers to selected sequences (Figure 2C). Another
two candidate assays, pan-SARS-N and pan-SARS-ORF1ab, only
showed four and one nucleotide mismatches in binding domains,
respectively (Supplementary Figure 2). Of note, the primer—probe
set of GER-E (Corman et al, 2020) was highly conserved
showing only two mismatches and was selected for later reaction
performance comparison.

Primer and probe selection for the
pan-SARS-CoV RT-gqPCR assay

To validate the diagnostic abilities, the sensitivity of three
candidate assays was evaluated by testing SARS-CoV-2 RNA. The
mean Ct values were calculated to be 25.72 for pan-SARS-E, 27.92
for pan-SARS-N, and 26.41 for pan-SARS-ORFlab. All assays were
highly sensitive, with the strongest fluorescence intensity achieved
by the pan-SARS-E assay (Figure 3A). In the presence of B2M
internal control, the fluorescence signal of pan-SARS-E remained
high for the detection of COVID-19-confirmed human clinical
samples and did not generate an interference signal (Figure 3B).
Therefore, the pan-SARS-E assay was designated for subsequent
optimization and evaluation.

Optimization of primer and probe
concentrations

To avoid probe limitation and ensure maximum sensitivity,
the optimal primer-probe conditions for detecting pan-SARS-
CoVs were assessed using an orthogonal experimental design.
A primer-probe optimization matrix was prepared in which the
concentrations of the primers and probes were independently
varied and combinatorically tested (Supplementary Table 2).
Results showed that the amplification reaction had the lowest
Ct-values when the primer-to-probe concentration ratio was 0.4
WM:0.4 LWM:0.3 uM (forward:reverse:probe). Taking into account
the PCR mixture used in commercial testing kits, the newly
designed reaction system was determined to contain 12.5 pl of
buffer, 0.5 1l of TaKaRa Ex Taq™ HS, 0.5 ul of RT-qPCR enzyme
mixture, 1 pl of 10 M E gene forward primer, 1 pl of 10 pnM
E gene reverse primer, 0.75 pl of 10 wM E gene probe, 0.5 pl of
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Analytical specificity and sensitivity of the
universal RT-qPCR assay

The specificity of newly designed primers and probes was first
evaluated in silico to verify the absence of significant sequence
homologies with other respiratory pathogens or human genomes.
Then, 20 respiratory viruses that included influenza A (H;N; and
H3N3), influenza B (Victoria and Yamagata subtypes), different
types of PIVs, RSV-A and RSV-B, HRV, MV, HBoV, HMPV, MUYV,
RV, and other common human coronaviruses, such as 229E, OC43,
NL63, and HKUI, were tested by the pan-SARS-E assay following
the same RT-qPCR conditions. All tested results were found to be
highly specific for our intended targets without the detection of
non-target viruses.

To investigate the sensitivity of the optimized RT-qPCR system,
we made a direct comparison between the pan-SARS-E assay
and GER-E assay, whose primer-probe set exhibited broadly
specific features in mismatch analysis. Empirical sensitivity was first
evaluated by using a 10-fold serial dilution of quantified SARS-
CoV-2 RNAs (ranging from 10* to 107! TCIDsp/ml). Both assays
revealed a strong correlation between RNA concentrations and
Ct values (Figure 4A). However, in the same concentration, the
pan-SARS-E assay had stronger fluorescence intensity and low C;
value than the GER-E assay, indicating that our newly designed
RT-qPCR assay was superior to German-published primer-probe
set for pan-SARS-CoV detection. We also tested a 2-fold serial
dilution of quantified SARS-CoV-2 RNA in 20 replicates/dilution.
All 20 tests using quantified RNA at 500 and 250 copies/ml yielded
positive results, while 15 and 9 out of 20 tests at 125 copies/ml and
62.5 copies/ml were positive, respectively (Supplementary Table 3).
None of the samples using quantified RNA could be detected at
31.25 copies/ml. The LOD of the pan-SARS-E assay was calculated
as 159.16 copies/ml of quantified RNA with a 95% probability.
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Clinical evaluation

To further evaluate the diagnostic performance of this novel
assay, 120 oropharyngeal swab samples including SARS-CoV-
2 Wuhan (n = 50), Delta (n = 10), and Omicron (n = 60)
variants were obtained from patients with laboratory-confirmed
COVID-19 and were tested using by our novel RT-qPCR assay.
The sensitivity of the newly established assay (pan-SARS-E) was
assessed and compared to two published primer-probe sets (GER-
E and Fosun-E) which also identified the E gene. The pan-SARS-E
assay exhibited a more significant diagnostic capacity than the
other two primer-probe sets and was able to detect 100% of
the Wuhan, Delta, and Omicron samples (Figure 4B). All Delta-
positive samples had detectable signals for the SARS-CoV-2 E
gene regardless of assay types, whereas two Wuhan-positive and
one Omicron-positive samples failed to be amplified by neither
GER-E nor Fosun-E assay (Table 3). Meanwhile, the B2M internal
control was detected in all clinical samples suggesting a good
diagnostic performance.

Discussion

The COVID-19 pandemic offers the most recent tragedy
when a pathogenic SARS-like sarbecovirus emerges in the human
population. Currently, RT-qPCR remains the gold standard for
coronavirus detection. Many published primer-probe sets based
on real-time detection techniques were provided for SARS-CoV-
2 diagnosis (China_CDC, 2020; Corman et al., 2020; Lieberman
et al,, 2020; US_CDC, 2020a). The outcomes of these SARS-
CoV-2 RT-qPCR assays are comparable in sensitivities and can
be detected at 500 viral RNA copies per reaction (Vogels et al,
2020). Despite the effectiveness of currently used SARS-CoV-2
diagnostic assays, lessons learned from the COVID-19 pandemic
unveil a pressing need to expand the diagnostic landscape for
risk monitoring. Since this pandemic was heralded by the 2003
SARS epidemic which promoted the discovery of animal-derived
SARS-like CoVs, reliable and inexpensive diagnostic assays which
enable both monitoring the circulating SARS-CoV-2 variants and
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Performance validation of the universal RT-qPCR (pan-SARS-E) assay and approved primer-probe sets for SARS-CoV-2 detection. (A) Comparative
PCR efficiency of pan-SARS-E and GRE-E assays for testing 10-fold serial dilutions of quantified SARS-CoV-2 RNA. (B) Ct-value comparison among
pan-SARS-E, GRE-E, and Fosun-E assays for the testing of COVID-19-confirmed clinical samples. Ct-values of the clinical samples with no
fluorescent signals were considered 40. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance.

TABLE 3 Comparison of universal RT-qPCR and commercially available RT-qPCR assays for detection of COVID-19 confirmed clinical specimens.

SARS-CoV-2 variants Number of samples

Sensitivity (%)

Pan-SARS-E GER-E
Wuhan 50 100 96 96
95% CI° 91.11-100 85.14-99.30 85.14-99.30
Delta 10 100 100 100
95% Cl 46.29-100 46.29-100 46.29-100
Omicron 60 100 98.33 98.33
95% Cl 92.50-100 89.86-99.91 89.86-99.91

2Commercial COVID-19 detection kit produced by Fosun Diagnostics contains specific primer-probe sets that identify the E, N, ORFlab genes as domain targets, respectively. Only the results

targeting the E gene were used as reference for clinical performance comparison.
5959 CI, 95% confidence interval.

helping against future pandemics are increasingly required for the
international community.

To the best of our knowledge, this is the first RT-qPCR-
based assay that was intentionally established for the simultaneous
detection of SARS-CoV-1, SARS-CoV-2, and other SARS-like
sarbecoviruses to improve the early identification of future
emerging novel coronaviruses from this high-risk subgenus or
reemerging SARS-CoV-1. The clinical laboratory can adopt a two-
tier approach by first attempting to confirm infections using the
new pan-SARS-E assay, and subsequently using species-specific
assays on clinically suspicious cases to rule out SARS-CoV-2
infections. The diagnostic workflow of the novel RT-qPCR assay is
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summarized in Figure 5, including the steps and decisions required
to perform pan-SARS-CoV detection.

The success of this novel RT-qPCR assay depends first and
foremost on the inherent design of pan-SARS-CoV primers.
Correct selection and stable hybridization are prerequisites for
a primer extension by DNA polymerase. Mismatches affect
the stability of primer-template duplex and may alter PCR
performance, particularly arising mismatches located in the 3/-
end of the primer have a profound detrimental effect on sequence
annealing and amplification (Bru et al., 2008; Klungthong et al.,
20105 Stadhouders et al., 2010). For example, the reverse primer
of RARp-SARSr (Charité) primer-probe set has one mismatch
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toward circulating SARS-CoV-2, leading to lower sensitivity and
reproducibility than other commonly used SARS-CoV-2 RT-qPCR
assays (Corman et al., 2020). We first in silico evaluated published
primers and probes for SARS-CoV-2 testing against various pan-
SARS-CoV sequences. The numerous mismatches among aligning
primer and probe sequences with the genomes of SARS-CoV-1
and animal-associated SARS-like CoVs demonstrated that existing
detection methods were unsatisfactory to achieve pan-SARS-CoV
discrimination. The primary exception to this was the primer—
probe set developed by German with the E gene target (GER-
E), which only had two mismatches and was accordingly chosen
for subsequent assessments. To increase discrimination power and
amplify more pan-SARS-CoV subtypes, we attempted to deduce
broadly specific targets that cover alignments as many as possible.
Based on conserved regions, three distinct assays (pan-SARS-E,
pan-SARS-N, and pan-SARS-ORFlab) were initially established.
Then, we performed a parallel assessment of these candidate
RT-qPCR assays to detect SARS-CoV-2. The pan-SARS-E assay
revealed the strongest signal response probably due to its
degenerate nucleotides exactly matching all reference sequences
in primer-probe binding regions. The pan-SARS-E assay with
the Sarbecovirus-specific E gene target was, in turn, established
by optimizing the reaction system and validated in accordance
with the analytical procedures. The optimized pan-SARS-E assay
can not only sensitively detect transcripts at levels as low as
159.16 copies/ml but also show no cross-reactivity toward a panel
of other common respiratory viruses. During clinical validation,
all comparable assays demonstrated high sensitivity above 90%,
a “designable sensitivity” threshold set by the World Health
Organization (2020); however, our pan-SARS-E assay exhibited
superior plasticity to the published primer—probe sets (GRE-E and
Fosun-E) with respect to the detection of SARS-CoV-2 variants.
Moreover, our results supported that the novel RT-qPCR assay
had a great clinical performance compared with prior published

Frontiers in Microbiology

diagnostic assays with the E gene target to detect SARS-CoV-2
variants (E1 Wahed et al., 2021; Cherkaoui et al., 2022).

This universal RT-qPCR assay also incorporated a B2M
internal control, a stable housekeeping gene commonly used
for quantitative gene expression analyses (Stamova et al., 2009;
Stephens et al., 2011). Internal controls are essential in diagnostic
assays to monitor extraction efficiencies and potential PCR
inhibitions. While the clinical identification of SARS-CoV-2 using
the RT-qPCR method is fairly routine, many laboratories remain
faced with strong or mild inhibitors that could impede the
amplification of the target (Tali et al., 2021). The specimen type,
viral load, transport media, and RNA extraction method are all
accounting factors to affect the extent of PCR inhibition in routine
examinations which cannot be predicted (Wong and Medrano,
2005; Luebke et al., 2020; Ambrosi et al., 2021; Beltran-Pavez et al.,
2021). To ensure PCR accuracy, the B2M internal control was
added in a half-load concentration of the designed primer-probe set
targeting the E gene to avoid amplification interference. Another
novelty of the current approach was the application of RNA-
based internal control to circumvent the problems associated with
potential errors and differences generated during cDNA synthesis
reactions (Huggett et al., 2005).

Our study inevitably had limitations to consider. The number
of oropharyngeal samples for each variant was unequal due to
the different circulation features of each SARS-CoV-2 lineage and
limited access to obtain clinical samples during the pandemic.
Ideally, future studies would be prospective, including SARS-
CoV-1-positive samples and SARS-related CoV-positive samples
stemming from bats or pangolin to theoretically ensure diagnostic
sensitivity. Additional comparisons among multiple types of
COVID-confirmed specimens may also be useful for clinical
performance validation.

Given the unpredictability of the reemergence/emergence
of SARS and other novel coronaviruses from animals or
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laboratories, this study served as a compelling example with
the enhanced testing capacity to improve prognosis. The universal
RT-qPCR assay for pan-SARS-CoV diagnosis demonstrated
high sensitivity and specificity for detecting 159.16 RNA
copies/ml with no observed false-positive reactivity, and
its included human B2M primer-probe allows for quality
control of the whole procedure. This advanced diagnostic
technique will ensure continued support for public health,
clinical management, and infection prevention and control for
SARS-CoV-2 monitoring, as well as provide advice for future

pandemic preparedness.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies using human clinical samples were reviewed
and approved by the Ethics Committee of the Zhejiang
Provincial Center for Disease Control and Prevention. Collection,
transportation, storage, and detection of oropharyngeal swabs
were strictly followed by the SARS-CoV-2 Laboratory Biosafety
Guidelines. All patients provided their written informed consent
to participate in this study.

Author contributions

CX and LF: conceptualization and writing—review and editing.
BY, JZ, and YZ: methodology. BY, LE and JZ: software and
writing—original draft. BY, SH, and MW: resources. JN, BY, CX,
and LF: data analysis. LF and JZ: project administration. LF,

References

Ambrosi, C., Prezioso, C., Checconi, P., Scribano, D., Sarshar, M., Capannari, M.,
etal. (2021). SARS-CoV-2: Comparative analysis of different RNA extraction methods.
J. Virol. Methods 287, 114008. doi: 10.1016/j.jviromet.2020.114008

Beltran-Pavez, C., Alonso-Palomares, L. A., Valiente-Echeverria, F., Gaggero,
A, Soto-Rifo, R., and Barriga, G. P. (2021). Accuracy of a RT-qPCR SARS-CoV-
2 detection assay without prior RNA extraction. J. Virol. Methods 287, 113969.
doi: 10.1016/j.jviromet.2020.113969

Bru, D., Martin-Laurent, F., and Philippot, L. (2008). Quantification of the
detrimental effect of a single primer-template mismatch by real-time PCR using
the 16S rRNA gene as an example. Appl. Environ. Microb. 74, 1660-1663.
doi: 10.1128/AEM.02403-07

Calisher, C. H., Childs, J. E., Field, H. E., Holmes, K. V., and Schountz, T. (2006).
Bats: Important reservoir hosts of emerging viruses. Clin. Microbiol. Rev. 19, 531.
doi: 10.1128/CMR.00017-06

Cherkaoui, D., Heaney, J., Huang, D., Byott, M., Miller, B. S., Nastouli, E., et al.
(2022). Clinical validation of a rapid variant-proof RT-RPA assay for the detection of
SARS-CoV-2. Diagnostics 12, 1263. doi: 10.3390/diagnostics12051263

China_CDC (2020). Specifc Primers and Probes for Detection of 2019 Novel
Coronavirus. Available online at: https://ivdc.chinacde.cn/kyjz/202001/t20200121
211337.html (accessed January 21, 2020).

Frontiers in Microbiology

10.3389/fmicb.2023.1181097

CX, and JZ: funding acquisition. All authors contributed to the
manuscript and approved the submitted version.

Funding

This study was supported by the Zhejiang Provincial
(LGC22H200002),
Zhejiang Provincial Medical Science and Technology Platform
Project (2021KY122), National Health Commission Scientific
Research Project (WKJ-ZJ-2112), China Postdoctoral Science
Foundation (2020T130104ZX), and Zhejiang Postdoctoral Science
Foundation (Z]J2020027).

Basic Commonweal Research Project

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.
1181097/full#supplementary-material

Chu, D. K. W,, Pan, Y., Cheng, S. M. S., Hui, K. P. Y,, Krishnan, P, Liu, Y., et al.
(2020). Molecular diagnosis of a novel coronavirus (2019-nCoV) causing an outbreak
of pneumonia. Clin. Chem. 66, 549-555. doi: 10.1093/clinchem/hvaa029

Corman, V. M,, Landt, O., Kaiser, M., Molenkamp, R., Meijer, A., Chu, D.
K., et al. (2020). Detection of 2019 novel coronavirus (2019-nCoV) by real-
time RT-PCR. Eurosurveillance 25, 2000045. doi: 10.2807/1560-7917.ES.2020.25.3.
2000045

Cui, Z., Liu, P., Wang, N., Wang, L., Fan, K,, Zhu, Q,, et al. (2022). Structural
and functional characterizations of infectivity and immune evasion of SARS-CoV-2
Omicron. Cell 185, 860-871.e13. doi: 10.1016/j.cell.2022.01.019

Drosten, C., Gunther, S., Preiser, W., van der Werf, S., Brodt, H. R., Becker, S., et al.
(2003). Identification of a novel coronavirus in patients with severe acute respiratory
syndrome. N. New. Engl. J. Med. 348, 1967-1976. doi: 10.1056/NEJM0a030747

El Wahed, A. Patel, P, Maier, M., Pietsch, C., Ruester, D., Boehlken-
Fascher, S., et al. (2021). Suitcase lab for rapid detection of SARS-CoV-2 based
on recombinase polymerase amplification assay. Anal. Chem. 93, 2627-2634.
doi: 10.1021/acs.analchem.0c04779

Faria, N. R., Mellan, T. A., Whittaker, C., Claro, I. M., Candido, D. D. S., Mishra,
S.N. R, et al. (2021). Genomics and epidemiology of the P.1 SARS-CoV-2 lineage in
Manaus, Brazil. Science 372, 815-821. doi: 10.1126/science.abh2644

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1181097
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1181097/full#supplementary-material
https://doi.org/10.1016/j.jviromet.2020.114008
https://doi.org/10.1016/j.jviromet.2020.113969
https://doi.org/10.1128/AEM.02403-07
https://doi.org/10.1128/CMR.00017-06
https://doi.org/10.3390/diagnostics12051263
https://ivdc.chinacdc.cn/kyjz/202001/t20200121_211337.html
https://ivdc.chinacdc.cn/kyjz/202001/t20200121_211337.html
https://doi.org/10.1093/clinchem/hvaa029
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.1016/j.cell.2022.01.019
https://doi.org/10.1056/NEJMoa030747
https://doi.org/10.1021/acs.analchem.0c04779
https://doi.org/10.1126/science.abh2644
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Yu et al.

Fong, C. H.-Y., Cai, J.-P., Dissanayake, T. K., Chen, L.-L., Choi, C. Y.-K,,
Wong, L.-H,, et al. (2020). Improved detection of antibodies against SARS-CoV-2 by
microsphere-based antibody assay. Int. J. Mol. Sci. 21, 6595. doi: 10.3390/ijms21186595

Gao, Q. Bao, L, Mao, H, Wang, L, Xu, K, Yang, M, et al. (2020).
Development of an inactivated vaccine candidate for SARS-CoV-2. Science 369, 77.
doi: 10.1126/science.abc1932

Gorbalenya, A. E., Baker, S. C., Baric, R. S., de Groot, R. ., Drosten, C., Gulyaeva, A.
A, et al. (2020). The species severe acute respiratory syndrome-related coronavirus:
classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol. 5, 536-544.
doi: 10.1038/s41564-020-0695-z

Harvey, W. T, Carabelli, A. M., Jackson, B., Gupta, R. K., Thomson, E. C., Harrison,
E. M, et al. (2021). SARS-CoV-2 variants, spike mutations and immune escape. Nat.
Rev. Microbiol. 19, 409-424. doi: 10.1038/s41579-021-00573-0

Huggett, J., Dheda, K. Bustin, S., and Zumla, A. (2005). Real-time RT-
PCR normalisation; strategies and considerations. Genes. Immun. 6, 279-284.
doi: 10.1038/sj.gene.6364190

Institute Pasteur P (2020). Real-Time RT-PCR Assays for the Detection of SARS-
CoV-2. Available online at: https://www.who.int/docs/default-source/coronaviruse/
real-time-rt- pcr-assays- for-the- detection- of- sars- cov- 2- institut- pasteur- paris.pdf?
stvrsn=3662fcb6_2 (accessed June 25, 2021).

Irving, A. T., Ahn, M., Goh, G., Anderson, D. E., and Wang, L.-F. (2021).
Lessons from the host defences of bats, a unique viral reservoir. Nature 589, 363-370.
doi: 10.1038/s41586-020-03128-0

Johansen, M. D., Irving, A., Montagutelli, X., Tate, M. D., Rudloff, I., Nold, M.
F., et al. (2020). Animal and translational models of SARS-CoV-2 infection and
COVID-19. Mucosal. Immunol. 13, 877-891. doi: 10.1038/s41385-020-00340-z

Kesheh, M. M., Hosseini, P., Soltani, S., and Zandi, M. (2022). An overview
on the seven pathogenic human coronaviruses. Rev. Med. Virol. 32, e2282.E
doi: 10.1002/rmv.2282

Klungthong, C., Chinnawirotpisan, P., Hussem, K., Phonpakobsin, T.,
Manasatienkij, W., Ajariyakhajorn, C., et al. (2010). The impact of primer and probe-
template mismatches on the sensitivity of pandemic influenza A/HIN1/2009 virus
detection by real-time RT-PCR. J. Clin. Virol. 48, 91-95. doi: 10.1016/j.jcv.2010.03.012

Lauring, A. S., and Hodcroft, E. B. (2021). Genetic variants of SARS-CoV-2-what do
they mean? J. Am. Med. Assoc. 325, 529-531. doi: 10.1001/jama.2020.27124

Leung, K., Shum, M. H.,, Leung, G. M., Lam, T. T., and Wu, J. T. (2020). Early
transmissibility assessment of the N501Y mutant strains of SARS-CoV-2 in the
United Kingdom, October to November 2020. Eur. Surveill. 26, 2002106(2002202.
doi: 10.1101/2020.12.20.20248581

Li, D.,, Zhang, J., and Li, J. (2020). Primer design for quantitative real-time
PCR for the emerging Coronavirus SARS-CoV-2. Theranostics 10, 7150-7162.
doi: 10.7150/thno.47649

Lieberman, J. A., Pepper, G., Naccache, S. N., Huang, M.-L., Jerome, K. R,
and Greninger, A. L. (2020). Comparison of commercially available and laboratory-
developed assays for In vitro detection of SARS-CoV-2 in clinical laboratories. J.Clin.
Microbiol. 58, 20. doi: 10.1128/JCM.00821-20

Liu, L., Iketani, S., Guo, Y., Chan, J. F., Wang, M., Liu, L., et al. (2022). Striking
antibody evasion manifested by the Omicron variant of SARS-CoV-2. Nature 602,
676-681. doi: 10.1038/s41586-021-04388-0

Liu, R, Han, H,, Liu, F.,, Lv, Z,, Wu, K,, Liu, Y., et al. (2020). Positive rate
of RT-PCR detection of SARS-CoV-2 infection in 4880 cases from one hospital in
Wuhan, China, from Jan to Feb 2020. Clin. Chim. Acta. 130, 9. doi: 10.1016/j.cca.2020.
03.009

Luebke, N., Senff, T., Scherger, S., Hauka, S., Andrée, M., Adams, O., et al
(2020). Extraction-free SARS-CoV-2 detection by rapid RT-qPCR universal for all
primary respiratory materials. J. Clin. Virol. 130, 104579. doi: 10.1016/j.jcv.2020.
104579

Makoni, M. (2021). South Africa responds to new SARS-CoV-2 variant. Lancet 397,
267. doi: 10.1016/S0140-6736(21)00144-6

Malato, J., Ribeiro, R. M., Leite, P. P., Casaca, P., Fernandes, E., Antunes, C.,
et al. (2022). Risk of BA.5 infection among persons exposed to previous SARS-CoV-2
variants. N. Engl. ]. Med. 387, 953-954. doi: 10.1056/NEJMc2209479

Nao, N., Shirato, K., Katano, H., Matsuyama, S., and Takeda, M. (2020). Detection of
Second Case of 2019-nCoV Infection in Japan. Available online at: https://www.niid.go.
jp/niid/en/2019-ncov-e/9334-ncov-vir3-2.html (accessed April 19, 2023).

National Health Commission (2020). New Coronavirus Laboratory Biosafety
Guidelines.  Available online at:  http://www.nhc.gov.cn/qjjys/s7948/202001/
0909555408d842a58828611dde2e6a26.shtml (accessed January 23, 2020).

Frontiersin Microbiology

11

10.3389/fmicb.2023.1181097

National Health Commission (2022). New Coronavirus Pneumonia
Prevention and Control Program, 9th Edn. Available online at: http://
www.nhc.gov.cn/jkj/s3577/202206/de224e7784fe4007b7189c1f1c9d5e85/files/
504a946at7e744tb9ad7eb1e0f1f9923 (accessed June 28, 2022).

Raj, V. S., Mou, H., Smits, S. L., Dekkers, D. H., Miiller, M. A, Dijkman, R,
et al. (2013). Dipeptidyl peptidase 4 is a functional receptor for the emerging human
coronavirus-EMC. Nature 495, 51-254. doi: 10.1038/nature12005

Sharfstein, J. M., Becker, S. J., and Mello, M. M. (2020). Diagnostic testing for the
novel coronavirus. J. Am. Med. Assoc. 323, 1437-1438. doi: 10.1001/jama.2020.3864

Shivaprakash, K. N., Sen, S., Paul, S., Kiesecker, J. M., and Bawa, K. S. (2021).
Mammals, wildlife trade, and the next global pandemic. Curr. Biol. 31, 3671.
doi: 10.1016/j.cub.2021.06.006

Singh, J., Rahman, S. A., Ehtesham, N. Z,, Hira, S., and Hasnain, S. E. (2021).
SARS-CoV-2 variants of concern are emerging in India. Nat. Med. 27, 1131-1133.
doi: 10.1038/s41591-021-01397-4

Stadhouders, R., Pas, S. D., Anber, J., Voermans, J., Mes, T. H. M., and
Schutten, M. (2010). The effect of primer-template mismatches on the detection and
quantification of nucleic acids using the 5 nuclease assay. J. Mol. Diagn. 12, 109-117.
doi: 10.2353/jmoldx.2010.090035

Stamova, B. S., Apperson, M., Walker, W. L., Tian, Y., Xu, H., Adamczy, P., et al.
(2009). expression studies in human peripheral blood. BMC Med. Genomics 2, 49.
doi: 10.1186/1755-8794-2-49

Stephens, A. S., Stephens, S. R, and Morrison, N. A. (2011). Internal control genes
for quantitative RT-PCR expression analysis in mouse osteoblasts, osteoclasts and
macrophages. BVMC Res. Notes 4, 410-410. doi: 10.1186/1756-0500-4-410

Tali, S. H. S., LeBlang, J. J., Sadiq, Z., Oyewunmi, O. D., Camargo, C., Nikpour,
B., et al. (2021). Tools and techniques for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)/COVID-19 detection. Clin. Microbiol. Rev. 34, 20.
doi: 10.1128/CMR.00228-20

US_CDC (2020a). 2019-Novel Coronavirus (2019-nCoV) Real-time rRT-PCR
Panel: Primers and Probes. Available online at: https://stacks.cdc.gov/view/cdc/84525
(accessed August 08, 2022).

US_CDC (2020b). Research Use Only 2019—Novel Coronavirus (2019-nCoV)
Real-Time RT-PCR Primers and Probes. Available online at: https://www.cdc.gov/
coronavirus/2019-ncov/lab/rt-pcr-panel-primer- probes.html (accessed November 14,
2022).

Vogels, C. B. F., Brito, A. F, Wyllie, A. L, Fauver, J. R, Ott, I. M,
Kalinich, C. C., et al. (2020). Analytical sensitivity and efficiency comparisons
of SARS-CoV-2 RT-qPCR primer-probe sets. Nat. Microbiol. 5, 1299-1305.
doi: 10.1038/s41564-020-0761-6

Wang, L.-F., and Anderson, D. E. (2019). Viruses in bats and potential spillover to
animals and humans. Curr. Opin. Virol. 34, 79-89. doi: 10.1016/j.coviro.2018.12.007

Wong, M. L., and Medrano, J. F. (2005). Real-time PCR for mRNA quantitation.
Biotechniques 39, 75-85. doi: 10.2144/05391RV01

World Health Organization (2020). COVID-19 Target Product Profiles for Priority
Diagnostics to Support Response to the COVID-19 Pandemic v.1.0. Available online
at:  https://www.who.int/publications/m/item/covid- 19- target- product- profiles- for-
prioritydiagnostics-to- support-response-to- the-covid- 19-pandemic-v.0.1 (accessed
September 14, 2022).

Wu, F,, Zhao, S, Yu, B, Chen, Y.-M., Wang, W., Song, Z.-G., et al. (2020a). A

new coronavirus associated with human respiratory disease in China. Nature 579, 265.
doi: 10.1038/s41586-020-2008-3

Wu, Y., Ho, W., Huang, Y., Jin, D.-Y,, Li, S., Liu, S.-L., et al. (2020b). SARS-
CoV-2 is an appropriate name for the new coronavirus. Lancet 395, 949-950.
doi: 10.1016/S0140-6736(20)30557-2

Yan, R, Zhang, Y., Li, Y., Xia, L., Guo, Y., and Zhou, Q. (2020). Structural basis for
the recognition of SARS-CoV-2 by full-length human ACE2. Science 367, 1444-1448.
doi: 10.1126/science.abb2762

Zaki, A. M., van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D. M. E., and
Fouchier, R. A. M. (2012). Isolation of a novel coronavirus from a man with pneumonia
in Saudi Arabia. New Engl. J. Med. 367, 1814-1820. doi: 10.1056/NEJMoal211721

Zhou, P., Yang, X.-L., Wang, X.-G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A
pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature
579, 270. doi: 10.1038/s41586-020-2012-7

Zhu, N., Zhang, D., Wang, W, Li, X,, Yang, B., Song, J., et al. (2020). China novel
coronavirus investigating and research team. A novel coronavirus from patients with
pneumonia in china, 2019. N. Engl. J. Med. 382, 727-733. doi: 10.1056/NEJM0a2001017

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1181097
https://doi.org/10.3390/ijms21186595
https://doi.org/10.1126/science.abc1932
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/sj.gene.6364190
https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2
https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2
https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2
https://doi.org/10.1038/s41586-020-03128-0
https://doi.org/10.1038/s41385-020-00340-z
https://doi.org/10.1002/rmv.2282
https://doi.org/10.1016/j.jcv.2010.03.012
https://doi.org/10.1001/jama.2020.27124
https://doi.org/10.1101/2020.12.20.20248581
https://doi.org/10.7150/thno.47649
https://doi.org/10.1128/JCM.00821-20
https://doi.org/10.1038/s41586-021-04388-0
https://doi.org/10.1016/j.cca.2020.03.009
https://doi.org/10.1016/j.jcv.2020.104579
https://doi.org/10.1016/S0140-6736(21)00144-6
https://doi.org/10.1056/NEJMc2209479
https://www.niid.go.jp/niid/en/2019-ncov-e/9334-ncov-vir3-2.html
https://www.niid.go.jp/niid/en/2019-ncov-e/9334-ncov-vir3-2.html
http://www.nhc.gov.cn/qjjys/s7948/202001/0909555408d842a58828611dde2e6a26.shtml
http://www.nhc.gov.cn/qjjys/s7948/202001/0909555408d842a58828611dde2e6a26.shtml
http://www.nhc.gov.cn/jkj/s3577/202206/de224e7784fe4007b7189c1f1c9d5e85/files/504a946af7e744fb9ad7eb1e0f1f9923
http://www.nhc.gov.cn/jkj/s3577/202206/de224e7784fe4007b7189c1f1c9d5e85/files/504a946af7e744fb9ad7eb1e0f1f9923
http://www.nhc.gov.cn/jkj/s3577/202206/de224e7784fe4007b7189c1f1c9d5e85/files/504a946af7e744fb9ad7eb1e0f1f9923
https://doi.org/10.1038/nature12005
https://doi.org/10.1001/jama.2020.3864
https://doi.org/10.1016/j.cub.2021.06.006
https://doi.org/10.1038/s41591-021-01397-4
https://doi.org/10.2353/jmoldx.2010.090035
https://doi.org/10.1186/1755-8794-2-49
https://doi.org/10.1186/1756-0500-4-410
https://doi.org/10.1128/CMR.00228-20
https://stacks.cdc.gov/view/cdc/84525
https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html
https://doi.org/10.1038/s41564-020-0761-6
https://doi.org/10.1016/j.coviro.2018.12.007
https://doi.org/10.2144/05391RV01
https://www.who.int/publications/m/item/covid-19-target-product-profiles-for-prioritydiagnostics-to-support-response-to-the-covid-19-pandemic-v.0.1
https://www.who.int/publications/m/item/covid-19-target-product-profiles-for-prioritydiagnostics-to-support-response-to-the-covid-19-pandemic-v.0.1
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1016/S0140-6736(20)30557-2
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1056/NEJMoa2001017
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Development of a universal real-time RT-PCR assay for detection of pan-SARS-coronaviruses with an RNA-based internal control
	Introduction
	Materials and methods
	Viruses
	Nucleic acid extraction
	Primer and probe design for pan-SARS-CoVs
	Primer and probe design for internal control
	Primer and probe selection
	Reaction system optimization
	Assay specificity and sensitivity analysis
	Clinical validation
	Statistical analysis

	Results
	Primer and probe-template mismatches analysis
	Primer and probe selection for the pan-SARS-CoV RT-qPCR assay
	Optimization of primer and probe concentrations
	Analytical specificity and sensitivity of the universal RT-qPCR assay
	Clinical evaluation

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


