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Abstract
Background  During the coronavirus disease 2019 (COVID-19) pandemic, the simultaneous detection of severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and Influenza A, and Influenza B viruses is essential for rapid 
differential diagnosis in patients with similar symptoms, especially during “flu season” in the post-pandemic era. So 
far, several multiplex methods have been approved for the simultaneous detection of SARS-CoV-2, Influenza A, and 
Influenza B. However, due to the rapid mutation rate of the SARS-CoV-2 genome and the emergence of new variants, 
existing methods must be improved and updated.

Methods  To identify a highly conserved region in the SARS-CoV-2 N-gene, a genomic survey was performed to 
increase the sensitivity and specificity of primer and probe sets targeting the SARS-CoV-2 genome. The 95% LLOD 
(95% lower limits of detection) were calculated by probit analysis. A total of 70 predetermined clinical samples using 
singleplex RT-qPCR assays, were included. The clinical performance of the multiplex RT-qPCR assay was determined 
and compared with a commercial multiplex kit. The Cohen’s kappa coefficient, P-value (McNemar’s test), Passing-
Bablok regression, and Bland Altman agreement analysis were determined to monitor the agreement of the assays.

Results  The novel SARS-CoV-2 primer and probe set designed in this assay was able to detect all variants of concern 
(VOCs) and variants of interest (VOIs) with high analytical and clinical performance. The 95% LLOD for the multiplex 
RT-qPCR was 20 copies per reaction for the N gene of SARS-CoV-2, 2 copies per reaction for M1 gene of Influenza A 
and NS1 gene of Influenza B. The diagnostic sensitivity of the multiplex RT-qPCR was 94.4%, 93.7%, and 100% for the 
detection of SARS-CoV-2, Influenza A, and Influenza B genomes, respectively. Moreover, the specificity was identical 
(100%) in both assays. According to the agreement analysis results, there was no statistical difference between our 
multiplex assay and the commercial kit.

Conclusions  In this study, we developed a novel in-house made multiplex RT-qPCR assay, with high sensitivity, 
specificity, and reliability for the diagnosis of SARS-CoV-2 infection in clinical samples. This is valuable during Influenza 
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Introduction
SARS-CoV-2, Influenza A, and Influenza B are signifi-
cant global health threats with the potential of causing 
economic, medical, and severe public health crises with 
millions of infections and deaths throughout the world. 
These viruses are the most important human patho-
gens and usually cause mild upper respiratory diseases 
that spread rapidly among people [1–5]. We now criti-
cally needed an accurate and readily available molecular 

diagnostic technique to screen and identify patients 
infected with these pathogens. As a significant trait that 
influences their infectivity and COVID-19 pandemic pat-
terns, Influenza viruses have been known to be important 
causative agents of co-infection in patients, which rise 
mainly in the flu season. Viral co-infections with COVID-
19 disease are known as a major cause of morbidity and 
mortality and can pose a challenge to healthcare provid-
ers because they have very similar clinical features [6–9]. 
However, individuals infected with SARS-CoV-2 have a 
longer incubation period (2–14 days) until the onset of 
clinical symptoms compared to individuals infected with 
influenza A and B [10]. In light of this fact, the design and 
development of an in-house made one-step multiplex 
RT-qPCR can help accurately diagnose and differentiate 
SARS-CoV-2 from other respiratory viruses to manage 
COVID-19 patients and reduce time and cost. Multiplex 
RT-qPCR is considered one of the best methods for the 
detection of SARS-CoV-2 and Influenza viruses in clinical 
samples using multiple primer and probe sets that bind 
different targets to specifically amplify it [11–13]. In this 
study, we aim to develop a robust method for a cheap and 
time-saving procedure to detect and differentiate SARS-
CoV-2 and Influenza A and B, and consequently, specific 
and timely treatment of patients, and also highlighted the 
pitfalls of the one-step multiplex RT-qPCR assay. For this 
purpose, SARS-CoV-2 genomic survey was performed to 
increase the sensitivity and specificity of the primer and 
probe binding to the SARS-CoV-2 genome.

Methods
In-silico studies for primer and probe set design
Nucleotide sequences of the SARS-CoV-2  N-gene 
(~ 43,000 sequences) were obtained from the NCBI data-
base (https://www.ncbi.nlm.nih.gov/sars-cov-2/, accessed 
on March 2022) and aligned to identify conserved and 
non-conserved regions. Usegalaxy server (https://use-
galaxy.org), Aliview software version 1.26, and MEGA10 
software were used for sequence editing and minor man-
ual adjustments. The selected sequences included Omi-
cron BA.3 (78 sequences), Theta (42 sequences), and the 
Wuhan reference sequence (40,000 sequences). There 
were 200 sequences for variants including Alpha, Beta, 
Gamma, Delta, Omicron BA.1, Omicron BA.2, Omicron 
BA.4, Omicron BA.5, Epsilon, Zeta, Eta, Iota, Kappa, and 
Lambda (Table  1). To gain insight into the alignment 
heterogeneity, we calculated the positional nucleotide 
numerical summary (PNNS) and entropy values (H(i)) by 
using the Alignment Explorer server (http://www1.szu.

seasons when influenza co-circulates with SARS-CoV-2, as it saves costs, time, and thus specific and timely treatment 
of patients.
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Table 1  Selected sequences related to variants of SARS-CoV-2 for 
multiple alignments
Variants Lineage Synonyms Origin /Date Selected 

Sequences
Reference 19 A Wuhan-

Hu-1, nCoV
China/ Dec 2019 40,000

Variant of 
concern 
(VOC)

Alpha B.1.1.7 United Kingdom/ 
December 2020

200

Beta B.1.351, 
B.1.351.2, 
B.1.351.3

South Africa/ 
December 2020

200

Gama P.1, 
B.1.1.28.1, 
P.1.1,P.1.2

Brazil/ January 
2021

200

Delta B.1.617.2, 
AY.1, 2

India/ May 2021 200

Omicron 
BA.1

BA.1 South Africa/ Dec 
2021

200

Omicron 
BA.2

BA.2 South Africa/ Dec 
2021

200

Omicron 
BA.3

BA.3 South Africa/ Dec 
2021

78

Omicron 
BA.4

BA.4 South Africa, Jan 
2022

200

Omicron 
BA.5

BA.5 South Africa, Jan 
2022

200

Variant of 
Interest 
(VOI)

Epsilon B.1.427, 
B.1.429

California/ July 
2020

200

Zeta P.2, 
B.1.1.28.2

Brazil/ Oct 2020 200

Eta B.1.525, United Kingdom/
Nigeria December 
2020

200

Theta P.3, 
B.1.1.28.3

Philippines/ Janu-
ary 2021

42

Iota B.1.526, 
21 F

United States/ 
November 2020

200

Kappa B.1.617.1 India/ December 
2020

200

Lambda C.37, 
B.1.1.1.C37

Peru/ August 2020 200

https://www.ncbi.nlm.nih.gov/sars-cov-2/
https://usegalaxy.org
https://usegalaxy.org
http://www1.szu.cz:8080/EntropyCalcWeb
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cz:8080/EntropyCalcWeb). The entropy plot was made by 
using Microsoft Excel. Specific primer and probe set for 
the detection of SARS-CoV-2, Influenza A, and Influenza 
B are shown in Table  2. When designing and selecting 
multiple PCR primer and probe sets for multiplex assay, 
it is important to consider the compatibility between 
primer and probe sets, such as dimerization of oligonu-
cleotides or secondary structures, GC content, primer 
and probe sets Tm, amplicon length, and oligonucle-
otides specificity. The IDT OligoAnalyzer™ tool (https://
www.idtdna.com/pages/tools/oligoanalyzer), Oligo (ver-
sion 7.60), and AlleleID 6 software were used for oligonu-
cleotides analysis. The presence of secondary structures 
in primer and probe binding sites can cause poor ampli-
fication efficiency; therefore we designed the primer and 
probe to hybridize to the cyclic structure. Secondary 
structure and primer-probe binding sites of the N gene 
predicted by the RNAfold web server (http://rna.tbi.uni-
vie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). We also 
aligned the N-gene of SARS-CoV-2 with other corona-
viruses such as SARS-CoV-1, MERS-CoV, HCoV-229E, 
HCoV-NL63, HCoV-HKU1, and HCoV-OC43 to identify 
conserved and non-conserved regions among coronavi-
ruses. A simple workflow for the design and development 
of our multiplex assay is shown in Fig. 1.

Construction of positive control plasmids
The SARS-CoV-2  N, Influenza A M1, and Influenza B 
NS1 amplicons were amplified by RT-PCR from positive 
clinical samples. Amplicons were cloned into the pUCM-
T vector using the BioBasic TA Cloning kit (BioBasic, 
Canada) according to the manufacturer’s instructions to 
obtain the appropriate plasmids. Purified plasmids were 
sequenced to confirm sequence accuracy (Supplemen-
tal Information 1) and were also used to test for their 
sensitivity and specificity in the conventional PCR and 
to derive standard curves for the multiplex RT-qPCR 
assay. Copy number (copies/µL) was calculated using 

the following equation: [C (ng/µL)*6.022 × 1023/ N*660 
(g/mol)*109 (ng/g)], in which C represents the concen-
tration of plasmid (ng/µL); N is the length of the plasmid 
(number of nucleotides), and 660 is the average mass of 
1 bp dsDNA [14].

SYBR Green real-time PCR
When designing multiplex RT-qPCR assays, it is critical 
to choose primers that are highly specific and do not pro-
duce primer dimers. Before multiplexing, all primer sets 
were tested under singleplex, duplex, triplex and quadru-
plex conditions using the SYBR Green RT-qPCR assay. 
The SYBR Green RT-qPCR assay was performed using 
the ABI StepOnePlus™ Real-Time PCR System (Applied-
Biosystems) in the presence of 2X SYBR-Green PCR 
Master Mix (Sinacolon, Iran). We carefully optimized the 
real-time PCR conditions to minimize primer dimer for-
mation by optimizing the primer concentration and the 
temperature using the melting curve analysis. Amplifica-
tions were performed in a final volume of 20µL, including 
5µL of positive control plasmids as a template. Cycling 
conditions were optimized according to the amplicon 
size and the Tm of primers, ending with a melting curve 
from 60 to 90 °C. Fluorescence was measured at the end 
of each cycle. After optimization, we performed SYBR 
Green real-time PCR amplification using the quantified 
SARS-CoV-2 positive control plasmid. Standard curves 
were generated by plotting Cycle threshold (Ct) versus 
plasmid copy number. Linear regression analysis was car-
ried out for the SARS-CoV-2 N gene.

TaqMan probe-based multiplex RT-qPCR assay condition
Multiplex RT-qPCR was optimized for all reactions and 
performed using the one-step RT-qPCR Master Mix 
(Pishtazteb co, Tehran, Iran), in ABI StepOnePlus™ Real-
Time PCR System (Applied-Biosystems). The reaction 
mixture (final volume: 20 µL) consists of 9 µL of RT-
qPCR solution, 0.225 µM of each SARS-CoV-2 and Rnase 

Table 2  Primers and probes used in our multiplex RT-qPCR
Assay 
Primer- probe

Target 
gene

Oligonucleotide Sequence (5’-3’) Tm (℃)* Amplicon 
size (nt)

Concentra-
tion (µM)

Ref.

S2V FP
RP
Probe

N TACAATGTAACACAACCTTTCGGC
GACCTATGTTTGTAATCAGTTCCT
TAMRA-CGTGGTACAGAACAAACCCAAGGTAATTTTG-BHQ2

63.7 60.7
67.8

104 0.225
0.225
0.8

This 
study

IAV FP
RP
Probe

M1 GACCRATCCTGTCACCTCTGAC
AGGGCATTYTGGACAAAKCGTCTA
FAM-TGCAGTCCTCGCTCACTGGGCACG-BHQ1

64
66
73

109 0.15
0.15
0.15

[31]

IBV FP
RP
Probe

NS1 TCCTCAAYTCACTCTTCGAGCG
CGGTGCTCTTGACCAAATTGG
JOE-CCAATTCGAGCAGCTGAAACTGCGGTG-BHQ1

64
63.8
70.7

103 0.15
0.15
0.15

[32]

IC FP
RP
Probe

RNase P AGATTTGGACCTGCGAGCG
GAGCGGCTGTCTCCACAAGT
ROX-TTCTGACCTGAAGGCTCTGCGCG-BHQ2

64.4
66.2
70

65 0.225
0.225
0.5

 [11]

*Tm calculated with OligoAnalyzer Tool

http://www1.szu.cz:8080/EntropyCalcWeb
https://www.idtdna.com/pages/tools/oligoanalyzer
https://www.idtdna.com/pages/tools/oligoanalyzer
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi


Page 4 of 13Abbasi et al. BMC Microbiology          (2023) 23:335 

Fig. 1  A simple workflow for designing and developing of the multiplex assay. For these purposes, (1) in silico approaches, such as gene target selection, 
multiple alignments, sequences processing and primer-probe sets design, and (2) experimental methods, such as real time PCR optimization, and analyti-
cal and clinical evaluation of the assays are crucial
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P forward and reverse primers, 0.8 µM of the SARS-
CoV-2 probe, 0.15 µM of each Influenza A and Influenza 
B primers and probes sets, 0.5 µM of the probe for RNase 
P and 10µL of RNA template. The RNase P gene was used 
as an internal control for RNA extraction, sampling, and 
RT-qPCR process monitoring to avoid false-negative 
results. To monitor cross-dimer or contamination, we 
added nuclease-free water to negative control tubes. 
Thermal cycling conditions were performed as follows: 
20 min at 50 °C for reverse transcription, 3 min at 95 °C 
for PCR initiation activation, and 40 cycles of 95  °C 
for 10s (denaturation) and 55  °C for 35s (annealing/
extension).

LLOD (lower limits of detection) of the multiplex RT-qPCR 
assay
After optimizing primer and probe sets under different 
conditions (singleplex to multiplex) using positive con-
trol plasmids, we generated standard curves for all tar-
get genes. After diluting the plasmids in a 10-fold ratio 
(ranging from 3 × 105, 3 × 104, 3 × 103, 3 × 102, 3 × 101, 
3 × 100, and 0.3 copies per reaction), standard curves were 
generated by plotting Cycle threshold (Ct) versus plasmid 
copy number and linear regression analysis were car-
ried out for the N, M1, and NS1 gene targets. The ana-
lytical sensitivity of the multiplex RT-qPCR assay was 
measured by testing 10-fold serial dilutions of quanti-
fied standard plasmids containing SARS-CoV-2, Influ-
enza A, and Influenza B gene fragments. Each dilution 
was tested in triplicate by the multiplex RT-qPCR assay. 
The 95% lower limits of detection (95% LLOD) were cal-
culated using probit analysis. For the determination of 
95% LLOD, each dilution was tested in 6 replicates on 
two independent runs, and the lower limit of detection 
(LLOD) was defined as the concentration of copies/reac-
tion of the lowest dilution that could be detected with 
95% probability.

The precision of the multiplex RT-qPCR assay
Repeatability (intra-assay precision) and reproducibility 
(inter-assay precision) of the multiplex RT-qPCR assay 
were determined using three different concentrations 
(5 × 105, 5 × 103 and 5 × 101 copies per reaction) of each 
plasmid standard. For intra-assay, each dilution was ana-
lyzed in triplicate in one reaction, while for inter-assay; 
each dilution was analyzed in three independent reac-
tions on day 1, day 2, and day 3. Intra- and inter-assay 
were calculated for each dilution and expressed as % 
coefficients of variation (%CV).

Analytical specificity
We evaluated the analytical specificity of the multiplex 
assay by using common respiratory pathogens, includ-
ing Influenza A virus, Influenza B virus, SARS-CoV-2, 

Respiratory Syncytial Virus (A and B), Rhinovirus, Adeno-
virus (B and C) and Epstein-Barr virus (EBV).

Evaluation of clinical performance
For evaluation of the clinical performance, a total of 70 
archived predetermined respiratory swab specimens 
were subjected to the multiplex RT-qPCR assay. The sam-
ples were previously tested for SARS-CoV-2, Influenza A, 
and Influenza B by singleplex RT-qPCR diagnostic assays 
as the gold standard. The singleplex RT-qPCR tests were 
performed using the one-step RT-qPCR kit (Pishtaz Teb 
Diagnostics, Tehran, Iran), according to the manufac-
turer’s instructions. To validate the outcome of the multi-
plex RT-qPCR assay, we compared our results and tested 
the clinical samples with Viga SARS-CoV-2 and Influenza 
A/B molecular diagnostic kit (ROJE Technologies, Iran). 
Out of these samples, 18 were positive for SARS-CoV-2, 
16 were positive for influenza A, 10 were positive for 
influenza B, and 26 were negative for SARS-CoV-2 and 
influenza A and B. The specimens were placed into ster-
ile tubes containing 3ml of viral transport media (VTM) 
consisting of Hank’s balanced salt solution at pH 7.4 con-
taining BSA (1%), amphotericin (15  µg/mL), penicillin 
G (100 units/mL), and streptomycin (50  µg/mL). Viral 
RNA was extracted from 200 µL of the VTM by using an 
RNA extraction kit (RNJia kit, ROJE Technologies, Iran), 
and eluted in 60 µL of nuclease-free water. RNA extracts 
were stored at -70  °C for further analyses. The agree-
ment between our multiplex assay and the commercial 
multiplex kit was evaluated using Cohen’s kappa index, 
McNemar’s test (P-value), Passing-Bablok regression, 
and Bland Altman agreement analysis. Passing-Bablok 
regression was used to compare correlations Ct values in 
clinical samples between our multiplex assay and com-
mercial multiplex kit. Bland-Altman analysis was used to 
determine the bias and limits of agreement between the 
two assays, corresponding to the 95% CI of the mean bias 
of all paired measurements.

Testing of co-infections
To evaluate the performance of the current assay in cases 
with co-infections, we included and combined different 
viruses (containing of: SARS-CoV-2, Influenza A and 
Influenza B) with different Ct values. We prepared a total 
of 8 co-infected samples for SARS-CoV-2 and Influenza A 
and B viruses.

Statistical analysis
Statistical analysis including mean, standard deviation 
(SD), and coefficient of variation (CV %) for Ct values, 
box plot, and creating of entropy plot were performed 
using Microsoft Excel. Statistical analysis, including 
Probit regression analysis (at the 95% probability level 
to determine the detection limits), Passing-Bablok 
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regression, and Bland Altman agreement were per-
formed with MedCalc Statistical Software version 22.007 
(MedCalc Software Ltd, Ostend, Belgium; https://www.
medcalc.org). McNemar’s test and the kappa index were 
used to analyze the statistical difference and agreement 
between the methods by SPSS Version 22 (IBM Corp., 
USA). A P-value of < 0.05 was considered statistically 
significant.

Results
Primer and probe sets were specific to SARS-CoV-2, 
Influenza A, and Influenza B
In the first of the COVID-19 pandemic, all nucleotide 
sequences of the SARS-CoV-2 were obtained from Gen-
Bank that belong Wuhan strain. During the waves of the 
pandemic and the continuously evolving nature of SARS-
CoV-2, we added available nucleotide sequences of the 
variants (Alpha, Beta, Gama, Delta, Omicron BA.1, Omi-
cron BA.2, Omicron BA.2.12.1, Omicron BA.4, Omicron 
BA.5). The variability analysis of N gene sequences using 
positional nucleotide numerical summary calculation 

(PNNS) and entropy plot (Fig.  2a) shows that a highly 
conserved region (802–905  bp) was selected as SARS-
CoV-2 primer and probe annealing site. The compatibility 
analysis of primer and probe sets by in-silico approaches 
(IDT OligoAnalyzer™ and BLAST tools) showed some 
degree of homo- or hetero-dimerization. Therefore, we 
created primer/probe-template mismatches to reduce the 
possibility of cross-dimer formation between primer and 
probe sets. The mismatches are located at the 5′ ends of 
the N gene primers and probe.

The secondary structure of the N gene and the primer 
and probe binding sites are shown in Fig.  2b. Multiple 
sequence alignment confirmed that our proposed assay 
is specific for all subtypes of SARS-CoV-2, Influenza A, 
and Influenza B; no evidence of non–SARS-CoV-2, non- 
Influenza A, and non-Influenza B target matches was 
found (Fig. 3).

The multiple sequence alignment of SARS-
CoV-2  N-gene with other human coronaviruses showed 
that primer and probe binding sites were conserved 

Fig. 2  The variability analysis of aligned sequences and prediction of secondary structure of the N primers and probe annealing sites. After “Positional 
nucleotide numerical summary calculation” the entropy values were calculated for the entire of the N gene. The entropy plot was obtained by plotting 
the entropy values against the N gene positions. The variation per position is expressed by the column height. The conserved region as amplicon is shown 
with red line (a). The primers and probe designed to hybridized with cyclic structure (no stem structure) (b)

 

https://www.medcalc.org
https://www.medcalc.org
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among the SARS-CoV-2 variants, but not among other 
human coronaviruses (Supplemental information 2).

Optimization primer sets using SYBR Green Real-time PCR
Before optimization and creation of mismatches in 
SARS-CoV-2-N primers, electrophoresis and melting 
curve analysis of the amplified N gene using conventional 
RT-PCR and SYBR Green real-time PCR showed the 
presence of a primer dimer (Supplemental information 3 
(a)). After creating intentional mismatches and optimiz-
ing primer concentrations and cycling conditions under 

singleplex, duplex, triplex, and quadruplex conditions 
using SYBR Green real time-PCR, the primer dimer for-
mation was mitigated. The melting curves obtained for 
all conditions are shown in supplemental information 
3 (b-f ). The curves showed only one peak correspond-
ing to the amplification product, resulting in no primer 
dimmers. We also performed SYBR Green real-time PCR 
with N gene primers in duplicate using copy numbers of 
3 × 106, 3 × 105, 3 × 104, 3 × 103, 3 × 102 and 30 per reaction. 
The amplification plots, standard curve, and R2 score are 
summarized in supplemental information 3 (g). A linear 

Fig. 3  Alignment of SARS-CoV-2, Influenza A and Influenza B primer and probe sets with consensus sequences of SARS-CoV-2, Influenza A, and Influenza 
B subtypes
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regression relationship was observed with an R2 score of 
0.99 for the SARS-CoV-2 N gene.

The multiplex assay has a high analytical sensitivity
The results showed that the optimized SYBR Green real 
time-PCR using SARS-CoV-2-N primers under singleplex 
conditions can detect 30 copies per reaction of positive 
control plasmid. The analytical sensitivity of the single-
plex assays for Influenza A and Influenza B was deter-
mined to be 5 copies per reaction [31 and 32].

The obtained standard curves (E, slope, and R2 score) 
and amplification plots for the N, M1, and NS1 genes 
using the multiplex assay are summarized in Fig. 4. The 
R2 scores were determined as 0.988 for the N, 0.992 for 
M1, and 0.920 for the NS1 gene. The analytical sensitivity 
of the multiplex assay on standard plasmids were 30 cop-
ies for the SARS-CoV-2, and 3 copies for both Influenza A 
and B, which corresponds to averaged Ct values of 34.84, 
36.95, and 36.21 for N, M1, and NS1 genes, respectively 
(Supplemental information 4). These results were also in 
agreement with the singleplex real time-PCR assay. The 

95% LLOD was determined for each gene in our multi-
plex RT-qPCR assay by probit analysis using positive con-
trol plasmid dilutions. The 95% LLOD was calculated to 
be 20 copies per reaction for the N gene and 2 copies per 
reaction for the M1 and NS1 genes.

Intra- and inter-assay variability
The results of intra- and inter-assays (Table  3) for the 
multiplex detection of N, M1, and NS1 genes revealed 
that the coefficient of variation (CV%) was all < 5%, which 
suggested the multiplex RT-qPCR assay is an accurate 
and reliable diagnostic tool for detection of the viruses.

The primer and probe sets had high analytical specificity 
among other respiratory viruses
The specificity tests showed that no amplification signals 
were detected using our multiplex assay for all four respi-
ratory pathogens including respiratory syncytial virus 
(RSV), rhinovirus, adenovirus, and Epstein-Barr virus 
(EBV). We also observed no cross-reactivity among the 
three targets (SARS-CoV-2 and influenza A and B) within 

Table 3  Intra- and Inter-assay in multiplex detection of SARS-CoV-2 (N gene), Influenza A (M1 gene), and Influenza B (NS1 gene)
Copies of plasmid Gene Ct value in Intra-Assay Mean ± SD CV% Ct value in Inter-Assay Mean ± SD CV%

1 2 3 Day1 Day2 Day3
5 × 105 N 20.75 21.08 21.56 21.13 ± 0.40 1.93 20.27 20.58 21.68 20.84 ± 0.74 3.55

M1 19.89 19.30 19.30 19.49 ± 0.33 1.74 19.59 20.01 19.80 19.80 ± 0.21 1.06
NS1 18.47 18.46 18.41 18.45 ± 0.03 0.17 18.42 19.22 19.04 18.89 ± 0.42 2.22

5 × 103 N 26.49 25.43 26.63 26.18 ± 0.65 2.51 26.94 27.62 27.33 27.30 ± 0.34 1.25
M1 26.97 26.57 27.92 27.15 ± 0.69 2.55 25.45 26.42 26.28 26.05 ± 0.52 2.00
NS1 25.13 25.13 25.02 25.10 ± 0.06 0.24 26.81 25.93 26.84 26.53 ± 0.51 1.94

5 × 101 N 33.68 33.77 33.12 33.52 ± 0.35 1.05 33.77 35.71 34.81 34.76 ± 0.97 2.79
M1 33.52 31.00 33.09 32.54 ± 1.35 4.15 33.54 33.50 32.72 33.25 ± 0.46 1.39
NS1 31.12 32.39 31.58 31.69 ± 0.64 2.03 32.20 33.10 32.70 32.67 ± 0.45 1.38

Ct, Cycle threshold; SD, Standard Deviation; CV, Coefficient of Variation

Fig. 4  The standard curves and amplification plots of our multiplex assay. A 10- fold serial dilution of plasmid standards containing cloned target se-
quences was prepared. The standard curves and amplification plots of the SARS-CoV-2-N gene (A), standard curves and amplification plots of the Influenza 
A-M1 gene (B) and standard curves and amplification plots of the Influenza B-NS1 gene (C)
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the multiplex assays (Supplemental information 5). These 
results suggest that our multiplex assay has good speci-
ficity for all target genes (N, M1, and NS1). The respira-
tory pathogens were isolated from clinical specimens and 
collected from subjects tested for these pathogens. In 
this study, mean Ct values for respiratory syncytial virus 
(RSV), rhinovirus, adenovirus, and Epstein-Barr virus 
(EBV) were, 21.53 ± 3.65, 22 ± 3.20, 24 ± 2.25, and 28 ± 2.25 
respectively.

Our assay showed satisfactory clinical performance and 
agreement
The clinical performance of our proposed assay con-
firmed the high level of diagnostic sensitivity, specificity, 
accuracy, and agreement with reference singleplex RT-
qPCR assays. Of the 18 SARS-CoV-2 samples, one tested 
negative, and of the 16 Influenza A samples, one tested 
negative by our multiplex assay. In contrast, of the 18 

SARS-CoV-2 samples, two tested negative, and of the 16 
Influenza A samples, one tested negative by the commer-
cial multiplex kit. All 10 previously-tested Influenza B 
positive samples and 26 previously-tested negative sam-
ples were confirmed by both assays (Table  4) It should 
be noted that two clinical samples that were considered 
positive by the reference singleplex RT-qPCR assays were 
detected as negative by both multiplex methods. The 
samples with a Ct value of ≥ 37 are considered negative. 
The amplification curves of the clinical samples obtained 
by our multiplex assay are shown in supplemental infor-
mation 6. A comparison of the Ct values ​​of each assay for 
the N, M1, and NS1 genes is shown in Fig. 5. A compari-
son of the various parameters of the multiplex assay and 
the commercial kit is provided in the supplemental infor-
mation 7.

Using the clinical specimens previously tested by 
singleplex RT-qPCR assays, the sensitivity, specificity, 

Table 4  Comparison of our multiplex assay results versus with commercial multiplex kit in clinical samples
Virus Clinical samples confirmed by singleplex RT-qPCR 

assay
Agreement

Commercial multiplex kit Our multiplex assay

Number Number Ct mean Number Ct mean

Positive Negative Positive Negative positive Negative
SARS-CoV-2 18 26 16 26 20.34 17 26 21.62
IAV 16 26 15 26 21.19 15 26 22.56
IBV 10 26 10 26 17.13 10 26 17.16
Total 44 26 41 26 19.55 42 26 20.44
IAV, Influenza A Virus; IBV, Influenza B Virus

Fig. 5  Comparative analysis of Ct values between our multiplex assay and commercial multiplex kit using clinical samples. The average Ct value of the 
samples detected by our multiplex assay is slightly higher than the commercial multiplex kit. However, the results indicate that our primer and probe sets 
are favorable for simultaneous detection of SARS-CoV-2, Influenza A and Influenza B viruses
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accuracy, positive predictive values, and negative pre-
dictive values of our multiplex assay and the commercial 
multiplex kit were calculated (Table  5). The multiplex 
assay detected SARS-CoV-2, Influenza A, and Influenza B 
with sensitivity of 94.4%, 93.7%, and 100%, respectively. 
The sensitivity level of the commercial kit in detecting 
SARS-CoV-2, Influenza A, and Influenza B was 88.8%, 
93.7%, and 100%, respectively. The assay specificity for 
our multiplex assay and the commercial multiplex kit 
was 100%. The accuracy of the multiplex assay in detect-
ing SARS-CoV-2, Influenza A, and Influenza B was 97.7%, 
97.7%, and 100%, respectively, while the accuracy of the 
commercial kit was 95.4%, 97.7%, and 100%.

The agreement analysis results showed that there was 
no statistical difference between our multiplex assay and 

the commercial multiplex kit (McNemar’s test, P-value 
˃ 0.05). Also, the Cohen’s kappa coefficient calculated in 
our multiplex assay with singleplex RT-qPCR assay, and 
the commercial kit with singleplex RT-qPCR assay was 
more than 94% and 90% respectively. So our multiplex 
had more agreements in detecting SARS-CoV-2, Influ-
enza A, and Influenza B (Table 5).

The Passing-Bablok regression analyses between the Ct 
values of positive samples for SARS-CoV-2, Influenza A, 
and Influenza B obtained by both the multiplex assay and 
the commercial multiplex kit are shown in Fig. 6. There 
was a high correlation between Ct values obtained by the 
two assays for SARS-CoV-2 (R2 = 0.872 for the N gene), 
Influenza A (R2 = 0.874 for the M1 gene), and Influenza 
B (R2 = 0.827 for the NS1 gene). The Bland-Altman plots 

Table 5  Summary of clinical performance of our multiplex assay and commercial multiplex kit compared to reference simplex assays
Virus (target) Our Multiplex assay Sensitivity

TP/
TP + FN

Specificity
TN/
FP + TN

Accuracy
TP + TN/TP+
TN + FP + FN

Positive 
predictive 
values
TP/TP + FP

Negative pre-
dictive values
TN/TN + FN

Kappa 
index

P-value 
(McNe-
mar 
Test)

TP TN FN FP

SARS CoV-2 17 26 1 0 0.944 1 0.977 1 0.962 0.953 1.00
IAV 15 26 1 0 0.937 1 0.977 1 0.962 0.949 1.00
IBV 10 26 0 0 1 1 1 1 1 1.000 1.00
Total 42 26 2 0 0.954 1 0.971 1 0.928 0.940 0.50

Commercial kit
SARS CoV-2 16 26 2 0 0.888 1 0.954 1 0.928 0.904 0.50
IAV 15 26 1 0 0.937 1 0.977 1 0.962 0.949 1.00
IBV 10 26 0 0 1 1 1 1 1 1.000 1.00
Total 41 26 3 0 0.931 1 0.957 1 0.896 0.910 0.25
TP, True Positive; TN, True Negative; FN, False Negative; FP, False Positive; IAV, Influenza A Virus; IBV, Influenza B Virus

Fig. 6  Summary of Passing-Bablok regression and Bland-Altman plots of Ct values obtained by our multiplex assay and commercial multiplex kit. Passing-
Bablok regression and Bland-Altman plots for SARS-CoV-2 N gene (A), Influenza A M1 gene (B), Influenza B NS1 gene (C), and all genes (D). For Passing-
Bablok regression plots, the dashed line indicates the ideal line, whereas the solid line shows the regression line of the distribution. For the Bland-Altman 
analyses, the solid line indicates the mean relative difference, and the dotted lines show the superior and inferior limits of agreement. Ct, cycle threshold
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of between the Ct values obtained by the two assays on 
positive samples along with mean bias and their limits of 
agreement are shown in Fig. 6.

All the co-infected samples were detected using our 
multiplex assay
The results of the co-infected testing indicated that our 
multiplex assay can detect all target genes simultane-
ously. Calculated Ct values and amplification plots for 8 
co-infected samples by our multiplex assay and commer-
cial multiplex RT-qPCR kit are shown in supplemental 
information 8 and 9.

Discussion
The high prevalence of SARS-CoV-2, Influenza A, and 
Influenza B imposes a high financial burden on the 
healthcare system with millions of infections and deaths 
worldwide [15]. We now critically needed a fast, accu-
rate and easily accessible diagnostic technique. The RT-
qPCR assay allows amplification of nucleic acids using a 
primer and probe that bind to specific regions of the tar-
get viral genome to increase the assay specificity [10]. The 
multiplex RT-qPCR differs from the RT-qPCR in that it 
requires more than one set of primer and probe, which 
reduces the overall cost and time of the RT-qPCR assay 
[16]. Another advantage of multiplex RT-qPCR is the 
diagnosis and accurate differentiation of SARS-CoV-2 
from other respiratory viruses such as Influenza A and 
B viruses, which manage COVID-19 patients with co-
infections and secondary infections [17, 18]. Thus, the 
design and development of an in-house made one-step 
multiplex RT-qPCR method can help slow or stop the 
spread of these viruses. Two points were considered in 
the primer and probe sets design based on the genome 
of SARS-CoV-2 variants. The first was to identify the 
conserved and the unique region of the N-gene with 
the minimum entropy. The second was to recognize the 
non-stem structure of the N-gene, which can be easily 
accessed using primers and probe.

Researchers have designed RT-qPCR primer and probe 
for various targets in the SARS-CoV-2 genome, includ-
ing the S, N, E, and RdRp genes [11, 19]. Our previous 
study shows that the N gene has higher specificity com-
pared to the other SARS-CoV-2 genes and is also a bet-
ter target for identifying new cases of SARS-CoV-2 in 
clinical samples, based on the real-time PCR Ct value. 
The multiplex RT-qPCR assay for simultaneous detec-
tion and differentiation of SARS-CoV-2 and other respi-
ratory viruses has limitations related to the number of 
used primer and probe sets. Hence, we must use one set 
of primer and probe for SARS-CoV-2 detection [11]. In 
addition, the occurrence of mutations in the S, N, E, and 
RdRp genes is high, which can lead to primer and probe 
mismatches at annealing sites and increase false-negative 

result, especially for new variants with many mutations. 
Evaluation of the SARS-CoV-2 primer and probe sets of 
recommended by WHO and other studies showed that 
many mutations were located in annealing sites of most 
primers and probes [20–23].

Overall, a 104  bp region of the SARS-CoV-2  N-gene 
was identified using the RNAfold Web Server, which at 
60  °C (RT-qPCR reaction temperature) had the low-
est secondary structure and entropy compared to other 
regions of the genome (Fig. 2a-b). We also design for the 
first time a high coverage primer and probe set that were 
conserved among the SARS-CoV-2 variants as shown 
in Figs.  2 and 3, but were not conserved among other 
human coronaviruses.

The sensitivity of the multiplex RT-qPCR for detection 
of the SARS-CoV-2 and Influenza A and B genomes was 
consistent with previously reported ranges of 10–100 
copies of RNA [24–34]. So, the sensitivity of our multi-
plex RT-qPCR assay is suitable for detection of SARS-
CoV-2 and influenza A and B in clinical specimens.

It should be noted, that we determined repeatability 
and reproducibility of the multiplex RT-qPCR assay using 
three different concentrations of each plasmid standard. 
The coefficients of variation of the intra-assay repeatabil-
ity and inter-assay reproducibility of the multiplex RT-
qPCR assay were < 5.0% and < 4.0% respectively, (Table 3), 
demonstrating that our multiplex RT-qPCR assay is an 
accurate and reliable diagnostic tool for detection of the 
SARS-CoV-2, influenza A, and influenza B viruses.

The multiplex RT-qPCR assay specifically amplified 
SARS-CoV-2, influenza A, and influenza B RNA, but did 
not amplify nucleic acids from other respiratory patho-
gens such as respiratory syncytial virus (RSV), rhinovirus, 
Adenovirus, Epstein Barr virus, and other coronaviruses.

For evaluation of the clinical performance, in total 
70 samples were provided, including 44 positive and 26 
negative samples that were confirmed by the COVID-19 
reference laboratory in Golestan province without know-
ing their RT-qPCR results (blind). Out of these samples, 
the 10 new samples isolated from pharyngeal swab speci-
mens during the sixth wave of the pandemic (Omicron) 
were used for virus detection by both our multiplex RT-
qPCR and commercial multiplex kit. It is revealed that 
two samples out of 70 did not match with the results of 
the multiplex RT-qPCR assay and three samples did not 
match with the results of the commercial multiplex kit. 
Therefore, the diagnostic sensitivity of our multiplex RT-
qPCR was higher compared to the commercial multiplex 
kit. It should be noted that two samples out of 70 were 
similarly detected as false-negatives by both assays. These 
controversial results in the detection rate of the viruses 
are dependent on many factors, including the low viral 
load in clinical samples, degradation of RNA genome 
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or repeated freezing and thawing of samples, RT-qPCR 
inhibitors, and specificity of primers and probes.

The Cohen’s kappa coefficient revealed that there was 
a more agreement between our multiplex RT-qPCR 
and the singleplex RT-qPCR assay (as gold standard) in 
the detection of SARS-CoV-2 (Table 5). In addition, the 
Passing-Bablok regression curves and Bland-Altman 
analysis between the Ct values of positive samples for 
SARS-CoV-2, Influenza A, and Influenza B revealed that 
there were high correlation between Ct values of our 
multiplex RT-qPCR and the commercial multiplex kit 
(Fig.  6). However, the average Ct value of the samples 
detected by our multiplex assay is slightly higher com-
pared to the commercial multiplex kit. To overcome this 
undesired issue, we can improve the quality and robust-
ness of our multiplex assay by improving the compo-
nents of the reaction solution and the concentration of 
the primer-probe sets. Furthermore, our results showed 
that the multiplex assay is efficient for detecting all tar-
get genes (N, M1, NS1 and RNase P) in the same reac-
tion tube (Co-infected samples). Finally the comparison 
between the two multiplex assays shows that our assay 
has advantages over the commercial kit, mainly including 
less PCR running time and higher detection sensitivity.

A limitation in this study was that we did not have 
access to the more validated clinical sample. Further-
more, some studies used a similar number of clinical 
samples. It should be noted that expanding the sample 
amount minimizes technical errors [23, 33]. Another lim-
itation is that the study was conducted on frozen respira-
tory samples, which can lead to decrease in the sample 
quality.

Conclusion
In this study, a high-coverage multiplex RT-qPCR assay, 
with high analytical and diagnostic sensitivity and speci-
ficity was developed and validated. In a single reaction 
tube, it can facilitate the detection and differentiation 
of the SARS-CoV-2 (N gene), Influenza A (M1 gene), 
and Influenza B (NS1 gene), thereby increasing the test-
ing throughput and further reducing both cost and time 
significantly. This multiplex assay will be useful during 
“Influenza seasons” when Influenza is expected co-circu-
late with SARS-CoV-2.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12866-023-03048-9.

Supplementary Material 1

Acknowledgements
We are warmly grateful to all those who were involved in this study. We are 
thankful to Dr Mohammad Hassan Pouriayevali “COVID-19 National Reference 

Laboratory, Pasteur Institute of Iran” for helpful discussions. Also, we would like 
to thank Dr. Alijan Tabaraei and Naeme Javid for their technical assistance.

Authors’ contributions
All authors give final approval of the manuscript to be submitted. Concept 
and design: Ayyoob KhosraviSupervision: Ayyoob Khosravi Drafting of the 
manuscript: Hamidreza Abbasi Administration, methodology, validation and 
investigation: Hamidreza Abbasi Submission of the manuscript: Hamidreza 
Abbasi and Hadi Razavi NikooTechnical or material support: Ayyoob Khosravi, 
Fatemeh Fotouhi and Hadi Razavi NikooFinal editing the manuscript: 
Ayyoob Khosravi, Fatemeh Fotouhi and Hadi Razavi NikooStatistical analysis: 
Hamidreza Abbasi.

Funding
This study was supported by a grant from the Golestan University of Medical 
Science (Grant number: 111739).

Data Availability
The authors confirm that all data generated or analyzed during this study are 
included in this published article [and/or] its supplementary information files.

Declarations

Ethics approval and consent to participate
This project is based on adhering to the declaration of Helsinki of 2013 and 
was approved by the Ethics Committee of Golestan University of Medical 
Science (Ethics code: IR.GOUMS.REC.1399.432). The covid-19 patients were not 
directly enrolled in this study. The covid-19 positive samples were prepared 
from the covid-19 bank of the Golestan University of Medical Science that was 
diagnosed and stored previously at -80°c.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Medical Biotechnology, Faculty of Advanced Medical 
Technologies, Golestan University of Medical Sciences, Gorgan, Iran
2Department of Microbiology, Faculty of Medicine, Golestan University of 
Medical Sciences, Gorgan, Iran
3Infectious Disease Research Center, Golestan University of Medical 
Sciences, Gorgan, Iran
4Department of Influenza and other Respiratory Viruses, Pasteur Institute 
of Iran, Tehran, Iran
5Stem Cell Research Center, Golestan University of Medical Sciences, 
Gorgan, Iran
6Department of Molecular Medicine, Faculty of Advanced Medical 
Technologies, Golestan University of Medical Sciences, Gorgan, Iran

Received: 23 November 2022 / Accepted: 6 October 2023

References
1.	 Fallah A, et al. Features of pathobiology and clinical translation of approved 

treatments for Coronavirus Disease 2019. Intervirology. 2022;65(3):119–33.
2.	 Hu B et al. Characteristics of SARS-CoV-2 and COVID-19 nature reviews micro-

biology. Nat Res, 2020.
3.	 Mann R, et al. Clinical characteristics, diagnosis, and treatment of major 

coronavirus outbreaks. Front Med. 2020;7:581521.
4.	 Bouvier NM, Palese P. The biology of Influenza viruses. Vaccine. 

2008;26:D49–D53.
5.	 Kumar B, et al. The emerging Influenza virus threat: status and new prospects 

for its therapy and control. Arch Virol. 2018;163(4):831–44.
6.	 Frediansyah A, et al. Antivirals for COVID-19: a critical review. Clin Epidemiol 

Global Health. 2021;9:90–8.

https://doi.org/10.1186/s12866-023-03048-9
https://doi.org/10.1186/s12866-023-03048-9


Page 13 of 13Abbasi et al. BMC Microbiology          (2023) 23:335 

7.	 Swets MC, et al. SARS-CoV-2 co-infection with influenza viruses, respiratory 
syncytial virus, or adenoviruses. The Lancet. 2022;399(10334):1463–4.

8.	 Hashemi SA, et al. High prevalence of SARS-CoV‐2 and Influenza A virus 
(H1N1) coinfection in dead patients in northeastern Iran. J Med Virol. 
2021;93(2):1008–12.

9.	 Ma S, et al. Clinical characteristics of critically ill patients co-infected with 
SARS-CoV-2 and the Influenza virus in Wuhan, China. Int J Infect Dis. 
2020;96:683–7.

10.	 Havasi A, Influenza A, Influenza B et al. and SARS-CoV-2 similarities and 
differences–a focus on diagnosis. Front Microbiol, 2022: p. 2148.

11.	 Abbasi H, et al. Real-time PCR ct value in SARS-CoV-2 detection: RdRp or N 
gene? Infection. 2022;50(2):537–40.

12.	 Chung H-Y, et al. Novel dual multiplex real-time RT-PCR assays for the rapid 
detection of SARS-CoV-2, Influenza A/B, and respiratory syncytial virus using 
the BD MAX open system. Volume 10. Emerging microbes & infections; 2021. 
pp. 161–6. 1.

13.	 Pabbaraju K, et al. Development and validation of a multiplex reverse 
transcriptase-PCR assay for simultaneous testing of Influenza A, Influenza B 
and SARS-CoV-2. J Virol Methods. 2021;293:114151.

14.	 https://www.idtdna.com/pages/education/decoded/article/
calculations-converting-from-nanograms-to-copy-number.

15.	 Ahmadi K, et al. Comparison of prevalence of Influenza and COVID-19: a 
Report from Hormozgan Province-Iran, 2019–2021. Disease and Diagnosis. 
2022;11(4):131–6.

16.	 Grohmann L et al. Guidance document on multiplex real-time PCR methods. 
2021.

17.	 Hirotsu Y, et al. Analysis of Covid-19 and non-covid-19 viruses, including influ-
enza viruses, to determine the influence of intensive preventive measures in 
Japan. J Clin Virol. 2020;129:104543.

18.	 Chung H-Y, et al. Multicenter study evaluating one multiplex RT-PCR assay 
to detect SARS-CoV-2, Influenza A/B, and respiratory syncytia virus using the 
LabTurbo AIO open platform: epidemiological features, automated sample-
to-result, and high-throughput testing. Aging. 2021;13(23):24931.

19.	 Rangaiah A, et al. Detection of SARS-CoV-2 in clinical samples: target-specific 
analysis of qualitative reverse transcription–polymerase chain reaction (RT-
PCR) diagnostic kits. IJID Reg. 2021;1:163–9.

20.	 Mentes A et al. Identification of mutations in SARS-CoV-2 PCR primer regions. 
2022.

21.	 Gdoura M, et al. SARS-CoV2 RT-PCR assays: in vitroï»¿ comparison of 4 WHO 
approved protocols on clinical specimens and its implications for real labora-
tory practice through variant emergence. Virol J. 2022;19(1):1–9.

22.	 Lesbon JCC, et al. Nucleocapsid (N) gene mutations of SARS-CoV-2 can 
affect real-time RT-PCR diagnostic and impact false-negative results. Viruses. 
2021;13(12):2474.

23.	 Tombuloglu H, et al. Development of multiplex real-time RT-PCR assay for the 
detection of SARS-CoV-2. PLoS ONE. 2021;16(4):e0250942.

24.	 Sohni Y. Variation in LOD across SARS-CoV-2 assay systems: need for standard-
ization. Oxford University Press US; 2021.

25.	 Alcoba-Florez J, et al. Sensitivity of different RT-qPCR solutions for SARS-CoV-2 
detection. Int J Infect Dis. 2020;99:190–2.

26.	 Mboumba Bouassa R-S, et al. Analytical performances of the AMPLIQUICK® 
Respiratory Triplex assay for simultaneous detection and differentiation of 
SARS-CoV-2, Influenza A/B and respiratory syncytial viruses in respiratory 
specimens. PLoS ONE. 2022;17(1):e0262258.

27.	 Kim M-J, et al. Evaluation of the AccuPower® RV1 Real-Time RT-PCR kit and 
the AccuPower® RV1 Multiplex Kit for SARS-CoV-2 and Influenza Virus Detec-
tion. Lab Med Online. 2021;11(4):290–6.

28.	 Ni M, et al. Simultaneous detection and differentiation of SARS-CoV-2, Influ-
enza A virus and influenza B virus by one-step quadruplex real-time RT-PCR 
in patients with clinical manifestations. Int J Infect Dis. 2021;103:517–24.

29.	 Cecilia D, et al. Development of a multiplex real-time RT-PCR assay for 
simultaneous detection of dengue and chikungunya viruses. Arch Virol. 
2015;160(1):323–7.

30.	 Yun J et al. Evaluation of three Multiplex Real-time reverse transcription PCR 
assays for simultaneous detection of SARS-CoV-2, Influenza A/B, and respira-
tory syncytial virus in nasopharyngeal swabs. J Korean Med Sci, 2021. 36(48).

31.	 Shu B, et al. Design and performance of the CDC real-time reverse transcrip-
tase PCR swine flu panel for detection of 2009 A (H1N1) pandemic Influenza 
virus. J Clin Microbiol. 2011;49(7):2614–9.

32.	 Shu B, et al. Multiplex real-time reverse transcription PCR for Influenza A 
virus, Influenza B virus, and severe acute respiratory syndrome coronavirus 2. 
Emerg Infect Dis. 2021;27(7):1821.

33.	 Tombuloglu H, et al. Multiplex real-time RT-PCR method for the diagnosis 
of SARS-CoV-2 by targeting viral N, RdRP and human RP genes. Sci Rep. 
2022;12(1):2853.

34.	 World Health Organization. Available online: https://www.who.int/docs/
default-source/coronaviruse/whoinhouseassays.pdf (accessed on 13 May 
2020).

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

https://www.idtdna.com/pages/education/decoded/article/calculations-converting-from-nanograms-to-copy-number
https://www.idtdna.com/pages/education/decoded/article/calculations-converting-from-nanograms-to-copy-number
https://www.who.int/docs/default-source/coronaviruse/whoinhouseassays.pdf
https://www.who.int/docs/default-source/coronaviruse/whoinhouseassays.pdf

	﻿Development of a robust TaqMan probe-based one-step multiplex RT-qPCR for simultaneous detection of SARS-CoV-2 and Influenza A/B viruses
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿In-silico studies for primer and probe set design
	﻿Construction of positive control plasmids
	﻿SYBR Green real-time PCR
	﻿TaqMan probe-based multiplex RT-qPCR assay condition
	﻿LLOD (lower limits of detection) of the multiplex RT-qPCR assay
	﻿The precision of the multiplex RT-qPCR assay
	﻿Analytical specificity
	﻿Evaluation of clinical performance
	﻿Testing of co-infections
	﻿Statistical analysis

	﻿Results
	﻿Primer and probe sets were specific to ﻿SARS-CoV-2﻿, ﻿Influenza A, and Influenza B﻿
	﻿Optimization primer sets using SYBR Green Real-time PCR
	﻿The multiplex assay has a high analytical sensitivity
	﻿Intra- and inter-assay variability
	﻿The primer and probe sets had high analytical specificity among other respiratory viruses
	﻿Our assay showed satisfactory clinical performance and agreement
	﻿All the co-infected samples were detected using our multiplex assay

	﻿Discussion
	﻿Conclusion
	﻿References


