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Background: Tracking SARS-CoV-2 variants of concern (VOC) by genomic sequencing is time-consuming. The
rapid screening of VOCs is necessary for clinical laboratories. In this study, we developed a rapid screening
method based on multiplex RT-PCR by extended S-gene target failure (eSGTF), a false negative result caused by
S-gene mutations.

Methods: Three S-gene target (SGT) regions (SGT1, codons 65-72; SGT2, codons 152-159; and SGT3, codons
370-377) and an N-gene region (for internal control) were detected in single-tube. Four types of VOC (Alpha,
Delta, Omicron BA.1, and Omicron BA.2) are classified by positive/negative patterns of 3 S-gene regions (eSGTF
pattern).

Results: The eSGTF patterns of VOCs were as follows (SGT1, SGT2, SGT3; P, positive; N, negative): Alpha, NPP;
Delta, PNP; Omicron BA.1, NPN pattern; and Omicron BA.2, PPN. As compared with the S-gene sequencing,
eSGTF patterns were identical to the specific VOCs (concordance rate = 96.7%, N = 206/213). Seven samples
with discordant results had a minor mutation in the probe binding region. The epidemics of VOCs estimated by
eSGTF patterns were similar to those in Japan.

Conclusions: Multiplex RT-PCR and eSGTF patterns enable high-throughput screening of VOCs. It will be useful
for the rapid determination of VOCs in clinical laboratories.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which causes coronavirus disease 2019 (COVID-19), emerged at the end
of 2019 and rapidly spread globally [1]. Various molecular diagnostic
techniques, vaccines, and antiviral agents have been developed [2-4].
However, the number of COVID-19 patients has been increasing because
of the prevalence of the variants of concern (VOC) such as Alpha, Delta,
and Omicron, which increase transmissibility and escape vaccine-
induced protection [5,6]. Genomic surveillance is important to investi-
gate virus transmission dynamics, detect novel genetic variants, and
assess the impact of mutations on the performance of molecular diag-
nostic methods, antiviral drugs, and vaccines.

Genomic sequencing is the gold standard to identify SARS-CoV-2
variants [7]. However, genomic sequencing is a labor-intensive and

time-consuming technique that requires specific instrument and bio-
informatic skills. Thus, a high-throughput and cost-effective method is
critical for the rapid screening of VOC.

Each VOC has characteristic mutations in the S-gene which encodes
the spike protein [8]. Recently, real-time PCR-based methods have been
used to screen VOC [9,10]. The TagMan probe-based endpoint geno-
typing methodologies for targeting specific mutations such as N501Y
and L452R are commercially available. In addition, it has been reported
that the S-gene target failure (SGTF), which is a false negative result
caused by S-gene mutation, is a marker of the Alpha and Omicron BA.1
variant [11,12].

In this study, we developed a single-tube, rapid VOC screening assay
based on multiplex RT-PCR for targeting 3 S-gene regions and 1N-gene
region. Targeted S-gene regions were as follows: S-gene target 1 (SGT1),
codons 65-72; SGT2, codons 152-159; and SGT3, codons 370-377. This
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Table 1
Primers and probes used in this study.

ID Sequence (5-3) Position Size
(NC_045512) (bp)
SGT1-F aattctttcacacgtggtgttt 21,650-21,671 163
SGT1-R ggacagggttatcaaacctctta 21,790-21,812
SGT1-P [FAM]-ttccatgctatacatgtctetggg- 21,755-21,777
[BHQ1]
SGT2-F gaagacccagtcectacttat 21,898-21,918 188
SGT2-R aaggctgagagacatattcaaa 22,064-22,085
SGT2-P [HEX]-tggatggaaagtgagttcagagtt- 22,019-22,044
[BHQ1]
SGT3-F ttagagtccaaccaacagaatcta 22,515-22,538 200
SGT3-R aggagacactccataacactt 22,694-22,714
SGT3-P [TexasRed]-aattccgcatcattttccactttt- 22,669-22,692
[BHQ2]
NIID-N2- aaattttggggaccaggaac 29,125-29,144 158
F
NIID-N2- tggcacctgtgtaggtcaac 29,263-29,282
R
NIID-N2- [Cy5]-atgtcgegceattggeatgga-[BHQ3] 29,222-29,241
P

assay was designed to classify 4 types of VOCs (Alpha, Delta, Omicron
BA.1, and Omicron BA.2) by the extended SGTF (eSGTF) patterns
(positive/negative patterns in SGT1-3).

2. Material and methods
2.1. Specimens

471 SARS-CoV-2 RNA-positive samples were used from November
2020 to June 2022 at Chiba University Hospital. The SARS-CoV-2 RNA
detection test was performed using the Ampdirect 2019-nCoV detection
kit (Shimadzu, Kyoto, Japan). The viral RNA extraction was performed
as described previously [13]. In the positive samples, 21 samples were
excluded because of low viral RNA (less than 100 copies/pL, approxi-
mately Cq > 30). Thus, 450 samples were analyzed.

2.2. RT-PCR

A Cobas z 480 instrument (Roche Diagnostics, Mannheim, Germany)
was used for the RT-PCR. Before genotyping, a color compensation
experiment was performed according to the manufacturer’s instructions.
The filter combinations for fluorescence detection (excitation-emission)
were as follows: 465-510 (FAM), 540-580 (HEX), 540-610 (TexasRed),
and 610-670 (Cy5). Each 10 L reaction mixture contained 2.5 pL of 4 x
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TaqPath 1-Step RT-qPCR Master Mix (No ROX; Thermo Fisher Scientific,
Waltham, MA, USA), 1 pL of 10 x Primer mixture (including 2 uM of
primers and 1 uM of probes, Table 1), 1 uL of RNA sample and 5.5 pL of
nuclease-free water. The NIID-N2 primer set was included as an internal
control of SARS-CoV-2 RNA detection [14]. The final concentrations of
primers and probes were 0.2 pM (primers) and 0.1 pM (probes). The Cq
values were determined by the manual Fit Points method. The viral RNA
concentrations were quantified by using EDX SARS-CoV-2 Standard
(200 copies/pL; Bio-Rad, Hercules, CA, USA). The assay quality was
controlled by samples of each VOC determined by S-gene sequencing.

2.3. Determination of VOC by Sanger sequencing

The VOC was determined using the previously described long-range
RT-PCR and Sanger sequencing [15].

3. Results
3.1. Primer design
Three SGT regions and targeted mutations in VOC are shown in

Fig. 1. The targeted mutations of each SGT1-3 were as follows: SGT1,
H69_V70del (Alpha, Omicron BA.1); SGT2, F157_R158del (Delta) and

Table 2
Sensitivity and PCR efficiency of each target of multiplex RT-PCR.
Copies  Statistics Target
SGT1 SGT2 SGT3 NIID-N2
6.25 Cq (Mean) 31.7 32.2 32.2 33.1
% Detection 100% (4/ 100% (4/ 100% (4/ 100% (4/
4) 4) 4) 4)
12.5 Cq (Mean) 30.7 31.1 31.3 32.1
% Detection 100% (4/ 100% (4/ 100% (4/ 100% (4/
4) 4) 4) 4)
25 Cq (Mean) 29.8 30.1 30.3 31.0
% Detection 100% (2/ 100% (2/ 100% (2/ 100% (2/
2) 2) 2) 2)
50 Cq (Mean) 28.8 29.2 29.4 30.3
% Detection 100% (2/ 100% (2/ 100% (2/ 100% (2/
2) 2) 2) 2)
100 Cq (Mean) 27.8 28.1 28.3 29.3
% Detection 100% (2/ 100% (2/ 100% (2/ 100% (2/
2) 2) 2) 2)
200 Cq 26.8 27.1 27.4 28.2
Slope -3.261 -3.381 -3.187 -3.200
% Efficiency 103% 98% 106% 105%

SARS-CoV-2 ORF1ab
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Fig. 1. Schematic representation of S-gene target regions in multiplex RT-PCR. The mutational positions in VOC are shown in white (deletion), yellow (substitution),
and red (insertion) boxes. The SGT1, SGT2, and SGT3 target H69-V70del, F157-R158del and multiple substitutions in codons 371-376, respectively. The expected

eSGTF pattens (SGT1/SGT2/SGT3; P, positive; N, Negative) of VOCs are as follows:

Alpha, NPP; Delta, PNP; Omicron BA.1, NPN; and Omicron BA.2, PPN.
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Fig. 2. Comparison of the viral RNA concentration (log copies) in each target: [A] SGT1 and SGT2 (N = 163); [B] SGT1 and SGT3 (N = 143); [C] SGT2 and SGT3 (N
= 98); and [D] N-gene and S-gene (N = 450). The maximum value of SGT1-3 was used as S-gene RNA concentration. The outlier data is indicated in red points.

Table 3

Unexpected mutations in primer/probe regions detected in this study. The
mismatched nucleotides in primer/probe regions are highlighted in bold upper
cases. The primer/probe sequences are as follows: SGT1-F, aattctttca-

cacgtggtgttt; SGT2-P, tggatggaaagtgagttcagagtt; and NIID-N2-F,
aaattttggggaccaggaac.
Mutation Region Sequence alteration Observed
effect
C21658T (Silent) SGT1-F aattctttTacacgtggtgttt Increased Cq
G22017T (S:W152L) SGT2-P tTgatggaaagtgagttcagagtt Decreased
signal
G22017T (S:W152L) SGT2-P tTgatggaaaAtgagttcagagtt ~ Target failure
&G22026A
(S:S155N)
C22033A (S:F157L) SGT2-P tggatggaaagtgagttAagagtt  Target failure
C29144T (Silent) NIID- aaattttggggaccaggaaT Increased Cq
N2-F

SGT3, multiple substitutions in codons 371-376 (Omicron BA.1 and
BA.2). Four types of VOC were estimated by positive/negative patterns
of SGT1-3(eSGTF patterns) as follows: Alpha, NPP pattern (SGT1
negative/SGT2 positive/SGT3 positive); Delta, PNP pattern (SGT1 pos-
itive/SGT2 negative/SGT3 positive); Omicron BA.1, NPN pattern (SGT1
negative/SGT2 positive/SGT3 negative); and Omicron BA.2, PPN
pattern (SGT1 positive/SGT2 positive/SGT3 negative).

3.2. Sensitivity of multiplex RT-PCR

The sensitivity was analyzed using serially diluted EDX SARS-CoV-2
Standard samples (200, 100, 50, 25, 12.5, and 6.25 copies/pL). The Cq

values, detection rates, slope, and PCR efficiency are shown in Table 2.
SGT1-3 and NIID-N2 can detect 6.25 copies/uL and each PCR efficiency
was between 98% and 106%.

3.3. Comparison of each target

The calculated SARS-CoV-2 RNA concentration of each SGT target
was compared (Fig. 2A-C). Significant correlations were observed (R-
squared values of 0.972-0.995). Although the SGT1 and SGT2 concen-
trations were almost equivalent, there were three samples that had
lower SGT1 values than SGT2 (Fig. 2A). These three samples were
Omicron BA.1 and have the silent mutation (C21658T) in the middle
region of the SGT1 forward primer binding site (Table 3).

In addition, S-gene and N-gene concentrations were also compared
(Fig. 2D). The maximum values of SGT1-3 were used as the S-gene
concentration. The R-squared value was 0.946. N-gene concentrations
were on average 4.7 times higher than the S-gene. There were two
samples that had lower N-gene concentrations than the S-gene (Fig. 2D).
These samples have the C29144T mutation, which was located at the 3-
end of the NIID-N2 forward primer binding site (Table 3).

3.4. Classification by eSGTF pattern

As a result, 449 samples were classified into the following seven
clusters by the endpoint genotyping (Fig. 3): PPP, SGT1 positive/SGT2
positive/SGT3 positive; PwPP, SGT1 positive/SGT2 weak positive/SGT3
positive; NPP, SGT1 negative/SGT2 positive/SGT3 positive; PNP, SGT1
positive/SGT2 negative/SGT3 positive; NPN, SGT1 negative/SGT2
positive/SGT3 negative; PPN, SGT1 positive/SGT2 positive/SGT3
negative; and PNN, SGT1 positive/SGT2 negative/SGT3 negative. In the
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Fig. 3. The endpoint genotyping of SGT1-3. [A] SGT1 (x-axis) vs. SGT2 (y-axis). [B] SGT3 (x-axis) vs. SGT2 (y-axis). The sub-cluster, PwPP pattern which had low
signal intensity of SGT2, was observed in PPP pattern (indicated yellow points). Dotted lines indicate threshold lines of positive/negative results. Numbers of samples
are PPP (N = 26), PWPP (N = 46), NPP (N = 26), PNP (N = 71), NPN (N = 184), PPN (N = 91), and PNN (N = 6).

Detected eSGTF Pattern
Lineage PPP PwPP NPP PNP NPN PPN PNN NNP NNN
Unclassified 21 0 0 0 0 0 0O 0 0
R.1 0o M4 0 1 0 0 0O 0 O
Alpha 0 0 17 0 0 0 0 0 O
Delta 0 0 0 57 0 0 0 0 0
Omicron BA.1 0 0 0 0 46 O 0 0 O
Omicron BA.2 0 0 0 0 0 24 6 0 O

Fig. 4. Comparison of sequencing results and eSGTF patterns. The lineages
were determined by entire S-gene sequencing (N = 213). The concordant and
discordant results are highlighted in gray boxes and red letters, respectively.

PPP pattern, there was a sub-cluster, the PWPP pattern, which had a
slightly decreased signal intensity of SGT2.

Compared with the S-gene sequencing, eSGTF patterns were iden-
tical to the specific VOCs (concordance rate = 96.7%, N = 206/213,

Fig. 4). The PWPP pattern was identical to the R.1 lineage, which had a
W152L mutation located in the SGT2 probe binding region (Table 3).
Discordant results were observed in seven samples (1 sample of R.1 and
6 samples of Omicron BA.2). There was a sample of R.1 lineage with the
PFP pattern, which was detected before the epidemic season of the Delta
lineage. As a result of sequencing, this sample had S155N in addition to
W152L mutations in the SGT2 probe binding region (Table 3). The PFF
pattern was observed in six samples of Omicron BA.2. Although the
signal intensity of SGT2 was slightly higher than the baseline (no-tem-
plate control), we could not determine this signal as positive. By Sanger
sequencing, the F157L mutation in the SGT2 probe binding region was
detected in all six samples (Table 3).

3.5. Time-to-time analysis of eSGTF patterns

A result of time-to-time analysis is shown in Fig. 5. The PWPP (R.1),
FPP (Alpha), and PFP (Delta) patterns were dominant in 3rd, 4th, and
5th waves, respectively. Then, the eSGTF patterns were shifted from FPF
(Omicron BA.1) to PPF (Omicron BA.2) in 6th wave.
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Fig. 5. Time-to-time analysis of eSGTF patterns in our laboratory.
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4. Discussion

The multiplex RT-PCR we developed in this study could clearly
classify four types of VOCs (Alpha, Delta, Omicron BA.1, and Omicron
BA.2) by eSGTF patterns. The epidemics of these VOCs in our laboratory
were similar to those in Japan [8]. Therefore, this method enables the
simultaneous determination of mutational profiles in the 3 S-gene re-
gions in a single-tube assay and able to determine VOCs in minimum 2 h
from first detection.

Compared with the traditional TagMan probe genotyping assay, the
advantages of our method are a simple probe design and multiplex
capability. Our method targeted 3 S-gene regions occurring deletions
(H69_V70del and F157_R158del) and multiple substitutions (codons
371-376). These mutations strongly affected the binding affinity of
probes and resulted in the target failure. Thus, modifications such as
MGB and LNA were not required for mismatch discrimination (these
modifications are frequently used to improve mismatch discrimination
when detecting single nucleotide substitutions) [16,17]. Generally, the
TaqMan probe genotyping assay detects one mutation using different
fluorescent labeling probes, e.g., FAM-labeled wild-type specific probe
and VIC-labeled mutant-type specific probe [18]. Many fluorescent filter
combinations will be required for a multiplex assay in traditional Taq-
Man probe genotyping.

There were five types of mismatches, which affected the amplifica-
tion efficiency and signal intensity, in primer or probe regions that were
observed in this study (Table 3). The mismatches in primer regions
caused a decrease in the amplification efficiency and resulted in an
underestimation of the viral RNA concentration, especially the C29144T
mutation in N-gene which was in the 3-end of the forward primer
binding region. A perfect match of the 3-end of primer is important for
the effective amplification of PCR. The decreased sensitivity of the
C29144T mutation was also reported by the National Institute of In-
fectious Disease (NIID), Japan, which developed the NIID-N2 primer set
used in this study [19]. The mismatches in the probe regions affected the
signal intensity. These mismatches were frequently observed in the
SGT2 probe region in this study. The W152L, S155N, and F157L muta-
tions were in the 5-region, middle, and 3-region of the SGT2 probe
binding site, respectively. It was thought that the binding affinity of the
SGT2 probe was decreased by these mutations and resulted in the lower
signal intensities or target failure of SGT2. Notably, the sample with
both W152L and S155N mutations, which was R.1 lineage, had a
completely negative signal because of the two mutations in the SGT2
probe region. Taken together, we speculate that Omicron BA.5 (with
H69-V70del) and Omicron BA.2.75 (with W152R and F157L) may show
NPN and PNN patterns of eSGTF, respectively [8].

It has been reported that SARS-CoV-2 has various sub-genome RNAs
(sgRNA) [20,21]. The abundance of the N-gene region is higher than the
other because canonical sgRNAs include the N-gene region [22]. Our
results also indicated that N-gene abundance was higher than S-gene
(Fig. 2D). Thus, the viral RNA concentrations in this study might be
affected by sgRNAs.

There were some limitations in this study. First, it required
sequencing to identify mutations when an unexpected eSGTF pattern is
observed. Second, other VOCs, such as Beta and Gamma, may not be
able to identify by our method, because there are no mutations in probe
binding regions of S-gene (These VOCs may indicate PPP pattern).
However, Beta and Gamma did not spread worldwide. Third, the current
method will not be able to classify Omicron BA.1 and BA.5 since the
same eSGTF pattern is expected. The additional mutation screening
assay, e.g. L452R, will be required for separating BA.1 and BA.5. Finally,
our approach cannot classify some recombinant variants because only S-
gene mutations are targeted (XE vs. BA.2 and XF vs. BA.1) [23].

In conclusion, current multiplex RT-PCR and eSGTF patterns enable
high-throughput VOC screening. This method is an easy-to-use and cost-
effective methodology that will be useful to determine VOCs in clinical
laboratories rapidly.
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