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ABSTRACT The Omicron variant of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has spread worldwide. As of March 2022, Omicron variant BA.2 is rapidly
replacing variant BA.1. As variant BA.2 may cause more severe disease than variant BA.1,
variant BA.2 requires continuous monitoring. The current study aimed to develop a novel
high-resolution melting (HRM) assay for variants BA.1 and BA.2 and to determine the sen-
sitivity and specificity of our method using clinical samples. Here, we focused on the muta-
tional spectra at three regions in the spike receptor-binding domain (RBD; R408, G446/L452,
and S477/T478) for the variant-selective HRM analysis. Each variant was identified based
on the mutational spectra as follows: no mutations (Alpha variant); L452R and T478K
(Delta variant); G446S and S477N/T478K (Omicron variant BA.1); and R408S and S477N/
T478K (Omicron variant BA.2). Upon analysis of mutation-coding RNA fragments, the melt-
ing curves of the wild-type fragments were distinct from those of the mutant fragments.
The sensitivity and specificity of this method were determined as 100% and more than
97.5%, respectively, based on 128 clinical samples (40 Alpha, 40 Delta, 40 Omicron variant
BA.1/BA.1.1, and 8 Omicron variant BA.2). These results suggest that this HRM-based
assay is a promising screening method for monitoring the transmission of Omicron variants
BA.1 and BA.2.

IMPORTANCE This study seeks to apply a novel high-resolution melting (HRM) assay to
identify and discriminate BA.1 and BA.2 sublineages of the SARS-CoV-2 Omicron variant.
Variant BA.2 may cause more severe disease than variant BA.1, meaning that identifying
this variant is an important step toward improving the care of patients suffering from
COVID-19. However, screening for these variants remains difficult, as current methods
mostly rely on next-generation sequencing, which is significantly costlier and more time-
consuming than other methods. We believe that our study makes a significant contribu-
tion to the literature because we show that this method was 100% sensitive and over
97.5% specific in our confirmation of 128 clinical samples.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread worldwide,
and novel coronavirus disease 2019 (COVID-19) cases continue to rise rapidly. Multiple

SARS-CoV-2 variants have been detected, and several new variants continue to emerge
from various regions (1, 2). Some variants possess amino acid substitutions in the spike pro-
tein, which plays a key role in the SARS-CoV-2 infection in humans (3). Since the spike pro-
tein binds to human receptor angiotensin-converting enzyme 2 through its receptor-binding
domain (RBD), the RBD mutations, such as N501Y and L452R, can increase viral infectivity and
cause immune escape. The Alpha (B.1.1.7) and Delta (B.1.617.2) variants, harboring N501Y
and L452R, respectively, greatly contributed to the COVID-19 pandemic. In late September
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2021, the novel Omicron variant (B.1.1.529) emerged from South Africa and spread rapidly
worldwide (4, 5). This variant has many spike mutations (6), and the vaccine breakthrough
infection rate of the Omicron variant is reportedly higher than that of other variants (7, 8).
Thus, we should strive to prevent the spread of Omicron infection, even though the vacci-
nation program is proceeding.

Recent studies have reported that Omicron sublineages, such as BA.1, BA.2, and BA.3,
have emerged in several countries (9, 10). Since late 2021, the BA.1 variant (including BA.1.1,
which harbors R346K) has become the main Omicron sublineage worldwide. In early 2022,
the BA.2 variant showed an increasing prevalence in some countries, such as Denmark and
the United Kingdom (11, 12), while the BA.3 variant is unlikely to spread. Because the 6-nu-
cleotide deletion at spike amino acids 69 to 70 (13) was recognized as a signature mutation
of the Omicron variant, it was used to detect the Omicron variant. However, the BA.2 variant
lacks this deletion, meaning that it goes undetected (14). The BA.2 variant was then called
“Stealth Omicron.” A previous report demonstrated that the reproduction number of BA.2
was 1.4-fold higher than that of BA.1, and BA.2 was more pathogenic in hamsters than BA.1
(15). Therefore, the BA.2 variant may outcompete BA.1 in the near future, and BA.2 should
be monitored with caution.

Next-generation sequencing (NGS) has been used to diagnose SARS-CoV-2 variants (16);
however, this process requires several days to determine the genome sequence. Rapid screen-
ing tests can help diagnose any SARS-CoV-2 variant within a day. High-resolution melting
(HRM) analysis is one of the PCR-based screenings for detecting single-nucleotide polymor-
phisms in DNA sequences (17, 18). Since the melting temperature of double-stranded DNA
varies by its nucleotide sequences associated with its GC content and base distribution, HRM
can discriminate among different PCR amplicons in a single-nucleotide resolution. Previously,
we have reported that HRM assay could detect some SARS-CoV-2 mutations (19–21) First, we
established an assay platform to detect the SARS-CoV-2 mutations using HRM analysis (19).
Second, we successfully developed an HRM-based assay to identify Delta mutants (L452R and
T478K) using nested PCR with an outer primer set prior to HRM analysis (first PCR), improving
the detection limit (20). Third, we succeeded in discriminating the Omicron B.1.1.529 and
Delta variants using two mutational regions (G446S/L452 and S477N/T478K for Omicron var-
iants, G446/L452R and S477/T478K for Delta variants) (Table 1) (21). Although the S477N/
T478K RBD substitutions are common mutations among Omicron sublineages, BA.2 possesses
some unique RBD mutations, including R408S without the G446S substitution.

In this study, we developed an HRM-based assay to distinguish BA.1 (including BA.1.1)
and BA.2 at another RBD site, R408. Moreover, we validated this HRM-based assay at three
RBD regions, R408, G446/L452, and S477/T478, using 128 clinical samples (n = 40, Alpha vari-
ant; n = 40, Delta variant; n = 40, Omicron variant BA.1/BA.1.1; n = 8, Omicron variant BA.2).

RESULTS
HRM analysis of standard RNA fragments. Although the Omicron sublineages BA.1

and BA.2 were found to be unique RBD substitutions, there was no BA.3-specific substi-
tution in the RBD (Table 1). At present, there are far fewer new cases of the BA.3 variant
than of either BA.1 or BA.2. Hence, the main aim of this assay is to discriminate between
BA.1 and BA.2. In this study, we developed an HRM-based assay for the R408 site, where
BA.2 has an R408S substitution but not BA.1. The normalized melting curves and melting
peaks for R408, R408S, and BA.2 RBD are shown in Fig. 1. The R408S RBD plot was different
from the R408 RBD plot. In addition, the BA.2 RBD plot was in good agreement with the

TABLE 1 Receptor-binding domain (RBD) amino acid substitutions in Alpha, Delta, and Omicron variants

WHO label Pangolin RBD amino acid substitutionsa

Alpha B.1.1.7 N501Y
Delta B.1.617.2 L452R, T478K
Omicron B.1.1.529/BA.1 G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H
Omicron BA.2 G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H
Omicron BA.3 G339D, S371F, S373P, S375F, D405N, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H
aSubstitutions detected by this high-resolution melting assay are marked as bold.
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R408S plot. Then, BA.2 RBD was analyzed with the HRM assay at G446/L452R and S477/
T478, which we developed previously (21). The HRM assay correctly classified BA.2 as a
G446/L452 and S477N/T478K variant (Fig. S1 and S2). These results suggest that our HRM
assay can identify BA.2 and discriminate between BA.1 and BA.2 in the three RBD regions.

HRM analysis of clinical samples. Finally, we confirmed the applicability of this HRM
analysis to clinical samples. The Alpha variant was found to have no RBD substitutions
at the R408/T478 sites (Table 1). Thus, this HRM-based assay identified a clinical sample
containing the Alpha variant as the wild type. After whole-genome sequencing by NGS, 128
clinical samples (n = 40, Alpha; n = 40, Delta; n = 40, BA.1/BA.1.1; n = 8, BA.2 variants) were
randomly selected (Table 2). Clinical samples were analyzed using HRM analysis together
with positive control RNAs. After HRM analysis, Gene Scanning Software automatically classi-
fied samples into wild-type or mutant strains based on HRM curves. The results of the HRM
analysis of three regions, R408, G446/L452, and S477/T478, are shown in Table 3, and the
melting curve plots of representative samples are shown in Fig. 2. At the R408 site, all eight
BA.2 samples were correctly classified as the R408S mutant, and all others were classified as
wild type. At the G446/L452 site, 40 BA.1 variant samples were classified as the G446S mu-
tant, and 40 Alpha samples, 40 Delta samples, and 8 BA.2 samples were correctly classified
as the wild type. At the S477/T478 site, all BA.1 and BA.2 samples were correctly classified as
S477N/T478K mutants. One Alpha sample and one Delta sample plot disagreed with each
positive control plot (Fig. 2 and Fig. S3). Therefore, we calculated the sensitivity and specific-
ity of the current HRM-based assay based on these results. The sensitivity and specificity of
the assay for the three regions were 100% and over 97.5%, respectively (Table 4).

DISCUSSION

This study is the first report developing the screening test for discriminating Omicron var-
iants BA.1 and BA.2 using HRM assay. This HRM-based assay had high sensitivity and specificity
for BA.2 diagnosis. A previous study showed that the effective reproduction number of BA.2 is
1.4-fold higher than that of BA.1 (15). Additionally, the Delta variant was identifiable using this

FIG 1 Normalized melting curves and melting peaks of positive control RNAs for the R408 site. Normalized
melting curve plots (A) and melting peak plots (B) for the R408 site were acquired using standard fragments
of the R408 receptor-binding domain (RBD; solid black line), R408S RBD (dashed black line), and BA.2 RBD (solid
red line).

TABLE 2 Pangolin of 128 clinical samples by whole-genome sequencing

WHO label Pangolin No. of samples
Alpha B.1.1.7 40
Delta AY.29 37

AY.29.1 1
AY.46 1
AY.92 1

Omicron BA.1 6
BA.1.1 34
BA.2 8
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assay. New cases of infection with the Delta variant, such as the AY.29 sublineage (24), remain
detectable in some countries, including Japan. The Delta variant increases the risk of hospi-
talization more than the Omicron variant (25). Therefore, rigorous global monitoring of
both Omicron and Delta variants is warranted. Although the medical treatments are
identical in people infected with these variants, variant tracking is essential to pre-
vent their spread and reduce the occurrence of new variants. Additionally, this HRM-
based assay is a valuable tool for rapid identification of these variants in a large num-
ber of samples since low-cost and high-throughput screening tests can be built using
this assay.

TABLE 3 Results of high-resolution melting analysis at R408, G446/L452, and S477/T478 sites

HRM results
No. of Alpha
samples

No. of Delta
samples

No. of BA.1
samples

No. of BA.2
samples

R408 site
R408 40 40 40 0
R408S 0 0 0 8
Unknown 0 0 0 0

G446/L452 site
G446/L452 40 0 0 8
G446S/L452 0 0 40 0
G446/L452R 0 40 0 0
Unknown 0 0 0 0

S477/T478 site
S477/T478 39 0 0 0
S477/T478K 1 39 0 0
S477N/T478K 0 0 40 8
Unknown 0 1 0 0

FIG 2 Melting curves of clinical samples for three receptor-binding domain regions. Melting curve
plots for the R408 (A), G446/L452 (B), and S477/T478 (C) sites were acquired using clinical samples
with three Alpha variants (pink line), three Delta variants (green line), three BA.1/BA.1.1 variants (blue
line), and three BA.2 variants (red line). Solid lines indicate true positive and true negative samples.
Dashed lines indicate false negative samples.
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All SARS-CoV-2 variants of concern have characteristic RBD substitutions in the spike
protein, affecting the viral infectivity and immune evasion ability. In contrast, many muta-
tions, excluding the RBD region, are not common among similar lineages, as the genomic
sequence of SARS-CoV-2 continues to mutate over time. Direct detection of characteristic
RBD mutations contributes to avoiding misdiagnosis of each variant. Therefore, we have
developed HRM assays to detect SARS-CoV-2 RBD mutations (20, 21). Moreover, HRM analysis
can detect unknown mutations unlike TaqMan probe assays. If a post-Omicron variant
emerges, we can quickly develop an HRM-based assay to detect the RBD mutation in the
new variant.

The TaqMan probe assay is typically used for single-nucleotide polymorphism detection.
Multiple TaqMan probe kits for the detection of SARS-CoV-2 mutations are commercially
available worldwide. As the Omicron RBD is highly mutated, the reactivity of the available
specific probes may be affected, which is likely to increase the risk of false negatives. This
HRM-based assay without a specific probe can be constructed more easily than a TaqMan
probe assay. Thus, HRM analysis is useful in identifying highly mutated variants. However,
the HRM assay may not be able to identify samples that contain low virus copies. Our previ-
ous study showed that when used with samples containing.107 copies/mL, the HRM assay
could detect SARS-CoV-2 mutations (19). In this study, the two-step nested PCR improved
the detection limit of the HRM assay, and low-copy virus samples could be identified, such
as those having Ct values of 35. Moradzad et al. (26) reported that a one-step HRM assay
can detect SARS-CoV-2 mutations with relatively high sensitivity and specificity, similar to
the TaqMan probe assay. However, they used high-copy number viral RNAs (10 ng RNA in a
tube) for HRM analysis. Additional work is required to improve the detection limit of our
HRM-based assay using a one-step single-tube PCR assay.

This study needs to be interpreted in the context of its limitations. First, this study was per-
formed on clinical samples from a limited area of Japan. Further studies are needed to confirm
the utility of this HRM-based assay using a larger size of samples from various regions since
the rates of false positive and false negative COVID-19 tests in clinical practice are essential in-
formation. Second, the low-copy virus samples with a Ct value less than 35 may more fre-
quently result in a false positive or false negative. The limit of detection should be determined
using low-copy virus samples. Third, our assay cannot discriminate between Omicron variants
BA.1 and BA.3 because these sublineages possess the same mutational spectra at R408,
G446S/L452, and S477N/T478K (Table 1). Even if the variant BA.3 replaces BA.1 and BA.2, we
can identify BA.3 by determining the D405N mutation in combination with others.

In conclusion, we developed a novel assay to identify the main Omicron sublineages,
BA.1 and BA.2, using HRM analysis. As this HRM-based genotyping assay does not require
sequence-specific probes, unlike the TaqMan probe assay, it is easy to perform and is cost-
effective. Our results suggest that the current HRM-based assay is a powerful high-through-
put tool for determining the SARS-CoV-2 Omicron sublineages. Since this assay was verified
using limited clinical samples, further studies using diverse samples are needed to validate
this HRM-based assay among the various institutions.

MATERIALS ANDMETHODS
Ethics statement. This project was approved by the Research Ethics Committee of Meijo University

(Approval number: 2020-17-2) and Aichi Prefectural Institute of Public Health (Approval number: 20E-4)
and was carried out according to the Infectious Diseases Control Law of Japan.

Preparation of standard RNA fragments: in vitro T7 transcription. The SARS-CoV-2 sequence was
obtained from NCBI (GenBank ID: MN908947), the GISAID database (www.gisaid.org), and the Pango nomencla-
ture system (https://cov-lineages.org/lineages.html). Five RBD DNA fragments (wild type, R408S mutant, BA.1

TABLE 4 Sensitivity and specificity of the high-resolution melting assay in comparison with
next-generation sequencing

Metrics R408S detection G446S detection S477N/T478K detection
Sensitivitya 100% (8/8) 100% (40/40) 100% (48/48)
Specificityb 100% (120/120) 100% (88/88) 97.5% (78/80)
aSensitivity = (true positives/true positives1 false positives)� 100.
bSpecificity = (false negatives/false negatives1 true negatives)� 100.
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variant mutant, BA.2 variant mutant, and Delta variant mutant; 600–1000 bp in length) with a 59 T7
upstream promoter sequence were obtained from Eurofins Genomics K.K. (Tokyo, Japan). In vitro T7 tran-
scription was performed as described previously (20). The synthesized single-stranded RNA fragments
were used as reverse transcriptase (RT)-PCR amplification templates.

RT-PCR amplification: first PCR. RT-PCR was performed in a single closed tube using a one-step RT-
PCR kit (One Step PrimeScript III RT-qPCR Mix, with UNG; TaKaRa Bio Inc., Kusatsu, Japan) in accordance with
the manufacturer’s instructions. The primer pairs used were as follows: R408 outer forward 59-TGCTTGGAACA
GGAAGAGAA-39 and R408 outer reverse 59-AACGCAGCCTGTAAAATCATC-39; G466-T478 outer forward 59-
TTACAGGCTGCGTTATAG-39 and G466-T478 outer reverse 59-ACAAACAGTTGCTGGTGCAT-39. Each DNA frag-
ment was observed as a single, correctly sized band as follows: R408, 247 bp; G466-T478, 290 bp. RT-PCR
amplification was performed as previously described (20). After amplification, the reaction mixture was diluted
10,000-fold with water and used as a template for the second PCR and HRM analyses.

HRM analysis: second PCR. HRM was performed using an HRM reagent (MeltDoctor HRM Master
Mix; Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The second
primer pair was as follows: R408 forward 59-TGCAGATTCATTTGTAATTAGAGGTGATGAAG-39 and R408 reverse
59-CTTTCCAGTTTGCCCTGGAG-39; G446-L452 forward 59-GGCTGCGTTATAGCTTGGAATTCTAACAATCTT-39 and
G446-L452 reverse 59-TCAAAAGGTTTGAGATTAGACTTCC-39; S477-T478 forward 59- TTGTTTAGGAAGTCTAAT
CTCAAACC-39 and S477-T478 reverse 59-AAGTAACAATTAAAACCTTCAACACCATTACAAGG-39. Each DNA frag-
ment was observed as a single, correctly sized band as follows: R408, 64 bp; G466-L452, 104 bp; S477-T478,
107 bp. As shown in Fig. 3, the R408 forward primer design was based on the D405 coding sequence, the
R408 reverse primer design was based on the K417 coding sequence, the G446-L452 forward primer design
was based on the N440 coding sequence, and the S477–T478 reverse primer design was based on the E484
coding sequence to avoid the potential influences of the D405, K417, N440, and E484 mutations, respec-
tively. Briefly, each reaction mixture (20 mL) contained 2 mL of the diluted RT-PCR mixture, 400 nmol/L of
each primer, and 1� master mix. All reactions were performed in duplicate using a real-time PCR system
(LightCycler 96 System; F. Hoff Mann-La Roche Ltd., Basel, Switzerland). PCR amplification was performed as
previously described (20). HRM curves were analyzed using Gene Scanning Software, version 1.1.0.1320 (F.
Hoffmann-La Roche Ltd.) under default settings. The normalized melting curve and melting peaks (2dF/dT)
were acquired by setting the pre-melt and post-melt fluorescence at 100% and 0%, respectively.

Clinical samples. From July 2021 to January 2022, 128 nasopharyngeal swabs or saliva samples
were collected from patients suspected of having COVID-19 and those detected with COVID-19 by Aichi
Prefectural Institute of Public Health. The Ct values in the clinical quantitative PCR test for these samples
ranged from 15 to 35. Viral RNA was extracted from clinical samples using spin columns (QIAamp Viral RNA
Mini QIAcube Kit; Qiagen GmbH, Hilden, Germany) and an automated nucleic acid purification system
(QIAcube Connect; Qiagen). Each eluent was reverse-transcribed, PCR-amplified, and subjected to library prepa-
ration using the QIAseq FX library kit (Qiagen), according to the protocol established by the National Institute
of Infectious Diseases, Tokyo, Japan (22, 23). Whole-genome sequencing was performed using a next-genera-
tion sequencer (MiSeq system; Illumina Inc., San Diego, CA, USA). The obtained NGS reads were mapped to the
SARS-CoV-2 Wuhan-Hu-1 reference genome sequence (29.9 kb single-strand RNA; GenBank ID: MN908947).
For lineage assignment, Pangolin version 3.1.20, with pangoLEARN version 2022-02-28 was used.

FIG 3 Schematic map of primer annealing sites for high-resolution melting analyses.
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