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A B S T R A C T   

High-resolution melting (HRM) analysis is a PCR–based method that can be used as a screening assay to identify 
SARS-CoV-2 variants. However, conventional HRM assays hardly detect slight melting temperature differences at 
the A–T to T–A transversion. As the N501Y substitution results from A–T to T–A transversion in A23063, few or 
no studies have shown that a conventional HRM assay can identify N501Y variants. This study successfully 
developed an HRM assay for identifying the N501Y mutation. Two HRM assays were used in the N501 site 
because the discrimination results were affected by the virus copy numbers. One is a conventional HRM assay 
(detectable at 103–106 copies/mL) and the other is a modified HRM assay by adding the wild-type fragment 
(detectable at 105–1010 copies/mL). Using viral RNAs from cultured variants (Alpha, Beta, and Gamma), a 
modified HRM assay correctly identified three N501Y variants because of high-copy-number RNAs in those viral 
samples. The sensitivity and specificity of the N501Y assay were 93.3% and 100%, respectively, based on 209 
clinical samples (105 for N501; 104 for N501Y). These results suggest that our HRM-based assay is a powerful 
tool for rapidly identifying various SARS-CoV-2 variants.   

1. Introduction 

The outbreak of the coronavirus disease 2019 (COVID-19) was 
caused by the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) and spread worldwide (Coronaviridae Study Group of the In-
ternational Committee on Taxonomy of Viruses, 2020; Wu et al., 2020; 
Zhou et al., 2020). Although the rate of SARS-CoV-2 genomic mutation 
is lower than that of other RNA viruses, many variants have appeared 
worldwide. Since late 2020, the World Health Organization (WHO) has 
classified variants of concern (VOCs) and variants of interest according 
to their risk to public health. COVID-19 specimens were sequenced with 
the entire viral genome using next-generation sequencing (NGS) and 
each variant was classified (Harilal et al., 2020). Some developed 
countries maintain the NGS approach to surveillance for monitoring 
virus evolution. The NGS approach is essential for tracking SARS-CoV-2 
variants and preventing the spread of high-risk variants. However, as 

NGS analysis is costly and time-consuming, not all specimens can be 
sequenced in the viral whole genome. A possible solution to the disad-
vantages of NGS is the combined use of PCR-based screening assays. 

In 2020, three VOCs, Alpha from the United Kingdom, Beta from 
South Africa, and Gamma from Brazil, occurred and spread worldwide. 
Those VOCs possess some characteristic amino-acid substitutions in the 
spike receptor-binding domain (RBD) as follows: Alpha has N501Y; Beta 
has K417N, E484K, and N501Y; and Gamma has K417T, E484K, and 
N501Y. Common among those variants is the N501Y substitution, which 
is a key mutation for increased viral infectivity. Several previous studies 
have indicated that PCR-based screening assays with specific probes 
could detect the N501Y mutation (Banada et al., 2021; Chaintoutis et al., 
2021; Sandoval Torrientes et al., 2021). Indeed, the Japanese govern-
ment carried out a TaqMan N501Y screening assay to track the Alpha 
variant. 

Our previous studies have shown that high-resolution melting (HRM) 
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analysis, a post-PCR technology based on the melting temperature (Tm) 
of the amplicon, detected several SARS-CoV-2 mutations (Aoki et al., 
2022a; Aoki et al., 2022b; Ferreira et al., 2021). As HRM analysis does 
not require the design of a specific probe, HRM-based assays can be 
developed more easily than the TaqMan probe assay, as reported pre-
viously (Aoki et al., 2021a). However, this technique must overcome the 
drawback of the difficulty of detecting class 4 single nucleotide poly-
morphisms (SNPs) with A–T to T–A complementary transversion using 
conventional HRM analysis, because of the slight difference in Tm 
(<0.4 ◦C) (Cai et al., 2010). Class 4 SNPs are the cause for the A23063T 
single nucleotide mutation found in the N501Y substitution of 
SARS-CoV-2. For this reason, HRM-based assays rarely identify the 
N501Y variant. 

In this study, we aimed to develop two types of HRM-based assays (a 
conventional HRM assay; a modified HRM assay by adding the wild-type 
fragment) to identify the SARS-CoV-2 N501Y mutation. We also inves-
tigated the applicability of the current HRM-based assay to the deter-
mination of clinical samples. 

2. Materials and methods 

2.1. Ethical statement 

This project was approved by the Research Ethics Committee of 
Meijo University (approval No. 2020–17–4) and the Aichi Prefectural 
Institute of Public Health (approval No. 20E-4) and was conducted ac-
cording to the Infectious Diseases Control Law in Japan. 

2.2. 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 
nomenclature system (https://cov-lineages.org/lineages.html). Two 
RBD DNA fragments (wild-type and N501Y mutant; 600–1000 bp in 
length) with a 5′ T7 upstream promoter sequence were obtained from 
Eurofins Genomics K.K. (Tokyo, Japan). In vitro T7 transcription was 
performed as described previously (Aoki et al., 2021b). The synthesized 
single-stranded RNA fragments were used as reverse transcriptase 
(RT)-PCR amplification templates. 

2.3. Virus isolation and RNA extraction 

The National Institute of Infectious Diseases (Tokyo, Japan) gener-
ously provided the Alpha variant (Pango lineage B.1.1.7, hCoV-19/ 
Japan/QK002/2020), Beta variant (Pango lineage B.1.351, hCoV-19/ 
Japan/TY8–612/2021), Gamma variant (Pango lineage P.1, hCoV-19/ 
Japan/TY7–501/2021), and VeroE6/TMPRSS2 cell line. Cells were 
grown to subconfluence in low-glucose Dulbecco’s modified Eagle’s 
medium (DMEM; Nihon pharmaceutical, Tokyo, Japan), supplemented 
with 10% fetal bovine serum (FBS; Sero Scandia, Hellebaek, Denmark), 
1 mg/mL G418 (Nacalai Tesque, Kyoto, Japan), and 1 × pen-
icillin–streptomycin (PS; FUJIFILM Wako Pure Chemical, Osaka, Japan) 
at 37 ◦C under a humidified 5% CO2 atmosphere. The virus was inocu-
lated after the culture medium was replaced with DMEM supplemented 
with 2% FBS and 1 × PS. Once the cytopathic effect appeared, the cul-
ture medium was harvested and centrifuged, and the supernatants were 
collected as virus stock. Viral RNA was extracted from the virus stock 
using spin columns (High Pure Viral RNA Kit; Roche Diagnostics., Basel, 
Switzerland). All experiments using infectious SARS-CoV-2 were per-
formed in a biosafety level 3 (BSL3) laboratory at Aichi Prefectural 
Institute of Public Health, according to standard BSL3 guidelines. Puri-
fied RNAs were used as RT-PCR amplification templates. 

2.4. RT-PCR amplification: First PCR 

We performed RT-PCR 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), according to the manufacturer’s instructions. The 
primer pairs used were as follows: Outer forward 5′-AATCTTGATTC-
TAAGGTTGGTGGTAAT-3′ and outer reverse 5′-AACCAAATTAGTA-
GACTTTTTAGGTCCA-3′. Each DNA fragment was observed as a single, 
correctly sized band (285 bp). RT-PCR amplification was performed as 
described previously (Aoki et al., 2021b). After RT-PCR amplification, 
the reaction mixture was diluted 10,000-fold with water and used as a 
template for the second PCR and HRM analyses. 

2.5. Clinical samples 

From March to April 2021, 209 nasopharyngeal swabs or saliva 
samples were collected from patients suspected of having COVID-19 and 
those detected with COVID-19 at Aichi Prefectural Institute of Public 
Health. Viral RNA was extracted from clinical samples using spin col-
umns (QIAamp Viral RNA Mini QIAcube Kit; Qiagen GmbH, Hilden, 
Germany) and an automated nucleic acid purification system (QIAcube 
Connect; Qiagen). RT-PCR amplification was performed, and amplicon 
size was confirmed to be approximately 285 bp as previously reported 
(Aoki et al., 2021b). The DNA fragments were sequenced (Eurofins 
Genomics K.K.) and used as a template (with diluted 10,000-fold) for the 
second PCR and HRM analyses. 

2.6. 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: 
Forward 5′-TTTCCTTTACAATCATATGGTTTCC-3′ and reverse 5′- 
GCTGGTGCATGTAGAAGTTCA-3′. Each DNA fragment was observed as 
a single, correctly sized band (98 bp). PCR amplification was performed 
as described previously (Aoki et al., 2021b). We performed all reactions 
in duplicate using a real-time PCR system (LightCycler 96 System; Roche 
Diagnostics). The HRM curves were analyzed using Gene Scanning 
Software, version 1.1.0.1320 (Roche Diagnostics) under default settings. 
We acquired the normalized melting curve and melting peaks (− dF/dT) 
by setting the premelt and postmelt fluorescence at 100% and 0%, 
respectively. 

3. Results 

3.1. HRM analyses of isolated viral RNAs in N501 sites 

The N501Y mutation was coded by A23063T, meaning a class 4 SNP. 
The identification of the N501Y variant should be difficult for a con-
ventional HRM analysis. To detect the N501Y mutation, we performed 
not only a conventional HRM-based assay but also a modified HRM- 
based assay by adding the wild-type fragment. First, we conducted a 
conventional HRM-based assay using serial dilutions of wild-type and 
N501Y RBD fragments. A conventional HRM-based assay could correctly 
identify the N501Y RBD fragment with a dynamic range of 103–106 

copies/mL (Fig. 1A). As reported previously, the copy number of viruses 
in the clinical samples ranged from 104–108 copies/mL (Ct values from 
15 to 35) (To et al., 2020; Zhu et al., 2020). Thus, only the conventional 
HRM-based assay will identify a limited number of clinical samples. We 
then investigated a modified HRM-based assay by adding 106 copies/mL 
of wild-type fragments in equal amounts with samples. With the addi-
tion of the wild-type fragment, the dynamic range of the HRM-based 
assay was 105–1010 copies/mL (Fig. 1B). Therefore, the HRM-based 
assay can detect the N501Y mutation with a wide range (103–1010 

copies/mL) by combining it with the addition of the wild-type fragment 
and without. 

We next investigated the N501Y assay using isolated viral RNAs. By 
adding the wild-type fragment, the HRM-based assay correctly classified 
all three variants as N501Y mutants (Fig. 2). The conventional HRM- 
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based assay could not identify three variants (data not shown) because 
the isolated viral RNAs were high copy numbers (Ct value <15: more 
than 108 copies/mL). 

3.2. HRM analyses of clinical samples in the N501 site 

Finally, we confirmed the applicability of the N501Y assay with or 
without the addition of the wild-type fragment using clinical samples. 
Sanger sequencing identified 209 samples as the N501 samples 
(A23063; 105 samples) and N501Y mutants (A23063T; 104 samples). 
All 105 N501 samples were correctly classified as N501 using the HRM 
assay both with and without the addition of the wild-type fragment 
(Table 1). A total of 97 N501Y samples could be classified as N501Y 
mutants under at least one condition (with and/or without adding the 
wild-type fragment). Neither N501Y assay could identify seven of the 
N501Y samples (Ct values from 25 to 30) as the N501Y mutant. 
Therefore, we calculated the sensitivity and specificity of the current 
N501Y assay as 93.3% (97/104) and 100% (105/105), respectively. 

4. Discussion 

The Alpha, Beta, and Gamma variants are the first SARS-CoV-2 
variants classified by the WHO as VOCs. Three variants share the 
N501Y substitution, one of the highest-risk mutations that increases 
viral infectivity. However, a conventional HRM-based assay can hardly 
identify the A23063T coding N501Y. This study is the first report 

regarding the development of an HRM-based assay for detecting the 
N501Y mutation using the addition of a wild-type fragment. To enhance 
the discrimination power of the A23063T (N501Y) mutation, we added 
a small amount of the wild-type fragment to the reaction tube as used 

Fig. 1. Normalized melting curves of positive control RNAs for the N501 site. Normalized melting curve plots for the N501 site without the addition of the wild-type 
fragment (A) and with the addition of the wild-type fragment (B) were acquired using standard fragments of 106 copies/mL wild-type (dashed black line), 108 copies/ 
mL N501Y mutant (solid brown line), 106 copies/mL N501Y mutant (dashed red line), and 103 or 104 copies/mL N501Y mutant (solid purple line). 

Fig. 2. Normalized melting curves and melting peaks of isolated viral RNAs for the N501 site with the addition of the wild-type fragment. Normalized melting curve 
plots (A) and melting peak plots (B) for the N501 site with the addition of the wild-type fragment were acquired using isolated viral RNAs of the Alpha (dashed red 
line), Beta (dotted blue line), and Gamma (solid green line) variants and the wild-type positive control (solid black line). 

Table 1 
Results of the high-resolution melting analyses at the N501 site using clinical 
samples.  

Without the addition of the wild-type fragment (conventional HRM-based assay) 

HRM result Sanger sequence 

N501 (n = 105) N501Y (n = 104) 

N501 105 53 
N501Y 0 39 

Unidentified 0 12  

With the addition of the wild-type fragment (modified HRM-based assay) 
HRM result Sanger sequence 

N501 (n = 105) N501Y (n = 104) 

N501 105 10 
N501Y 0 78 

Unidentified 0 16  

Results of the combined assays  
N501 (n = 105) N501Y (n = 104) 

Both assays positive 105 21 
Either assay positive 0 76 
Both assays negative 0 7  
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previously to identify class 4 SNPs (Liew et al., 2004; Matsumoto et al., 
2016). By adding the wild-type fragment, a portion of the mutant 
amplicon creates a duplex with the wild-type amplicon, leading to a 
decrease in the Tm value. The sensitivity and specificity of the N501Y 
assay were 93.3% and 100%, respectively, indicating that our assay may 
be useful in identifying N501Y variants. In addition, we developed an 
HRM-based assay for K417N/T and E484K mutations (Figs. S1 and S2). 
In the K417 sites, this assay can distinguish three variants, such as Alpha, 
Beta, and Gamma, using a single assay. In the K417 site, all 209 clinical 
samples were classified as K417 by this assay (data not shown). This 
result suggests that every N501Y variant in this study was the Alpha 
variant. 

The TaqMan probe assay is the most popular tool for detecting SNPs 
with specific probes. As the arrangement of the probe affects the assay’s 
specificity, optimizing the probe location and length is necessary to 
develop an SNP genotyping assay. In this study, we developed the HRM- 
based N501Y assay by adding the wild-type fragment. As the HRM-based 
assay can be constructed without designing a specific probe, the devel-
opment of this assay requires less time. Thus, our HRM-based assay is 
more simple and less costly than a probe-based assay, such as the Taq-
Man probe assay. The addition of 106 copies/mL of wild-type fragments 
may also be applicable for other SARS-CoV-2 mutations coded by the 
A–T exchange, such as L452Q (coded by T22917A), though it is required 
for the optimization and validation of the concentration of the wild-type 
fragment added. 

Although this HRM-based assay has some advantages over other 
screening assays, it also has limitations for identifying SARS-CoV-2 
variants. First, we validated our HRM assay for the N501Y mutation 
using clinical samples in a confined area of Japan. To verify the usability 
of our N501Y assay, more diverse samples must be analyzed. Second, the 
concentration of wild-type fragments added was investigated only at 106 

copies/mL. Third, this assay needs a two-step PCR protocol to improve 
the detection limit. 

In conclusion, we developed HRM-based assays to determine the 
presence of N501Y SARS-CoV-2 mutation. This study demonstrates that 
the HRM assay can detect the N501Y mutation without the need for 
designing a specific probe. Thus, our HRM-based assay is an easier and 
less costly tool for identifying the SARS-CoV-2 N501Y mutation than 
probe-based assays, such as the TaqMan probe. Although this assay can 
be a useful screening tool for identifying SARS-CoV-2 variants, further 
studies are required to overcome this study’s limitations. 
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