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Keywords: Introduction: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel coronavirus causing
SARS-CoV-2 coronavirus disease 2019 (COVID-19), has been expanding globally since late 2019. SARS-CoV-2, an RNA virus,
COVID-19

has a genome sequence that can easily undergo mutation. Several mutated SARS-CoV-2 strains, including those
with higher infectivity than others, have been reported. To reduce SARS-CoV-2 transmission, it is crucial to trace
its infection sources. Here, we developed a simple, easy-to-use genotyping method to identify SARS-CoV-2
variants using a high-resolution melting (HRM) analysis.

Methods: We investigated five mutation sites, A23403G, G25563T, G26144T, T28144C, and G28882A, which are
known strain determinants according to GISAID clades (L, S, V, G, GH, and GR).

Results: We first employed synthetic DNA fragments containing the five characteristic sites for HRM analysis. All
sequences clearly differentiated wild-type from mutant viruses. We then confirmed that RNA fragments were
suitable for HRM analysis following reverse transcription. Human saliva did not negatively affect the HRM
analysis, which supports the absence of a matrix effect.

Conclusions: Our results indicate that this HRM-based genotyping method can identify SARS-CoV-2 variants. This
novel assay platform potentially paves the way for accurate and rapid identification of SARS-CoV-2 infection

High resolution melting
Genotyping method
Real-time PCR

Virus mutation

sources.

1. Introduction

In December 2019, a novel coronavirus named severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) emerged from China and
caused coronavirus disease 2019 (COVID-19) [1-3]. SARS-CoV-2 has
been rapidly spreading worldwide, and the World Health Organization
(WHO) declared COVID-19 a pandemic on March 11, 2020. One of the
world’s highest priority tasks is to prevent the breakneck spread of
SARS-CoV-2 as early as possible.

SARS-CoV-2, a Betacoronavirus member, is an enveloped positive-
sense, single-strand RNA virus with infectivity towards humans and
mammals [4]. Although the SARS-CoV-2 evolutionary rate seemed to be
slower than those of other RNA viruses, various SARS-CoV-2 variants
have been reported worldwide [5-7]. Six SARS-CoV-2 clades have been
identified based on GISAID (https://www.gisaid.org), a global initiative
for data sharing on influenza viruses and latterly SARS-CoV-2. Emergent

SARS-CoV-2 mutants can exhibit higher transmissibility and virulence.
Indeed, a mutant strain, D614G [8], carries a spike amino acid mutation
and possesses higher infectivity towards human cells and in animal
models [9]. Therefore, the rapid genotyping of SARS-CoV-2, especially
to detect the D614G mutant, is now essential for tracing its infection
source and reducing its further transmission.

Real-time reverse transcription (RT) PCR is a commonly used indi-
rect method for diagnosing COVID-19 infections worldwide [10,11].
Alternative indirect diagnostic methods for COVID-19 have been
developed (e.g., RT-LAMP tests [12,13] and point-of-care tests [14,15]).
These tests, including real-time RT-PCR, detect the presence of
SARS-CoV-2 in samples, but sequence data cannot be acquired from
these tests. Contrastingly, next-generation sequencing (NGS) tests can
confirm viral sequences and thereby enable researchers to characterize
SARS-CoV-2 strains and trace their infection pathways [16,17]. How-
ever, NGS analysis has long data-acquisition times and needs

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; WHO, World Health Organization; COVID-19, coronavirus disease 2019; HRM,
high-resolution melting; RT, reverse transcriptase; NGS, next-generation sequencing; Tm, melting temperature; HIV, human immunodeficiency virus; DNase,

deoxyribonuclease; RNase, ribonuclease.
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computational power. Therefore, simple and inexpensive tests to rapidly
and reliably trace SARS-CoV-2 infections are needed.

High-resolution melting (HRM) analysis has been used to identify
single-nucleotide polymorphisms in DNA sequences [18,19] and in
bacterial strains [20,21]. Because double-stranded DNA shows charac-
teristic thermo-dissociation behavior (i.e., a melting profile) depending
on its GC content and base distribution, HRM can detect subtle differ-
ences at single-base resolution between two DNA sequences. Previous
studies confirm that HRM analysis can successfully identify human im-
munodeficiency virus (HIV) variants [22,23], which in common with
SARS-CoV-2, are RNA viruses. These facts suggest that HRM analysis
could potentially be a general and versatile method for determining
SARS-CoV-2 transmission. In this study, we developed a novel HRM
assay for genotyping five SARS-CoV-2 mutant types. This assay enabled
us to identify six types of viral clades, L, S, V, G, GH, and GR (Table 1).

2. Materials and methods
2.1. Synthesis of DNA fragments

The SARS-CoV-2 sequence used herein was obtained from NCBI
(NCBI Reference Sequence: NC_045512.2) and the GISAID database
(www.gisaid.org). pMA vectors harboring a series of five wild-type DNA
fragments (A23403, G25563, G26144, T28144, and G28882) and mu-
tants (A23403G, G25563T, G26144T, T28144C, and G28882A) were
obtained from Thermo Fisher Scientific (Waltham, MA, USA) (Fig. 1).
Each fragment (400 or 500 bp in length) was used as a PCR amplification
template.

2.2. PCR amplification and sequence analysis

PCR was performed using a high-fidelity PCR enzyme (KOD FX neo;
Toyobo Co., Ltd., Osaka, Japan) according to the manufacturer’s in-
structions. The primer pairs used for amplifying SARS-CoV-2 genome
sequences were M13 Forward (—20) 5-GTAAAACGACGGCCAG-3' and
M13 Reverse 5'-CAGGAAACAGCTATGAC-3' (Thermo Fisher Scientific).
PCR amplifications were performed with an initial denaturation at 94 °C
for 2 min followed by 35 cycles of denaturation at 98 °C for 10 s,
annealing at 58 °C for 30 s, and extension at 68 °C for 30 s. PCR products
were purified on spin columns (MinElute PCR Purification Kit; Qiagen
GmbH, Hilden, Germany). After purification, the DNA fragments were
sequenced (Eurofins Genomics KK, Tokyo, Japan), and the sequence
data were analyzed using Geneious Prime (Biomatters Ltd., Auckland,
New Zealand). The purified PCR products were used for HRM analysis
and for in vitro T7 transcription.

2.3. HRM analysis

Normal human saliva, which was collected from a healthy donor,
was purchased from Lee Biosolutions Inc. (Maryland Heights, MO, USA),
and confirmed to be COVID-19 negative using a SARS-CoV-2 detection
kit (SARS-CoV-2 Direct Detection RT-qPCR Kit; Takara Bio Inc., Shiga,
Japan) according to the manufacturer’s instructions. All reactions were
performed in duplicate on a real-time PCR system (LightCycler 480
System; F. Hoffmann-La Roche Ltd., Basel, Switzerland).

Table 1
SARS-CoV-2 types based on GISAID data.

Type Nucleotide mutation Amino acid mutation

L (NCBI Reference Sequence: NC_045512.2)

S C8782T, T28144C NS8-L84S

A G11083T, G26144T NSP6-L37F, NS3-G251V
G C241T, C3037T, A23403G S-D614G

GH C241T, C3037T, A23403G, G25563T S-D614G, NS3-Q57H
GR C241T, C3037T, A23403G, G28882A S-D614G, N-G204R

NS/NSP, Nonstructural proteins; S, Spike protein; N, Nucleocapsid protein.
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Saliva was incubated at 95 °C for 5 min to inactivate endogenous
deoxyribonuclease (DNase). Each DNA solution was added to a 4-fold
volume of heat-inactivated saliva (or water). HRM analysis was per-
formed using HRM reagents (LightCycler 480 High-Resolution Melting
Master; F. Hoffmann-La Roche Ltd.) according to the manufacturer’s
instructions. The primer pairs used to PCR amplify A23403, G25563,
G26144, T28144, and G28882 were as follows: A23403 forward 5'-
CACCAGGAACAAATACTTCTAACC-3' and A23403 reverse 5'- AACAGG
GACTTCTGTGCAGTTAA-3'; G25563 forward 5'-GCGTTGCACTTCTTG
CTGTTTT-3' and G25563 reverse 5'-GCTAGTTGCCATCTCTTTTTGAGG-
3'; G26144 forward 5'- GCCTGAAGAACATGTCCAAATT-3' and G26144
reverse 5-TGGATTAACAACTCCGGATGA-3'; T28144 forward 5'-
CCCATTCAGTACATCGATATCGG-3' and T28144 reverse 5'- CAATT-
TAGGTTCCTGGCAATTAA-3'; G28882 forward 5'-TCAACTCCAGGCAG-
CAGTAG-3' and G28882 reverse 5'-GCCATTGCCAGCCATTCTA-3'. Each
reaction mixture (20 pL) contained DNA solution (20 pg), 400 nmol/L of
each primer, 1 x Master mix, and 1.5 mmol/L of MgCl,. All reactions
were performed in duplicate on a real-time PCR system (LightCycler 96
System; F. Hoffmann-La Roche Ltd.). PCR amplification was performed
with an initial denaturation at 95 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 10 s, annealing at 60 °C for 10 s, and extension
at 72 °C for 20 s. After amplification, HRM was performed with dena-
turation at 95 °C for 60 s, cooling at 40 °C for 60 s, preheating at 65 °C
for 1 s, and melting curve generation from 75 °C to 95 °C in 1 °C/s in-
crements with 25 acquisitions. HRM curves were analyzed using Gene
Scanning Software (F. Hoffmann-La Roche Ltd.) under default settings.
Normalized melting curves, melting peaks (-dF/dT), and curve differ-
ences (A) were acquired by setting pre-melt and post-melt fluorescences
as 100% and 0%, respectively. After HRM analysis, each PCR product
(10 pL/lane) was separated by agarose gel electrophoresis, and the im-
ages were captured by the FAS-IV imaging system (Nippon Genetics Co,
Ltd., Tokyo, Japan).

2.4. RNA fragment synthesis: in vitro T7 transcription

Because each synthetic DNA fragment possesses a 5 T7 upstream
promoter sequence, the SARS-CoV-2 RNA fragments were synthesized
by in vitro T7 transcription (CUGA 7 in vitro Transcription Kit; Nippon
Gene Co. Ltd.) according to the manufacturer’s instructions. Synthetic
RNA fragments were purified on spin columns (RNeasy Mini Kit, Qia-
gen). After purification, each eluent was treated with DNase I (RNase-
Free DNase Set; Qiagen) and repurified on a new spin column. Synthetic
single-stranded RNA fragments (250 ng/lane) were separated by non-
denaturing agarose gel electrophoresis using RNA loading buffer and
RNA ladder (DynaMarker RNA High for Electrophoresis; BioDynamics
Laboratory Inc., Tokyo, Japan) according to the manufacturer’s in-
structions. Images were captured by FAS-IV.

2.5. One-step RT-PCR HRM analysis

To remove the endogenous ribonuclease (RNase), human saliva was
centrifuged using a centrifugal ultrafiltration (10 kDa) device (Ultrafree-
MC; Sigma-Aldrich, St. Louis, MO, USA) (12,000xg, 30 min, room
temperature). The flow-through fraction obtained was regarded RNase-
free saliva.

RNA templates were treated with DNase (ezDNase; Thermo Fisher
Scientific) according to the manufacturer’s protocol. Briefly, the reac-
tion mixture (5 pL) consisted of RNA solution (500 pg), 1 pL of RNase-
free saliva (or water), 0.5 pL of ezDNase buffer, and 0.5 pL of DNase.
The mixtures were reincubated at 37 °C for 5 min and 95 °C for 5 min.
After DNase treatment, one-step RT-PCR HRM analysis was performed
using a one-step reverse transcriptase kit (SuperScript IV One-Step RT-
PCR System; Thermo Fisher Scientific) and LightCycler 480 High-
Resolution Melting Master (F. Hoffmann-La Roche Ltd.). Each reaction
mixture (20 pL) contained RNA solution (200 pg), 0.2 pL of SuperScript
IV RT mix, 400 nmol/L of each primer, ten pL of master mix, and 1.5
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Fig. 1. DNA sequences of the target regions in the plasmid templates. Each target region was amplified using specific primers and the amplicon sequences were
analyzed. The five mutational sites were A23403 (A), G25563 (B), G26144 (C), T28144 (D), and G28882 (E). Dashed rectangles indicate single point muta-

tions (Table 1).

mmol/L MgCl,. Reverse transcription was performed at 52 °C for 10
min, followed by 98 °C for 2 min. Real-time PCR and HRM were per-
formed under the same conditions as used for the HRM analysis with
DNA templates.

3. Results
3.1. HRM analysis on DNA templates

Before using the single-stranded RNA, we validated the HRM PCR
conditions with double-stranded DNA. DNA templates were amplified
from pre-prepared pMA vectors harboring five mutational sites
(A23403G, G25563T, G26144T, T28144C, and G28882A; Table 1),
before proceeding to HRM analysis. The HRM curve analysis showed
that the characteristic melting peaks were distinguishable between wild-
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types and mutants at all five mutation sites (Fig. 2). Upon electropho-
retic separation, a single correctly-sized DNA fragment was observed in
each HRM reaction mixture (Fig. S1). These results indicate that our PCR
conditions were suitable for HRM analysis.

3.2. Effect of saliva on the HRM analysis

In clinical practice, saliva rather than nasopharyngeal swabs is used
for SARS-CoV-2 infection testing [24-26]. Therefore, we determined the
effect of saliva on the HRM analysis results using commercially available
human saliva. A DNA fragment was spiked into this saliva at 1 x 107
copies/mlL, and the spiked saliva was analyzed by HRM. DNA templates
without saliva were used as references, and the normalized melting
curves from the samples were subtracted by that of the respective
reference to obtain difference plots for the five mutational sites (Fig. 3).
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Fig. 2. DNA template melting peaks. -dF/dT plots for the five mutational sites were acquired using wild-type (blue) and mutant (red) DNA templates. (A) A23403,

(B) G25563, (C) G26144, (D) T28144, and (E) G28882.

The mutants’ plots were dissimilar to those of the references, whereas
the wild-type plots were in agreement with those of the references.
These results indicate that saliva in the HRM reaction mixture did not
interfere with the amplification and melting processes.
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3.3. One-step RT-PCR HRM analysis for RNA templates

We next confirmed the applicability of RNA templates for HRM
analysis after reverse transcription. To prepare the RNA templates, in
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Fig. 3. Difference plots for DNA templates in the presence of human saliva. Each DNA fragment was added to human saliva at 107 copies/mL. DNA templates
(wild-types) without saliva were used as the references. The difference plots indicate that wild-types (blue) and references (orange) were distinguishable from

mutants (red). (A) A23403, (B) G25563, (C) G26144, (D) T28144, and (E) G28882.
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vitro T7 transcription was carried out using pMA vectors harboring five
mutational sites in SARS-CoV-2. Upon electrophoretic separation, the
transcripts were confirmed to be single, correctly-sized fragments
(Fig. S2). Thus, our one-step RT-PCR HRM analysis involved reverse
transcription and subsequent amplification of synthetic single-stranded
RNA in a single tube.

In the one-step RT-PCR HRM analysis, single-stranded RNA was
compared between the wild-types and mutants. Double-stranded DNA
was used as the positive control reference for DNA amplification.
Although there is no direct evidence that our reaction conditions
resulted in reverse-transcribed single-stranded RNA production and PCR
amplification of any resultant cDNA, the plots showing the differences
between the wild-type sequences were in agreement with those of the
references, implying that reverse transcription was successful during the
one-step RT-PCR HRM (Fig. S3). Conversely, the mutants’ plots were
distinctly different to those of the references. These results suggest that
our one-step method identified wild-type and mutant SARS-CoV-2 viral
RNAs, but the effect of saliva on the reverse transcription reaction was
unclear. Therefore, we performed the one-step RT-PCR HRM analysis in
the presence of RNase-free saliva (Fig. S4). For all five mutational sites,
one-step RT-PCR HRM analysis distinguished the wild types from the
mutants in the presence of a saliva matrix, indicating that saliva did not
impact the assay.

4. Discussion

Since the WHO declared COVID-19 a pandemic on March 11, 2020,
SARS-CoV-2 infection has rapidly spread worldwide. In Japan, COVID-
19 patients are currently increasing daily, and healthcare is almost
facing collapse. Recently, several COVID-19 vaccines have been devel-
oped and vaccination programs have just started. Although full
deployment of such vaccines in Japan will take many months, epide-
miological determinations and governmental mobility restrictions are
still the standard approaches for suppressing viral transmission. In the
current epidemiological situation, infection sources are identified based
on contact tracing of COVID-19 cases and broad-range PCR testing of
people. Conventional PCR testing targets consensus sequences within
SARS-CoV-2 variants [10,27], but these tests do not detect variants
possessing characteristics such as higher infectivity. It would be helpful,
therefore, if PCR testing was able to detect SARS-CoV-2 variants, as this
would allow healthcare professionals to trace not only close contacts but
also know which SARS-CoV-2 variant is responsible, thereby providing
more in-depth insight into infection sources and pathways. Our newly
developed novel PCR-based HRM genotyping assay, which determines
SARS-CoV-2 genome sequences, may be helpful in this respect.

NGS can identify novel strains based on the whole-genome sequence
data it produces. This technique has characterized five mutants (S, V, G,
GH, and GR; Table 1), among which G, GH, and GR mutants possess an
identical mutation site (D614G) in the spike protein’s coding region.
These three mutated forms have higher infectivity and proliferative
adaptability than the wild-type viruses [9], and are currently spreading
worldwide. In mid to late December 2020, two more mutants emerged in
the UK and South Africa (namely VOC-202012/01 and 501.V2, respec-
tively) [28,29]. Based on the WHO’s report, VOC-202012/01 seems to
be 75% more transmissible than the previous circulating viruses,
implying its future rapid transmission outside the UK [28]. Therefore,
large-scale sequencing of SARS-CoV-2 viral genomes is needed for
monitoring the infection status of VOC-202012/01, but whole-genome
sequence analysis takes time and effort. In contrast, our HRM-based
genotyping analysis identifies selected mutation sites, making it
possible to detect SARS-CoV-2 variants rapidly and efficiently.

This analysis was also performed using serially diluted RNA tem-
plates corresponding to viral copy numbers from 10* to 10'! copies/mL
in saliva. Among the five mutational sites, the successful copy number
ranges were from 107 to 10*! copies/mL (for A23403, G26144, G28882)
and from 10° to 10*! copies/mL (for G25563, T28144) (data not shown).
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Previous studies [30,31] have shown that saliva from SARS-CoV-2 pa-
tients contains about 10* to 10® virus copies per mL. Therefore, when
used at > 107 copies per mL, the current HRM assay is applicable for the
five mutational sites. Additional work is needed to improve the detec-
tion limit of HRM analysis. One option to improve it’s the detection limit
and specificity is to modify nested PCR by using two primer sets, which
can improve real-time RT-PCR sensitivity towards SARS-CoV-2 [32,33].

We have not used HRM analysis on clinical samples yet, but it is
reportedly a useful genotyping tool for HIV [22,23] which, like
SARS-CoV-2, is also an RNA virus. Cousins et al. reported that, similarly
to NGS, HRM analysis can capture HIV diversity [34]. Likewise, HRM
analysis should be a useful tool for tracking the distribution of
SARS-CoV-2 variants. Indeed, HRM analysis correctly identified the
genomic RNA of GISAID clade S virus to be A23403, G25563, G26144,
T28144C, and G28882 (Fig. S5).

Because HRM analysis is reflected in single-nucleotide poly-
morphisms, an unexpected mutation within the target regions would
affect the melting temperature, by which each specific melting peak
would be generated. It is necessary for both wild-type and mutants
template as positive controls in order to identify SARS-CoV-2 variants
using HRM analysis. Although sequence analyses are needed for samples
with different nucleotide mutations, our HRM analysis can be applicable
for high-throughput screening of the emerging unknown mutations.

In conclusion, we developed a novel method for genotyping SARS-
CoV-2 variants using a real-time PCR system. This assay is faster and
less costly than NGS analysis. Our results suggest that the current
technique based on HRM analysis is a powerful high-throughput tool for
determining SARS-CoV-2 clusters, but the technique requires future
confirmation using samples from SARS-CoV-2-infected patients.
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