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ARTICLE INFO ABSTRACT

Keywords: Introduction: Genomic surveillance of the SARS-CoV-2 virus is important to assess transmissibility, disease
Surveillance severity, and vaccine effectiveness. The SARS-CoV-2 genome consists of approximately 30 kb single-stranded
:ARS'COV'Z RNA that is too large to analyze the whole genome by Sanger sequencing. Thus, in this study, we performed
-gene

Sanger sequencing following long-range RT-PCR of the entire SARS-CoV-2 S-gene and analyzed the mutational
dynamics.

Methods: The 4 kb region, including the S-gene, was amplified by two-step long-range RT-PCR. Then, the entire S-
gene sequence was determined by Sanger sequencing. The amino acid mutations were identified as compared
with the reference SARS-CoV-2 genome.

Results: The S:D614G mutation was found in all samples. The R.1 variants were detected after January 2021.
Alpha variants started to emerge in April 2021. Delta variants replaced Alpha in July 2021. Then, Omicron
variants were detected after December 2021. These mutational dynamics in samples collected in the Chiba
University Hospital were similar to those in Japan.

Conclusion: The emergence of variants of concern (VOC) has been reported by the entire S-gene analysis. As the
VOCs have unique mutational patterns of the S-gene region, analysis of the entire S-gene will be useful for

Long-range RT-PCR
Sanger sequencing

molecular surveillance of the SARS-CoV-2 in clinical laboratories.

1. Introduction

The global coronavirus disease 2019 (COVID-19) pandemic is a
serious health problem caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [1]. The emergence of the variants of
concern (VOC) and the variants of interest (VOI), which increase
transmissibility, were reported [2,3]. Genomic surveillance is important
to investigate virus transmission dynamics, detect the novel genetic
variants and, assess the impact of mutations on the performance of
molecular diagnostic methods, antiviral drugs, and the effectiveness of
the vaccine [2,4,5].

The SARS-CoV-2 genome consists of 29,903 bases long single-
stranded RNA [6]. The S-gene is composed of 3,822 bases and encodes
spike proteins (1,273 amino acids) covering the surface of SARS-CoV-2
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[6]. This spike protein binds to the host cell receptor and cell membranes
before the release of the virus genome. The spike protein is essential for
transmissibility and targeting vaccine development [4,5]. Additionally,
VOC and VOI have unique mutational patterns of the spike protein [7].
Thus, the determination of the S-gene sequence will be useful for the
estimation of SARS-CoV-2 variants.

We have mainly two sequencing options: Sanger sequencing or
massively parallel sequencing (MPS). The MPS has been commonly used
for the genomic surveillance of SARS-CoV-2 [8]. The MPS allows mul-
tiple samples to be sequenced together; however, it is a less cost-efficient
method when it comes to detecting mutations in smaller samples. As
compared with MPS, Sanger sequencing is a gold standard method, easy-
to-use, cost-effective if few targets are required, and available at many
clinical laboratories [8].
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Fig. 1. Method overview of the long-range RT-PCR followed by Sanger sequencing. The SARS-CoV-2 genome consists of 29,903 bases (blue line). The S-gene is
encoded 21,563-25,384 position of the genome (blue box). “RT-PCR,” dotted line and solid lines indicate first-strand cDNA and following PCR amplification region,
respectively. Sequencing, dashed lines indicate sequencing regions. Triangles indicate primer binding sites.

The polymerase chain reaction (PCR)-based target enrichment
strategy such as multiplex tiling PCR has been widely used for genomic
sequencing (the ARTIC Network, https://artic.network/ncov-2019).
The major limitation of PCR-based target enrichment is that the
amplification failure may occur as a result of mutations in primer
binding sites [8]. In contrast to conventional PCR, long-range PCR re-
quires fewer primers to amplify the target regions. Moreover, long-
amplicon is suitable for Sanger sequencing, which can obtain rela-
tively longer sequence reads.

In this study, we analyzed the whole length of the S-gene for tracking
SARS-CoV-2 variants by using long-range reverse transcription-
polymerase chain reaction (RT-PCR) followed by Sanger sequencing.
The lineage of VOCs was estimated by the mutational pattern of the S-
gene. Then, the prevalence of the VOCs in Chiba University Hospital
over time was observed and compared with the respective duration in
Japan to examine the usefulness of this method.

2. Materials and methods
2.1. Specimens

In this study, the SARS-CoV-2 RNA positive samples (>100 copies/
uL, Cq > 30) from November 2020, to January 2022, at Chiba University
Hospital were included.

2.2. Detection and quantification of SARS-CoV-2 RNA

The SARS-CoV-2 RNA detection test was performed by using the real-
time RT-PCR kit (Ampdirect 2019-nCoV detection kit, Shimadzu, Kyoto,
Japan). Then, positive samples were quantified by using the previously
described multiplex RT-qPCR methodology [9].

2.3. Long-range RT-PCR

The reverse transcription (RT) was performed using a PrimeScript IV
1st strand cDNA Synthesis Mix (Takara, Shiga, Japan). Each 5 pL reac-
tion mixture contained 1 ul of PrimeScript IV cDNA synthesis mix (oligo
dT primer included) and 4 pL of extracted viral RNA. The RT reaction
was done at 42 °C for 20 min followed by enzyme inactivation at 70 °C
for 15 min. Then, the 4 kb region including the entire S-gene of SARS-
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Table 1
Primers used to amplify the cDNA.

Name Sequence (5’ > 3) Genomic coordinates
(NC_045512)
For PCR
SC2-S-4kbF aggggtactgctgttatgtettt 21,421-21,443
SC2-S-4kbR aggcttgtatcggtategttge 25,489-25,510
For Sanger sequencing
SC2-S- tgatatgattttatctcttcttagtaaagg 21,462-21,491
SeqF1
SC2-S- tgtgaatttcaattttgtaatgatec 21,953-21,978
SeqF2
SC2-S- agtgatcgttgaaatccttcactg 22,461-22,484
SeqF3
SC2-S- ttgtttaggaagtctaatctcaaacc 22,925-22,950
SeqF4
SC2-S- aagtccctgttgetattcatge 23,418-23,439
SeqF5
SC2-S- aactggaatagctgttgaacaagac 23,863-23,887
SeqF6
SC2-S- attcaagactcactttcttccacag 24,362-24,386
SeqF7
SC2-S- ggcacacactggtttgtaacac 24,857-24,878
SeqF8

CoV-2 was amplified by long-range PCR (Fig. 1). The 20 pL of PCR re-
action included 10 pL of 2 x Gflex PCR bulffer, 0.4 pL of Tks Gflex DNA
polymerase (Final 0.5 U), 0.2 uM of each forward and reverse primers
(Table 1), 1 pL of 20 x EvaGreen Dye (Biotium, CA, USA), 2 pL of the
cDNA, and 4.6 pL of nuclease-free water. The real-time PCR was per-
formed using a LightCycler Nano instrument (Roche Diagnostics, Man-
nheim, Germany). The PCR cycling program was as follows: pre-
incubation at 94 °C for 1 min; followed by 40 cycles at 98 °C for 10 s
and 65 °C for 180 s (signal acquisition); melting at 98 °C for 30 s, 65 °C
for 30 s, and a continuous increase in temperature from 65 °C to 98 °C at
the rate of 0.5 °C/s with signal acquisitions. After amplification check
(Supplementary Fig. 1), the amplicons were purified using an equal
volume of AMPure XP (Beckman coulter, Brea, CA, USA), according to
the manufacturer’s instruction. Purified amplicons were eluted in 50 uL
nuclease-free water.
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2.4. Sanger sequencing

The BigDye Terminator v3.1 cycle sequencing kit (Thermo Fisher
Scientific, MA, USA) was used for the cycle sequencing reaction. Each
10 pL reaction mixture contained 1 pL of BigDye Terminator ready re-
action mix, 2 pL of 5 x sequencing buffer, 0.4 uM of each sequencing
primer (Table 1), and 40 ng of purified amplicons; the cycling conditions
were as follows: 96 °C for 1 min, followed by 25 cycles at 96 °C for 10s,
50 °C for 5 s, and 60 °C for 1 min. The cycle sequencing products were
purified using the BigDye XTerminator purification kit (Thermo Fisher
Scientific), according to the manufacturer’s protocol. Then, capillary
electrophoresis was performed using the DS3000 compact sequencer
(Hitachi High-Tech Corporation, Tokyo, Japan). The consensus
sequence of S-gene was generated by using Unipro UGENE software
(version 37) [10].

2.5. Identification of amino acid mutations
The amino acid mutations and types of VOC were determined by

Nextclade (v1.12.0, https://clades.nextstrain.org) [11]. The Wuhan-Hu-
1/2019 (genbank: MN908947) was used as a reference genome.
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2.6. Statistical analysis

Statistical analysis were performed using R version 4.1.2 statistical
software [12]. Spearman rank-order correlation test were performed
using the “stats” package.

3. Results
3.1. Long-range RT-PCR

Total 183 samples were included for long-rage RT-PCR analysis. The
samples were stratified into quartile groups according to viral RNA
concentration: Q1 (equal or lower than 3.0 log10 copies/uL, Cq > 26),
Q2 (>3.0-<4.0 logl0 copies/uL, Cq 23-26), Q3 (>4.0-<5.0 logl0
copies/uL, Cq 20-23), and Q4 (>5.0 log10 copies/uL, Cq < 20). Among
them, 158 samples (86.3 %) were successfully amplified and sequenced
the entire S-gene. The success rate of sequencing was correlated with
viral RNA concentration: Q1, 68% (27/40); Q2, 81% (39/48); Q3, 94%
(46/49); and Q4, 100% (46/46) (Fig. 2A). Moreover, the Cq values of
long-range RT-PCR were also negatively correlated with viral RNA
concentration (Fig. 2B, r = -0.77).

Amino acid mutations in the spike protein
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Fig. 3. The mutational pattern of spike protein among the frequently observed SARS-CoV-2 variants in Japan.
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Fig. 4. Tracking SARS-CoV-2 variants by the spike protein mutation. “Unde-
termined” includes various lineages of SARS-CoV-2 which could not be deter-
mined the lineages because of the lack of specific mutation patterns except for
S:D614G.

3.2. Tracking SARS-CoV-2 variants

According to the outbreak information webpage (https://outbreak.
info/), the frequently observed lineages of the SARS-CoV-2 in Japan
were B.1.1.284, B.1.1.214, R.1, Alpha, Delta, and Omicron (Supple-
mentary Fig. 2) [13]. World Health Organization (WHO) classified R.1
as formerly monitored variants, and Alpha, Delta, and Omicron variants
were listed as VOCs. The mutational patterns of spike protein in these
SARS-CoV-2 lineages were shown in Fig. 3. Samples that could not
determine the lineage of SARS-CoV-2 because of the lack of specific
mutation patterns except for S:D614G were classified as “Undeter-
mined.” To assess the dynamic of circulating SARS-CoV-2, we compared
our data with the reported lineages in Chiba University Hospital (Fig. 4).
All of the sequenced samples had S:D614G mutation. Some samples
collected from November 2020 to February 2021 showed a few muta-
tions, but could not be determined lineages. Time to time analysis
revealed that R.1 lineage was the dominant variant among the samples
collected from January to March 2021. The Alpha variants replaced R.1
and were dominant from April to June 2021. Delta variants were
increased and replaced Alpha variants from July to September 2021
(Fig. 4). Many sub-lineages in Delta variants have been reported [11].
Almost all Delta variants analyzed in this study were estimated AY.29
sub-lineage because of detection of the S:T95I and S:G142D mutations.
Then, Omicron variants were detected and increased after December
2021. Almost all Omicron variants analyzed in this study were estimated
BA.1.1 sub-lineage because of detection of the S:R346K mutations.
Notably, a BA.2 sub-lineage of Omicron variant was also detected in
January 2022. These mutational dynamics in Chiba University Hospital
were similar to those in Japan [13].

4. Discussion

In this study, we developed long-range RT-PCR followed by Sanger
sequencing for surveillance of SARS-CoV-2 variants. More than 80% of
the samples were able to analyze the entire S-gene sequence. In addition,
current long-range RT-PCR products can be also available for high-
throughput analysis using nanopore sequencing (Supplementary
Fig. 3). Therefore, our method will be useful for tracking SARS-CoV-2
variants in many clinical laboratories equipped with conventional
Sanger sequencing instruments.

Recently, real-time PCR-based screening methods were used for
mutational analysis [14]. These methods were simple to rapidly deter-
mine S-gene mutation. However, this method could not identify the
novel mutations. Thus, a sequencing-based approach will be also
required for the determination of SARS-CoV-2 variants, such as VOCs
and VOIs.
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Similarly, the MPS is widely used for the whole genome sequencing
of SARS-CoV-2. Since bioinformatics analysis is an essential step for
MPS, expertise is required for data analysis [8]. Additionally, the
running cost of MPS is relatively high in the analysis of a small number
of samples. In these situations, Sanger sequencing is useful for molecular
surveillance.

The major limitation of our Sanger sequencing approach is the
lineage estimation by the sequences of the S-gene only, which is unable
to conclude lineage exactly. Therefore, whole genome sequencing to
identify the novel mutations will be required for correct lineage iden-
tification. Moreover, the mutations at primer binding sites will affect the
result of sequencing.

In conclusion, the emergence of VOCs, which have increased trans-
missibility, has been reported worldwide. These VOCs have unique
mutational patterns of the S-gene. Therefore, the sequencing and anal-
ysis of the entire S-gene is a potential tool for molecular surveillance of
the SARS-CoV-2 at clinical laboratories.
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