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ABSTRACT: As of 14 January 2022, 2.3 million people in Thailand had been reportedly infected with SARS-CoV-2, and
21,883 people had died. Spike glycoprotein, on the SARS-CoV-2 membrane, is a key factor for viral infection. Some
scientists have demonstrated that some amino acid mutations in the protein increase infectivity and transmissibility
of the virus. However, many studies concerning mutations in the spike glycoprotein, particularly in Thailand, were
not comprehensive enough to illustrate the impacts of the mutations on the spike glycoprotein. To narrow this
gap, we examined approximately 8.3 million spike glycoprotein sequences retrieved from GISAID Initiative and NCBI
Virus databases to identify novel mutations. Limiting our scope to the Thai samples, we demonstrated how local
SARS-CoV-2 strains changed over 2021. In addition, we found that T95I had emerged and become one of the main
characteristics of delta strains in Thailand. We further detected 28 Thailand-specific novel mutations, which were then
analyzed with amino acid-based analysis tools to gain insights into their impacts on the spike glycoprotein. Upon closer
examination, we found that 2 novel mutations, L249E and R457W, were likely to diminish the interactions between
the spike glycoprotein and neutralizing antibodies in silico. This finding suggests that both mutations may hinder the
neutralization, allowing the virus to escape the antibodies. Additionally, our study highlights the significant effects of
some novel mutations on the stability and functionality of the spike glycoprotein, which may be useful for COVID-19
diagnosis and vaccine development.
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INTRODUCTION

As of early January 2022, the COVID-19 pandemic has
claimed approximately 5.5 million people’s lives, leav-
ing over 346 million people infected [1]. In Thailand,
people have been encouraged to follow technical guid-
ance for COVID-19 prevention since the first country-
wide outbreak of the SARS-CoV-2 [2]. In addition to
local restrictions, disease surveillance should also be
comprehensively conducted.

COVID-19 is caused by the coronavirus named
SARS-CoV-2. The virus uses its protruding membrane
proteins called spike glycoproteins to enter the host cell
cytoplasm. Initially, the spike glycoprotein in trimer
form (3 monomers hinged symmetrically) binds to
a region of the host receptor angiotensin-converting
enzyme 2 (ACE2). As a result, the trimer form is
reorganized into post-fusion conformation. At this
stage, the protein subsequently binds to a region of the
enzyme transmembrane serine protease 2 (TMPRSS2),
triggering membrane fusion and viral entry [3, 4].
To prevent such a phenomenon, some scientists used
neutralizing antibodies (Nabs), which primarily bind
to N-terminal domain (NTD) and receptor-binding
domain (RBD) of the spike glycoprotein, to block
interactions between the spike glycoprotein and the
host cell enzymes [5, 6]. Several studies concerning
these 2 domains have reported that some mutations
in the domains help the virus invade the host cell

more effectively. Dicken et al [7] suggested that the
deletions, ∆69, ∆70, and ∆144 (all located in the
N-terminal domain) in the spike glycoprotein of the
Alpha variant, could help increase transmissibility of
the virus. In addition, some mutations in the receptor-
binding domain of the protein have been reported to
increase RBD-ACE2 interaction and diminish binding
to neutralizing antibodies [8–12]. Another concern is
that mutations, which cause changes in the stability
and functionality of the spike glycoproteins in pre-
and post-fusion conformations, influence infectivity
and transmissibility of the virus [13]. These findings
suggest that a thorough study of novel mutations in
the spike glycoprotein should be conducted.

Despite several studies looking into the effects of
mutations on the spike glycoprotein and its interac-
tions with antibodies or human ACE2 [9–12, 14–18],
they only focused on well-known mutations and did
not implement comprehensive instruments to measure
the stability and functionality of the protein. In Thai-
land, such studies were absent, and the concerns of
most SARS-CoV-2 studies were on genomic surveil-
lance, the pattern of transmission of COVID-19, and
partially structural analysis of the spike glycoprotein
[19–23]. To fill this gap, we retrieved over 8.3 million
spike glycoprotein sequences from GISAID Initiate and
NCBI Virus databases, deposited globally and analyzed
them to detect novel mutations. Consequently, the
novel mutations were examined in terms of hydrogen
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Table 1 Thai sequences containing novel mutations.

Accession no. Novel spike mutation(s) Collection date

EPI_ISL_3419394 N824E 1 Jul 2021
EPI_ISL_4106140 R457W 8 Aug 2021
EPI_ISL_4106141 Q1208P, P1213K 22 Aug 2021
EPI_ISL_4106144 E918N 1 Aug 2021
EPI_ISL_4254660 Y1272G 1 Sep 2021
EPI_ISL_4348473 L241W 7 Sep 2021
EPI_ISL_4348474 D290P 6 Sep 2021
EPI_ISL_4635439 H66K 7 Sep 2021
EPI_ISL_4636457 L249E 4 Sep 2021
EPI_ISL_5030519 ins19RQKR 24 Aug 2021
EPI_ISL_5052380 S735C, M740H, I742K 1 Sep 2021
EPI_ISL_5446194 V70H 7 Oct 2021
EPI_ISL_5881197 P330M 30 Sep 2021
EPI_ISL_5881514 ins68KRTLLFWN** 9 Oct 2021
EPI_ISL_5884497 ins63KKLKK 4 Oct 2021
EPI_ISL_5887156 H519E 27 Sep 2021
EPI_ISL_5916960 L1224E, I1225E, I1227R 15 Oct 2021
EPI_ISL_5916980 Q992C, V1176R 15 Oct 2021
EPI_ISL_6136054 I1130E, I1132R 9 Oct 2021
EPI_ISL_6136120 R102C 18 Oct 2021
EPI_ISL_6334729 Ins99K* 24 Oct 2021
EPI_ISL_6695346 ins62NLRK 28 Oct 2021

There are 23 substitution mutations and 5 insertion mu-
tations. * The smallest insertion; ** the largest insertion.

bond formation across nearby amino acid residues,
protein stability change upon mutation and clash
among surrounding residues. These terms were used
to describe the impacts of the mutations on the spike
glycoprotein and interactions between the protein and
neutralizing antibodies. These findings may be useful
for scientists who study the spike glycoprotein in the
fields of biochemistry, physiochemistry, and bioinfor-
matics. Furthermore, our results could benefit disease
surveillance, help researchers track circulating SARS-
CoV-2 strains as well as analyze the severity of the dis-
ease to keep the outbreak of COVID-19 under control.

MATERIALS AND METHODS

SARS-CoV-2 spike glycoprotein sequence retrieval
and mutation identifications

We retrieved 8,330,646 SARS-CoV-2 spike
glycoprotein sequences from NCBI Virus
(www.ncbi.nlm.nih.gov/sars-cov-2) and GISAID
Initiative (www.gisaid.org) databases on 6 January
2022. Then, we used Python programming to obtain
sequences whose lengths were between 1,209 and
1,337. This range was based on the length of the
spike glycoprotein reference sequence (NCBI Protein
Reference Sequence: YP_009724390.1) (1,273±5%).
Accordingly, 8,214,373 sequences (98.6%) remained
in our final dataset — 6,576,102 were from GISAID
Initiative sequences (10,355 were from Thailand) and
1,638,271 from NCBI Virus sequences (302 were from
Thailand). In total, 10,657 were from Thailand, and

Table 2 List of PDB structures in our analysis.

ID Type Resolution Purpose Ref.

6XR8 EM 2.90 Å To represent the distinct
conformational state of the
spike glycoprotein trimer
for the analyses of the im-
pacts of the mutations on
the protein structure.

[30]

6XRA EM 3.00 Å To represent the post-fusion
conformational state of the
spike glycoprotein for the
analyses of the impacts of
the mutations on the pro-
tein structure.

[30]

7B3O**X-Ray 2.00 Å To analyze how mutations
affect the interaction
between the neutralizing
antibodies and the spike
glycoprotein.

[31, 32]
7E7X* X-Ray 2.78 Å
7E86** X-Ray 2.90 Å
7E88** X-Ray 3.14 Å
7E8F* EM 3.18 Å

* PDB structures used in NTD-mAbs interaction analysis.
**PDB structures used in RBD-mAbs interaction analysis.

8,203,716 were from other countries.
Next, we identified mutations in each sequence

by performing pairwise alignment between each
sequence of interest and the Wuhan reference
sequence (YP_009724390.1) using PairwiseAligner
method available in Bio.Align sub-package from Biopy-
thon [24]. The BLOSUM or PAM scoring matrices were
excluded from the amino acid sequence alignments
due to the time-consuming process. For quick analysis,
simple scoring criteria for pairwise alignment were
set as follows: match_score = 1.0, mismatch_score =
−2.0, open_gap_score = −3.0, and extend_gap_score
= −2.5. For more details, see the Python scripts in
Supplementary File 1.

After identifying mutations in each sequence in
our dataset, we then categorized them into “Thai” and
“non-Thai” groups. As a result, 1,388 spike glyco-
protein mutations were detected in the Thai samples,
whereas 15,175 mutations were detected in the non-
Thai samples. Accordingly, 28 mutations in Thai spike
glycoprotein sequences were novel — they were not
found in any non-Thai sequences (Table 1).

Structural investigation of the mutations on the
SARS-CoV-2 spike glycoprotein

The 28 Thailand-specific mutations were set to be
analyzed with Missense3D (http://missense3d.bc.ic.
ac.uk/missense3d) for the structural changes upon
amino acid substitutions [25] and with mCSM (http://
biosig.unimelb.edu.au/mcsm) for the protein stability
changes upon the mutations [26]. PDB structures
used in these analyses are the spike glycoproteins in 2
conformations — the close and the post-fusion — and
the complexes of partial spike/antibody (see Table 2).
Our PDB structure selection criteria were based on the
quality of the structure (< 3.5 Å resolution). Due
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to limitations, single amino acid substitution analyses
are possible on the web servers. Indel mutations
and some amino acid substitutions, which were not
detected in the PDB structures, were all excluded from
the analyses.

RESULTS AND DISCUSSION

Statistical analysis of the spike mutations and the
variants of concern in 2021

We have determined the presence of the top 10 most
common mutations, detected in 9,940 Thai sequences
throughout year 2021 (Fig. 1a). Notably, the D614G
mutation had been detected in nearly all Thai se-
quences throughout the year. Other 8 mutations:
P681R, L452R, T478K, T19R, D950N, E156-, R158G,
and F157-, had been detected since June 2021. In-
terestingly, these mutations indicated the presence of
the Delta strains which had emerged in Thailand since
June 2021. Another mutation, T95I, had also been
detected in July 2021. Although the T95I mutation
was not listed as one of the characteristics of the
Delta strain reported by WHO [27], this mutation was
detected only in a portion of Delta-strain sequences
from the Thai samples. The result indicates that the
T95I mutation could have newly emerged among the
Delta strains.

Furthermore, the Thai sequences from the year
2021 were analyzed to determine the presence of the
5 Variants of Concern (VOCs): Alpha, Beta, Gamma,
Delta, and Omicron, all classified according to their
constituent mutations reported by WHO [27] (Fig. 1b).
The Alpha variant had been found to be dominant from
April to June. The Delta variant had been found to
be dominant from July to December. One Gamma
variant sequence was detected in April. According to
GISAID Initiative sequence information, which is freely
available for registered users at https://gisaid.org, the
sequence (EPI_ISL_1708575) was from a patient with
a travel history from France. Two Omicron variant
sequences (EPI_ISL_7398578 and EPI_ISL_774767)
were detected in late December 2021, indicating the
emergence of the Omicron variant in Thailand. Al-
though the Omicron variant became dominant in Thai-
land after early January 2022, the data retrieved as of
6 January 2022 did not well cover the outbreak of the
variant. Additionally, 1,718 sequences remained un-
classified, as their mutations did not meet the criteria
for any VOC.

In addition to the common mutations which have
been well-documented, 28 Thailand-specific mutations
have also been detected. Notably, each was found in
only one strain (see Table 1). These mutations were
located as follows:
11 in the N-terminal domain, 3 in the receptor-binding
domain, 3 in the subdomain 2, 1 in the central helix
domain, 2 in the connector domain, 1 in the heptad
repeat 1 domain, 5 in the transmembrane domain, 5 in

the heptad repeat 2 domains, and 1 in the cytoplasmic
tail domain (Fig. 1c). According to Table 1, there are
23 substitutions and 5 insertions. The largest amino
acid insertion was ins68KRTLLFWN. All the insertions
were detected in the N-terminal domain. In addition,
the highest density of mutations was measured in
the N-terminal domain (AVG: 1.67 mutations/residue)
(see Supplementary Table S1). These findings suggest
that the N-terminal domain is the most susceptible to
mutation.

Hydrogen bond analysis

Fifteen of 28 Thailand-specific mutations (including
H66K, R102C, L241W, D290P, P330M, R457W, H519E,
S735C, M740H, I742K, N824E, E918N, Q992N,
I1130E, and I1132R) were analyzed on the PDB struc-
ture 6XR8 (chain A). However, the other 13 mutations
were excluded, as their residues were not located in
the PDB structure.

When analyzed with Missense3D, all the 15 muta-
tions were found to form at least one hydrogen bond
with nearby amino acids. Six novel mutations were
predicted to form extra hydrogen bonds, whereas the
other 5 mutations were predicted to reduce hydrogen
bonds. The remaining 4 mutations did not alter the
number of hydrogen bonds. Interestingly, the D290P
mutation reduced most hydrogen bonds from four to
one (Fig. 2a). D290 formed 4 hydrogen bonds with
PHE58 (3.19 Å), ARG273 (3.29 Å), ALA292 (3.30 Å),
and SER297 (3.79 Å), whereas P290 formed only one
hydrogen bond with SER297 (3.79 Å). The result
suggests that the D290P mutation may reduce the
structural stability of the N-terminal domain (see Sup-
plementary File 2).

In the post-fusion spike glycoprotein structure, 7
mutations including S735C, M740H, I742K, E918N,
Q992N, I1130E, and I1132R could be analyzed on the
PDB structure 6XRA representing the post-fusion spike
glycoprotein, as their residues were covered within the
PDB structure. None of these mutations was found to
alter the total number of hydrogen bonds. However,
some changes can be observed in the number of intra-
and interchain hydrogen bonds. Fig. 2b demonstrates
the change in hydrogen bonds caused by the Q992C
mutation. The Q992 (chain A) formed hydrogen bonds
with GLU988 in the same chain (2.69 Å) and with
GLN755 in chain B (2.67 Å) and LYS1157 in chain
C (3.89 Å). The C992 formed hydrogen bonds in
the same chain with GLU988 (3.74 Å) and ARG995
(3.37 Å) and with GLN755 in chain B (2.92 Å). The
depletion of interchain hydrogen bonds caused by
the Q992C mutation suggests that the mutation may
diminish the interaction between chain A and chain C,
leading to the separation of the chains.

The L249E mutation was predicted to form an
additional intrachain hydrogen bond at the interface
of the spike glycoprotein/N11 complex (Fig. 2c). Orig-
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Fig. 1 Analysis of the mutations and variants of concern found in Thailand in 2021. (a) Monthly distribution of Top 10
mostly found spike mutations in 2021. (b) Monthly distribution of the 5 variants of concern in 2021. (c) Mapping of 28
Thailand-specific novel mutations (represented by black triangles) onto SARS-CoV-2 spike glycoprotein sequence.

inally, the L249 (chain A) formed hydrogen bonds
with ASP253 (3.00 Å) from the same chain and with
THR107 (3.55 Å) and TRP109 (3.73 Å) from the heavy
chain of N11, whereas the E249 (chain A) formed
hydrogen bonds with SER247 (2.74 Å) and ASP253
(3.00 Å) from the same chain and with THR107
(3.52 Å) and TRP109 (3.73 Å) from the heavy chain
of N11. Despite the additional hydrogen bond, the
number of interchain hydrogen bonds between the
spike glycoprotein and N11 remained the same, so it
is unlikely that the L249E mutation would increase the
interaction between the spike glycoprotein and N11. In
contrast, the R457W mutation greatly reduced hydro-
gen bonds in the spike/STE90-C11 complex (Fig. 2d).
The R457 (chain A) originally formed hydrogen bonds
with SER459 (2.90 Å), ASP460 (3.59 Å), GLU465
(3.81 Å), and ASP467 (2.76 and 3.17 Å) from the same

chain and with SER53 (2.55 Å) from the heavy chain of
STE90-C11, whereas the W457 (chain A) formed only
a hydrogen bond with only SER53 (2.55 Å). Therefore,
the R457W mutation may diminish the interaction
between the spike protein structure and the STE90-
C11 antibody (see Supplementary File 2).

Protein stability changes upon mutations

The stability changes upon mutations (defined by the
difference in folding free energy (∆G) between the
wild type and the mutant structures: ∆∆G = ∆Gm −
∆Gw) were calculated with mCSM. Table 3 shows the
∆∆G (in kcal/mol) of the 15 Thailand-specific spike
mutations. According to mCSM’s terminology [26],
positive ∆∆G indicate stabilizing mutations, while
negative ones mean they are destabilizing mutations.
We found that the N824E mutation was the only one
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Fig. 2 Analysis of hydrogen bond formation caused by Thailand-specific spike glycoprotein mutations. (a) D290P mutation on
the spike glycoprotein trimer (PDB: 6XR8; chain A). (b) Q992C mutation on the post-fusion spike glycoprotein (PDB: 6XRA;
pink for chain A, light green for chain B, and sky blue for chain C). (c) L249E mutation on the N-terminal domain (pink)
interacting with the heavy chain of antibody N11 (light green) (PDB: 7E7X; pink for chain A and light green for chain H).
(d) R457W mutation on the receptor-binding domain (pink) interacting with the heavy chain of antibody STE90-C11 (sky
blue) (PDB: 7B3O; pink for chain A and sky blue for chain H). The sky-blue amino acid residues represent amino acids from
the antibody. All figures were generated with PyMOL.

that had a slightly stabilizing effect on the spike gly-
coprotein trimer (0.185 kcal/mol), whereas the other
14 mutations had destabilizing effects (Table 3). No-
tably, the greatest stability changes, considered to have
highly destabilizing effects, were caused by L241W
(−2.175 kcal/mol) and I742K (−2.275 kcal/mol). The
result suggests that both mutations could reduce the
structural stability in the domains of the spike glyco-
protein trimer.

Seven mutations including S735C, M740H, I742K,
E918N, Q992N, I1130E, and I1132R were analyzed
on the full PDB structure 6XRA representing the
post-fusion spike glycoprotein. The 2 highest en-
ergy changes were 0.233 kcal/mol (stabilizing effect)
caused by E918N and −1.802 kcal/mol (destabilizing
effect) caused by I742K. The 2 lowest energy changes
were 0.184 kcal/mol (stabilizing effect) caused by
I1132R and −0.217 kcal/mol (destabilizing effect)
caused by the S735C mutation.

The spike glycoprotein in the post-fusion confor-
mation plays an important role in the host cell invasion.
After binding to TMPRSS2, the protein refolds and
embeds its fusion peptide-proximal region (FPPR) into
the host cell membrane, triggering membrane fusion
[28–31]. Therefore, amino acid mutations that have

stabilizing effects on the post-fusion spike glycoprotein
(in our result: M740H, I1130E, and I1132R) may
facilitate the membrane fusion by preventing the sep-
aration of the chains of the protein (Table 3).

Additionally, we determined the protein stability
changes in the domains of the spike glycoprotein/-
monoclonal antibody (mAb) complex. The domains
of the protein are the N-terminal domain (NTD) and
the receptor-binding domain (RBD). The mutations
occurred at the interface between the spike residues
and the mAbs are L249E (located in NTD) in contact
with N9 (PDB: 7E8F) and N11 (PDB: 7E7X) [32]
and R457W (located in RDB) in contact with BD-508
(PDB: 7E86), BD-515 (PDB: 7E88) [32], and STE90-
C11 (PDB: 7B3O) [33]. The stability change energies
upon L249E are −2.23 (with N9) and −1.30 kcal/mol
(with N11) (Table 3). Remarkably, L249E had a highly
destabilizing effect on N9. This suggests that the
L249E mutation may hinder the neutralization by the
N9 antibody, allowing the virus to escape the anti-
body. The stability changes upon the R457W mutation
were −0.384 (with BD-508), −0.489 (with BD-515),
and −0.235 kcal/mol (with STE90-C11) (Table 3).
These findings suggest that both mutations, L249E and
R457W, could diminish the interactions between the
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Table 3 Protein stability change and local clash score of the
mutations on each domain.

Mutation PDB Protein stability change Local clash score

(kcal/mol) Wild type Mutant

H66K 6XR8 −0.814 33.11 33.58

R102C 6XR8 −1.375 22.49 22.61

L241W 6XR8 −2.175 27.56 46.80

L249E 7E7X −2.230 17.08 17.13
7E8F −1.299 28.65 28.72

D290P 6XR8 −0.222 14.89 28.72

P330M 6XR8 −0.548 17.79 22.80

R457W 6XR8 −0.158 21.05 25.48
7B3O −0.235 9.60 11.86
7E86 −0.384 30.55 32.73
7E88 −0.489 37.95 40.70

H519E 6XR8 −0.102 18.5 21.74

S735C 6XR8 −0.532 14.57 15.34
6XRA −0.217 21.63 25.23

M740H 6XR8 −0.232 12.79 15.11
6XRA 0.236 20.16 20.16

I742K 6XR8 −2.275 10.52 15.76
6XRA −1.802 11.90 27.50

N824E 6XR8 0.185 7.37 7.37

E918N 6XR8 −0.952 14.68 15.86
6XRA −1.085 19.98 18.89

Q992C 6XR8 −0.446 13.25 17.87
6XRA −0.399 22.35 25.34

I1130E 6XR8 −0.404 16.84 16.88
6XRA 0.233 31.38 32.34

I1132R 6XR8 −0.779 11.26 13.21
6XRA 0.184 24.70 25.40

In the Protein Stability Change column, positive values
(shown in bold) denote stabilizing effects, whereas the
negative values denote destabilizing effects, according to
mCSM web server.

spike glycoprotein and the monoclonal antibodies.

Steric clash analysis

The clash scores of mutations indicate the number of
atomic collisions among the surrounding areas where
the mutations occur. The 15 mutations, on the spike
glycoprotein trimer, were analyzed with Missense3D
on PDB 6XR8 chain A for the differences in clash
scores between wild types and the mutants (Table 3).
Notably, the highest clash score difference is 19.24,
caused by L241W (wild type = 27.56 and mutant =
46.8). This result suggests that the L241W mutation
may slightly alter the conformation of the N-terminal
domain, preventing the binding of mAbs to the do-
main.

In the post-fusion spike glycoprotein, the 7 muta-
tions were analyzed with Missense3D on PDB structure

6XRA chain A (Table 3). Interestingly, the I1130E mu-
tation had the highest clash score (32.34). In addition,
the I742K mutation had the highest clash score differ-
ence of 15.6 (wild type = 11.9 and mutant = 27.5).
These results suggest that both mutations, I742K and
I1130E, may cause the helix breakage, preventing the
embedding of the post-fusion spike glycoprotein into
the host cell membrane [28–30].

The clash scores before and after the L249E mu-
tation are similar in the PDBs: 7E8F (wild type =
28.65 and mutant = 28.72) and 7E7X (wild type =
17.08 and mutant = 17.13), which represent the N-
terminal domain bound to N9 and N11, respectively
(Table 3). R457W had slightly increased clash scores
in the PDBs: 7E86 (wild type = 37.95 and mutant =
40.70), 7E88 (wild type= 30.55 and mutant= 32.73),
and 7B3O (wild type = 9.6 and mutant = 11.86),
which represent the receptor-binding domain bound
with BD-508, BD-515, and STE90-C11, respectively
(Table 3). These minor changes in the clash scores of
both mutations suggest that they are unlikely to be the
key factors that influence the interaction between the
spike glycoprotein and the antibodies. For more details
of the Missense3D analysis results, see Supplementary
File 3.

Broad analysis of Thailand-specific variants and
limitations of this study

Recently, reports from WHO and Thailand’s Depart-
ment of Public Health showed that Omicron strains
have become dominant throughout the country since
late January 2022 [34, 35]. However, the data were
all retrieved on 6 January 2022. Therefore, only a
few Omicron sequences were detected in our results.
In the previous Thailand-specific SARS-CoV-2 variant
analysis covering the first outbreak, we reported 6
Thailand-specific novel spike glycoprotein mutations.
However, the study covered the data of the outbreak
up to early 2021. When the analysis was repeated
in this study, we found that the previously reported 6
mutations were no longer Thailand-specific [23]. It
is also worth noting that although we were able to
analyze over 10,000+ Thai sequences in this study, the
incident rate of COVID-19 may vary among different
countries. One study found that the incidence rates
were significantly positively correlated with Human
Development Index (HDI) and Inequality-adjusted Hu-
man Development Index (IHDI) from 177 countries
analyzed [36]. Thus, keeping the SARS-CoV-2 strains
well monitored is paramountly important, and appro-
priate measures should be undertaken to keep the
SARS-CoV-2 outbreak under control.

Due to computational resource limitations, we had
to avoid using BLOSUM and PAM scoring matrices,
which are very time-consuming, for the pairwise se-
quence alignment of over 8.2 million closely related
pairs. The use of such scoring matrices normally has
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a benefit in terms of alignment accuracy — especially
when aligning distantly related proteins. However,
most of the SARS-CoV-2 spike glycoprotein sequences
are highly similar, with over 98% sequence identity. In
that case, using simple match/mismatch scores would
be sufficient for rapid and accurate sequence alignment
to identify mutations. Another limitation is that the
structure-based web servers that we used were de-
signed to analyze only single amino acid substitutions.
In fact, novel SARS-CoV-2 strains normally contain
multiple mutations. The effect of multiple mutations
on a single strain could potentially have diverse effects
on the functionality of the spike glycoprotein, the
infectivity of the virus, and the severity of the disease.
To best address multiple mutations, these mutations
should be analyzed together since combining the pre-
diction results of individual mutations present on the
same viral strain could possibly yield a different result.
Thus, new tools that are more comprehensive and
capable of assessing multiple mutations are required.
Additionally, as the SARS-CoV-2 strains mutate over
time, those with more insertion and deletion mutations
may predominate the outbreak. Therefore, to best an-
notate these new strains, more tools or web servers are
needed to analyze not only the substitution mutations
but also deletion and insertion mutations.

CONCLUSION

We performed large-scale in silico analyses to study
novel mutations detected in Thai samples by retriev-
ing over 8.3 million sequences from NCBI Virus and
GISAID Initiative databases and using Python program-
ming to examine the data. We identified 28 Thailand-
specific novel mutations in almost every domain of the
spike glycoprotein. Some of these specific mutations
are likely to be deleterious to the virus: I742K had
the strongest destabilizing effect, and L241W had the
highest local clash score. Nevertheless, we found that
the mutation L249E and R457W, which resulted in in-
creased clash scores in the spike/antibody complexes,
could potentially hinder the neutralization, helping the
virus escape the mAbs. However, additional laboratory
studies of these mutations are needed to confirm the
effects of the mutations on the spike glycoprotein. Fi-
nally, our study provides useful information for disease
surveillance in terms of virus detection and COVID-
19 severity analysis. Furthermore, the results could
benefit the vaccine development to protect people from
the outbreak of COVID-19.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at http://dx.doi.org/10.2306/scienceasia1513-1874.2022.
138.
Supplementary File 1: is available at https://drive.google.
com/file/d/1hEyJng3-jN-GSSNhjyfQCIQqYH7FKjJj/view?
usp=sharing,
Supplementary File 2: is available at https://drive.google.

com/file/d/1GSLLjzjvNpFS7kuuUTikvpQ4EUgdJ0zk/view?
usp=sharing, and
Supplementary File 3: is available at https://drive.google.
com/file/d/1Gfcg_4r2yTIVQYBGZlSynxQW5ohHM3lj/
view?usp=sharing.
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Appendix A. Supplementary data

Table S1 Distribution of Thai mutations in each domain.

Domain Residue No. of mutation (Thailand-specific) Density (mutation/residue)

signal peptide 1–13 18 (0) 1.38
N-terminal domain 14–306 202 (11) 0.69
receptor-binding domain 319–540 371 (3) 1.67
subdomain 1 and 2 541–686 116 (3) 0.79
usion peptide 789–808 38 (0) 1.90
heptad repeat 1 912–983 48 (1) 0.67
central helix 984–1034 18 (1) 0.36
connector domain 1079–1140 48 (2) 0.77
heptad repeat 2 1163–1212 63 (1) 1.26
transmembrane 1213–1236 35 (5) 1.46
cytoplasmic tail 1237–1273 44 (1) 1.19

Total 1–1273 1294 (28) 1.02

Numbers in the parentheses represent the number of Thailand-specific mutations found in each domain. Density is
calculated from the number of mutations divided by the number of residues, in the domain.
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