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IntRoductIon

Since the identification of a novel severe acute respiratory 
syndrome coronavirus-2 (SARS-CoV-2) virus in December 
2019 in China, the world has observed many different variants 
with multiple mutations in the SARS-CoV-2 genome. The 
features of high transmission potential and replication of 
SARS-CoV-2 increase the possibility of accumulation of 
numerous virus adaptive mutations.[1] The WHO has developed 
a two major variant classification system such as variants of 
concern (VOC) and variants of interest (VOI). At present, there 
are mainly five VOC: Alpha (21A), beta (20H), gamma (20J), 
delta (21A, 21I, 21J), and Omicron (21K, 21 L) and five 
VOI: Kappa (21B), Epsilon (21C), Eta (21D), Iota (21F), 
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Introduction: Prolonged COVID-19 pandemic accelerates the emergence and transmissibility of severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2) variants through the accumulation of adaptive mutations. Particularly, adaptive mutations in spike (S) protein of SARS-CoV-2 
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and Mu (21H) (https://www.who.int/en/activities/tracking 
-SARS-CoV-2-variants/;.https://covariants.org). COVID-19 
pandemic is marked with rapid emergence of numerous 
variants and phenomenal phylogenic diversity among variants 
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was observed in the year 2021 including the most virulent 
variant Delta.

The spike protein of SARS-CoV-2 plays a major role in cellular 
entry by interaction with human angiotensin-converting 
enzyme 2 (ACE2) receptor. The high-affinity binding of the 
spike protein receptor-binding domain (RBD) to hACE2 is an 
essential prerequisite for the rapid transmission of SARS-CoV-2 
in humans. The SARS-CoV-2 variants such as Alpha, Beta, 
Gamma, Delta, and Omicron with mutations at the RBD 
display increase in viral infectivity and immune evasion.[2] Two 
main RBD conformations have been described for S-protein, 
standing-up, and lying-down states, with high and low affinity to 
ACE2, respectively. These states are influenced by the number 
and distribution of N-glycosylation and O-glycosylation sites 
in RBD impacting the interaction of S-protein of SARS-CoV-2 
with the host cell and further transmissibility.[3] Observations 
on the changes in the states have been reported for emerging 
variants such as Omicron.[4] Preactivation of the S-protein by 
proteolytic cleavage is essential for viral entry into the host 
cells and mutations in proteolytic cleavage site of S-protein 
may affect the viral internalization process thus associated 
with altered transmissibility, virulence, and cell tropism.[5] 
There is also a need to closely monitor the antigenic evolution 
of S-protein in the circulating viruses through identifying the 
dynamic patterns of mutations indicative of positive selection 
for S-protein variants. Studies on the distribution of variants 
belonging to various clades and frequency and functional 
significance of mutations in S-protein genes of Indian 
SARS-COV-2 genomes are limited.[6] Hence, in this study, we 
retrieved 87,957 complete genomes of SARS-CoV-2 deposited 
from India in Global Initiative on Sharing All Influenza 
Data (GISAID) during the whole year 2021 and subjected to the 
studies on clade diversity and phylogenetic analysis to uncover 
the intra-lineage diversity of the SARS-CoV-2 variants. Besides, 
this study also focuses on the analyses of mutations and their 
frequency in the various regions of S-protein from all variants 
and functional significance of mutations affecting glycosylation 
patterns, protein stability, immunity, and virulence.

Methods

Genome retrieval and clade analysis
A total of 87,957 annotated SARS-CoV-2 whole genome 
sequences from the various parts of India deposited as on 
December 31, 2021 in GISAID (https://www.gisaid.org/) were 
retrieved. Sequences were aligned using Multiple Alignment 
using Fast Fourier Transform with SARS-CoV-2 Wuhan-Hu-1 
strain (NC_045512.2) used as reference. All the sequences 
assembled in BioEdit. V.7 for spike gene trimming. The 
Nextclade-Nextstrain pipeline (https://clades.nextstrain.org/) 
was used for the clade analysis of SARS-CoV-2 sequences.

Mutation profiling, frequency, and functional analyses
The analyses of mutation profiling, frequency, and functional 
analyses including stability were performed with reference 
sequence SARS-CoV-2 Wuhan-Hu-1 strain (NC_045512.2). 

CoV surver mutation tool (https://www.gisaid.org/
epiflu-applications/covsurver-mutations-app) was used to predict 
the nonsynonymous mutations in the spike gene and sequence 
analysis pipeline tool (https://cov.lanl.gov/content/sequence/
TRACK_MUT/trackmut. html) was used for the analyses of 
frequency of mutation over time in India (source: GISAID). 
ESC_Comprehensive resource of immune escape variants in 
SARS-COV-2 was used to detect the immune escape mutants in 
S-protein (http://clingen.igib.res.in/esc/). The impact of mutations 
on S-protein stability was predicted using tools such as sorting 
intolerant from tolerant (SIFT) (https://sift.bii.astar.edu.sg/
www/SIFT_seq_submit2.html), PROVEAN (Protein Variation 
Effect Analyzer) (http://provean.jcvi.org/seq_submit.php) and 
DUET (http://biosig.unimelb.edu.au/duet/stability). A SIFT 
score of 0.0–0.05 indicated a deleterious effect. The functional 
effects of protein variants were assessed using the PROVEAN 
web server, using a default threshold value of − 2.5 and the 
values below and above the threshold value were considered as 
deleterious and tolerant. The PDB structure (6VXX) was used 
as the reference for structural divergence and DUET analysis. 
DUET score displayed the predicted change in folding free 
energy upon mutation (ΔΔG in kcal/mol), with negative and 
positive values indicated destabilizing mutation and stabilizing 
mutation, respectively. RaptorX (http://raptorx.uchicago.edu/) is 
used to predict the secondary structure for different variants of 
SARS-CoV-2 spike protein. The impact of mutations in S-protein 
on Furin cleavage efficiency was studied by using ProP-1.0 
Server (https://services.healthtech.dtu.dk/service. php? ProP-1.0) 
to predict the Furin cleavage site upon subjecting the mutations 
in the protease cleavage site (PCS) to Pro. P analysis. The score 
of reference S-protein mutations was compared with variants to 
predict the efficiency of Furin cleavage.

Phylogenetic analysis of severe acute respiratory 
syndrome coronavirus‑2 variants
The Relative Synonymous Codon Usage (RSCU) of different 
variants was analysed using MEGA-X. Heat Map was 
constructed using CIM-miner (https://discover.nci.nih.gov/
cimminer/). The average evolutionary divergence rate was 
estimated using Kimura-2 parameter model and phylogenetic 
tree construction was performed using MEGA-X. Supplementary 
files can be obtained by contacting the corresponding author.

Results

Clade analysis
The NEXTCLADE analysis of 87,957 SARS-CoV-2 sequences 
revealed that these strains were distributed into 21 different 
clades as represented by Nextstrain [Figure 1]. Some of the 
variants such as 19A, 19B, 20A, 20B, 20C, and 20D that were 
found since the early phase of pandemic during 2020 were 
also distributed in the year 2021. Among these 21 clades, 
20A (7.9%) was more prevalent in early 2021 followed by 19B, 
20B, 20C, 20D, 20E, and 20G. 19A, the first clade observed 
in the year 2020, persisted throughout the year and was less 
frequent (0.19%). The clades 19B (5.9%) and 20A (7.9%) were 
found to be highly distributed during the initial months (January 
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to March 2021) but subsequently decreased. The VOC belonging 
to Alpha (20I) was observed in high prevalence (5.5%) from 
January to May 2021 and drastically reduced in December 2021. 
The VOC Beta (20H) was found to be sporadic (0.3%) from 
January to June 2021 and eventually decreased in the following 
months. The VOC Gamma (20J) (0.01%) had a negligible 
presence only from March to May and during August 2021. 
The VOC delta was the most predominant clade for the year 
2021; however, the distribution of variants belonging to Delta 
clade were insignificantly lower than the other variants during 
the early months (January to March) of 2021 and a sweeping 
increase was observed from April 2021. The Delta variant was 
found to have three sub-lineages such as 21A, 21I and 21J. From 
January to June 2021, 21A (Delta) (33.3%) was more prevalent 
which was followed by 21J (26.7%) and 21I (Delta) (10.7%). 
The sub-lineage 21A (Delta) had decreased from July 2021, but 
there was a predominant increase in the other two sub-lineages. 
The distribution of clade 21B (Kappa) (5.6%) was elevated from 
February to May 2021 and decreased thereafter. The variants of 
clade 21C (Epsilon) (0.04%), 21F (Iota), and 21H (Mu) (0.05%) 
appeared in negligible fractions. The clade 21D (Eta) (0.29%) 
was observed only from January to June 2021. By the end of the 
year 2021, a new variant omicron had emerged and the study 
could identify two Omicron sub-lineages such as 21K (BA.1 
Omicron) and 21 L (BA.2 Omicron). The presence of 21K 
(BA.1 Omicron) (0.24%) was first observed in November and 
there was a sudden spurt in their distribution in December 2021 
whereas 21 L (BA.2 Omicron) (0.03%) was less prevalent when 
compared to 21K and observed only in December [Table 1].

Mutation profile of S‑protein
A total of 4639 amino acid mutations were found in S-protein 
from the 87957 Indian sequences [Supplementary File 1]. 
There were 3052 and 1550 mutations present in the S1 and S2 
domains, respectively with the highest number of mutations in 
the N-terminal domain (NTD; 1752 mutations) followed by 
(RBD; 820 mutations), Heptad Repeat 1 (HR1; 170 mutations), 
Heptad Repeat 2 (HR2; 143 mutations), Cytoplasm domain (CD; 
85 mutations), (PCS; 75 mutations), Fusion peptide (FP; 72 

mutations), Transmembrane domain (TMD; 57 mutations), and 
Signal peptide (SP; 37 mutations) [Table 2]. Among the 4639 
mutations, 30 mutations were notably more predominant, in 
which D614G was present in 99% of Indian isolates (n = 86663) 
followed by P681R (n = 68348, 78%) of PCS, L452R (n = 61310, 
70%), T478K (n = 55694, 63%) of RBD, T19R (n = 56027, 
64%) of NTD [Figure 2; Supplementary File 2]. The results of 
mutation tracking analyses revealed the mutation frequency over 
time, in which D614 is completely replaced to G614. Variant 
specific mutations such as L452R, T19R, T478K, P681R, 
D950N, E156G, T95I, and G142D were originated in January 
and their presence was recorded throughout the year. Mutations 
D1118H, E484K, S982A, T716I, A570D, E154K, Q1071H, 
and H1101D could only be seen from January to May 2021. 
Among the 30 distinct amino acid mutations found in Omicron 
variants, 12 mutations notably existed from January 2021 while 
the other 18 mutations peaked only in December 2021. Few 
mutations such as G446V, P499R, and S371F were observed to 
be increased from August, October, and December, respectively. 
Among the 4,639 mutations, 1,947 mutations were observed 
once and 2692 mutations have repetition in 87,957 sequences. 
A total of 1201 mutated sites were found in S-protein of which 
only 174 had mutated once and the remaining 1027 sites carry 
more than one mutation.

Mutations affecting glycosylation patterns
Analysis of N-linked glycosylation (NGS) and O-linked 
Glycosylation (OGS) sites were performed for 87,957 isolates. 
S-protein carries 22 and 26 amino acid sites as NGS and OGS 
moieties, respectively. It was found that mutation in these sites 
resulted in loss of both NGS and OGS moieties. Two deletions 
were observed in these sites, one at 1194 position (NGS) and 
another at 1161 position (OGS), respectively. Even though there 
were 5 VOC and 5 VOI, none of the variant-specific mutation 
occurred in NGS and OGS moieties except one OGS mutation 
S982A in Alpha variant [Figure 3; Supplementary File 3].

Immune escape mutations in S‑protein
Analysis showed 29 mutations in NTD and 469 mutations in 

Figure 1: Distribution of SARS‑CoV‑2 clades in India during the whole year 2021. SARS‑CoV‑2: Severe acute respiratory syndrome coronavirus‑2
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RBD were found to have immune escape function. Common 
mutations among the variants such as N501Y (Alpha, Beta, 
Gamma, Omicron), K417N (Beta, Omicron), E484K (Beta, 
Gamma, Iota, Eta), L452R (Delta and Kappa) and T478K (Delta 
and Omicron) were resistant to neutralizing antibodies and 
could act as escape mutants. It was observed that Omicron had 
the highest immune escape potential with 19 escape mutations 
in S-protein followed by Gamma (8), Beta (5), Kappa (5), 
Iota (4), Delta (3), Eta (3), and Alpha (2) [Supplementary File 4].

Effect of mutations on stability and structural divergence 
of S‑protein
Among the 4639 mutations, SIFT score predicted 1414 
mutations were deleterious and 2771 mutations were neutral. 

Using PROVEAN score prediction tool, 638 mutations were 
found to be deleterious and 3547 mutations were neutral. Only 
535 amino acid mutations were predicted to have potentially 
deleterious functional consequences on S-protein by both the 
mutation score prediction tools. A total of 2668 mutations were 
predicted to be neutral by SIFT and PROVEAN tools showing 
that these mutations might exhibit positive selection pressure 
for virus adaptability. It was observed that only 12 mutations 
such as T716I, R190S, T1027I, V1176F, D950N, Y145D, 
L212I, Y505H, T547K, N764K, N856K, and N969K present 
in different variants of SARS-CoV-2 could display deleterious 
effect on S-protein. Mutations in the RBD of different variants 
possess no deleterious effect on S-protein. For DUET score 
prediction, SARS-CoV-2 spike protein (PDB_ID– 6VXX) 
was used and the results revealed 6 mutations in NTD and 13 
mutations in the RBD of SARS-CoV-2 variants were found to 
destabilize S-protein. Mutations present in the PCS of variants 
such as N679K, P681H, and P681R could showed stabilizing 
effect, whereas Q677H in Eta variant displayed destabilizing 
effect on S-protein. Mutations were not observed in FP of 
S-protein of variants except N764K in Omicron variant and 
it had the stabilizing effect on the protein. The functional 
effect of several mutations could not be predicted due to the 
absence of position in PDB structure [Supplementary File 5]. 
The S-protein of major variants of SARS-CoV-2 in the current 
study was subjected to secondary structure prediction using the 
RAPTORX tool including the reference S-protein (NC_045512) 
[Table 3]. Analysis revealed that the alpha variant had increased 
β-pleated sheet but reduced coil structure; Delta variant had 
increased coil but decreased β-sheet structure. Gamma and 
Omicron variants had increased alpha helix and β-pleated sheet 

Table 1: Clade distribution profile of severe acute respiratory syndrome coronavirus‑2 isolates (n=87,957) in India 
during the year 2021

Clade January February March April May June July August September October November December
19A 25 16 9 24 6 5 30 4 0 1 2 0
19B 837 1130 646 476 315 133 76 66 44 52 64 2
20A 1062 1082 721 774 538 364 135 170 130 88 69 15
20B 90 176 218 182 336 206 48 49 47 33 32 1
20C 67 147 143 32 32 28 40 7 6 8 1 4
20D 1 2 1 14 4 0 0 0 0 0 1 0
20E 19 16 6 3 2 4 3 2 0 0 1 0
20G 2 2 5 6 0 0 0 0 0 0 0 0
21A (Delta) 44 22 362 3798 4742 3459 2550 2108 2020 1529 772 279
21I (Delta) 7 10 143 1267 1895 1150 961 742 499 222 73 23
21J (Delta) 29 57 126 1457 2508 2128 2661 2645 2744 1618 1007 426
21B (Kappa) 31 382 1503 1481 234 37 8 7 3 0 0 0
20H (Beta) 1 26 94 65 16 6 0 0 0 0 0 0
20I (Alpha) 70 407 1778 1235 61 24 2 7 2 2 2 0
20J (Gamma) 0 0 2 1 1 0 0 1 0 0 0 0
21C (Epsilon) 0 0 1 4 10 1 3 0 2 1 1 0
21D (Eta) 2 34 106 32 13 3 0 0 0 0 0 0
21F (Iota) 0 0 0 0 2 0 0 0 0 0 0 0
21H (Mu) 0 0 1 6 16 3 1 4 1 1 2 0
21L (Omicron) 0 0 0 0 0 0 0 0 0 0 0 22
21K (Omicron) 0 0 0 0 0 0 0 0 0 0 7 148

Table 2: Amino acid substitution mutations observed 
across various regions of S‑protein of Indian severe 
acute respiratory syndrome coronavirus‑2 isolates

S‑Protein Positions Number of 
mutations

Number of 
amino acid 

sites mutated
Signal peptide 1-13 37 13
N-terminal domain 14-305 1752 292
Receptor binding domain 319-541 820 220
Protease cleavage site 675-692 75 18
Fusion peptide 788-806 72 19
Heptad Repeat1 912-984 170 72
Heptad Repeat2 1163-1213 143 48
Transmembrane domain 1214-1237 57 23
Cytoplasm domain 1238-1273 85 29
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and had similar secondary structure conformation to reference 
S-protein. The PDB structures of S-protein in SARS-CoV-2 
variants (PDB-ID-Alpha [7 LWV], Beta [7 LYN], Gamma 
[7V79], Delta [7V7Q], and Omicron [7TNW]) were retrieved 
and analyzed for tertiary structure variation in NTD and RBD 
regions using pair wise structure alignment tool in PDB with 
S-protein (PDB-ID-6VXX) as reference. The results showed that 
Omicron had unique α-helix at 142-145 amino acid residues in 
NTD which was absent in other variants. The Delta and Gamma 
variants had α-helix at position 436–441 in RBD, but the structure 
was absent in Alpha, Beta, and Omicron variants. In contrast, 
Omicron, Alpha, and Beta had α-helix at 346–350 in RBD but 
were not observed in Delta and Gamma variants [Figure 4].

Influence of mutations on Furin cleavage potential
The S-protein sequences with mutation in the PCS region were 
subjected to Pro. P tool to predict the Furin cleavage potential 
based on scores. We compared the mutations with score 0.620 
of reference S-protein. Mutations with score >0.620 had 

increased cleavage efficiency and values < 0.620 had decreased 
cleavage efficiency [Supplementary File 6]. Analysis of 73 
mutations revealed that 31 mutations had increased cleavage 
potential, whereas 32 mutations decreased the cleavage 
potential. The mutations P681H and P681R had increased furin 
cleavage function. The mutation in Arginine residue (R685) 
leads to the absence of the cleavage site. Mutation S686A had 
increased the cleavage, whereas mutation V687 decreased the 
cleavage potential. Moreover, deletion at position 679 and 681 
also increases the cleavage potential. Mutations present in the 
neighboring residues of the cleavage site also influences the 
cleavage potential.

Evolutionary analysis of severe acute respiratory 
syndrome coronavirus‑2 variants
The RSCU was analyzed for all the spike coding sequence 
of SARS-CoV-2 variants Mega X [Supplementary File 7]. 
Notably, all the variants were possessing similar codon usage 
with small difference in the frequency of usage. It was found 

Figure 2: The mutation frequency of S‑protein. The mutation frequency were plotted with respective position of S‑protein. SP: Signal Peptide, NTD: 
N Terminal Domain, RBD: Receptor binding domain, PCS: Protease cleavage site, FP: Fusion peptide, HR1: Heptad Repeat 1, HR2: Heptad Repeat 2, 
TD‑ Transmembrane Domain, CD: Cytoplasm Domain

Figure 3: (a) Mutations in N‑glycosylation sites; (b) Mutations in O‑Glycosylation sites. All glycosylation sites were marked to their respective sites 
on the trimeric S‑protein and the corresponding mutations were marked as single letter amino acid code

ba
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that a rare codon CGA which codes for Arginine was present 
only in Omicron. The total number of codons in Omicron (1265 
codons) was less than the sequences of other variants that 
had 1274 codons, and this could be probably due to the 
deletion mutations in Omicron variant. No drastic difference 
was observed in the codon usage of variants, suggesting the 
genomic conservancy among the variants for their survival and 
evolution [Figure 5a]. Only 14,937 high quality S-protein genes 
were taken for studying region-specific average evolutionary 
divergence. The results showed that PCS had more divergence 
rate of 1.11 × 10−2 s/s/y followed by NTD (3.27 × 10−3), RBD 
(2.52 × 10−3), and SP (1.53 × 10−3). The other regions such 
as FP, HR1, HR2, TM, and CD had very low divergence rate 
[Figure 5b]. Intra lineage diversity among the SARS-CoV-2 

variants were analyzed by random selection of 100 genes of 
S-protein from each variant and subjected to phylogenetic 
analysis with NC_045512 as reference. The results revealed 
that strains belong to Alpha and Beta variants were less 
diverse suggesting the sequences were closely related among 
themselves. Highly diverse sequences were observed in Delta, 
Kappa, Eta, and Omicron variants, with six different clusters 
in Delta and Omicron, followed by five clusters in Kappa and 
Eta variants [Figure 6].

dIscussIon

Progression of COVID-19 pandemic favors the emergence of 
new SARS-CoV-2 variants through accumulation of adaptive 
mutations, especially in S-protein resulting in increase in the 
transmissibility of variants. This underscores the importance 
of tracking the evolution of S-protein in SARS-CoV-2 by 
means of mutational, phylogenetic and functional analyses. 
The changing phylodynamics indicates the necessity to conduct 
countrywide or regional studies on clade distribution patterns 
along with mutational analyses that will provide new insights 
on their epidemiology as well as for evolving therapeutic and 
prophylatic measures. In this study, we report the phylogenetic 
distribution of variants based on the SARS-CoV-2 genomes 
deposited in GISAID from India, mutation frequency and 
functional analyses of amino acid mutations in S-protein with 
respect to alteration in glycosylation patterns, immune escape 
features, protein stability, and evolution.

Table 3: Proportion of α‑helix, β‑pleated sheet and coil 
in tertiary structure of S‑protein in Indian severe acute 
respiratory syndrome coronavirus‑2 variants

S‑Protein of 
SARS‑CoV‑2 variants

Alpha 
helix (%)

Beta 
sheet (%)

Coil (%)

Reference (NC_045512) 19 31 48
Alpha spike 19 32 47
Beta spike 19 31 48
Gamma spike 20 31 48
Delta spike 19 30 49
Omicron spike 20 31 48
SARS-CoV-2: Severe acute respiratory syndrome coronavirus-2

Figure 4: (a) NTD in Alpha variant; (b) NTD in Beta variant; (c) NTD in Gamma variant; (d) NTD in Delta variant; (e) NTD in Omicron variant; (f) RBD 
in Alpha variant; (g) RBD in Beta variant; (h) RBD in Gamma variant; (i) RBD in Delta variant; and (j) RBD in Omicron variant. Black and red arrows 
indicate the presence and absence of α‑helix respectively. NTD: N Terminal Domain, RBD: Receptor binding domain
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Though large number of SARS-CoV-2 complete genomes from 
various parts of India have been sequenced and deposited in 
GISAID, few studies are available on clade distribution, frequency, 
and functional significance of mutations of SARS-CoV-2 isolates 
from India.[6,7] Genomic surveillance studies in India had reported 
the emergence of Delta variant by the end December 2020 
and this variant had gradually replaced Alpha variant in May 
2021.[8,9] The current study also records the dominancy of Delta 
variant throughout 2021, and branching of the variant into three 
sub-lineages namely 21A, 21I and 21J during the year 2021. 
Sub-lineage 21A (Delta) was more predominantly observed from 
January to June 2021 which was followed by sub-lineages 21J 
and 21I. The prevalence of 21A decreased by July 2021 while 21J 
and 21I remained predominant thereafter. A new variant, Omicron 
was observed by the end of 2021.

Our previous study had revealed the presence of 557 amino 
acid substitutions in S-protein of SARS-CoV-2 isolates 
circulated in India during 2020.[6] The present study observed 
a total of 4639 mutations in S-protein of all genomes deposited 
in the year 2021 denoting about 8-fold increase in the rate of 
mutation occurrence against the previous year. It is clearly 

observed that there was an increase in the events of mutational 
occurrence as well as emergence of diverse variants when the 
pandemic progresses from the early stage. Four hundred and 
four substitution mutations were found to exist in both years 
2020 and 2021. Notably, D614G was profoundly present in 
86,663 sequences (99%) in 2021, followed by P681K (78%), 
L452K (70%), T19K (64%), T478K (63%), D950N (52%), 
E156G (27%), E157del (27%) and R158 (27%). Among 
these high frequent mutations, E156G, E157del and R158 
are reported to enhance neutralizing antibodies resistance 
and infectivity.[10] Other mutations that were observed in the 
study such as L452R, Y453F and N501Y on RBD were found 
to increase the binding affinity of S-protein with hACE2 
receptor resulting in increase in infectivity.[11] The study 
also reported that these three mutations were found in Beta 
variant thereby increasing the binding affinity by 3-fold than 
the primitive strain and the double mutation E484K/N501Y 
in Mu variant which was observed in low frequency from the 
present study was found to have stronger binding affinity than 
single mutation N501Y.[12] A study reported that RBD-specific 
mutation V367F also has higher affinity to hACE2 receptor.[13]

Figure 5: (a) Heat map of RSCU values for the spike coding sequence of SARS‑CoV‑2 variants. Codons with higher and lower RSCU values are highlighted 
in red and blue respectively; (b) The average evolutionary rate for different regions of S‑protein. SP: Signal Peptide, NTD: N‑Terminal Domain, RBD: 
Receptor Binding Domain, PCS: Protease Cleavage site, FP: Fusion Peptide, HR1: Heptate Repeat 1, HR2: Heptate Repeat 2: TRD‑ Transmembrane 
Domain, CPD: Cytoplasm Domain, RSCU: Relative synonymous codon usage
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The N-linked glycans play an important role in structural and 
functional dynamics of RBD of S-protein. Mutations at N165 and 
N234 glycosylation sites in NTD region can reduce the binding 
of S-protein with hACE2 receptor due to RBD shift in the down 
state.[14] The current study observed mutations at both these sites 
including N165M, N165Y, N165V, N165Q and N165del at 
position 165, and N234R, N234F, N234Y, N234T, N234K and 
N234D at position 234. A study reported that mutation at N801 
and N1194 in N-glycan site disrupted S-protein trimerization.[15] 
The present study reports such mutations N801Y, N801H and 
a stop mutation at position 801, and a deletion at 1194 position.

The study has identified several mutations that have increased 
cleavage potential at PCS (675–692 amino acid region) essential 
for viral entry into the host cell. Among the mutations, P681H 
and P681R exhibited increased furin cleavage function. Variants 
with mutation P681H are found to have more molecular 
flexibility for facilitating furin binding to cleavage site.[16] P681R 
mutation at PCS boosts the cleavage of S1 and S2, accelerates 
viral fusion and thus leading to increased infectivity of cells.[17,18] 

The fitness of SARS-CoV-2 virus for survival was driven by 
mutations possessing intra and interprotomer interactions. The 
D614 in prototype S-protein forms H-bonds with K854 and 
T859 when the RBD is in close conformation and these bonds 
are lost during the RBD open conformation. This interprotomer 
H-bonding is absent in D614G mutant leading to reduction of 
energy required for the conformational transition.[19] It was 
reported that the Alpha variant with mutation A570D, D614G, 
S982A and D1118H enables local side chain rearrangements, 
giving rise to additional interprotomer contacts.[20] The residues 
S929 and D936 are engaged in side chain H-bonds with S1196 
and R1185 of HR2 during the postfusion conformation of the 
protein and bringing the viral and cellular membrane for fusion. 
It was observed that mutations in this position D936Y result in 
loss of inter monomer H-bond which results in reduced protein 
assembly.[21]

Reports suggest that there are only minor structural differences 
in S-protein of SARS-CoV-2 variants;[22] however, it is reported 
that Omicron has higher fraction of α-helix (23.46%) than 
Delta (22.03%)[23] and the same was observed in the present 
study. A study discloses that S-protein of SARS-CoV-2 Wuhan 
reference strain contains mixture of RBD open and closed 
conformations while S-protein of Omicron has predominantly 
RBD open conformation. Mutation Q853K in S-protein of 
Omicron can alter the disordered loop resulting in tighter 
S1/S2 packing. Further, mutations such as T547K, N764K 
can promote S1/S2 packing. Overall mutations in S-protein 
of Omicron introduce new inter-domain and inter-subunit 
interactions which stabilizes RBD open conformation.[4]

A study on S-protein of SARS-CoV-2 demonstrated the 
importance of TMD in cellular membrane fusion and virus 
entry. Any mutation that alter the aromatic and Cysteine rich 
residues of TMD can affect membrane fusion and entry.[24] 
In this study, we have observed mutations such as W1214R, 
Y1215H, C1235F, C1235R, C1236F, C1236V and C1236S in 
aromatic and Cysteine residues of TMD. New mutations that 
are acquired during each replication results in the intra lineage 
diversity of SARS-CoV-2.[25,26] This study reports that Delta 
and Omicron variants have highly diverse sequences among 
themselves giving rise to numerous new sub-lineages and 
sub-variants such as 21A, 21I, 21J in Delta variant and 21 L 
and 21K in Omicron variant due to accumulation of numerous 
mutations at high frequency other than clade specific signature 
mutations. Among the Omicron sub-variants and VOCs, we 
identified several such mutations that were shared among the 
isolates belonging to various clades. These unique mutations 
make the isolates to be distributed diversely within the clade 
of phylogenetic tree. This suggests that occurrence of such 
mutations are contributing not only to the antigenic diversity 
of S-protein but also to facilitate potentially the emergence of 
more subclades or new subvariants with acquisition of few other 
mutations. Multiple inter-variant recombination events may 
have contributed to the shared presence of different mutations 
between the VOCs. For example, the BA.1 subvariant has 
three more Alpha-related mutations (del69-70, delY144) than 

Figure 6: The phylogenetic tree was constructed by Maximum‑Likelihood 
method having the root as SARS‑CoV‑2 Wuhan‑Hu‑1 Spike 
sequence (NC_045512.2). Intra‑lineage diversity of (a) Alpha; (b) Beta; (c) 
Delta; (d) Eta; (e) Kappa; and (f) Omicron variants. SARS‑CoV‑2: Severe 
acute respiratory syndrome coronavirus‑2
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BA.2, suggesting that Alpha or other unknown variants that 
carry these mutations may have contributed to the emergence 
of the BA.1 subvariant.[27] In view of rapid emergence of new 
variants with phenomenal diversity in the global distribution 
of variants, continuous monitoring of genomic evolution of 
SARS-CoV-2 is essential for supporting tasks on vaccine 
design and development programmes and devising control 
and preventive measures to manage this infection.

conclusIons

The study has revealed the dynamics of rapidly diversifying 
SARS-CoV-2 variants and subvariants with a phenomenal 
observation of shifting of clade predominance within 2 years of 
the introduction of virus in India. The functional evaluation of 
several mutations in S-protein, after analyzing all the sequences 
deposited throughout the year 2021, reveals the significance 
of various mutations in virulence, immune escape features 
and disease severity. The findings of the study may support 
researchers to understand the phylodynamic characteristics, 
molecular epidemiology and mutation based functional 
characteristics of variants and sub-variants of SARS-CoV-2.
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