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Purpose: The emergence of highly mutated and transmissible BA variants has caused an unprecedented surge in
COVID-19 infections worldwide. Thorough analysis of its genome structure and phylogenomic evolutionary de-
tails will serve as scientific reference for future research.
Method: Here, we have analyzed the BA variants from India using whole-genome sequencing, spike protein
mutation study, spatio-temporal surveillance, phylogenomic assessment and epitope mapping.
Results: The predominance of BA.2/BA.2-like was observed in India during COVID-19 third wave. Genome
analysis and mutation study highlighted the existence of 2128 amino acid changes within BA as compared to
NC_045512.2. Presence of 23 unknown mutation sites (spanning region 61–831) were observed among the Indian
BA variants as compared to the global BA strains. Unassigned probable Omicron showed the highest number of
mutations (370) followed by BA.1 (104), BA.2.3 (56), and BA.2 (27). Presence of mutations ‘Q493R þ Q498R þ
N501Y’, and ‘K417 N þ E484A þ N501Y’ remained exclusive to BA.2 as well as unassigned probable Omicron.
The time-tree and phylogenomic network assessed the evolutionary relationship of the BA variants. Existence of
424 segregating sites and 113 parsimony informative sites within BA genomes were observed through haplotype
network analysis. Epitope mapping depicted the presence of unique antigenic sites within the receptor binding
domain of the BA variants that could be exploited for robust vaccine development.
Conclusion: These findings provide important scientific insights about the nature, diversity, and evolution of In-
dian BA variants. The study further divulges in the avenues of therapeutic upgradation for better management and
eventual eradication of COVID-19.
1. Introduction

Emergence of new SARS-CoV-2 ‘variants of concern’ is challenging
the efforts of global scientific and health community in eradicating the
COVID-19 pandemic. Since these variants exhibit high adaptive features,
the epidemic control of the disease becomes difficult [1]. During the last
two years, several mutated strains of SARS-CoV-2 have emerged that
exhibited increased immune responses within human body resulting in
post COVID severe diseases [2]. The highly transmissible Delta variant
brought about a sudden surge across the globe that peaked amongst all
Variants of Concern (VoCs) [3,4]. The unprecedented surge of Delta
(B.1.617.2) and Delta plus (AY.4/AY.x) in India could be linked to its
unique mutations in spike protein amino acid sequences. Mutation
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D614G, present in all SARS CoV-2 variants, was reported to be one of the
predominant single nucleotide polymorphisms of the SARS CoV-2 [5].
This mutation gives a certain replication advantage to the virus. Thus,
D614G was associated to increased human transmission and infectivity
events [6–8]. The spike protein mutation L452R which is found in
B.1.617.1, B.1.617.2 and AY.4/AY.x variants is very important for the
pathogenicity of the virus. It confers increased ACE2 binding affinity and
decreased antibody binding capacity, thereby increasing host immune
evasion by the virus [9–11]. Mutation P681R have been reported to
facilitate S1-S2 cleavage at Furin cleavage site [9]. All these mutations
facilitate viral replication, transmission and virulence within host cells.
Some of the signature mutations of Delta variants are T19R, T478K and
D950N which are present in N terminal domain, RBD and S2 region
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respectively. Previous literature has highlighted that T19R and T478K
(located in epitope binding region) impairs monoclonal antibody medi-
ated neutralization while D950N affects spike protein dynamics thereby
increasing virulence [12]. Following this, a highly transmissible BA/O-
micron variant emerged in November 2021 in South Africa [13]. In
January 2022 over 100,000 BA/omicron genomes were reported [14].
Moreover, this variant was associated with elevated immune escape.
Several mutations in its genome conferred resistance to antibodies,
thereby rendering the prevailing vaccines ineffective [13]. Previously, it
was reported that the BA/Omicron had 37 mutations in its spike protein
with 15 mutations alone in the Receptor Binding Domain (RBD) region
[15]. Apart from the known mutations, this lineage has also undergone
several mutations with time that have not been reported previously in
any of the SARS-CoV-2 variants [16]. With increasing genome charac-
terization for Omicron, presence of more than 50 mutations are found in
the spike protein region of Omicron/BA variants. Greater than 19 mu-
tations are solely present in the receptor binding domain of the spike
protein. The most common mutations which are seen in the RBD region
are G339D, R346K, K417N, S371L, S373P, S375F, N440K, Q498R, and
N501Y [1]. The BA.1 subvariant of Omicron have deletions related to
alpha at del 69-70 and delY144 which are absent in BA.2. Apart from
shared mutations with other SARS-CoV-2 variants BA.1 and BA.2 have 30
and 25 unique mutations respectively in their spike protein amino acids
sequence [18]. The delY144 mutation was associated with increased
infection in several immunosuppressed COVID-19 patients indicating its
involvement in immune escape [18]. Detailed study of various Omicron
sub lineages also highlighted presence of R346K mutation in BA.1 that
lead to its sub-classification to BA.1.1 (previously named as ‘Mu’ variant)
[18].

In due course of time, various Omicron sub-lineages emerged across
the country and they were found to have significant difference in the
pattern of mutations within the spike protein. Earlier this year few
studies claimed evolution of recombinant VoCs (denoted as ‘Deltacron’,
‘Demicron’). According to World Health Organization such recombinant
VoCs were considered to be result of laboratory contamination [17,18].
However, recent studies have provided evidence regarding presence of
Deltacron having both the genetic mutations of Delta and Omicron
[19–21]. Three clusters of Deltamicron or Deltacron was cultured and
identified in Southern France [22]. Genetic recombination is a common
occurrence in many human viruses. These recombination or mutations
help in viral evolution through functional gene transfer which over time
accumulates to give selective advantage to the virus in terms of altered
pathogenicity, host receptor binding, zoonotic and anthropogenic
transfers [18]. Recently multiple cases have been identified in different
parts of the world where the patients were reported to be harboring
co-infections with the Delta and Omicron variants [23,24]. The incidence
of such cases in immunocompetent and epidemiologically unrelated
patients, strengthens the understanding that whenever more than one
highly transmissible variant is in circulation in the same region during a
pandemic wave, there could be possibilities of co-infection [23]. How-
ever, it is not easy to find out if the infection by the two different lineages
occurred simultaneously or sequentially [24]. However, co-infection by
Delta and Omicron in an individual can be detected using PCR test for
single nucleotide polymorphism (SNP) at the receptor binding domain of
spike protein K417N and L452R and further confirmed by whole genome
sequencing [18]. Literature report suggested that careful analysis of SNPs
and allele discrimination plots can confirm presence of co-infections of
Delta/Omicron in an individual [23]. Evolution and detection of any
recombinant strain of Delta/Omicron was done using single molecule
real time (SMRT) sequencing which showed presence of two break points
(at nucleotide 22,036 and 22,193) in the 50-region of the spike protein
indicating it as the hotspot of recombination [23].

Despite several vaccine and diagnostic interventions the eradication
of SARS-CoV-2 is still a challenge. Detailed analysis of novel SARS-CoV-2
variants become a critical tool for containing COVID-19 future surges. In
the early phase of BA infections in India presence of BA.1, BA.1.1, and
2

BA.2 was seen with BA.2 to be the most prevalent. This variant triggered
the ‘Omicron’ wave in India during December 2021 to February 2022.
However, a detailed analysis of the BA variant from India is still missing.
Thus, the present study delves with genome characterization, mutation
analysis, spatio-temporal dynamics study, epitope mapping and phylo-
genetic network assessment of BA variants from India during ‘Omicron
wave’.

2. Materials and methods

2.1. Data mining and plotting

All genome sequences and associated patient metadata of different
BA/Omicron variants which were available from November 2021 to
February 2022 from all over India were downloaded from the GISAID
EpiCoV database (https://www.gisaid.org/) (Supplementary material 3).
R/RStudio console (R-4.2.0) with different packages was used for
creating the plots. The map of India was obtained from the URL: https://g
adm.org/download_country.html selecting India as the country.

2.2. Genome sequencing and bioinformatics analysis

Apart from in silico analysis of different BA genomes from all over
India, the genome characterization of BA variants from West Bengal was
done using Whole Genome Sequencing (WGS). Sixty seven RNA samples
were collected from West Bengal and subjected to whole-genome
sequencing using the Illumina Miseq platform (Illumina Inc.). Library
preparation was done using Illumina COVIDSeq RUO Kit. Miseq v3 flow
cell was used for cluster generation and sequencing. Bioinformatic
analysis was enabled by RSubread (release 3.15) and Illumina Basespace
COVID Dragen Lineage. The Pangolin (version-4.0.6) and GISAID were
used for the taxonomic identification. The mutation analysis was per-
formed using the GISAID CoV server mutation app.

2.3. Time tree and phylogenomic network construction

BA sequences with collected during November 2021 to February
2022 were downloaded from GISAID EpiCoV database. High coverage
sequences (n¼ 408, downloaded from GISAID along with in house whole
genome sequences) were further screened and applied to MAFFT v7 web
server (https://mafft.cbrc.jp/alignment/server/) for multiple alignment
using NC_045512.2 as the reference genome. The aligned sequences were
used for phylogenetic network construction using Population Analysis
with Reticulate Trees (PopART v1.7) software [25]. The time tree was
constructed using the MEGAX software with the Maximum Likelihood
method [26].

2.4. Linear B cell epitope analysis

The linear B cell epitope analysis was done using the BepiPred 2.0
server [27]. The threshold value was set at 0.5 to achieve the most ac-
curate prediction. The antigenicity of the predicted epitopes was calcu-
lated using Vaxijen 2.0 server [28] using 0.5 as the threshold antigenicity
value.

2.5. Accession numbers

The annotated sequences were submitted to the GISAID EpiCov
database with accession numbers: EPI_ISL_9781619 to EPI_ISL_9781691,
EPI_ISL_8806019, and EPI_ISL_8806007.

2.6. Ethics approval

Ethical clearances were taken from the CSIR-Indian Institute of
Chemical Biology (IICB/IRB/2020/6) and MEDICA Super-Specialty
Hospital CREC/2020/JUL/1(a)) human ethics committees. The work

https://www.gisaid.org/
https://gadm.org/download_country.html
https://gadm.org/download_country.html
https://mafft.cbrc.jp/alignment/server/
https://www.life-science-alliance.org/lookup/external-ref?link_type=ddbj%2Fembl%2Fgenbank&amp;access_num=NC_045512.2&amp;atom=%2Flsa%2F4%2F5%2Fe202000925.atom


P. Sarkar et al. Indian Journal of Medical Microbiology xxx (xxxx) xxx
was executed under expert supervision following appropriate COVID-
19 protocols.

3. Results and discussion

3.1. Spatio-temporal dynamics of Omicron variants in India

The first incidence of BA/Omicron variants in India was reported in
late November 2021 as a part of Sentinel surveillance. However, the data
was submitted to GISAID and made publicly available in February 2022.
Hence, the official report of BA cases came to light in December 2021
from Karnataka from a male who had an international travel history.

Since our study is based on details of BA lineage up to February 2022
we have used the previous annotations for all BA variants. BA.2 was the
most dominant type to circulate among Indian masses, followed by BA.1
and BA.1.1 (Fig. 1, Supplementary material 1). MaximumBA events were
reported from December 2021 to January 2022 coinciding with the peak
of the third wave of SARS-CoV-2 in India (Supplementary material 1).
Transmission dynamics of BA.2 indicated that it outnumbered the other
two variants during December 2021 (Supplementary material 1). Due to
lag in sequence submission to GISAID from India undulations were
observed in the graph. The initial infection rate for BA.2 was calculated
to be 37.5 infections per day. Detailed analysis of the metadata revealed
that in November 2021 first few cases of BA.1 were reported from Kar-
nataka [3], Maharashtra [3], Delhi [2], Gujarat [2], and Punjab [1]. In
the following month, cases rose and spread to 19 other Indian states with
Maharashtra reporting the highest number (n ¼ 688). In January 2022
BA.1 cases showed a slight dip with Maharashtra reporting the highest
(452) cases. However, in February 2022 the overall BA.1 cases decreased
considerably and 14 cases were reported from Telangana. The incidences
of BA.1.1 were also seen from November 2021 with the first report from
Gujarat. In December 2021 the transmission trends of BA.1.1 showed a
similar pattern as BA.1, and Maharashtra was the worst-hit state with a
Fig. 1. Spatio-temporal incidences of different variants of BA/Omicron in Indian sta
states and UTs were shown in indicated months. Note: The geographical/administrat
polygonal coordinates or boundaries of state might differ.
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maximum of 347 infections registered. Cases spiked in Maharashtra in
January 2022 with 376 infections. But, in February Maharashtra showed
a decline in overall caseload and Telangana reported the highest number
of sequences. The transmission pattern of BA.2 followed a slightly
different trend. The first two sequences were reported from Maharashtra
in November 2021 which reached 130 in December 2021. During this
timeWest Bengal reportedmaximum cases (1177 sequences reported). In
January the infection rate of BA variants declined slowly and Mahara-
shtra again showed the highest infection with 875 sequences. Infection
rates in West Bengal declined considerably during January 2022. In
February 2022 Telangana again showed the highest transmission with
278 cases. The variance in BA cases in different states/UTs could be
attributed to the amount of genome sequencing done and made available
in a public database(s). The more the number of cases reported, the
higher the count seen. The Spatio-temporal dynamics of BA in India
suggested that during the peak, Ladakh, Himachal Pradesh, Uttarakhand,
Jharkhand, and Chhattisgarh showed considerably low cases possibly
due to under-reporting of sequences. Due to the higher daily public
mobility in Delhi, Karnataka, Maharashtra, West Bengal, and some other
southern states of India, more community transmission happened and
hence, higher cases were seen.

3.2. Genome analysis and mutation signatures

Whole-genome sequencing of 67 viral RNA samples (obtained from
West Bengal) was done and on average > 500,000 sequences were
retrieved. Individual samples with >97% identity were mapped against
the reference genome (NC_045512.2) and a consensus sequence of size
>29,000 bp was derived. Taxonomic classification of the samples in the
GISAID EpiCoV database showed that they belonged to the GRA clade
(BA/Omicron). As per Pango-lineage (updated in February 2022), 60
samples belonged to BA.2, two to BA.1 lineage, and one to BA.2.3.
However, four samples could not be designated to any known BA lineage.
tes and union territories (UTs). The dynamic incidences of Delta-surge in Indian
ive boundaries are used only for the purpose of data representation. The spatial
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Hence, they got classified as ‘unassigned probable Omicron’.
Spike protein amino acid mutation analysis was performed for all the

67 samples against the reference strain NC_045512.2. The presence of
2128 mutation events and four patterns were distinct (Supplementary
material 1). They were mostly concentrated within the receptor binding
domain (RBD) (19–900 amino acids) of the spike protein (Fig. 2). The
highest number of total amino acid changes were observed for unas-
signed probable Omicron (1605), followed by BA.1 (237), BA.2.3 (218),
and BA.2 (68). The number of mutations within the spike protein of
unassigned probable Omicron, BA.1, BA.2.3, and BA.2 were 370, 104, 56,
and 27 respectively. Mutations at ‘H655Y þ N679K þ P681H’ were
common to all BA variants. The overlapping mutations of BA with other
SARS CoV-2 variants included H69de, T478K, N501Y, and D614G. These
mutations play role in robust hACE2 and RBD binding as well as cell-to-
cell fusion which induces the production of more nucleated cells even-
tually leading to an increase in transmissibility or infectivity of these
variants [29]. Infectivity of the virus can be defined as the process of
horizontal transmission of viral particles within different hosts. The spike
protein mutations which alter the hACE2 and RBD binding affinity de-
termines the horizontal host transmission or infectivity of the virus. Apart
from this the spike protein mutations which cause acceleration in Furin
cleavage which in turn increases host cell attachment of the virus also
elevate the infectivity [30]. Triple mutation ‘Q493Rþ Q498Rþ N501Y’,
and ‘K417N þ E484A þ N501Y’ remained exclusive to BA.2 as well as
unassigned probable Omicron. Simulation studies and experimental
findings have shown that these triple mutations enhance the binding
affinity of hACE2 with RBD [29,31]. Signature mutations of BA.2 were
seen at T19I and N440K. Similarly, mutations at D405N, S477N, and
Y505H remained inclusive between BA.2 and BA.2.3. Literature-based
data revealed that ‘H655Y þ N679K þ P681H’ mutations accelerate
Furin cleavage and fusion of the virus with the host cell membrane,
thereby, elevating the infectivity rate [32,33]. Triple mutation ‘K417N þ
E484A þ N501Y’ in Omicron helps in immune evasion by neutralizing
antibodies [34]. Mutations at D405N, K417N, N440K, S477N, T478K,
E484A, Q493R, Q498R, N501Y, and Y505H at the RBD site also
Fig. 2. Mutation profile of the spike protein of different BA variants in India. The va
Omicron. Δs denotes the number of amino acid changes within the spike protein.
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participate in escaping immunity. Moreover mutations such as N440K,
T478K, E484A, Q493R, and Q498R which were present in Omicron/BA
enhances the stability of the hACE2-RBD complex. Thus, all these mu-
tations increases the infectivity of Omicron. The binding free energies
(entropy and enthalpy) determines the stability of binding of spike pro-
tein RBD with the human ACE2 receptor. More the binding more stable
the complex will be and more will be the viral transmissibility/infectivity
[35]. The patient metadata corroborated well with this immune evasion,
as the trend showed the susceptibility of vaccinated people to BA/Omi-
cron. The mutations were not only present within the spike protein but
many substitutions were also present in the ORF1ab, envelope protein
(E), nucleocapsid protein (N) that participates in viral replication and
transcription [29].

Apart from this, the presence of 23 unknown mutation sites were
found. Unassigned probable Omicron showed the presence of deletions/
substitutions at N61X, T63X, N74X, L242X, A243X, L244X, N709X, and
A831X. They might be associated with the removal of a potential N-
glycosylation site, thereby, affecting antigenicity as well as host speci-
ficity of the variant [36,37]. Similarly, in the case of BA.1 unique changes
at N165X, T167X, N282X, T284X, N450X, L452X, and Y453X, R454X,
and H519X were observed. These mutations also help in antigenic drift
[36]. BA.1 also harboured two mutations at N317X and L517X. These
changes affect the virulence and host range of the virus [38]. The BA.2.3
variant contained mutations at A435X, D428X, T430X, and I434X. They
could be linked to host change and antibody recognition [39]. The
Omicron variants have gone considerable number of mutations in their
spike protein region. Mutation at T95I which was present in the genome
of the Omicron variants participate in the antigenic drift, thereby
affecting the antibody binding [40]. Again our analysis showed presence
of K417N, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R,
N501Y. and Y505H mutations in the antigenic site 1 of the virus. Pres-
ence of these mutations in the antigenic site of the viral spike protein is
associated with weakening the effect of several antibodies [41,42].
Studies by several researchers have depicted the inactivation of various
antibodies by BA/Omicron viral particles [15,40,44].
riants depicted are (a) BA.2, (b) BA.1, (c) BA.2.3, and (d) Unassigned probable
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3.3. Phylogenomic network and temporal evolution of BA variants

To infer the evolutionary relationship of the different BA variants a
parsimony based Transitive Consistency Score (TCS) network was con-
structed (Fig. 3). The alignment of 409 whole genome sequences of BA
and their further phylogenomic analysis showed presence of 424 segre-
gating sites. Among these sites 113 parsimony informative sites were
seen. The negative Tajima’s D statistics value (D ¼ �2.6548, p (D �
�2.6548) ¼ 0.999922) indicated the importance of these parsimony
informative sites in viral evolution. It further highlighted the presence of
high number of low frequency polymorphisms which is directly linked to
population size expansion [43]. The phylogenetic network comprised of
two major networks interconnected through edges. The hatch marks
depict the number of mutations present. The pie charts at the centre
represent the haplotypes. The more number of similar haplotypes bigger
is the circle. The colour codes are linked to the different geographical
regions of India. The in house sequences did not show close proximity to
the reference genome. The overall structure of the network suggests that
due to acquisition of several number of mutations the BA strains are
highly diverse than the reference genome NC_045512.2. Some of the
sequences shared close proximity amongst each other and they are listed
in Supplementary material 2.

The temporal evolution of BA/Omicron (based on spike protein mu-
tations) with respect to the other variants was studied using a time-
constrained Maximum Likelihood (ML) tree developed using the Jones-
Taylor-Thronton model (Supplementary material 1). The spike protein
sequence of the Wuhan-Hu-1 (NC_045512.2) strain was used as a refer-
ence outgroup. The nodes denote the different variants and the branch
length corresponds to the time of evolution. The analysis revealed two
clades, one comprising of Omicron variants and the other containing
Delta and Delta-like. BA.1 and BA.1.1 shared relatedness amongst each
other while they differed from BA.2 which was placed in a separate
Fig. 3. Phylogenomic network of the BA variants. The lines depict the edges and th
indicate the number of haplotypes present. More the number of haplotypes bigger is t
the accession number are provided in Supplementary material 2.
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branch. On the other hand, Delta (B.1.617.2) and Delta-like (AY.4) were
closely related and are placed in the same clade. The topology of the tree
further predicted the time of evolution of the spike protein. From the tree
topology, it can be inferred that Delta, Delta-like, and Omicron variants
diverged from NC_045512.2. The substitutions accumulated within spike
protein of Delta and Omicron and they evolved as new variants in early
and late 2021 respectively. It can be further predicted that BA is not a
sub-lineage of Delta or Delta-like, rather they have a common ancestor
which is NC_045512.2.

3.4. Prediction of linear B-cell epitopes and their antigenicity

To elucidate the possibility of advanced vaccine development pre-
diction of epitopes targeting the spike protein of the virus was done.
Linear B cell epitope prediction was targeted. Representative full-length
consensus spike protein amino acid sequences of BA.2, BA.1, BA.1.1, and
NC_045512.2 were used for the analysis. The test revealed the presence
of multiple epitope sites within the spike protein of the variants with low
(�0.1) to high (�1.0) antigenicity values. Amino acid sequences which
showed moderate to high (�0.5) antigenic properties were selected
(Table 1). These epitope regions were present between 13 and 720 amino
acids for BA whereas for reference strain this region extended till 1270.
BA.2 showed the highest number of epitopes with strong antigenicity as
compared to BA.1.1. Surprisingly, BA.1 showed only one site with high
antigenicity. The structure prediction showed the epitopes to be mostly
coiled in nature. The surface accessibility prediction by NetsurfP ascer-
tained them to remain exposed or embedded on the surface of the spike
monomer. Vaccines played a quintessential role in restricting the severity
of disease caused by SARS-CoV-2 variants. However, in the case of Om-
icron, the first incidences from Botswana, Africa as well as India showed
infection in fully vaccinated individuals [44]. Three-dimensional struc-
tures of Antibody-RDB complexes highlighted that Omicron is twice as
e hatch marks represent the number of mutations accumulated. The pie charts
he circle. The colour-codes demarcate the different states of India. The details of



Table 1
Predicted linear B-cell epitopes and their antigenicity.

Variant name Predicted epitope sequence Region Antigenicitya

BA.2 SNVTWFHAIHVSGTNGTKRFDNPVL 60–84 0.5298
GKQGNFKNLREF 181–192 0.5402
INLXRDLPQGFSA 210–222 1.7522
VEKGIYQTSNFRVQPTES 308–325 0.7311
VSPTKLNDLCFTNVYADS 382–399 1.3513
TGXIADYNYKLPDDFT 415–430 0.9994
KKSTNLVKNKCVNFNFNGLTGTG 528–550 1.1386
SYQTQTKSXRRARSVASQSIIAYTMSLGAENSVAYSNNS 673–711 0.5263

BA.1 YQTQTKSHRRARSVASQSIIAYTMSLGAENSVAYSNNSIA 674–612 0.5848
BA.1.1 SQCVNLXTRTQLPPAYTNSFTRGV 13–36 0.7419

FELLHAPATVCGPKKSTNLVKNKCVNFNFNGL 515–548 0.6509
SYQTQTKSHRRARSVASQSIIAYTMSLGAENSVAYSNNSIAIPTNFTISVTTEILPVSMTKTSV 673–736 0.7582

NC_045512.2 QCVNLTTRTQLPPAYTNSFTRGV 14–36 0.7515
FSNVTWFHAIHVSGTNGTKRFDN 59–81 0.6767
DLEGKQGNFKNLRE 178–191 0.9256
NSASFSTFKCYGVSPTKLNDLCFTNV 370–395 1.3609
GDEVRQIAPGQTGKIADYNYK 404–424 1.3212
AYTMSLGAENSVAYSN 694–709 0.6003
SCCKFDEDDSEPVLKGVKL 1252–1270 0.6085

a Antigenicity values >0.5 are represented in the table.
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likely to evade vaccine immunity as compared to Delta [29]. Hence,
currently available vaccines may prove ineffective in providing immunity
against Omicron. In this regard, there is a pressing need of designing
more effective vaccines against Omicron and other SARS-CoV-2 variants.

4. Conclusions

BA variants with their highest number of mutations are more virulent
among other SARS-CoV-2 strains. Thorough genomic characterization,
epidemiological surveillance, phylogenetic inference and epitope pre-
diction of BA will help in designing preventive measures against more
deadly future variants of the SARS-CoV-2. This study will be beneficial
for upgrading healthcare infrastructure as well as provide strong scien-
tific reference for monitoring and prevention of future SARS-CoV-2
surges.
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