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evolution of the SARS-CoV-2 variants and their clus-
tering event. The major clades for each variant were 
identified. One example is clade 21K, a major clade 
of the Omicron variant. Third, lineage dynamics and 
comparison between SARS-CoV-2 lineages across 
different countries are also illustrated, demonstrat-
ing dominant variants in various countries over time. 
Fourth, gene-wise mutation patterns and genetic 
variability of SARS-CoV-2 variants across various 
countries are illustrated. High mutation patterns were 
found in the ORF10, ORF6, S, and low mutation pat-
tern E genes. Finally, emerging AA point mutations 
(T478K, L452R, N501Y, S477N, E484A, Q498R, 
and Y505H), their frequencies, and country-wise 
occurrence were identified, and the highest event of 
two mutations (T478K and L452R) was observed.
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Abbreviations 
SARS-CoV-2  Severe acute respiratory syndrome 

coronavirus 2
COVID-19  Coronavirus disease 2019
VOC  Variants of concern
VOI  Variants of interest
RBD  Receptor-binding domain
ACE2  Angiotensin-converting enzyme 2
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CDC  Centers for Disease Control and 

Prevention

Abstract The ongoing SARS-CoV-2 evolution 
process has generated several variants due to its con-
tinuous mutations, making pandemics more critical. 
The present study illustrates SARS-CoV-2 evolution 
and its emerging mutations in five directions. First, 
the significant mutations in the genome and S-gly-
coprotein were analyzed in different variants. Three 
linear models were developed with the regression 
line to depict the mutational load for S-glycoprotein, 
total genome excluding S-glycoprotein, and whole 
genome. Second, the continent-wide evolution of 
SARS-CoV-2 and its variants with their clades and 
divergence were evaluated. It showed the region-wise 
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eCDC  European Centre for Disease Pre-
vention and Control

UK  United Kingdom
USA  United States of America
AA  Amino acid
S-glycoprotein  Spike glycoprotein
GISAID  Global initiative on sharing avian 

flu data
nAbs  Neutralizing antibodies

Introduction

Ongoing mutations and the rise of different variants 
of SARS-CoV-2, created by nature, concern pub-
lic health [1]. The new variants have been generated 
over time from the Wuhan strain, and the variants 
have created a new surge in the country of origin and 
then transmitted to other countries [2]. The new vari-
ants, especially variants of concern (VOCs), lead to 
the pandemic period becoming more critical because 
of their transmission properties. In early 2020, 
researchers noted the first single amino acid (AA) 
change in the S-glycoprotein at position 614 (D614). 
The change (614G) was noted in a small number of 
sample sequences. It was noted that the variant is 
significant within a few weeks [3]. The mutation is 
responsible for the structural alteration of the furin-
like domain region in the S-glycoprotein. Due to the 
conformational changes, the conformational plastic-
ity (S1/S2 furin-like site) is also altered. Therefore, 
the volume of the cavity of this domain of S-glyco-
protein is enlarged. At the same time, it also helps to 
increase the volume surrounding the cleavage site in 
the domain [4]. It further helps the virus S-glycopro-
tein interact with the host ACE2 receptor, assisting 
the virus to infect more hosts and spread within the 
host. Therefore, this mutation was able to describe an 
increase in infectivity and reinfectivity [5, 6]. Subse-
quently, several variants have been recorded with a 
number of mutations over time [7–10]. The continu-
ous evolution of SARS-CoV-2 and the emergence of 
new variants are substantial concerns for every coun-
try. The SARS-CoV-2 evolutionary process using 
their phylogenetic profile and the creation of variants 
has been studied by several research groups [11–16]. 
At the same time, several researchers have studied 
evolutionary dynamics using the different proteins 
of SARS-CoV-2 [17]. Although several variants 

have arisen, some have higher transmission capacity, 
infection, reinfection, and virulent properties. WHO, 
CDC, and eCDC described the variants as variants of 
interest (VOIs) or VOC concerning their associated 
properties.

It is noteworthy that RNA viruses have higher 
mutation rates than DNA viruses and a million times 
higher than their hosts [18]. SARS-CoV-2 is an RNA 
virus that acquires mutations like other RNA viruses 
[19, 20]. Researchers are working on estimating the 
virus’ evolutionary rate and mutation burden, which 
is approximately 1 ×  10−3 substitutions per base per 
year [19]. De Maio et  al. (2021) observed that two 
mutation rates (C to U and G to U mutation rate) are 
extremely high in SARS-CoV-2, with the calculated 
rate being approximately 97% [21].

The evolution of the virus occurs because of muta-
tions and natural selection. Different mechanisms, 
such as systematic viral replication, host immune 
escape, and transmission, help to favor the natural 
selection of traits [22, 23]. Several mutations occur 
during evolution, creating significant genetic varia-
tions [24], leading to the rise of new viral variants. 
In SARS-CoV-2, the most studied mutations are 
point mutations. Kosuge et  al. (2020) studied point 
mutations and found the prevalence of C to U point 
mutations in SARS-CoV-2 [25]. Miller et  al. (2021) 
studied point mutations in the N gene. Two point 
mutations were reported; the first was observed in 
five patients (C to T mutation) at position 29,197, and 
the second was noted in eight patients (C to T muta-
tion) at position 29,200 [26]. Other than point muta-
tions, deletions and insertion in SARS-CoV-2 have 
also been studied by researchers [27–29]. In addition 
to these events, frame shifting RNA events are also 
associated with structural alterations [30]. However, 
it is urgently necessary to understand the evolution 
pattern and mutation profile of SARS-CoV-2 variants 
region-wise. Such studies will provide a better under-
standing of the clinical and epidemiological param-
eters of the pandemic, such as evolving transmission 
events of variants, and reveal indicators of constantly 
evolving immunity evasion phenomena and neutraliz-
ing antibody (nAb) escape events of the variants.

In this article, five major points are explained: 
first, overall significant mutations in the genome and 
S-glycoprotein in different variants and their origin; 
second, continent-wide evolution of SARS-CoV-2 
and its variants with their clades and divergence; 
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third, lineage dynamics and comparison between 
SARS-CoV-2 lineages across different countries; 
fourth, gene-wise mutation patterns and genetic vari-
ability of SARS-CoV-2 variants across various geo-
graphic locations; and finally, significant AA point 
mutations in SARS-CoV-2 variants, their frequencies, 
and country-wise occurrence.

Materials and methods

We have collected the data to illustrate the evolution 
pattern and the mutations profile of SARS-CoV-2 
variants. We employed several bioinformatics servers, 
tools, and statistical software for our extensive analy-
sis and model development.

Collection of data to illustrate evolution pattern and 
the mutations profile of SARS-CoV-2 variants

We have collected the different data for evolution pat-
terns and the mutations profile of SARS-CoV-2 vari-
ants from several databases and scientific or medical 
search engines such as PubMed [31, 32] and Web 
of Science [33] and Google Scholar [34] on January 
2022. Different information on variants was obtained 
from the eCDC [35], CDC, USA [36], and WHO 
[37]. Simultaneously, we performed different key-
word searches and found several studies on SARS-
CoV-variants. The keyword search was performed 
using different keywords such as “variants of SARS-
CoV-2,” “VOI,” “VOC,” “mutation in SARS-CoV-2,” 
“mutation in SARS-CoV-2 genome,” and “mutation 
in SARS-CoV-2 Spike,” etc. We also searched using 
specific keywords like “mutation in Alpha variant,” 
“mutation in Delta variant,” and “mutation in Omi-
cron variant,” etc. However, we did not find any stud-
ies investigating the evolution pattern and mutation 
profile of SARS-CoV-2 variants in various regions.

SARS-CoV-2 variants from Alpha to Omicron: 
the origin, significant mutation in the genome, and 
S-glycoprotein

In this study, we have developed different statistical 
models to depict the evolution of SARS-CoV-2 vari-
ants and the data and information collection of these 
variants. This study has considered significant VOCs 
and VOIs along with the Wuhan strain. We have 

considered significant VOCs such as B.1.351 (Beta), 
B.1.1.7 (Alpha), B.1.617.2 (Delta), P.1 (Gamma), 
and B.1.1.529 (Omicron). At the same time, we have 
considered significant VOIs such as B.1.525 (Eta), 
B.1.621 (Mu), C.37 (Lambda), B.1.526 (Iota), P.2 
(Zeta), and B.1.427/B.1.429 (Epsilon), B.1.616, P.3 
(Theta).

Continent-wise evolution of SARS-CoV-2 and its 
variants with their clades and divergence

The NextStrain server was used for the phylogenetic 
analysis of SARS-CoV-2 [38]. Researchers have 
used this server to illustrate the phylodynamics of 
real-time pathogen evolution [39]. Researchers have 
demonstrated continent-wide analysis to understand 
the relationship with the epidemiology of COVID-19 
and how SARS-CoV-2 evolution can alter mortality, 
virulence, and infectivity [40]. The NextStrain clades 
were analyzed continuously in this study, provid-
ing information on the continent-wise SARS-CoV-2 
evolution. In this part of the study, statistical software 
(PAST 4.03 software) was used to depict the diver-
gence models of SARS-CoV-2 evolution [41].

Lineage dynamics and comparison between 
SARS-CoV-2 lineages across different countries

Our study evaluated the lineage dynamics and com-
pared various lineages from different countries. The 
CoVerage server was used to analyze the lineage 
dynamics of SARS-CoV-2 [42]. This server acquires 
the original data from GISAID ([43] and web-based 
repositories [44].

Gene-wise mutation patterns and genetic variability 
of SARS-CoV-2 variants across various geographic 
locations

At this point of the pandemic, it is necessary to evalu-
ate the mutation patterns of different genes of the 
variants from several countries, which can provide 
a clue about the mutation patterns and genetic vari-
ability of SARS-CoV-2. Thus, the study analyzed the 
gene-wise mutation patterns and genetic variability 
of SARS-CoV-2 variants across different geographic 
locations. For this analysis, the genomic variability 
and global testing-related server developed by the 
researchers at Khazen Lab [45] were utilized.
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Significant amino acid point mutations in 
SARS-CoV-2 variants, their frequencies, and 
country-wise occurrence

Amino acid (AA) point mutations are an important 
basis for variant creation. Therefore, the study focus 
on understanding the AA mutation spectrum of 
SARS-CoV-2 variants. The CovMT server [46] was 
used to analyze the frequencies of AA point muta-
tions and country-wise occurrences.

Statistical models and software

Statistical models are significant for understanding 
evolutionary phenomena and bioinformatics models 
[47, 48]. We developed different statistical models to 
understand the mutation pattern of significant muta-
tions. The linear regression model was developed to 
understand the mutation pattern in S-glycoprotein and 
the genome of different variants (VOCs and VOIs). 
On the other hand, a linear model of the scatter plot 
was developed to understand the clustering events. 
Another statistical model (box-plot) was developed 
using different variants to illustrate the divergence 
patterns of SARS-CoV-2 variants in each continent. 
Statistical software (PAST 4.03 software) was used 
to develop various statistical models [41]. MATLAB 
software was used to depict plots, graphs, and pie 
charts [49].

Results

SARS-CoV-2 variants from Alpha to Omicron: 
the origin, significant mutation in the genome, and 
S-glycoprotein

The variants are emerging due to the different muta-
tions and are being classified as VOCs and VOIs of 
SARS-CoV-2. It has been noted that a significant 
variant emerges from a country in the world at a par-
ticular time. After the origin of the SARS-CoV-2 in 
Wuhan (China), the first significant variant reported 
was B.1.351 (Beta), and according to the WHO, it was 
the first reported variant in South Africa (Fig.  1a), 
documented in May 2020 (Fig. 1b). Similarly, B.1.1.7 
(Alpha) was reported in the UK in September 2020. It 
was subsequently transmitted worldwide [50]. Simi-
larly, another significant variant, B.1.617.2 (Delta), 

originated in India in October 2021 and spread world-
wide. Other variants were generated in 2020, such as 
P1 (first reported in Brazil), B1.526 (registered early 
in the UK), and C.37 (reported early in Peru). How-
ever, in the following year, B.1.621 was reported in 
early 2021 in the UK. At the same time, P3 (originat-
ing in Brazil) and two others (B1.427, B1.429) orig-
inated from the USA. In late 2021, Omicron (B.1.1 
529) arose from South Africa (Fig.  1a  and b) and 
subsequently spread worldwide. This variant has been 
reported to have the highest number of mutations 
with rapid transmissibility. Infectivity is also noted to 
be high in Omicron, which caused a rise in infection 
cases of COVID-19 in every country [51]. Omicron 
exhibits substantial nAb escape properties [52, 53].

Mutations are necessary elements to calculate 
the different evolutionary parameters, such as muta-
tion rate and the molecular clock [54–56]. Our study 
shows significant mutations in the SARS-CoV-2 vari-
ants throughout the genomes of VOCs (Fig. 1c) and 
VOIs (Fig. 1d). The two figures (Fig. 1c and d) illus-
trate the mutations throughout the genomes of VOCs 
(Fig. 1c) and VOIs (Fig. 1d) other than the S-glyco-
protein mutations.

It was found that point mutation P314L was preva-
lent at high frequencies in ORF1b in most variants. 
Hemachudha et al. (2022) also reported the presence 
of the mutation from the genome sequences of five 
infected individuals and observed that P314L influ-
ences binding affinity to Favipiravir. In addition, it 
may also augment the binding affinity to remdesivir 
[57]. Furthermore, researchers have reported from 
the whole genome surveillance of SARS-CoV-2 from 
Mexican patients that the mutation P314L was found 
in ORF1b with single clustering variants [58]. Addi-
tionally, we have illustrated significant mutations 
in the S-glycoprotein of VOCs (Fig.  1e) and VOIs 
(Fig.  1f). These two figures illustrate the mutations 
throughout the S-glycoprotein of VOCs (Fig. 1e) and 
VOIs (Fig. 1f). Figures display the mutations in very 
detail in every region of the S-glycoprotein.

Several researchers have reported E484K, 
K417T/N, N501Y, L452R, D614G, and P681R muta-
tions, and these mutations are common in VOIs and 
VOCs [7, 8, 59–61]. The N501Y mutation in S-gly-
coprotein helps increase the transmission and infec-
tion rate of SARS-CoV-2 [62]. Similarly, E484K 
and N501Y mutations in S-glycoprotein decrease 
the affinity for nAbs [8]. Barton et  al. (2021) noted 
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that the five RBD mutations, S477N, E484K, N501Y, 
K417T, and K417N, may affect binding affinity to 
ACE2 receptor [63]. The D614G mutation has also 
been reported in all VOCs and VOIs, and this muta-
tion enhances the receptor-binding affinity. It has 
been reported to augment infectivity [3, 10, 64].

Mutational load is a significant factor for RNA 
viruses and is responsible for the stochastic evolution-
ary result [65]. Researchers have applied the linear 
regression model to understand the changes in AA 

mutations and correlate them with antigenic variants 
of the influenza virus [66].

We next developed the statistical model to under-
stand the mutation pattern in all significant vari-
ants. A linear regression model was developed to 
depict the mutational load (in terms of the num-
ber of mutations) of VOIs and VOCs. A model was 
designed to illustrate the mutational load throughout 
S-glycoprotein by utilizing the number of mutations 
(VOCs and VOIs). It resulted in the determination 

Fig. 1  SARS-CoV-2 variants and origin, the significant muta-
tion in whole-genome and S-glycoprotein and developed linear 
model. (a) Schematic diagram shows the country of origin of 
emerging SARS-CoV-2 variants along with the Wuhan strain. 
(b) Different time points of origin of emerging SARS-CoV-2 
variants. (c) Schematic diagram shows significant mutations 
in the whole genome of VOCs, excluding S-glycoprotein. (d) 
Schematic diagram shows significant mutations in the whole 
genome of VOIs, excluding S-glycoprotein. (e) Schematic dia-

gram shows significant mutations in S-glycoprotein of VOCs. 
(f) Schematic diagram shows significant mutations in S-glyco-
protein of VOIs. (g) Linear model depicted using significant 
mutations in S-glycoprotein. (h) Linear model illustrated using 
significant mutations in the whole-genome excluding S-glyco-
protein. (i) Linear model depicted using significant mutations 
in the whole-genome. In this diagram, we used red and green 
points. The red color indicates VOCs, and the green color indi-
cates VOIs
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of the coefficient (R2 = 0.0911) of the linear model 
(Fig.  1g). This linear model showed that the point 
representing the Omicron is not close to the regres-
sion line (Fig. 1g). Another linear model was devel-
oped to depict the mutational load throughout the 
genome other than the S-glycoprotein using the 
number of mutations of VOCs and VOIs. Here, we 
considered the number of mutations throughout the 
genome, excluding S-glycoprotein. This enabled the 
determination of the coefficient (R2 = 0.1874) of the 
linear model (Fig. 1h). Similarly, an additional linear 
model depicting the mutational load throughout the 
genome of SARS-CoV-2 (R2 = 0.1426) was evalu-
ated (Fig.  1i). This statistical model considered the 
mutational load throughout the genome of significant 
VOCs and VOIs.

Continent-wise evolution of SARS-CoV-2 and its 
variants with their clades and divergence

The continental evolution of SARS-CoV-2 vari-
ants was studied to understand each continent’s 
evolution pattern. The continent-wise evolution 
of SARS-CoV-2 variants was analyzed, includ-
ing that of African (Fig.  1A  (A1 to A3)), Asian 
(Fig.  1B  (B1 to B3)), European (Fig.  1C  (C1 
to C3)), North American (Fig.  1D  (D1 to D3)), 
South America (Fig. 1E (E1 to E3)), and Oceanian 
(Fig.  1F  (F1 to F3)) variants with their clades and 
divergence. In Africa, a radial-type polygenetic tree 
was developed to understand the phylodynamics of 
the SARS-CoV-2 variants. It was found that Delta 
was dominant in the phylogenetic tree with three 
clades (21A, 21I, and 21J) compared to the other 
variants (Fig. 2a (A1)). However, the 21J clade was 
more prominent than the two other Delta clades. In 
Delta, the maximum divergence was noted as 49, 
and the minimum was 35 (Table 1). It was observed 
that two clades were developed for Omicron (21L 
and 21K). Noteworthy, 21K was the major clade 
among these two clades. A very low presence of 
Alpha (20I) and Beta (20H) variants was found on 
this continent. Furthermore, a very low amount of 
Eta (21D) was also found. A linear model of the 
scatter plot was developed with a regression line 
(R2 = 0.779) (Fig.  2a(A2)). In this model, the dots 
representing Omicron are located at the upper side 
of the regression line. Furthermore, a scatter plot 
was developed using the sampling date. The scatter 

plot showed the initial coexistence of Delta and 
Omicron. Finally, the Omicron variant was found 
significant, as shown by this continent’s scatter plot 
(Fig. 2a(A3)).

The study next analyzed the evolution of SARS-
CoV-2 in Asia. A radial polygenetic tree was devel-
oped to understand SARS-CoV-2 evolution in Asia. 
It was found that Delta was a significant variant in 
the phylogenetic tree with three clades (21B, 21I, 
and 21J) (Fig.  2b(B1)). A maximum divergence 
of 57 was observed, and the minimum was 54 for 
Omicron (Table  1). In addition, a linear model of 
the scatter plot was developed with a regression 
line (R2 = 0.779), and two clusters of Omicron were 
observed (Fig.  2b(B2)). In this model, the dots rep-
resenting Omicron are present on the upper side of 
the regression line, and Alpha and Beta are located in 
the middle. In addition, a scatter plot was developed 
using the sampling date (Fig.  2b(B3)). The scatter 
plot showed a linear cluster with more dots represent-
ing Delta in the second plot compared to the African 
continent.

To understand the evolution of SARS-CoV-2 
in Europe, the developed radial polygenetic tree 
informed the creation of different Beta, Alpha, 
Omicron, and Delta variants with their clades 
(Fig. 2c(C1)). Beta and Alpha formed a small cluster 
in the polygenetic tree. Additionally, a linear model 
with a regression line was developed, and two clus-
ters of Omicron were found (Fig. 2c(C2)). However, 
an upper cluster of Omicron was found in this model, 
which is a very small cluster compared to the Asian 
continent region. Two different clades formed these 
two clusters. Among them, the larger cluster contains 
the variants of 21K, and the smaller cluster includes 
the variants of 21L. Another scatter plot showed that 
the presence of the 21A clade of Delta is signifi-
cantly smaller than the 21I and 21J clades of Delta 
(Fig. 2c(C3)). The analysis also revealed that the 21K 
clade of Omicron is prevalent compared to the 21L 
clade.

For further understanding, SARS-CoV-2 evolution 
in North America was studied. Phylogenetic analy-
sis showed that the Lota and Gamma variants origi-
nated with the Alpha variant (Fig. 2d(d1)). The linear 
model with a regression line showed a new Omi-
cron clade (21M), which was present below the line 
(Fig.  2d(d2)). The model showed a larger cluster of 
Omicron arranged above the regression line. Another 
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model of the scatter plot showed two clades of Omi-
cron (21M and 21K) and three clades of Delta (21I, 
21J, and 21K) (Fig. 2d(d3)).

SARS-CoV-2 evolution was illustrated in South 
America through polygenetic analysis of SARS-
CoV-2 variants, demonstrating three prominent parts 
of the tree: one part of the tree was composed of 

Gamma, Alpha, Lambda, and Mu variants; another 
part of the tree consisted of Omicron; and Delta was 
organized in another part of the tree (Fig. 2e(e1)). It 
was observed from the developed linear model with 
the regression line that Alpha and Omicron were 
arranged above the regression line. Conversely, the 
dots of Delta were mostly arranged below the line 

Fig. 2  Region-wise evolution of SARS-CoV-2 and their vari-
ants with their clades and divergence. (a) Evolution of SARS-
CoV-2 in Africa. (a1) Radial type of polygenetic tree demon-
strates the evolution of variants in Africa. (a2) Scatter plot with 
a regression model using the variants in Africa. (a3) Scatter 
plot with sampling date in Africa. (b) Evolution of SARS-
CoV-2 in Asia. (b1) Radial type of polygenetic tree demon-
strates the evolution of variants in Asia. (b2) Scatter plot with 
a regression model using the variants in Asia. (b3) Scatter plot 
with sampling date in Asia. (c) Evolution of SARS-CoV-2 in 
Europe. (c1) Radial type of polygenetic tree demonstrates the 
evolution of variants in Europe. (c2) Scatter plot with a regres-
sion model using the variants in Europe. (c3) Scatter plot with 
sampling date in Europe. (d) Evolution of SARS-CoV-2 in 
North America. (d1) Radial type of polygenetic tree demonstrates 
the evolution of variants in North America. (d2) Scatter plot with 
a regression model using the variants in North America. (d3) 

Scatter plot with sampling date in North America. (e) Evolution 
of SARS-CoV-2 in South America. (e1) Radial type of polyge-
netic tree demonstrates the evolution of variants in South Amer-
ica. (e2) Scatter plot with a regression model using the variants 
in South America. (e3) Scatter plot with sampling date in South 
America. (f) Evolution of SARS-CoV-2 in Oceania. (f1) Radial 
type of polygenetic tree demonstrates the evolution of variants in 
Oceania. (f2) Scatter plot with a regression model using the vari-
ants in Oceania. (f3) Scatter plot with sampling date in Oceania. 
(g) A Box plot-based model illustrates the minimum and maxi-
mum divergence event of SARS-CoV-2 variants with their clade 
in different continents. (g1) A model for divergence event in 
Africa with (g2) A model for divergence event in Asia with (g3) 
A model for divergence event in Europe with (g4) A model for 
divergence event in North America with (g5) A model for diver-
gence event in South America with (g6) A model for divergence 
event in Oceania
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Table 1  Region-based 
divergence event in different 
SARS-CoV-2 variants. The 
table has been generated 
from the open data  source 
of the NextStrain server, 
CoVerage, and GISAID 
database [38, 42, 50]. The 
variant information is taken 
from Chakraborty et al. [7, 
59] and WHO [50]

Sl. No Region Variant Clade Divergence

Minimum 
divergence

Maximum 
divergence

1 Africa Omicron Omicron (21L) 64 64
2 Omicron (21K) 54 60
3 Delta Delta (21A) 35 44
4 Delta (21I) 35 40
5 Delta (21J) 34 42
6 Alpha Alpha, V1 (20I) 36 45
7 Beta Beta, V2 (20H) 25 25
8 Eta Eta (21D) 29 29
9 Asia Omicron Omicron (21L) 69 69
10 Omicron (21K) 54 60
11 Delta Delta (21A) 29 46
12 Delta (21I) 30 52
13 Delta (21J) 32 47
14 Alpha Alpha, V1 (20I) 33 45
15 Beta Beta, V2 (20H) 30 28
16 Epsilon Epsilon (21C) 28 28
17 Europe Omicron Omicron (21K) 54 60
18 Delta Delta (21A) 34 34
19 Delta (21I) 29 45
20 Delta (21J) 34 46
21 Alpha Alpha, V1 (20I) 32 43
22 Beta Beta, V2 (20H) 30 31
23 North America Omicron Omicron (21M) 56 56
24 Omicron (21K) 53 60
25 Delta Delta (21A) 35 37
26 Delta (21I) 37 41
27 Delta (21J) 39 47
28 Alpha Alpha, V1 (20I) 32 45
29 Gamma Gamma, V3 (20J) 39 46
30 Iota Iota (20F) 24 24
31 South America Omicron Omicron (21K) 54 61
32 Delta Delta (21I) 34 44
33 Delta (21J) 36 48
34 Alpha Alpha, V1 (20I) 39 48
35 Gamma Gamma, V3 (20J) 33 46
36 Lambda Lambda (21G) 32 41
37 Mu Mu (21H) 38 42
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(Fig.  2e(e2)). In this model, significantly fewer dots 
were noted for Mu and Lambda. Additionally, another 
scatter plot was developed with the sampling date 
(Fig. 2e(e3)). The scatter plot showed a single line of 
Omicron dots that were arranged very closely. Lim-
ited Mu and Lambda dots were noted, arranged in 
two lines and with detached dots.

In Oceania, the radial polygenetic tree of SARS-
CoV-2 informed that Kappa (21B) had the same 
point of origin with two Delta clades (21A and 21I) 
and formed a cluster with these variants. The phylo-
genetic analysis showed that the number of analyzed 
sequences of the Delta variant (clade 21J) is less 
compared to other continents (Fig. 2f(f1)). The linear 
model with a regression line showed two Omicron 
clades (21L and 21K) arranged above the bar. Simi-
larly, the 21J Delta clade was mainly placed below 
the line (Fig.  2f(f2)), and the 21A clade of Delta is 
noted to be very less in number and arranged below 
the line. The model showed the two clusters of Omi-
cron placed above the regression line. Another model 
of the scatter plot showed two clades of Omicron 
(21K, 21L). More Omicron dots were found in clade 
21K compared to clade 21L. A higher number of 
dots were found in the clade 21J Delta variants, cor-
responding to other clades of the Delta variant (21A, 
21I) (Fig. 2f(f3).

Divergence has been used to understand microbial 
diversity [67]. The virus variants and their clades can 
be elucidated through divergence. To understand the 
divergence event, Boni et  al. (2020) studied diver-
gence dates between the bat Sarbecovirus and SARS-
CoV-2 [68]. Divergence represents the splitting event 
of a variant into a phylogenetic tree. Tang et al. (2020) 
analyzed the molecular divergence of Coronaviruses 

to understand the connection between SARS-CoV-2 
and other associated Coronaviruses [13]. In this 
study, a statistical model was developed to under-
stand the divergence patterns of SARS-CoV-2 vari-
ants. The model showed the divergence events of 
SARS-CoV-2 variants in different continents such 
as Africa (Fig.  2g(g1)), Asia (Fig.  2g(g2)), Europe 
(Fig.  2g(g3)), North America (Fig.  2g(g4)), South 
America (Fig.  2g(g5)), and Oceania (Fig.  2g(g5)). 
The model observed the highest divergence event in 
Omicron (clade 21L) in Asia. The lowest divergence 
event was noted in Iota (clade 20F) in Asia and North 
America. However, a maximum divergence event was 
found in Omicron in Asia and Africa. In both cases, 
the leading divergence event was recorded in clade 
21L of Omicron (Table 1).

Finally, a substantial clade was identified for a 
specific variant from a particular continent (Table 2). 
One example of a substantial clade is 21K in Omi-
cron, which is prominent among the two clades (21L 
and 21K) in the African continent.

Lineage dynamics and comparison between 
SARS-CoV-2 lineages across different countries

Lineage dynamics provide information on the trans-
mission and dissemination pattern prototype of the 
virus variants. Researchers have aimed to compre-
hend the SARS-CoV-2 dissemination pattern in a 
particular country, and it can illustrate the spread-
ing pattern of a particular variant of SARS-CoV-2 
in a country or the emergence of different variants of 
SARS-CoV-2 in specific countries. This type of study 
is essential for understanding and gaining knowledge 
of the super-spreading events of the variants and their 

Table 1  (continued) Sl. No Region Variant Clade Divergence

Minimum 
divergence

Maximum 
divergence

38 Oceania Omicron Omicron (21L) 57 57
39 Omicron (21K) 54 65
40 Delta Delta (21A) 35 35
41 Delta (21I) 31 34
42 Delta (21J) 31 47
43 Alpha Alpha, V1 (20I) 31 38
44 Beta Beta, V2 (20H) 26 29
45 Gamma Gamma, V3 (20J) 31 36
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transmission properties, which is also associated with 
genomic epidemiology studies [69]. This analysis 
is necessary for disease control, and Resende et  al. 
(2021) illustrated the dissemination pattern and evo-
lutionary dynamics of a particular linage (B.1.1.33) 
of SARS-CoV-2 in Brazil [70]. Similarly, Jha et  al. 
(2021) illustrated the transmission dynamics of dif-
ferent variants of SARS-CoV-2 across India and sug-
gested that it may be helpful for strategy-making for 
public health preparedness and decision-making in 
several parts of India [71].

Our study attempted to understand lineage dynam-
ics and compare different lineages from different 
countries. From this perspective, a heatmap was 
generated to compare the lineages across regions 

(Fig.  3a). This map represents the country-wise lin-
eage frequency of the virus, showing the country-
wise spread of the different lineages of SARS-CoV-2. 
Moreover, country-wise lineage dynamics were ana-
lyzed using a country-wise lineage dynamics plot 
to illustrate the rise and fall of the variants over the 
years. At first, a lineage dynamics plot of Germany 
was developed, which illustrated the increase in sig-
nificant lineages such as B.1.329 (from April to 
August 2020), B.1.1.7 (Alpha) (from December 2020 
to July 2021), B.1.617.2 (Delta) (from May 2021 to 
January 2022 or so), and B.1.1 529 (Omicron) (from 
November 2021 onwards) among all SARS-CoV-2 
lineages (Fig. 3b). The lineage dynamics plot of the 
UK illustrated the rise of B.1.177 (from July 2020 to 

Table 2  Region-wise 
emerging variants with 
their clades and their 
major clade. The table 
has been generated from 
the open data  source of 
the NextStrain server, 
CoVerage, and GISAID 
database [38, 42, 50]. The 
variant information is taken 
from Chakraborty et al. [7, 
59] and WHO [50]

Sl. No Region Variant name Clade Major clade

46 Africa Omicron Omicron (21L), Omicron (21K) Omicron (21K)
47 Delta Delta (21A), Delta (21I), Delta (21J) Delta (21J)
48 Alpha Alpha, V1 (20I) Alpha, V1 (20I)
49 Beta Beta, V2 (20H) Beta, V2 (20H)
50 Eta Eta (21D) Eta (21D)
51 Asia Omicron Omicron (21L), Omicron (21K) Omicron (21K)
52 Delta Delta (21A), Delta (21I), Delta (21J) Delta (21J)
53 Alpha Alpha, V1 (20I) Alpha, V1 (20I)
54 Beta Beta, V2 (20H) Beta, V2 (20H)
55 Epsilon Epsilon (21C) Epsilon (21C)
56 Europe Omicron Omicron (21L), Omicron (21K) Omicron (21K)
57 Delta Delta (21A), Delta (21I), Delta (21J) Delta (21J)
58 Alpha Alpha, V1 (20I) Alpha, V1 (20I)
59 Beta Beta, V2 (20H) Beta, V2 (20H)
60 North America Omicron Omicron (21 M), Omicron (21K) Omicron (21K)
61 Delta Delta (21A), Delta (21I), Delta (21J) Delta (21J)
62 Alpha Alpha, V1 (20I) Alpha, V1 (20I)
63 Gamma Gamma, V3(20J) Gamma, V3(20J)
64 Iota Iota (20F) Iota (20F)
65 South America Omicron Omicron (21K) Omicron (21K)
66 Delta Delta (21I), Delta (21J) Delta (21J)
67 Alpha Alpha, V1 (20I) Alpha, V1 (20I)
68 Gamma Gamma, V3(20J) Gamma, V3(20J)
69 Lambda Lambda (21G) Lambda (21G)
70 Mu Mu (21H) Mu (21H)
71 Oceania Omicron Omicron (21L), Omicron (21K) Omicron (21K)
72 Delta Delta (21A), Delta (21I), Delta (21J) Delta (21J)
73 Alpha Alpha, V1 (20I) Alpha, V1 (20I)
74 Beta Beta, V2 (20H) Beta, V2 (20H)
75 Gamma Gamma, V3(20J) Gamma, V3(20J)
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March 2021), B.1.1.7 (Alpha) (from October 2020 
to June 2021), B.1.617.2 (Delta) (from March 2021 
to January 2022 or so), and B.1.1 529 (Omicron) 
(from November 2021 onwards), which have each 
dominated in the country over time (Fig.  3c). The 
developed dynamics plot illustrated the rise of the 
B.1.1.7 variant (from January to February 2021) in 
September 2020. Next, a lineage dynamics plot was 
developed for the USA. This illustrated the augmen-
tation of important lineages such as A.1 (from Janu-
ary to May 2020), B.1.1.7 (Alpha) (from January 
to July 2021), B.1.429 (Epsilon) (from November 
2020 to May 2021), B.1.617.2 (Delta) (from May 
2021 to January 2022 or so), and B.1.1 529 (Omi-
cron) (from November 2021 onwards) among all the 
SARS-CoV-2 lineages (Fig. 3d). It was observed that 
B.1.429 originated in November 2020 in the USA. 
A lineage dynamics plot was also developed for 
France. This illustrated the emergence of important 
lineages in this country, such as B.1.159 (from May 
to July 2020), B.1.367 (from June to October 2020), 
B.1.1.7 (Alpha) (from November 2020 to July 2021), 

B.1.617.2 (Delta) (from May 2021 to January 2022), 
AY.4 (from June 2021 to January 2022), BA.1 of 
B.1.1 529 (Omicron) (from November 2021 onwards) 
among all the SARS-CoV-2 lineages (Fig. 3e). Simi-
larly, the generated lineage dynamics plot of India 
illustrated the emergence of B.1.306 (from March to 
December 2020), B.1.1.326 (from April to Novem-
ber 2020), B.1.1.7 (Alpha) (from December 2020 to 
May 2021), B.1.617.2 (Delta) (from October 2020 
to January 2022 or so), AY.112 (from March 2021 to 
January 2022), AY.127 (from June 2021 to January 
2022), BA.1 and BA.2 of B.1.1 529 (Omicron) (from 
Decrember 2021 onwards) lineages in the country 
(Fig. 3f). The dynamics plot illustrated the origin of 
VOI B.1.617.2 (Delta) during October 2020 and the 
successive rise of the variant. Furthermore, the line-
age dynamics plot of Brazil illustrated SARS-CoV-2 
lineage origin and increase in the country, including 
the P.1 (Gamma) (from November 2020 to October 
2021), P.2 (Zeta) (from August 2020 to April 2021), 
B.1.617.2 (Delta) (from June 2021 to January 2022), 
AY.43 (from June 2021 to January 2022), BA.1, of 

Fig. 3  Lineage dynamics and comparison between SARS-
CoV-2 lineages across different countries (a) a heatmap that 
compares the lineages across regions. (b) Lineage dynamic 
plots illustrate the rise of the several lineages in Germany. (c) 
Lineage dynamic plots illustrate the increase of the several 
lineages in the UK. (d) Lineage dynamic plots illustrate the 
rise of the several lineages in the USA. (e) Lineage dynamic 

plots illustrate the increase of the several lineages in France. (f) 
Lineage dynamic plots illustrate rise of the several lineages in 
India. (g) Lineage dynamic plots illustrate augment of the sev-
eral lineages in Brazil. (h) Lineage dynamic plots illustrate rise 
of the several lineages in South Africa. (i) Lineage dynamic 
plots illustrate the increase of the several lineages in Singapore
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B.1.1 529 (Omicron) (from November 2021 onwards), 
which have each dominated at some time (Fig.  3g). 
The plot illustrated the origin of VOI P.1 (Gamma) 
during November 2020 and the rise of another vari-
ant, P.2 (Zeta), since April 2020. Next, the lineage 
dynamics plot of South Africa illustrated the spread 
of lineages C.1 (from March to November 2020), 
B.1.54 (from May to December 2020), B.1.351 (Beta) 
(from August 2020 to July 2021), B.1.617.2 (Delta) 
(from February to December 2021), AY.45, AY.38, 
AY.32, BA.1 of B.1.1 529 (Omicron) (from Novem-
ber 2021 onwards) in the country (Fig.  3h). Two 
lineages, B.1.351 (Beta) and B.1.1 529 (Omicron), 
originated from this region, and it has been found 
that B.1.351 (Beta) originated in May 2020 and B.1.1 
529 (Omicron) in November 2021. Finally, the study 
of Singapore illustrated the spread of B.1, B.6.6, 
B.6.4, B.1.351 (Beta) (from February to May 2021), 
B.1.617.2 (Delta) (from March 2021 to January 2022 
or onwards), AY.23, BA.1 of B.1.1 529 (Omicron) 
(from November 2021 onwards) in the country. Here, 
B.1, B.6.6, B.1.617.2 (Delta), and AY.23 variants 
increased significantly. Finally, we have shown differ-
ent countries-wise lineages and their time period of 
dominancy in a table format (Table 3).

Gene-wise mutation patterns and genetic variability 
of SARS-CoV-2 variants across various geographic 
locations

Genetic variability in SARS-CoV-2 has created the 
genetic diversity of the virus, which is crucial for 
its survival, fitness, and pathogenesis [72]. Muta-
tions in different parts of the genome have resulted 
in the emergence of different variants. Therefore, a 
study of the mutations would provide new insights 
into the development of SARS-CoV-2 variants. The 
mutation rate of the virus until September 2020 was 
determined to be approximately 8 ×  10−4 nucleotides/
genome per year [72, 73]. However, the SARS-CoV-2 
mutation pattern varies in different geographic loca-
tions and at different points of the period [74]. It is 
essential to study the mutation patterns of different 
genes of the variants from several countries.

We have studied synonymous and nonsynonymous 
substitutions in the SARS-CoV-2 genome. Synony-
mous substitutions, also entitled point mutations in 
nucleotide, occur in a particular position in the nucle-
otide, but no change in amino acid level is observed. 

However, in the case of nonsynonymous mutations, 
one nucleotide might be deleted or inserted, causing 
at least one amino acid change at the protein level. 
Understanding the synonymous and nonsynonymous 
substitutions in the SARS-CoV-2 genome is highly 
important, and other researchers have also tried to 
understand the synonymous and nonsynonymous 
substitutions in the MERS-CoV, SARS-CoV-1, and 
SARS-CoV-2 genome [75]. Simultaneously, it is also 
important to understand the transition and transver-
sions events in the SARS-CoV-2 genome. The inter-
change event between the purines (from a purine to 
purine; two-ring purine) (A ↔ G) or between the 
pyrimidines (from a pyrimidine to pyrimidine; one-
ring pyrimidines) (C ↔ T) is entitled as the transi-
tion. During transversions, the interchanges are noted 
between the two rings (purine) to one ring (pyrimi-
dine) or vice versa (A or G ↔ C or T) [76]. Like us, 
Roy et al. have also tried to understand the transition 
and transversions events in the SARS-CoV-2 genome. 
They found 12,594 nos of transitions and 7569 nos of 
transversions from a total of 20,163 events. They also 
observed that transitions were predominated by cyti-
dine-to-uridine, and transversions were predominated 
by guanosine-to-uridine conversions [77].

A genetic variability plot was developed with 
mutation percentage per gene and different muta-
tion consequence percentages for the SARS-CoV-2 
genome. First, the study depicted a genetic variability 
plot for all genes submitted to GISAID from Decem-
ber 2019 to January 2022 (Fig.  4a). It shows the 
average mutation/1 kb for all genes and delivered an 
average of 40 mutations per 1 kb gene. Similarly, the 
developed mutation percentage per gene showed the 
maximum mutation percentage in ORF10 (16.92%) 
and the minimum mutation percentage in the E gene 
(1.82%) (Fig.  4b). Additionally, the different muta-
tion consequence percentage analysis showed a high 
occurrence of the missense mutation (approximately 
53.62%) and synonymous mutation (approximately 
34.48%) (Fig.  4c). A country-wise genetic variabil-
ity plot was developed with mutation percentage per 
gene and different mutation consequence percentages 
for the SARS-CoV-2 genome. A country-wise genetic 
variability plot developed for the USA showed a max-
imum in the ORF6 gene (approximately 160 muta-
tions/kb) (Fig. 4d). Moreover, the developed mutation 
percentage per gene showed the maximum ORF3A 
(15.18%) and minimum mutation percentage in the E 
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Table 3  Different lineages, their country, and time period of 
the dominancy. The table has been generated from the open 
data  source of the NextStrain server, CoVerage, and GISAID 

database [38, 42, 50]. The variant information is taken from 
Chakraborty et al. [7, 59] and WHO [50]

Sl No Country Different lineages Period of dominancy

1 Germany B.1.329 During April to August 2020
B.1.1.7 (Alpha) During December 2020 to July 2021
B.1.617.2 (Delta) During May 2021 to January 2022 or so
B.1.1 529 (Omicron) During November 2021 onwards

2 UK B.1.177 During July 2020 to March 2021
B.1.1.7 (Alpha) During July 2020 to March 2021
B.1.617.2 (Delta) During March 2021 to January 2022 or so
B.1.1 529 (Omicron) From November 2021 onwards

3 USA A.1 During January to May 2020
B.1.1.7 (Alpha) During January to July 2021
B.1.429 (Epsilon) During November 2020 to May 2021
B.1.617.2 (Delta) During May 2021 to January 2022 or so
B.1.1 529 (Omicron) From November 2021 onwards

4 France B.1.159 During May to July 2020
B.1.367 During June to October2020
B.1.1.7 (Alpha) During November 2020 to July 2021
B.1.617.2 (Delta) During May 2021 to January, 2022
AY.4 During June, 2021 to January, 2022
BA.1 of B.1.1 529 (Omicron) From November, 2021 to onwards

5 India B.1.306 During March to December 2020
B.1.1.326 During April to November 2020
B.1.1.7 (Alpha) During December 2020 to May 2021
B.1.617.2 (Delta) During October 2020 to January 2022 or so
AY.112 During March 2021 to January 2022
AY.127 During June 2021 to January 2022
BA.1 and BA.2 of B.1.1 529 (Omicron) From December, 2021 to onwards

6 Brazil P.1 (Gamma) During November 2020 to December 2021
P.2 (Zeta) During August 2020 to April 2021
B.1.617.2 (Delta) During June 2021 to January 2022
AY.43 During June 2021 to January 2022
BA.1 of B.1.1 529 (Omicron) From November 2021 onwards

7 South Africa C.1 During March to November 2020
B.1.54 During May to December 2020
B.1.351 (Beta) During August 2020 to July 2020
B.1.617.2 (Delta) During February to December 2021
AY.45 During April 2021 to December 2021
AY.38 During May 2021 to November 2021 or so
AY.32 During May 2021 to November 2021
BA.1 of B.1.1 529 (Omicron) From November, 2021 to onwards
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Table 3  (continued)

Sl No Country Different lineages Period of dominancy

8 Singapore B.1 During February to May 2020
B.6.6 During February to October 2020
B.6.4 During February to October 2020
B.1.351 (Beta) During February to May 2021
B.1.617.2 (Delta) From March 2021 to January 2022 or onwards
AY.23 From May 2021 to January 2022 or onwards
BA.1 of B.1.1 529 (Omicron) From November 2021 onwards

Fig. 4  Gene-wise mutation pattern and genetic variability of 
SARS-CoV-2 variants across various geographic locations. 
(a) Genetic variability plot for all genes using the submitted 
sequence from December 2019 to January 2022. (b) Muta-
tion percentage per gene. (c) Average distribution of different 
consequences of mutational event. (d) Genetic variability plot 
for USA. (e) Mutation percentage per gene for USA. (f) Aver-
age distribution of different consequences of mutational event 
for USA. (g) Genetic variability plot for Brazil. (h) Mutation 

percentage per gene for Brazil. (i) Average distribution of dif-
ferent consequences of mutational event for Brazil. (j) Genetic 
variability plot for South Africa. (k) Mutation percentage per 
gene for South Africa. (l) Average distribution of different con-
sequences of mutational event for South Africa. (m) Genetic 
variability plot for England. (n) Mutation percentage per gene 
for England. (o) Average distribution of different consequences 
of mutational event for England



GeroScience 

1 3
Vol.: (0123456789)

gene (2.17%). The mutation in the S gene was 5.56% 
in the USA (Fig.  4e). Similarly, the consequence 
mutation percentage illustrated the high occurrence 
of missense mutations (approximately 60.31%) and 
synonymous mutations (approximately 28.27%) in 
the USA (Fig.  4f). Furthermore, genetic variability 
in Brazil was plotted, showing maximum being in 
the ORF6 gene (approximately 130 mutations/kb) 
(Fig. 4g). The mutation percentage per gene was cal-
culated, illustrating the maximum mutation percent-
age in ORF6 (27.7%) and the minimum in the E gene 
(0.93%). The mutation in the S gene was 5.6% in 
Brazil (Fig. 4h). Similarly, the consequence mutation 
percentage in Brazil was evaluated, which observed 
an elevated incidence of missense mutations (about 
62.31%) and synonymous mutations (approximately 
27.93%) (Fig. 4i).

This study also depicted genetic variability in 
South Africa, where S-gene mutations were more 
frequent (Fig.  4j). The evaluated mutation percent-
age per gene in South Africa showed the maximum 
mutation percentage in the S gene (9.25%) and mini-
mum in the ORF7A gene (2.46%) (Fig. 4k). The con-
sequence mutation percentage in this region showed 
an elevated incidence of missense mutations, approxi-
mately 57.66%, and an incidence of synonymous 
mutations of approximately 30.68% (Fig. 4l).

Finally, the genetic variability was estimated, 
showing the consequence of the repeated Sgene 
mutation event. The genetic variability plot indicated 
the occurrence of a few cases of maximum mutation 
in ORF7A (Fig. 4m). The mutation percentage event 
per gene in the same region was calculated, illustrat-
ing the maximum mutation percentage in the ORF10 
gene (25.04%) and the minimum in the ORF6 gene 
(1.63%). A minimum mutation percentage in the E 
gene (1.87%) was also recorded (Fig.  4n). In Eng-
land, the mutation outcome percentage showed an 
increased frequency of missense mutations (approxi-
mately 52.44%). The second-highest percentage of 
synonymous mutations was also observed, which was 
approximately 38.18% (Fig. 4o).

Significant amino acid point mutations in 
SARS-CoV-2 variants, their frequencies, and 
country-wise occurrence

Amino acid (AA) point mutations alter protein 
structure and function. Researchers have attempted 

to predict AA point mutations due to their altered 
structure and function, which have clinical signifi-
cance [78]. AA point mutations in SARS-CoV-2 
variants have immense importance from a clinical 
perspective [79]. Understanding the AA point muta-
tions in SARS-CoV-2 variants will help compre-
hend the variant’s pathogenicity. These mutations 
result in more resistant variants [79]. The assess-
ment of these AA point mutations is vital in study-
ing SARS-CoV-2 drug resistance, immune escape, 
antibody escape, and partial vaccine escape events 
[80].

A heatmap of AA point mutations with cumulative 
and frequency analyses of different point mutations 
(T478K, L452R, N501Y, S477N, E484A, Q498R, 
and Y505H) and the occurrence of these mutations 
in several countries was generated. The generated 
heatmap of AA point mutations illustrated the highest 
event of two mutations (T478K and L452R) (Fig. 5a). 
The cumulative occurrence, frequency, and country-
wise occurrence of T478K were analyzed. Two types 
of cumulative graphs were generated for T478K, 
which were cumulative analyses using monthly data 
(Fig.  5b(b1)) and weekly data (Fig.  5b(b2)), dis-
playing the mutation frequency increase from July 
2021. Two types of frequency analysis graphs for 
T478K were also generated: frequency analysis 
using monthly data (Fig.  5b(b3)) and weekly data 
(Fig.  5b(b4)), showing that the mutation frequency 
increased from July 2021 and decreased at the end 
of 2021. The heatmap of T478K is also depicted to 
understand the country-wise occurrence of this muta-
tion, and it illustrated the highest number of T478K in 
Senegal during September 2021 (Fig. 5b(b5)).

The cumulative occurrence, frequency, and 
country-wise occurrence of L452R were also evalu-
ated. Two types of cumulative analysis were illus-
trated for this point mutation, a monthly cumula-
tive analysis (Fig.  5c(c1)) and a weekly cumulative 
analysis (Fig.  5c(c2)), which showed that the muta-
tion increased from July 2021. Simultaneously, two 
types of frequency analysis graphs were generated 
for L452R on a monthly (Fig.  5c(c3)) and weekly 
basis (Fig. 5c(c4)). This showed that the mutation fre-
quency increased from July 2021 and decreased at the 
end of 2021. The heatmap of L452R is also depicted, 
showing the country-wise occurrence of this muta-
tion, and it illustrated the highest number of L452R in 
the USA during September 2021 (Fig. 5c (c5)).
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The analysis of the N501Y mutation is depicted in 
the cumulative graphs (cumulative analysis monthly 
(Fig.  5d(d1)) and cumulative analysis weekly 

(Fig. 5d(d2)) and frequency analysis graphs (monthly 
basis (Fig.  5d(d3)), and weekly basis (Fig.  5d(d4)). 
The mutation frequency increased from January 2021 

Fig. 5  Significant AA point mutations in SARS-CoV-2 vari-
ants, their frequencies, and country-wise occurrence. (a) Heat-
map of AA point mutations. (b) Cumulative and frequency 
analysis of T478K point mutations: (b1) cumulative graph of 
T478K mutation using monthly data; (b2) cumulative graph of 
T478K mutation using monthly data; (b3) frequency graph of 
T478K mutation using monthly data; (b4) frequency graph of 
T478K mutation using monthly data; (b5) a heatmap illustrates 
the country-wise occurrence of T478K mutation. (c) Cumu-
lative and frequency analysis of L452R point mutations: (c1) 
cumulative graph of L452R mutation using monthly data; (c2) 
cumulative graph of L452R mutation using monthly data; (c3) 
frequency graph of L452R mutation using monthly data; (c4) 
frequency graph of L452R mutation using monthly data; (c5) 
a heatmap illustrates the country-wise occurrence of L452R 
mutation; (d) Cumulative and frequency analysis of N501Y 
point mutations; (d1) cumulative graph of N501Y mutation 
using monthly data; (d2) cumulative graph of N501Y mutation 
using monthly data; (d3) frequency graph of N501Y mutation 
using monthly data; (d4) frequency graph of N501Y mutation 
using monthly data; (d5) a heatmap illustrates the country-wise 
occurrence of N501Y mutation. (e) Cumulative and frequency 
analysis of S477N point mutations: (e1) cumulative graph of 
S477N mutation using monthly data; (e2) cumulative graph of 

S477N mutation using monthly data; (e3) frequency graph of 
S477N mutation using monthly data; (e4) frequency graph of 
S477N mutation using monthly data; (e5) a heatmap illustrates 
the country-wise occurrence of S477N mutation. (f) Cumula-
tive and frequency analysis of E484A point mutations: (f1) 
cumulative graph of E484A mutation using monthly data; (f2) 
cumulative graph of E484A mutation using monthly data; (f3) 
frequency graph of E484A mutation using monthly data; (f4) 
frequency graph of E484A mutation using monthly data; (f5) 
a heatmap illustrates the country-wise occurrence of E484A 
mutation. (g) Cumulative and frequency analysis of Q498R 
point mutations: (g1) cumulative graph of S477N mutation 
using monthly data; (g2) cumulative graph of Q498R mutation 
using monthly data; (g3) frequency graph of Q498R mutation 
using monthly data; (g4) frequency graph of Q498R mutation 
using monthly data; (g5) a heatmap illustrates the country-wise 
occurrence of Q498R mutation. (h) Cumulative and frequency 
analysis of Y505H point mutations: (h1) cumulative graph of 
Y505H mutation using monthly data; (h2) cumulative graph of 
Y505H mutation using monthly data; (h3) frequency graph of 
S477N mutation using monthly data; (h4) frequency graph of 
Y505H mutation using monthly data; (e5) a heatmap illustrates 
the country-wise occurrence of Y505H mutation



GeroScience 

1 3
Vol.: (0123456789)

and decreased in September 2021. However, it was 
noted that the mutation increased after a few months. 
The heatmap of N501Y showed this mutation’s 
country-wise incidence, and the maximum number 
was found in Senegal and Spain from March 2021 to 
December 2021 (Fig. 5d(d5)).

The analysis of S477N was performed, and the 
cumulative graphs (cumulative monthly analy-
sis (Fig.  5e(e1)) and cumulative weekly analysis 
(Fig.  5e(e2)) and the frequency analysis graphs 
(monthly (Fig.  5e(e3)) and weekly (Fig.  5e(e4)) are 
displayed. The analysis revealed that the mutation fre-
quency increased from November 2021 and decreased 
during 2021. However, it was noted that the muta-
tion increased after a few months. The heatmap of 
S477N depicted the maximum number in Senegal 
and France in December 2021 (Fig.  5f(f5)). Simi-
larly, the cumulative graphs (monthly (Fig. 5f(f1) and 
weekly (Fig.  5f(f2)) and frequency graphs (monthly 
(Fig.  5f(f3) and weekly (Fig.  5f(f4)) of E484A are 
depicted. The analysis showed an increase in the 
E484A mutation after October 2021. The heatmap of 
E484A depicted the maximum number in Italy during 
December 2021 (Fig. 5f(f5)).

We next analyzed the cumulative occurrence 
(monthly (Fig.  5g(g1) and weekly (Fig.  5g(g2)) 
and frequency of the AA point mutation (Q498R) 
(monthly (Fig.  5g(g3) and weekly (Fig.  5g(g4)) of 
E484A. It was found that an increase in the Q498R 
mutation occurred in December 2021. The generated 
heatmap of Q498R illustrated the maximum num-
ber of mutations in December 2021 (Fig.  5g(g5)). 
Finally, the present study evaluated the cumula-
tive incidence of Y505H (monthly (Fig.  5h(h1) and 
weekly (Fig. 5h(h2)) and frequency of Y505H muta-
tion (monthly (Fig. 5h(h3) and weekly (Fig. 5h(h4)) 
for the UK. It was an augment of the Y505H muta-
tion during December 2021, and after that, the analy-
sis showed an immediate decrease. Again, the gen-
erated heatmap of Q498R illustrated the maximum 
number of mutations in December 2021 in the UK 
(Fig. 5h(h5)).

Discussion

The current study applied several statistical and 
bioinformatics models to predict the evolution pat-
tern and mutation prototype of SARS-CoV-2 and 

its emerging variants. First, three statistical mod-
els were developed using different variants to 
illustrate the significant mutational load through-
out S-glycoprotein (Fig.  1g), the whole genome 
excluding S-glycoprotein (Fig.  1h), and the whole 
genome. It showed the overall mutation load pat-
tern in S-glycoprotein and throughout the genome 
of all SARS-CoV-2 variants. The model revealed 
that significant VOCs and VOIs form a cluster in 
mutation load in S-glycoprotein and throughout 
the genome, excluding the Omicron variant. Omi-
cron exhibited a different pattern in terms of muta-
tion load, which was high, and the natural selec-
tion may create an increased mutational load for its 
survival. These mutations might be responsible for 
increased transmission among the host and enable 
them to escape from nAbs. Therefore, mutations in 
Omicron increase “viral fitness” and provide better 
survival advantages. This may be a process of the 
adaptive evolution of the SARS-CoV-2 variant [81]. 
Additionally, the statistical model of continent-wide 
divergence indicated the maximum divergence event 
in Omicron, especially in Asia and Africa (Fig. 2g).

Our analysis illustrated the evolution of differ-
ent SARS-CoV-2 variants in various continents. 
The analysis shows a typical evolutionary pattern of 
various variants on multiple continents. However, 
the phylogenetic patterns and the different factors 
of evolution of transmission and molecular adap-
tation are yet to be fully understood [82]. Fischer 
et  al. (2021) performed a comparative analysis of 
two viruses (SARS-CoV-2 and HIV-1) in terms of 
structural comparisons of S-glycoprotein and Env 
proteins, recombination, phylogenetic events, and 
transition frequency and depicted the evolutionary 
pattern of the two viruses [83]. Similarly, our analysis 
revealed lineage dynamics and a comparison between 
SARS-CoV-2 lineages across different countries and 
illustrated clusters among clades in a particular vari-
ant. Our study also found a general pattern of vari-
ant shifts. Variant shifts are prevalent during SARS-
CoV-2 evolution, such as Alpha to Delta and Delta 
to Omicron. It has been noted that significant vari-
ants have evolved from time to time through natural 
selection. Furthermore, it was also observed that the 
newly naturally selected variant is transmitted quickly 
and replaces the previous dominant variant through a 
variant shift. The dominance of the Delta variant has 
been previously observed [84].
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Our analysis of region-wise genetic variability 
and mutation profiling showed a general trend in the 
high mutation percentage in selected genes of SARS-
CoV-2, such as ORF10, ORF6, and S. These muta-
tions assist structural and functional changes, such as 
nAb resistance and enable immune escape and trans-
mission to a particular continent population, increase 
in “viral fitness,” and finally becoming a dominant 
variant. Researchers have observed the same phenom-
enon in other studies [85]. A low mutation percent-
age of the E gene might be responsible for envelope 
stability.

We observed a high percentage of missense and 
synonymous mutations in variants from several 
countries. Our study has illustrated synonymous and 
nonsynonymous substitutions in the SARS-CoV-2 
genome. The single nucleotide substitutions (SNS) 
are of prime importance in evolution due to the abil-
ity to change an amino acid sequence which finally 
changes the protein level. A study by Abdullah et al. 
developed a probability matrix that can calculate 
alteration in AA residues in a protein sequence due 
to the SNS [86]. Kryazhimskiy et  al. have tried to 
map the dynamics of the synonymous and nonsyn-
onymous nucleotide framework in genes of influ-
enza A virus and observed the different patterns of 
nucleotide substitution in the internal (deep) branches 
of the phylogeny. It suggests that the synonymous 
substitution is affected by natural selection. Finally, 
they found a high correlation between the nucleo-
tide composition dynamics in the synonymous and 
nonsynonymous sites [87]. It has been observed that 
synonymous nucleotide substitutions can be targeted 
by natural selection at the RNA or DNA level of the 
RNA or DNA viruses. Cuevas et  al. have demon-
strated that the selection is stronger at synonymous 
sites in RNA viruses compared to the DNA viruses. 
At the same time, the consequence of nonsynony-
mous substitutions is similar in both the cases of ss 
(single-stranded) RNA and ss DNA viruses [88].

To comprehend the mutation pattern, understand-
ing the transition and transversions events is essen-
tial (Krasnov et al., 2015). We studied transition and 
transversions events in the SARS-CoV-2 genome. 
In some cases, it has been observed that substitution 
rates of transitions are superior compared to trans-
versions. Lyons and Lauring have studied transitions 
and transversion in two RNA viruses (influenza and 
HIV) and found the overall substitution of transitions 

and transversion ratio [89]. Similarly, Matyášek and 
Kovařík analyzed mutation patterns of Coronavirus 
(human SARS-CoV-2 and bat RaTG13 CoV) from 
their genome sequence analysis and found that muta-
tions are biased towards C > U transitions [90].

Researchers have illustrated that spike muta-
tions such as N501Y, E484K, L452R, and P681R 
increase viral fitness [85, 91]. Our study analyzed 
the frequency of different amino acid point mutations 
(T478K, L452R, N501Y, S477N, E484A, Q498R, 
and Y505H) and heatmap analysis of country-wise 
occurrence, demonstrating the occurrence of the 
highest event of two mutations (T478K and L452R). 
These two mutations followed a general pattern of 
increase and decrease (an increase from July 2021 
and a reduction at the end of 2021). Heatmaps of the 
different mutations from different countries illus-
trate their high occurrence in various countries. The 
N501Y mutation showed an increased transmission 
rate through better binding with ACE2 [92] and was 
found in Senegal and Spain, with high occurrence 
from March 2021 to December 2021.

The evolution of the virus occurs because of muta-
tions and natural selection of the variants. This study 
has tried to map the continent-wide evolution pattern 
of the emerging SARS-CoV-2 variants considering 
significant VOCs and VOIs. In the present study, we 
also analyzed the significant AA point mutations in 
SARS-CoV-2 variants, their frequencies, and coun-
try-wise occurrence. Previously, we have explained 
one significant mutation in the SARS-CoV-2 S-gly-
coprotein (D614G) and how this mutation helps in 
natural selection [6, 10]. This mutation is noted in the 
S-glycoprotein of all VOIs and VOCs. The study also 
focused on the mutations analysis in SARS-CoV-2 
variants to understand the continent-wide evolution 
pattern. Finally, our detailed study illustrated the con-
tinent-wide evolution pattern of SARS-CoV-2 vari-
ants, assisting in understanding the ongoing process 
of SARS-CoV-2 evolution.

Conclusion and future prospective

The emergence of SARS-CoV-2 variants with recur-
rent mutations (increasing “viral fitness”) assists 
in quick transmission. These events have made the 
pandemic more critical. Our study developed statisti-
cal models for mutation load and divergence events, 
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allowing the researchers to understand the evolution 
further. Our analysis showed the different variants 
with their significant clades, the range of divergence, 
and divergence patterns. The analysis of varying AA 
point mutations helped depict the frequency increase 
or decrease trend of a particular mutation at different 
times. Data will assist future researchers in evaluat-
ing the mutations and, simultaneously, the ranking of 
the mutations can be allocated concerning increase or 
decrease tendency in the different time frames. These 
findings provide a deeper understanding of the epide-
miological and clinical events such as transmission, 
immune escape related to variants, and mutations.

Overall, the charge calculation of the mutated 
residues in the genes of the envelope proteins of 
SARS-CoV-2 is a fascinating area of research. Very 
few researchers tried to describe some mutations 
and amino acid changes and their changes in electric 
charge [27, 93]. However, it is necessary to evaluate 
the amino acid changes and their changes in electric 
charge. We appeal to future researchers to illustrate 
the charge in the genes and electric charge of the 
mutated residues to the envelope proteins and all vari-
ants of the SARS-Cov-2 (from Alpha to Omicron).

However, our findings provide a deeper under-
standing of the epidemiological and clinical events 
such as transmission, immune escape related to vari-
ants, and mutations. Interestingly, there are many 
epidemiological differences from country to coun-
try. The reasons are not known. However, some of 
the reasons for the differences: e.g., different public 
health measures implemented in a time shift in differ-
ent countries, high prevalence of other infectious dis-
eases (e.g., HIV infection in South Africa), frequent 
comorbidities in different age groups, other social 
factors, etc. However, our generated data might help 
future researchers to explain more about the epidemi-
ological and clinical events.

Further research should aim to discover the 
molecular catalyst of mutations and hotspots of 
these mutants to unfold the epidemiological, patho-
physiological, and clinical events. During the present 
study, several clusters of variants and their clades that 
formed during the evolution of SARS-CoV-2 were 
observed, suggesting several clustering events during 
evolution. However, gene transfer events among these 
virions in a cluster need to be elucidated, which may 
solve the molecular determinants of the evolution of 
SARS-CoV-2. These indications will assist future 

researchers in unfolding answers about the generation 
of the SARS-CoV-2 variant, and it might also provide 
answers for creating a subsequent SARS-CoV-2 vari-
ant beyond the Omicron.
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