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Abstract
Accumulation of mutations within the genome is the primary driving force in viral evolution within an endemic setting. This 
inherent feature often leads to altered virulence, infectivity and transmissibility, and antigenic shifts to escape host immunity, 
which might compromise the efficacy of vaccines and antiviral drugs. Therefore, we carried out a genome-wide analysis 
of circulating SARS-CoV-2 strains to detect the emergence of novel co-existing mutations and trace their geographical 
distribution within India. Comprehensive analysis of whole genome sequences of 837 Indian SARS-CoV-2 strains revealed 
the occurrence of 33 different mutations, 18 of which were unique to India. Novel mutations were observed in the S glyco-
protein (6/33), NSP3 (5/33), RdRp/NSP12 (4/33), NSP2 (2/33), and N (1/33). Non-synonymous mutations were found to 
be 3.07 times more prevalent than synonymous mutations. We classified the Indian isolates into 22 groups based on their 
co-existing mutations. Phylogenetic analysis revealed that the representative strains of each group were divided into various 
sub-clades within their respective clades, based on the presence of unique co-existing mutations. The A2a clade was found 
to be dominant in India (71.34%), followed by A3 (23.29%) and B (5.36%), but a heterogeneous distribution was observed 
among various geographical regions. The A2a clade was highly predominant in East India, Western India, and Central India, 
whereas the A2a and A3 clades were nearly equal in prevalence in South and North India. This study highlights the divergent 
evolution of SARS-CoV-2 strains and co-circulation of multiple clades in India. Monitoring of the emerging mutations will 
pave the way for vaccine formulation and the design of antiviral drugs.

Introduction

When a virus adapts to a new host within an endemic set-
ting, it needs to exploit the host’s cellular machinery for 
successful entry, establishing its replication, and evading 
the host’s immune responses [1]. To achieve this, viruses 
modify antigenic epitopes on their proteins by continuously 

mutating their genomes. If the virus evolves in a stable envi-
ronment with minimal selection, transition mutations are 
more frequent than the transversions [2]. Accumulation of 
deleterious mutations, which may include insertion, dele-
tion, or substitution mutations, are filtered out through natu-
ral selection, either by reverting back to the ancestral state or 
by getting fixed with compensatory mutations that offset the 
effects of deleterious mutations while advantageous muta-
tions persist [2–5]. Hence, digging deep into the type of 
mutations that occur may help in understanding how selec-
tion pressure might be acting on a novel virus [6].

In pursuit of the origin of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), researchers found 
traces of its zoonotic transmission, as a number of the initial 
cases were reported in people visiting the Wuhan Seafood 
Market [7–9]. The transmission dynamics of this virus were 
a major focus of research in the early period of the pandemic, 
where there were numerous controversies and questions. 
Phylogenetic analysis of the virus isolated from infected 
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individuals revealed a high degree of sequence similarity to 
bat-infecting SARS-CoV strains in the subgenus Sarbecovi-
rus of the family Coronaviridae [10]. Later on, when it was 
found that patient zero, along with a few subsequent emerg-
ing cases of this disease, did not share any history of expo-
sure to the seafood market, it was concluded upon further 
investigations that Malayan pangolins might have served as 
intermediate hosts for SARS-CoV-2 before it could reach 
its pinnacle host, humans [11, 12]. RNA viruses possess the 
characteristic feature of high mutability, and SARS-CoV-2, a 
positive-strand RNA virus, has been evolving at a rapid rate 
since its emergence in Wuhan at the end of 2019 [13–15]. 
In India, the first case was registered on January 30, 2020, 
and by the month of August, the number of registered cases 
of infection had reached 3,542,733 with the total number 
of deaths reaching 63,498 [16]. An accurate determination 
of the number of cases is difficult because of the high per-
centage of SARS-CoV-2-infected asymptomatic carriers 
[17]. However, in the span of six months (February 2020 to 
August 2020), the circulating SARS-CoV-2 strains in India 
accumulated a large number of mutations, which might have 
resulted in altered virulence, infectivity, or transmissibility 
[18, 19]. The evolution of viruses frequently relies on the co-
occurrence of multiple mutations in different genes or within 
a single gene. The accumulation of mutations in viruses such 
as influenza virus has been shown to result in emergence of 
vaccine escape mutants or drug-resistant mutants, leading 
to a continuous need to develop new vaccines or drugs [20]. 
Continuous monitoring of single-nucleotide polymorphisms 
and locating them in protein-coding genes might help in 
gaining insight into the genetic diversity and evolution of 
SARS-CoV-2, which is also important for designing effec-
tive vaccines or antiviral drugs against this virus [21].

This study was designed to extensively analyze and com-
pare genetic mutations in SARS-CoV-2 strains from various 
geographical regions in India, using the prototype ‘Wuhan 
strain’ as a reference [22]. Establishing an atlas of co-exist-
ing mutations in the SARS-CoV-2 genome might help to 
trace their genetic evolution and address the relationship 
between the type and strength of co-existing mutations with 
the rate of adaptation within the various epidemiological 
settings of India.

Materials and methods

Sequence retrieval

Full genome nucleotide sequences of 837 SARS-CoV-2 
viruses circulating in India in March-August 2020 were 
retrieved from the GISAID repository [23] (Supplemen-
tary Table I). Several other clade-specific reference genome 

sequences of SARS-CoV-2 were also downloaded from 
GISAID for construction of the dendrogram.

Screening of mutations and phylogenetic analysis

Novel mutations in the genome of Indian SARS-CoV-2 
isolates were analysed with respect to the prototype strain 
Wuhan-Hu-1 (GenBank MN908947.3). A phylogenetic den-
drogram was constructed based on the complete genome 
sequences of 22 representative Indian SARS-CoV-2 strains 
and 10 reference SARS-CoV-2 strains, using Molecular 
Evolutionary Genetics Analysis (MEGA) version X [24], 
using general time-reversible model as the the maximum-
likelihood statistical method with 500 bootstrap replicates, 
using the best-fit nucleotide substitution model. MUSCLE 
v3.8.31 was used for multiple sequence alignment [25]. 
Amino acid sequences were retrieved using the TRANSEQ 
nucleotide-to-protein sequence conversion tool (EMBL-EBI, 
Cambridgeshire, UK) [26].

Results

Identification and analysis of mutations 
in SARS‑CoV‑2 strains circulating in different 
geographical regions of India

To identify mutations in the SARS-CoV-2 genome accu-
mulating through natural selection, we performed whole-
genome sequence analysis of 837 Indian SARS-CoV-2 
strains that had been deposited in the GISAID repository 
(Supplementary Fig. 1). A total of 33 different mutations 
were found in the 837 Indian isolates in comparison to the 
prototype strain Wuhan-Hu-1 (only those that were found 
in at least five isolates were considered). Eight substitu-
tion mutations were found in the S protein, six of which 
were non-synonymous (G21724T/L54F, A21792T/K77M, 
G21795T/R78M, G23311T/E583D, A23403G/D614G, and 
G23593T/Q677H) and two were synonymous (C22444T/
D294D and C23929T/Y789Y). Seven mutations were found 
in the NSP3 protein, six of which were non-synonymous 
(G4866T/G716I, C4965T/T749I, C5700A/A994D, A6081G/
D1121G, C6310A/S1197R, and C6312A/T1198K) and 
one was synonymous (C3037T/F106F). Five non-synon-
ymous mutations were found in RdRp/NSP12 (C13730T/
A97V, C14408T/P323L, C14425A/L329I, G15451A/
G571S, G16078A/V880I), four in NSP2 (C884T/R27C, 
G1397A/V198I, C1707T/S301F, G1820A/G339S), three 
in N (T28311C/P13L, C28854T/S194L, GGG28881AAC/
RG203KR) and two in NSP4 (G8653T/M33I, C8782T/
S76S). Single mutations were identified in the 5’-UTR 
region (C241T), NSP6 (G11083T/L37F), ORF3a (G25563T/
Q57H), and ORF8 (T28144C/L84S). The rest of the genome 
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was found to be conserved, with no significant amino acid 
substitutions. The S, NSP3, and NSP12 proteins were found 
to be the most susceptible to mutations, followed by NSP2, 
N, NSP4, NSP6, ORF3a and ORF8 (Fig. 1A). Four muta-
tions, C241T in the 5’-UTR (n = 589/837), C3037T/F106F 
in NSP3 (n = 588/837), C14408T/P323L in RdRP (n = 
587/837), and A23403G/D614G in S (n = 586/837) were 
found to predominate in all geographic regions of India 
(Fig. 1B-G). G25563T/Q57H in ORF3a (n = 190/837) was 
the next most frequent mutation in India, principally in 
Western India. Other frequent mutations included G11083T/
L37F in NSP6 (n = 189/837), C13730T/A97V in RdRP (n = 
182/837), C23929T/Y789Y in S (n = 176/837), T28311C/
P13L in N (n = 182/837), and C6312A/T1198K in NSP3 
(n = 166/837), which were found primarily in South and 
North India (Fig. 1B-G). These mutations were followed 
in frequency by GGG28881AAC/RG203KR in N (n = 
163/837, mostly in South India), C22444T/D294D in S (n 
= 118/837, mostly in Western India), C28854T/S194L in N 
(n = 117/837, mostly in Western India), C5700A/A994D 
in NSP3 (n = 82/837, mostly in Western India), T28144C/
L84S in ORF8 (n = 44/837, mostly in East India), C8782T/
S76S in NSP4 (n = 44/837, mostly in East India), C6310A/
S1197R in NSP3 (n = 35/837, mostly in East India), and 
G21724T/L54F in S (n = 21/837, mostly in Western India) 
(Fig. 1B-G). The most amino acid sequence variation was 
observed in the NSP3, NSP4, RdRp, S, and N proteins of 
strains circulating in Western India (Fig. 1D), whereas North 
India had the most mutations in NSP2 (Fig. 1G).

Emergence of synonymous and non‑synonymous 
mutations: Analysis of nucleotide substitution 
events (transition and transversion) at the level 
of codon positions

Analysis of mutational events per sample revealed that 
the most frequent number of mutations per genome in 
Indian isolates was five, followed by four, six, seven and 
two (Fig. 2A). Non-synonymous mutations occurred 3.07 
times (2844/926) more frequently than synonymous muta-
tions (Fig. 2B). We identified eight nucleotide substitutions 
– four transitions (C>T, A>G, G>A, T>C) and four trans-
versions (G>T, C>A, G>C, A>T) – that were responsible 
for 29 non-synonymous and four synonymous mutations 
(Fig. 2C). The C>T transition was the prevalent substitu-
tion (Fig. 2C), occurring most frequently in the second posi-
tion of the codon, followed by the third position (Fig. 2D). 
C>T transitions resulted in six non-synonymous mutations 
(A97V, P13L, S194L, S301F, T749I) in the second posi-
tion of the codon and four synonymous mutations (D294D, 
Y789Y, F106F, S76S) in the third position (Fig. 2D). The 
second most frequent substitution was an A>G transition, 
which occurred solely at the second position of the codon 

and was responsible for the D614G and D1121G mutations. 
The G>T transversion was the next most frequent nucleo-
tide substitution, occurring frequently in the third position 
and rarely in the second position of the codon, generating 
six (E583D, Q667H, L54F, M33I, L37F, Q57H) and two 
(R78M, S716I) non-synonymous mutations, respectively. 
A G>A transition was the next most frequent substitution, 
occurring either in the first position, leading to V880I, 
G671S, V198I or G339S, or in both the second and third 
positions of the codon, resulting in the R203K change. A 
C>A transversion was seen more frequently in the second 
position of the codon, generating the T1198K and A994D 
mutations, although it did appear occasionally in the first 
position, causing the L329I and S1197R mutations. A G>C 
transversion occurred only in the first position of the codon 
that produced the G204R mutation. T>C and A>T were the 
least frequent substitutions, occurring mostly in the second 
position of the codon and were responsible for the L84S and 
K77M mutation, respectively (Fig. 2C-D).

Geographical classification of the Indian 
SARS‑CoV‑2 strains based on co‑existing mutations 
and their preponderance in different geographical 
regions across India

On the basis of co-existing mutations, we could classify the 
820 Indian isolates into 22 groups, each group representing a 
different set of co-existing mutations (Fig. 3A, Table 1). Out 
of 22 groups, 12 represented the strains belonging to the A2a 
clade (the most prevalent), with four clade-specific muta-
tions (D614G/S, F106F/NSP3, C241T/5’-UTR and P323L/
RdRp). Eleven out of 12 groups have acquired additional 
mutations (Q57H/ORF3a, S194L/N, D294D/S, V880I/
RdRp, E583D/RdRp, L54F/S, R78M/S, RG203KR/N, 
A994D/NSP3, G671S/RdRp, A97V/RdRp, L291I/RdRp) 
in various combinations. The group with only four char-
acteristic mutations was the predominant one within the 
A2a clade and was the largest group in India (Fig. 3A). The 
groups with the four common mutations along with Q57H; 
Q57H, S194L and D294D; RG203KR; or RG203KR and 
A994D were moderately frequent within the A2a clade. 
Eight groups represented the A3 clade bearing an L37F 
mutation along with various combinations of V198I/NSP2, 
M33I/NSP4, R27C/NSP2, P13L/Y789Y/S, A97V/RdRp, 
T1198K/NSP3, S1197R/NSP3, S301F/NSP2, G339S/NSP2, 
D1121G/NSP3, and K77M/S. A group with the mutations 
L37F, P13L, Y789Y, A97V and T1198K was the predomi-
nant group in the A3 clade and the second largest group in 
India. Two groups representing the B clade had L84S/ORF8 
and S76S/NSP4 substitutions with or without T749I/NSP3. 
Overall, the dominant clades in India were A2a (71.34%), 
followed by A3 (23.29%) and B (5.36%) (Fig. 3B). The A2a 
clade was predominant across East, West and Central India, 
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Fig. 1   (A-B): Identification of various mutations present in the 
genome of SARS-CoV-2 circulating in India. (A) Pictorial represen-
tation of 33 different mutations (at both the nucleotide and amino 
acid levels) found in different regions (coding and non-coding 
regions) of the SARS-CoV-2 genome. (B) Relative frequencies of 33 

different mutations in India. (C-G) Identification of various mutations 
present in the genome of SARS-CoV-2 circulating in different geo-
graphic regions in India. Relative frequencies of various mutations in 
(C) East India, (D) Western India, (E) South India, (F) Central India 
and (G) North India
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whereas the A3 and A2a clades were equally distributed in 
South and North India. B clade strains were only found in 
East and West India (Fig. 4A-F).  

Phylogenetic analysis of 22 groups of Indian 
SARS‑CoV‑2 isolates in comparison to the various 
clade‑specific strains

The genetic relationships and clustering pattern of the 22 
groups of Indian isolates were analyzed by comparing them 
with SARS-CoV-2 strains representing various clades and 
the prototype clade O strain from Wuhan (MN908947.3). 
Whole genome sequences of 22 representative Indian 
strains (one from each of the 22 co-evolving mutant groups) 
(Table 1) along with strains representing 10 different clades 
were selected for phylogenetic analysis. As expected, the 
dendrogram revealed that the 22 isolates clustered with 
strains of three different clades (12 strains with A2a, eight 
with A3 and two with B4-2). The prototype strain (clade O) 
belonged to the lineage including the A3 and B clade strains. 
Very interestingly, the 22 Indian strains, representing differ-
ent groups, generated sub-clusters within their respective 
clades, based on the accumulation of co-existing mutations 
in addition to the clade-specific mutations (shown on the 

branch of each lineage) (Fig. 5, Table 1). Within the A3 
clade, two sub-clusters were seen: a (one strain) and b (six 
strains), bearing three (V198I, M33I, R27C) and at least 
four (P13L, Y789Y, A97V, T1198K) co-existing mutations, 
respectively, in addition to the characteristic L37F muta-
tion. Within clade-B4-2, only one representative strain with 
a T749I mutation in addition to the clade-specific L84S and 
S76S mutations was observed. Indian strains within clade 
A2a formed five sub-clusters (viz., a, six strains; b, c, and d, 
one strain each; and e, two strains). In addition to the four 
A2a clade-specific mutations (D614G, F106F, C241T and 
P323L); other novel variations, including Q57H, A97V, 
S716I and L329I, G671S, and RG203KR, were found in sub-
cluster a-e strains. All of the representative Indian strains 
had >99% nucleotide sequence identity to each other. The 
prototype strain belonging to the O clade clustered close to 
the A3 clade (>98% identity).

Discussion

During the emergence of SARS-CoV-2 virus in Wuhan, the 
monophyletic clade O prevailed. As the virus spread across 
the continents, it started accumulating mutations to adapt 

Fig. 2   Analysis of synonymous and non-synonymous mutations 
regarding nucleotide substitutions at different positions in codons. (A) 
Frequency distribution of SARS-CoV-2 isolates harbouring varying 
numbers of co-existing mutations. (B) Prevalence of synonymous and 
non-synonymous mutations in SARS-CoV-2 genomes across India. 

(C) Frequency distribution of various transitional (C>T, A>G, G>A 
and T>C) and transversional (G>T, C>A, G>C and A>T) substitu-
tion events. (D) Frequency distribution of various types of substitu-
tional events occurring at the first, second, and third nucleotide posi-
tions of the codon.
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in various epidemiological settings. In the present study, 
we performed a comprehensive mutational analysis of 837 
Indian SARS-CoV-2 strains identified in different geographi-
cal regions of India and classified them on the basis of co-
existing mutations.

Our data highlighted the existence of 33 different muta-
tions (32 mutations in nine different protein coding genes 
and one in the 5’-UTR) among Indian SARS-CoV-2 strains. 
The largest number of mutations was detected in the S pro-
tein (8) followed by NSP3 (7), NSP12 (5), NSP2 (4), N 
(3), and NSP4 (2). Only a single mutation was observed 
in the 5’-UTR and the NSP6, ORF3a and ORF8 genes. 
Along with 28 non-synonymous mutations, we observed 
four silent mutations (D294D/S, F106F/NSP3, S76S/NSP4 
and Y789Y/S), which may not have any apparent effect 
on protein structure but may alter codon usage and there-
fore affect the efficiency of translation [26]. Mutations in 
the 5’-UTR region can have a significant impact on fold-
ing, transcription and replication of the viral genome [26]. 
Comparing the mutation patterns in India and abroad, we 
observed certain mutations in S (L54F, K77M, R78M, 
D294D, E583D, Q677H), NSP3 (G716I, T749I, A994D, 
D1121G, S1197R), RdRP (A97V, L329I, G571S, V880I), 
NSP2 (S301F, G339S), and N (S194L) that are unique to 
Indian isolates, whereas the rest of the 33 mutations had 
already been reported in other countries [26, 27]. An analy-
sis of missense mutations in 128 SARS-CoV-2-infected 
Indian patients, mostly from Ahmedabad and Gujarat, had 
detected some of the mutations that we report here [28]. 
D614G/S, a characteristic mutation of the A2 clade that was 
first reported in Germany [29], has been found to correlate 
strongly with high infectivity [30, 31]. Recent reports have 
also suggested that residue D614 lies within an immuno-
dominant linear epitope of the S protein and induces an 
exaggerated serological response. The D614G mutation has 
also been established to be associated with reduced sensitiv-
ity of neutralizing antibodies toward the S protein [31, 32]. 
Among the five novel non-synonymous mutations in the S 
protein, L54F, K77M and R88M were found to reside within 
the NTD domain of the S1 subunit and may have a signifi-
cant effect on the receptor binding ability of the S1 subunit 
[33]. Two mutations, E583D and Q677H, were observed 
in the linker region between the S1 and S2 subunits and 

may influence host-protease-mediated cleavage of the spike 
protein during entry of SARS-CoV-2 into the cell [33]. The 
genomic integrity of SARS-CoV-2 principally relies on the 
functional efficiency of RdRp/NSP12. We observed the pres-
ence of A97V and L329I changes in the NiRaN domain, 
V880I in the thumb domain, and G571S in the finger domain 
of RdRP, which could compromise its replication fidelity 
and also alter its sensitivity to inhibitors such as remdesi-
vir, ribavirin and favipiravir, which are recommended for 
COVID-19 treatment [34]. The S194L mutation resides in 
the central region of the N protein, which is essential for its 
oligomerization [35, 36]. We observed the co-dominance 
of four mutations (C241T/5’-UTR, D614G/S, F106F/
NSP3 and P323L/RdRp) in all geographic regions of India. 
This is followed by a group of five co-dominating mutations 
(L37F/NSP6, T1198K/NSP3, A97V/RdRp, Y789Y/S and 
P13L/N), which were nearly as prevalent as the four domi-
nant mutations in South and North India.

Traditionally, rapidly mutating positive-sense single-
stranded RNA viruses undergo more transitions in their 
genomes than transversions [37]. Consistent with this, we 
observed a 3.07 times higher frequency of transitions over 
transversions in the SARS-CoV-2 genome. Out of the 33 dif-
ferent mutations, 14 were transversions, and 19 were transi-
tions. As transversion events radically change the properties 
(size/charge/polarity) of the substituted amino acid, any such 
mutation in the coding region could affect protein function. 
It was not surprising to observe five transversion mutations 
in the S protein, because viral surface proteins often undergo 
a large number of mutations, leading to altered functions. 
This might contribute to immune evasion, as neutraliz-
ing antibodies are often generated against surface protein 
epitopes, some of which are important for vaccines.

A detailed analysis of the mutations showed that the C>T 
transitions accounted for 12 of the 34 mutations (consid-
ering RG203KR as R203K and G204R), followed in fre-
quency by G>T (8/34), G>A (6/34), and C>A (4/34). The 
fewest amino acid changes occurred due to A>G (2/34), 
A>T (1/34), T>C (1/34), and G>C (1/34) substitutions. 
This is consistent with the analysis done by Ugurel et al. 
[38], who found C-to-T transitions and G-to-T transversions 
accounted for the majority of mutations in contrast to Pathan 
et al. [39], who found T-to-A transversions to dominate. The 
high frequency of C>T and G>A transitions could be medi-
ated by APOBEC (apolipoprotein B mRNA editing catalytic 
polypeptide-like) enzymes, a family of cytidine deaminases 
that catalyze C-to-U deamination [40]. Furthermore, most 
of the C>T changes were identified at the second position 
of the codon (e.g., GCN [Ala] to GUN [Val], CCN [Pro] 
to CUN [Leu] and UCN [Ser] to UUN [Leu/Phe]), further 
underscoring the role of APOBECs, which prefer 5’-NCU-
3’ sites for their action [41]. All of the synonymous muta-
tions resulted from C>T transitions occurring at the third 

Fig. 3   Grouping of SARS-CoV-2 strains on the basis of co-existing 
mutations and analysis of their prevalence. (A) Analysis of mutations 
revealed the presence of the clades (A2a, A3 and B) of SARS-CoV-2 
strains in India. The accumulation of novel mutations in addition to 
clade-specific variations allowed us to classify A2a clade strains into 
12 groups, A3 clade strains into eight groups, and B clade strains into 
two groups. We also show the number of strains belonging to each 
group. (B) Prevalence of three clade-specific mutations in India. The 
A2a clade (71.34%) was found to be the most prevalent in India, fol-
lowed by A3 (23.29%) and B (5.36%).

◂
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position of the codon. The A>G mutation (responsible 
for the A2-clade-specific D614G mutation) and the T>C 
mutation (responsible for the B-clade-specific L84S muta-
tion) could have arisen as a result of the ADAR (adenosine 

deaminase acting on RNA) effect. Thus, synthetic inhibitors 
of APOBEC and ADAR might prove better amongst the 
arsenal of anti-SARS-CoV-2 drugs under trial.

Table 1   Accession numbers of representative strains of 22 groups of SARS-CoV-2

Group 22 groups of SARS-CoV-2, classified on the basis of co-existing mutations Sequence accession number Clade Sub-cluster/sub-clade

1 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP

EPI_ISL_436455 A2a Prototype

2 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, G25563T (Q57H)/ORF3a

EPI_ISL_455783 Sub-cluster a

3 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, G25563T (Q57H)/ORF3a, C28854T (S194L)/N, 
C22444T (D294D)/S

EPI_ISL_435069

4 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, G25563T (Q57H)/ORF3a, C28854T (S194L)/N, 
C22444T (D294D)/S, G16078A (V880I)/RDRP

EPI_ISL_447050

5 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, G25563T (Q57H)/ORF3a, C28854T (S194L)/N, 
C22444T (D294D)/S, G16078A (V880I)/RDRP, G23311T (E583D)/S

EPI_ISL_447044

6 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, G25563T (Q57H)/ORF3a, C28854T (S194L)/N, 
C22444T (D294D)/S, G21724T (L54F)/S

EPI_ISL_447033

7 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, G25563T (Q57H)/ORF3a, G21795T (R78M)/S

EPI_ISL_447543

8 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, GGG28881AAC (RG203KR)/N

EPI_ISL_447587 Sub-cluster e

9 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, GGG28881AAC (RG203KR)/N, C5700A (A994D)/
NSP3

EPI_ISL_452198

10 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, G15451A (G671S)/RDRP

EPI_ISL_455670 Sub-cluster d

11 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, C13730T (A97V)/RDRP

EPI_ISL_455676 Sub-cluster b

12 A23403G (D614G)/S, C3037T (F106F)/NSP3, C241T/5’-UTR, C14408T 
(P323L)/RDRP, G4866T (S716I)/NSP3, C14425A (L329I)/RDRP

EPI_ISL_450788 Sub-cluster c

13 G11083T (L37F)/NSP6 EPI_ISL_454549 A3 Proto type
14 G11083T (L37F)/NSP6, G1397A (V198I)/NSP2, G8653T (M33I)/NSP4, 

C884T (R27C)/NSP2
EPI_ISL_435105 Sub-cluster a

15 G11083T (L37F)/NSP6, C28311T (P13L)/N, C23929T (Y789Y)/S, 
C13730T (A97V)/RDRP, C6312A (T1198K)/NSP3

EPI_ISL_447586 Sub-cluster b

16 G11083T (L37F)/NSP6, C28311T (P13L)/N, C23929T (Y789Y)/S, 
C13730T (A97V)/RDRP, C6312A (T1198K)/NSP3, C6310A (S1197R)/
NSP3

EPI_ISL_447569

17 G11083T (L37F)/NSP6, C28311T (P13L)/N, C23929T (Y789Y)/S, 
C13730T (A97V)/RDRP, C6312A (T1198K)/NSP3, C6310A (S1197R)/
NSP3, C1707T (S301F)/NSP2

EPI_ISL_447855

18 G11083T (L37F)/NSP6, C28311T (P13L)/N, C23929T (Y789Y)/S, 
C13730T (A97V)/RDRP, C6312A (T1198K)/NSP3, C6310A (S1197R)/
NSP3, G1820A (G339S)/NSP2

EPI_ISL_447862

19 G11083T (L37F)/NSP6, C28311T (P13L)/N, C23929T (Y789Y)/S, 
C13730T (A97V)/RDRP, C6312A (T1198K)/NSP3, A6081G (D1121G)/
NSP3

EPI_ISL_447847

20 G11083T (L37F)/NSP6, C28311T (P13L)/N, C23929T (Y789Y)/S, 
C13730T (A97V)/RDRP, C6312A (T1198K)/NSP3, A21792T (K77M)/S

EPI_ISL_447571

21 T28144C (L84S)/ORF8, C8782T (S76S)/NSP4 EPI_ISL_455763 B Prototype
22 T28144C (L84S)/ORF8, C8782T (S76S)/NSP4, C4965T (T749I)/NSP3 EPI_ISL_455764 Sub-cluster
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Since the outbreak in Wuhan, the unceasing accumula-
tion of genetic mutations has resulted in the formation of 
multiple clades and subclades originating from the prototype 
clade O. Coinheritance of the mutations L84S (T28144C) 
in ORF8 and S76S (C8782T) in NSP4 led to the emergence 
of clade B, which has been circulating more in the USA and 
less in countries of Africa and Europe. Another study had 

identified 1137 sequences circulating in United States that 
carry the P5828L mutation concurrently with L84S [42]. 
The world’s predominant clade, A2, emerged upon accumu-
lation of three mutations: D614G (A23403G) in S, F106F 
(C3037T) in NSP3, and C241T in the 5’-UTR. In contrast to 
the B clade, the A2 clade was the dominant one in Europe, 
Africa, Asia, and Oceania but was less frequent in North and 

Fig. 4   Prevalence of three different clades (A2a, A3 and B) and 
their subgroups in different geographic regions in India. (A-C) Fre-
quency distribution of strains belonging to each group of three differ-
ent clades in (A) East India, (B) Western India, and (C) South India. 

(D-F): Frequency distribution of strains belonging to each group of 
three different clades in (D) Central India and (E) North India. (F) 
Prevalence of three different clades in different geographic regions of 
India.
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South America. After inclusion of an additional mutation, 
P323L (C14408T) in RdRP, into the A2 clade, a more pre-
ponderant subclade, A2a, was established. Subsequently, the 
G25563T (Q57H) mutation also arose in this clade. Another 
subclade originated from the A2a clade containing the 
GGG28881AAC (RG203KR) mutation. Although G25563T 
(Q57H) and GGG28881AAC (RG203KR) were both pre-
sent in the subclades arising from the A2a clade, they were 
never found to co-exist. A2a subclades, with their set of co-
existing mutations, were rapidly transmitted to Europe and 
America from their country of origin, China, establishing 
themselves as the dominant clades in these regions within 
a short time [42]. The A3 clade, which has the signature 
L37F (G11083T) mutation in NSP6, was found primarily 
in Singapore, Brunei, Thailand, Indonesia, and some parts 
of the Middle East, including Iraq, Iran, and Kyrgyzstan. A 
large number of SARS-COV-2 genomes sequenced in United 
Kingdom and Brazil were also found to contain the G251V 
mutation along with L37F, but this mutation was not signifi-
cantly detected in India [18, 26, 42, 43]. The P13L mutation 
in N gene and the mutations S1197R and T1198K in the 
NSP3 gene were found to characterize the bulk of the A3 
clade strains found in India.

In this study, we observed a heterogeneous distribution 
of SARS-CoV-2 strains of three different clades (A2a, A3 
and B) in different geographic regions of India. The A2a 
clade (71.34%) is the major clade in all geographic regions 
of India, and though it contains most of the characteristic 
subclade mutations, such as D614G, Q57H, and RG203KR, 
it lacks T265I and T125M, which are present in European 

clades [42, 44], while having some distinct local muta-
tions, such as S194L in N, D294D in S, S716I and A994D 
in NSP3, as well as some others. The A3 clade (23.29%) 
is India’s second most prevalent clade. It is prevalent in 
North and South India and is less frequent in East, West 
and Central India. The B clade (5.36%), the least frequent 
one, has been reported primarily in East and Western India. 
We classified the Indian isolates into 22 groups on the basis 
of co-existing mutations following the classification pattern 
of Gomez-Carballa et al. [15]. Twelve groups represented 
the A2a clade, with four common characteristic mutations 
along with various combination of novel mutations, mostly 
affecting the ORF3a, RdRp, S and N proteins. Eight groups 
aligned with the A3 clade, with a characteristic L37F muta-
tion together with several unique mutations, mostly in non-
structural proteins (NSP2, NSP3, NSP4 and NSP12). Two 
groups represented B clade strains and were found to be 
associated with the novel mutation T749I/NSP3.

The SARS-CoV-2 genome is accumulating mutations 
at a very high rate. As suggested by the ‘mutation-selec-
tion balance’ and the ‘speed-fidelity trade-off’ theories 
[45, 46], this might be due to increased replication rate to 
enhance host-transmissibility at the cost of accurate replica-
tion. This might be advantageous during adaptation within 
a heterogeneous population where it is undergoing strong 
directional selection pressure due to host immunity [47]. 
However, other factors governing this response might be the 
viral genomic constellation, the presence of RNA second-
ary structures, the influence of host RNA editing enzymes 
(ADAR and APOBEC), and genetic hitchhiking [48, 49]. 

Fig. 5   Molecular phylogenetic analysis by the maximum-likelihood 
method. The phylogenetic dendrogram is based on whole genome 
sequences of 22 representative strains from 22 different groups 
together with representatives of nine clades specific known strains 
and the prototype O clade strain (MN908947.3). Twenty-two repre-

sentative strains are indicated by an asterisk (*). The scale bar repre-
sents 0.00005 nucleotide substitution per site. Bootstrap values less 
than 70% are not shown. The best-fit model used for constructing 
the phylogenetic dendrogram was the general time-reversible model 
(GTR).
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Not all mutations are favourable for the virus. It has been 
reported that when the beneficial mutations surpass the det-
rimental effects of the associated deleterious mutations, the 
deleterious mutations are subject to fixation, especially when 
they are encoded on the same genome segment [50, 51]. 
In this case, they are synonymous with respect to the non-
structural proteins encoded by ORFs 1a and 1b. Although 
strain O was the first SARS-CoV-2 strain that was respon-
sible for the introduction of SARS-CoV-2 into humans, it is 
eventually being replaced by its swarm of circulating viral 
quasispecies [52–54] in the face of host immune pressure, 
with the virus using a fast-replication strategy to enhance 
its propagation.

In conclusion, the present study highlights the rapid 
accumulation of various novel mutations in several pro-
teins, principally in the S glycoprotein and the RdRp, that 
has led to the indigenous convergent evolution of SARS-
CoV-2 circulating in different geographic regions of India. 
Presently, vaccine development and RdRp-inhibitor-based 
therapies are being targeted to control the global pandemic. 
However, for the development of successful therapeutics, 
it is imperative to monitor mutations in the targeted genes. 
This study has provided much-needed information regarding 
novel mutations in S, RdRp, and several other non-structural 
proteins that could pave the way for vaccine formulation and 
for designing antiviral drugs targeting specific viral proteins.
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