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Abstract

Against the backdrop of the second wave of COVID-19 pandemic in India that started

in March 2021, we have monitored the spike (S) protein mutations in all the reported

(GISAID portal) whole-genome sequences of SARS-CoV-2 circulating in India from

1 January 2021 to 31 August 2021. In the 43,102 SARS-CoV-2 genomic sequences

analysed, we have identified 24,260 amino acid mutations in the S protein, based

on which 265 Pango lineages could be categorized. The dominant lineage in most

of the 28 states of India and its 8 union territories was B.1.617.2 (the delta variant).

However, the statesMadhyaPradesh, Jammu&Kashmir, andPunjab hadB.1.1.7 (alpha

variant) as the major lineage, while the Himachal Pradesh state reported B.1.36 as the

dominating lineage. A detailed analysis of various domains of S protein was carried out

for detecting mutations having a prevalence of >1%; 70, 18, 7, 3, 9, 4, and 1 (N = 112)

such mutations were observed in the N-terminal domain, receptor binding domain, C

-terminal domain, fusion peptide region, heptapeptide repeat (HR)-1 domains, signal

peptide domain, and transmembrane region, respectively.However, nomutationswere

recorded in the HR-2 and cytoplasmic domains of the S protein. Interestingly, 13.39%

(N=15) of thesemutationswere reported to increase the infectivity andpathogenicity

of the virus; 2% (N= 3) were known to be vaccine breakthroughmutations, and 0.89%

(N = 1) were known to escape neutralizing antibodies. The biological significance of

82% (N = 92) of the reported mutations is yet unknown. As SARS-CoV-2 variants are

emerging rapidly, it is critical to continuously monitor local viral mutations to under-

stand national trends of virus circulation. This can tremendously help in designing

better preventive regimens in the country, and avoid vaccine breakthrough infections.
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1 INTRODUCTION

As on November 2021, severe acute respiratory syndrome coron-

avirus 2 (SARS-CoV-2) accounted for about 260 million COVID-19

infections and about 5.2 million deaths worldwide. In India, more than

34 million cases with around half a million deaths were reported

in this period (Coronavirus Disease [COVID-19], n.d.). Viruses (espe-

cially RNA viruses) constantly change through mutations (Bessière &

Volmer, 2021); a variant has one or more mutations that differenti-

ate it from others in circulation. Owing to the great efforts of many
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researchers worldwide who are generating and sharing virus whole-

genome sequences publicly, multiple variants of SARS-CoV-2 have

been documented globally throughout this pandemic. Currently, more

than 4 million SARS-CoV-2 sequences are available via the Global Ini-

tiative on Sharing All InfluenzaData (GISAID) (GISAID - Initiative, n.d.).

Sequence data greatly enables the identification of mutations that

potentially change viral properties and detect emerging SARS-CoV-2

variants. The entry of SARS-CoV-2 into host cells is mediated by its

spike (S) protein binding to the host cell-surface receptor, angiotensin-

converting enzyme 2 (ACE2) (Zhao et al., 2020). The S protein is heav-

ily glycosylated and induces a protective immune response (F. Li, 2016;

Walls et al., 2020). The S protein is divided into two subunits S1 and

S2. These two domains are biologically significant. S1 exhibits the func-

tion of receptor-binding and S2 region is associated with the mem-

brane fusion to facilitate cell entry (Xia, 2021). S1 region has four

domains, signal peptide (1–13 aa), N-terminal (14–305 aa), receptor

binding (319–541 aa) andC- terminal- SD1 and SD2 (542–685 aa). The

S2 region has five domains, fusion peptide (688–811 aa), heptapeptide

repeats 1 and 2 (812–1142 aa), transmembrane (1213–1236 aa), cyto-

plasmic domain, and extra amino acids (1274–1943 aa) (Winger &Cas-

pari, 2021).

Mutations in S protein were always of major concern as they play a

major role in theemergenceof newSARS-CoV-2variants (Harveyet al.,

2021). TheWorld Health Organization (WHO) classification of variant

viruses as variants of concern (VOC) and variants of interest (VOI) is

also based on mutations in S protein (Tracking SARS-CoV-2 Variants,

n.d.) (Table 1).

In India, the second wave of COVID-19 emerged in March 2021

(and started declining towards August 2021), with a new set of symp-

toms affecting the gastrointestinal system along with the previous

(first wave) symptoms that primarily included respiratory problems

(Kamble et al., 2021). Oxygen requirement, mortality rate and the

disease-spreading rate increased during the second wave even though

vaccines like COVAXIN (inactivated whole virus vaccine) and COV-

ISHIELD (adenovirus vectored vaccine) were available and in use since

January 2021 (albeit in initial stages by the time secondwave emerged

in India). In India, an estimate of 62,76,35,244 people completed 2

doses of vaccination; however, vaccine breakthrough infections are not

uncommon (Dash et al., 2021). With this perspective, we initiated this

study wherein we analysed the S protein sequences of SARS-CoV-2

variants reported in India and submitted in the GISAID portal from 1

January 2021 to 31 August 2021. Mutations throughout the S protein

domains were studied in detail and analysed (at a translational level)

to understand whether the mutations reported affect the virus prop-

erties and antigenic consequences such as infectivity, transmissibility,

and resistance to the available vaccines, based on the literature avail-

able on thesemutations.

2 MATERIALS AND METHODS

Whole-genome sequences (N= 43,102) of SARS-CoV-2 variants circu-

lating in India were downloaded from theGISAIDwebsite. The GISAID

TABLE 1 SARS-CoV-2 variant classifications as perWHO

S. No.

Pango

lineage

WHOvariant

classification Spikemutations

1 B.1.525 VOI A67V, 69del, 70del, 144del,

E484K, D614G, Q677H,

F888L

2 B.1.526 VOI L5F, T95I, D253G, E484K,

D614G, A701V

3 B.1.617.1 VOI T95I, G142D, E154K, L452R,

E484Q, D614G, P681R,

Q1071H

4 B.1.617.3 VOI T19R, G142D, L452R, E484Q,

D614G, P681R, D950N

5 B.1.1.7 VOC 69del, 70del, 144del, N501Y,

A570D, D614G, P681H,

T716I, S982A, D1118H

6 B.1.617.2 VOC T19R, T95I, G142D, E156-,

F157-, R158G, L452R,

T478K, D614G, P681R,

D950N

7 B.1.351,

B.1.351.2,

B.1.351.3

VOC D80A, D215G, 241del, 242del,

243del, K417N, E484K,

N501Y, D614G, A701V

8 P.1, P.1.1,

P.1.2

VOC L18F, T20N, P26S, D138Y,

R190S, K417T, E484K,

N501Y, D614G, H655Y,

T1027I

website has an inbuilt algorithm that categorises the Pango lineages

and designates them. The same was used in this study. All the avail-

able data from 1 January 2021 to 31 August 2021 were analysed in

the study. State-wise statistics and sequence analysis of all the variants

were also performed. Each genomic sequence was scrutinised for the

acquirement of the data with regard to its: date of collection, location,

accession ID, Clade, Pango lineage, and S mutations (Table S1). Each

genomic sequencewas thoroughly analysed for the Pango lineages and

the spikemutations, as theywere themainobjectives. To study thevari-

ants circulating in India, we have segregated the data in a state-wise

pattern. First, every variant observed was counted, and the sequences

were noted down. Next, all mutations in the spike region were listed

out and calculated, then the percentiles for the enumerated count of all

the mutations against more than 40,000 were taken. Briefly, using the

excel tool, duplicates were separated. Transpose formula was used to

make the total in every single column. All themutations were arranged

in ascending order and segregated into their respective domains in

the S protein. All the clinically significant and major mutations were

listed out for further analysis. Only mutations with frequencies >1%

are analysed in detail. These mutations were studied in detail in S pro-

tein region-1 and S protein region-2. Based on existing literature, the

S protein region’s mutations were analysed for increased infectivity,

decreased infectivity, and decreased neutralising sensitivity. S protein

structure PDBID-6VXX was downloaded from PDB, and increasing

infectivitymutations weremapped. The final statistical data andmuta-
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tion mapping was formulated into the graphical models using BioRen-

der (https://biorender.com).

3 RESULTS AND DISCUSSION

In 2021, there has been a massive increase in the COVID-19 commu-

nity transmission in several countries worldwide (Coronavirus Disease

(COVID-19), n.d.). India also faced a gigantic surge in infectivity and

transmissibility of SARS-CoV-2. In this study,wehave analysed in detail

43,102 genomic sequences of SARS-CoV-2 strains circulating in India

reported to theGISAIDportal from1 January 2021 to 31August 2021.

We identified thepercentageprevalenceof Pango lineages, studied the

S protein mutations and analysed the structural impact on S protein

and clinical significance of the observed S mutations based on existing

literature.

We have identified a total of 24,260 mutations in the S protein

(Table S2). All of these mutations were further categorised based on

Pango nomenclature. A total of 265 Pango lineages could be cate-

gorised based on the 24,260 mutations identified (Table 2). The dom-

inant lineage in most of the 28 states of India and its 8 union ter-

ritories was B.1.617.2 (the delta variant). However, the states Mad-

hya Pradesh, Jammu & Kashmir, and Punjab had B.1.1.7 (alpha variant)

as the major lineage, while the state Himachal Pradesh had B.1.36 as

the dominating lineage (Figure 1 and Table 2). Furthermore, Pango lin-

eages identified in the country whose prevalence was >1% were also

recorded (Figure 2). B.1.617.2-Delta variant was themajor dominating

variant (45%), followed by B.1.617-kappa (9.8 %), B.1.1.7 alpha (8.6 %),

B.1 (7%), B.1.36 (4%), B.1.36.29 (2.8%), B.1.1 (2. 7%), B.1.1.216 (1.8%),

B.1.1.306 (1.8%), AY12 (1.8%), and AY4 (1.2%). About 3.6% of the vari-

ants could not be assigned to any known Pango lineages (Figure 2).

The total prevalence of Pango lineages among the different states and

union territories of India is detailed in Table S3. It can be seen that

two of the variants identified in the study period (B.1.617.2 [45%] and

B.1.17 [8.6%]) are classified as VOC (Tracking SARS-CoV-2 Variants,

n.d.).

3.1 Clinical significance of the reported S
mutations

Of the 24,260mutations recorded in the S protein, mutations that pos-

sibly are clinically significant by playing a crucial role in altering the

biological properties of the virus were analysed based on existing lit-

erature. We observed 70 mutations with >1% prevalence in the N-

terminal domain, 18 in the receptor binding domain (RBD), 8 in the

C-terminal domain (CTD), 4 in the signal peptide domain, 9 in HR-

1, 3 in fusion peptide region, and 1 in the transmembrane region of

the S protein (Table S4). Mutations with a prevalence of >1% were

not observed in the HR-2 and cytoplasmic domains of S protein. All

the clinically significant mutations (as per published literature) were

recorded, and their percentiles were calculated to understand the sig-

nificance of such mutations in the Indian context during the second

TABLE 2 Pango lineages of SARS CoV-2 variants in India

Pango lineage Total no. obtained %Prevalence

B.1.617.2 19,613 45.5036889239

B.1.617.1 4258 9.8788919308

B.1.1.7 3720 8.6306899912

B.1 3069 7.1203192427

B.1.36 1727 4.0067746276

None 1576 3.6564428565

B.1.36.29 1220 2.8304951046

B.1.1 1184 2.7469722983

AY.12 781 1.8119808826

B.1.1.216 657 1.5242912162

B.1.1.306 633 1.4686093453

AY.4 540 1.2528420955

B.1.540 247 0.5730592548

B.1.525 241 0.5591387871

B.1.1.326 240 0.5568187091

B.1.617.3 236 0.5475383973

B.1.36.8 228 0.5289777737

B.1.351 226 0.5243376177

B.1.618 179 0.4152939539

AY.3 142 0.3294510696

B.1.560 138 0.3201707577

B.1.604 138 0.3201707577

B.1.36.10 137 0.3178506798

B.1.1.220 91 0.2111270939

B.1.1.46 90 0.2088070159

A 75 0.1740058466

B.6 75 0.1740058466

B.1.1.354 73 0.1693656907

B.1.538 68 0.1577653009

B.1.153 67 0.155445223

B.1.533 57 0.1322444434

AY.6 53 0.1229641316

B 50 0.1160038977

B.1.210 50 0.1160038977

B.1.36.22 50 0.1160038977

B.1.36.18 49 0.1136838198

B.1.575 46 0.1067235859

B.1.36.17 43 0.099763352

B.6.6 40 0.0928031182

AY.1 37 0.0858428843

B.1.537 32 0.0742424945

B.4.7 31 0.0719224166

B.1.1.25 29 0.0672822607

B.1.351.3 29 0.0672822607

(Continues)

https://biorender.com
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TABLE 2 (Continued)

Pango lineage Total no. obtained %Prevalence

B.1.36.38 28 0.0649621827

B.1.535 26 0.0603220268

B.1.311 25 0.0580019489

B.1.468 25 0.0580019489

B.1.548 23 0.053361793

B.1.1.44 22 0.051041715

AY.11 20 0.0464015591

B.1.1.101 19 0.0440814811

B.1.195 18 0.0417614032

A.23.1 17 0.0394413252

B.1.177 17 0.0394413252

B.1.36.16 17 0.0394413252

B.1.2 15 0.0348011693

B.1.369 15 0.0348011693

B.1.469 14 0.0324810914

B.1.1.318 13 0.0301610134

B.4 12 0.0278409355

B.1.1.201 11 0.0255208575

B.1.333 10 0.0232007795

B.1.459 10 0.0232007795

B.1.462 10 0.0232007795

P.2 10 0.0232007795

B.1.1.174 9 0.0208807016

B.1.36.33 9 0.0208807016

B.1.36.35 9 0.0208807016

B.1.428 9 0.0208807016

B.1.160 8 0.0185606236

B.1.222 8 0.0185606236

B.1.465 8 0.0185606236

A.29 7 0.0162405457

B.1.1.274 7 0.0162405457

B.1.1.419 7 0.0162405457

B.1.1.431 7 0.0162405457

B.1.36.19 7 0.0162405457

B.1.523 7 0.0162405457

B.1.551 7 0.0162405457

B.1.145 6 0.0139204677

B.1.524 6 0.0139204677

B.1.633 6 0.0139204677

AY.5 5 0.0116003898

B.1.1.194 5 0.0116003898

B.1.1.282 5 0.0116003898

B.1.1.5 5 0.0116003898

B.1.111 5 0.0116003898

(Continues)

TABLE 2 (Continued)

Pango lineage Total no. obtained %Prevalence

B.1.36.24 5 0.0116003898

B.1.441 5 0.0116003898

B.1.456 5 0.0116003898

B.1.569 5 0.0116003898

B.1.582 5 0.0116003898

C.36 5 0.0116003898

A.21 4 0.0092803118

A.9 4 0.0092803118

AY.2 4 0.0092803118

B.1.1.10 4 0.0092803118

B.1.1.291 4 0.0092803118

B.1.203 4 0.0092803118

B.1.221 4 0.0092803118

B.1.367 4 0.0092803118

B.1.398 4 0.0092803118

B.1.470 4 0.0092803118

B.1.564 4 0.0092803118

A.27 3 0.0069602339

AM.4 3 0.0069602339

B.1.1.307 3 0.0069602339

B.1.1.398 3 0.0069602339

B.1.113 3 0.0069602339

B.1.143 3 0.0069602339

B.1.177.16 3 0.0069602339

B.1.214.2 3 0.0069602339

B.1.258 3 0.0069602339

B.1.260 3 0.0069602339

B.1.351.2 3 0.0069602339

B.1.393 3 0.0069602339

B.1.432 3 0.0069602339

B.1.466.1 3 0.0069602339

B.1.466.2 3 0.0069602339

B.1.526 3 0.0069602339

B.1.94 3 0.0069602339

A.2 2 0.0046401559

AE.2 2 0.0046401559

AY.10 2 0.0046401559

AY.3.1 2 0.0046401559

B.1.1.132 2 0.0046401559

B.1.1.192 2 0.0046401559

B.1.1.231 2 0.0046401559

B.1.1.254 2 0.0046401559

B.1.1.315 2 0.0046401559

B.1.1.327 2 0.0046401559

(Continues)
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TABLE 2 (Continued)

Pango lineage Total no. obtained %Prevalence

B.1.1.350 2 0.0046401559

B.1.1.353 2 0.0046401559

B.1.1.369 2 0.0046401559

B.1.1.401 2 0.0046401559

B.1.1.402 2 0.0046401559

B.1.1.411 2 0.0046401559

B.1.1.462 2 0.0046401559

B.1.1.523 2 0.0046401559

B.1.1.8 2 0.0046401559

B.1.1.83 2 0.0046401559

B.1.170 2 0.0046401559

B.1.177.7 2 0.0046401559

B.1.201 2 0.0046401559

B.1.243 2 0.0046401559

B.1.258.20 2 0.0046401559

B.1.302 2 0.0046401559

B.1.346 2 0.0046401559

B.1.36.26 2 0.0046401559

B.1.36.31 2 0.0046401559

B.1.36.7 2 0.0046401559

B.1.395 2 0.0046401559

B.1.453 2 0.0046401559

B.1.476 2 0.0046401559

B.1.557 2 0.0046401559

B.1.596 2 0.0046401559

B.1.609 2 0.0046401559

B.1.619 2 0.0046401559

B.1.629 2 0.0046401559

B.29 2 0.0046401559

B.40 2 0.0046401559

B.49 1 0.002320078

C.11 1 0.002320078

P.1.1 1 0.002320078

A.2.5.1 1 0.002320078

A.22 1 0.002320078

A.23 1 0.002320078

AE.4 1 0.002320078

AM.2 1 0.002320078

AY.7 1 0.002320078

B.1.1.1 1 0.002320078

B.1.1.116 1 0.002320078

B.1.1.117 1 0.002320078

B.1.1.121 1 0.002320078

B.1.1.135 1 0.002320078

B.1.1.141 1 0.002320078

(Continues)

TABLE 2 (Continued)

Pango lineage Total no. obtained %Prevalence

B.1.1.148 1 0.002320078

B.1.1.157 1 0.002320078

B.1.1.161 1 0.002320078

B.1.1.164 1 0.002320078

B.1.1.200 1 0.002320078

B.1.1.213 1 0.002320078

B.1.1.214 1 0.002320078

B.1.1.228 1 0.002320078

B.1.1.262 1 0.002320078

B.1.1.263 1 0.002320078

B.1.1.27 1 0.002320078

B.1.1.28 1 0.002320078

B.1.1.294 1 0.002320078

B.1.1.308 1 0.002320078

B.1.1.310 1 0.002320078

B.1.1.312 1 0.002320078

B.1.1.317 1 0.002320078

B.1.1.33 1 0.002320078

B.1.1.364 1 0.002320078

B.1.1.365 1 0.002320078

B.1.1.366 1 0.002320078

B.1.1.372 1 0.002320078

B.1.1.374 1 0.002320078

B.1.1.378 1 0.002320078

B.1.1.406 1 0.002320078

B.1.1.413 1 0.002320078

B.1.1.416 1 0.002320078

B.1.1.433 1 0.002320078

B.1.1.452 1 0.002320078

B.1.1.487 1 0.002320078

B.1.1.500 1 0.002320078

B.1.1.526 1 0.002320078

B.1.1.57 1 0.002320078

B.1.1.712 1 0.002320078

B.1.1.74 1 0.002320078

B.1.1.75 1 0.002320078

B.1.1.97 1 0.002320078

B.1.119 1 0.002320078

B.1.149 1 0.002320078

B.1.151 1 0.002320078

B.1.164 1 0.002320078

B.1.177.18 1 0.002320078

B.1.177.19 1 0.002320078

B.1.177.4 1 0.002320078

(Continues)
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TABLE 2 (Continued)

Pango lineage Total no. obtained %Prevalence

B.1.177.87 1 0.002320078

B.1.179 1 0.002320078

B.1.184 1 0.002320078

B.1.225 1 0.002320078

B.1.231 1 0.002320078

B.1.232 1 0.002320078

B.1.239 1 0.002320078

B.1.289 1 0.002320078

B.1.349 1 0.002320078

B.1.36.2 1 0.002320078

B.1.36.28 1 0.002320078

B.1.36.36 1 0.002320078

B.1.36.9 1 0.002320078

B.1.362 1 0.002320078

B.1.371 1 0.002320078

B.1.378 1 0.002320078

B.1.380 1 0.002320078

B.1.382 1 0.002320078

B.1.397 1 0.002320078

B.1.409 1 0.002320078

B.1.411 1 0.002320078

B.1.413 1 0.002320078

B.1.427 1 0.002320078

B.1.429 1 0.002320078

B.1.438 1 0.002320078

B.1.450 1 0.002320078

B.1.460 1 0.002320078

B.1.496 1 0.002320078

B.1.527 1 0.002320078

B.1.545 1 0.002320078

B.1.562 1 0.002320078

B.1.594 1 0.002320078

B.1.600 1 0.002320078

B.1.617 1 0.002320078

B.1.620 1 0.002320078

B.1.93 1 0.002320078

B.1.96 1 0.002320078

B.3 1 0.002320078

B.6.3 1 0.002320078

C.1 1 0.002320078

C.36.3 1 0.002320078

L.3 1 0.002320078

Q.1 1 0.002320078

R.1 1 0.002320078

TOTAL= 265 43102 100%

wave of COVID-19 in India. Of the 112 mutations recorded through-

out the S proteinwith>1%prevalence in Indian populations, 15 (T19R,

D63G, V70del, G142D,D377Y, L452R, T478K, E484Q, E484K, N501Y,

A570D, D614G, Q677H, P681H, P681R) were known to be involved

in increasing viral pathogenicity, 3 (E156G, F157del, R158del) were

known to be vaccine breakthrough mutations, 1 mutation (Y144del)

was known to be involved in the escape of the virus to neutralizing anti-

bodies, and1 (R385K)mutationwas known to be involved in decreased

virulence (Figure 3). The biological significance of 92 of the recorded

mutations is not yet known. In India, 13 S protein mutations were cor-

related with the massive surge during the second wave of infections

in April 2021; the most prevalent mutations included D614G, L452R,

P681R, G142D, and Q1071H (Venkatakrishnan et al., 2021). It has

been reported that B.1.617.1 and B.1.617.2 were the predominant cir-

culating strains in the western part of India since January 2021, and

that E484Q, D614G, and P681R were the commonmutations of these

strains (Cherian et al., 2021).

3.2 N-terminal domain

N-terminal domain of S protein in the Indian variants recorded 70

mutations with >1% prevalence, and most of these mutations were

shown to be clinically significant. P77L mutation is dominant in the

delta variants (Patchett et al., 2021), but the clinical significance is

unknown.Y144delmutationwasknown tobe involved in escapingneu-

tralizing antibodies (R. Wang et al., 2021). E156G, F157del, G142D

mutations were known to be involved in vaccine breakthrough infec-

tions (Mishra et al., 2021; Shen et al., 2021). In our study, these

mutations are found at 17% prevalence in Indian population and are

likely to be clinically significant as these mutations are involved in

reduced sensitivity to existing vaccines (Liu et al., 2021). T19R muta-

tion (found at 43.66%prevalence in the current study) is found inDelta

plus variant, which is classified as a VOC (Jordan et al., 2021). D63G

and V70del were reported to increase viral pathogenicity (X.-J. Yang,

2021a, 2021b). S26L, T77A, K81N, and V82A mutations observed in

the Indian variants in our study are at significant prevalence percent-

ages, but their role in the infectivity of SARS-CoV-2 has not been

reported yet. Furthermore, L42F, P46L, S97I, F108L, L116F, D119V,

F120L, P65S, and T183I are not reported yet as significant in terms of

viral infectivity.

3.3 Receptor binding domain

Eighteen mutations were recorded in the receptor-binding domain

with >1% prevalence. The high percentile mutations in the receptor-

binding domain reported in our study are P323L, D377Y, T478K,

L452R, A446V, N501Y, and E484K. L452R and T478K are mutations

already reported in the Indian variants and are known to increase the

infectivity of the virus with decreased binding to monoclonal antibod-

ies (mAbs), which may affect their neutralization potential (Cherian

et al., 2021). Mutations at L452R, D377Y reported in our study were
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F IGURE 1 Dominant lineages in each of the states of India during January–August 2021. In the Indianmap, themost prevalent lineages were
shown. Green indicates B.1.617.2 (the delta variant), red indicates B.1.1.7 (alpha variant), and purple indicates B.1.36 lineage

known to increase viral infectivity in a worldwide scenario (Moto-

zono et al., 2021). E484Q mutation was reported as a neutralization-

resistant mutation that can increase the viral infectivity (Verghese

et al., 2021). The E484K substitution alone conferred resistance to

several monoclonal antibodies (Ku et al., 2021) while N501Y muta-

tionwas reported to increase the interacting force between S protein’s

RBD and ACE2 receptor and was reported to increase viral infectivity

(Santos & Passos, 2021). Onemutation in the receptor-binding domain

R385K was reported to decrease the viral infectivity (Miljanovic

et al., 2021).
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F IGURE 2 Dominant Pango lineages in India during January–August 2021. Pango lineages whose prevalence was>1%were shown. The
numbers in the outer circle refers to percentages of Pango lineages

3.4 C-terminal domain

Seven mutations were recorded in the CTD (with >1% prevalence)

and five of these mutations that is, A570D, D614G, Q677H, P681H,

and P681R are known to increase virus infectivity. A570D increases

virus infectivity by enhancing host receptor binding, and can also act

as a deleterious immune escapemutation (X. Yang et al., 2020). D614G

mutation was shown to increase virion S protein infectivity and den-

sity (Zhang et al., 2020), Q677H was shown to enhance viral infec-

tivity and confer neutralizing antibody resistance (Zeng et al., 2021).

P681Hmutation was reported as a worldwide emergingmutation that

increases the infectivity of SARS-CoV-2 (Maison et al., 2021). P681R

was shown to have played a crucial role in the alpha to delta replace-

ment and increase in infectivity andpathogenicity of the virus (Liu et al.,

2021).

3.5 Fusion peptide domain

Three mutations with >1% prevalence, that is, T716I, T749I, A706S

were recorded in the fusion peptide region; the role of thesemutations

in the pathogenicity of SARS CoV-2 is yet unknown.

3.6 HR-1 domain

Nine mutations were recorded in the HR-1 region of the spike protein

(with >1% prevalence). S982A mutation was reported in the antigenic

sites of alpha, which might be involved in increasing viral infectivity (Y.

Wang et al., 2021).

3.7 Transmembrane domain

Only one mutation, that is, P1228L was recorded in the transmem-

brane domain, and the clinical significance of this mutation is not

reported yet.

3.8 Signal peptide domain

Four mutations were recorded in the signal peptide domain: S2P, D3L,

D3Y, H11Q. The biological significance of all these mutations is not

reported yet.

3.9 Structural significance of the reported
mutations on the S protein

Among the 15mutations thatwere reported to increase the infectivity,

4mutations (T19R,D63G, V70del, andG142D)were located on theN-

terminal domain of the spike protein, which is involved in the host cell

attachment through diverse polysaccharidemoieties.Most of the VOC

have mutations in the N-terminal domain to escape the neutralization

(McCallum et al., 2021). T19R mutation is found on the surface patch

targeted by most NTD-neutralizing antibodies (Planas et al., 2021).

D63Gmutation is important as it is directly involved in theRNAbinding

(Dinesh et al., 2020). V70del is present in the prominent exterior loop

of the spike and is required for the efficient cell entry and increases

cleavage of S2 thus enhancing spike infectivity (Meng et al., 2021).

SARS-CoV-2 variants with a mutation at G142D showed resistance

to the mAbs (Suryadevara et al., 2021). Six mutations that increase
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F IGURE 3 Spikemutations of>1% prevalence in India, January–August 2021. Percentage prevalence of mutations across the domains of S
protein whose prevalence was>1%were shown. A specific colour was assigned for each respective category of amino acidmutations, increase of
infectivity (pink), decrease the infectivity (yellow), vaccine breakthroughmutations(grey), escaping neutralizing antibodies (black), and those
whose role is yet unknown are shown in turquoise. X-axis refers to amino acid changes in S protein, Y-axis refers to frequency of S protein
mutations in percentages. SP: signal peptide sequence domain, RBD: receptor binding domain, CTD: C-terminal domain, FP: fusion peptide
domain, HR-1: heptapeptide repeat domain, TM: transmembrane domain

infectivity were found in the RBD, which interacts with host recep-

tor ACE2. L452R mutation increases spike stability and viral infectiv-

ity, thereby increasing viral infection (Motozono et al., 2021). Muta-

tion T478K is located on the interface with ACE2. Amino acid change

from threonine to lysine is known to be involved in enhancement of

electrostatic potential of S protein and hence was predicted to affect

the spike–ACE2 interaction (Giacomo et al., 2021). Mutation at E484

(either with Q or K) has shown higher binding affinity for the ACE2 cell

receptor resulting in enhanced transmissibility (Augusto et al., 2022).

Variant with N501Y substitution was found to increase the viral trans-

missibility; substitution with tyrosine allowing more interaction with

ACE2 receptor may lead to higher binding affinity to the host cell

receptor (Zhou et al., 2021).

The CTD harbours A570D mutation, which is found to be more

infectious in the pseudoviral assay. Structural analysis on A570D

revealed that this mutation introduces the molecular switch for the

opening and closing of RBD (X.-J. Yang, 2021a, 2021b). D614G muta-

tion is more infectious and several studies indicated that this muta-

tion is associatedwith increased viral load in the patients infectedwith

COVID-19 as D614G shifts S protein conformation towards an ACE2-

binding fusion state (Yurkovetskiy et al., 2020). It was demonstrated

that Q677H mutation increases viral infectivity and syncytium forma-

tion (Zeng et al., 2021).Mutations P681R and P681Hare located in the

polybasic S1/S2 furin cleavage site and were reported to enhance the

fusogenic activity of the spike protein (Tao et al., 2021).

Three mutations in the N-terminal domain, E156G, F157del, and

R158del revealed less flexibility compared to theWuhan strain. Dock-

ing studies of these mutants with monoclonal antibodies reported low

binding affinity compared to the Wuhan strain; this may be a possi-

ble case of immune escape (Chaudhari et al., 2021). Y144 del has been

found to abrogate binding to neutralizing antibodies (McCarthy et al.,

2021).

The initial contact between RBD of the S-protein and ACE2 is

through the peptidase domain (PD) (Adhikari et al., 2020). The possi-

ble binding mechanism is of pivotal importance and has vital implica-

tions for vaccine design. The presence of an unexpected furin cleavage

site at the S1/S2 boundary of SARS-CoV-2 S, which is cleaved during

biosynthesis, is a novel feature setting this virus apart from SARS-CoV
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and SARSr-CoVs (Walls et al., 2020). The boundary of the (uncoupled)

N-terminal region lies in physical proximity to the furin-targeted motif

RRAR, which is essential for pre-activation of SARS-CoV-2 spike pro-

tein through proteolysis (Serapian et al., 2020). A second proteolytic

cleavage at site S2′ releases the fusion peptide, which penetrates the

host cell membrane, preparing it for fusion (Apellániz et al., 2014).

S glycoproteins are densely decorated by heterogeneous N-linked

glycans protruding from the trimer surface. These oligosaccharides

participate in S folding, affect priming by host proteases, and might

modulate the antibody recognition (Walls et al., 2020). Glycan acts

as a shield that protects epitope from antibody binding. Site-specific

glycan analysis of SARS-CoV-2 S protein was performed in which

glycopeptides are generated using proteases and analysed by liquid

chromatography–mass spectrometry; as a result, 22 N-linked glycosy-

lation sequons per protomerwere determined (Watanabe et al., 2020).

One study demonstrated that the simulated models of N-glycan

at position 165 and 234 act as RBD modulators on its binding with

ACE2. On addition of N-glycans, RBD is stabilized and the removal of

N-glycans showed a reduced ACE2 binding, which revealed conforma-

tional shift of RBD (Casalino et al., 2020).

E484 is an immunodominant spike protein residue in RBD region

with various substitutions (E484A, E484D, E484G, and E484K) (Har-

vey et al., 2021). E484K introduces a residue with a charge opposite

to the wild-type, which would significantly alter the electrostatic com-

plementarity of antibody binding to this region (Andreano et al., 2021).

Also, the same group in another study reported that mutation E484K

can lead to a fourfold decrease in neutralization activity of convales-

cent plasma to SARS-CoV-2 (Andreano et al., 2021). ΔY144 deletion

was found to alter the N3 NTD loop (140–156 residues) and can abol-

ish the neutralizing effect of various antibodies (Harvey et al., 2021).

An in-silico study predicted that replacement of aspartic acid to

glycine (D614G) leads to the loss of hydrogenbond interactions formed

with valine at position 859, thereby eliminating the hydrogen bonding

between S1 and S2 domain, leading to increased main-chain flexibility

enabling a more favourable orientation of Q613, possibly facilitating

cleavage by TMPRSS2 by perturbing its affinitywith the S1-furin cleav-

age site (Raghav et al., 2020).

One previous study performed an unbiased multi-microsecond

molecular dynamics of 7 glycosylated S-protein variants derived from

cryo-EM structure 6VSB and applied a matrix of low coupling energy

(MLCE)-based approach to predict potential changes in immunogenic

regions on each variant (Triveri et al., 2021). In this study, reference

S structure used was the dominant D614G variant. According to the

MLCE study, contiguous residues uncoupled from the S protein core

shrink in number compared to D614G S; their experimental data also

confirms that variant evadesAbs binding to the shrunkor lost epitopes.

The number of residues defining the epitope located in the long RBD

loop (residues 417−503) is much lower in mutants 501Y.V2 (South

African), B1.1.28 (gamma), and N439K. Also, they predict that N439K

RBD forms a new interaction with the human ACE2 receptor (hACE2)

and has an enhanced affinity for hACE2 (Triveri et al., 2021).

Two different kinds of vaccines, COVAXIN ((a whole-virion inac-

tivated SARS-CoV-2 antigen [Strain: NIV-2020-7700]) and COV-

ISHIELD (a recombinant, replication-deficient chimpanzee adenovirus

vector encoding the SARS-CoV-2 Spike (S) glycoprotein) have been in

use in India since January 2021. Both these vaccines are based on the

original variant of SARS-CoV-2. The second wave originated during

March 2021 and lasted till August 2021. In this context, it is crucial to

identify the various variants that were circulating and were responsi-

ble for the increased surge in the pandemic during 2021. Such knowl-

edge can also help to understand vaccine breakthrough infections. For

example, in our study, B.1.617.1 variant showed co-occurrenceof three

critical mutations, L452R, E484Q, and P681R in the S protein. E484K,

T95I, and Y144del were identified as vaccine breakthrough mutations

(Hacisuleyman et al., 2021;Wu et al., 2021). Variants including A475V,

L452R, V483A, and F490L were known to be involved in the putative

antibody resistance (Q. Li et al., 2020). It is alarming that these muta-

tions were also identified in the present study with significant preva-

lence rates: E484K (2.03%), T95I (11.5%), Y144del (5.86%), L452R

(30.25%).

To conclude, we have identified the total number of circulating

SARS-CoV-2 lineages reported during the second wave of the COVID-

19 pandemic in India. Further, the S mutations associated with the rise

in COVID-19 cases were investigated in detail. Importantly, we have

identified 15 mutations that were known to be involved in increas-

ing viral pathogenicity (T19R, D63G, V70del, G142D, D377Y, L452R,

T478K, E484Q, E484K, N501Y, A570D, D614G, Q677H, P681H,

P681R); 3 that were known to be vaccine breakthrough mutations

(E156G, F157del, R158del); and 1 mutation that was known to escape

neutralizing antibodies (Y144del). Since new variants will continue to

emerge, it is crucial to identify and monitor mutations in the S pro-

tein, and any functionally significant co-occurringmodifications. Going

forward, experimental assessment of SARS-CoV-2 S proteinmutations

can be beneficial from a public health point of view to understand vac-

cine breakthrough infections, and to devise better preventive strate-

gies by individual nations.
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