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Summary
 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 1st January 2021 to 31st August 2021. In the 43,102 SARS-CoV-2 genomic sequences analysed, we have identified 24, 260 mutations in the S protein, based on which 265 pango lineages could be categorised. 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 states Madhya Pradesh, Jammu & Kashmir, and Punjab had B.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, no mutations were recorded in the HR-2, and cytoplasmic domains of the S protein. Interestingly, 13.39% (N=15) of these mutations were reported to increase the infectivity and pathogenicity of the virus; 2%(N=3) were known to be vaccine breakthrough mutations; and 0.89%(N=1) were known to escape neutralising antibodies. 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 understand 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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Introduction: 
As of November 2021, severe acute respiratory syndrome coronavirus 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 (especially RNA viruses) constantly change through mutations; a variant has one or more mutations that differentiate it from others in circulation. Owing to the great efforts of many 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 Initiative on Sharing All Influenza Data (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. Like with other coronaviruses, 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). It is heavily glycosylated and induces a protective immune response (Li, 2016; Walls et al., 2020). All the amino acids that appear in the S protein are divided into two regions, namely, S1 and S2. S1 region has four domains, signal peptide (1-13 aa), N-terminal (14-305 aa), receptor binding (319-541 aa) and C- terminal- SD1 & 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), cytoplasmic domain, and extra amino acids (1274-1943 aa) (Winger & Caspari, 2021).
Mutations in S protein were always of major concern as they play a major role in the emergence of new SARS-CoV-2 variants (Harvey et al., 2021). The World 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. For example, pango lineages B.1.525 (A67V, 69del, 70del, 144del, E484K, D614G, Q677H, F888L), B.1.526 (L5F, T95I, D253G, E484K, D614G, A701V), B.1.617.1 (T95I, G142D, E154K, L452R, E484Q, D614G, P681R, Q1071H), B.1.617.3 (T19R, G142D, L452R, E484Q, D614G, P681R, D950N) are considered as VOI, while variants that are considered as VOC include pango lineages B.1.1.7 (69del, 70del, 144del, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H), B.1.351, B.1.351.2, B.1.351.3 (D80A, D215G, 241del, 242del, 243del, K417N, E484K, N501Y, D614G, A701V), B.1.617.2 (T19R, T95I, G142D, E156-, F157-, R158G, L452R, T478K, D614G, P681R, D950N), and P.1, P.1.1, P.1.2 (L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I) (SARS-CoV-2 Variant Classifications and Definitions, n.d.).
In India, the second wave of COVID-19 emerged in March 2021, with a new set of symptoms affecting gastrointestinal system along the previous (first wave) symptoms that primarily included respiratory problems (Basu & Das, 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 COVISHIELD (adenovirus vectored vaccine) were available and in use since January 2021 (albeit in initial stages by the time second wave emerged in India), indicating vaccine breakthrough infections (Ranjan 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 Jan 1 2021, to Aug 31 2021. Mutations throughout the S protein domains were studied in detail and analysed to understand whether the mutations reported affect the virus properties and antigenic consequences such as infectivity, transmissibility, and resistance to the available vaccines, based on the literature available on these mutations. 

Materials and methods:

Whole-genome sequences (N=43102) of SARS CoV-2 variants circulating in India were downloaded from the GISAID website. All the available data from 1st 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 regards to its: Date of collection, Location, Accession ID, Clade, Pango lineage, and S mutations (Table S1). 
Each genomic sequence was thoroughly analysed for the pango lineages and the spike mutations, as they were the main objectives. To study the variants 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 the mutations 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. These mutations were studied in detail in S region-1 and S region-2. Based on existing literature, the S 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 infectivity mutations were mapped. The final statistical data and mutation mapping was formulated into the graphical models using BioRender (https://biorender.com). 

Results and Discussion
In 2021, there has been a massive increase in the COVID- 19 community transmission in a few countries worldwide. India also faced a gigantic surge in infectivity and transmissibility. In this study, we have analyzed in detail 43,102 genomic sequences of SARS-CoV-2 strains circulating in India reported to GISAID portal from 1st January 2021 to 31st August 2021. We identified the percentage prevalence of pango lineages, studied the S protein mutations, and analyzed the 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 categorised based on the 24,260 mutations identified (Table 1). 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 states Madhya 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 (Fig. 1 and Table 1). Figure 1 further shows pango lineages identified in the country whose prevalence was >1%. B.1.617.2-Delta variant was the major 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%). 3.6% of the variants could not be assigned to any known pango lineages. 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 (SARS-CoV-2 Variant Classifications and Definitions, n.d.).
Of the 24,260 mutations recorded in the S protein, mutations that possibly are clinically significant by playing a crucial role in altering the biological properties of the virus were analyzed based on existing literature. Mutations that were recorded at a prevalence of more than 1% were analysed in detail (Table 2). We observed 70 mutations with >1% prevalence in the N -terminal domain, 18 in the receptor binding domain, 8 in the C-terminal domain, 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. 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 significance of such mutations in the Indian context during the second wave of COVID-19 in India. Of the 112 mutations recorded throughout the S protein with >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 (Y144del) was known to escape neutralizing antibodies, and 1 (R385K) mutation was known to be involved in decreased virulence (Fig.2). The biological significance of 92 of the recorded mutations is not yet known. In India, 13 S protein mutations were correlated 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 circulating strains in the western part of India since January 2021, and that E484Q, D614G, and P681R were the signature mutations of these strains (Cherian et al., 2021).
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 delta variants (Patchett et al., 2021), but clinical significance is unknown. Y144del mutation was known to be involved in escaping neutralizing antibodies (R. Wang et al., 2021). E156G, F157del, G142D mutations were known to be involved in vaccine breakthrough infections (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. T19R mutation (found at 43.66% prevalence in the current study) is found in Delta 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 percentages, 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. 
Receptor binding domain:

18 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 signature mutations already reported in the Indian variants and are known to increase infectivity of the virus with decreased binding to select monoclonal antibodies (mAbs) which may affect their neutralization potential (Cherian et al., 2021). Mutations at L452R, D377Y reported in our study were known to increase viral infectivity in a worldwide scenario (Motozono 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 mutation was reported to increase the interacting force between S protein’s RBD and ACE2 receptor and was reported to increase viral infectivity (Santos & Passos, 2021). One mutation in the receptor-binding domain R385K was reported to decrease the viral infectivity (Miljanovic et al., 2021).
C-terminal domain:

Seven mutations were recorded in the C-terminal domain (with >1% prevalence) and five of these mutations i.e., 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 escape mutation (X. Yang et al., 2020). D614G mutation was shown to increase virion S protein infectivity and density (Zhang et al., 2020), Q677H was shown to enhance viral infectivity and confer neutralizing antibody resistance (Zeng et al., 2021). P681H mutation was reported as a worldwide emerging mutation 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 replacement and increase in infectivity and pathogenicity of the virus (Liu et al., 2021).
Fusion peptide domain: 
Three mutations with >1% prevalence i.e., T716I, T749I, A706S were recorded in the fusion peptide region whose role in pathogenicity of SARS CoV-2 is yet unknown.
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 UK VOC, which might be involved in increasing viral infectivity (Y. Wang et al., 2021). 
Transmembrane domain:

Only one mutation i.e., P1228L was recorded in the transmembrane domain, and the significance of this mutation is not reported yet.
Signal peptide domain:

Four mutations were recorded in the signal peptide domain: S2P, D3L, D3Y, H11Q. The biological significance of all these mutations are not reported yet. 

Two different kinds of vaccines are (COVAXIN and COVISHIELD) 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 responsible for the increased surge in the pandemic during 2021. Such knowledge can also help to understand vaccine breakthrough infections. For example, in our study, B.1.617.1 variant showed co-occurrence of 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 resistant to some neutralizing antibodies. It is alarming that these signature mutations were also identified in the present study with significant prevalence rates: E484K (2.03%), T95I (11.5%), Y144del (5.86%), L452R (30.25%); accounting to approximately 50% prevalence. 
To conclude, we have identified the pango lineages of SARS CoV-2 variants circulating in the country during 2021. Further, the S mutations associated with the rise in COVID-19 cases were investigated in detail. Since new variants will continue to emerge, it is crucial to identify and monitor signature mutations in the S protein, and any functionally significant co-occurring modifications. Such information can have tremendous importance in understanding emerging variants in terms of infectivity, transmissibility, virulence, and antigenicity, which can ultimately predict the virus phenotype. Going forward, experimental assessment of SARS CoV-2 S protein mutations can be beneficial from a public health point of view to understand vaccine breakthrough infections, and to devise better preventive strategies by individual nations.
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Figure Legends: 

Figure 1: Dominant pango lineages in India during 2021

Pango lineages whose prevalence was >1% were shown on the outer circle. In the Indian map, the most 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.

Figure 2: Spike mutations of >1% prevalence in India, 2021
Percentage prevalence of mutations across the domains of S protein whose prevalence was >1% were shown. The mutations that were known to increase the infectivity, decrease the infectivity, vaccine break through mutations, escaping neutralizing antibodies, and whose role is yet unknown are shown in pink, yellow, grey, black, and blue, respectively. 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
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