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ARTICLE INFO ABSTRACT

Keywords: Since the emergence of SARS-CoV-2 in Wuhan, China more than a year ago, it has spread across the world in a

COVID-19 very short span of time. Although, different forms of vaccines are being rolled out for vaccination programs

Clade around the globe, the mutation of the virus is still a cause of concern among the research communities. Hence, it

Deleterious mutations . . . . P .

Non-Synonymous Signature SNP is 1mport.ant to study the constantly evolvmg virus and its strains in order' t<') Prov1de a. much more ?table form of

SARS-CoV-2 cure. This fact motivated us to conduct this research where we have initially carried out multiple sequence
alignment of 15359 and 3033 global dataset without Indian and the dataset of exclusive Indian SARS-CoV-2
genomes respectively, using MAFFT. Subsequently, phylogenetic analyses are performed using Nextstrain to
identify virus clades. Consequently, the virus strains are found to be distributed among 5 major clades or clusters
viz. 19A, 19B, 20A, 20B and 20C. Thereafter, mutation points as SNPs are identified in each clade. Henceforth,
from each clade top 10 signature SNPs are identified based on their frequency i.e. number of occurrences in the
virus genome. As a result, 50 such signature SNPs are individually identified for global dataset without Indian
and dataset of exclusive Indian SARS-CoV-2 genomes respectively. Out of each 50 signature SNPs, 39 and 41
unique SNPs are identified among which 25 non-synonymous signature SNPs (out of 39) resulted in 30 amino
acid changes in protein while 27 changes in amino acid are identified from 22 non-synonymous signature SNPs
(out of 41). These 30 and 27 amino acid changes for the non-synonymous signature SNPs are visualised in their
respective protein structure as well. Finally, in order to judge the characteristics of the identified clades, the non-
synonymous signature SNPs are considered to evaluate the changes in proteins as biological functions with the
sequences using PROVEAN and PolyPhen-2 while I-Mutant 2.0 is used to evaluate their structural stability. As a
consequence, for global dataset without Indian sequences, G251V in ORF3a in clade 19A, F308Y and G196V in
NSP4 and ORF3a in 19B are the unique amino acid changes which are responsible for defining each clade as they
are all deleterious and unstable. Such changes which are common for both global dataset without Indian and
dataset of exclusive Indian sequences are R203M in Nucleocapsid for 20B, T85I and Q57H in NSP2 and ORF3a
respectively for 20C while for exclusive Indian sequences such unique changes are A97V in RdRp, G339S and
G339C in NSP2 in 19A and Q57H in ORF3a in 20A.

1. Introduction single nucleotide variants, deletions and large structural variants [1]
mainly due to replication and some hotspot mutations having severe
The first case of SARS-CoV-2 was registered in Wuhan China, 2019 impact on the host. Many cities around the globe have gone through

and it quickly took over the normal functioning of human lives. In the staggered phases of lockdown in order to avoid the spread of the
initial phases, lock-down was implemented to limit the spread of different strains of SARS-CoV-2. Among these strains, B.1.1.7 (Alpha) is
infection. It is well known that virus mutations take place in the form of found to be highly transmissible [2] and causes more severe pathogenic
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Fig. 1. Pipeline of the work.

infection in young people [3]. Another major variant B.1.351 (Beta)
which has emerged from South Africa [4,5] had also led to a sudden
surge in the total number of cases. The efficacy of therapeutic mono-
clonal antibodies (mAbs) are known to be reduced against another
variant P.1 (Gamma). It is estimated to be 2.6 times more transmissible
[6]. Another variant B.1.617.2 (Delta) is known for the surge in cases in
India during the 2nd wave of the pandemic.

SARS-CoV-2 is a 29.9 kb long single-stranded genomic RNA [7-12].
It covers 11 coding regions where ORFlab occupies majority of the
genomic sequence while Spike (S), ORF3a, Envelope, Membrane, ORF6,
ORF7a, ORF7b, ORF8, Nucleocapsid and ORF10 constitute the rest of
the sequence [8,9,13]. Through various studies it is found that the South
African B.1.351 variant strain consists of mutation in three prominent
places in Spike (S) protein, they being K417N, E484K and N501Y [4]
whereas the UK variant B.1.1.7 which was found to be part of the 20B
clade contains multiple mutations with a combination of N501Y in Spike
(S) protein [2] and the 69-70del which have been circulating within the
community for months. Hence, it is incumbent that such frequent mu-
tations be given special focus by the scientific community to trace and
tackle the challenges posed by the mutations.

Tang et al. [14] investigated the extent of molecular divergence
between SARS-CoV-2 and other related coronaviruses by analysing 103
SARS-CoV-2 genomes and reported two major lineages, L and S. Several
other mutations are also identified in the last few months which de-
mands re-purposing of the current methods to deal with the virus. Wang
et al. [15] have proposed a h-index mutation ratio criteria to evaluate
the non-conserved and conserved proteins with the help of more than
15000 sequences. Consequently, nucleocapsid, spike and papain-like
protease are found to be highly non-conserved while envelope, main
protease, and endoribonuclease protein are relatively conservative.
They have further identified the mutations on 40% of nucleotides in
nucleocapsid, thereby indicating potential impacts on the ongoing
development of various COVID-19 diagnosis and cure. Such similar
analysis conducted by Yuan et al. [16] with 11183 sequences revealed
119 high frequency substitutions or Single Nucleotide Polymorphism
(SNP) around the globe. Among the nucleotide changes in SNPs, C to T is
the major one indicating adaptation and evolution of the virus in the
human host which can pose new challenges. On the other hand, Chen
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et al. [17] focused on the binding of free energy changes between the
angiotensin converting enzyme 2 (ACE2) receptor with the frequently
changing Spike protein of SARS-CoV-2 considering algebraic topology-
based machine learning model and found 3 sub-type of the virus with
slightly high infectivity. 570 SARS-CoV-2 sequences were analysed and
10 distinct hotspot mutations points from China, India, USA, Europe
which might affect the replication-relevant proteins were identified by
Weber et al. [18]. Further, they found that these mutations can effect the
secondary structure of the RNA molecule of SARS-CoV-2 and its reper-
toire which are essential for viral and cellular proteins. Moreover, Nagy
et al. [19] computed the direct effect of mutations over clinical outcome
with the help of Chi-square test, in which they found mutations in ORFS,
NSP6, ORF3a, NSP4 and nucleocapsid regions are associated with mild
effects while inferior outcomes were mapped in spike, RNA-dependent
RNA polymerase, ORF3a, NSP3, ORF6 and nucleocapsid. Further, they
concluded that mutations in ORF3a and NSP7 can lead to severe out-
comes but with low prevalence. Cheng et al. [20] identified 5 major
mutation points, C28144T, C14408T, A23403G, T8782C and C3037T in
almost all strains for the month of April 2020. Their functional analysis
show that these mutations lead to a decrease in protein stability and
eventually a reduction in the virulence of SARS-CoV-2 but A23403G
mutation increases the Spike-ACE2 interaction leading to an increase in
its infectivity. Whole-genome analysis of 837 Indian SARS-CoV-2 ge-
nomes were carried out by Sarkar et al. [21] which revealed 33 different
mutations, out of which 18 were unique to India. Based on their co-
existing mutations, the Indian isolates were classified into 22 groups.
Their study highlighted the evolution of divergent SARS-CoV-2 strains
and also co-circulation of multiple strains in India.

Motivated by the aforementioned studies, in this work we have
analysed 18392 SARS-CoV-2 genomes for 71 countries where 15359
global dataset without Indian (Dataset A) and dataset of 3033 exclusive
Indian (Dataset B) SARS-CoV-2 genomes are taken separately to identify
clade specific signature SNPs. To achieve this, multiple alignment using
fast fourier transform (MAFFT) [22] is used for multiple sequence
alignment (MSA) followed by Nextstrain [23] for performing phyloge-
netic analysis to identify virus clades. As a result, the virus strains are
found to be distributed among 5 different clades viz. 19A, 19B, 20A, 20B
and 20C. Subsequently, mutation points as SNPs are identified in each
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Table 1

Clade wise distribution of 15359 sequences for Global Dataset without Indian sequences (Dataset A).
Country 19A 19B 20A 20B 20C Country 19A 19B 20A 20B 20C
USA 263 530 707 244 1628 Thailand 2 16 1 3 4
England 336 7 981 1137 43 Northern Ireland 8 0 5 10 0
Australia 190 84 143 1499 116 Norway 8 0 6 1 5
Wales 97 0 1174 176 10 Austria 3 0 8 3 4
Scotland 109 14 514 212 22 Chile 0 8 5 1 1
Netherlands 141 241 126 41 Colombia 2 3 6 2 2
Belgium 100 1 185 226 27 Indonesia 12 0 3 0 0
China 394 90 23 12 13 Estonia 0 0 3 8 2
Iceland 95 16 152 91 66 Senegal 3 1 8 0 0
Portugal 33 11 128 189 8 Croatia 1 0 5 2 3
France 33 2 147 18 73 Georgia 4 1 4 1 1
Spain 17 129 97 19 4 Malaysia 10 1 0 0 0
New Zealand 43 10 63 77 56 Romania 0 0 5 6 0
Sweden 9 0 62 113 38 Ireland 3 0 2 5 0
Switzerland 19 0 71 48 25 Kenya 2 0 7 1 0
Italy 7 0 84 35 0 Latvia 5 0 2 2 0
Luxembourg 5 1 79 2 24 Nigeria 7 0 1 0 1
Denmark 2 0 32 9 66 Kuwait 5 0 1 1 0
Japan 71 4 7 24 0 Slovakia 1 0 4 1 0
Canada 7 25 31 16 23 Tunisia 0 0 5 1 0
Brazil 5 2 6 80 1 Bangladesh 1 0 0 3 0
Germany 23 2 14 25 Greece 0 1 0 3 0
Singapore 31 1 18 3 1 Qatar 4 0 0 0 0
Russia 0 0 41 2 Turkey 2 0 2 0 0
South Africa 1 0 11 5 34 Argentina 0 0 2 1 0
Kazakhstan 26 18 2 0 3 Belarus 2 0 1 0 0
Israel 1 0 8 31 0 Hungary 0 0 2 1 0
Poland 2 0 14 21 3 Saudi Arabia 1 0 2 0 0
Oman 16 0 6 16 1 Slovenia 2 0 1 0 0
Mexico 1 10 15 8 2 Pakistan 2 0 0 0 0
South Korea 17 19 0 0 0 Serbia 0 0 1 1 0
Peru 0 0 2 31 0 Cambodia 1 0 0 0 0
Czech Republic 0 0 9 20 3 Morocco 0 0 0 1 0
Vietnam 5 0 2 22 2 Nepal 1 0 0 0 0
Finland 3 0 13 4 6 Panama 0 0 1 0 0

characteristics of the identified clades, the non-synonymous signature

Table 2 SNPs are considered to evaluate the changes in proteins as biological

Clade wise distribution of 3033 exclusive Indian sequences (Dataset B). functions with the sequences using PROVEAN and PolyPhen-2 while I-
State 19A 19B 20A 20B 20C Mutant 2.0 is used to evaluate their structural stability. As a conse-
Maharashtra 29 s 289 308 0 f]uence, for Dataset 1.\, G251V in ORFI.3a in cla.de 19%\, F308Y and Q196V
Gujarat 16 12 559 21 3 in NSP4 and ORF3a in 19B are the unique amino acid changes which are
Telangana 94 0 59 311 2 responsible for defining each clade as they are all deleterious and un-
West Bengal 9 14 154 15 0 stable. Such changes which are common for both Datasets A and B are
E::;taka Z: ; Z: é? g R203M in Nucleocapsid for 20B, T85I and Q57H in NSP2 and ORF3a
Odisha 6 10 8 45 4 respectively for 20C while for Dataset B such unique changes are A97V
Haryana 15 0 44 29 1 in RdRp, G339S and G339C in NSP2 in 19A and Q57H in ORF3a in 20A.
Uttarakhand 2 1 40 25 0
Madhya Pradesh 10 0 25 1 0 2. Material and Methods
Tamil Nadu 15 0 1 15 0
Uttar Pradesh 4 0 16 1 0 . . .
Rajasthan 4 0 2 0 0 In this section, the collection of the dataset for SARS-CoV-2 genomes
Punjab 4 0 1 0 0 and the proposed pipeline are discussed.
Ladakh 5 0 0 0 0
Bihar 2 0 0 0 0 L
Assam 2 0 0 0 0 2.1. Data acquisition
Andhra Pradesh 1 0 0 1 0
Jammu and Kashmir 1 0 0 0 0 The collection of the dataset can be summarised as below:
Total 309 48 1322 1342 12

clade. Furthermore, top 10 signature SNPs based on their frequency are
then identified in each clade resulting in a total of 50 such SNPs each for
Dataset A and Dataset B. Out of 50 signature SNPs for Dataset A, 39
unique SNPs are identified among which 25 non-synonymous signature
SNPs resulted in 30 amino acid changes in protein while for Dataset B,
22 non-synonymous signature SNPs are identified from 41 unique SNPs
resulting in 27 amino acid changes. These 30 and 27 amino acid changes
for the non-synonymous signature SNPs are visualised in their respective
protein structure as well. Furthermore, in order to judge the
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For phylogenetic analyses, Dataset A with 15359 sequences and
Dataset B with 3033 SARS-CoV-2 genomes are collected from Global
Initiative on Sharing All Influenza Data (GISAID)” while the Refer-
ence Genome (NC_045512.2)° is collected from National Center for
Biotechnology Information (NCBI).

e The 18392 SARS-CoV-2 sequences for 71 countries are mostly
distributed from December 2019 to December 2020. The average and

N

https://www.gisaid.org/
https://www.ncbi.nlm.nih.gov/nuccore/1798174254
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Table 3
List of Signature SNPs in each clade for 15359 Global Dataset without India (Dataset A) and 3033 exclusive Indian (Dataset B) SARS-CoV-2 Genomes.

Signature SNPs in 15359 Global excluding India sequences Signature SNPs in 3033 Indian sequences

Clade  Genomic Frequency  Change in Change in Mapped with Genomic Frequency  Change in Change in Mapped with
Coordinate Nucleotide Amino Acid Coding and Coordinate Nucleotide Amino Acid Coding and Non-
Non-Coding Coding Regions
Region
11083 939 G>T L37F NSP6 13730 274 C>T A97V RdRp
26144 751 G>A, G>T G251D, G251V ORF3a 11083 268 G>A, G>T Synonymous, NSP6
L37F
14805 655 C>T Synonymous RdRp 28311 264 C>T P13L Nucleocapsid
17247 308 T>C Synonymous Helicase 6312 263 C>T, C>A T1198I, T1198K  NSP3
19A 2558 235 C>T P585S NSP2 23929 261 C>T Synonymous Spike
2480 215 A>G 1559V NSP2 19524 60 C>T Synonymous Exon
28144 199 T>C L84S ORF8 6310 55 C>A, C>T S1197R, NSP3
Synonymous
29742 188 G>A, G>T Not Present 3’-UTR 1820 26 G>A, G>T G339S, G339C NSP2
8782 166 C>T Synonymous NSP4 1397 21 G>A V198I NSP2
1440 163 G>A G212D NSP2 28688 21 T>C Synonymous Nucleocapsid
28144 1010 T>C L84S ORF8 28144 48 T>C L84S ORF8
8782 993 C>T Synonymous NSP4 8782 47 C>T Synonymous NSP4
18060 638 C>T Synonymous Exon 28878 45 G>A, G>T, S202N, S2021, Nucleocapsid
G>C S202T
17858 626 A>G Y541C Helicase 22468 44 G>T Synonymous Spike
19B 17747 610 C>T P504L Helicase 29742 44 G>A, G>C Not Present 3’-UTR
9477 190 T>A F308Y NSP4 7945 13 C>T Synonymous NSP3
14805 190 C>T Synonymous RdRp 2705 7 A>G T634A NSP2
28657 189 C>T Synonymous Nucleocapsid 14500 7 G>T V354L RdRp
28863 187 C>T S197L Nucleocapsid 29830 6 G>T, G>C Not Present 3’-UTR
25979 184 G>T G196V ORF3a 24358 6 C>A Synonymous Spike
14408 5133 C>T, C>A P323L, P323H RdRp 23403 1313 A>G D614G Spike
23403 5131 A>G D614G Spike 241 1295 C>T Not Present 5-UTR
241 5128 C>T Not Present 5’-UTR 3037 1294 C>T Synonymous NSP3
3037 5123 C>T Synonymous NSP3 14408 1248 C>T P323L RdRp
20A 21255 1870 G>A, G>T, Synonymous, 2’-O-RMT 18877 633 C>T Synonymous Exon
G>C Synonymous,
Synonymous
26801 1869 C>T, C>G Synonymous, Membrane 26735 624 C>T Synonymous Membrane
Synonymous
22227 1864 C>T A222V Spike 25563 611 G>A, G>T, Synonymous, ORF3a
G>C Q57H, Q57H
6286 1863 C>T Synonymous NSP3 28854 506 C>T S194L Nucleocapsid
29645 1863 G>T V30L ORF10 22444 473 C>T Synonymous Spike
28932 1862 C>T A220V Nucleocapsid 15324 281 C>T Synonymous RdRp
241 4623 C>T Not Present 5’-UTR 241 1341 C>T Not Present 5’-UTR
23403 4623 A>G D614G Spike 3037 1340 C>T Synonymous NSP3
28882 4621 G>A, G>T Synonymous, Nucleocapsid 23403 1340 A>G D614G Spike
R203S
28883 4621 G>A, G>C G204R, G204R Nucleocapsid 28881 1337 G>A, G>T R203K, R203M Nucleocapsid
20B 28881 4620 G>A, G>T R203K, R203M Nucleocapsid 28882 1337 G>A Synonymous Nucleocapsid
3037 4614 C>T Synonymous NSP3 28883 1337 G>A, G>C G204R, G204R Nucleocapsid
14408 4613 C>T, C>A P323L, P323H RdRp 14408 1331 C>T P323L RdRp
1163 1486 A>T 1120F NSP2 5700 923 C>A A994D NSP3
22992 1421 G>A, G>T, S477N, S4771, Spike 313 912 C>T Synonymous NSP1
G>C S477T
18555 1395 C>T Synonymous Exon 4354 170 G>A Synonymous NSP3
1059 2389 C>T T851 NSP2 241 12 C>T Not Present 5-UTR
14408 2388 C>T, C>A P323L, P323H RdRp 1059 12 C>T T85I NSP2
3037 2387 C>T Synonymous NSP3 3037 12 C>T Synonymous NSP3
23403 2387 A>G D614G Spike 14408 12 C>T P323L RdRp
20C 25563 2381 G>T, G>C Q57H, Q57H ORF3a 23403 12 A>G D614G Spike
241 2379 C>T Not Present 5-UTR 25563 12 G>A, G>T, Synonymous, ORF3a
G>C Q57H, Q57H
27964 380 C>T S24L ORF8 16260 6 C>T Synonymous Helicase
11916 190 C>T S25L NSP7 28821 6 C>A $183Y Nucleocapsid
29553 130 G>A Not Present 3-UTR 22346 4 G>T A262S Spike
29540 126 G>T, G>A Not Present 3-UTR 28221 2 G>T E110* ORF8
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Fig. 3. Amino acid changes in the proteins for the non-synonymous signature SNPs of Global excluding India and Indian SARS-CoV-2 genomes.

maximum lengths of the sequences are 29820 and 29903
respectively.
e Further, to map the changes of amino acid in proteins, PDB of the
proteins are collected from Zhang Lab“ and other reliable sources.
e All these analysis are performed on High Performance Computing
facility of NITTTR, Kolkata and the codes are written in MATLAB
R2019b.

2.2. Pipeline of the work

The pipeline of the work is provided in Fig. 1(a). Initially, multiple
sequence alignment of Datasets A and B are carried out using MAFFT
followed by phylogenetic analyses using Nextstrain which resulted in
the identification of virus clades. The corresponding phylogenetic trees
are shown in Fig. 1(b) and Fig. 1(c) respectively. MAFFT has two novel
techniques: Fast Fourier Transform (FFT) rapidly identifies homologous
regions and a simple scoring system to reduce the CPU time [22].

4 https://zhanglab.ccmb.med.umich.edu/COVID-19/
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MAFFT merges local and global algorithms for MSA and uses two
different heuristic methods such as progressive (FFT-NS-2) and iterative
refinements (FFT-NS-i). FFT-NS-2 is used to calculate all-pairwise dis-
tances to create a provisional MSA from which refined distances are
calculated. FFT-NS-i is then performed to get the final MSA. The use of
fast fourier transform in MAFFT makes it outperform other alignment
techniques [22]. Thus, MAFFT is used in this work for multiple sequence
alignment.

On the other hand, Nextstrain is a collection of open-source tools
which is useful for understanding the evolution and spread of pathogen,
particularly during an outbreak. Using Nextstrain, proper and mean-
ingful visualisation of a large number of virus sequences can be ach-
ieved. It consists of “auspice” which is a web-based visualisation
program used to present and interact with phylogenomic and phylo-
geographic data. There are a substantial number of tools in Nextstrain
which perform phylodynamic analysis [24] which ranges from sub-
sampling, alignment, phylogenetic inference to temporal dating of
ancestral nodes and discrete trait geographic reconstruction and infer-
ence of the most likely transmission events. The spread and evolution of
virus genomes can be visualised at nextstrain.org using auspice. By
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Fig. 4. Amino acid changes in the proteins for the non-synonymous signature SNPs of Global excluding India and Indian SARS-CoV-2 genomes in 5 clades.

taking the advantage of this tool, in this work the evolution and
geographic distribution of SARS-CoV-2 genomes are visualised by
creating the metadata in our High Performance Computing
environment.

Once the virus clades are identified using Nextstrain, clade specific
aligned sequences are used to identify the mutation points as sub-
stitutions specifically SNPs in each clade. Following this, amino acid
changes in the virus proteins corresponding to the SNPs are identified

288

using the codon table. Thereafter, individually for Datasets A and B, top
10 signature SNPs are identified in each clade based on their frequencies
or number of occurrences in the virus genome. Such frequencies can also
be quantified by considering entropy values as well, the calculation of
which is described in details in [25]. It is to be noted that the amino acid
changes for the SNPs can be either synonymous or non-synonymous.
Thereafter, the amino acid changes in the non-synonymous signature
SNPs are considered to evaluate their functional characteristics. These
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Fig. 5. Venn diagrams of Global excluding India and Indian genomes to represent common signature SNPs.

amino acid changes are visualised in the respective protein structure as
well. The amino acid changes for the non-synonymous signature SNPs in
the different coding regions for both Datasets A and B are visualised
graphically in Fig. 1(d).

3. Results
3.1. Phylogenetic analyses

The experiments in this work are carried out according to the pipe-
line as provided in Fig. 1(a). In this regard, initially multiple sequence
alignment of Dataset A with 15359 and Dataset B with 3033 SARS-CoV-2
genomic sequences are carried out using MAFFT followed by their
phylogenetic analysis using Nextstrain. The results from the phyloge-
netic analyses are as follows:

e As a result of phylogenetic analysis by Nextstrain, 5 clades are
identified viz. 19A, 19B, 20A, 20B and 20C. Subsequently, mutation
points as SNPs are identified in each clade for both Dataset A and
Dataset B.

e As a result, 2060 mutation points as SNPs are identified in clade 19A
for 2194 genomic sequences for Dataset A. 1015 sequences
belonging to clade 19B have 865 SNPs while for 5134, 4627 and
2389 sequences in clades 20A, 20B and 20C respectively, the number
of SNPs are 4292, 3695 and 2280. The corresponding phylogenetic
tree in radial and rectangular view is shown in Fig. 2(a)-(b).

e For Dataset B, 467 and 125 SNPs in clades 19A and 19B respectively
are identified covering 309 and 48 genomic sequences while 2212

and 2311 SNPs are covered in clades 20A and 20B for 1322 and 1342
genomic sequences respectively. Finally, clade 20C consists of 12
sequences and has 33 SNPs. The phylogenetic tree for Dataset B is
shown in Fig. 2(c)-(d).

e The clade wise distribution of 15359 and 3033 sequences for 70
countries in Dataset A and statewise for India in Dataset B are re-
ported in Tables 1,2 respectively. For example, as reported in
Table 1, USA has 263, 530, 707, 244 and 1628 sequences distributed
in clades 19A, 19B, 20A, 20B and 20C respectively. Thus, most of the
variants in USA belongs to clade 20C.

e For India as given in Table 2, the most dominant clade in Mahara-

shtra is 20B while for Gujarat it is 20A. It can be further concluded

from Table S2 that most of the variants in India belong to clades 20A
and 20B.

These clade wise distributions of Datasets A and B are visualised in

Fig. 2(e) and (f) respectively.

o The clade wise evolution of all 18392 global including India (country
wise) and separately 3033 Indian (state wise) SARS-CoV-2 genomes
for each month is shown in the form of pie charts in supplementary
Tables S1 and S2 respectively.

e The month wise evolution of such genomes for each clade is reported
in supplementary Tables S3 and S4 respectively. The corresponding
colour representation for the five major clades and the months are
shown in supplementary Figure S1.

Moreover, the entropy values for the nucleotide changes for Datasets
A and B are shown respectively in Fig. 2(g)-(h). Furthermore, the coding
regions of the SARS-CoV-2 genome are visualised in Fig. 2(i).
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Fig. 6. Venn diagrams of Global excluding India and Indian genomes to represent common signature SNPs in clades (a) 19A (b) 19B (c) 20A (d) 20B (e) 20C.

3.2. Signature SNPs in each Clade

Once the mutation points as SNPs are determined, top 10 signature
SNPs are identified in each clade for both Datasets A and B, thus
resulting in 50 signature SNPs for each category as reported in Table 3.
For example, for Dataset A, G11083T with a frequency of 939 is the top
signature SNP in clade 19A while for Dataset B the top signature SNP is
C13730T with a frequency of 274. Thereafter, 39 and 41 unique
signature SNPs are identified for each category. For Dataset A, these 39
signature SNPs result in 25 non-synonymous signature SNPs with 30
amino acid changes in protein. On the other hand, for Dataset B, 41
unique signature SNPs have 22 non-synonymous signature SNPs with 27
amino acid changes. The non-synonymous signature SNPs are reported
in Table 3 and their amino acid changes in protein are shown in Fig. 3.
The corresponding clade-wise distribution is shown in Fig. 4. To depict
the common signature SNPs in the five clades for both Datasets A and B,
visualisation in the form of Venn diagram is shown in Fig. 5(a) and (b).
As can be seen from the figures, there are no common SNPs in all the five
clades for both Datasets A and B, thereby confirming the fact that such
signature SNPs are features which indeed define each of the clades. For
Datasets A and B, the visualisation of unique and common non-
synonymous signature SNPs are shown in Fig. 5(c) while unique and
common amino acid changes in protein are given in Fig. 5(d). Fig. 5(c)
depicts 17 and 14 unique non-synonymous signature SNPs in Datasets A
and B while the number of common non-synonymous signature SNPs are
8. Fig. 5(d) shows that there are 21 and 18 unique amino acid changes in
Datasets A and B while 9 amino acid changes are common in both.
Furthermore, clade wise unique and common non-synonymous signa-
ture SNPs are visualised in Fig. 6. It can be observed from the figure that
1, 1, 2, 4 and 4 non-synonymous signature SNPs are common for both
Datasets A and B in clades 19A, 19B, 20A, 20B and 20C respectively. In
19A, the number of such unique SNPs are 5 and 6 for Datasets A and B
while for 19B they are 5 and 3. For 20A and 20B such statistics are 3, 2, 3
and 1 while for 20C, the number of unique SNPs are 2 and 3. All the
amino acid changes for the non-synonymous signature SNPs in the

respective protein structure are visualised in Fig. 7. All the detailed re-
sults are provided in Supplementary Table S5.

4. Discussion

SARS-CoV-2 has resulted in a mass meltdown throughout the globe.
Recently, the mutated variants of the virus are turning out to be another
major concern for the researchers. Thus, the identification of the virus
strains is very crucial in this scenario. In this regard, we have analysed
Datasets A and B with 15359 and 3033 SARS-CoV-2 genomes respec-
tively which resulted in the identification of five major clades for both
Datasets A and B and consequently top 10 signature SNPs in each clades.

Initially, multiple sequence alignment of Dataset A with 15359 and
Dataset B with 3033 SARS-CoV-2 genomes using MAFFT are performed
followed by phylogenetic analyses using Nextstrain to identify virus
clades. Thereafter, mutation points as SNPs in each clade are identified.
Subsequently, top 10 signature SNPs with high frequency are identified
in each clade, the details of which are provided in the Results section.

Structural changes in amino acid residues often lead to alterations in
the protein translations which can lead to functional instability of the
proteins. In this regard, to judge the characteristics of the identified
clades, non-synonymous signature SNPs of Datasets A and B are
considered to evaluate the changes in proteins as biological functions
using PROVEAN (Protein Variation Effect Analyser) [26] and PolyPhen-
2 (Polymorphism Phenotyping) [27] while I-Mutant 2.0 [28] is used to
evaluate their structural stability. The results are reported in Table 4.
PROVEAN® works on sequence based prediction algorithm while the
prediction of Polyphen-2° is based on sequence, structural and phylo-
genetic information of a SNP. On the other hand, I-Mutant 2.0’ uses
support vector machine (SVM) for the automatic prediction of protein

S https://provean.jcvi.org/index.php
6 http://genetics.bwh.harvard.edu/pph2/
7 http://folding.biofold.org/i-mutant/i-mutant2.0.html
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Characteristics of non-synonymous signature SNPs for Global Dataset without India (Dataset A) and exclusive Indian (Dataset B) SARS-CoV-2 genomes.

Non-synonymous signature SNPs for Global excluding India sequences

Clade Change in Mapped with PROVEAN PolyPhen-2 I-Mutant 2.0
Amino Acid Coding Regions Prediction Score Prediction Score Stability DDG
L37F NSP6 Neutral -1.369 Benign 0.027 Decrease -0.05
G251D ORF3a Deleterious -6.933 Probably Damaging 1.000 Increase 0.02
G251V ORF3a Deleterious —8.581 Probably Damaging 1.000 Decrease —0.54
19A P585S NSP2 Neutral 0.442 Benign 0.005 Decrease —1.58
1559V NSP2 Neutral 0.444 Benign 0.003 Decrease —0.28
L84S ORF8 Neutral 2.333 Benign 0.002 Decrease —-2.87
G212D NSP2 Neutral 0.704 Benign 0.013 Decrease -1.15
L84S ORF8 Neutral 2.333 Benign 0.002 Decrease —2.87
Y541C Helicase Deleterious -8.863 Probably Damaging 1.000 Increase 0.67
19B P504L Helicase Deleterious -8.158 Probably Damaging 0.993 Increase 0.16
F308Y NSP4 Deleterious —2.663 Probably Damaging 0.998 Decrease —0.68
S197L Nucleocapsid Neutral -2.221 Probably Damaging 0.994 Increase 0.26
G196V ORF3a Deleterious —6.581 Probably Damaging 1.000 Decrease —0.80
P323H RdRp Neutral 1.146 Benign 0.005 Decrease -2.09
P323L RdRp Neutral -0.865 Benign 0.005 Decrease —0.80
20A D614G Spike Neutral 0.598 Benign 0.004 Decrease —1.94
A222V Spike Neutral -0.096 Benign 0.000 Increase 0.48
V30L ORF10 Deleterious -3.000 Not Generated Not Generated Decrease -1.31
A220V Nucleocapsid Neutral -0.140 Probably Damaging 0.999 Increase 0.76
D614G Spike Neutral 0.598 Benign 0.004 Decrease —1.94
R203S Nucleocapsid Neutral -2.374 Probably Damaging 0.994 Decrease -2.10
G204R Nucleocapsid Neutral -1.656 Probably Damaging 1.000 No change 0.00
R203K Nucleocapsid Neutral -1.604 Probably Damaging 0.969 Decrease —2.26
20B R203M Nucleocapsid Deleterious —3.305 Probably Damaging 0.998 Decrease -1.52
P323H RdRp Neutral 1.146 Benign 0.005 Decrease —2.09
P323L RdRp Neutral -0.865 Benign 0.005 Decrease —0.80
1120F NSP2 Neutral -1.333 Benign 0.393 Decrease -1.85
S477N Spike Neutral -0.034 Benign 0.014 Increase 0.01
S4771 Spike Neutral -1.310 Probably Damaging 0.531 Increase 0.34
S477T Spike Neutral -0.336 Benign 0.066 Decrease —0.49
T85I NSP2 Deleterious —4.090 Probably Damaging 0.998 Decrease -1.71
P323H RdRp Neutral 1.146 Benign 0.005 Decrease —2.09
20C P323L RdRp Neutral -0.865 Benign 0.005 Decrease —0.80
D614G Spike Neutral 0.598 Benign 0.004 Decrease -1.94
Q57H ORF3a Deleterious —3.286 Probably Damaging 0.966 Decrease -1.12
S24L ORF8 Neutral -1.833 Benign 0.013 Increase 0.53
S25L NSP7 Deleterious -4.272 Probably Damaging 0.600 Increase 0.21
Non-synonymous signature SNPs for Indian sequences
Clade Change in Mapped with PROVEAN PolyPhen-2 I-Mutant 2.0
Amino Acid Coding Regions Prediction Score Prediction Score Stability DDG
A97V RdRp Deleterious -3.611 Probably Damaging 0.990 Decrease -0.53
L37F NSP6 Neutral -1.369 Benign 0.027 Decrease -0.05
P13L Nucleocapsid Neutral -1.230 Probably Damaging 1.000 Increase 0.11
T11981 NSP3 Neutral -0.085 Probably Damaging 0.998 Decrease -0.72
19A T1198K NSP3 Neutral -0.353 Not generated Not generated Decrease -1.37
S1197R NSP3 Neutral -0.835 Not generated Not generated Decrease -0.88
G339S NSP2 Deleterious -3.130 Probably Damaging 1.000 Decrease -1.57
G339C NSP2 Deleterious —4.874 Probably Damaging 1.000 Decrease -1.91
V1981 NSP2 Neutral 0.307 Benign 0.006 Increase 0.18
L84S ORF8 Neutral 2.333 Benign 0.002 Decrease -2.87
S202N Nucleocapsid Neutral -0.404 Probably Damaging 0.994 Decrease -0.80
198 S2021 Nucleocapsid Deleterious -3.308 Probably Damaging 0.998 Increase 0.22
S202T Nucleocapsid Neutral —1.428 Probably Damaging 0.986 Decrease -0.53
T634A NSP2 Neutral -0.004 Benign 0.106 Decrease -1.13
V354L RdRp Deleterious -2.581 Probably Damaging 0.997 Decrease -1.95
D614G Spike Neutral 0.598 Benign 0.004 Decrease -1.94
20A P323L RdRp Neutral -0.865 Benign 0.005 Decrease -0.80
Q57H ORF3a Deleterious —3.286 Probably Damaging 0.966 Decrease -1.12
S194L Nucleocapsid Deleterious -4.272 Probably Damaging 0.994 Increase 0.45
D614G Spike Neutral 0.598 Benign 0.004 Decrease -1.94
R203K Nucleocapsid Neutral -1.604 Probably Damaging 0.969 Decrease -2.26
20B R203M Nucleocapsid Deleterious -3.305 Probably Damaging 0.998 Decrease -1.52
G204R Nucleocapsid Neutral -1.656 Probably Damaging 1.000 No change 0.00
P323L RdRp Neutral -0.865 Benign 0.005 Decrease -0.80
A994D NSP3 Neutral -1.103 Not generated Not generated Decrease -0.78
T85I NSP2 Deleterious —4.090 Probably Damaging 0.998 Decrease -1.71
P323L RdRp Neutral -0.865 Benign 0.005 Decrease -0.80
20C D614G Spike Neutral 0.598 Benign 0.004 Decrease -1.94
Q57H ORF3a Deleterious —3.286 Probably Damaging 0.966 Decrease -1.12
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Non-synonymous signature SNPs for Global excluding India sequences

Clade Change in Mapped with PROVEAN PolyPhen-2 I-Mutant 2.0
Amino Acid Coding Regions Prediction Score Prediction Score Stability DDG
S183Y Nucleocapsid Deleterious -2.750 Probably Damaging 0.998 No change 0.00
A262S Spike Neutral 0.154 Not generated Not generated Decrease -0.95

stability changes upon single point mutations. PROVEAN and PolyPhen-
2 are used to find the deleterious or damaging non-synonymous SNPs.
The threshold value of PROVEAN is set at —2.5. If the PROVEAN score of
a SNP is equal to or below this threshold, the corresponding non-
synonymous mutation is considered to be deleterious. For Polyphen-2,
this range is between 0 to 1. If the score is closer to 1, mutations are
more confidently considered to be damaging. Considering the pre-
dictions of both PROVEAN and Polyphen-2, for Dataset A it can be seen
from Table 4 that out of 30 unique amino acid changes, 11 unique
changes are damaging or deleterious while for Dataset B, 9 unique
changes are damaging out of 27 unique changes. Furthermore, protein
stability is important to determine the functional and structural activity
of a protein. Protein stability dictates the conformational structure of the
protein, thereby determining its function. Any change in protein sta-
bility may cause misfolding, degradation or aberrant conglomeration of
proteins [29]. The protein stabilities corresponding to the non-
synonymous signature SNPs are determined using I-Mutant 2.0. The
changes in the protein stability in I-Mutant 2.0 tool is predicted using
free energy change values (DDG). A negative value of DDG indicates that
the stability of a protein is decreasing. The result from [-mutant 2.0
concludes that out of the 11 and 9 unique damaging changes for Datasets
A and B, 6 changes for both decrease the stability of the protein struc-
tures respectively. Consequently, for Dataset A, G251V in ORF3a in
clade 19A, F308Y and G196V in NSP4 and ORF3a in 19B are the unique
amino acid changes which are responsible for defining each clade as
they are all deleterious and unstable. Such changes which are common
for both Datasets A and B are R203M in Nucleocapsid for 20B, T85I and
Q57H in NSP2 and ORF3a respectively for 20C while for Dataset B such
unique changes are A97V in RdRp, G339S and G339C in NSP2 in 19A
and Q57H in ORF3a in 20A. All of them are marked in bold in Table 4. It
is to be noted that for Indian non-synonymous signature SNPs, there are
26 amino acid changes as opposed to 27 such changes in Table 3, the
discarded change being E110* in ORF8 as the amino acid change leads
to a stop codon.

Table 5 provides a comparative study of all the signature SNPs
identified in our work with that of literature
[30,16,31,18,19,32,33,20,34-36]. In [30], the authors have performed
whole-genome sequencing of 303 Indian isolates and have reported 11
important genetic mutations as a part of Clade I/A3i which are dominant
in most of the states in India. Yuan et al. [16] have performed genomic
analysis of 11,183 genomes from around the globe and have reported 9
SNPs with high frequency. In their work, Goswami et al. [31] have
identified 18 high frequency genomic co-ordinates viz. hot-spots to
investigate inverted repeat loci and CpG islands. They concluded that
these points are indicative of genomic instability of SARS-CoV-2.
Genomic analysis of 570 SARS-CoV-2 genomes from China, Europe,
US and India have been carried out in [18] where they have identified at
least 10 hotspot mutations which are present in more than 80% of viral
genomes. In [19], Nagy et al. have mapped 3733 non-silent mutations to
amino acid changes for 4566 patients where they identified 17 muta-
tions related to hospitalisation, severe and deadly outcomes as well.
Rahimi et al. [32] have reported 17 high frequency mutations that are
reported in other literatures as well. In [33], the authors have worked
with 1566 SARS-CoV-2 genome sequences across ten Asian countries
and have clustered and characterized them based on the clade they
belong to. Cheng et al. [20] have considered 1809 SARS-CoV-2 genomes
and identified 1017 and 512 non-synonymous and synonymous
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mutations respectively. In their work, they have reported 7 dominant
mutations for each month from January to April 2020. In [34], Hamdan
et al. have considered 11 SARS-CoV-2 isolates from Lebanon to identify
new mutations which have not been reported till then in Lebanon. Yang
et al. [35] have performed phylodynamic analysis of 247 genomic se-
quences to identify four genetic clusters called super-spreaders. SS1 was
widely circulating in Asia and the US whereas SS4 was responsible for
the pandemic in Europe. In [36] have reported 9 newly evolved SARS-
CoV-2 SNPs that have undergone a rapid increase or decrease in fre-
quency for 30-80% in the initial four months. It can be seen from the
table that out of the 48 unique genomic coordinates identified in the
literature, 29 signature SNPs are common with our work. Out of these 29
common signature SNPs, C14805T, T17247C, C17747T, A17858G,
C18060T and G26144T are present in Dataset A. Such signature SNPs
present only in Indian genomes are C6310A, C6312A, C13730T,
G22346A, C28311T, T28688C, C28854T and G28878A while C241T,
C1059T, G1397A, C3037T, C8782T, G11083T, C14408T, A23403G,
G25563T, T28144C, G28881A, G28882A, G28883C and G29742A are
common in both Datasets A and B. Furthermore, for Dataset A, G26144T
which corresponds to G251V in ORF3a in clade 19A is damaging and
shows a decrease in stability while C13730T which corresponds to A97V
in RdRp for 19A, C1059T corresponding to T85I in NSP2 for clade 20C
and G25563T corresponding to Q57H in ORF3a for 20C are damaging
and exhibits shrinking stability for both Datasets A and B.

5. Conclusion

In this work, multiple sequence alignment of 18392 SARS-CoV-2
sequences is carried out using MAFFT followed by phylogenetic ana-
lyses using Nextstrain where 15359 global dataset without Indian
(Dataset A) and dataset of 3033 exclusive Indian (Dataset B) SARS-CoV-
2 genomes are considered separately to identify the virus clades.
Consequently, the virus strains are found to be distributed among five
major clades viz. 19A, 19B, 20A, 20B and 20C. Subsequently, mutation
points as SNPs are identified in each clade. Thereafter, clade specific
signature SNPs are identified by considering top 10 SNPs with high
frequency, resulting in 50 such signature SNPs each for Datasets A and B.
Out of each 50 signature SNPs, 39 and 41 unique SNPs are identified
among which 25 non-synonymous signature SNPs (out of 39) resulted in
30 amino acid changes in protein while 27 changes in amino acid are
identified from 22 non-synonymous signature SNPs (out of 41). These 30
and 27 amino acid changes for the non-synonymous signature SNPs are
visualised in their respective protein structures as well. The sequence
and structural homology-based prediction of biological functions along
with the protein structural stability of such amino acid changes are also
determined to judge the characteristics of the identified clades. Conse-
quently, for Dataset A, G251V in ORF3a in clade 19A, F308Y and G196V
in NSP4 and ORF3a in 19B are the unique amino acid changes which are
responsible for defining each clade as they are all deleterious and un-
stable. Such changes which are common for both Datasets A and B are
R203M in Nucleocapsid for 20B, T85I and Q57H in NSP2 and ORF3a
respectively for 20C while for Dataset B such unique changes are A97V
in RdRp, G339S and G339C in NSP2 in 19A and Q57H in ORF3a in 20A.
Moreover, a comparative study is also put forth to show the correctness
of our work. We hope this work will better equip the researchers in their
path of designing anti-viral therapeutics to mitigate COVID-19. As a
future scope of research, consensus of SNPs can be considered by taking
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Table 5

Comparative study of our work with the literature.

Genomic Change in Change in Coordinate of Mapped with Banu Yuan Goswami Weber Nagy Rahimi Sengupta Cheng Abou- Yang Zhu Our

coordinate Nucleotide Amino acid Amino Acid in Coding and Non- et al. et al. etal. [31] et al. et al. et al. et al. [33] et al. Hamdan et al. et al. work
Protein coding Region [30] [16] [18] [19] [32] [20] et al. [34] [35] [36]

241 C>T NA NA 5-UTR v v v v v

1059 C>T T>I 85 NSP2 v v v v v v

1190 C>T P>S 129 NSP2 v

1397 G>A V>I 378 ORFla v v v

1440 G>A G>D 212 NSP2 v v

1605 A>C N>T 267 NSP 1ab v

1917 C>T T>I 371 NSP2 v

2891 G>R, G>A A>T 58 NSP3 v v

3037 C>T Synonymous 105, 106 NSP3 v v v v v v v

4402 T>C Synonymous 561 NSP3 v

5062 G>T L>F 781 NSP3 v

6310 C>A S>R 1197 NSP3 v v

6312 C>A T>K 1198, 2016 NSP3, ORFla v v v

6446 G>A V>I 1243 ORFlab v

8782 C>T Synonymous 75,76 NSP4 v 4 v 4 v 4 v

9438 C>T T>I 295 NSP4 v

9924 C>T A>V 3220 ORFla v

11083 G>T L>F 37, 3606 NSP6, ORFla v v v v v v

12053 C>T L>F 71 NSP7 v

13730 C>T A>V 97 RdRp v v v

14408 C>T P>L 314, 323 RdRp v v v v v v v v v v v v

14805 C>T Synonymous 446, 455 RdRp 4 v v

17247 T>C Synonymous 337 NSP13 4 v

17747 C>T P>L 504 Helicase v v v v v

17858 A>G Y>C 541 Helicase v v v v v

18060 C>T Synonymous 6,7 Exon v v v v

21724 G>T L>F 54 Spike v v

21859 C>T Synonymous 99 Spike v

22346 G>A A>T 262 Spike v v

22661 G>T V>F 367 Spike v

23403 A>G D>G 614 Spike v v 4 v v v v v v v v v

24047 G>A A>T 829 Spike v

25088 G>T V>F 1176 Spike v

25563 G>T Q>H 57 ORF3a v v v v v v v v

26144 G>T G>V 251 ORF3a v v v v v v

26149 T>C S>P 253 ORF3a v

27299 T>C I>T 33 ORF6 v

28144 T>C L>S 84 ORF8 v v v v v v v v v

28311 C>T P>L 13 Nucleocapsid v v v

28688 T>C L>L 129 Nucleocapsid v v

28854 C>T S>L 194 Nucleocapsid v v v v

28878 G>A S>N 202 Nucleocapsid v v v

28881 G>A R>K 203 Nucleocapsid v v v v v v v v v v

28882 G>A Synonymous 203 Nucleocapsid v v v v v

28883 G>C G>R 204 Nucleocapsid v v v v v v v v

29095 C>T F>F 274 Nucleocapsid v

29148 T>C I>T 292 Nucleocapsid v

29742 G>T, G>R NA NA 3-UTR v v v

D 39 ysoyn ‘N

962-28¢ (2202) £0T SPOYIPN



N. Ghosh et al.

more than one multiple sequence alignment techniques. Also, investi-
gation of the characteristics of these signature SNPs of SARS-CoV-2 on
human hosts can be conducted with the help of virologists. The authors
are working in these directions.
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