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The non-synonymous mutations of SARS-CoV-2 isolated from across the world have been identified
during the last few months. The surface glycoprotein spike of SARS-CoV-2 forms the most important
hotspot for amino acid alterations followed by the ORF1a/ORF1ab poly-proteins. It is evident that the
D614G mutation in spike glycoprotein and P4715L in RdRp is the important determinant of SARS-CoV-2
evolution since its emergence. P4715L in RdRp, G251V in ORF3a and S1498F of Nsp3 is associated with
the epitope loss that may influence pathogenesis caused by antibody escape variants. The phylogenomics
distinguished the ancestral viral samples from China and most part of Asia, isolated since the initial
outbreak and the later evolved variants isolated from Europe and Americas. The evolved variants have
been found to predominant globally with the loss of epitopes from its proteins. These have implications
for SARS-CoV-2 transmission, pathogenesis and immune interventions.

© 2020 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
The current outbreak of COVID-19 caused by SARS-CoV-2
enforced the greatest global health and a socio-economic threat
to mankind [1]. It has been first reported in late December 2019
from Wuhan, China [2,3], become an epidemic and rapidly spread
across the globe to become a pandemic with devastating impact [4].
At the end of January 2020 India reported its first case of COVID-19
from the state of Kerala. Two months since its outbreak by the
middle of March 2020, Europe and North America have become the
new epicenters to the pandemic with remarkable expansion of this
disease with a huge number of fatalities. A total of 3435894 positive
cases and 239604 deaths worldwide and 42,533 confirmed inci-
dence and 1373 deaths from India has been reported by the WHO
situation report, 4th May 2020.

SARS-CoV-2 is a novel member of the beta-coronavirus genus
with single-stranded positive-sense RNA. They have similarities
with the severe acute respiratory syndrome coronavirus (SARS-
CoV) and to several bat coronaviruses [5]. SARS-CoV-2 comprises of
around 29,903 nucleotides organized into specific genes charac-
teristics within its genome. In the 50 regionmore than two-thirds of
the genome comprises a set of non-structural proteins (Nsp) pro-
duced as cleavage products of the ORF1a and ORF1ab viral
dal).
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polyproteins [6] assemble to facilitate viral replication and tran-
scription. RNA-dependent RNA polymerase (RdRp, also known as
Nsp12), is the key component that regulates the synthesis of viral
RNA with the assistance of Nsp7 and Nsp8 as co-factors [7]. The 30

region consists of genes encoding structural proteins including
surface (S), envelope (E), membrane (M), and nucleocapsid (N)
proteins. Surface glycoprotein spike is involved in the interaction
with the host’s receptor, Ace2, further ingress, and forms one of the
vital factors for rapid human-to-human transmission [8]. Addi-
tionally, 6 accessory proteins are encoded by ORF3a, ORF6, ORF7a,
ORF7b, and ORF8 genes (Fig. 1a). Compared to SARS-CoV emerged
in 2002 and MERS-CoV in 2012, SARS-CoV-2 exhibits faster human
transmission [9] and leads to the declaration of a worldwide public
health emergency by WHO [4]. Three factors that make SARS-CoV-
2 associated disease more infectious include higher trans-
missibility, high mortality, and humans have no prior immuno-
logical history against it.

In general RNA viruses are vulnerable to a high rate of mutations
[10,11] which may be correlated with the geographical region-
specific virulence of virus variants. The rapid global spread of
SARS-CoV-2 provides an ample opportunity for natural selection to
act upon rare but favorable mutations. Deleterious mutations are
indeed thought to always out-number beneficial mutations [12].
Mutation rates are ever evolving in accordance with the
d.
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Fig. 1. (a) Structure of the SARS-CoV-2 genome. (b) The relative occurrence of non-synonymous mutation across the genome of SARS-CoV-2. Black indicates neutral mutation and
red are deleterious mutations.
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environmental changes. In a constant environment, almost no
mutations are likely to occur and in a perfectly adapted environ-
ment, the rate of beneficial mutationwill be zero [13]. On the other
hand, if an organism is allowed in a completely new environment,
the potential rate of beneficial mutationwill be non-zero [13]. From
the above fact it can be derived that as SARS-CoV-2 is adapted to the
environment in the last 6 months and hence appears to showmore
number of deleterious and neutral mutations than that of beneficial
mutation. Thus, in the present study the non-synonymous muta-
tional function due to neutral and harmful mutations are
considered.

There might have complex interplay between amino acids
that can confer immune resistance to the virus and the fitness
landscape of the particular variant. Mutation of single amino acid
within an antigenic determinant or epitope can potentially
overcome the antibody recognition. The ability to identify
epitope is vital to combat the infection through antibody-
mediated immunity and also essential in several biomedical ap-
plications like rational vaccine design, disease diagnostic, and
immune-therapeutics [14,15]. As a growing need for the devel-
opment of suitable therapeutics against SARS-CoV-2 for effective
disease management, the diagnostic assays based on peptides
have become indispensable for their advantages over conven-
tional methods [16,17]. Identification of appropriate epitopes
within a particular protein antigen can elicit an immune
response and could have been used for the synthesis of an
immunogenic peptide. Most of the studies have been focused to
predict conserved immunodominant epitopes from the surface
glycoprotein of SARS-CoV-2 [18,19]. Some studies have mapped
the B-cell epitopes of membrane glycoprotein and nucleo-capsid
phospho-protein [20]. However, very little is known about the
potential epitopes from the longest chunk of non-structural
proteins of ORF1ab and 6 other accessory proteins encoded by
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ORF3a, ORF6, ORF7a, ORF7b, and ORF8. In the present work, we
have tried to locate the loss of epitope due to non-synonymous
mutations using a comparative genomics approach. Non-
synonymous mutation leading to the loss of epitope allows
escaping antibody immunity. Antibody escape due to epitope loss
may be responsible for re-infections among individuals. The
nature and locations of epitope losses from the various proteins
of SARS-CoV-2 due to non-synonymous mutations are the main
focus of the present study. The immediate and continuous
release of complete genome sequences of SARS-CoV-2 from
samples of diverse geographical regions have helped scientists to
monitor the rapid evolution of the SARS-CoV-2 to gain insights
into the pattern and dynamics global spread of COVID-19. We
have performed a comparative genome analysis of the viral
samples from a varied geographical location with special refer-
ence to India. The mutation of SARS-CoV-2 genome responsible
for epitope loss shows a specific pattern of emergence outside
China as the virus have migrated through different epicenters of
the world. Based on such non-synonymous mutations in the
SARS-CoV-2 genome, the initial viral isolates are under different
clusters than the later evolved ones. For example, the Indian
isolates of SARS-CoV-2 clearly distributed and depicted that the
initial samples from Kerala are having similarity with the Wuhan
isolates and the rest are predominantly found within isolates
originated from patients having travel history from Italy. These
findings have important implications to understand the impact of
new emerging mutations in the pathogenesis and immune
evasion of SARS-CoV-2.
2. Materials and methods

List of tools used in the present study is described in
Table S2 of SI.
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2.1. Genome analysis

586 SARS-CoV-2 high-quality complete genome sequences from
known patient status sequenced across the world and reported
from January to April 2020 were accessed from GISAID Epicov [21]
platform. The infection load and geographical locations from
various continents viz. Asia, Africa, Europe, North, Central, and
South Americas, and Oceania were considered for complete
genome selections. The redundant sequences with 100% identity
were removed. To reduce the number of false-positive variants, we
have excluded sequences with more than 50 ambiguous bases. One
representative sequence from each country (except India and
China) has been considered in the present analysis. All the Indian
isolates available till the middle of April 2020 were taken for
genome analysis to unravel the nature of SARS-CoV-2. As the
outbreak occurred from China, we tookmultiple sequences to focus
the mutation and thus evolution of the virus outside China. Thus a
total of 87 SARS-CoV-2 genome sequences representative of 586
genome sequences available till April, 2020 had been utilized in the
present analysis (Table S1). All sequences were uniformly anno-
tated using the RAST server [22]. Protein domain analysis was
conducted with Pfam [23].

2.2. Multiple sequence alignment

Clustal omega [24] has been employed to align ORF1a, ORF1ab,
spike, ORF3a, E, M, ORF6, ORF7a, ORF7b, ORF8 and N proteins of
SARS-CoV-2 sequences originated from all affected countries. Thus
the non-synonymous mutations were identified from the multiple
sequence alignment.

2.3. Effect of amino acid alterations

PROVEAN algorithm was used to predict the functional effect of
non-synonymous mutations [25]. PROVEAN utilizes delta scores to
analyze amino acid alterations. In the present study, the cut-off for
PROVEAN scores was set to �2.5 for high balanced accuracy. Low
delta scores are interpreted as amino acid variations leading to a
deleterious effect on protein function, while high delta scores are
interpreted as variations with a neutral effect on protein function.
IEDB-AR has been utilized for B-cell epitope prediction using
Bepipred Linear Epitope Prediction based on a Random Forest
Regression (RF) algorithm [26] with a 5-fold cross-validation
approach considering computed volume, hydrophobicity, polarity,
together with the relative surface accessibility and secondary
structure. B-cell epitopes are located using a combination of a
hidden Markov model and a propensity scale method. The residues
with scores above the threshold (default value 0.35) are predicted
to be a part of an epitope and colored in yellow on the graph (Y-
axes:residue scores; X-axes residue position in the sequence).
Prediction of the change of secondary structure of the respective
proteins due to such amino acid alterations have been done with
PSIPRED [27].

2.4. Structural changes due to mutations

Vibrational entropy changes and binding conformational
enthalpy change due to mutation has been implemented using
normal mode analysis (NMA) by Dynamut web interface [28]
(http://biosig.unimelb.edu.au/dynamut/). NMA has been applied to
the study which utilizes harmonic motions in a system, providing
insights into its dynamics and accessible conformations due to
mutation. It has beenwidely used for studies of protein dynamics as
an alternative to more computationally intensive molecular dy-
namics approaches. While molecular dynamics approaches provide
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motion trajectories for a given molecule over time, conformational
fluctuations can be evaluated by NMA via superposition of normal
modes (Eigenvectors) and their associated frequencies (Eigen-
values) [29]. NMA can also use simplified representations of the
protein structure, such as modeling the amino acids using their Ca
atoms, reducing computational cost. The performance of DynaMut
tool outperforms alternative algorithms that also provide mea-
surements of effects of single-point mutations on protein stability.
Energy minimization of the wildtype and mutated structures has
been done using GROMOS96 53a6 force-field [30] until the
maximum force of the system became < 100 kJ/mol/nm to relieve
steric clashes and inappropriate geometry. The minimized struc-
tures are superimposed in order to calculate RMSD using Visual
Molecular Dynamics(VMD) (http://www.ks.uiuc.edu/) developed
with NIH support by the Theoretical and Computational Biophysics
group at the Beckman Institute, University of Illinois at Urban-
aeChampaign. Visual analysis of the structure has been done with
PYMOL molecular graphics system.

2.5. Docking studies

Docking studies have been carried out using HADDOCK [31].
HADDOCK is an information-driven flexible docking for the site-
directed approach. HADDOCK recognizes itself from ab initio
docking methods with the fact that it encodes information from
identified or predicted protein interfaces in ambiguous interaction
restraints (AIRs) to manage the docking process. These AIR files
have information about active residues of the macromolecule. The
result with the lowest HADDOCK score and Z-Score is considered as
the best interaction between the molecules [31]. Prodigy [32] is
used to calculate DG and Kd to predict the binding affinity at 25 �C.

2.6. Phylogenomic analysis

Phylogenetic analysis of whole-genome sequences have been
inferred with REALPHY 1.12 [33]. REALPHY utilizes a reference
whole-genome sequence data to alignwith the query sequences via
bowtie2, an ultrafast and memory-efficient tool for aligning
sequencing reads to long reference sequences [34] from which the
phylogenetic trees are further constructed using PhyML. Maximum
likelihood tree is thus generated using GTR (generalized time
reversible) nucleotide substitution model. The resulted tree has
been visualized and annotated using FigTree (http://tree.bio.ed.ac.
uk/software/figtree/).

3. Results

3.1. Spike glycoprotein is the most important hotspot of amino acid
substitution in SARS-CoV-2

The study have shown 47 non-synonymous mutations from all
the genome sequences of SARS-CoV-2 isolated frommore than fifty
representative countries of five continents. The total number of
neutral mutations have been almost equal to that of the deleterious
mutations (Table 1). Spike glycoprotein has been found to be the
most vital hotspot of amino acid alterations among proteins of
SARS-CoV-2. The surface protein spike mediates receptor recogni-
tion through its RBD (receptor binding domain) regionwith human
Ace2. 13 different mutations of spike protein are observed of which
D614G is most notable and exist among 37 samples, especially
among isolates from the European countries. However, the total
number of neutral mutations in spike glycoprotein is higher than
the deleterious mutations. However, there has been no amino acid
alteration observed in the RBD region of the spike. This might be
just because all the samples originated from the patient, which
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Table 1
The non-synonymous substitutions and their effects among various global isolates of SARS-CoV-2 included in this study. The mutation hotspots that demarcate clades (G, V, S,
GH and GR) available at the public database of the Global Initiative on Sharing All Influenza Data (GISAID) is highlighted.

Variant Infected country Mutation effect

ORF1a polyprotein D58E New Zealand Deleterious
L952P China(hCoV�19/Shandong/LY003/2020) Neutral
E955K China(hCoV�19/Tianmen/HBCDC�HB�07/2020) Deleterious
S1498F Multiple Indian isolates Deleterious
N1559T Russia Neutral
A3203V USA Neutral
G4227R Russia Deleterious
A4297G Mexico Deleterious
F4304L Sweden Deleterious

ORF1ab polyprotein P4715L Multiple countries isolatesa Neutral
Y232C Australia,USA Deleterious
F1657L New Zealand Neutral
A1906V Canada Deleterious
V1973L New Zealand Neutral
G2374R France Deleterious

Spike protein Y145del India(hCoV�19/India/1-27/2020) Neutral
N354D China(hCoV�19/Shenzhen/SZTH�004/2020) Neutral
D364Y China(hCoV�19/Shenzhen/SZTH�004/2020) Deleterious
R416I India(hCoV�19/India/1-27/2020) Neutral
S438F India(hCoV�19/India/763/2020,777/2020) Neutral
Y508H France Neutral
D614GG Multiple countries isolatesa Neutral
Q675H Scotland Neutral
T791I Taiwan Neutral
F797C Sweden Deleterious
A930V India(hCoV�19/India/1-31/2020) Deleterious
I1216T China(hCoV�19/Shanghai/SH0067/2020) Deleterious
P1263L England Neutral

ORF3a A31T Hungary Neutral
Q57HGH Russia, Congo, Saudi Arabia Deleterious
V88L Cambodia Neutral
H93Y Wales Deleterious
G196V Chile, Georgia Deleterious
G251VV France, Sweden, Australia, China(hCoV�19/HongKong/CUHK1/2020) Deleterious

Membrane glycoprotein D3G Finland Neutral
T175M Belgium, Brazil Deleterious

ORF7a V74F Kuwait, India(hCoV�19/India/1073/2020,1093/2020,1100,2020,1115/2020,1063/2020) Deleterious
S81L New Zealand Deleterious

ORF8 V62L New Zealand Neutral
L84SS Multiple countries isolatesb Neutral

Nucleocapsid protein L121H China(hCoV�19/Shandong/LY003/2020) Deleterious
T148I China(hCoV�19/Shenzhen/SZTH�004/2020) Deleterious
S193I Wales Deleterious
S197L Spain, Chile, Georgia Neutral
R203KGR Multiple countries isolatesc Neutral
G204RGR Multiple countries isolatesc Neutral
I292T Switzerland Neutral

a Refer Supplementary table1.
b Australia, Spain, Chile, USA, S. Korea, Georgia, China (hCoV-19/Hangzhou/ZJU-08/2020, hCoV-19/Beijing/235/2020, hCoV-19/Guangzhou/GZMU0047/2020, hCoV-19/

Shandong/LY003/2020), India(hCoV-19/India/1e31/2020), Georgia, New Zealand.
c Belgium, Brazil, Peru, Mexico, Nigeria, Vietnam, Switzerland, India(hCoV-19/India/c32/2020, hCoV-19/India/2020c32/2020, hCoV-19/India/c31/2020).
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means the virus has gone through successful pathogenesis
following the interaction to the host receptor through the spike.
Thus there is a high chance that the virus might undergo mutation
in RBD of spike protein and become non-infective or negligible in
number to be highlighted for such mutation mapping. After spike
glycoprotein, it is the orf1a polyprotein that forms the major site of
amino acid alterations. Orf1a expresses the viral replicase and
protease enzyme. The dominance of deleterious mutation is found
high in this region. S1498F is the most frequent mutation at the
multi-domain essential replication/transcription complex- Nsp3 of
ORF1a and reflected among multiple Indian isolates with travel
history to Italy. Nucleocapsid N protein shows 7 non-synonymous
mutations of which 4 are neutral and 3 are deleterious. An inci-
dent of the concurrence of R203K and G204R is found in Belgium,
Brazil, Peru, Mexico, Nigeria, Switzerland, and Vietnam from the
present analysis. Similar mutations also have been spotted in 3
601
samples of Indian isolates having a travel connection to Italy.
ORF1ab consist of an equal number of neutral and deleterious
mutation effects. P4715L variant of ORF1ab is remarkable to occur
among 37 samples in the RNA dependent RNA polymerase (RdRp)
site. This prime spot for mutation is especially seen among the
European samples (Table S1). The Indian isolates from patients with
European travel history have revealed such kind of variation devi-
ating from the ancestral samples from China. ORF3a has shown a
more deleterious effect of amino acid substitutions. The incidence
of occurrence of G251V is high among various samples irrespective
of geographical locations. The change of amino acid L84S in ORF8
has been observed among the viral samples of more than 12
countries. Such a mutation can be observed in various affected
countries from different geographical locations. Primary samples
isolated in India from Kerala in January 2020 bear such mutation.
V74F is the deleterious mutation found in ORF7b among an isolate
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from Kuwait and five Indian isolates sampled at Iran inMarch 2020.
It can be called that V74F variation in ORF7b is primarily restricted
to the Asian continent. Membrane glycoprotein consists of a neutral
and deleterious mutation not having any amino acid alteration on
Indian samples. Amino acid alterations in envelope protein and two
other accessory proteins ORF6 and ORF7a have not been found
among the isolates chosen for the present study. The relative
occurrence of non-synonymous mutations among gene products of
SARS-CoV-2 has been shown in Fig. 1b.
3.2. Loss of epitope for non-synonymous mutation

The present study reports three cases of epitope loss due to
amino acid alterations. Screening of all B-cell epitopes is presented
in table S3. P4715L substitution in RdRp protein from the ORF1ab
region is linked with ‘FPPTSFG’ epitope loss from the site (Fig. 2a).
Wild type RdRp consists of seven epitope regions that are reduced
to six due to the amino acid substitutions Despite P to L mutational
data suggesting a neutral substitution, it has been found to elicit the
change from a “turn” to “helix” in RdRp adjacent secondary struc-
ture and loss of an epitope (Fig. S1). The second epitope loss is
associated with G251V in ORF3a (Fig. 2b). Six putative epitopes in
the wild-type ORF3a are replaced by five in the mutant variants.
The third loss of epitope S1498F is found in non-structural protein
Nsp3 of ORF1a among Indian isolates. In this case, it is observed
that the epitope loss is partial. S1498F mutation of Nsp3 is
responsible for the loss of linear-epitope consisting of five residues
‘YKDWS’ from the region (Fig. 2c). Such loss of epitope might allow
the new variant to escape interaction with host antibodies and
influence disease profile by evading the antibody-mediated
neutralization.
3.3. Structural impact due to P4715L in RdRp and D614G in spike
protein

To study the effect of the mutation on the tertiary structure of
RdRp and spike protein PDB ID: 6M71, chain A, PDB ID: 6VSB, chain
A have been used as wild type structures, respectively. P4715L in
RdRp accounts for stable conformation change confirmed by
binding conformational enthalpy change (DDG ¼ 1.540 kcal/mol).
The vibrational entropy changes (DDSVib
ENCoM¼�4.074 kcal mol�1 K�1) for this mutation signify decrease
in molecular flexibility (Fig. S2). In both the conformations of RdRp
of Pro4715 and Leu4715 can form intramolecular hydrophobic in-
teractions with Phe4788. The mutation P4715L led to the formation
of an intramolecular hydrogen bonding between Leu4715 and
Phe4718. The oxygen atom of Leu4715 acting as hydrogen bond
acceptor is meant here to interact with hydrogen atom of Phe4718
(hydrogen bond donar). The distance of such h-bond interaction is
2.1892 Å. Energy minimization of wildtype and mutant variant of
RdRp shows RMSD 0.169 nm. In spike glycoprotein, D614G is
favored by the attainment of molecular stability (DDG ¼ 1.128 kcal/
mol) and vibrational entropy changes (DDSVib
ENCoM ¼ �4.531 kcal mol�1 K�1) leading to decrease in molecular
flexibility (Fig. S2). The inter-atomic interactions with the neigh-
boring residues remain the same after D614G mutation. Energy
minimization of wild-type and mutant variant of spike shows
RMSD 0.405 nm. However, careful structural studies indicate that -
the sidechain of D614 potentially can form a hydrogen bond with
T859 and electrostatic bond with K854 of the neighboring proto-
mer (Table 2). G614 is unable to participate in such inter protomer
interactions. D614G mutation of spike protein does not effect hu-
man Ace2 binding. The binding free energy and dissociation con-
stant between the docked complex of wild-type and mutant spike
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protein bound with human Ace2 (Table S4) does not show much
difference in binding affinity.

3.4. Coexistence of P4715L in RdRp and D614G in spike protein
among European and American samples

It is interesting to find that L4715 RdRp and D614G spike vari-
ants show co-occurrence (Fig. 3). These variants from two
completely different proteins are highly correlated. Viral sequences
consistently contain both mutations regardless of when the
sequence is obtained. Such modifications in spike and RdRp are
adopted more in SARS-CoV-2 isolated from patients of Europe and
Americas than those isolated fromAsia. However, the initial isolates
from China lack such variation completely. The pandemic burden of
COVID-19 in India consists of both types of SARS-CoV-2. Indian
patients with travel history from Europe and Americas are mainly
affected by such variants. In Africa only two samples are considered
and both of them showed such a new variant of spike and RdRp.
The global infection fatality rate (deaths/cases) as per WHO situa-
tion report, 4th May 2020 (the time when the present study was
analyzed) has found to be much higher in Europe and America than
the rest of world. The P4715L mutation of RdRp and D614G muta-
tion in spike protein, predominant in viral strains of Europe and
America, has a major role in outrageous infection evident from the
high fatality rate (Fig. S3).

3.5. The more evolved form of SARS-CoV-2 is indicated from
phylogenomic analysis

The adaptive evolution of this novel pathogen is not biased with
geographic location but is related to the non-synonymousmutation
located in spike glycoprotein and RdRp of ORF1ab. P4715L RdRp
and D614G spike is the primary determining factor to cluster the
different SARS-CoV-2 isolates into different clades. The phyloge-
netic tree using whole-genome sequence elicits two types of
clades-the green represented by the ancestral type from China and
redwith the evolved variant in spike and RdRp (Fig. 4). Thus the red
group is the mutant form showing the loss of epitope among
various infected countries. The green group is more prominent in
China and other parts of Asia and the red group mainly belongs to
Europe and America. From the Indian perspective, it is very clear
that Indian samples isolated from patients with the contact or
travel history linked to Wuhan are green variants and the rest
linked with other than Asia, especially Europe and America, are the
red variants. The red variants seem to be more infectious than the
green and the mutations with epitope loss may have a definite role
in this.

4. Discussion

The impact of epitope loss due to non-synonymous mutation is
the biggest and unique concern highlighted in this study. It could
potentially be linked to immune evasion and thus higher viral
spread and pathogenesis. SARS-CoV-2 is recognized by the “pattern
recognition receptors” (PRR) of the immune cells that induce cy-
tokines release activating more immune cells to produce a large
number of pro-inflammatory cytokines, tissue factors and vasoac-
tive peptides [35]. Cytokine storm syndrome related to hyper-
cytokinaemia with multiorgan failure can be observed [36]. In
patients infected by SARS-CoV-2 increase in T-helper 2 (TH2) cy-
tokines (IL-4 and IL10) are reported in addition to the T-helper 1
(TH1) cytokines (IL1B, IFNg, IP10, andMCP1) previously detected in
other coronavirus infections [37]. Patients with more severe cases
had higher leukocyte and neutrophil count, lower lymphocyte
count and higher neutrophil-to-lymphocyte ratio (NLR) [38].



Fig. 2. Epitope loss linked with non-synonymous mutations. The predicted score above the threshold level is the Yellow region showing epitope. (a) Effect of P4715L mutation in
RdRp. (a) B-cell epitope in non-mutated RdRp (left) and P4715L mutant (right). It is linked with such epitope loss FPPTSFG from the site. (b) Epitope loss linked with ORF3a G251V.
The B-cell epitope of wildtype ORF3a (left). G251V mutant (right) causes loss of DGSSGVV(250 …. 256aa). (c) Epitope loss linked with S1498F in the papain-like protease domain of
NSP3 in the ORF1a region. The B-cell epitope of wildtype sample (left), S1498F mutation causes the loss YKDWS (right).

Table 2
Spike SARS-CoV-2 interactions with neighboring protomer through D614 side
chains, examined from cryoEM structure [42].

Bond type Interacting residues and atoms Distance (Å)

H-bond Thr859:OG1-Asp614:OD2 2.74
Electrostatic Lys854:NZ-Asp614:OD2 5.20
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Humoral immune responses have a substantial role in COVID-19
infections. It has been found that nucleocapsid protein (NP)-spe-
cific antibody response, and anti-spike RBD antibody atleast 3 days
603
of post symptoms onset [39]. It has been reported that IgM peaked
at day 9 after disease onset and then switched to IgG by week 2
[40]. Immunoglobulin class switching from IgM to IgG can be
observed within 1 week after the first virus exposure [40].
Concomitantly with the decrease of IgM, IgG levels have raised
gradually from week 3 to week 7, indicating the activation of the
humoral immune response against the virus [41]. The real-time
evolution of SARS-CoV-2 has been tracked from the available
whole genome sequences around the globe through the phyloge-
nomic analysis. It has been found that there are many point



Fig. 3. P4715L RdRp and D614G spike variants show co-occurrence. (a) The incidence (%) of occurrence of P4715 and L4715 of RdRp in various geographical locations. (b) The
incidence (%) of occurrence of D614 and G614 of spike protein in various geographical locations. (c) The overlap in the mutation across the world is depicted from the combined plot.
The distribution of these two unique mutant sites of vital SARS-CoV-2 proteins can be completely superimposed.
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mutations incorporated in the genome of SARS-CoV-2 from the
variants associated with the first outbreak in China to the present
variants isolated in Europe. SARS-CoV-2 genome sequences avail-
able at the public database of the Global Initiative on Sharing All
Influenza Data (GISAID) till 02-10-2020 classifies the variants into
several clades like (i) L-original lineage, (ii) G-variant of spike
protein causing D614S mutation, (iii) S- variant ORF8 responsible
for L84S mutation, (iv) V- variant of the ORF3a coding protein N3S
responsible for G251V mutation, (v) GH- a G derivative character-
ized by ORF3a: Q57H mutation, (vi) GR-nucleocapsid gene muta-
tions- R203K and G204R, (vii) O- other combinations that do match
from the rest [42]. In present analyses we have included all these
variants (Table 1) along with the loss of epitope due to such mu-
tation in ‘V’ variant. The second most common mutation is among
these variants is P4715L of RdRp [42]. All the emerged SARS-CoV-2
genomes from new epicenters belong to either of these clades. The
present study identified all the popular mutations along with some
other mutations and reported the phenomenon of epitope loss that
may influence pathogenesis caused by antibody escape variants.
Hence, the result obtained from the 586 sequences is a brief
reflection of >82,000 sequences present in GISAID database. It is
further interesting to note that all the samples isolated after the
middle of March 2020 to 30th April 2020 show the major preva-
lence of epitope loss due to such amino acid alterations. Mutations
that appeared at multiple times include D614G in spike
604
glycoprotein and P4715L in RdRp. The bulletin from WHO on
variant analysis of SARS-CoV-2 reported on June, 2020 [43]
described P4715L mutation in ORF1ab from 6319 samples. D614G
mutation in spike is the dominant pandemic form thatmay indicate
a fitness advantage [44] and related to severe reduced antigenic
specificity [45]. Such mutations have occurred primarily as the vi-
rus started perpetuating outside China during the second sharp
infection and morbidity in Italy, Spain, and other parts of Europe.
The present analysis clearly justifies the concurrence of these two
mutation sites in the same viral sample. Yin, 2020 also reported the
frequent mutation of spike protein and RdRp in SARS-CoV-2 and
their co-occurrence [46]. Increased transmission of such mutations
might have a selective advantage for positive selection. In the
present study, apart from the phenomenon of co-occurrence, we
have focused into linear B-cell epitope loss due to such mutation in
RdRp that may promote antibody escape in the western world
variant than that of the eastern world. The phylogenomics study
prominently have represented the evolution of SARS-CoV-2 since
its outbreak in Dec, 2019. The later variants of the virus especially
that are found in Europe and America lacks the epitope in certain
proteins than that of the original SARS-CoV-2 strains from China.
The study delineates the change in traits in SARS-CoV-2 as it came
outside China to rest of theworld. Conformational changes in SARS-
CoV-2 protein structure due to much non-synonymous mutation
and epitope loss could be immensely interesting both for plasma



Fig. 4. Phylogenomics with different SARS-CoV-2 viral samples across the world. The tree is distinctly divided into 2 clades: green shows the original (ancestral) form of the virus
isolated from Dec, 2019 to Feb, 2020 and red clades are the evolved variant isolated after Feb, 2020 to April, 2020. Loss of epitope is found in the evolved variant due to non-
synonymous mutation. Indian isolates are highlighted in purple belonging to both the green and red clades. The samples from Kerala, India are Wuhan representative (within
green clade) and the rest are the variants from Italy (within red clade).
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mediated therapy or serological detection of COVID-19. However, it
can be anticipated that the replacement of negatively charged Asp
into non-polar Gly in D614G mutation of spike protein conse-
quences from the replacement of hydrophilic to the hydrophobic
605
residue. Furthermore the flexibility has also been compromised due
to such mutation as reflected from the vibrational entropy changes.
Thus the loss of acidic residue and impairment in structural flexi-
bility might play a role in altered recognition towards human Ace2
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receptor recognition and fusion of viral membrane. Structural
analysis has indicated that the D to G mutation at 614th position in
spike protein does not cause significant variation as both of them
attain sheet-like conformation in their secondary structure. Spike
D614G mutation site is not proximally situated to the RBD-Ace2
binding interface and unable to differentiate much in Ace2 in-
teractions. However, careful examination of the cryoEM structure
[47] predicts that the interactions with the neighbouring protomer
due to D614G mutation is disrupted in absence of negatively
charged/hydrogen bond accepting group from the side chain of
non-polar glycine. The interaction between the two protomers due
to Asp614 is very critical as it brings together the S1 unit of one
protomer to the S2 unit of the other protomer. These two sites play
vital role in furin and S2 cleavage [48]. Thus, it may be hypothe-
cated that D614G mutation diminishes the interaction between the
S1 and S2 units, facilitating the shedding of S1 from viral-
membrane-bound S2. This process may trigger the binding of S1
subunit to host cell receptors leading to enhanced pathogenicity
due to D614G mutation. In the tertiary structure, it has appeared
that such mutation stabilized the structure better however
decreased the structural flexibility as accounted from binding
conformational enthalpy change. The phenomenon of epitope loss
due to P4715L in ORF1ab polyprotein is supported because Leu (L) is
the hydrophobic residue which prefers normally to buried within
the protein rather than to expose outside to act as an epitope for
immunological interactions [49,50]. The change of secondary
structure from loop to helix linked to P4715L supports epitope loss
as epitope antibody residues are enriched by loops and depleted of
strands and helixes [49]. This is logical due to the substitution of
helix breaker ePro (P) with a most stabilizing residue in alpha
helix, Leu (L) might cause structural stabilization. The ellipse-like
shape of the epitope [51] ‘FPPTSFG’ becomes distorted due to
amino acid alteration leading to the loss of epitope. Thus the change
of shape of the epitope also supports the cause behind the loss of
antigenic determinant. Structural changes in RdRp might influence
viral replication as it is one of the key players in viral replications. It
can be hypothesized, that the decrease in flexibility of the overall
structure of spike and RdRp due to mutations and epitope loss has
made them less accessible to antibody causing less responsive
immunity by the host. Such stabilizing mutation might thus ac-
count for positive selection and adaptive advantage as when
introduced to new variant sit rapidly becomes the dominant form.
The detailed structural dynamics associated with epitope loss on
paratope interaction at epitope:paratope interface shall be inter-
esting to focus in future. The epitope loss linked with G251V in
ORF3a might cause a change in flexibility due to the substitution of
small hydrogen moiety of Gly (G) to the bulky branched side chain
in Val (V). The tendency for epitopes to be depleted of small hy-
drophobic amino acids like Val [49,50] supports the epitope loss
associated with G251V. Such changes in the ORF3a-viroporin
domain require further experimental outcomes to precisely un-
derstand the effect exerted. While trying to unravel the role of non-
synonymous mutation from the Indian perspective, it has been
found that the Indian SARS-CoV-2 samples isolated from the pa-
tient of Kerala state with travel history fromWuhan on January lack
D614G mutation in their spike glycoprotein but additionally shows
a neutral mutation R416I and an alteration of A930V with delete-
rious effect. Deletion is also found at Y145 in the initial viral sample
hCoV-19/India/1e27/2020 during the report of onset of infection in
India. The D to G mutation at 614th position among Indian samples
has been found with European travel connections. Increased
infectivity might be consistent with rapid spread, and also the as-
sociation of higher viral load with G614 that we observed in more
infected countries. For P4715L mutation in RdRp, a mixed outcome
has been noticed. P4715 with the epitope ‘FPPTSFG’ remains
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conserved to all the samples isolated from patients without travel
history outside Asia. L4715 with the loss of epitope is found in the
samples with travel history from Italy. Indian isolates from Euro-
pean origin show a new mutation S1498F in the papain-like pro-
tease domain of Nsp3 in the ORF1a region. It is responsible for
releasing Nsp1, Nsp2, and Nsp3 from the N-terminal region of
polyproteins 1a/1 ab [52]. Ser (S) to Phe (F) mutation led to a shift
from polar hydrophilic to the non-polar hydrophobic group. The
residues in epitope are enriched by polar amino acids and depleted
of hydrophobic amino acid compared to residues of non-epitope
residues [49e52] supports the observation of epitope loss from
this site. As the properties of these two amino acids are different,
the mutations might presumably modify the replication/tran-
scription function of Nsp3. V74F mutation appears in the ORF7a
accessory protein among isolates from the COVID-19 patients of
India who migrated from Iran. This accessory protein is suggestive
to have a potential role in binding with the IL-1 receptor of the host
cell [53]. Such a mutation from V to F is deleterious and may have
an impact as the side chain isopropyl group is substituted by a
phenyl group. R203K and G204R in nucleocapsid protein are found
in SARS-CoV-2 of three Indian patients who traveled from Italy in
April 2020. Membrane glycoprotein and ORF3a is uniform among
all the Indian isolates. Multiple emergent variants of viral genomes
both from Europe and China are circulating in the Indian popula-
tion. Sequences submitted from Kerala are similar to the original
Wuhan virus while the rest are similar to Italy. There can be a better
understanding through large-scale global sequencing studies
which clears the most perpetuating SARS-CoV-2 in the Indian
population. Meanwhile, understanding how mutations could lead
to loss of epitope and how this in turn related to probable immune
evasion would be an important topic of research to combat the
pandemic. Biological impact of epitope loss of RdRp, ORF3a and
Nsp3 on immune recognisation has not been reported yet. The loss
of antigenic determinant impairs immune recognisation is an
established fact in other viral disease models [54] which can be
followed to know the antigenic variation and immune escape by
SARS-CoV-2 in near future.
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