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ARTICLE INFO ABSTRACT

Keywords: Mutations in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) occur spontaneously during
COVID-19 replication. Thousands of mutations have accumulated and continue to since the emergence of the virus. As novel
Mutation

mutations continue appearing at the scene, naturally, new variants are increasingly observed.

Since the first occurrence of the SARS-CoV-2 infection, a wide variety of drug compounds affecting the binding
sites of the virus have begun to be studied. As the drug and vaccine trials are continuing, it is of utmost
importance to take into consideration the SARS-CoV-2 mutations and their respective frequencies since these
data could lead the way to multi-drug combinations. The lack of effective therapeutic and preventive strategies
against human coronaviruses (hCoVs) necessitates research that is of interest to the clinical applications.

The reason why the mutations in glycoprotein S lead to vaccine escape is related to the location of the mu-
tation and the affinity of the protein. At the same time, it can be said that variations should occur in areas such as
the receptor-binding domain (RBD), and vaccines and antiviral drugs should be formulated by targeting more
than one viral protein.

Receptor-binding domain
SARS-CoV-2

Spike protein

Viral variants

* Corresponding author at: Akdeniz University, Faculty of Medicine, Department of Medical Pharmacology, Antalya, Turkey.
** Corresponding author at: Ankara University, Stem Cell Institute, Ankara, Turkey.

*** Corresponding author at: Ankara University, Biotechnology Institute, Ankara, Turkey.
E-mail addresses: evrimgunes@gmail.com (E. Gunes Altuntas), pelin.kilic@ankara.edu.tr (P. Kilic), dedemir@yahoo.com (D. Demir-Dora).

https://doi.org/10.1016/j.cytogfr.2021.06.001

Received 2 May 2021; Received in revised form 10 June 2021; Accepted 11 June 2021
Available online 2 July 2021

1359-6101/© 2021 Published by Elsevier Ltd.


mailto:evrimgunes@gmail.com
mailto:pelin.kilic@ankara.edu.tr
mailto:dedemir@yahoo.com
www.sciencedirect.com/science/journal/13596101
https://www.elsevier.com/locate/cytogfr
https://doi.org/10.1016/j.cytogfr.2021.06.001
https://doi.org/10.1016/j.cytogfr.2021.06.001
https://doi.org/10.1016/j.cytogfr.2021.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cytogfr.2021.06.001&domain=pdf

B. Cosar et al.

Cytokine and Growth Factor Reviews 63 (2022) 10-22

In this review, a literature survey in the scope of the increasing SARS-CoV-2 mutations and the viral variations
is conducted. In the light of current knowledge, the various disguises of the mutant SARS-CoV-2 forms and their
apparent differences from the original strain are examined as they could possibly aid in finding the most
appropriate therapeutic approaches.

1. Background information

Mutations in the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) occur spontaneously during replication. Thousands of
cumulative mutations have occurred since the emergence of the virus
[1]. As novel mutations continue to emerge, naturally, new mutants are
increasingly observed. Most of the mutations that occur in the
SARS-CoV-2 genome have no notable effect on the spread and the
virulence of the virus, and hence on the course of the disease [2]. The
greatest concern about such emerging mutations is a risky change that
could lead to an increase in the severity of the infection or a failure on
the effects of vaccines currently being developed. This is mainly because
the viral signals may escape the immune protection which originate
from a preceding infection or vaccination [3]. The first occurrence of
any mutation is difficult to correlate with the continuity of the alter-
ations. Understanding the significance of the alterations may be possible
through experimental studies, by showing a link between the mutation
in question and a subtle change in viral biology. However, testing the
effect of thousands of mutants takes considerable time and effort.

As the case with other CoVs, the SARS-CoV-2 genome contains at
least 23 open reading frames (ORFs) [4]. The SARS-CoV-2 genome
contains ORFs that are responsible for the production of non-structural
proteins (Nsps) [5]. ORFs encode at least 4 main structural proteins: the
spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins
[6]. Among these, the most notable mutations are those in the gene
encoding the S protein, which is associated with viral entry into the cells.
There are currently around 4000 mutations in the S protein gene. There
are a few mutations in the region called the receptor-binding motifs
(RBMs) of the S protein, the region responsible for viral entry through its
interaction with the human angiotensin-converting enzyme 2 (hACE2)
receptor on the host cells [7].

In our review, we conducted a literature survey under the scope of
the exponentially increasing SARS-CoV-2 mutations and the numerous
viral variations as the outcome. In the light of current knowledge, we
aim to elaborate SARS-CoV-2's ever changing disguises into novel
mutant forms in various locations around the world, to analyze what
features of such upcoming mutants differ from its original manifestation,
and to emphasize the apparent discrepancies, which may be able to, in
return, possibly aid in finding solutions for developing novel therapeutic
approaches.

2. An overview of SARS-CoV-2

CoVs are a group of infectious pathogens that cause a wide range of

clinical conditions such as respiratory, enteric, hepatic and neurological
diseases. Highly pathogenic human CoVs belong to the Coronaviridae
family. CoVs are divided into four genera: alpha-CoV, beta-CoV, gamma-
CoV and delta-CoV. As well-known today, SARS-CoV-2 is an RNA
coronavirus responsible for the coronavirus disease 2019 (COVID-19)
outbreak. Proven to be the novel pathogen of COVID-19, SARS-CoV-2
belongs to the beta-CoV genus, a linear, single-stranded RNA genome of
approximately 30 kb, and the Sarbecovirus sub-gene, as seen in Table 1
[14].

CoVs are enveloped viruses with positive sense RNA genomes with a
single cistern of approximately 26—32 kb, which have the largest known
genome size for an RNA virus. Seven CoVs - i.e., GC-V-229E, Human
CoV-NL63 (hCoV-NL63), human CoV-OC43 (hCoV-OC43), human CoV-
HKU1 (hCoV-HKU1), SARS-CoV, Middle East respiratory syndrome CoV
(MERS-CoV), SARS-CoV-2 - have infected humans to date [15]
(Table 1). The estimated mutation rates of CoVs are moderate or high
compared to other single-stranded positive-sense RNA (+ssRNA) vi-
ruses. The antigenic surface of SARS-CoV-2 is quite different compared
to other CoVs. Both the SARS-CoV-2 and the SARS infections have many
common features. Both cause respiratory diseases. They are transmitted
from animals to humans as an intermediate host. Both airborne and can
be transmitted via respiratory fluids, which are fine droplets released
during respiration from an infected person [16]. People with the
SARS-CoV-2 infection tend to transmit more rapidly than those with the
SARS infection (Table 2).

SARS-CoV had emerged as a major cause of severe lower respiratory
tract infection in humans in 2002. In some studies conducted at that
time, new strains and the possibility of future outbreaks were mentioned
[22,23]. The severe and sudden symptoms resulting in atypical pneu-
monia with dry cough and persistent high fever in severe cases of the
acute respiratory virus have revealed the importance of CoVs as
potentially lethal human pathogens, and the identification of several
zoonotic reservoirs has reappeared.

SARS-CoV-2 is the seventh CoV known to infect humans [24]. The
world experienced its first international health emergency in the 21st
century with the disease called SARS, in 2003. SARS had first started in
China and soon spread to Asia, North America and Europe, causing 800
deaths in approximately 30 countries. Similarly, cases of pneumonia of
unknown etiology were reported on December 31, 2019 in Wuhan,
Hubei Province, China. It was identified on January 7, 2020, that the
disease agent was an unprecedented CoV (2019-nCoV) in humans.

Table 1
Comparison of SARS-CoV, MERS-CoV and other human coronaviruses (hCoVs) by species, genome, genome length and percentage (%) similarity to the SARS-CoV-2
genome.
No  Viral Strain Variety Genome Genome Length Similarity Ratio to the SARS-CoV-2 Genome References
(bp) (%)
1 Severe Acute Respiratory Syndrome Coronavirus (SARS- Beta () SARS-CoV 29,751 82.45 [8]
CoV)
2 Middle East Respiratory Syndrome Coronavirus (MERS- i MERS-CoV 30,119 69.58 [9]
CoV)
3 Human Coronavirus-NL63 (hCoV-NL63) Alpha (a) hCoV NL63 27,553 65.11 [10]
4 Human Coronavirus-229E (hCoV-229E) o hCoV 229E 27,317 65.04 [11]
5 Human Coronavirus-HKU1 (hCoV-HKU1) B hCoV 29,926 67.59 [12]
HKU1
6 Human Coronavirus-OC43 (hCoV-OC43) [i} hCoV 0C43 30,741 68.93 [13]
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2.1. SARS-CoV-2 structural properties and the replication cycle

SARS-CoV-2 has typical features among the CoV family, belongs to
the beta-CoV 2b group and is an enveloped +ssRNA virus [25].
SARS-CoV-2 encodes the basic structural proteins of S, M, E and N, as
seen in Fig. 1. Also as observed in Table 1, the SARS-CoV, MERS-CoV,
hCoV-HKU1 and hCoV-0OC43 proteins have sequencing similarities with
SARS-CoV-2 proteins [26].

+ssRNA viruses, a large group that includes human pathogens such
as SARS-CoV, replicate in the cytoplasm of the infected host cells.
Replication complexes are generally associated with modified host cell
membranes [27]. The SARS-CoV replication is driven by the
membrane-bound viral enzyme complex. This complex is often linked to
modified intracellular membranes. CoVs and other members of the
Nidovirus family have a polycistronic genome, and use a variety of
transcriptional and (post-) translational mechanisms to regulate their
expression [28,29]. Post-translational modifications are covalent mod-
ifications of proteins after they are translated by ribosomes. It identifies
new functional groups such as phosphate and carbohydrates, expands
the chemical repertoire of 20 standard amino acids through
post-translational modifications, and plays important roles in regulating
the folding, stability, enzymatic activity, subcellular localization and
interaction of a protein with other proteins [30]. Viruses that maintain
compulsory cell life receive support from the protein synthesis mecha-
nisms of the host cells after respiration. For this reason, after the poly-
peptides are synthesized, they modify protein functions by creating
covalent modifications [31]. The gene encoding the replicase/tran-
scriptase (this gene is commonly referred to as "replicase"), contains
nearly two-thirds of the CoV genome, the largest known RNA genome to
date. The replicase gene consists of ORFs 1a and 1b. ORF1b is expressed
by a ribosomal frameshift near the 3'-terminal of the ORFla. Thus, the
SARS-CoV genome translation yields two polyproteins (ppla and pplab)
that are auto-proteolytically cleaved into 16 Nsps by proteases found in
Nsp3 and Nsp5 [32,33].

2.2. Entry into the cell

The default gateway, the cellular receptor, or SARS-CoV-2 is
angiotensin-converting enzyme 2 (ACE2) [34,35]. Both SARS-CoV-2 and
SARS-CoV use hACE2 as the input receptor and human proteases as
input activators. The S protein, the leading viral surface protein, medi-
ates the entry of SARS-CoV-2 into the cell. To fulfill the function of
SARS-CoV-2, the receptor binds to hACE2 via the receptor-binding
domain (RBD) and is proteolytically activated by human proteases. It
is thought-provoking that the recombinant hACE2 (rhACE2) signifi-
cantly reduces viral utilization in human cell-derived organoids [36],
possibly serving as a decoy for virus binding.

Normally, ACE2 acts in regulating blood pressure. However when
the CoV binds to ACE2, a series of chemical changes occur, that effec-
tively inter-connect the membranes around the cell and the virus,
allowing the RNA of the virus to enter the cell. To enter the host cells,
CoVs first bind to a cell surface receptor for viral attachment, then
penetrate into the endosomes, and eventually join the viral and lyso-
somal membranes [37,38].
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Fig. 1. The to-date defined surface protein structure of of SARS-CoV-2
(+ssRNA: single-stranded positive-sense RNA).

Protease activators have also been studied for SARS-CoV-2 entry at
the receptor level. Both the transmembrane protease serine 2
(TMPRSS2) and lysosomal proteases are important for SARS-CoV-2
entry [39,40]. A successful viral entry requires proteolytic processing
of the viral coat glycoprotein S, which is able to be carried out by
TMPRSS2. Both camostat and the camostat-related agent nafamostat
[41] block SARS-CoV-2 replication in human cells which express
TMPRSS2. CoVs use the endo-lysosomal pathway to enter the cell before
reproducing.

The CoV life cycle includes several potentially targetable steps: i)
endocytic entry into host cells (via ACE2 and TMPRSS2), ii) RNA
replication and transcription (helicase-containing transcription), and
RNA-dependent RNA polymerase (RdRp) activation, translation and
proteolytic processing of viral proteins, and iii) viron assembly and
release of new viruses through exocytic systems [42] (Fig. 2).

3. Mutations in the spike (S) protein

The entry of SARS-CoV-2 into the cell takes place through the S
protein [43], which has an important role in viral infection and patho-
genesis [44]. The S protein consists of two subdomains: i) S1, and ii) S2.
The S1 protein consists of an N-terminal domain (NTD) and a C-terminal
domain (CTD) (Fig. 3). These two domains act as RBD and can bind
various sugars and proteins [45]. S1 recognizes and binds to hACE2
receptors. S2 facilitates fusion through conformational changes [46,47].
While the S1 domain varies even among a single CoV species, the S2
domain is the most reserved region of the S protein.

The S protein found in the SARS-CoV-2 genome is of great impor-
tance ACE2 receptor binding and membrane fusion of the virus, and
running scientific studies on therapeutic approaches and on the forma-
tion of immune response. Therefore, mutations that occur in the S pro-
tein, especially the RBD in the S gene, should be thoroughly examined.

There are currently around 4000 mutations in the S protein gene. The
well-known mutations are listed in Table 3.

3.1. Mutations in the receptor-binding domain (RBD) of SARS-CoV-2

The S protein RBD is defined as the critical determinant of viral
tropism and infectivity. Therefore, more attention should be paid to
whether mutations in the RBD of circulating SARS-CoV-2 strains alter

Table 2
Percentage (%) of sequential similarity of SARS-CoV, MERS-CoV, HCoV-HKU1 and HCoV-OC43 proteins with SARS-CoV-2 proteins.
Protein Severe Acute Respiratory Middle East Respiratory Syndrome Human Coronavirus-HKU1 Human Coronavirus-OC43 References
Syndrome Coronavirs (SARS-CoV) Coronavirus (MERS-CoV) (%) (HCoV-HKU1) (%) (HCoV-0C43) (%)
(%)
S (Spike) 97.71 32.79 30.50 31.26 [17]
E (Envelope) 96.00 36.00 28.00 20.00 [18]
M (Membrane) 89.59 39.27 35.29 38.74 [19]
N (Nucleocapsid) 85.41 48.47 34.28 35.20 [20]
Receptor-Binding 74.41 18.75 24.44 22.83 [21]

Domain (RBD)
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Fig. 2. Cell entry of SARS-CoV-2, replication
cycle and synthesis of viral components. 1:
SARS-CoV-2 binds via the S glycoprotein to the
ACE-2 receptor expressed in the host cell. 2.
SARS-CoV-2 enters the cell with clathrin-coated

Sl pits. 3. The clathrin structures are separated

/ e % from the main structure. 4. Endosome fusion

SARs-Cov-2 g ‘ { v '»: . (with dynein) takes place to release the viral
{ I~ Domain (RBD) L by RNA genome. 5. The dynein units are separated

.,,}‘"_'“' ' «s from the structure and the endosome begins to

ACE-2 Recoptor o open. 6. The opening of the endosome and

release of the viral RNA genome. The viral RNA
genome is synthesized using host ribosomes,
viral polymerase. 7. Genomic and subgenomic
RNA synthesis takes place in the synthesis of
viral proteins. Then, with the help of ribosomes,
viral RNAs are transmitted and viral proteins
are synthesized. 8. Viral components come
together to form the endosomal structure, then
to make up for SARS-CoV-2.

SARS-CoV2

Fig. 3. The structure of the SARS-CoV-2 spike (S) protein. (RBD: receptor binding domain; NDT: N-terminal domain; FP: fusion protein; T.A.: transmembrane anchor
and L.T.: intracelluar tail).

part [48]. Six RBD amino acids are critical for binding to ACE2 receptors
and determining the seven major sequences of the SARS-CoV-like virus.
While analyses suggest that SARS-CoV-2 can bind human ACE2 with

the receptor-binding affinity and cause these strains to be more conta-
gious. RBD mutation analysis provides information about the changes in
SARS-CoV-2. The RBD CoV genome in the S protein is the most variable
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Table 3
The molecular location and geographical distribution of mutations in the S gene
region.

S Gene Molecular Location and the Related Probable Impact ~ References
Mutation
D614G Severe acute respiratory syndrome Coronavirus [51,52,
(SARS-CoV) epitope-interprotomer stabilization, 53]
Asp614-to-Gly
L8V/W Single peptide [53]
H49Y Spike 1 (S1) protein N-terminal domain (NTD), [53,54]
Cytosine/Timine (C/T) change at the 21.707
positions
Q239K S1 NTD [53]
V367F Up/Down conformation [53]
G476S Receptor-binding domain (RBD) [53]
V615I/F SARS-CoV antibody-dependent enhancement (ADE) [53]
epitope
A831V Potential fusion protein in the S2 protein subunit [53]
D839Y/N/E S2 subunit [53]
S943P Heptad repeat 1 (HR1) fusion core [53]
P1263L Cytoplasmic tail [53]
L5F Single peptide [53]
Y145 H/del S1 NTD [53]
N439K RBD [2]
L452R RBD [2]
T478I RBD [2]
E484D RBD [2]

high-affinity, computational analyses reveal that the interaction is not so
ideal and that the RBD sequence differs from those shown to be optimal
for receptor binding in SARS-CoV [49]. Thus, the high-affinity binding
of the SARS-CoV-2 S protein to human ACE2 is most likely the result of
natural selection on an hACE2 or human-like ACE2, which allows for
another emerging optimal solution for binding [50]. This is strong evi-
dence that SARS-CoV-2 is not a product of targeted manipulation. There
are 725 present non-degenerate mutations in the SARS-CoV-2 S protein.
Among such, 89 mutations involved in the binding of the SARS-CoV-2 S
protein and ACE2 which occurrs in the RBD. Moreover, 52 of the 89
mutations are on the CRBM, the RBD region that is in direct contact with
ACE2. Many mutations on RBD such as N439 K, L452R, T478I and
E484D are noted to have significant free energy changes. Mutations in
the RBM take up 58 % (52 of 89) of all mutations on the RBD, potentially
increasing the complexity of antiviral drug and vaccine development.
This overall analysis suggests that mutations in the RBD enhance the
binding of the S protein and ACE2, leading to the more infectious
SARS-CoV-2 [2]. Based on the up-to-date literature survey performed in
this study, we retrieved 28 different S protein variants. Out of these
variants, 12 belong to the RBD region, only.

3.2. Important mutations in the RBD and other domains of the S protein

3.2.1. D614G

The D614G (Asp614-to-Gly)) mutation was first detected in Germany
and China in late January 2020 [55]. It has become a worldwide mutant
thereafter [56]. D614G was determined as the most prominent sequence
variation with a rate of 56 % in experiments performed on experimental
animals with the SARS-CoV-2 virus isolated in Anatolia [57]. It was
formed by replacing the natural form of Asp614 with Gly in the S protein
[58]. The D614G strain was accompanied by two different mutations.
The first was a silent cytosine thymine (CT) mutation in the Nsp3 gene at
position 3.037 and the second is a CT mutation of amino acid change at
position 14.409 (RdRp P323 L), resulting in an RdRp [51]. The D614G
mutation increased transduction in many cell types, including lung,
liver, and colon cells. It is also more resistant to proteolytic cleavage.
Accordingly, it is 4-9 times more contagious [52], however not an
escape mutation [59].

3.2.2. §943P
The S943P mutation was the first to occur in the S protein in

14
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Belgium. In Belgium, 23 S943P mutations were found in 284 SARS-CoV-
2 S sequences, but not among the remainder of the 6,063 S sequences
sampled worldwide from outside of Belgium. As a result, the AGT (S) —
CCT (P) mutation emerged [60]. The S943P mutation is a result of
recombination of different viruses in an infected host and has evolved
significantly [61,62].

3.2.3. V483a

The V483a mutation was first seen in North America [63]. V483a
occurred in the S1 domain RBM of the S protein found in the virus
genome [64]. This mutation occurs when the hydrophobic alanine re-
places the hydrophobic valine, an important amino acid residue in the
RBM region of glycoprotein S at position 483, and is caused by the
transition from thymine (uracil) to cytosine at the genome position
23010 [65]. Since the V483a mutation site is not in direct contact with
the ACE2 receptor [66], no significant change was observed without
binding to the ACE2 receptor [62]. The RNA replication rate in the
resulting mutant strain causes the virus to mutate in the host, resulting
in the mutant strain to have strong drug resistance.

3.2.4. E484K

The E484K mutation, which was first observed in South Africa, is a
rapid spread mutation found in the variants of South Africa (B.1.351)
[67] and Brazil (B.1.1.28) [68]. This mutation in the S protein suggests
that the virus is further developing and may become resistant to vaccines
[69].

3.2.5. COH.20G/501Y

The COH.20G/501Y variant has a 20G backbone and was identified
in Columbus independent of the 20G variant available in Ohio [70]. The
S N501Y mutation, located within the RBD, is of particular concern for
two reasons: i) its increased affinity to ACE2 [71,72], and ii) that it may
impact association of receptor binding neutralizing antibodies including
those in the Regeneron cocktail [71,73].

3.2.6. L452R

The L452R mutant was first detected in Denmark in March 2020. In
California, the mutant prominently spread in Los Angeles. This mutation
was found in 45 % of the existing samples in California [74]. This mu-
tation weakened antibody neutralization and increased the virus’s
ability to infect [75].

3.2.7. Q677

The Q677 mutation was first noticed in New Mexico and Louisiana.
In some strains, its 677th amino acid glutamine (Q) has been converted
to proline (P). This variant is known as Q677P. In other strains, the same
amino acid has transformed into histidine (H). This variant is also named
Q677H [75]. This mutation has enabled SARS-CoV-2 to enter the human
cells more easily due to its Q location [76].

3.2.8. P681H

The P681H mutation has been observed worldwide as of December
31, 2020 [77]. P681H results from a loss of proline and a gain of histi-
dine containing imidazole. It also has mutations that result in cysteine
residues. This potentially causes breakdown of the disulfide bridges in
and around the RBD [77]. It is not thought to be associated with
increased infection or spread, yet studies are ongoing [78].

3.2.9. E484Q

The E484Q mutation is caused by the change between glutamic acid
(El) and glutamine (Q) at position 484. It causes an increase in ACE2
affinity in the B.1.617 double mutation strain seen in India [79,80].

3.2.10. K417
The K417 spike protein has been observed in several strains, mainly
P.1 and B.1.351. This mutation is manifested as K417 N in the B.1.351
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strain and as K417 T in the P.1 strain [80,81].

3.2.11. S477G/N

The S477 residue has the highest number of mutations in the RBD. It
occurs as a result of amino acid changes at position 477. An increased
binding affinity for hACE2 is observed with S477G and S477N, the two
most frequently demonstrated mutations of S477 [82].

4. Some SARS-COV-2 variants recently associated with rapid
spread

RNA viruses, one of which is SARS-CoV-2, are defined by a high
mutation rate, one million times higher than their host. Viral mutagenic
ability depends on several factors, including the quality of viral enzymes
that replicate nucleic acids like RdRp. The mutation rate drives viral
evolution and genome variability, thus allowing viruses to escape host
immunity and hence develop drug resistance [83].

A number of SARS-CoV-2 variants have emerged worldwide since the
COVID-19 outbreak. The fastest-spreading variants recently detected in
UK, South Africa and Brazil have been the focus of attention (Fig. 4).
Scientists suspect that variants have the potential to affect certain mu-
tation patterns, their infectivity, virulence and/or their ability to escape
from parts of the immune system. Second, it could render vaccine-
induced or naturally immune humans vulnerable to re-infection with
the new variants to SARS-CoV-2, and such possible effects are still under
investigation.

4.1. B.1.1.7, 20I/501Y.V1, VOC202012/01

The B.1.1.7 variant was first seen in UK and began to spread rapidly.
After a short time, it was seen in particularly India, the Netherlands,
Switzerland, France, Brazil, Finland, Belgium, Mexico, Bangladesh,
Turkey, China (Bejing and Wuhan), South Korea, 62 European countries,
Asia and UK [84]. The B.1.1.7 strain N5014, P681H, H69-V70 and
Y144/145 have significant mutations in the deletion processes. The
reason for this rapid spread is due to the N501Y mutation increasing the
receptor binding affinity. The variant also has a deletion at positions 69
and 70 of the S protein [85]. Furthermore, the B.1.1.7 variant appears to
have a 30 % higher mortality rate along with other variants of
SARS-CoV-2 [86].

[l More than one mutant type
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4.2. B.1.351, 20C/501Y.V2

The B.1.351 variant originated in South Africa. B.1.351 contains 9 S
mutations in addition to those of D614G, including a cluster of muta-
tions (e.g., 242-244del & R246I) in NTD, three mutations (K417N,
E484K, & N501Y) in RBD, and one mutation (A701V) near the furin
cleavage site [87]. There is a growing concern that these new variants
could impair the efficacy of current monoclonal antibody (mAb) ther-
apies or vaccines. This is mainly because many of the mutations reside in
the antigenic supersite in NTD16,17 or in the ACE2-binding site (also
known as the RBM) which is a major target of potent virus-neutralizing
antibodies [88].

4.3. P.1

One of Brazil’s detected variants of SARS-CoV-2 is the P.1 variant, a
descendant of B.1.1.28. This a highly diverse variable, which includes
the E484K, K417T and N501Y mutations, was identified in 42 % of the
positive individuals [68]. Viruses that show co-mutations with the P.1
variant cause concern that they may carry a more infectious risk [89]. As
a matter of fact, the inclusion of a common mutation allows it to be
contaminated similar to the South African variant as well as to create
more re-emerging risks.

4.4. P.2

This variant was first coined in the US in November 2020. It contains
the mutations T95I, D253 G, L5F, S477N, E484K, D614G, A701V [90],
spreads rapidly, and neutralization has been observed to be reduced in
patients harboring this mutation [91].

4.5. B.1.525

The B.1.525 variant, which was first determined in December 2020
and identified in many countries, especially Denmark, is similar to the
E484K, Q677H, F888L variants. In addition, B.1.525 is similar to the
highly transferable variant B.1.1.7, which also occurs in UK, in that it
includes the mutations S:69-70 and S:144 of B.1.1.7 (501Y.V1) [92].
However, further research is necessary to assess whether B.1.525 causes
more contagiousness and more severe outcomes.

Fig. 4. Countries with the fastest-spreading
variants. B.1.1.7: Denmark, United States of
America, France, Spain, Belgium, Netherlands,
Italy, Switzerland, Ireland, Turkey, Israel,
Portugal, Austria, Sweden, Australia, Finland,
Germany, Norway, Nigeria, Slovakia, Ghana,
India, Singapore, New Zealand, Jordan, Can-
ada, Romania, Luxembourg, South Korea,
Brazil, United Arab Emirates, Iceland, Poland,
Czech  Republic, Sri Lanka, Northern
Macedonia, Saint Lucia, Aruba, Hong Kong,
Thailand, Montenegro, Mexico, Ecuador, Bos-

nia and Herzegovina, Hungary, Latvia,
Slovenia, Greece, Guadeloupe, Jamaica,
Barbados, Kosovo, Bangladesh, Gambia,

Cayman Islands, Republic of Serbia, Malaysia,
/} Democratic Republic of the Congo, Taiwan,
i Pakistan, Peru, Iran, Argentina, Mayotte,
Curacao, Oman, Senegal, Kuwait, Dominican
Republic, Trinidad and Tobago, South Africa,
B.1.351: Mayotte, United Kingdom, Belgium,
France, Netherlands, Switzerland,

Mozambique, Botswana, Zambia, New Zealand, Australia, Austria, Denmark, United States of America, Turkey, Germany, Ireland, Israel, Kenya, Finland, Sweden,
United Arab Emirates, Ghana, South Korea, Thailand, Spain, Canada, Portugal, Luxembourg, Singapore, Democratic Republic of the Congo, Italy, Norway, Panama,
Bangladesh, P.1: Brazil, Switzerland, Colombia, Italy, Belgium, Japan, France, United States of America, Netherlands, French Guiana, Spain, South Korea, Mexico,
Faroe Islands, Peru, B.1.525: Denmark, United Kingdom, Nigeria, United States of America, France, Canada, Ghana, Australia, Netherlands, Jordan, Singapore,
Finland, Mayotte, Belgium, Spain. More than one mutant type is seen at once in the blackened countries or regions.
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4.6. B.1.526

B.1.526 was first identified in New York [93]. This variant contains
the mutations L5F, T95I, D253G, E484K, D614G and A701V [94]. This
variant is thought to spread especially in countries with high seropre-
valence. It poses a threat on therapeutic approaches because it harbors
previously unseen S protein mutations. Moreover, inoculated plasma is
shown to negatively affect the neutralization titer [95].

4.7. B.1.427/B.1.429

The variant B.1.427/B.1.429 first appeared in California. It spread
rapidly in 25 countries in the US and onward [96]. The emergence of this
mutation was triggered by the acquisition of the L452R mutation, which
is markedly resistant to mAbs [97,98]. More research is needed to
determine whether this variant, known as CAL20C, is more contagious
than other forms of the virus.

4.8. B.1.617

Currently available in eight countries, the B.1.617 mutation was first
seen in India in October 2020 [99]. It is the first strain where the E484Q
and L425R mutations were first seen together. The effect of these mu-
tations individually on SARS-CoV-2 is well known; however, the com-
bined effect of these mutations still remains unknown [100].

4.9. B.1.1.298

First defined in June 2020 in a mink farm in Denmark [96], although
it shows similar variations with the B.1.1.7 mutation, B.1.1.298 also
contains the Y453F, 1692V and M1229I mutations. Although it is re-
ported as an escape mutation, it is seen in fewer people compared to
other variants in the current situation, however it is a variant with a high
mutation potential [101]. This variant has also been recently reported to
cause a 4-fold increase in hACE2 affinity [102].

4.10. P.3

The P.3 variant occurs in South Africa, Brazil and the United
Kingdom. It has also been reported recently in the Philippines [103].
Includes E484K, N501Y and P681H S mutations found in rapidly
spreading variants such as B.1.351, P.1 and B.1.1.7 variants [104,105].
It is thought that it may have important effects with ACE2 receptor af-
finity and neutralizing antibodies in studies [106].

4.11. Lambda (C.37)

The lambda (C.37) variant, first seen in Peru in August 2020, was
identified by the World Health Organization in June 2021 [107,108].
Later, it was seen in 26 countries, especially in America, Europe and
Oceania [109]. C.37 variant B.1.1.7, B.1.351. and P.1 variants as a result
of a deletion in the ORF1A gene [110]. It also harbors mutations
A246-252, G75V, T76I, L452Q, F490S, D614G and T859N in the S
protein. It spreads rapidly with a high prevalence [108]. This variant
shows increased infectivity and immune evasion from antibodies [109]
(Table 4).

5. Emergence and observation of CoV viral variants by country

Characterization of the genetic variants of SARS-CoV-2 is crucial for
tracking and evaluating its spread across countries. Table 5 shows the
variants of SARS-CoV-2 by country, and the changes and effects on the
virus. The genomic variability of SARS-CoV-2 samples scattered around
the world may be under geographically specific etiological influences.
Continuous monitoring of mutations will also be crucial in tracking the
movement of the virus between individuals and across geographic areas.
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Table 4
Comparison of the fastest-spreading variants.

First Detected References

Country

Muation
Type

Potential effects on contagion,
virulence and escape from
immunity

B.1.1.7 United Kingdom e Thought to have greater than [84-86]
30 percent increased
transmissibility.

o In vitro studies suggest a
potential for immune escape
following natural infections and
a small effect on the potency of
vaccine-induced antibodies.

o Effect on transmissibility and/
or virulence and potential for
immune evasion is unknown.

o Spreads rapidly, and

neutralization has been

B.1.351 South Africa [87]

P.1 Brazil [68,89]

P.2 United States [91]
observed to be reduced in
patients harboring this mutation
e Mutation that could allow it to
evade immunity-conferring
neutralizing antibodies.

e Contains mutansons that have
never been seen before, and
decreased neutralization was
observed in the sera of patients
harboring this mutation.

o This mutation is significantly
resistant to monoclonal
antibodies, but there are no clear
data on its effect on spread.

e The E484Q and L425R
mutations are coexisting, and
the compound effect of this
mutation is still unknown.

o Has caused a 4-fold increase in
hAce2 affinity and was
identified as an escape mutation
in in vitro experiments.

o It is a variant associated with
ACE2 receptor affinity and
neutralizing antibodies.

o It is spreading rapidly and
shows increased infectivity and
immune evasion from antibodies

B.1.525 Multiple [92]

B.1.526 New York [93,95]

B.1.427/ California

B.1.429

[97,98]

B.1.617 India [99,100]

B.1.1.298 Denmark [94]

P.3 South Africa,
Brazil and the
United Kingdom

Peru

[103-106]

Lambda
(C.37)

[107,108,
110]

After February 2020, it was observed that the viral genomes pre-
sented distinct point mutations were clearly discernible in different
geographic regions. Three distinct repetitive mutations were detected in
Europe and North America. The number and occurrence and the median
value of virus point mutations recorded in Asia have increased over time
[83]. It has been determined that the RdRp mutation at position 14408
in European viral genomes is associated with a larger number of point
mutations compared to viral genomes from Asia.

Two clinical isolates from India were sequenced. Sequence analysis
was performed on S protein of Indian isolates according to Chinese
Wuhan isolates. Point mutations were identified in Indian isolates. One
of the two isolates was found to harbor a mutation in the RBM at position
407. It has been determined that arginine (a positively charged amino
acid) is replaced by isoleucine (hydrophobic amino acid) in this region.
With this, a secondary change in the structure of the protein in the re-
gion has been demonstrated, and this could potentially alter the receptor
binding of the virus [109].

However, given the small sample size, it is difficult to determine
whether D614G is the dominant species in these countries. A recent
report supports the high prevalence of D614G in Europe [121].

Three variants (H49Y, T573I and D614G) found in the Mexican
population show multiple sequence alignments of SARS-CoV-2 S pro-
teins. These variants are away from the RBD of the S protein. G614 is
neutralized by a polyclonal antibody similar to D614. To date, this
variant has become the dominant form, replacing the wild type (WT)
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Table 5

Coronavirus (CoV) mutations and effects by country. (BCSIR: Bangladesh
Council of Scientific and Industrial Research, NILMRC: National Institute of

Laboratory Medicine and Referral Center).

Mutation Change/Impact Countries References
Name /
Position
407 Receptor-Binding Domain  Global [109]
(RBD), Arginine —
Isoleucine, it can alter
receptor binding.
D614G Spike (S) protein, India, Netherlands, [54,111,
Adenine(A) —Guanine Switzerland, France, 112]
(G) exchange Brazil, Finland,
Belgium, Mexico,
Bangladesh (BCS on-
NILMRC-006, BCS-007-
NILMRC, BCS-NILMRC-
008), Turkey
A23403G Nucleotide mutation, India [57,113]
increased viral effect in
patients.
H49Y Cytosine/Thymine (C/T) Mexican [54]
exchange in position
21707
T5731 T/I change, Mexican [54]
nonpolarization and more
hydrophobicity
T4402C Open Reading Frame 1ab  China (Bejing), South [114]
(ORF1ab) Korea
G5062T China, South Korea [114]
C8782T NSP4 China [57,114,
115]
C17373T China (Wuhan), [116]
Singapore, US
C20692T China (Wuhan) [116]
T28144C ORF8 missense point China [100]
mutation
G29868C 3'terminal loop China [114,116]
C29095T Nucleocapside (N) gene China, United States of [114,116]
America
R203K N gene, increase in Russia, United States of [117,111]
transmission speed. America, Europe,
Bangladesh (BCSIR-
NILMRC-006, BCSIR-
NILMRC-007, BCSIR-
NILMRC-008)
G204R N gene, increase in Russia, United States of [117]
transmission speed. America, Europe
C26750T Membrane (M) gene Russia, Europe [117]
M14991 ORF1b Russia, Europe [117]
G17964T ORF1b Europe [117]
V4801 Non-structural protein 2 Bangladesh (BCSIR- [111]
(Nsp2) NILMRC-006)
G339S Nsp2 Bangladesh (BCSIR- [111]
NILMRC-006)
G204R N Bangladesh (BCSIR [111]
NILMRC-006, BCSIR-
NILMRC-007, BCSIR-
NILMRC-008)
Q172R Nsp3 Bangladesh (BCSIR- [111]
NILMRC-006)
1120F Nsp2 Bangladesh (BCSIR- [111]
NILMRC-006, BCSIR-
NILMRC-007, BCSIR-
NILMRC-008)
P323L Nsp12 Bangladesh (BCSIR- [111]
NILMRC-006, BCSIR-
NILMRC-007, BCSIR-
NILMRC-008)
K59N Nspl2 Bangladesh (BCSIR- [111]
NILMRC-007)
P822S Nsp3 Bangladesh (BCSIR- [111]
NILMRC-008)
23403 A-G Turkey [112]
3037 (F106 C—T, ORFlab Turkey [112]
F)
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Table 5 (continued)

Mutation Change/Impact Countries References
Name /
Position
14408 C—T, ORFlab Turkey [112]
(P4715L)
11083 G-T, ORFlab Turkey [112]
1397 G—A, ORFlab Turkey [112]
18877 C—T, ORFlab Turkey [112]
1059 T—A, ORFlab Turkey [112]
8782 C—T, ORFlab Turkey [112]
R60C Main protease (MP™) Vietnam [118]
A406V RNA-dependent RNA India [118]
polymerase (RdRp)
VUI- S protein United Kingdom, [84,119]
202012/ Ireland, Bulgaria,
01 Slovakia, Israel,
Luxembourg, Portugal,
Denmark, Netherlands,
Norway, Italy, Belgium,
France, Austria,
Switzerland,
Liechtenstein,
Germany, Sweden,
Spain, Malta, Poland
K417N RBD South Africa [120]
E484 K RBD South Africa [120]
N501Y RBD South Africa, United [120]

Kingdom

according to the mutation levels in the world presented in the Nextstrain
database.The H49Y variant is produced with the C/T change at the
21.707 positions. The properties of H/Y residues vary from positive to
neutral charge, causing a reduction in total free energy, while D614G-
substituted mutants exhibit stabilizing structure, suggesting a preva-
lent role in S protein evolution. Although these are minute changes due
to the chemical nature of the substitution, they are expected to take
place at the structural level [54].

Several common gene mutations have been observed in between the
SARS-CoV-2 sequences in China. These mutations are common across
countries and follow standard roles. Highlights are T4402C, G5062T,
C8782T, C17373T, C20692T, T28144C, C29095T and G29868C. The
T4402C mutation causing a silent mutation was recorded in the ORFla/
b gene segment. This mutation is frequently associated with the C8782T,
G5062T and T28144C mutations. Similar T4402C and G5062T point
mutations were observed in both, isolated in the South Korean strain
[114], C8782T was the dominant mutation reported worldwide in the
SARS-CoV-2 gene mutation [114,115]. This mutation is always associ-
ated with the ORF8 gene segment T28144C [117], coexisting with a
missense point mutation. The C17373T silent mutation, which was
noticed in Singapore and the US, was also observed in Wuhan [1].
C20692T was restricted to Wuhan and is present with the G29868C gene
mutation of the 3’-terminal loop. The C29095T mutation of the gene
coding the N protein has also been reported in the US [114,116].

In terms of mutation variants in the genes coding the structural
proteins, typical to the European isolates, several additional mutations
have been identified, including a synonym mutation in the gene M
(C26750T), characteristic to the Russian isolates [122]. The double
mutation, R203K and G204R, in the gene coding the N protein that had
previously appeared in Europe began to spread, and quickly became
dominant in Russia. The results show that the viral genome of most of
the Russian isolates has evolved with the accumulation of new muta-
tions associated with increased viral transmission. Generation of 20A
seems to be one of the most common, showing the European origin of
Russian isolates. This is based on mutational and phylogenetic analyses
of the SARS-CoV-2 genomes isolated in Russia in March-April 2020.
However, in Russia, unlike in Western Europe, the triple mutation -
G28881A, G28882A and G28883C - which results in double substitution
of R203K and G204R in the N protein, has spread and become the
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dominant form. Thus, by the end of April 2020, the double mutated
R203K and G204R genome abundance was over 69.5 % and 32.6 % in
Russia and in Europe, respectively [117].

In the US, the number of genomes belonging to the same subclass
identified by the R203K and G204R mutations was even lower, ac-
counting for 13.3 %. The observed variant was likely to to have emerged
in Russia in early March 2020. Further spread of the variant was
accompanied by the formation of new subtypes with accumulation of
the characteristic mutations in the gene M (C26750T) or ORF1b
(M14991 or G17964T), following subsequent divergence due to new
single (mostly synonymous) mutations in the ORFlab gene. The rapid
spread of the variant with double mutations R203K and G204R in gene N
may be indicative of its adaptability and ability to increase the trans-
mission rate rather than modulate the virulence [117].

The sequencing of three SARS-CoV-2 genomes were reported in
Bangladesh. Evidence reveals the first signs in Bangladesh in May-June
2020, followed by constant human-to-human transmission, thus leading
to sampled infections. Compared to hCoV-19/Wuhan/WIV04,/2019 for
the BCSIR-NILMRC-006 strain, eight mutations were found, including
Nsp2_G339S, N_R203K, N_G204R, Nsp3_Q172R, S_D614G, Nsp2_I120F,
Nspl12 P323L. Six mutations were found in BCSIR-NILMRC-007,
S_D614G, N_R203K, N_G204R, Nspl2 K59N, Nsp2I1120F and
Nspl12 P323L. Genomic mutations S_D614G, N_R203K, N_G204R,
NSP2_1120F, Nsp12_P323L, and Nsp3_P822S were observed in BCSIR-
NILMRC-008. A unique mutation, Nsp2_V480I, was observed in the
BCSIR-NILMRC-006 genome sequence compared to the genome se-
quences found in GISAID CoVsurver (GISAID Initiative_CoVsurver files)
[98].

According to mutation analysis, 59 of the 80 isolates from Turkey in
the S protein 23.403A > G (D614G) signed contained the mutation, and
this clearly manifested itself to be a frequent mutation (73 %). Most
samples with the D614G mutation were strongly associated with two
other mutations in the ORFlab region (3037 C > T and 14.408C > T).
These co-occurring mutations have recently been identified as being
characteristic to one of the major SARS-CoV-2 variants occurring in
Europe. It is assumed that the 14,408C > T (P4715 L) and 3037 C > T
(F106 F) variants in ORF1ab occur at high frequency and are associated,
resulting in mutations in RARP/Nsp12 and Nsp3 gene. RARP/Nspl2 is a
key component of the replication/transcription mechanism, and there-
fore the leucine mutation at position 4715 of RARP/Nspl2 could
potentially affect its function. Moreover, the proline to leucine mutation
has been consistently observed as a common mutation in Europe (51.6
%) and North America (58.1 %). C3037T, A23403G and C14408T are
the most common mutations found in the isolates from Turkey (73 %)
[112].

The three-dimensional crystaline structure of the s2m RNA element
of the SARS-CoV-2 indicates that the mutated guanosine 19 in Australian
isolates is critical in tertiary contacts to form an RNA base quartet
containing two adjacent G-C pairs (G19, C20, G28 and C31). Since s2m
plays an important role in viral RNA to replace host protein synthesis, it
is assumed that the degradation of s2m can significantly alter viral
viability or infectivity. The s2m sequence of CoVs is highly conserved,
and spontaneous changes in this motif are likely due to recombination as
mutation is not expected. Due to the high frequency of recombination
events occurring in CoVs, RNA recombination can either improve the
adaptation process to its new host, such as to humans, or cause unpre-
dictable changes in virulence during infection [123].

The single amino acid mutation was observed in the virus’s main
proteinase (MP™) of the SARS-CoV-2 Vietnam isolate, R60C, and in the
RdRp of the SARS-CoV-2 Indian isolate, A408 V. In silico findings have
revelaed that both strains showed 2 mutations to reduce the stability of
the protein. Molecular Dynamics (MD) simulation studies on MP™ also
confirmed that point mutation affects the stability of proteins and
binding of the inhibitor. In silico studies found that the MP™ catalytic
active amino was found to be surrounded by a strand (142-145, 175-
200), short helix (40-43, 46-50) and beta leaf regions (25-27, 164-
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167). The R60C mutant is found in the helix adjacent to the short
helix (H2) forming the catalytic channel. A loss of conserved ionic
interaction between arginine amide nitrogen and the carboxylic oxygen
atom of aspartic acid at position 48 of the catalytic channel was
observed [118].

In UK, the first variant to be investigated in December 2020 was
named VUI-202012/01. According to a recent study, this variant is
progressing faster than the other existing variants. Cases have been
detected in approximately 60 different local government districts. Due
to the S protein, changes in the binding properties to host ACE2 re-
ceptors can cause the SARS-CoV-2 virus to become more rapid in its
spread among humans. The R-value for this variant is thought to be
increased by 0.4, or 70 %. According to the data obtained so far, there is
no evidence that this variant has a higher probability of causing serious
illness or a higher mortality rate [119].

South Africa was the most severely affected region in Africa, with
more than 56,000 extreme natural deaths (about 950 per million pop-
ulation) by December 2020. Three mutations of this new strain (K417 N,
E484 K and N501Y) are in the key regions of the RBD. Two, E484 K and
N501Y, are within the RBM, which is the main functional motif that
interfaces with the hACE2 receptor. The N501Y mutation was recently
identified in a new strain (B.1.1.7) in UK and there is some preliminary
evidence that this may be more contagious. The E484K mutation is so
rare that it is present in <0.02 % of sequences from outside of South
Africa. E484 resides in the RBM and interacts with the K31 interaction
hotspot residue of hACE2. This is the most striking difference in the
RBD-hACE2 complex between SARS-CoV-2 and SARS-CoV, and benefits
SARS-CoV-2's improved binding affinity to hACE2. While all the effects
of this new lineage in South Africa have yet to be determined, these
findings highlight the importance of coordinated molecular surveillance
systems around the world [120].

6. What the future holds

Since the SARS-CoV-2 virus first emerged, a wide variety of drug
compounds affecting the binding sites of the virus have been being
studied. Drug trials and vaccine studies are continuing. However,
considering the frequency of mutation of the SARS-CoV-2 virus in all
drug and vaccine studies, it is necessary to try multiple therapeutic
combinations in different mutation types and to compare such studies,
preventing possible pathways before the virus mutates. The lack of
effective therapeutic and preventive strategies against hCoVs necessi-
tates drug and treatment research. It has previously been shown that
designing a broad-spectrum inhibitor in a conservative target is a viable
method for developing anti-CoV therapeutics, given the high rates of
mutation and recombination observed in viral replication.

The SARS-CoV-2/B.1.1.7 variant has been detected in the US and
more than 30 countries, predominantly in England. The B.1.1.7 variant,
which exhibits rapid growth and transmission, has the potential to affect
healthcare, pandemic management and prevention. However, B.1.1.7,
which is transmitted more efficiently than other SARS-CoV-2 variants,
has been suggested to be a no neutralization escape variant for existing
vaccines and infection. In addition, mAbs specific to the RBD showed full
activity against the variant. However, all this shows that the develop-
ment of SARS-CoV-2 and the emergence of new variants which serve for
the immune system escape mechanism are becoming more likely. All
this information indicates that our fight against SARS-CoV-2 may still
continue in the next 10 years. Large-scale studies on different mutant
types in various geographic regions around the world are not yet in the
desired intensity. Conducting related studies in increased numbers will
pave the way for the efficacy of therapeutic approaches to be developed
for the virus in question. Different therapeutic approaches against SARS-
CoV-2 have been shown according to different types of CoVs (SARS-CoV,
MERS-CoV, etc.), which are similar to SARS-CoV-2, in terms of the
location and effectiveness of variation.

If different types of viruses have different serological characteristics,
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a different vaccine for each subtype will be more effective in preventing
COVID-19. Epidemiological studies should be conducted in different
countries to understand the pathogenicity course of these subtypes.

The reason why the mutations in glycoprotein S lead to vaccine
escape is related to the location of the mutation and the affinity of the
protein. However, more evidence is necessary to better understand
whether the variants will respond to the vaccines. It probably suggests a
situation where we would have to give more than one vaccine, of which
the options will possibly vary over time. At the same time, it can be said
that variations should be mostly occuring in areas such as the RBD, and
vaccines and antiviral drugs should be formulated by targeting more
than one viral protein. With the current vaccine developments, anti-
bodies are produced against many regions in the S protein. A single
change is unlikely to make the vaccine less effective. However, this can
happen as more mutations emerge over time.

Laboratory experiments will be necessary to understand if and how
the genomic changes in SARS-CoV-2 may or may not be linked to in-
creases in cases. Nevertheless, many studies have suggested that the new
strain does not cause a more severe illness. We must practice active
surveillance to detect changes in SARS-CoV-2 as they occur.

7. Discussion

It has been reported that 7 CoVs, including SARS-CoV-2, infect
humans in the CoV family with a +ssRNA genome of approximately 30
kb. The rest are SARS-CoV, MERS-CoV, hCoV-NL63, hCoV-229E, hCoV-
HKU1 and hCoV-OC43. When the percentage (%) similarity in the
sequencing of SARS-CoV, MERS-CoV, hCoV-HKU1 and hCoV-OC43
proteins with SARS-CoV-2 proteins is examined, it is understood that
the strain with the highest similarity to SARS-CoV-2 is SARS-CoV.

The S glycoprotein RBD is a critical determinant for viral tropism and
infectivity. Mutations in this region will change the affinity of the RBD
and show the different infective consequences of the strains. The fact
that the most variable region of the CoV family is the RBD causes
different strains to emerge and such strains already show different
infective profiles. The binding of the SARS-CoV-2 S protein with a high
affinity to the ACE-2 receptor is a result of natural selection.

The excess of SARS-CoV-2 S mutations poses a great difficulty in the
SARS-CoV-2 targeted therapy and vaccination processes. Mutations,
which are one of the largest obstacles in the development of antiviral
drug and vaccine formulations, have a crucial role in the preparation,
administration and follow-up of vaccines and antiviral drugs.

RNA viruses that exhibit a higher mutation rate than what the host
allows them, may escape host immunity and develop drug resistance.
This mutation rate drives viral evolution and genome change. Clearly
distinguishable mutations of viral genomes have emerged in different
geographies. The presence of such mutations is supported by clinical
findings. The D614G, S943P and V483a mutations, viral protein mu-
tants, and the emergence of viral strains due to block mutation, play an
important role in CoV evolution. Recombination contributes signifi-
cantly to the viral evolution in the current pandemic. Since viruses
mutate during replication, the effect of the antibody concentration
produced prior to infection can also be lost. A single amino acid change
associated with the mutation rate is effective in the emergence of a new
variant with the same epitope. Also, the increase or decrease of
hydrogen bonds in receptor interactions is associated with changes in
affinity.

The presence of the SARS-CoV-2 strains can be attributed to the
heterogeneity of the COVID-19 cases in different regions. Analysis with
genomic sequencing has shown that SARS-CoV-2 has transformed into a
less contagious strain that affects a number of COVID-19 cases in
different regions. The time when different SARS-CoV-2 strains become
dominant in a country or a region may indicate the time it will need to
overcome the peak of COVID-19 cases. Prospective epidemiological
studies of the strains should be conducted to confirm these assumptions.
To modulate virus pathogenicity, potential drugs targeting that site can
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be designed depending on the localization of a given mutation.
Contributors’ statement

All authors contributed to the study conception and design, while
Pelin KILIC additionally conducted the overall supervision of the review.
Material preparation, data collection and analysis were performed by
Begum COSAR, Zeynep Yagmur KARAGULLEOGLU, Sinan UNAL,
Ahmet Turan INCE, Dilruba Beyza UNCUOGLU, Gizem TUNCER,
Bugrahan Regaip KILINC, Yunus Emre OZKAN, Hikmet Ceyda OZKOC,
Ibrahim Naki DEMIR, Ali EKER, Feyzanur KARAGOZ, Said Yasin SIM-
SEK, Bunyamin YASAR, Mehmetcan PALA, Aysegul DEMIR, Irem Naz
ATAK, Aysegul Hanife MENDI, Vahdi Umut BENGI, Guldane CENGIZ
SEVAL, Evrim GUNES ALTUNTAS, Devrim DEMIR-DORA and Pelin
KILIC, and all authors commented on previous versions of the manu-
script. All authors read and approved the final manuscript.

Funding statement
The authors declare no specific funding for this work
Compliance with ethical standards
Not applicable.
Consent to participate
Not applicable.
Consent for publication

Not applicable.

Declaration of Competing Interest
The authors declare there are no competing interests.
Acknowledgements

The preparation of this review was supported by the Scientific and
Technological Research Council of Turkey (TUBITAK), Project #
18AG020 and TUBITAK Intern Researchers (STAR) Program #2247-C.

References
[1] X. Li, W. Wang, X. Zhao, J. Zai, Q. Zhao, Y. Li, A. Chaillon, Transmission

dynamics and evolutionary history of 2019-nCoV, J. Med. Virol. 92 (2020)

501-511, https://doi.org/10.1002/jmv.25701.

J. Chen, R. Wang, M. Wang, G.W. Wei, Mutations strengthened SARS-CoV-2

infectivity, J. Mol. Biol. 432 (2020) 5212-5226, https://doi.org/10.1016/j.

jmb.2020.07.009.

D.A. Collier, A. De Marco, I.A.T.M. Ferreira, B. Meng, R. Datir, A.C. Walls, S.

A. Kemp, J. Bassi, D. Pinto, C.S. Fregni, S. Bianchi, M.A. Tortorici, J. Bowen,

K. Culap, S. Jaconi, E. Cameroni, G. Snell, M.S. Pizzuto, A.F. Pellanda, C. Garzoni,

A. Riva, A. Elmer, N. Kingston, B. Graves, L.E. Mccoy, K.G. Smith, J.R. Bradley,

J. Thaventhiran, L. Ceron-Gutierrez, G. Barcenas-Morales, H.W. Virgin,

A. Lanzavecchia, L. Piccoli, R. Doffinger, M. Wills, D. Veesler, D. Corti, R.

K. Gupta, SARS-CoV-2 B.1.1.7 escape from mRNA vaccine-elicited neutralizing

antibodies The CITIID-NIHR BioResource COVID-19 Collaboration, MedRxiv

(2021), https://doi.org/10.1101/2021.01.19.21249840, 2021.01.19.21249840.

Y. Finkel, O. Mizrahi, A. Nachshon, S. Weingarten-Gabbay, D. Morgenstern,

Y. Yahalom-Ronen, H. Tamir, H. Achdout, D. Stein, O. Israeli, A. Beth-Din,

S. Melamed, S. Weiss, T. Israely, N. Paran, M. Schwartz, N. Stern-Ginossar, The

coding capacity of SARS-CoV-2, Nature 589 (2021) 125-130, https://doi.org/

10.1038/541586-020-2739-1.

D. Kim, J.Y. Lee, J.S. Yang, J.W. Kim, V.N. Kim, H. Chang, The architecture of

SARS-CoV-2 transcriptome, Cell 181 (2020) 914-921, https://doi.org/10.1016/j.

cell.2020.04.011, el0.

L. Chen, L. Zhong, Genomics functional analysis and drug screening of SARS-CoV-

2, Genes Dis. (2020), https://doi.org/10.1016/j.gendis.2020.04.002.

A. Mittal, K. Manjunath, R.K. Ranjan, S. Kaushik, S. Kumar, V. Verma, COVID-19

pandemic: insights into structure, function, and hACE2 receptor recognition by

[2]

[3

[4

[5]

[6

[7


https://doi.org/10.1002/jmv.25701
https://doi.org/10.1016/j.jmb.2020.07.009
https://doi.org/10.1016/j.jmb.2020.07.009
https://doi.org/10.1101/2021.01.19.21249840
https://doi.org/10.1038/s41586-020-2739-1
https://doi.org/10.1038/s41586-020-2739-1
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1016/j.cell.2020.04.011
https://doi.org/10.1016/j.gendis.2020.04.002

B. Cosar et al.

[8

—

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

SARS-CoV-2, PLoS Pathog. 16 (2020), https://doi.org/10.1371/journal.
ppat.1008762 e1008762.

Z. Chen, S.S. Boon, M.H. Wang, R.W.Y. Chan, P.K.S. Chan, Genomic and
evolutionary comparison between SARS-CoV-2 and other human coronaviruses,
J. Virol. Methods 289 (2021), https://doi.org/10.1016/j.jviromet.2020.114032.
N. Ramadan, H. Shaib, Middle east respiratory syndrome coronavirus (MERS-
COV): a review, GERMS 9 (2019) 35-42, https://doi.org/10.18683/
germs.2019.1155.

D. Bacenkova, M. Trebunova, T. Spakovskd, M. Schnitzer, L. Bednar¢ikova,

J. Zivédk, Comparison of selected characteristics of SARS-CoV-2, SARS-CoV, and
HCoV-NL63, Appl. Sci. 11 (2021) 1497, https://doi.org/10.3390/app11041497.
J. Signer, H.R. Jonsdottir, W.C. Albrich, M. Strasser, R. Ziist, S. Ryter,

R. Ackermann-Gdumann, N. Lenz, D. Siegrist, A. Suter, R. Schoop, O.B. Engler, In
vitro virucidal activity of Echinaforce®, an Echinacea purpurea preparation,
against coronaviruses, including common cold coronavirus 229E and SARS-CoV-
2, Virol. J. 17 (2020) 136, https://doi.org/10.1186/512985-020-01401-2.

Y. Li, B. Liu, Z. Wang, J. Cui, K. Yao, P. Lv, Y. Shen, Y. Xu, Y. Guan, X. Ma, COVID-
19 Evolves in Human Hosts, 2020, https://doi.org/10.1145/1122445.1122456.
A. Szczepanski, K. Owczarek, M. Bzowska, K. Gula, I. Drebot, M. Ochman,

B. Maksym, Z. Rajfur, J. Mitchell, K. Pyrc, Canine respiratory coronavirus, bovine
coronavirus, and human coronavirus OC43: receptors and attachment factors,
Viruses 11 (2019) 328, https://doi.org/10.3390/v11040328.

C. Li, Y. Yang, L. Ren, Genetic evolution analysis of 2019 novel coronavirus and
coronavirus from other species, Infect. Genet. Evol. 82 (2020) 104285, https://
doi.org/10.1016/j.meegid.2020.104285.

P.C.Y. Woo, S.K.P. Lau, C. Chu, K. Chan, H. Tsoi, Y. Huang, B.H.L. Wong, R.W.
S. Poon, J.J. Cai, W. Luk, L.L.M. Poon, S.S.Y. Wong, Y. Guan, J.S.M. Peiris,

K. Yuen, Characterization and complete genome sequence of a novel coronavirus,
coronavirus HKU1, from patients with pneumonia, J. Virol. 79 (2005) 884-895,
https://doi.org/10.1128/jvi.79.2.884-895.2005.

B. Hu, H. Guo, P. Zhou, Z.L. Shi, Characteristics of SARS-CoV-2 and COVID-19,
Nat. Rev. Microbiol. 19 (2020) 141-154, https://doi.org/10.1038/541579-020-
00459-7.

D. Schoeman, B.C. Fielding, Is There a Link Between the Pathogenic Human
Coronavirus Envelope Protein and Immunopathology? A Review of the Literature,
Front. Microbiol. 11 (2020) 2086, https://doi.org/10.3389/fmicb.2020.02086.
J. Hicks, C. Klumpp-Thomas, H. Kalish, A. Shunmugavel, J. Mehalko, J.P. Denson,
K. Snead, M. Drew, K. Corbett, B. Graham, M.D. Hall, M.J. Memoli, D. Esposito,
K. Sadtler, Serologic cross-reactivity of SARS-CoV-2 with endemic and seasonal
Betacoronaviruses, MedRxiv (2020), https://doi.org/10.1101/
2020.06.22.20137695, 2020.06.22.20137695.

C. Baruah, P. Devi, D.K. Sharma, Sequence analysis and structure prediction of
SARS-CoV-2 accessory proteins 9b and ORF14: evolutionary analysis indicates
close relatedness to bat coronavirus, Biomed. Res. Int. (2020), https://doi.org/
10.1155/2020/7234961, 2020.

D.X. Liu, J.Q. Liang, T.S. Fung, Human coronavirus-229E, -OC43, -NL63, and
-HKU1. Ref. Modul. Life Sci, Elsevier, 2020, p. 428, https://doi.org/10.1016/
b978-0-12-809633-8.21501-x.

N. Kaur, R. Singh, Z. Dar, R.K. Bijarnia, N. Dhingra, T. Kaur, Genetic comparison
among various coronavirus strains for the identification of potential vaccine
targets of SARS-CoV2, Infect. Genet. Evol. 89 (2021) 104490, https://doi.org/
10.1016/j.meegid.2020.104490.

M. Bolles, E. Donaldson, R. Baric, SARS-CoV and emergent coronaviruses: viral
determinants of interspecies transmission, Curr. Opin. Virol. 1 (2011) 624-634,
https://doi.org/10.1016/j.coviro.2011.10.012.

A.J. Rodriguez-Morales, D. Katterine Bonilla-Aldana, A. Rabaan, J. Hopkins,

A. Healthcare, Ocular Infections View Project Zika Virus Vaccine Development
View Project, 2020. https://www.researchgate.net/publication/338934614.
K.G. Andersen, A. Rambaut, W.I. Lipkin, E.C. Holmes, R.F. Garry, The proximal
origin of SARS-CoV-2, Nat. Med. 26 (2020) 450-452, https://doi.org/10.1038/
$41591-020-0820-9.

M.A. Shereen, S. Khan, A. Kazmi, N. Bashir, R. Siddique, COVID-19 infection:
origin, transmission, and characteristics of human coronaviruses, J. Adv. Res. 24
(2020) 91-98, https://doi.org/10.1016/j.jare.2020.03.005.

V.M. Corman, D. Muth, D. Niemeyer, C. Drosten, Hosts and sources of endemic
human coronaviruses. Adv. Virus Res, Academic Press Inc, 2018, pp. 163-188,
https://doi.org/10.1016/bs.aivir.2018.01.001.

K. Knoops, M. Kikkert, S.H.E. Van Den Worm, J.C. Zevenhoven-Dobbe, Y. Van Der
Meer, A.J. Koster, A.M. Mommaas, E.J. Snijder, SARS-coronavirus replication is
supported by a reticulovesicular network of modified endoplasmic reticulum,
PLoS Biol. 6 (2008) 1957-1974, https://doi.org/10.1371/journal.pbio.0060226.
J. Ziebuhr, Molecular biology of severe acute respiratory syndrome coronavirus,
Curr. Opin. Microbiol. 7 (2004) 412-419, https://doi.org/10.1016/j.
mib.2004.06.007.

A.E. Gorbalenya, L. Enjuanes, J. Ziebuhr, E.J. Snijder, Nidovirales: Evolving the
largest RNA virus genome, Virus Res. 117 (2006) 17-37, https://doi.org/
10.1016/j.virusres.2006.01.017.

T.S. Fung, D.X. Liu, Post-translational modifications of coronavirus proteins: roles
and function, Future Virol. 13 (2018) 405-430, https://doi.org/10.2217/fvl-
2018-0008.

R. Kumar, D. Mehta, N. Mishra, D. Nayak, S. Sunil, Role of host-mediated post-
translational modifications (PTMS) in RNA virus pathogenesis, Int. J. Mol. Sci. 22
(2021) 1-26, https://doi.org/10.3390/ijms22010323.

V. Thiel, K.A. Ivanov, A. Putics, T. Hertzig, B. Schelle, S. Bayer, B. Weifibrich, E.
J. Snijder, H. Rabenau, H.W. Doerr, A.E. Gorbalenya, J. Ziebuhr, Mechanisms and

20

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Cytokine and Growth Factor Reviews 63 (2022) 10-22

enzymes involved in SARS coronavirus genome expression, J. Gen. Virol. 84
(2003) 2305-2315, https://doi.org/10.1099/vir.0.19424-0.

B.H. Harcourt, D. Jukneliene, A. Kanjanahaluethai, J. Bechill, K.M. Severson, C.
M. Smith, P.A. Rota, S.C. Baker, Identification of severe acute respiratory
syndrome coronavirus replicase products and characterization of papain-like
protease activity, J. Virol. 78 (2004) 13600-13612, https://doi.org/10.1128/
jvi.78.24.13600-13612.2004.

S. Xia, Y. Zhu, M. Liu, Q. Lan, W. Xu, Y. Wu, T. Ying, S. Liu, Z. Shi, S. Jiang, L. Lu,
Fusion mechanism of 2019-nCoV and fusion inhibitors targeting HR1 domain in
spike protein, Cell. Mol. Immunol. (2020), https://doi.org/10.1038/s41423-020-
0374-2.

J. Lan, J. Ge, J. Yu, S. Shan, H. Zhou, S. Fan, Q. Zhang, X. Shi, Q. Wang, L. Zhang,
X. Wang, Structure of the SARS-CoV-2 spike receptor-binding domain bound to
the ACE2 receptor, Nature. 581 (2020) 215-220, https://doi.org/10.1038/
541586-020-2180-5.

V. Monteil, H. Kwon, P. Prado, A. Hagelkriiys, R.A. Wimmer, M. Stahl,

A. Leopoldi, E. Garreta, C. Hurtado del Pozo, F. Prosper, J.P. Romero,

G. Wirnsberger, H. Zhang, A.S. Slutsky, R. Conder, N. Montserrat, A. Mirazimi, J.
M. Penninger, Inhibition of SARS-CoV-2 infections in engineered human tissues
using clinical-grade soluble human ACE2, Cell. 181 (2020) 905-913, https://doi.
org/10.1016/j.cell.2020.04.004, e7.

S. Perlman, J. Netland, Coronaviruses post-SARS: update on replication and
pathogenesis, Nat. Rev. Microbiol. 7 (2009) 439-450, https://doi.org/10.1038/
nrmicro2147.

F. Li, Structure, function, and evolution of coronavirus spike proteins, Annu. Rev.
Virol. 3 (2016) 237-261, https://doi.org/10.1146/annurev-virology-110615-
042301.

M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kriiger, T. Herrler, S. Erichsen, T.
S. Schiergens, G. Herrler, N.-H. Wu, A. Nitsche, M.A. Miiller, C. Drosten,

S. Péhlmann, SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor, Cell 181 (2020) 271-280,
https://doi.org/10.1016/j.cell.2020.02.052, e8.

X. Oy, Y. Liu, X. Lei, P. Li, D. Mi, L. Ren, L. Guo, R. Guo, T. Chen, J. Hu, Z. Xiang,
Z.Mu, X. Chen, J. Chen, K. Hu, Q. Jin, J. Wang, Z. Qian, Characterization of spike
glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity with
SARS-CoV, Nat. Commun. 11 (2020), https://doi.org/10.1038/s41467-020-
15562-9.

M. Wang, R. Cao, L. Zhang, X. Yang, J. Liu, M. Xu, Z. Shi, Z. Hu, W. Zhong,

G. Xiao, Remdesivir and chloroquine effectively inhibit the recently emerged
novel coronavirus (2019-nCoV) in vitro, Cell Res. 30 (2020) 269-271, https://
doi.org/10.1038/s41422-020-0282-0.

G. Li, E. De Clercq, Therapeutic options for the 2019 novel coronavirus (2019-
nCoV), Nat. Rev. Drug Discov. 19 (2020) 149-150, https://doi.org/10.1038/
d41573-020-00016-0.

Y.J. Suzuki, S.G. Gychka, SARS-CoV-2 spike protein elicits cell signaling in human
host cells: implications for possible consequences of COVID-19 vaccines, Vaccines
9 (2021) 36, https://doi.org/10.3390/vaccines9010036.

S. Unni, S.A. 1#, B. Padmanabhan, Identification of a Potent Inhibitor Targeting
the Spike Protein of Pandemic Human Coronavirus, SARS-CoV-2 by
Computational Methods, ChemRxiv, 2020, https://doi.org/10.26434/
CHEMRXIV.12197934.V1.

S. Belouzard, J.K. Millet, B.N. Licitra, G.R. Whittaker, Mechanisms of coronavirus
cell entry mediated by the viral spike protein, Viruses 4 (2012) 1011-1033,
https://doi.org/10.3390/v4061011.

S.K. Wong, W. Li, M.J. Moore, H. Choe, M. Farzan, A 193-amino-acid Fragment of
the SARS Coronavirus S Protein Efficiently Binds Angiotensin-converting Enzyme
2 Downloaded From, JBC Papers in Press, 2003.

F. Li, M. Berardi, W. Li, M. Farzan, P.R. Dormitzer, S.C. Harrison, Conformational
states of the severe acute respiratory syndrome coronavirus spike protein
ectodomain, J. Virol. 80 (2006) 6794-6800, https://doi.org/10.1128/jvi.02744-
05.

W. Tai, L. He, X. Zhang, J. Pu, D. Voronin, S. Jiang, Y. Zhou, L. Du,
Characterization of the receptor-binding domain (RBD) of 2019 novel
coronavirus: implication for development of RBD protein as a viral attachment
inhibitor and vaccine, Cell. Mol. Immunol. (2020), https://doi.org/10.1038/
$41423-020-0400-4.

Y. Wan, J. Shang, R. Graham, R.S. Baric, F. Li, Receptor recognition by the novel
coronavirus from Wuhan: an Analysis Based on Decade-Long Structural Studies of
SARS Coronavirus, J. Virol. 94 (2020), https://doi.org/10.1128/jvi.00127-20.
A.C. Walls, Y.J. Park, M.A. Tortorici, A. Wall, A.T. McGuire, D. Veesler, Structure,
function, and antigenicity of the SARS-CoV-2 spike glycoprotein, Cell 181 (2020)
281-292, https://doi.org/10.1016/j.cell.2020.02.058, e6.

T. Koyama, D. Weeraratne, J.L. Snowdon, L. Parida, Emergence of drift variants
that may affect COVID-19 vaccine development and antibody treatment,
Pathogens 9 (2020) 324, https://doi.org/10.3390/PATHOGENS9050324.

Z. Daniloski, X. Guo, N.E. Sanjana, The D614G mutation in SARS-CoV-2 Spike
increases transduction of multiple human cell types, BioRxiv Prepr. Serv. Biol.
(2020), https://doi.org/10.1101,/2020.06.14.151357, 2020.06.14.151357.

B. Durmaz, O. Abdulmajed, R. Durmaz, Mutations observed in the SARS-CoV-2
spike glycoprotein and their effects in the interaction of virus with ACE-2
receptor, Medeni. Med. J. 35 (2020) 253-260, https://doi.org/10.5222/
MMJ.2020.98048.

Y. Sixto-Lopez, J. Correa-Basurto, M. Bello, et al., Structural insights into SARS-
CoV-2 spike protein and its natural mutants found in Mexican population, Sci Rep
. 11 (2021), 4659, https://doi.org/10.1038/s41598-021-84053-8.


https://doi.org/10.1371/journal.ppat.1008762
https://doi.org/10.1371/journal.ppat.1008762
https://doi.org/10.1016/j.jviromet.2020.114032
https://doi.org/10.18683/germs.2019.1155
https://doi.org/10.18683/germs.2019.1155
https://doi.org/10.3390/app11041497
https://doi.org/10.1186/s12985-020-01401-2
https://doi.org/10.1145/1122445.1122456
https://doi.org/10.3390/v11040328
https://doi.org/10.1016/j.meegid.2020.104285
https://doi.org/10.1016/j.meegid.2020.104285
https://doi.org/10.1128/jvi.79.2.884-895.2005
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.3389/fmicb.2020.02086
https://doi.org/10.1101/2020.06.22.20137695
https://doi.org/10.1101/2020.06.22.20137695
https://doi.org/10.1155/2020/7234961
https://doi.org/10.1155/2020/7234961
https://doi.org/10.1016/b978-0-12-809633-8.21501-x
https://doi.org/10.1016/b978-0-12-809633-8.21501-x
https://doi.org/10.1016/j.meegid.2020.104490
https://doi.org/10.1016/j.meegid.2020.104490
https://doi.org/10.1016/j.coviro.2011.10.012
https://www.researchgate.net/publication/338934614
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1016/j.jare.2020.03.005
https://doi.org/10.1016/bs.aivir.2018.01.001
https://doi.org/10.1371/journal.pbio.0060226
https://doi.org/10.1016/j.mib.2004.06.007
https://doi.org/10.1016/j.mib.2004.06.007
https://doi.org/10.1016/j.virusres.2006.01.017
https://doi.org/10.1016/j.virusres.2006.01.017
https://doi.org/10.2217/fvl-2018-0008
https://doi.org/10.2217/fvl-2018-0008
https://doi.org/10.3390/ijms22010323
https://doi.org/10.1099/vir.0.19424-0
https://doi.org/10.1128/jvi.78.24.13600-13612.2004
https://doi.org/10.1128/jvi.78.24.13600-13612.2004
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1038/nrmicro2147
https://doi.org/10.1038/nrmicro2147
https://doi.org/10.1146/annurev-virology-110615-042301
https://doi.org/10.1146/annurev-virology-110615-042301
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.1038/d41573-020-00016-0
https://doi.org/10.1038/d41573-020-00016-0
https://doi.org/10.3390/vaccines9010036
https://doi.org/10.26434/CHEMRXIV.12197934.V1
https://doi.org/10.26434/CHEMRXIV.12197934.V1
https://doi.org/10.3390/v4061011
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0230
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0230
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0230
https://doi.org/10.1128/jvi.02744-05
https://doi.org/10.1128/jvi.02744-05
https://doi.org/10.1038/s41423-020-0400-4
https://doi.org/10.1038/s41423-020-0400-4
https://doi.org/10.1128/jvi.00127-20
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.3390/PATHOGENS9050324
https://doi.org/10.1101/2020.06.14.151357
https://doi.org/10.5222/MMJ.2020.98048
https://doi.org/10.5222/MMJ.2020.98048
https://doi.org/10.1038/s41598-021-84053-8

B. Cosar et al.

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

L. Yurkovetskiy, X. Wang, K.E. Pascal, C. Tomkins-Tinch, T. Nyalile, Y. Wang,
A. Baum, W.E. Diehl, A. Dauphin, C. Carbone, K. Veinotte, S.B. Egri, S.

F. Schaffner, J.E. Lemieux, J. Munro, A. Rafique, A. Barve, P.C. Sabeti, C.

A. Kyratsous, N. Dudkina, K. Shen, J. Luban, Structural and functional analysis of
the D614G SARS-CoV-2 spike protein variant, BioRxiv. 13 (2020) 14, https://doi.
org/10.1101,/2020.07.04.187757.

D.J. Benton, A.G. Wrobel, C. Roustan, A. Borg, P. Xu, S.R. Martin, P.B. Rosenthal,
J.J. Skehel, S.J. Gamblin, The effect of the D614G substitution on the structure of
the spike glycoprotein of SARS-CoV-2, (n.d.). https://doi.org/10.1073/pna
5.2022586118/-/DCSupplemental.

A. Hanifehnezhad, E.S. Kehribar, S. Oztop, A. Sheraz, S. Kasirga, K. Ergiinay,

S. Onder, E. Yilmaz, D. Engin, T.G. Oguzoglu, U.0.S. Seker, E. Yilmaz, A. Ozkul,
Characterization of local SARS-CoV-2 isolatesand pathogenicity in IFNAR—/-
mice, Heliyon. 6 (2020), https://doi.org/10.1016/j.heliyon.2020.e05116
e05116.

D. Sen, P. Debnath, B. Debnath, S. Bhaumik, S. Debnath, Identification of
potential inhibitors of SARS-CoV-2 main protease and spike receptor from 10
important spices through structure-based virtual screening and molecular
dynamic study, J. Biomol. Struct. Dyn. (2020), https://doi.org/10.1080/
07391102.2020.1819883.

D. Weissman, M.G. Alameh, T. de Silva, P. Collini, H. Hornsby, R. Brown, C.

C. LaBranche, R.J. Edwards, L. Sutherland, S. Santra, K. Mansouri, S. Gobeil,

C. McDanal, N. Pardi, N. Hengartner, P.J.C. Lin, Y. Tam, P.A. Shaw, M.G. Lewis,
C. Boesler, U. Sahin, P. Acharya, B.F. Haynes, B. Korber, D.C. Montefiori, D614G
spike mutation increases SARS CoV-2 susceptibility to neutralization, Cell Host
Microbe 29 (2021) 23-31, https://doi.org/10.1016/j.chom.2020.11.012, e4.

B. Korber, W. Fischer, S.G. Gnanakaran, H. Yoon, J. Theiler, W. Abfalterer,

B. Foley, E.E. Giorgi, T. Bhattacharya, M.D. Parker, D.G. Partridge, C.M. Evans,
T. de Silva, C.C. LaBranche, D.C. Montefiori, S.C.-19 G. Group, Spike mutation
pipeline reveals the emergence of a more transmissible form of SARS-CoV-2,
BioRxiv (2020), https://doi.org/10.1101/2020.04.29.069054,
2020.04.29.069054.

R.L. Graham, R.S. Baric, Recombination, reservoirs, and the modular spike:
mechanisms of coronavirus cross-species transmission, J. Virol. 84 (2010)
3134-3146, https://doi.org/10.1128/jvi.01394-09.

S. Rehman, T. Mahmood, E. Aziz, R. Batool, Identification of novel mutations in
SARS-COV-2 isolates from Turkey, Arch. Virol. 165 (2020) 2937-2944, https://
doi.org/10.1007/s00705-020-04830-0.

Q. Li, J. Wu, J. Nie, L. Zhang, H. Hao, S. Liu, C. Zhao, Q. Zhang, H. Liu, L. Nie,
H. Qin, M. Wang, Q. Lu, X. Li, Q. Sun, J. Liu, L. Zhang, X. Li, W. Huang, Y. Wang,
The impact of mutations in SARS-CoV-2 spike on viral infectivity and
antigenicity, Cell 182 (2020) 1284-1294, https://doi.org/10.1016/j.
cell.2020.07.012, e9.

0. Ashwagq, P. Manickavasagam, M. Haque, V483a-an Emerging Mutation
Hotspot of Sars-Cov-2, 2020, https://doi.org/10.20944/preprints202009.0395.
vl.

P. Manickavasagam, Spike Protein of SARS-CoV-2: Impact of Single Amino Acid
Mutation and Effect of Drug Binding to the Variant-in Silico Analysis, 2020,
https://doi.org/10.20944/preprints202008.0447.v1.

T.T. Nguyen, P. Pathirana, T. Nguyen, H. Nguyen, A. Bhatti, D. Nguyen, D.

T. Nguyen, N.D. Nguyen, D. Creighton, M. Abdelrazek, Genomic mutations and
changes in protein secondary structure and solvent accessibility of SARS-CoV-2
(COVID-19 virus), BioRxiv (2020), https://doi.org/10.1101/2020.07.10.171769,
2020.07.10.171769.

J.W. Tang, O.T.R. Toovey, K.N. Harvey, D.D.S. Hui, Introduction of the South
African SARS-CoV-2 variant 501Y.V2 into the UK, J. Infect. 0 (2021), https://doi.
0rg/10.1016/j.jinf.2021.01.007.

O.T.R. Toovey, K.N. Harvey, P.W. Bird, J.W.-T.W.-T. Tang, Introduction of
Brazilian SARS-CoV-2 484K.V2 related variants into the UK, J. Infect. (2021),
https://doi.org/10.1016/j.jinf.2021.01.025.

J. Wise, Covid-19: the E484K mutation and the risks it poses, BMJ 372 (2021),
https://doi.org/10.1136/bmj.n359 n359.

H. Tu, M.R. Avenarius, L. Kubatko, M. Hunt, X. Pan, P. Ru, J. Garee, K. Thomas,
P. Mohler, P. Pancholi, D. Jones, Distinct patterns of emergence of SARS-CoV-2
spike variants including N501Y in clinical samples in Columbus Ohio, BioRxiv
(2021), https://doi.org/10.1101/2021.01.12.426407, 2021.01.12.426407.

T.N. Starr, A.J. Greaney, S.K. Hilton, D. Ellis, K.H.D. Crawford, A.S. Dingens, M.
J. Navarro, J.E. Bowen, M.A. Tortorici, A.C. Walls, N.P. King, D. Veesler, J.

D. Bloom, Deep mutational scanning of SARS-CoV-2 receptor binding domain
reveals constraints on folding and ACE2 binding, Cell 182 (2020) 1295-1310,
https://doi.org/10.1016/j.cell.2020.08.012, e20.

B. Luan, H. Wang, T. Huynh, Molecular mechanism of the N501Y mutation for
enhanced binding between SARS-CoV-2’s spike protein and human ACE2
receptor, BioRxiv (2021), https://doi.org/10.1101/2021.01.04.425316,
2021.01.04.425316.

Y. Weisblum, F. Schmidt, F. Zhang, J. DaSilva, D. Poston, J.C.C. Lorenzi,

F. Muecksch, M. Rutkowska, H.H. Hoffmann, E. Michailidis, C. Gaebler,

M. Agudelo, A. Cho, Z. Wang, A. Gazumyan, M. Cipolla, L. Luchsinger, C.

D. Hillyer, M. Caskey, D.F. Robbiani, C.M. Rice, M.C. Nussenzweig,

T. Hatziioannou, P.D. Bieniasz, Escape from neutralizing antibodies 1 by SARS-
CoV-2 spike protein variants, Elife. 9 (2020) 1, https://doi.org/10.7554/
eLife.61312.

J.R. Mascola, B.S. Graham, A.S. Fauci, SARS-CoV-2 viral variants—tackling a
moving target, JAMA (2021), https://doi.org/10.1001/jama.2021.2088.

Z. Liu, L.A. VanBlargan, L.M. Bloyet, P.W. Rothlauf, R.E. Chen, S. Stumpf,

H. Zhao, J.M. Errico, E.S. Theel, M.J. Liebeskind, B. Alford, W.J. Buchser, A.

21

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Cytokine and Growth Factor Reviews 63 (2022) 10-22

H. Ellebedy, D.H. Fremont, M.S. Diamond, S.P.J. Whelan, Identification of SARS-
CoV-2 spike mutations that attenuate monoclonal and serum antibody
neutralization, Cell Host Microbe (2021), https://doi.org/10.1016/j.
chom.2021.01.014.

A.A. Pater, M.S. Bosmeny, C.L. Barkau, K.N. Ovington, R. Chilamkurthy,

M. Parasrampuria, S.B. Eddington, A.O. Yinusa, A.A. White, P.E. Metz, R.

J. Sylvain, M.M. Hebert, S.W. Benzinger, K. Sinha, K.T. Gagnon, Emergence and
evolution of a prevalent new SARS-CoV-2 variant in the United States, BioRxiv
(2021).

D.P. Maison, L.L. Ching, C.M. Shikuma, V.R. Nerurkar, Genetic characteristics and
phylogeny of 969-bp S gene sequence of SARS-CoV-2 from Hawai’i reveals the
worldwide emerging P681H mutation, Hawai’i J. Heal. Soc. Welf. 80 (2021)
52-61, https://doi.org/10.1101/2021.01.06.425497.

N.S. Zuckerman, S. Fleishon, E. Bucris, D. Bar-Ilan, M. Linial, I. Bar-Or,

V. Indenbaum, M. Weil, E. Mendelson, M. Mandelboim, O. Mor, N. Zuckerman,
E. Dahan Bucris, O. Erster, T. Mann, O. Murik, D.A. Zeevi, A. Rokney, J. Jaffe,
E. Nachum, M. Davidovich Cohen, E. Fass, G. Zizelski Valenci, M. Rubinstein,
E. Rorman, I. Nissan, E. Glick-Saar, O. Nayshool, G. Rechavi, A unique SARS-CoV-
2 spike protein P681H strain detected in Israel Israel National Consortium for
SARS-CoV-2 sequencing, MedRxiv (2021), https://doi.org/10.1101/
2021.03.25.21253908, 2021.03.25.21253908.

S. Cherian, V. Potdar, S. Jadhav, P. Yadav, N. Gupta, M. Das, S. Das, A. Agarwal,
S. Singh, P. Abraham, S. Panda, S. Mande, R. Swarup, B. Bhargava, R. Bhushan, N.
team, I. Consortium, Convergent evolution of SARS-CoV-2 spike mutations,
L452R, E484Q and P681R, in the second wave of COVID-19 in Maharashtra,
India, BioRxiv (2021), https://doi.org/10.1101/2021.04.22.440932,
2021.04.22.440932.

P. Ranjan, C. Devi, P. Das, Bioinformatics analysis of SARS-CoV-2 RBD mutant
variants and insights into antibody and ACE2 receptor binding, BioRxiv (2021),
https://doi.org/10.1101/2021.04.03.438113, 2021.04.03.438113.

F. Ali, A. Kasry, M. Amin, The new SARS-CoV-2 strain shows a stronger binding
affinity to ACE2 due to N501Y mutant, Med. Drug Discov. 10 (2021) 100086,
https://doi.org/10.1016/j.medidd.2021.100086.

A. Singh, G. Steinkellner, K. Kochl, K. Gruber, C.C. Gruber, Serine 477 plays a
crucial role in the interaction of the SARS-CoV-2 spike protein with the human
receptor ACE2, Sci. Rep. 11 (2021), https://doi.org/10.1038/s41598-021-83761-
5.

M. Pachetti, B. Marini, F. Benedetti, F. Giudici, E. Mauro, P. Storici,

C. Masciovecchio, S. Angeletti, M. Ciccozzi, R.C. Gallo, D. Zella, R. Ippodrino,
Emerging SARS-CoV-2 mutation hot spots include a novel RNA-dependent-RNA
polymerase variant, J. Transl. Med. 18 (2020) 179, https://doi.org/10.1186/
5§12967-020-02344-6.

N.L. Washington, K. Gangavarapu, M. Zeller, A. Bolze, E.T. Cirulli, K.M. Schiabor
Barrett, B.B. Larsen, C. Anderson, S. White, T. Cassens, S. Jacobs, G. Levan,

J. Nguyen, J.M. Ramirez III, C. Rivera-Garcia, E. Sandoval, X. Wang, D. Wong,
E. Spencer, R. Robles-Sikisaka, E. Kurzban, L.D. Hughes, X. Deng, C. Wang,

V. Servellita, H. Valentine, P. De Hoff, P. Seaver, S. Sathe, K. Gietzen, B. Sickler,
J. Antico, K. Hoon, J. Liu, A. Harding, O. Bakhtar, T. Basler, B. Austin,

M. Isaksson, P.G. Febbo, D. Becker, M. Laurent, E. McDonald, G.W. Yeo,

R. Knight, L.C. Laurent, E. de Feo, M. Worobey, C. Chiu, M.A. Suchard, J.T. Lu,
W. Lee, K.G. Andersen, S. Mateo, Genomic epidemiology identifies emergence
and rapid transmission of SARS-CoV-2 B.1.1.7 in the United States, MedRxiv
(2021), https://doi.org/10.1101/2021.02.06.21251159, 2021.02.06.21251159.
E. Volz, S. Mishra, M. Chand, J.C. Barrett, R. Johnson, S. Hopkins, A. Gandy,
A. Rambaut, N.M. Ferguson, Transmission of SARS-CoV-2 Lineage B.1.1.7 in
England: insights from linking epidemiological and genetic data, MedRxiv
(2021), https://doi.org/10.1101/2020.12.30.20249034, 2020.12.30.20249034.
G. Tacobucci, Covid-19: New UK variant may be linked to increased death rate,
early data indicate, BMJ 372 (2021) n230, https://doi.org/10.1136/bmj.n230.
P. Wang, L. Liu, S. Iketani, Y. Luo, Y. Guo, M. Wang, J. Yu, B. Zhang, P.D. Kwong,
B.S. Graham, J.R. Mascola, J.Y. Chang, M.T. Yin, M. Sobieszczyk, C.A. Kyratsous,
L. Shapiro, Z. Sheng, M.S. Nair, Y. Huang, D.D. Ho, Increased resistance of SARS-
CoV-2 variants B.1.351 and B.1.1.7 to antibody neutralization, BioRxiv (2021),
https://doi.org/10.1101/2021.01.25.428137, 2021.01.25.428137.

M. McCallum, A. De Marco, F. Lempp, M.A. Tortorici, D. Pinto, A.C. Walls,

M. Beltramello, A. Chen, Z. Liu, F. Zatta, S. Zepeda, J. di Iulio, J.E. Bowen,

M. Montiel-Ruiz, J. Zhou, L.E. Rosen, S. Bianchi, B. Guarino, C.S. Fregni,

R. Abdelnabi, S.-Y. Caroline Foo, P.W. Rothlauf, L.-M. Bloyet, F. Benigni,

E. Cameroni, J. Neyts, A. Riva, G. Snell, A. Telenti, S.P.J. Whelan, H.W. Virgin,
D. Corti, M.S. Pizzuto, D. Veesler, N-terminal domain antigenic mapping reveals a
site of vulnerability for SARS-CoV-2, BioRxiv Prepr. Serv. Biol. (2021), https://
doi.org/10.1101/2021.01.14.426475, 2021.01.14.426475.

F. Maggi, F. Novazzi, A. Genoni, A. Baj, P.G. Spezia, D. Focosi, C. Zago,

A. Colombo, G. Cassani, R. Pasciuta, A. Tamborini, A. Rossi, M. Prestia,

R. Capuano, L. Azzi, A. Donadini, G. Catanoso, P.A. Grossi, L. Maffioli, G. Bonelli,
Imported SARS-COV-2 variant P.1 detected in traveler returning from Brazil to
Italy, Emerg. Infect. Dis. 27 (2021), https://doi.org/10.3201/eid2704.210183.
E. Janik, M. Niemcewicz, M. Podogrocki, I. Majsterek, M. Bijak, The emerging
concern and interest SARS-CoV-2 variants, Pathogens 10 (2021) 633, https://doi.
org/10.3390/pathogens10060633.

W.F. Garcia-Beltran, E.C. Lam, K. St Denis, A.D. Nitido, Z.H. Garcia, B.M. Hauser,
J. Feldman, M.N. Pavlovic, D.J. Gregory, M.C. Poznansky, A. Sigal, A.G. Schmidt,
A.J. Iafrate, V. Naranbhai, A.B. Balazs, Circulating SARS-CoV-2 variants escape
neutralization by vaccine-induced humoral immunity, MedRxiv Prepr. Serv. Heal.
Sci. (2021), https://doi.org/10.1101/2021.02.14.21251704.


https://doi.org/10.1101/2020.07.04.187757
https://doi.org/10.1101/2020.07.04.187757
https://doi.org/10.1073/pnas.2022586118/-/DCSupplemental
https://doi.org/10.1073/pnas.2022586118/-/DCSupplemental
https://doi.org/10.1016/j.heliyon.2020.e05116
https://doi.org/10.1080/07391102.2020.1819883
https://doi.org/10.1080/07391102.2020.1819883
https://doi.org/10.1016/j.chom.2020.11.012
https://doi.org/10.1101/2020.04.29.069054
https://doi.org/10.1128/jvi.01394-09
https://doi.org/10.1007/s00705-020-04830-0
https://doi.org/10.1007/s00705-020-04830-0
https://doi.org/10.1016/j.cell.2020.07.012
https://doi.org/10.1016/j.cell.2020.07.012
https://doi.org/10.20944/preprints202009.0395.v1
https://doi.org/10.20944/preprints202009.0395.v1
https://doi.org/10.20944/preprints202008.0447.v1
https://doi.org/10.1101/2020.07.10.171769
https://doi.org/10.1016/j.jinf.2021.01.007
https://doi.org/10.1016/j.jinf.2021.01.007
https://doi.org/10.1016/j.jinf.2021.01.025
https://doi.org/10.1136/bmj.n359
https://doi.org/10.1101/2021.01.12.426407
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1101/2021.01.04.425316
https://doi.org/10.7554/eLife.61312
https://doi.org/10.7554/eLife.61312
https://doi.org/10.1001/jama.2021.2088
https://doi.org/10.1016/j.chom.2021.01.014
https://doi.org/10.1016/j.chom.2021.01.014
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0380
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0380
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0380
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0380
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0380
https://doi.org/10.1101/2021.01.06.425497
https://doi.org/10.1101/2021.03.25.21253908
https://doi.org/10.1101/2021.03.25.21253908
https://doi.org/10.1101/2021.04.22.440932
https://doi.org/10.1101/2021.04.03.438113
https://doi.org/10.1016/j.medidd.2021.100086
https://doi.org/10.1038/s41598-021-83761-5
https://doi.org/10.1038/s41598-021-83761-5
https://doi.org/10.1186/s12967-020-02344-6
https://doi.org/10.1186/s12967-020-02344-6
https://doi.org/10.1101/2021.02.06.21251159
https://doi.org/10.1101/2020.12.30.20249034
https://doi.org/10.1136/bmj.n230
https://doi.org/10.1101/2021.01.25.428137
https://doi.org/10.1101/2021.01.14.426475
https://doi.org/10.1101/2021.01.14.426475
https://doi.org/10.3201/eid2704.210183
https://doi.org/10.3390/pathogens10060633
https://doi.org/10.3390/pathogens10060633
https://doi.org/10.1101/2021.02.14.21251704

B. Cosar et al.

[92] E.B. Hodcroft, D.B. Domman, D.J. Snyder, K. Oguntuyo, M. Van Diest, K.

H. Densmore, K.C. Schwalm, J. Femling, J.L. Carroll, R.S. Scott, M.M. Whyte, M.
D. Edwards, N.C. Hull, C.G. Kevil, J.A. Vanchiere, B. Lee, D.L. Dinwiddie, V.

S. Cooper, J.P. Kamil, Emergence in late 2020 of multiple lineages of SARS-CoV-2
Spike protein variants affecting amino acid position 677, MedRxiv (2021),
https://doi.org/10.1101/2021.02.12.21251658, 2021.02.12.21251658.

M.K. Annavajhala, H. Mohri, J.E. Zucker, Z. Sheng, P. Wang, A. Gomez-
Simmonds, D.D. Ho, A.-C. Uhlemann, A novel SARS-CoV-2 variant of concern,
B.1.526, identified in New York, MedRxiv Prepr. Serv. Heal. Sci. (2021), https://
doi.org/10.1101/2021.02.23.21252259.

A. Winger, T. Caspari, The spike of concern—the novel variants of SARS-CoV-2,
Viruses 13 (2021) 1002, https://doi.org/10.3390/v13061002.

A.P. West, J.O. Wertheim, J.C. Wang, T.I. Vasylyeva, J.L. Havens, M.

A. Chowdhury, E. Gonzalez, C.E. Fang, S.S. Di Lonardo, S. Hughes, J.L. Rakeman,
H.H. Lee, C.O. Barnes, P.N.P. Gnanapragasam, Z. Yang, C. Gaebler, M. Caskey, M.
C. Nussenzweig, J.R. Keeffe, P.J. Bjorkman, Detection and characterization of the
SARS-CoV-2 lineage B.1.526 in New York, BioRxiv Prepr. Serv. Biol. (2021),
https://doi.org/10.1101/2021.02.14.431043.

W. Zhang, B.D. Davis, S.S. Chen, J.M. Sincuir Martinez, J.T. Plummer, E. Vail,
Emergence of a novel SARS-CoV-2 strain in Southern California, USA, MedRxiv
(2021), https://doi.org/10.1101/2021.01.18.21249786, 2021.01.18.21249786.
V. Tchesnokova, H. Kulakesara, L. Larson, V. Bowers, E. Rechkina, D. Kisiela,
Y. Sledneva, D. Choudhury, K. Deng, K. Kutumbaka, H. Geng, C. Fowler,

D. Greene, J. Ralston, M. Samadpour, E. Sokurenko, Acquisition of the L452R
mutation in the ACE2-binding interface of Spike protein 1 triggers recent massive
expansion of SARS-Cov-2 variants 2, BioRxiv (2021), https://doi.org/10.1101/
2021.02.22.432189, 2021.02.22.432189.

K.B. Jacobson, B.A. Pinsky, M.E.M. Rath, H. Wang, J.A. Miller, M. Skhiri,

J. Shepard, R. Mathew, G. Lee, B. Bohman, J. Parsonnet, M. Holubar, Post-
vaccination SARS-CoV-2 infections and incidence of the B.1.427/B.1.429 variant
among healthcare personnel at a northern California academic medical center,
MedRxiv (2021), https://doi.org/10.1101/2021.04.14.21255431,
2021.04.14.21255431.

K. Moelling, Within-host and between-host evolution in SARS-CoV-2—new
variant’s source, Viruses 13 (2021) 751, https://doi.org/10.3390/v13050751.
P.D. Yadav, G.N. Sapkal, P. Abraham, R. Ella, G. Deshpande, D.Y. Patil, D.

A. Nyayanit, N. Gupta, R.R. Sahay, A.M. Shete, S. Panda, B. Bhargava, V.

K. Mohan, Neutralization of variant under investigation B.1.617 with sera of
BBV152 vaccinees, BioRxiv (2021), https://doi.org/10.1101/
2021.04.23.441101, 2021.04.23.441101.

Ecdc, Detection of New SARS-CoV-2 Variants Related to Mink, 2020.

R. Bayarri-Olmos, A. Rosbjerg, L.B. Johnsen, C. Helgstrand, T. Bak-Thomsen,

P. Garred, M.O. Skjoedt, The SARS-CoV-2 Y453F mink variant displays a
pronounced increase in ACE-2 affinity but does not challenge antibody
neutralization, J. Biol. Chem. 296 (2021) 100536, https://doi.org/10.1016/j.
jbc.2021.100536.

R.K. Gupta, Will SARS-CoV-2 variants of concern affect the promise of vaccines?
Nat. Rev. Immunol. 21 (2021) 340-341, https://doi.org/10.1038/s41577-021-
00556-5.

C.K. Wibmer, F. Ayres, T. Hermanus, M. Madzivhandila, P. Kgagudi,

B. Oosthuysen, B.E. Lambson, T. de Oliveira, M. Vermeulen, K. van der Berg,

T. Rossouw, M. Boswell, V. Ueckermann, S. Meiring, A. von Gottberg, C. Cohen,
L. Morris, J.N. Bhiman, P.L. Moore, SARS-CoV-2 501Y. V2 escapes neutralization
by South African COVID-19 donor plasma, Nat. Med. 27 (2021) 622-625, https://
doi.org/10.1038/5s41591-021-01285-x.

X. Xie, Y. Liu, J. Liu, X. Zhang, J. Zou, C.R. Fontes-, H. Xia, K.A. Swanson,

M. Cutler, D. Cooper, V.D. Menachery, S. Weaver, P.R. Dormitzer, P.-Y. Shi,

P. Philip, Neutralization of SARS-CoV-2 spike 69/70 deletion, E484K, and N501Y
variants by BNT162b2 vaccine-elicited sera, BioRxiv (2021), https://doi.org/
10.1101/2021.01.27.427998, 2021.01.27.427998.

N. Andrew, D. Bascos, D. Mirano-Bascos, C.P. Saloma, Structural Analysis of Spike
Protein Mutations in the SARS-CoV-2 P. 3 Variant, BioRxiv (2021) 434059,
https://doi.org/10.1101,/2021.03.06.434059, 2021.03.06.

Who, COVID-19 Weekly Epidemiological Update Global epidemiological
situation, (n.d.).

P.L. Wink, F.C.Z. Volpato, F.L. Monteiro, J.B. Willig, A.P. Zavascki, A.L. Barth, A.
F. Martins, First identification of SARS-CoV-2 Lambda (C .37) variant in Southern
Brazil, MedRxiv (2021), https://doi.org/10.1101/2021.06.21.21259241,
2021.06.21.21259241.

P. Saha, A.K. Banerjee, P.P. Tripathi, A.K. Srivastava, U. Ray, A virus that has
gone viral: amino acid mutation in S protein of Indian isolate of Coronavirus
COVID-19 might impact receptor binding, and thus, infectivity, Biosci. Rep. 40
(2020), https://doi.org/10.1042/BSR20201312.

M.L. Acevedo, L. Alonso-Palomares, A. Bustamante, A. Gaggero, F. Paredes, C.
P. Cortés, F. Valiente-Echeverria, R. Soto-Rifo, Infectivity and immune escape of
the new SARS-CoV -2 variant of interest Lambda, MedRxiv (2021), https://doi.
org/10.1101/2021.06.28.21259673, 2021.06.28.21259673.

S. Akter, T.A. Banu, B. Goswami, E. Osman, M.S. Uzzaman, M.A. Habib, I. Jahan,
A.S.M. Mahmud, M.M.H. Sarker, M.S. Hossain, A.K.M. Shamsuzzaman, T. Nafisa,
M.M.A. Molla, M. Yeasmin, A.K. Ghosh, S.M.S. Al Din, U.C. Ray, S.A. Sajib,

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]
[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

22

Cytokine and Growth Factor Reviews 63 (2022) 10-22

M. Hossain, M.S. Khan, Coding-complete genome sequences of three SARS-CoV-2
strains from Bangladesh, Microbiol. Resour. Announc. 9 (2020), https://doi.org/
10.1128/mra.00764-20.

S. ur Rehman, L. Shafique, A. Thsan, Q. Liu, Evolutionary trajectory for the
emergence of novel coronavirus SARS-CoV-2, Pathogens 9 (2020) 240, https://
doi.org/10.3390/pathogens9030240.

L. Cheng, X. Han, Z. Zhu, C. Qi, P. Wang, X. Zhang, Functional alterations caused
by mutations reflect evolutionary trends of SARS-CoV-2, Brief. Bioinform. 22
(2021) 1442-1450, https://doi.org/10.1093/bib/bbab042.

X. Yang, N. Dong, E.W.C. Chan, S. Chen, Genetic cluster analysis of SARS-CoV-2
and the identification of those responsible for the major outbreaks in various
countries, Emerg. Microbes Infect. 9 (2020) 1287-1299, https://doi.org/
10.1080/22221751.2020.1773745.

D. Mercatelli, F.M. Giorgi, Geographic and Genomic Distribution of SARS-CoV-2
Mutations, Front. Microbiol. 11 (2020), https://doi.org/10.3389/
fmicb.2020.01800.

E.H. Ahmed-Abakur, T.M.S. Alnour, Genetic variations among SARS-CoV-2
strains isolated in China, Gene Rep. 21 (2020) 100925, https://doi.org/10.1016/
j-genrep.2020.100925.

S. Kiryanov, T. Levina, My. Kirillov, Spread of variants with gene N hot spot
mutations in russian SARS-CoV-2 isolates, Bull. Russ. State Med. Univ. (2020)
21-26, https://doi.org/10.24075/brsmu.2020.045.

M.L Khan, Z.A. Khan, M.H. Baig, I. Ahmad, A.-E. Farouk, Y.G. Song, J.-J. Dong,
Comparative genome analysis of novel coronavirus (SARS-CoV-2) from different
geographical locations and the effect of mutations on major target proteins: an in
silico insight, PLoS One 15 (2020) 0238344, https://doi.org/10.1371/journal.
pone.0238344.

F. Gerardo De Cosio, B. Diaz-Apodaca, C. Sandate, The United Kingdom’s New
Variant of COVID-19: What We Know and What We Don’t Know, and What We
Can Do to Respond to This Challenge, 2021.

H. Tegally, E. Wilkinson, M. Giovanetti, A. Iranzadeh, V. Fonseca, J. Giandhari,
D. Doolabh, S. Pillay, E.J. San, N. Msomi, K. Mlisana, A. von Gottberg, S. Walaza,
M. Allam, A. Ismail, T. Mohale, A.J. Glass, S. Engelbrecht, G. van Zyl, W. Preiser,
F. Petruccione, A. Sigal, D. Hardie, G. Marais, M. Hsiao, S. Korsman, M.A. Davies,
L. Tyers, 1. Mudau, D. York, C. Maslo, D. Goedhals, S. Abrahams, O. Laguda-
Akingba, A. Alisoltani-Dehkordi, A. Godzik, C.K. Wibmer, B.T. Sewell,

J. Lourenco, L.C.J. Alcantara, S.L. Kosakovsky Pond, S. Weaver, D. Martin, R.

J. Lessells, J.N. Bhiman, C. Williamson, T. de Oliveira, Emergence and rapid
spread of a new severe acute respiratory syndrome-related coronavirus 2 (SARS-
CoV-2) lineage with multiple spike mutations in South Africa, MedRxiv (2020),
https://doi.org/10.1101,/2020.12.21.20248640.

H.-P. Yao, X. Lu, Q. Chen, K. Xu, Y. Chen, L. Cheng, F. Liu, Z. Wu, H. Wu, C. Jin,
M. Zheng, N. Wu, C. Jiang, L. Li, Patient-derived mutations impact pathogenicity
of SARS-CoV-2, SSRN Electron. J. (2020), https://doi.org/10.2139/ssrn.3578153.
C.A. Kupbsinos, T.A. Jlesuna, M.IO. Knpnuios, Rasprostraneniye variantov s
chastymi mutatsiyami v gene kapsidnogo belka N v rossiyskikh izolyatakh SARS-
CoV-2, Becthuk Poccuiickoro ['ocynapcreenHoro MenuiuHckoro Y HuBepcuTeTa,
2020, pp. 21-26, https://doi.org/10.24075/vrgmu.2020.045.

T.Y. Yeh, G.P. Contreras, Emerging viral mutants in Australia suggest RNA
recombination event in the SARS-CoV-2 genome, Med. J. Aust. 213 (2020) 44,
https://doi.org/10.5694/mja2.50657, el.

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Dr. Devrim Demir Dora has graduated from Hacettepe Uni-
versity Faculty of Pharmacy in 1995 and got her Msc and PhD
degree from Hacettepe University Graduate School of Health
Sciences Pharmaceutical Biotechnology Program. She has
worked as a Research Assistant at Hacettepe University Faculty
of Pharmacy, Pharmaceutical Biotechnology Department from
1996 to 2005. Between 2005 and 2007, she has worked at
Turkish Ministry of Health, General Directorate of Pharma-
ceuticals and Pharmacy, Quality Control Department, and she
has participated in GMP Inspection team especially for the
biotechnology derived products. She has worked as an Assis-
tant Professor between 2007 and 2010 at Ege

University Faculty of Pharmacy Department of Pharmaceutical Biotechnology and since
2010 at Akdeniz University Faculty of Medicine Department of Medical Pharmacology,
Medical Biotechnology and Gene and Cell Therapy. Besides her academic duties, Dr. Demir
Dora has been worked as ‘Advisory Board Member’ for approval of biotechnological/
biosimilar medicinal products since 2009 at Turkish Medicines and Medical Devices
Agency. Her areas of interest are recombinant protein production, regulation of biotech-
nological and biosimilar products, development of biopharmaceuticals, nanotechnology,
advanced therapy medicinal products, gene therapy medicinal products, development of
non viral nucleic acid delivery systems for gene therapy, cancer therapy, bacterial trans-
formation, quorum sensing mechanism and genetic competence. She has ‘Bacterial
Transformation Kit’ patent and three patent applications about non-viral gene delivery
system for treatment of breast cancer and pseudomonas infection.


https://doi.org/10.1101/2021.02.12.21251658
https://doi.org/10.1101/2021.02.23.21252259
https://doi.org/10.1101/2021.02.23.21252259
https://doi.org/10.3390/v13061002
https://doi.org/10.1101/2021.02.14.431043
https://doi.org/10.1101/2021.01.18.21249786
https://doi.org/10.1101/2021.02.22.432189
https://doi.org/10.1101/2021.02.22.432189
https://doi.org/10.1101/2021.04.14.21255431
https://doi.org/10.3390/v13050751
https://doi.org/10.1101/2021.04.23.441101
https://doi.org/10.1101/2021.04.23.441101
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0505
https://doi.org/10.1016/j.jbc.2021.100536
https://doi.org/10.1016/j.jbc.2021.100536
https://doi.org/10.1038/s41577-021-00556-5
https://doi.org/10.1038/s41577-021-00556-5
https://doi.org/10.1038/s41591-021-01285-x
https://doi.org/10.1038/s41591-021-01285-x
https://doi.org/10.1101/2021.01.27.427998
https://doi.org/10.1101/2021.01.27.427998
https://doi.org/10.1101/2021.03.06.434059
https://doi.org/10.1101/2021.06.21.21259241
https://doi.org/10.1042/BSR20201312
https://doi.org/10.1101/2021.06.28.21259673
https://doi.org/10.1101/2021.06.28.21259673
https://doi.org/10.1128/mra.00764-20
https://doi.org/10.1128/mra.00764-20
https://doi.org/10.3390/pathogens9030240
https://doi.org/10.3390/pathogens9030240
https://doi.org/10.1093/bib/bbab042
https://doi.org/10.1080/22221751.2020.1773745
https://doi.org/10.1080/22221751.2020.1773745
https://doi.org/10.3389/fmicb.2020.01800
https://doi.org/10.3389/fmicb.2020.01800
https://doi.org/10.1016/j.genrep.2020.100925
https://doi.org/10.1016/j.genrep.2020.100925
https://doi.org/10.24075/brsmu.2020.045
https://doi.org/10.1371/journal.pone.0238344
https://doi.org/10.1371/journal.pone.0238344
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0595
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0595
http://refhub.elsevier.com/S1359-6101(21)00053-8/sbref0595
https://doi.org/10.1101/2020.12.21.20248640
https://doi.org/10.2139/ssrn.3578153
https://doi.org/10.24075/vrgmu.2020.045
https://doi.org/10.5694/mja2.50657

	SARS-CoV-2 Mutations and their Viral Variants
	1 Background information
	2 An overview of SARS-CoV-2
	2.1 SARS-CoV-2 structural properties and the replication cycle
	2.2 Entry into the cell

	3 Mutations in the spike (S) protein
	3.1 Mutations in the receptor-binding domain (RBD) of SARS-CoV-2
	3.2 Important mutations in the RBD and other domains of the S protein
	3.2.1 D614G
	3.2.2 S943P
	3.2.3 V483a
	3.2.4 E484K
	3.2.5 COH.20G/501Y
	3.2.6 L452R
	3.2.7 Q677
	3.2.8 P681H
	3.2.9 E484Q
	3.2.10 K417
	3.2.11 S477G/N


	4 Some SARS-COV-2 variants recently associated with rapid spread
	4.1 B.1.1.7, 20I/501Y.V1, VOC202012/01
	4.2 B.1.351, 20C/501Y.V2
	4.3 P.1
	4.4 P.2
	4.5 B.1.525
	4.6 B.1.526
	4.7 B.1.427/B.1.429
	4.8 B.1.617
	4.9 B.1.1.298
	4.10 P.3
	4.11 Lambda (C.37)

	5 Emergence and observation of CoV viral variants by country
	6 What the future holds
	7 Discussion
	Contributors’ statement
	Funding statement
	Compliance with ethical standards
	Consent to participate
	Consent for publication
	Declaration of Competing Interest
	Acknowledgements
	References


