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Numerous variations of the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), including D614G,
B.1.1.7 (United Kingdom), B.1.1.28 (Brazil P1, P2), CAL.20C (Southern California), B.1.351 (South Africa),
B.1.617 (B.1.617.1 Kappa & Delta B.1.617.2) and B.1.1.529, have been reported worldwide. The receptor-
binding domain (RBD) of the spike (S) protein is involved in virus-cell binding, where virus-neutralizing anti-
bodies (NAbs) react. Novel variants in the S-protein could maximize viral affinity for the human angiotensin-

converting enzyme 2 (ACE2) receptor and increase virus transmission. Molecular detection with false-negative
results may refer to mutations in the part of the virus’s genome used for virus diagnosis. Furthermore, these
changes in S-protein structure alter the neutralizing ability of NAbs, resulting in a reduction in vaccine efficiency.
Further information is needed to evaluate how new mutations may affect vaccine efficacy.

1. Introduction

The Severe Acute Respiratory Syndrome Corona 2 (Virus SARS-CoV-
2, belonging to the family Coronaviridae, appeared in 2019 Wuhan-
China [1,2]. By mid-September 2022, the pandemic had confirmed
nearly 614 million cases worldwide and caused around six and a half
million deaths (World Health Organization). The coronavirus,
SARS-CoV-2, is an enveloped, positive-stranded virus that infects ver-
tebrates [3]. The SARS-CoV-2 genome is coronavirus’s largest
single-stranded RNA genome, composed of 32 kb long nucleotides with
polyadenylated 3’ end and cap structure at 5'-terminal [4]. The genome
sequence includes a 265 base pair (bp) leader sequence that plays an
essential role in coronavirus gene expression during its discontinuous
sub-genomic replication [5]. In addition, genes responsible for the
production of RNA replication and transcription proteins are part of
open reading frames (ORFs) called ORFlab. The first ORF signifies
around 67% of the entire genome, encoding 16 non-structural proteins
(NSPs), whereas the leftover ORFs encode auxiliary and structural pro-
teins [6].

The SARS-CoV-2 genome also has genes for structural and non-
structural proteins, such as papain-like proteinase and PL proteinase,
such as NSP3 [7]. The main structural proteins are nucleocapsid protein

(N), the spike surface glycoprotein (S), matrix protein (M), and a small
envelope protein (E). In addition, Coronaviruses spike glycoprotein has
two domains, the S1 domain manages host receptor ligation, and the S2
domain is used for cell fusion [8]. Angiotensin-converting enzyme 2
(ACE2) is a host receptor that binds spike protein S1 of the virus to start
attaching. ACE2, the receptor protein SARS-CoV-2, is decidedly abun-
dant in the human epithelia of the small intestine and the lungs [9].

SARS-CoV-2 has undergone mutations that have had a major influ-
ence on pathogenesis during the COVID-19 pandemic. The most
important concern about different SARS-CoV-2 variants is the risky
changes that could worsen the severity of the disease or reduce the ef-
fects of vaccines [10]. In the present review, we aim to summarize the
major viral mutations that produce a new variant and their effect on the
infectivity of SARS-CoV-2, transmissibility, disease diagnosis, and
vaccination trials.

2. Genomic variations of SARS-cov-2

Coronaviruses are characterized by unusual genetic plasticity
resulting from the accumulated genetic mutations that permit the virus
to evolve rapidly. The analysis of the mutation of the SARS-CoV-2
genome may explain the behavior of a virus and alterations in the
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transmissibility and virulence of the coronavirus. RNA viruses, mainly
SARS-CoV-2, have a high-frequency mutation rate, resulting in more
genetic diversity [11]. Mutations, including S glycoprotein, ORFlab,
ORF3a, nucleocapsid (N) gene, membrane (M) gene, envelope (E) pro-
tein, ORF6, ORF7a, ORF7b, ORF8, and ORF10 can influence all seg-
ments of the SARS-CoV-2 genome. Analysis of mutations related to the S
glycoprotein region is essential to understanding virus antigenicity and
for vaccine development or therapeutic interventions [12]. [12] studied
site-specific spontaneous mutations in the S glycoprotein of the
SARS-CoV-2 genome from a different isolate. The S glycoprotein muta-
tion analysis of the SARS-CoV-2 identifies, among 11 sequences tested,
80 mutated bases at 47 positions. The most common Single Nucleotide
Polymorphism (SNP) is A > G at position 1,841, resulting in a change in
codon from GAU - > GGU and, consequently, a change from aspartic
acid to Glycine. Jia et al. (2020) found that the mutational rate of
SARS-CoV-2 was less than that for other SARS. In addition, they iden-
tified that the SARS-CoV-2 has an amino acid mutation in the RBD of the
S-protein and related it to the affinity to binding to the ACE2 receptor in
humans. They confirmed that the other protein-encoding genes tend to
be less conserved than the S protein-encoding gene of SARS-COV-2 [13].
compared the reference SARS-CoV-2 sequence with 12,343 SARS-CoV-2
genome sequences isolated from patients in different geographic areas.
Two identified 1234 mutations, S-protein614G variants, and ORFlab
4715L, were related to high fatality rates.

Zhang et al. (2020) examined the phylogenetic relationships of 169
genomes of SARS-CoV-2 by using whole-genome alignment. They clas-
sify the SARS-CoV-2 genome into Type I and Type II, which mainly differ
at three nucleotide loci which are 8750, 28,112, and 29,063. Type I
genotype is divided into type IA, related to ancestor SARS-CoV-2, and
Type IB, based on nucleotide at the 29,063 sites. The researchers sug-
gested that Type I might be more associated with the ancestral human-
infecting strain, while Type II has derived from mutant Type IB. The
analysis of the samples collected from the Wuhan Huanan market
revealed that they are more related to Type II. There were no samples
from type I directly linked with the Huanan market. The high trans-
missibility of Type II may be explained by the presence of two variants
correlated to higher translation efficiency [5,14]. genotype 558
SARS-CoV-2 isolated from different countries worldwide. It measures
the frequency of gene mutations encoding the S protein, RNA primase,
nucleoprotein, and RNA polymerase. Depending on the influence of
mutation on protein, SNP mutations are divided into four groups: which
are a single mutation in nsp 6 (11083G > T), ORF3a (26144G > T), RNA
polymerase (NSP8) (8782C > T, 28144 T > C), and double mutations in
RNA polymerase and S-protein: (23403 A > G, 14408C > T, 3037C > T,
241C > T) of the 558 genotypes (after the exclusion of the leader
sequence and the synonymous mutations). In addition to that, the leader
sequence mutation (241C > T) was reported to be common and co-
incides with three significant mutations, 14408C > T, 3037C > T, and
23403 A > G, which are synonymous mutations in the amino acid of nsp
3. The two SNP mutations (8782C > T, 28144 T- > C) in SARS-CoV-2
isolated were the most frequent in China, the USA, and Europe [15].
Mutations at other positions (28144 T > C, 8782C > T, 18060C > T)
were identified later from the strain’s early phase. In European coun-
tries, SARS-CoV-2 isolates have additional essential co-mutations (241C
> T, 3037C > T, 23403 A > G) and extended mutations at (3037C > T,
241C > T, 23403 A > G, 14408C > T) positions were reported. SNP
mutations are disseminated among the complete genomes of
SARS-CoV-2 unevenly and concentrated in the RNA primase, RNA po-
lymerase, S protein, and nucleoprotein.

RNA-dependent RNA polymerase (NSP12, RdRp) mutant 14,408C >
T (P323L) and S proteins mutant 23,403 A > G (D614G) are the domi-
nant non-synonymous mutations of SARS-CoV-2 in Europe and the USA.
These two dominant mutants in SARS-CoV-2 correlate to accumulating
non-synonymous and synonymous mutations in the S and ORF1a genes
[15].

Sarder, R. et al. (2020) identified the genetic mutational spectrum of

Informatics in Medicine Unlocked 39 (2023) 101256

SARS-CoV-2 genomes from diverse geographical areas, primarily from
Italy, India, the USA, China, and Nepal. The highest cases of mutations
were recognized in the Indian sequence located in NSP2, ORFlab, NSP3,
ORF8 protein, helicase, and spike surface glycoprotein. Indian SARS-
CoV-2 genome has a specific mutation in the spike surface glycopro-
tein (A930V (24351C > T), which is absent in other SARS-CoV-2 ge-
nomes of different locations. A sharp increase in the reported cases of
deaths in Italy correlates to unique mutations reported in ORFlab,
ORF3a, ORF1la, and NSP6 [16].

D614G mutation is a non-synonymous dominant mutation in the
SARS-CoV-2 spike protein. D614G is connected to conformational SARS-
CoV-2 spike protein and may be combined with other mutations leading
to increases in virus infectivity [17,18]. Moreover, mutation Spike
D614G may have first been identified in China or Europe and spread
rapidly in Europe and other countries. In addition to the high frequency
of the D614G mutation, it is accompanied by two different (C-to-T)
mutations, one silent in the NSP3 gene and another in an
RNA-dependent RNA polymerase amino acid (RdRp P323L). L8V is a
signal peptide mutation with limited presence in a single lineage in
Hong Kong and once in Canada. On the other hand, the L5F mutation is
distributed in different geographic areas, and the G476S mutation
frequently occurs in the binding surface of the RBD in the USA [19].

Ou, J. et al. (2020) analyzed 1609 SARS-CoV-2 complete genome
sequences from various global locations, including China, Finland, the
UK, France, Belgium, the USA, and India. W436R, V367F, and D364Y
mutants have appeared in Shenzhen, Wuhan, and France, whereas RBD
mutations V367F revealed high frequency in France and Hong Kong.
Still, V483A and G476S were reported frequently in USA samples [20].

[21] characterized diverse mutations in 11 viruses isolated from
some patients admitted to Hangzhou hospitals in China. Collectively 33
mutations were recognized. The newly discovered mutation was 19 in
comparison to genomic sequences available at GISAID. A22301C and
T22303G are new missense mutations that lead to the same effect at the
protein level (S247R in the S-protein). Two mutations out of the defined
four mutations in the ORF7b gene that affect protein structure are
identified [21].

In December 2020, a new variant was reported in the UK as SARS-
CoV-2 variants of concern (VOC) 202,012/01, also named B.1.1.7
(Alpha) [22]. The new variant, which was detected during regular
sampling, shows several mutations in the RBD that were never reported
before and started to replace other virus lineages in the area. There are
23 mutations in the B.1.1.7 variant, 14 of which are non-synonymous
mutations: T1001I, 12230T, and A1708D in ORFlab (open reading
frame); Q27stop, Y73C, and R52I in ORF8; N501Y, P681H, A570D,
T716I, D1118H, and S982A in spike protein; and S235F and D3L in
nucleocapsid protein. Synonymous mutations are: Y144del and
H69-V70del in spike protein; T26801C in membrane gene; C14676T,
C5986T, C913T, T16176C, and C15279T in ORFlab; and three are de-
letions: Y144del and H69/V70del in spike protein; and SGF
3675-3677del in ORFlab. Apart from synonymous mutations, the gene
encoding for the spike protein containing the RBD accounts for 47% of
recorded variants in B.1.1.7 [23]. As such, the N501Y mutation of the
B.1.1.7 variant that causes an amino acid transition from asparagine to
tyrosine, in combination with spike deletion 69-70del and P681H, has
the greatest possible biological impact [24]. At the same time, a different
SARS-CoV-2 variant (20C/501Y-V2 or B.1.351 (Beta) lineage) devel-
oped independently of the B.1.1.7 lineage in South Africa. B.1.351
variant (also known as 20H/501Y-V2) is characterized by nine varia-
tions in spike protein related to the Wuhan-1 D614G spike mutant
previously identified in South Africa. These mutations include N501Y,
which represents the common mutation among the new UK and South
African variants [25].

The virus transmission rates in Los Angeles (LA) and California have
been among the highest rates worldwide, coinciding with the high
positivity rate in this region. From the beginning of November 2020, an
S-protein L452R mutation of the RBD region has been identified in
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Southern California as CAL.20C strain (B.1.427/429) that shares mul-
tiple mutations with UK and South African strains [26].

Brazil experienced high infection levels of SARS-CoV-2 in early 2021.
The appearance of the new SARS-CoV-2, lineage P.1 (Gamma variant),
had ten mutations in the spike protein (E484K, L18F, T20 N, K417T,
P26S, D138Y, N501Y, R190S, H655Y, and T10271 V1176), were iden-
tified in Manaus virus’s samples in addition to three RBD mutations
(E484K, K417 N, and L18F) [27,28].

The B.1.617 lineage has been studied in India since the beginning of
2021; it was initially discovered in early 2021 in Maharashtra and
spread all over India [29,30]. B.1.617.1 (Kappa), B.1.617.2 (Delta), and
B.1.617.3. The L452R, D614G, and P681R spike protein mutations are
three sub-lineages as common mutations [28,31]. L452R mutation has
previously been linked to enhanced infectivity and slightly reduced
susceptibility to neutralizing antibodies. Wuhan-Hu-1 D614G compared
to B.1.617.2, has spike mutations T19R, E156G, R158del, L452R,
D614G, and D950 N [30]. The E484Q, L452R, and P614R are critical
mutations in the Delta variant that simplify the binding of the virus spike
to ACE-2 receptors [32]. Delta Plus (B.1.617.2.1/(AY.1) is an Indian
Delta variant with an additional K417 N mutation in Spike protein [32].
According to the Public Health England bulletin, the novel mutation was
found in six genomes from India [33].

The CDC (USA) and WHO have categorized variants of a new SARS-
CoV-2 as either variants of concern (VOC) or variants of interest (VOI)
[34]. A new SARS-CoV-2 VOC reported on the November 25, 2021 was
the Omicron B.1.1.529 variant, which emerged when vaccine immunity
increased in different countries. The polymerase chain reaction (PCR)
assay false negative result was associated with a 69-70del deletion
mutation in the S-gene target. In addition to some deletion mutations,
Omicron has many mutations, many of them (e.g., K417 N, T95I,
G142D/143-145del, N655Y, T478K, N501Y, P681H, and N679K)
cross-over with those in the beta, alpha, Delta or gamma VOC [35].

Among all SARS-CoV-2 variants studied Omicron possesses the most
significant number of mutation sites. In addition to two deletions, amino
acid 2083 and amino acid 3674-3676, six substitution mutations are
identified within ORFla (A2710T, T3255I, P3395H, K856R, L20841, and
13758V). Moreover, the variant has two substitutions (I1566V and
P314L) in ORF1b, and a P10S substitution accompanied by three residue
deletions was reported in ORF9b. Structural protein mutations are
distributed between the envelope with one substitution (T9I), three
substitutions (D3G, Q19E, and A63T) in the membrane, and three res-
idue omissions, respectively, in the nucleocapsid proteins. More than 5%
of the total Omicron mutations described are found in the spike protein.
Spike protein mutations consist of 30 substitutions of A67V, Y145D,
S371L, L2121, S373P, K417 N, S375F, S477 N, G446S, N440K, E484A,
T478K, G496S, Q498R, Y505H, Q493R, N501Y, H655Y, T95I, G339D
N679K, P681H, D614G, T547K, N764K, Q954H, D796Y, N969K, L981F,
N856K, and three deletions of V143/G142/Y144, H69/V70, and N211,
besides one insertion of 3 amino acids (EPE) at position 214. The amino
acid alteration D614G represents the shared spike protein mutation in
all five VOC mutations [36].

Recently the Omicron variant has been divided into distinct sub-
variants, BA.1, BA.2, BA.1.1, BA.3. BA.4, and BA.5 [37]. The twenty
spike mutations (S375F, G142D, G339D, S373P, N440K, S477 N, K417
N, T478K, Q498R, D614G, E484A, N501Y, Y505H, N764K, H655Y,
N679K, P681H, Q954H, D796Y, and N969K) are found in all five
sub-varients [38]. Subvariant BA.1 (B.1.1.529.1) makes up the domi-
nant circulating omicron variant, while subvariant BA.2 is predominant
in India, Denmark, and the Philippines [39]. The BA.1 and BA.2 sub-
variants have 12 common substitution mutations out of 16. The BA.2 is
distinguished from BA.1, which represents the original omicron strain,
by the presence of 4 substitution mutations (D405 N, S371F, R408S, and
T376A) in the RBD region of spike protein [39]. The BA.3 subvariant has
more than 90% of the BA.1 spike protein mutations in addition to two
similar mutations in BA.2. subvariant [40].

According to genome sequencing analysis, the nucleotide
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substitution rate of around 1 x 10—3 substitutions per year resulted in
variants via point mutations, additions, recombination, and omissions
[41]. An analysis study based on 48,635 samples confirmed that
SARS-CoV-2 has an average number of 7.23 mutations for every viral
sample compared to the reference SARS-CoV-2 genome sequences [42].
Compared with SARS-CoV-2, other RNA viruses have low sequence
variation with mutation hot spots in the viral genome [43]. Compared to
SARS-CoV or MERS-CoV, the SARS-CoV-2 genome is much more stable,
with a comparatively high dynamic mutation rate compared to other
RNA viruses [44]. SARS-COV-2 is well preserved, particularly “in the E,
7 b, six areas with hotspot mutations in ORFs 1a, 8, S, and the N region.
According to Ref. [45] study, the primary locus of amino or acid
nucleotide variation in SARS-CoV-2 isolate strains was in open-reading
frames eight and 1a.

3. The impact of genetic variation on the SARS-cov-2 genome

Mutational analysis of SARS-CoV-2 genomes gives an excellent op-
portunity to understand how different genes undergo frequent muta-
tions that may affect the viral features and disease manifestation.
Transmissibility of the SARS-CoV-2 virus, one of the virus features, is
affected by genetic variation in the virus genome. Zhang et al. (2020)
stated that the dominance of the Type II SARS-CoV-2 virus is correlated
to high translational efficiencies due to two synonymous mutations that
facilitate the production of new virus particles. Moreover, these genetic
variants in the Type II SARS-CoV-2 virus provide high transmissibility
and lead to a virus outbreak. Leader sequence mutation (241C > T) with
co-mutations (14408C > T, 3037C > T, 23403 A > G) is another syn-
onymous mutation that increases virus rigorousness and transmissibility
of infection in Europe [5].

The spike glycoprotein of SARS-CoV-2, which mediates the ligation
of the virus to the host cell membrane, is accounted for by the high
mutation frequency. D614G (23403 A > G) is a spike protein mutation
targeting a region where S1/S2 junction area. D614G mutation was
recorded in March 2020 and then spread rapidly by April and May in
high frequency (70%). D614G is correlated to enhance transmission of
the virus and increased virus infectivity due to low S1 domain shedding
accompanied by high S-protein integration into the virion [46].

The spike protein receptor binding domain of SARS-CoV-2, mainly
S1, is attached directly to human cell receptors ACE2. Mutations in the
RBD region that alter protein conformation and enhance base rigidity
affect the binding nature and stability of the ACE2 receptor [47]. Sta-
bilization of the RBD beta-sheet scaffold was reported in three mutants,
V367F, W436R, and D364Y, of SARS-CoV-2. The V367F mutant is pri-
marily correlated to the high binding affinity of the virus to ACE2 re-
ceptors and the increases in virus infectivity and morbidity [20].

Mutation in the RdRp region, mainly 14408C > T mutation, causes a
switch of proline amino acid to leucine, leading to an increase in the
rigidity of the RdRp protein structure concurrent with increases in the
mutation rate and evolution of SARS-CoV-2 genome [11]. RdRp mutant
14408C > T was significantly correlated to the strictly affected group
compared to the mildly affected group [48].

Variability of the SARS-CoV-2 genome that resulted from different
mutations in their sequence affects the pathogenicity of the disease
differently. The functional impact of specific mutations and how they
change the pathogenicity of SARS-CoV-2 was reported [21]. studied
various mutations in 11 virus-isolated cases admitted to Zhejiang hos-
pitals in China and the pathogenic effects of these mutations. After
infecting Vero-E6 cells with 11 viral isolates, one isolate (ZJU-1), which
clusters with the A23403G mutation (D614G in S protein), has a sta-
tistically significant higher viral load than other viral isolates at 48 h
post-infection. Moreover, a greater viral load that may lead to a much
higher cell death ratio correlates to low Cycle threshold (Ct) values in
PCR results [21].

The new variant of SARS-CoV-2 in Britain acquires more than a
dozen mutations, leading to changes in spike protein amino. The spike
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protein mutations, mainly N501Y mutant, alter the amino acid within
the receptor-binding domain and increase protein tightness necessary to
the ACE2 receptor. Furthermore, the CAL.20C strain of southern Cali-
fornia with L452R mutation could enable easier binding of the SARS-
CoV-2 virus to the cell receptor. The CAL.20C strain and disease
severity remains unclear until now [26]. This alteration in virus protein
structure influences the virus’s transmissibility in humans and may lead
to a higher viral load [25,49,50]. SARS-CoV-2 variant lineage P.1, which
emerged in Brazil, correlated with enhanced virus binding to the human
ACE2 receptor. Moreover, P.1 lineage increases virus transmissibility
around 1.4-2.2 times compared to non-P.1 lineage accompanied by in-
creases in immune invasion [27].

The dynamics, molecular interactions, and binding energy of the
B.1.1.7 variant (spike N501Y mutant), B.1.617 variant (E484Q and
L452R spike mutant), and wild-type (WT) were investigated recently in
India using molecular dynamics simulations of three diverse spike-ACE2
complexes. The results revealed that mutation enhances binding energy
amid the spike and human ACE2. The B.1.617 lineage, L452R, and
E484Q mutations improved the intra-chain interactions and steadiness
in the spike protein, which may affect the ability to interact with human
antibodies with this spike variant. Moreover, variant B.1.1.7 has higher
interaction of hydrogen with LYS353 of human ACE2 and a different
mandatory affinity than the WT. The high transmissivity and infectivity
of the virus mutants form may be explained by the amplified structural
constancy of its spike protein and human ACE2 affinity [51].

Compared to B.1.617.1 (Kappa) variant, B.1.617.2 (Delta) variant
showed greater replication and spike-mediated entry, which might
explain its dominance [30,31]. Delta variant blowouts are almost two
times faster than the original SARS-CoV-2 virus. Moreover, this muta-
tion was formerly responsible for amplified infection and an immune
escape compared to the previous conditions. Compared to wild-type
Wuhan-1 D614G, the Delta variant is around six folds less susceptible
to neutralizing antibodies in sera from recuperated persons and nearly
eight folds lower sensitivity to vaccine-produced antibodies [31,52]. As
such, the Delta variant has specific significant mutations in the spike
protein of the virus, such as the E484Q, L452R, and P614R, which may
enhance the ACE2 binding, whereas P681R mutation in the furin
cleavage location might improve the rate of S1-S2 cleavage, leading to
enhance virus transmissibility [53]. The Delta variant revealed greater
reproduction efficacy in the human airway and airway organoid
epithelial systems [54]. Remarkably, the escaping ability of the Delta
variant from natural immunity was associated with increased trans-
missibility with greater viral load, high rates of re-infection, and longer
time of infectiousness [55].

The genome of the Omicron variant has more than 30 mutations in
the spike protein, which directly interacts with human cells before cell
access. Omicron has some deletions and over 30 mutations associated
with evolved viral binding affinity, enhanced antibody emission, and
augmented transmissibility due to the mutations close to the furin
cleavage site [55]. Omicron variant E484K in virus spike protein
modified the conformation of the site that interacts with class 2 anti-
bodies, making them less effective. According to preliminary findings,
the Omicron variant has a greater risk of re-infection than the other
variants. In South Africa, hospitalization rates are increased, and fewer
people who needed oxygen support were accompanied by fewer severe
symptoms than in the previous variants [56]. Due to the increased cases,
Omicron is expected to infect 3-6 times as many individuals as Delta
during the same time. However, recent information reveals that Omi-
cron VOC is infectious, dispersing quicker than other variants. Addi-
tionally, Omicron infects people resistant to different variants and shows
fewer symptoms than other coronavirus strains [57].

Among Omicron subvariants, BA.2 has higher transmissibility than
other subvariants and becomes the dominant strain. The spike protein
mutation of the Omicron BA.2 subvariant found in RBD and N-terminal
domains is correlated to high binding strength to ACE2 receptors and
high virus transmissibility [58]. The Omicron BA.2 subvariant
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mutations are associated with unsusceptibility to the neutralizing effect
of monoclonal antibodies [59].

The ongoing evolution of SARS-CoV-2 variants from time to time has
worsened the COVID-19 pandemic by nearly 2-5% mortality. Devel-
oping a new variant of SARS-CoV-2, such as VOC, that spreads world-
wide causes different severity levels of the disease [60]. Islam et al.
(2023) filtrate 16,954 distinct and widespread mutations out of 10,531
sequences for 12 strains to identify more deleterious mutations in the
variants. Omicron variants reveal the highest mutation level pattern,
followed by the Delta variant, which has more deleterious mutations
than the Delta variant. L916S and V915S are spike protein mutations in
omicron variants that decrease the likelihood of binding with T- and B-
cells, reduce affinity, and improve molecular flexibility.

There are few studies examining the relationship between viral
mutation and disease severity [61]. reviewed studies in PubMed, Google
Scholar, and Web of Science that were published in English. They re-
ported that the D614G mutation was significantly correlated with
elevated fatality rates in a number of countries. Moreover, countries
with an elevated fatality rate reported a significantly high frequency of
the variant. As a result, the VOC appears to become more lethal and
transmissible.

A cohort study linked the differences in infection mortality rates with
the Alpha variant of SARS-CoV-2. A strong correlation was found be-
tween the participants who tested positive for SARS-CoV-2 and the PCR
test results variant for Alpha for the period from Oct-01-2020 and Jan-
29-2021, followed up until Feb-12- 2021. A high mortality hazard
ratio reached 1.32 and 2.04, with 32% and 104% more susceptible to
dying than comparable individuals infected with previous variants [62].
Another study used patients who tested positive for SARS-CoV-2 in
England from Nov-16-2020 to Feb-05-2021 to estimate the disease
severity of the VOC (B.1.1.7) compared to the non-VOC. A high risk of
death with a hazard ratio of 1.67 (95% confidence interval (CID):
1.34-2.09; p < 0.0001) was recorded for patients with VOC with an
estimated risk of dying within 28 days of a positive SARS-CoV-2 test,
accompanied by a 35% mortality rate. Moreover, the Alpha variant can
increase the mortality rate from 30 to 50% [63].

Compared to the preceding circulating variants, the mortality hazard
ratio correlated with infection with the Delta variant was 2.26 (95% CI:
1.32-3.89) compared to Alpha variant infections in England [64].
Furthermore, the odd ratio for mortality of the Delta variant is 2.37
(95% CI: 1.50-3.30), with a 133% elevated mortality risk. Another study
compared the Omicron variant with the Delta one, reducing the hazard
ratio to 0.35 [65]. [66] compared the COVID-19 mortality risk to pa-
tients diagnosed with Omicron BA.1 or Delta variants. They found a 66%
(95% CI: 54%-75%) reduction in the death risk of Omicron BA.1
compared to Delta variants. Moreover, Omicron BA.1 patients had a
hazard ratio of 0.34 (95% CI: 0.25 to 0.46) for Omicron BA.1 infection
compared to the delta infection model strongly associated with variation
in mortality risk as a result of the age factor. These results are consistent
with another study by Ref. [67] to estimate a hazard ratio for Omicron
BA.1 patients in hospital attendance compared to Delta ones [67]. found
that the hazard ratio of Omicron hospital attendance patients was 0-56
(95% CI 0-54-0-58) compared with delta [68]. After comparing
different SARS-CoV-2 variants, the Omicron variant has a noticeable
reduction in hazard ratio compared to other variants (Fig. 1).

3.1. The impact of genetic variation on SARS-CoV-2 diagnosis

The genomic diversity of SARS-CoV-2 could influence the perfor-
mance of molecular tests used for virus diagnosis. The real-time reverse
transcriptase-polymerase chain reaction (RT-PCR) test is a molecular
tool that uses primer-probe designed to bind specifically to one of the
highly conserved regions of structural genes (envelope, nucleocapsid,
and RdRp) of SARS-CoV-2 [69]. Various diagnostic kits of RT-PCR have
been developed and used as reliable tests to detect diverse nucleotide
sequences of SARS-CoV-2 [70]. Viral RNA in SARS-CoV-2 patients
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Fig. 1. Hazard ratio for SARS-CoV-2 death for Omicron BA.1 infection
compared to Alpha and Delta infections.

measured by the cycle threshold (Ct), the number of replication cycles
needed to generate a fluorescent signal, considered PCR positive with a
Ct value lower than 40. The Ct value required to detect the virus’s
presence is proportional to the patient’s viral load [71]. A particular
assay kit with different primer-probe sets used in the University of
Washington (in the Clinical Virology Lab) for SARS-CoV-2 revealed high
reliability without cross-reactivity with other respiratory infections. The
most heightened sensitivity of assay kits was achieved by those assays
that used the set of E-gene primer-probe [72].

A study in South America used different probe/primer sequences to
identify mutations in more than one gene frequently used to identify
SARS-CoV-2. Several Single nucleotide polymorphisms (SNPs) in RdRp
and N genes have been reported in the scrutinized genomes among
several South American SARS-CoV-2 sequences able to alter the physi-
cochemical features of the PCR assays. The sensitivities of PCR tests
using different target genes are comparable with lower sensitivity for the
RdARp-SARS-CoV-2 (Charité) primer probe [71]. Genetic variation in
these two regions of the viral genome widely used for viral identification
negatively affects diagnosis tests and leads to false-negative results. On
the other hand, conserved envelope (E) gene sequences of more than 300
South American genomes were studied to provide a good choice for
molecular diagnosis of SARS-CoV-2 in this region [73].

One control strategy for SARS-CoV-2 worldwide spreading is testing
for the presence of the virus, which may result in false-negative out-
comes with detection virus molecular tests. False-negative results may
result from a mutation in the part of the virus genome used by the test. In
the USA, the Food and Drug Administration revealed that false-negative
results were detected in different molecular tests to detect SARS-CoV-2 if
a mutation occurred in the viral genome part used by that test [74]. In
addition, PCR tests that depend on identifying more than one part of the
genome may be less affected by genetic variation in the SARS-CoV-2
genome than tests that rely on identifying a single genome part.

Molecular-based testing methods for SARS-CoV-2 recommend using
multiple genetic targets to detect the presence of different genetic var-
iants in the viral genome. For example, a new SARS-CoV-2 variant
B.1.1.7 recognized in England possesses several mutations in different
parts of the viral genome. Spike gene mutations have significantly
reduced RT-PCR assay sensitivity and led to false-negative results [75].
In addition, the 69/70 del mutation, which occurs in the spike gene of
the B.1.1.7 variant, has increased the percentage of diagnostic failure.

RT-PCR assays designed to identify multiple SARS-CoV-2 genetic
targets, such as cobas (Roche) SARS-CoV-2 assay, are probably less
affected by the augmented occurrence of genetic variants [76]. studied
different quantitative qRT-PCR assays that were improved to investigate
SARS-CoV-2 by identifying various positions in the viral genome.
False-negative results of the cobas SARS-CoV-2 E gene were correlated
to a C-to-U transition of the genome SARS-CoV-2. It should be
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emphasized that although the E gene qRT-PCR failed in the patients, the
cobas analysis appropriately called these people progressive for
SARS-CoV-2 because of ORFlab qRT-PCR while the same mutation
using other E gene qRT-PCR assay could not impair the assay’s effec-
tiveness [77]. [78] investigated some variants belonging to the binding
sites of primers and probes that occur at a lower frequency and involve
only one base. The exception includes a GGG to AAC mutation at
genome positions 28,881-28883, which overlaps with the first three
CDC N gene bases forward primer 5 end [78]. This highlights the
importance of targeting multiple positions of viral genomes in diagnostic
assays.

The sequence variation at the primer binding sites may be one
parameter leading to false negatives. The false negativity in RT-PCR tests
may result from a high virus mutation rate. However, as recorded, the
possibility of this probe strains and variation with mutations in two
targets affecting an assay’s sensitivity is low. Mutations, as such, at the 3’
ends of the primer areas are more expected to affect assay sensitivity
[79].

The Omicron variant has about 50 mutations, most of which are in
the spike proteins, which leads to an S-gene target failure [80]. This led
to increased false-negative RT-PCR test results due to a 69-70del mu-
tation, mainly in the PCR tests with S-gene target failure. The efficacy of
several in vitro diagnostic tests is put at risk due to changes in the protein
and viral nucleic acid sequences. If virus mutation occurs in a particular
region critical for a primer in RT-PCR, a mismatch in primer binding
areas will lead to negative results (Himanshu et al., 2021).

4. The impact of genetic variation on SARS-cov-2 vaccination

SARS-CoV-2 uses angiotensin-converting enzyme type 2 as a receptor
to access human cells through its surface spike protein. The expression
level of ACE2 at the lung alveolar epithelial cells surface is related to the
susceptibility to the infection of SARS-CoV-2. Moreover, genetic poly-
morphism of the ACE2 gene and human ACE2 protein could affect the
vulnerability to SARS-CoV-2 contagion and the consequences of the
disease [81]. Significantly, the S-protein of the SARS-CoV-2 surface,
mainly the S1 subunit, comprises a receptor-binding domain required
for virus-cell binding and mediates the production of virus-neutralizing
antibodies [82]. Vaccination trials induce virus-neutralizing antibodies
to block the virus from binding to ACE2 receptors. Genetic variation in
S-protein is a significant problem that impairs virus-neutralizing anti-
bodies (NAbs) binding sites [83]. The virus developed various mutations
under antibodies that patients produced to restrict virus replication as
evolutionary escape mechanisms. Fortunately, genetic variants located
in the S-protein region of either D614G or B.1.1.7 variants are detected
by NAbs [83]. B.1.1.7 variants with or without N501Y change are
equally neutralized by serum samples from Moderna mRNA and
Pfizer-BioNTech vaccines [84].

The CAL.20C, southern California variant, with S-protein L452R
mutation located within RBD, decreased sensitivity to definite coun-
terbalancing monoclonal antibodies [26]. As such, the effect of the
strain on the infection and disease severity needs to be determined.
Moreover, the 501Y-V2 lineage that emerged during the second half of
2020 in South Africa is resistant to neutralizing antibodies were detected
in nearly 50% of the patients with PCR-confirmed SARS-CoV-2 disease
[85]. A laboratory study at Rockefeller University states that the proper
sequence of N501Y-V2 fluctuates within the RBD, humbly limiting the
effectiveness of mRNA vaccine-induced antibodies neutralizing test vi-
ruses. This coincident with neutralizing antibodies produced by strain.
This reduction in vaccine effectiveness may be explained by SARS-CoV-2
vaccines being developed grounded on “immune responses to the orig-
inal spike protein of the virus [45].

The Omicron variant’s mutation is concentrated in the spike protein,
representing the primary target for current vaccines [55]. The
SARS-CoV-2 vaccines that Pfizer-BioNTech developed, Moderna, Jans-
sen, and AstraZeneca, are created on a spike (S) glycoprotein version and
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vary in efficacy against SARS-CoV-2.

A study by Ref. [86] in England was designed to evaluate vaccine
efficacy against symptomatic disease, which is triggered by the Delta
(B.1.617.2) and Omicron variants, after being immunized with two
dosages of BioNTech- Pfizer (BNT162b2), AstraZeneca (ChAdOx1
nCoV-19), or Moderna (mRNA-1273) vaccine after a supporter dosage of
BNT162b2, or ChAdOx1 nCoV-1. The vaccine’s efficacy counter to
symptomatic disease tended to be lesser for the Omicron than for the
Delta variant. After the two doses (ChAdOx1 nCoV-19), no response for
the omicron variant was reported after 20 weeks. In contrast, vaccine
efficacy after two doses of BNT162b2 was 65.5% at two to four weeks,
declining to 8.8% (95% CI, 7.0 to 10.5) after 25 weeks or more [86].
stated that primary immunization with two BNT162b2 or ChAdOx1
nCoV-19 doses provided a restricted defense counter to symptomatic
disease resulting from the omicron. Booster doses led to substantial
enhancement of protection counter to minor contagion; nonetheless, a
reduction in defense against the symptomatic disease was also noticed
after booster doses. A study in the United Kingdom on the Delta variant
explained that good protection against hospitalization was effectively
maintained after two doses of the vaccine (Andrews et a., 2022).

Appropriate titers of neutralizing antibodies (NAb) levels are
considered a good indication of resistance against the SARS-CoV-2
infection. Neutralizing activity in serum samples taken from persons
who received two dosages of BNT162b2 is reduced by a factor of 20-40
when compared to the neutralizing counter to early pandemic virus and
by a factor of 10 at least when matched with neutralization counter to
the Delta variant, according to studies from South Africa, Germany, and
the United Kingdom [87]. In addition, studies explained that vaccine
boosters might be required to enhance neutralization titers countering
SARS-CoV-2 variants [88,89].

Mutations in Omicron BA.2 spike proteins produce different se-
quences of amino acids that lead to a high antibody immune response.
Omicron BA.1 and BA.2 reveal solid immune responses to antibodies
resulting from vaccination by ChAdOx1 and mRNA vaccines [37]. The
vaccine’s efficacy against severe coronavirus disease was low for Omi-
cron variants compared to previous SARS-CoV-2 variants after one
month of vaccination. For the Omicron variant, the vaccine’s effec-
tiveness declined rapidly from the first to the sixth months after the
initial vaccine series was finished [90]. Moreover, the Omicron BA.2
subvariant is correlated with a high risk of infection for unvaccinated
individuals, those who have received booster shots, and completely
vaccinated individuals [59].

Evans et al. studied immune responses against Omicron sub-variants
(BA.1, BA.2, and BA.1.1) in individuals who received the mRNA vaccine,
boosted people, and cured COVID-19 [91]. The results revealed that all
Omicron sub-variants, especially BA.1.1 and BA.1, show significant
immune resistance, mainly prevented by vaccine boosters. Further
research has been performed worldwide to understand better how
different SARS-CoV-2 variants are affected by these other vaccines.
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