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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
a beta coronavirus that belongs to the Coronaviridae family. SARS-
CoV-2 is an enveloped spherical-shaped virus. The ribonucleic acid 
(RNA) is oriented in a 5’-3’direction which makes it a positive sense 
RNA virus, and the RNA can be read directly as a messenger RNA. 
The nonstructural protein 14 (nsp14) has proofreading activity which 
allows the rate of mutations to stay low. A change in the genetic se-
quence is called a mutation. Genomes that differ from each other in 
genetic sequence are called variants. Variants are the result of muta-
tions but differ from each other by one or more mutations. When a 
phenotypic difference is demonstrated among the variants, they are 
called strains. Viruses constantly change in two different ways, anti-
genic drift and antigenic shift. SARS-CoV-2 genome is also prone to 
various mutations that led to antigenic drift resulting in escape from 
immune recognition. The Center of Disease Control and Prevention 
(CDC) updates the variant strains in the different classes. The classes 
are variant of interest, variant of concern and variant of high con-
sequence. The current variants included in the variant of interest by 
the USA are: B.1.526, B.1.525, and P.2; and those included in the 
variant of concern by the USA are B.1.1.7, P.1, B.1.351, B.1.427, and 
B.1.429. The double and triple mutant variants first reported in India 
have resulted in a massive increase in the number of cases. Emerging 
variants not only result in increased transmissibility, morbidity and 
mortality, but also have the ability to evade detection by existing or 
currently available diagnostic tests, which can potentially delay the 
diagnosis and treatment, exhibit decreased susceptibility to treatment 
including antivirals, monoclonal antibodies and convalescent plasma, 
possess the ability to cause reinfection in previously infected and 

recovered individuals, and vaccine breakthrough cases in fully vac-
cinated individuals. Hence, continuation of precautionary measures, 
genomic surveillance and vaccination plays an important role in the 
prevention of spread, early identification of variants, prevention of 
mutations and viral replication, respectively.
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Introduction

Natural origin and course

Viruses innately have the ability to mutate constantly and 
lead to variants. Some variants emerge and disappear while 
some persist. Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is a beta coronavirus that belongs to the Coro-
naviridae family. The family is composed of single-stranded 
positive ribonucleic acid (RNA) viruses [1]. Coronaviruses 
have four genera, and the alpha and beta genera have viruses 
known to cause human disease. They are zoonotic viruses that 
can be transmitted from animal to human; and the first time that 
occurs, it is referred to as a spillover event. The SARS-CoV-2 
has been found to be closely related to coronaviruses found in 
the bat population and to the SARS-CoV [2]. Two coronavi-
ruses found in bat populations, RaTG13 and RmYN02 were 
found to have 96.2% and 93.3% sequence homology, respec-
tively with SARS-CoV-2 [3, 4]. Coronaviruses in Malayan 
pangolins have also been found to have sequence homology to 
SARS-CoV-2 [5]. The zoonotic source for SARS-CoV-2 is yet 
to be established. The bat and pangolin coronaviruses lack the 
polybasic cleavage site and mutations in the spike (S) protein, 
which SARS-CoV-2 possesses making the theory of human to 
human transmission at undetectable rates post spillover, a pos-
sibility for the virus to have acquired these genomic features 
prior to starting off the pandemic [6].

December 31, 2019 was the day the World Health Or-
ganisation (WHO) China Country Office was made aware of 
cases of pneumonia of an unknown etiology occurring in the 
city of Wuhan in the Hubei Province of China [7]. The virus 
once isolated from the airway epithelial cells of the infected 
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patients was temporarily assigned the name 2019-nCoV [8]. 
Once it was determined that the virus is related to SARS-CoV, 
it was designated the name SARS-CoV-2 by the Coronavirus 
Research Group (CSG) of the International Committee for the 
classification of viruses on February 11, 2020 [9].

Genetics and pathogenesis

SARS-CoV-2 is an enveloped spherical-shaped virus [1]. 
It has four structural proteins and 16 nonstructural proteins. 
The structural proteins are the nucleocapsid (N) protein, the 
membrane (M), the S protein and the envelope (E) protein. The 
RNA is oriented in a 5’-3’direction which makes it a positive 
sense RNA virus, and the RNA can be read directly as a mes-
senger RNA (mRNA, Fig. 1). The RNA replicase is encoded 
at the 5’ terminal end. The nonstructural protein 14 (nsp14) 
has proofreading activity which allows the rate of mutations 
to stay low. The S protein causes the attachment of the virus to 
the host cell at the angiotensin-converting enzyme 2 (ACE2) 
receptor, which is present on the membrane of the host cell. 
The ACE2 receptors are found in abundance on alveolar cells. 
The attachment causes fusion of the viral lipid membrane with 
the cell membrane of the host thus internalising the virus. The 
host machinery translates the viral RNA and leads to the pro-
duction of the replicase and structural proteins of the virus. 
The replicase is cleaved into nonstructural proteins of which 
RNA-dependent RNA polymerase (RdRp) is one of them. Vi-
ral replication and amplification is carried out and assembly of 
the virions is carried out in the host cell endoplasmic reticulum 
and Golgi apparatus. During the process of replication, errors 
can occur in the genome leading to mutations which give rise 
to variants. The virions are finally released out of the cell by 
exocytosis [10, 11].

Coronavirus Disease 2019 (COVID-19) Muta-
tions and Variants

A change in the genetic sequence is called a mutation (Table 
1 [12]). Genomes that differ from each other in genetic se-
quence are called variants. Variants can differ from each other 
by one or more mutations. When a phenotypic difference is 
demonstrated among the variants, they are called strains [13]. 
In 2008 a global science initiative and primary source, Global 
Influenza Surveillance and Response System (GISAID) was 
established to provide open access to genomic data of in-

fluenza viruses. In January 2020, the SARS-CoV-2 genome 
sequences were made available on GISAID [14]. Nextstrain 
curates and analyses the genetics of SARS-CoV-2, and is a 
collaborative effort of researchers between Seattle, USA and 
Basel, Switzerland [12].

The interagency of the USA government has divided the 
SARS-CoV-2 variants into three classes. Based on the scien-
tific evidence, the variant status can sometimes be escalated 
or deescalated and hence, the Center of Disease Control and 
Prevention (CDC) will update the variant strains in the differ-
ent classes (Table 2) [15]. According to the report of April 21, 
2021, the classes are: variant of interest, variant of concern, 
and variant of high consequence.

Variant of interest

This class includes variants with specific markers that are as-
sociated with changes to receptor binding, decreased antibody 
neutralization developed against previous infection or vac-
cination, decreased efficacy of treatments, potential diagnos-
tic impact or predicted increase in transmissibility of disease 
severity. This class also requires increased sequence surveil-
lance, increased laboratory characterization and epidemiologi-
cal analysis to check the disease transmissibility and severity, 
the risk of reinfection and protection against vaccination. The 
current variants included in the variant of interest by the USA 
are B.1.526, B.1.525, and P.2. All these variants share a com-
mon mutation D614G; and evidence shows that the variants 
with this mutation spread disease faster than that of the vari-
ants without it. In late January, early February 2020 the then 
circulating strain was replaced by the D614G mutation carry-
ing strain. The codon 614 replaces aspartic acid with glycine in 
the amino acid at this S protein site [16].

Variant of concern

This class includes variants which demonstrated high disease 
transmissibility, more disease severity including hospitaliza-
tions and deaths, remarkable decrease in antibody neutrali-
zation, decreased effectiveness of treatments, and diagnostic 
detection failure. This class also requires increased efforts to 
control spread by developing testing kits, increased research 
to ascertain the vaccine and treatments efficacy against the 
variant. The current variants included in the variant of concern 
by the USA are B.1.1.7, P.1, B.1.351, B.1.427, and B.1.429. 

Figure 1. SARS-CoV-2 genome. SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; N: nucleocapsid; M: mem-
brane; S: spike; E: envelope; RdRp: RNA-dependent RNA polymerase; ORF: open reading frame.
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Similar to variant of interest class, the variants in this class also 
share a common mutation D614G, which spreads rapidly than 
variants without the mutation.

Variant of high consequence

This class includes variants which have evidence that the pre-
ventive and medical measures have a significantly decreased 
effectiveness compared to previously circulating variants. 
There are no variants in this class [17].

The COVID-19 Variants

The following are the different variants identified in different 
countries. Of these, the three important variants which have 
rapidly become dominant are B.1.1.7, B.1.351, and P.1.

UK variant (B.1.1.7 or 20I/501Y.V1)

B.1.1.7, also known as VOC202012/01 was detected in Sep-
tember, 2020 in the UK. It has 23 mutations compared to the 
original strain found in Wuhan, China. Eight of these muta-
tions were found to be in the S protein. Its notable mutations 
are N501Y, 69/70 deletion and P681H. The N501Y mutation 
appears to allow for the S protein to bind more tightly to the 
ACE2 receptor [18].

It is 40-80% more transmissible [19]. According to the re-
port by Davies et al, nearly 5,000 out of 17,452 COVID-19 
deaths during the months September to February were due to 
this variant. They also estimated that the mortality was ap-
proximately 55% higher when compared to other variants [20]. 
Similarly, the scientific reports in January 2021 indicated that 
there was an increased rate of death with this variant [21]. As 
of April 1, 2021, there were 12,505 reported cases across 51 
jurisdictions [22]. It has been identified in 82 countries [23]. 

Table 1.  SARS-CoV-2 Mutations [12]

Mutation Mutation location Role of the mutation Variant
S:N501 RDB May increase ACE2 binding. Tests in Pfizer-

BioNTech and Moderna vaccinated individuals 
suggest reduction in neutralisation.

UK (20I/501Y.V1)

South Africa (20H/501Y.V2)
Brazil (20J/501Y.V3)

S:E484 RDB May increase ACE2 binding. South Africa (20H/501Y.V2)
Brazil (20J/501Y.V3)
Brazil (20B/S.484K)

S:H69- Spike N-terminal domain May alter recognition by antibodies. UK (20I/501Y.V1)/B.1.1.7
S:Q677 Near to both outside the furin building 

pocket; important for S1/S2 cleavage
Hypothetically thought to influence 
the S1/S2 cleavage.

20G (20C-US clade)

S:Y453F RDB May increase ACE2 binding. Cluster 5 “mink” variant seen 
in minks in the Netherlands

Confer resistance to the antibody 
in the Regeneron cocktail.

S:S477 RDB Slight increase in ACE2 binding.
Confer resistance to antibody and 
some convalescent sera and a 
modest increase in infectivity.

S:L18F Spike N-terminal domain Reduction in binding for monoclonal antibody. South Africa (20H/501Y.V2)
Brazil (20J/501Y.V3)

S:Y144- Spike N-terminal domain Associated with antibody escape. UK (20I/501Y.V1), 20A/S:484K
S:H655 Brazil (20J/501Y.V3)
S:P681 Near the furin cleavage site It may reduce antibody recognition. UK (20I/501Y.V1)
S:K417 RDB It may escape antibody binding and 

decrease binding to ACE2 receptor.
South Africa (20H/501Y.V2)

Brazil (20J/501Y.V3)
ORF1a:S3675 It is a three amino acids deletion in 

ORF1a at positions 3675-5677.
20C/S:484K and 20A/S:484K

RDB: receptor binding domain; ACE2: angiotensin-converting enzyme 2; ORF: open reading frame.
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There are studies going on to determine the effectiveness of 
antivirals and anti-inflammatory medication in the treatment 
of UK strain [24].

South African variant (B.1.351or 20H/501Y.V2)

The B.1.351 variant, also known as 501Y.V2 was first identi-
fied as early as October 2020 in Nelson Mandela Bay in South 
Africa. By December 2020 it was also detected in Zambia. 
By April 1 2021, there were 323 reported cases in 31 jurisdic-
tions in the USA. There are 23 mutations with 17 amino acid 
changes but the notable mutations in this variant are K417N, 
E484K, and N501Y on the S protein. It is suggested to have 
increased transmissibility and most commonly seen in young 
people without underlying diseases [22].

The mutation E484K in this variant mediates the antibody 
escape is the main reason for the reduced sensitivity to vac-
cines [25]. The mRNA vaccines (Pfizer and Moderna) were 
authorized in the USA before the identification of this strain in 
the country [26]. According to the latest studies, these two vac-
cines elicited lower neutralizing antibodies than that of the pre-
vious strains. Novavax, Janssen, and Astra-Zeneca conducted 
trials in South Africa that have dominant B.1.351 mutated 
strains. These studies demonstrated the lower vaccine efficacy 
compared to that of the other variants where this strain was not 

dominant [27].

Brazilian variant (P.1 or 20J/501Y.V3)

P.1 variant also known as B.1.1.28.1 was first detected in 
North Brazil in the city of Manaus in the Amazonas state in 
December 2020. By January 2021, it was identified just out-
side Tokyo at Haneda airport among four travelers from Brazil 
during routine screening of passengers in samples analysed at 
National Institute of Infectious Diseases (NIID) in Japan. As 
of April 1, 2021, there were 224 reported cases in 22 juris-
dictions in the USA [22]. It has 35 mutations with 17 amino 
acid changes. Its notable mutations are K417T, E484K, and 
N501Y [22]. In a study by Naveca et al, it was found that this 
variant is 2.2 times higher transmissible that led to a few cases 
of reinfection who recovered from COVID-19, and almost 
has a similar rate infection in the younger (18 - 59 years old) 
and older (> 60 years old) patients [28, 29]. B.1.351 and P.1 
consist of similar receptor binding mutations and hence, the 
vaccine efficacy against P.1 strain is assumed to be similar to 
B.1.351. As the studies demonstrated reduced vaccine efficacy 
against B.1.351, it is likely that the efficacy against P. 1 strain 
is reduced [30]. Sinovac Biotech has initiated the clinical trials 
which demonstrated that the CoronoVac vaccine is 50% effec-
tive in preventing infection with the P.1 variant in Brazil [31].

Table 2.  Overview of SARS-CoV-2 Variants [15]

Signs and symptoms Original variant Variant of interest Variant of concern Variant of high 
consequence

Symptoms
  Cough 28% 35%
  Fatigue/weakness 29% 32%
  Headache 30% 32%
  Muscle aches 21% 25%
  Sore throat 19% 22%
  Fever 20% 22%
  Loss of taste 19% 16%
  Loss of smell 19% 15%
Disease transmissibility Yes No Yes Yes
Disease severity Less Less More More
Diagnostic testing failures No No No Yes
Treatment Potential reduction 

in neutralization 
by monoclonal 
antibody treatments

B.1.1.7 variants have minimal, while 
P.1, B.1.351 variants have moderate and 
B.1.427, B.1.429 have significant impact 
on EUA therapeutics and monoclonal 
antibody treatments, respectively.

Vaccine effectiveness Pfizer, Moderna, 
and Janssen 
are effective

Potential reduction 
in neutralization by 
post-vaccination sera

Minimal impact on neutralization by post 
vaccination sera for B.1.1.7 variant, while 
other variants have moderate reduction in 
neutralization by post-vaccination sera.

Significant impact 
on neutralization 
by post 
vaccination sera

Notification to WHO and CDC No No Yes Yes

WHO: World Health Organisation; CDC: Center of Disease Control and Prevention; EUA: Emergency Use Authorization.
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Brazilian variant (B.1.1.28)

The Brazilian variant B.1.1.28 was initially found in the state 
of Rio de Janeiro in Brazil, and is the P2 lineage. Unlike P.1 
variant, B.1.1.28 variant has only one notable E484K mutation 
in the S protein [32]. The therapeutic and vaccine efficacy has 
not been reported yet. Similar to B.1.351 and P.1 variants, the 
vaccine might be ineffective against this variant [33].

US Midwest variant (20C-US or COH.20G/501Y)

It was detected in Ohio followed by other Midwest states in De-
cember 2020 and January 2021. This variant has mutations on 
the S protein (Q677H), M protein (A85S) and on the N protein 
(D377Y). Another variant with the mutation S N501Y, a mark-
er of the B.1.1.7, with no other associated mutations with that 
strain has been identified [34]. Currently there is not any evi-
dence of increased transmissibility or virulence for this variant.

US San Francisco Bay Area variant (B.1.427 and B.1.429)

These variants were first identified in California in Febru-
ary, 2021. The notable mutations in B.1.427 are L452R and 
D614G; while mutations in B.1.429 are S131, W152C, L452R 
and D614G. Both variants have 20% increased risk of trans-
missibility and reduction in therapeutic efficacy [15]. It was 
identified last year across the USA and Europe. It is a variant 
with a mutation in the S protein. In January 2021 it rose rapidly 
as the cause of cases across several counties in California [35].

US Southern California variant (CAL.20C)

It was first seen in July 2020 in Southern California and detect-
ed again amongst population samples of the same region in Oc-
tober 2020. Its notable mutations are ORF1a: I4205V, ORF1b: 
D1183Y, S: S13I; W152C and L452R. The binding of the S 
protein could be made easier by the latter three mutations [36].

B.1.526 (20C/S:484K) and B.1.525 (20A/S:484K)

These variants were first identified in New York, USA. The 
notable mutations are E484K and S477N. While E484K de-
creases antibody response, S477N increases the attachment 
process [34].

Double mutant variant (B.1.617)

This variant is first detected in India. As two mutations are 
seen in the same virus, this variant is called a “double mutant” 
variant. There was a significant increase in COVID-19 cases 
in India. The first case in the USA was identified in San Fran-
cisco on April 5, 2021. The notable mutations are E484Q and 
L452R. These variants are at increased risk of transmission and 

also resistant to vaccination. According to Indian Council of 
Medical Research Virology Lab, Bharat Biotech’s COVAXIN 
vaccine has been found to effectively neutralize the infection, 
and is 78% effective against the double mutant variant [37-39].

Triple mutant variant (B.1.618)

In addition to E484Q and L425R in double mutant variants, the 
new triple variant discovered on April 20 2021, is character-
ized by the deletion of two amino acids, H146del and Y145del 
in the S protein. As of April 21 2021, a total of 1,189 samples 
were tested positive in Maharashtra, Delhi, West Bengal and 
Chhattisgarh, India. Similar to other variants, triple mutant 
variants have higher transmissibility. Data show that two of the 
three mutations in this variant are resistant to antibodies and 
also possess the ability to escape the body’s natural acquired 
immunity to COVID-19, and as such, do not know much about 
the vaccine effectiveness [40, 41].

20A.EU1/ S:A222V

The 20A.EU1 variant has non-terminal domain (NTD) muta-
tions which do not play a direct role in receptor binding or 
membrane fusion. This variant was initially identified on 20 
June, 2020 in Spain but rapidly spread across Europe and 
many countries [42].

20A.EU2

The 20A.EU2 variant was found in France in June 2020 and 
has become the second dominant variant in Europe. The nota-
ble mutations are S477N, E484K, and N501Y, which demon-
strated slight increase in ACE2 binding, resistance to multiple 
antibodies and convalescent sera. They confer modest increase 
in infectivity as measured by soluble mACE2 [43].

20A/S:439K

The 20A/S:439K variant was initially found in Ireland. This 
variant has S:N439K mutation with the deletions of amino 
acids at positions 69 and 70 of S proteins that results in an 
increase in ACE2 binding, resistance to antibodies and conva-
lescent plasma [12].

20A/S:98F

The 20A/S:98F variant has S:98F mutation which was found 
predominantly in Belgium and Netherlands [12].

20C/S:80Y

The 20C/S:80Y variant had 18 nucleotide mutations, possibly 
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related to apolipoprotein B editing complex (APOBEC)-like 
editing within the host which are found in at least 10 countries 
in Europe [12].

20B/S:626S

The 20B/S:626S variant has S:626S mutation. This variant is 
found in 15 countries of Europe that is predominantly seen in 
Norway, Denmark, and the UK [12].

20B/S:1122L

The 20B/S:1122L variant has S:V1122L mutation and is found 
predominantly in Sweden, Norway, and Denmark [12].

N440K

According to the latest report, another new variant N440K 
with the mutation in the S protein has emerged, which resulted 
in the sudden increase in cases in Andhra Pradesh, India. The 
Center for Cellular and Molecular Biology found that this vari-
ant has enhanced binding to ACE2 receptors, 10 to 1,000 folds 
more transmissible and resistant to class 3 monoclonal anti-
bodies C135 and REGN10987. There are several documented 
cases of reinfection with the presence of anti-SARS-CoV-2 an-
tibodies indicating the possibility of loss of neutralizing activ-
ity of antibodies elicited by vaccines [44, 45].

COVID-19 Vaccines Versus the Variants

At the time of this paper, there were 91 COVID-19 vaccines 
in the clinical development stage and 184 COVID-19 vac-
cines in pre-clinical developmental stage [46]. Several plat-
forms have been utilized in the development of these vaccines 
which include protein subunit, viral vector (replicating and 
non-replicating), deoxyribonucleic acid (DNA), inactivated 
virus, RNA, virus like particle and live attenuated. As of now, 
the Food and Drug Administration (FDA) has approved three 
vaccinations for emergency use in the USA, and data suggest 
that the mRNA vaccines reasonably provide protection against 
the B.1.1.7 COVID-19 variant. The mRNA vaccines, Pfizer 
and Moderna were authorized in the USA before the identi-
fication of the South African variant (B.1.351 or 20H/501Y.
V2) strain in the country. According to the latest studies, these 
two vaccines elicited lower neutralizing antibodies than that 
of the previous strains. Novavax, Janssen, and Astra-Zeneca 
conducted trials in South Africa that have dominant B.1.351 
mutated strains. These studies demonstrated the lower vaccine 
efficacy compared to that of the other variants where this strain 
was not dominant [47]. Vaccine efficacy for Brazilian variant 
(B.1.1.28) has not yet been reported.

B.1.351 and P.1 consist of similar receptor binding muta-
tions and hence, the vaccine efficacy against P.1 strain is as-
sumed to be similar to B.1.351. As the studies demonstrated 

reduced vaccine efficacy against B.1.351, it is likely that the 
efficacy against P. 1 strain is reduced [47]. Sinovac Biotech has 
initiated the clinical trials which demonstrated that the Cor-
onoVac vaccine is 50% effective in preventing infection with 
the P.1 variant in Brazil [47]. B.1.526 and B.1.525 have a re-
duction in vaccine efficacy [15]. Further studies are required to 
study the efficacy of the current approved vaccines against the 
double mutant variant [40, 47]. According to Indian Council of 
Medical Research Virology Lab, Bharat Biotech’s COVAXIN 
vaccine has been found to effectively neutralize the infection, 
and is 78% effective against the double mutant variant [39-41].

COVID-19 Vaccine Challenges

Though COVID-19 vaccines are an effective critical tool, none 
of them are a 100% effective in the prevention of COVID-19 
illness. A small percentage of the fully immunized population 
will still get sick to varying degrees from COVID-19 disease. 
They are known as vaccine breakthrough cases. A person who 
has SARS-CoV-2 RNA or antigen detected on a respiratory 
specimen collected on or after 14 days after completing the pri-
mary series of a US FDA-authorized COVID-19 vaccine fits 
the definition of a vaccine breakthrough case. More than 75 
million people have been fully vaccinated as of April 13, 2021 
since December 14, 2020. During the same duration, there have 
been 5,814 vaccine breakthrough cases reported across the 
USA. Forty-five percent of the total cases were female, 29% 
were asymptomatic, 45% were over 60 years of age, 7% of the 
total cases were hospitalized, and 1% died [48]. There have 
been several hurdles in general to vaccine administration. Preg-
nant and breastfeeding women, immunocompromised, diverse 
race and ethnicities have been underrepresented populations in 
vaccines studies. Vaccine refusal has been an issue physicians 
have had to deal with even in pre-pandemic times [49]. There 
has been growing COVID-19 vaccine hesitancy [50]. Equitable 
vaccine distribution, storage requirements and cost are factors 
that will have a significant impact in areas across the world.

Conclusions

The emerging variants not only result in increased transmissi-
bility, morbidity and mortality but also have the ability to evade 
detection by diagnostic tests, exhibit decreased susceptibility 
to treatment including antivirals, monoclonal antibodies and 
convalescent plasma, possess the ability to cause reinfection 
in previously recovered and vaccinated individuals. Children 
and immunocompromised individuals are at increased risk of 
developing multisystem inflammatory syndrome or long-haul 
COVID [51, 52]. The longer the virus propagates the chance of 
mutations are higher. Vaccine breakthrough cases are often un-
dercounted and fully vaccinated populations should still prac-
tice preventative measures. At the time of this paper 40.7% 
of the total population in the USA was fully vaccinated. The 
USA ranks eighth in terms of percentage of population vac-
cinated. Israel ranks first with 57% of the total population vac-
cinated followed by Bahrain and Aruba [53, 54]. Continuation 
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of precautionary measures including masking, hand hygiene, 
isolation and quarantine along with other public health miti-
gation strategies, genomic surveillance and vaccination plays 
an important role in prevention of spread; early identification 
of variants, prevention of mutations and viral replication, re-
spectively, and still form the cornerstone of the action plan to 
control the COVID-19 pandemic [55].
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