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The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) that

was first identified in December 2019, in Wuhan, China was found to

be the etiological agent for a novel respiratory infection that led to a

Coronavirus Induced Disease named COVID-19. The disease spread to

pandemicmagnitudeswithin a fewweeks and since thenwe have been dealing

with several waves across the world, due to the emergence of variants and

novel mutations in this RNA virus. A direct outcome of these variants apart

from the spike of cases is the diverse disease presentation and di�culty in

employing e�ective diagnostic tools apart from confusing disease outcomes.

Transmissibility rates of the variants, host response, and virus evolution are

some of the features found to impact COVID-19 disease management. In

this review, we will discuss the emerging variants of SARS-CoV-2, notable

mutations in the viral genome, the possible impact of these mutations on

detection, disease presentation, andmanagement aswell as the recent findings

in the mechanisms that underlie virus-host interaction. Our aim is to invigorate

a scientific debate on how pathogenic potential of the new pandemic viral

strains contributes toward development in the field of virology in general and

COVID-19 disease in particular.

KEYWORDS

COVID-19, SARS-CoV-2, variants, host response, virus evolution, diagnostics, immune

escape, coronavirus

Introduction

Coronavirus induced disease-2019 (COVID-19) initiated a worldwide pandemic

since its emergence in December 2019. The disease first appeared as a novel human

pneumonia case in Wuhan City, Hubei province, China. Chinese health authorities

informed the World Health Organization (WHO) Country Office in China about a

cluster of cases by a novel pneumonia-like virus on December 31, 2019 (1). Within a few

Frontiers inMedicine 01 frontiersin.org

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2022.995960
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2022.995960&domain=pdf&date_stamp=2022-11-10
mailto:sujatha@icgeb.res.in
mailto:jsshastri@gmail.com
https://doi.org/10.3389/fmed.2022.995960
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmed.2022.995960/full
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Mahilkar et al. 10.3389/fmed.2022.995960

weeks of its appearance, the disease was identified to be caused

by a novel coronavirus and on January 10, 2020, the first draft

genome sequence of the new coronavirus was made publicly

available via a blog post on GenBank (Accession number

MN988668) and was named 2019-nCoV (2). On January

24, 2020, a description of the disease from 41 patients was

documented (3). Common symptoms associated with the onset

of the disease were cough, fever, fatigue, and myalgia. All

the identified 41 patients developed pneumonia, 13 out of 41

patients required treatment in the intensive care unit (ICU) of

which six patients did not survive, 26/41 patients developed

lymphopenia. Patients admitted to the ICU had increased levels

of cytokines and chemokines in the plasma (3). Based on the

clinical features, the virus was later recognized as the severe

acute respiratory syndrome coronavirus two (SARS-CoV-2) and

the third Betacoronavirus to have caused an outbreak in humans

in this century. It was speculated as well as estimated that

the SARS-CoV2 had been transmitting from human-to-human

since the middle of December 2019 and the transmission was

from person-to-person (3–5). After evaluating 425 laboratory-

confirmed cases in Wuhan, the mean incubation period of the

virus was estimated to be 5 days (6). On January 31, 2020, the

WHO announced the disease as a public health emergency of

international concern (7). On February 11, 2020, <2 months

after the disease appeared, the disease was named “COVID-19”

(8) and on March 11, 2020, the WHO declared COVID-19 a

global pandemic (9, 10). Since the pandemic began, the virus

has been circulating in the human population and constantly

evolving due to mutations and recombination events within

its genome. These mutations and recombination events have

resulted in the emergence of mutant virus populations and are

termed as variants. Early events of the SARS-CoV-2 pandemic

and emergence of the variants are shown in Figure 1. These

emerging SARS-CoV-2 variants comprising of protein-specific

mutations have influenced the epidemiological and the clinical

aspects of the COVID-19 pandemic. Specific variants are having

enhanced replication efficiency and increased fitness and/or

increased transmissibility thereby posing risk of re-infection (11,

12), while others have posed challenges to diagnosis, reducing

the protection provided by neutralizing monoclonal antibodies

and effective vaccination, leading to the virus being able to

escape the host immune system (13). Essentially these variants

are causing continual outbreaks of COVID-19 with that has

been termed as “waves” that vary in their spread, transmissibility

efficiency, and duration of occurrence (14–16). So far, we are still

unable to break the transmission of SARS-CoV-2 and this virus

is constantly threatening human health, causing several deaths

daily worldwide. These variants, therefore, enable SARS-CoV-2

tomaintain and/or increase its reproductive fitness and continue

to spread even with rising population immunity. In this broad

review, we build a schema to understand SARS-CoV-2 variants

and their mutations by describing fundamental features of

SARS-CoV-2 evolution. We further explain the epidemiological

and clinical characteristics of these variants and their associated

mutations in disease presentation and management.

SARS-CoV-2 molecular evolution

Coronaviruses have rapidly evolved during the past six

decades and are often associated with enteric or respiratory

diseases in their hosts. The natural hosts for coronaviruses

are mammals and birds and the first human coronavirus was

characterized in 1960 by the respiratory tract infection; since

then, at least five human coronaviruses have been identified

and caused two major outbreaks in the last two decades;

the SARS outbreak in 2002 (17) and the MERS outbreak

in 2012 (18). Coronaviruses are classified under the order

Nidovirales, family Coronaviridae, as a member of subfamily

Coronavirinae. The subfamily is further divided into four

genera Alphacoronavirus, Betacoronavirus, Gammacoronavirus,

and Deltacoronavirus. Alpha and Betacoronaviruses are known

to infect mammals while Gamma and Deltacoronaviruses infect

birds. The virus isolated from the patients of the outbreak first

detected in Wuhan, China reveals that virus had the typical

crown-like structure (19) (Figure 2A). SARS-CoV-2 is a novel

β-coronavirus consisting of a non-segmented large positive-

sense single stranded RNA of 29.9 kb length. The SARS-CoV-2

genome starts from a 5′-cap structure followed by a 5′ UTR

subsequently ORF1a/b that encodes 16 nsps that are involved in

replication, four genes-encoding structural proteins that include

S, E, M, and N proteins followed by six accessory genes encoding

six accessory proteins, namely ORF3a, ORF6, ORF7a, ORF7b,

ORF8, and ORF10, as well as a 3′ UTR and a poly A tail at

the end of the genome (20) (Figure 2B). As of September 15,

2022, 5,504,911 complete sequences are publicly available. The

generation of the enormous quantity of genomic data on SARS-

CoV-2 has resulted in the need to develop new databases and

software to manage the information produced. Several open-

access repositories have been developed that play a vital role

in the monitoring of SARS-CoV-2’s evolution and variations.

The most accepted and widely used systems are GISAID (global

initiative on sharing avian flu data), Nextstrain, and Pango or

Pangolin (Phylogenetic Assignment of Named Global Outbreak

Lineages) (21). While GISAID is a rapid and open-access

data sharing platform for the viruses having the potential to

cause a pandemic such as H5N1 influenza viruses and SARS-

CoV-2 (22), Pangolin is a computational tool that assigns the

most likely lineage to a given SARS-CoV-2 genomic sequence

adhering to the Pangolin dynamic lineage nomenclature scheme

(23). Similarly, Nextstrain is a viral genome database that is

comprised of data curation and analysis, as well as visualization

components (24). Together, these tools help to frame a real-time

view into the evolutionary aspects and the range of spread of

SARS-CoV-2 and have further expanded to include other viral

pathogens that are of high public health importance.
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FIGURE 1

Chronology of the emergence of SARS-CoV-2 variants during the pandemic. The month and date of the main events of the COVID-19

pandemic are presented year-wise and each year is shown with a di�erent color. Appearance of a new variant and related information are

highlighted with red color. A pictorial representation of each event has been added in the circle of respective date and month.
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FIGURE 2

Structure of SARS-CoV-2 virus (A) structure of SARS-CoV-2 virion showing the structural proteins, Spike (S), Membrane (M), and Envelope (E)

embedded in the host-derived lipid bilayer and Nucleocapsid (N) interacts with the RNA viral genome present at the core of the brain. (B) A

schematic overview of the SARS-CoV-2 genome structure. *Showing mutation hotspots across the genome.

SARS-CoV-2 mutations and variants

SARS-CoV-2 has proved to be a rapidly evolving virus with

a high rate of lineage turnover in spite of the proofreading

capacity of its RdRp (25–28). This could be attributed to the

high transmissibility efficiency of the virus resulting in excessive

accumulation of mutations during inter- and intra-host viral

replication. The occurrence of mutations and recombination

events has resulted in diverse viral populations with their own

unique characteristics in disease presentation and transmission.

While a mutation occurs spontaneously during the replication

process due to low proofreading anility, the mutations that

improve viral fitness are further selected (25), a recombination

in the viral genome happens when more than one strain co-

infect the same host cell and the viral RdRp discontinues the

transcription process on one genome and switches to transcribe

the other genome resulting in a hybrid genome (29–32). All the

above scenarios result in creating a viral species different from

the parent virus with its own characteristics and are termed as

variants. A group of variants with similar mutations derived

from the common ancestor is termed as the lineage of SARS-

CoV-2. The SARS-CoV-2 initially delineated into two lineages,

i.e., lineage A and lineage B at the root of the phylogenetic tree

(23, 33). Lineage A can be defined by the Wuhan/WH04/2020

sequence and appears to share two nucleotides (positions 8,782

in ORF1ab and 28,144 in ORF8) with the closest known bat

viruses (RaTG13 and RmYN02), while different nucleotides are

present at those sites in viruses assigned to lineage B, which

is represented by the Wuhan-Hu-1 strain (19, 34, 35). More

information related to SARS-CoV-2 lineages is available at the

Pangolin database. The phylogenetic relationship of the SARS-

CoV-2 variants forming different lineages rooted from the early

samples fromWuhan is presented in Figure 3.

As the virus spread across the globe, it accumulated

several mutations that could be analyzed in almost real time

owing to the advanced next generation sequencing technologies

resulting in a better understanding of the evolution and

emergence of variants. Furthermore, the analyses of whole

genome sequences have become a helpful tool to study the

phylogenetic relationships of viruses, evolutionary rates and the

role of mutations in infection and disease severity, transmission

patterns, and vaccine development (36). Most importantly,

studying these variants has provided important insights into

the ongoing epidemiology and evolution of the virus that is

being used in surveillance and control of the disease. The World

Health Organization (WHO), National Institutes of Health

(NIH) and SARS-CoV-2 Interagency Group (SIG), have divided

variants into three classes (21).
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FIGURE 3

Phylogenetic relationships of SARS-CoV-2 clades, as defined by Nextstrain (as of September 15, 2022) showing evolutionary relationships of

SARS-CoV-2 viruses from the ongoing COVID-19 pandemic. The phylogeny is rooted relative to early samples from Wuhan.

1. Variants under monitoring (VUM)—Variants designated

as VUM include those variants not having clear evidence

of phenotypic or epidemiological impact and require

constant monitoring and repeated assessment (21).

VUM could have additional amino acid changes that

are known or suspected to confer the observed change

in epidemiology and fitness advantage as compared

to other circulating variants. These variants do not

cause considerable and imminent risk to public health

(Table 1A). VUM is not usually assigned a name until

they are converted to variants of interest or variants

of concern.

2. Variant of interest (VOI)—A variant having the identified

genetic markers that have been linked with altered receptor

binding, reduced neutralization by antibodies or vaccination,

reduced treatment efficacy, possible diagnostic impact,

or predicted enhanced transmissibility or disease severity

belongs to this class (Table 1B). Epsilon VOI was first

detected in March 2020 in California, USA, having five

significant mutations: two mutations in the ORF1ab gene,

i.e., I4205V and D1183Y, and three mutations in S protein,

i.e., S13I, W152C, L452R (37, 38). Zeta VOI was first

detected in Brazil, having the E484K mutation, but not the

N501Y and K417T mutations. Eta carried E484K-mutation
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TABLE 1A List of variants designated as variants under monitoring according to the WHO as of September 15, 2022.

Pango

lineage

GISAID

clade

Nextstrain

clade

Relationship to

circulating VOC lineages

Genetic features Earliest documented

samples

BA.4# GRA 22A BA.1 and BA.2 sister lineage BA.2-like constellation in the spike protein+

S:del69/70, S:L452R, S:F486V, S:Q493R

reversion

South Africa, January-2022

BA.5# GRA 22B BA.1 and BA.2 sister lineage BA.2-like constellation in the spike protein+

S:del69/70, S:L452R, S:F486V, S:Q493R

reversion

South Africa, January-2022

BA.2.12.1 GRA 22C BA.2 sublineage BA.2+ S:L452Q, S:S704F United States of America,

December-2021

BA.2.75*** GRA 22D BA.2 sublineage BA.2+ S:K147E, S:W152R, S:F157L, S:I210V,

S:G257S, S:D339H, S:G446S, S:N460K,

S:Q493R reversion

India, May-2022

#These lineages have identical constellation of mutations in the spike and the following differences outside the spike: BA.4: ORF7b:L11F, N:P151S, ORF6:D61L, ORF1a:del141/143;

BA.5: M:D3N.

***Additional mutation outside the spike protein: ORF1a:S1221L, ORF1a:P1640S, ORF1a:N4060S; ORF1b:G662S; E:T11A.

TABLE 1B List of variants identified as variants of interest as of September 15, 2022 according to covariant database and the WHO.

WHO label Other names Emergence Spike mutation Other mutations

Epsilon B.1.427,

California (CA)

B.1.429, CAL.20C

USA,

September-2020

S13I, W152C, L452R, D614G ORF1a:T265I, S3158T, I4205V, ORF1b:P314L,

(P976L), D1183Y, ORF3a:Q57H, N:T205I

Zeta P.2, B.1.1.28.2 Brazil,

October-2020

E484K, F656L, D614G, T859I,

V1176F

Eta B.1.525, 20A/S:484K Worldwide,

December-2020

Q52R, A67V, Del 69-70, Del 144,

E484K, D614G, Q677H, F888L

ORF1a:T2007I, ORF1b:P314F, N:D3Y, N:A12G,

N:T205I, M:I82T, E:L21F, E:I82T, del:11288:9,

del:21765:6, del:28278:3

Theta P.3,

B.1.1.28.3,

21E

Philippines,

January-2021

E484K, N501Y, D614G, P681H

E1092K, H1101Y, V1176F

ORF1ab:L3201P, D3681E, L3930F, P4715L,

ORF8: K2Q

N:R203K, G204R

Iota B.1.526,

21F

USA,

November-2020

L5F, T95I, D253G, S477N, E484K,

D614G, A701V

ORF1ab:del3675-3677, ORF1b:P314L,

ORF1b:Q1011H, ORF3a:P42L, ORF3a:Q57H,

ORF1a:T265I, ORF1a:L3201P, N:P199L,

N:M234I, ORF8:T11I

Kappa B.1.617.1, 20A/S:154K India,

October-2021

T95I, G142D, E154K, L452R

E484Q, D614G, P681R, Q1071H

ORF1b:P314L, ORF1b:G1129C, ORF1b:M1352I,

ORF1b:K2310R, ORF1b:S2312A, N:R203M,

N:D377Y, M:I82S, ORF3a:S26L, ORF1a:T1567I,

ORF1a:T3646A, ORF7a:V82A

Lambda C.37,

B.1.1.1.C37

Peru,

December-2020

G75V, T76I,

Del 246-252, L452Q, F490S,

D614G, T859N

ORF1a:T1246I, ORF1a:P2287S, ORF1a:F2387V,

ORF1a:L3201P, ORF1a:T3255I, ORF1a:G3278S,

ORF1b:P314L, N:P13L, N:R203K, N:G204R,

N:G214C

similar to the Gamma, Beta, and Zeta variants, and also

holds the 1H69/1V70 deletion similar to Alpha, N439K

variant, and Y453F variant (39, 40). Theta VOI was first

reported in January 2021, in the Philippines, it harbors

the mutations E484K, N501Y, and other mutations found

in other circulating variants (41, 42). Iota VOI was first

detected in November 2020 in New York City, carrying

the two notable mutations S477N mutation and E484K

spike mutation (43). The Kappa VOI was first identified

in October 2021 in India, with three mutations, L452R,
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E484Q and P681R (44). The Lambda VOI was first

identified in December 2020, in Peru, South America,

carrying two mutations L452Q and F490S in the RBD

region (45).

3. Variant of Concern (VOC)—A variant for which

there is evidence of increased transmissibility, more

severe disease (for example, increased hospitalizations

or deaths), a significantly reduced neutralization by

antibodies or vaccination, reduced effectiveness of

vaccines or treatments, or failures in diagnostic detection

(Figures 4A–F).

The Alpha VOC was first detected in the UK in September

2020 with a fitness advantage over the original strain and quickly

became the predominant variant circulating in the UK (46). The

Alpha VOC contains 17 mutations in the viral genome, out of

which 14 mutations are non-synonymous point mutations and

three are deletions. Among these, eight mutations are present

in S protein: 169–70 deletion, 1144 deletion, N501Y, A570D,

P681H, T716I, S982A, and D1118H (47, 48) (Figure 4B).

The Beta VOC was first detected in South Africa in

December 2020, and contains nine mutations in the S protein:

L18F, D80A, D215G, R246I, K417N, E484K, N501Y, D614G, and

A701V, of which three mutations; K417N, E484K, and N501Y

are detected in the RBD of the S protein. The N501Y was also

identified in the Alpha variant (47, 49, 50) (Figure 4C).

The Gamma VOC was first detected in Japan in January

2021, probably through travelers returning from Brazil (138)

which was found to have evolved from a regional B.1.1.28

lineage in the Amazon in November 2020 and within 2 months

predominated the parental lineage (51). The Gamma VOC

contains 10 mutations in the S protein, i.e., L18F, T20N, P26S,

D138Y, R190S, H655Y, T1027I V1176, K417T, E484K, and

N501Y (52), of these mutations, L18F, K417N, and E484K are

found in the RBD of spike protein as previously reported in the

Beta VOC (47, 50, 53) (Figure 4D).

The Delta VOC was first reported in India in October 2020

and within a few months, it spread to other countries. It was

detected with E484Q and L452R S protein mutations. The Delta

VOC has 13 mutations in the genome; four specific mutations

located in spike protein T478K, D614G, L452R, and P681R, are

of concern (54–56). The Delta Plus variants are classified as sub-

variants of the Delta variant that are having several important

mutations in the spike protein. They are structurally very similar

to Delta VOC but have a few changes. Delta Plus has a K417N

mutation in the spike protein. The sub-variants AY.1, AY.2,

AY.3, and AY.4 are named Delta Plus (57) (Figure 4E).

TheOmicronVOCwas detected in November 2021 in South

Africa, containing more than 30 mutations to the S protein,

and evolved as a highly divergent variant with more than 60

mutations overall. The Omicron VOC was recently divided

into five lineages, i.e., BA.1, BA.2, BA.3, BA.4, and BA.5 (58).

The BA.1 lineage contains one mutation in the E protein, 37

mutations in the S protein, six in the N protein and two in the M

protein. BA.2 lineage contains 57 mutations, of which 31 in the

S protein; the N-terminus is considerably different as compared

to BA.1 (59). While BA.3 lineage carries a combination of

mutations found in the S protein (a total of 33 mutations) of

BA.1 and BA.2 lineages. The 31 mutations of the S protein in

BA.3 are common to BA.1, and two mutations are common to

the BA.2 lineage. BA.3 caused fewer infections as compared to

BA.1 and BA.2 probably due to the loss of the S protein mutation

present in the BA.1 and BA.2 lineages (60) (Figure 4F). The

Omicron BA.4 and BA.5 lineages appeared in April–May 2022

(58, 61). There are a total of four amino acid differences between

the BA.4 and BA.5 lineages, in proteins such as OFR1a, ORF6,

ORF7b, and Nucleocapsid (N), with one amino acid difference

in each protein, while four mutations in the S protein that is

different in the BA.4/BA.5 as compared to the BA.2 lineage (58).

So far BA.4 and BA.5 have not reported with severe illness, but

constant monitoring is required to prevent further spread which

may result in another variant with increased fitness that may

cause severe illness.

Impact of SARS-CoV-2 variants on
Diagnostics/Detection

The accessibility of the complete genome sequences of

SARS-CoV-2 in the beginning of the pandemic facilitated the

rapid development of the assays for detection of SARS-CoV-2

using real-time reverse transcriptase Polymerase Chain Reaction

(rRT-PCR) (62). The first protocol describing the rRT-PCR assay

was published in Europe on January 23, 2020 (48, 62, 63).

The report defined specific primer and probe sequences for

various SARS-CoV-2 specific targets such as RNA-dependent

RNA-polymerase (RdRp) and nucleocapsid (N) genes along with

the broad range probe pan-Sarbeco that could detect 2019-nCoV

along with SARS-CoV and bat-SARS-related CoVs (63). The

recommendations included the screening of the samples using

the E gene target followed by confirmation using the RdRp

gene target in samples positive for E gene (63, 64). Procedures

used for collecting, transporting, and storing the specimens and

strict adherence to all the protocols for sample collections has

shown to be imperative for correct and valid results (65–68).

RT-PCR (qRT-PCR) is established as the clinically acceptable

and most widely used test for SARS-CoV-2 detection and is

a routine confirmatory test for SARS-CoV-2 as advised by the

WHO. Despite the many advantages RT-PCR has in SARS-CoV-

2 diagnostics, the testing method is not without its limitations,

specifically when it comes to the correct detection of variants

of SARS-CoV-2 (69). In a bid to overcome this issue, several

point-of-care diagnostic tests were developed for SARS-CoV-2

variant detection (Table 2). Point-of-care tests (POCTs) can not

only be performed in clinical laboratories but also can be used

by trained non-laboratory personnel in patient care facilities,
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FIGURE 4 (Continued)
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FIGURE 4 (Continued)

bringing the diagnostic test for SARS-CoV-2 closer to patients

(70–72). A comparison of different gene targets and primers

used in nucleic acid amplification methods in lab-based and

point-of-care nucleic acid amplification tests of SARS-CoV-2

around the world is shown in Table 2.

In India, the initial testing using the kit designed by

the Indian Council of Medical Research-National Institute of

Virology (ICMR-NIV) was based on the recommended testing

strategy with the addition of the human specimen control,

RNaseP (71, 73). The assay employed the E gene for initial testing

with RNaseP as a control for efficient sample collection and

RNA extraction, followed by testing for SARS-CoV-2 specific

RdRp primers and probes. These were multiple-tube uniplex

assays to be done in succession. However, it became evident

that the SARS-CoV-2 positive samples with low viral load

were being missed or marked as presumptive positive due to

a comparative lower sensitivity of the RdRp gene, resulting in

false negative reporting (74). Owing to this caveat, samples

required repeat testing utilizing more time, labor, and reagents.

In order to mitigate the possible sensitivity issue, an additional

target ORF1b gene was introduced, as the ORF gene offered

a higher sensitivity as compared to the RdRp gene (75, 76).

The advent of the single-tube multiplex assays for SARS-CoV-2

proved advantageous with respect to time and labor. However,

each commercial kit differed in its targets and sensitivities (76–

78). Therefore, having multiple confirmatory genes served to

compensate for the sensitivity and specificity of its targets.

In addition to the number of genes, gene target regions

also played a crucial role. The first indication was in November

2020 with the emergence of the Alpha variant where in

a widely used commercial kit for the detection of SARS-

CoV-2, the S gene failed to amplify; the phenomenon was

later termed as the S gene target failure (SGTF). The SGTF

was a result of the H67Del/V70Del mutation associated with

immune evasion in the Alpha variant (48, 79, 80). However,

due to the presence of multiple other SARS-CoV-2 specific

genes (ORF1ab and N gene), the positive samples could be

correctly identified. The emergence of the Alpha variant, the

first Variant of Concern, brought about a paradigm shift

underlining the impact of the genetic variation as a result of

the evolution of the virus on its detection. This highlighted

the significance of the assessment of genetic variability affecting
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FIGURE 4 (Continued)

Location of the reported mutations in di�erent regions of the SARS-CoV-2 genome: (A) Representing amino acid position of ORFs in the

SARS-CoV-2 genome, the ORFs are shown in di�erent colors along with the amino acid position, (B) showing mutations in the genome of the

Alpha variant, (C) showing mutations in the genome of the Beta variant, (D) showing mutations in the genome of the Gamma variant. (E)

Location of mutations reported in various regions of the Delta and Delta-plus SARS-CoV-2 variant. The ORFs of the SARS-CoV-2 genome are

represented with di�erent colors and the mutation present on the ORF is indicated on the respective ORFs. (F) Location of mutations reported in

various regions of the Omicron BA.1 and BA.2 SARS-CoV-2 variant. The ORFs of the SARS-CoV-2 genome are represented with di�erent colors

and the mutation present on the ORF is indicated on the respective ORFs.

the sensitivity and specificity of the assays. Therefore, the

binding of the primer and probe sequences were assessed for

all the subsequently emerging variants. A similar situation

arose with the emergence of the Omicron variant containing

numerous mutations in the S and N genes. But in the case

of the Omicron variant, the mutations not only affected the

diagnostics but also the effectiveness of the treatment (66, 81).

Therefore, genomic surveillance proved an effective tool in

disease management in addition to the diagnostic surveillance

systems. Although whole-genome sequencing (WGS) remains

the most accurate approach for genotyping, there is a limited

capacity for WGS to be adequate for the surge of cases;

also, it is not feasible or sustainable for most laboratories.

Additionally, it is cost and labor intensive, requires a skilled

person to administer, and has a longer turn-around time

(82, 83). Therefore, rapid and accurate molecular tests for

differentiating between the variants are the need of the hour.

While SGTF was used for the initial screening for the Omicron

variant, it is not exclusive to the Omicron variant as the

H67Del/V70Del mutation is shared by the Alpha and other
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TABLE 2 List of di�erent gene targets and primers used in lab-based and point-of-care nucleic acid amplification tests for SARS-CoV-2 around the

world.

Institute Gene target Probe (5′-3′) Forward primer (5′-3′) Reverse primer (5′-3′)

China CDC ORF1ab gene FAM-CCGTCTGCGGTATGT GGA

AAGGTTATGG-BHQ1

CCCTGTGGGTTTTACACTTAA ACGATTGTGCATCAGCTGA

N gene FAM-TTGCTGCTGCTTGACAGA

TT-TAMRA

GGGGAACTTCTCCTGCTA

GAAT

CAGACATTTTGCTCTCAA

GCTG

US CDC N1 target FAM-ACCCCGCATTAC

GTT TGGTGGACC-BHQ1

GAC CCC AAA ATC AGC GAA

AT

TCT GGT TAC TGC CAG TTG

AAT CTG

N2 target FAM-ACAATTTGCCCCCAGCGC

TTCAG-BHQ1

TTA CAA ACA TTG GCC GCA

AA

GCG CGA CAT TCC GAA GAA’

N3 target FAM-AYCACATTGGCACCCGCA

ATCCTG-BHQ1

GGG AGC CTT GAA TAC ACC

AAA A

TGT AGC ACG ATT GCA GCA

TTG

France Pasteur

Institute

RdRP1 target HEX-AGATGTCTTGTGCTGCCG

GTA-BHQ1

ATGAGCTTAGTCCTGTTG CTCCCTTTGTTGTGTTGT

RdRP2 target FAM-TCATACAAACCACGCCAG

G-BHQ1

GGTAACTGGTATGATTTCG CTGGTCAAGGTTAATATAGG

Japan National

Institute of Infectious

Disease.

N gene FAM-ATGTCGCGCATTGGCATG

GA-BHQ

AAATTTTGGGGACCAGGAAC TGGCAGCTGTGTAGGTCAAC

Germany Charité RdRP gene FAM-CAGGTGGAACCTCATCAG

GAGATGC-BBQ

GTGARATGGTCATGTGTG

GCGG

CARATGTTAAASACACTATTA

GCATA

E gene FAM-ACACTAGCCATCCTTACT

GCGCTTCG-BBQ

ACAGGTACGTTAATAGTTAAT

AGCGT

ATATTGCAGCAGTACGCA

CACA

Thailand National

Institute of Health

N gene FAM-CAACTGGCAGTA

ACCA-BQH1

CGTTTGGTGGACCCTCAGAT- CCCCACTGCGTTCTCCATT

Hong Kong

University

ORF1b-nsp14

gene

FAM-TAGTTGTGATGCWATCAT

GACTAG-TAMRA

TGGGGYTTTACRGGTAACCT AACRCGCTTAACAAAGCACTC

N gene FAM-GCAAATTGTGCAATTTGC

GG-TAMRA

TAATCAGACAAGGAACTG

ATTA

CGAAGGTGTGACTTCCATG

variants (82, 83). Furthermore, target amplification failure is

not as reliable a technique as positive identification (82).

In order to facilitate the same, various manufacturers have

optimized rRT-PCR assays that can differentiate the variants

based on specific amplification of the target mutation. Two

such kits are approved and available in India, which can

differentiate the Omicron VOC from the other variants of

SARS-CoV-2 (84).

Overall prevention and efficient control strategies strongly

depend upon the diagnostic testing for SARS-CoV-2. TheWHO

recommends Nucleic Acid Amplification Test (NAAT) such

as rRT-PCR based on unique sequence of viral genome for

diagnosis of SARS-CoV-2. On emergence of newer variants,

the uniqueness of the target sequence of viral genome has

changed, needing newer targets for primer designing. Hence,

with every evolving mutation, the diagnostic landscape changed

and will keep on changing. Outside clinical and laboratory

settings, antigen detection-based lateral flow immunoassays

(LFA) have also been recommended by the WHO. Antigen-

detecting rapid diagnostic tests (Ag-RDTs) offered a faster

and less expensive way to diagnose an active SARS-CoV-

2 infection (85), Ag-RDT can be used outside of clinical

and laboratory settings, including communities as a POCT.

Similarly, the ICMR also recommended the use of rRT-PCR-

based tests as the frontline diagnostic test for SARS-CoV-

2 and Ag-RDT assays for the detection of present infection.

Serological antibody testing is currently recommended for use

only in research settings and for serosurveillance purposes.

All diagnostic commodities, namely nucleic acid amplification

assays, antigen detection assays (both POCT and laboratory

settings based), and serological assays (Antibody detection)

approved by the US FDA EUA/ Japan PMDA/ Australia TGA/

WHO EU, are eligible for use under intimation to the Drug

Controller General of India (DCGI). All other diagnostics
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TABLE 3 Widely used diagnostics approaches for SARS-CoV-2 detection.

Method Principle Advantage Duration Disadvantage

Next-generation

sequencing (NGS)

Whole-genome sequencing Highly sensitive and specific

provides all related information.

Can identify a novel strain

1–2 day High expertise, Equipment

dependency and high-cost Highly

sophisticated Lab required

RT-PCR Specific primer-probe based

detection

Fast results, higher sensitivity, need

small amount of DNA, can be

performed in a single step.

Well-established methodology in

viral diagnostics

3–4 h Higher costs due to the use of

expensive consumables. Expensive lab

equipment. Detection is also complex

and time-consuming.

May be affected by novel mutations in

emerging variants. US FDA listed

some molecular assays expected to fail

to detect the SARS-CoV-2 omicron

variants (https://www.fda.gov).

RT-LAMP More than two sets of

specific primers pair-based

detection

Highly repeatable and accurate.

Single working temperature

1 h Too sensitive, highly prone to false

positives due to carry-over or

cross-contamination

Antigen detection assay Lateral Flow Immunoassay

(LFA)

POCT, Samples does not need to be

transported to the laboratory,

saving time and cost

15–30min Testing comes after 3–4 days of

infection.

Lower sensitivity and specificity

CLIA, ELISA Laboratory setting 4–6 h Testing comes after 3–4 days of

infection.

Lower sensitive and specificity

Serological assays Lateral Flow Immunoassay

(LFA

POCT 15–30min Detected 1–2 weeks after vaccination

or infection based on the type of

antibody to be detected

Antibodies (IgG/IgM) ELISA, CLIA Laboratory setting 4–6 h Detected 1–2 weeks after vaccination

or infection.

CT scan Chest images Enhance sensitivity of detection if

findings combined with RT-PCR

results

1 h Indistinguishability from other viral

pneumonia and the hysteresis of

abnormal CT

Virus culture and

isolation

In vitro live virus isolation

and propagation

Highly (100%) specific gold

standard

5–15 days Low sensitivity as isolation is not

100%

needed to be evaluated and certified by ICMR before their use

in the country (86).

Diagnostic challenges are still a concern because of the lack

of confirmative and accurate diagnosis of mutations in the terms

of ASSURED diagnostics (acronym for Affordable, Sensitive,

Specific, User-friendly, Robust and rapid, Equipment-free, and

Deliverable to end-users). Regular monitoring and evaluation

of the potential impact of genetic variants on the diagnostic

assays especially rRT-PCR and Ag-RDT assays is an urgent

need. The basic principle, advantages, disadvantages, and turn-

around time for each test used for clinical diagnosis and genomic

surveillance of SARS-CoV-2 are listed in Table 3. As we know

that the virus spreads through air droplets, there is evidence

of air-born transmission also, resulting in unique transmission

patterns (87–89). However, differential mode of transmission of

any variant has not yet been reported.

Impact of SARS-CoV-2 variants on
clinical presentation and treatment

SARS-CoV-2 infection may be asymptomatic or may result

in symptomatic disease of varying severity with the involvement

of multiple organ systems such as the respiratory system,

gastrointestinal system, cardiovascular system, nervous system,

or multi-system involvement (90). Many factors contribute to

the clinical presentation. Host-specific factors such as age, pre-

existing high-risk conditions, gender, and pregnancy are known

to impact clinical presentation and severity of infection (90).

Host immunity from vaccination, a past infection, or both, can

significantly impact clinical presentation (91). Pathogen factors

can also impact the clinical presentation and severity; variant-

specific clinical presentation and severity have been a topic of

great interest. Different variants may have specific mutations
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and amino acid changes in spike and non-spike proteins that

can impact the clinical presentation and severity (92). A variant

may have increased virulence and may therefore cause more

severe disease. However, the appearance of different variants in

different geographic areas at different time points has resulted in

a scenario of a varied clinical presentation and severity thereby

hinting on the role of host immunity in disease presentation. A

variant that appears after the vast majority of a population has

immunity from vaccination and/or past infection may appear

to be “milder” due to host immunity rather than specific viral

mutations. Viral mutations may have an impact on clinical

presentation due to altered tissue tropism or due to increased

virulence (93). For example, a variant with a predilection for

replication in the respiratory mucosa rather than the alveoli may

cause symptoms like rhinorrhea, nasal congestion, sore throat,

and cough. A variant with a predilection for alveoli may cause

pneumonia and ARDS. For example, sore throat was a more

common symptom during waves predominated by the Omicron

variant in comparison with alteration in sense of smell which

was relatively more common during waves predominated by

the Delta variant (92). The omicron variant adopts a different

strategy from that of Delta and other variants to adapt to the

host. Themutation present in omicron can result in different cell

entry pathway therefore this has been shown to have a bearing

on the tissue sites preferred for viral replication (94). Omicron

variant infection is not enhanced by TMPRSS2 unlike the Delta

variant but is largely mediated via the endocytic pathway. Also,

the Omicron variant shows less efficient replication and fusion

activity when compared with the Delta variant in TMPRSS2-

expressed cells. The difference in entry pathways between the

Omicron and Delta variants may have an implication on the

clinical manifestations or disease severity (95). It is also possible

that host immunity prevents lower respiratory tract clinical

diseases such as pneumonia. A variant may have altered tissue

tropism with a predilection for the gastrointestinal tract (93)

resulting in gastrointestinal symptoms such as nausea, vomiting,

and diarrhea. It has also been reported that different variants

may have a different predilection to cause post-COVID-19

sequelae or Long COVID-19 (96). There is evidence that relative

to the ancestral strain, the Alpha variant was more virulent,

and Delta was even more virulent than Alpha (97, 98). Some

studies have shown that the Omicron variant was less virulent

than past variants (99) and did not replicate as well in alveoli

as past variants (100). While countries such as South Africa

and India had relatively mild Omicron waves, in Hong Kong

the Omicron wave was quite lethal (101). The emergence of

variants at different time points in populations with differing

population immunity from vaccination and/or past infection

has resulted in difficulty in conclusively identifying specific

mutations as responsible for greater virulence or altered tissue

tropism.However, studies in cell culture and animalmodels have

identified specific mutations as likely to cause greater virulence.

For example, mutations in Delta increase cell-to-cell fusion,

syncytia formation, and cytopathic effects in cell cultures and

greater pathogenic effects in lungs in animal models (98). It is

thought mutations in the S protein at the furin cleavage site

may play a critical role in virulence (102, 103). Spike mutations

at the RBD and NTD can allow a variant to partially evade

neutralizing antibodies and humoral immunity, and this may

allow some variants like Omicron to causemore reinfections and

breakthrough infections (104). While such mutations are less

likely to evade cellular immunity, SARS-CoV-2 does have the

inherent ability to downregulate or alter MHC-I expression and

may thereby have some impact on cellular immunity (105). It is

also possible that viral mutations may alter interferon expression

in the host, and thereby impact innate immunity (106). Thus, a

variant may have mutations that allow the virus to evade host

immune defenses, and this may have an impact on the clinical

presentation and severity of infection in a population with

immunity. Thus, SARS-CoV-2 variants may have differences in

virulence, tissue tropism, and post COVID-19 complications.

However, changing population immunity over time has made it

difficult to disentangle the impact of host immunity and variant

mutations on clinical presentation and severity of SARS-CoV-

2 infection.

SARS-CoV-2 VOC can also result in therapeutic dilemmas.

As already discussed, some variants may cause more severe

disease than others. The Omicron variant, which was thought

to cause milder disease, required less aggressive intervention

and was more likely to be suitable for out of hospital care,

whereas the Delta variant, which caused more severe disease,

carried a greater likelihood of requiring hospital-based care

including respiratory support and intensive care. Similarly,

anti-viral therapeutics for COVID-19 include drugs like

Remdesivir, Favipiravir, Molnupiravir and Paxlovid as well as

monoclonal antibody therapies such as Casirivimab-Imdevimab,

Sotrovimab, Bamlanivimab-Etesevimab, and Bebtelovimab; and

mutations of SARS-CoV-2 variants have been identified during

in vitro experiments that may confer resistance to Remdesivir by

different mechanisms (107). In an interesting case of an immune

compromised patient who developed a protracted SARS-CoV-2

infection and was treated with Remdesivir, the E802D mutation

in nsp12 RdRp. In vitro experiments demonstrated that this

mutation allowed greater in vitro viral replication in the

presence of Remdesivir (108). While this in vitro resistance to

Remdesivir does not mean there will be a loss of therapeutic

efficacy, it should alert us to the possibility that therapeutic

strategies will need to change in response to future variants.

Remdesivir acts by binding to RdRp and thereby starts its

function after adding three nucleotides (109). Hence mutations

at the RdRp gene are expected to impair the effectiveness of

Remdesivir. Likewise, the effectiveness of monoclonal antibody

treatments has been severely impacted by variants of concern

(81). Alteration in binding epitope structure of the S proteinmay

abolish binding capacity or reduce binding affinity of antibodies.

While Casirivimab-Imdevimab was effective as a treatment
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in patients infected with the Delta variant, it was ineffective

against the Omicron variant. While Sotrovimab was effective

against the Omicron BA.1, it was ineffective against BA.2. When

Omicron first emerged, it resulted in the loss of Casirivimab-

Imdevimab as a therapeutic option. During the first few weeks of

Omicron’s emergence, identifyingDelta infections fromOmicron

infections was important as the decision to use monoclonal

antibody treatment and which agent to use depended on the

variant causing infection. With the emergence of Omicron

BA.2, Sotrovimab was lost as a therapeutic option. While

Bebtelovimab retains effectiveness against currently circulating

variants, it seems it is only a matter of time before a variant

emerges that impacts the effectiveness of Bebtelovimab. Thus,

the variants causing COVID-19 can have an impact on the site

of care, the intensity of care and the therapeutic options that will

be effective.

The impact of SARS-CoV-2 variants
on transmissibility and immune
susceptibility

The transfer of a virus from an infected host to a

susceptible host is termed viral transmission. SARS-CoV-

2 is a respiratory virus; therefore, its transmission occurs

mainly via air (110). Two identified primary routes of SARS-

CoVo2 transmission include direct transmission occurring

via droplets or aerosol and indirect transmission happening

through fomites (2, 111, 112). Viral transmission is a complex

process and involves multiple steps such as viral transfer

between hosts, successful attachment of viral particles to its

target host cell leading to initiation of infection, and immune

status of the host at the time of exposure. The viral-host

attachment process involves the successful interaction between

host cell receptor ACE2 and viral envelope spike protein

via RBD and acts as a key determinant for SARS-CoV-2

viral transmission. However, a few recent studies have also

reported the ACE2 independent cellular infection of SARS-CoV-

2 (113–115), though the detailed mechanism and adaptation

of this mode of viral infection is still under investigation.

Similarly, the majority of the antibodies against SARS-CoV-

2 are generated against the viral spike protein and antigenic

changes in this protein have been reported to gain the ability

of viral immune escape (116, 117). These factors collectively

govern the overall rate of viral transmission and subsequent

infection in recovered and vaccinated individuals. SARS-CoV-

2 is continuously undergoing mutational and antigenic changes

and accumulating these changes in the SARS-CoV-2 genome for

better fitness giving rise to SARS-CoV-2 variants, namely Alpha,

Beta, Gamma, Delta, and Omicron. However, in the case of the

Omicron variant most of these mutational changes have been

detected in the spike encoding region of the genome (118). The

antigenic changes in the spike protein of SARS-CoV-2 variants

had demonstrated the enhanced transmission capabilities and

ability to escape the immune response generated via either

natural infections or vaccinations. The attribute of enhanced

transmission is contributed via two mechanisms, i.e., increased

affinity of spike RBD for the human ACE2 receptor (hACE2)

with a stable conformation of the spike-hACE-2 complex during

viral attachment, and easy recognition of the S1/S2 cleavage site

by furin proteases leading to activation of the spike protein for

efficient viral entry (119).

Likewise, the immune escape ability is gained by

accumulating the antigenic changes in the spike encoding

region of the viral genome. The details about the mutational

changes in each variant and their effect on the viral transmission

and immune escape are discussed below.

Alpha VOC

The Alpha VOC was reported to be 40–90% (95% CI: 38–

130%) more transmissible than the ancestral SARS-CoV-2 strain

and could evade the immune response in naturally recovered

individuals (32, 47). The higher transmissibility was due to

the mutational changes in the spike protein, particularly in the

RBD region, and evasion of antibody response was due to the

changes in the N-terminal domain (NTD) of the spike protein.

The N501Y mutation, present in the receptor-binding motif of

the spike, serves as the key contact residue between the spike

and its receptor human ACE-2, therefore, reported to increase

the affinity of RBD for hACE-2 receptors leading to rapid

transmission between hosts (50, 120). The P681H mutation

present near the S1/S2 cleavage site resulted in rapid conversion

of the spike to active S1/S2 by furin proteases, thus increasing the

rate of virus transmission and promoting viral entry (121, 122).

The 69–70 deletion in NTD of spike protein demonstrated

increased viral infectivity via an increase in the incorporation

of cleaved S2 in viral spike and rapid syncytium formation (123,

124). Moreover, 69–70 deletion, in combination with other spike

mutations such as D796H, could provide immune escape (123,

124), and antibodies generated after recovery or via vaccination

showed decreased susceptibility against double mutants possibly

causing infection in vaccinated individuals and re-infections in

recovered individuals (125–127). This deletion in NTD has also

been reported to decrease the recognition of this region by NTD

specific monoclonal antibodies (128). Additionally, the D614G

mutation has been reported to possess increased viral fitness

and viral titer in the in-vitro system (129, 130). The enhanced

infection was suggested because of reduced S1 shedding and

increased incorporation of the spike protein into the virion

(131, 132) (Figure 5A).

Beta VOC

The Beta VOC was reported to be more transmissible

than the ancestral SARS-CoV-2 strain and successfully evaded
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FIGURE 5

The e�ect of key mutations of SARS-CoV-2 variants on virus transmission and immune susceptibility. (A) Key mutations on Alpha VOC involved

in transmission and immune escape. (B) Key mutations on Beta VOC involved in transmission and immune escape. (C) Key mutations on

Gamma VOC involved in transmission and immune escape. (D) Key mutations on Delta VOC involved in transmission and immune escape. (E)

Key mutations on Omicron VOC involved in transmission and immune escape.

the immune response in vaccinated individuals reducing

the efficacy of vaccines. Two mutations, namely E484K

and N501Y, are present within the receptor-binding motif

of the spike and hence increase the affinity of RBD for

ACE-2 resulting in rapid viral attachment (50, 133, 134).

The K417N was detected in RBD and contributes to

the stable conformation of spike-ACE-2 providing the

stable interaction by giving more negative free energy. In

addition to this, the K417N, E484K, and N501Y mutations

were able to abolish the binding of generated antibodies

against the spike protein (135). Therefore, the vaccine

efficacy was found to be significantly reduced in cases

of infection and disease symptoms with the Beta variant

(Figure 5B).

Gamma VOC

The Gamma VOC was reported with 17 amino acid

substitutions, 10 of which lie in the spike region. The three spike

mutations K417T, E484K, and N501Y were of particular interest

and contributed to increased pathogenesis (52). Two of these

mutations, namely E484K and N501Y, are within the receptor-

binding motif of the spike and hence increase the affinity of
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RBD for ACE-2 resulting in rapid viral attachment (50, 53, 136).

The K417T was present in RBD and contributed to the stable

conformation of spike-ACE-2 providing the stable interaction

by givingmore negative free energy (116). In addition to this, the

K417T and N501Ymutations were able to abolish the binding of

generated antibodies against the spike protein (137). Therefore,

the vaccine efficacy was found to be significantly reduced in cases

of infection with the Beta variant (Figure 5C).

Delta VOC

The four spike mutations of the Delta VOC, i.e., T478K,

P681R, L452R, and D614G, were of particular interest and

contributed to increased transmission and immune escape

against a generated immune response. Two of these mutations,

namely T484K and L452R are within the receptor-binding

motif of the spike and hence increase the affinity of RBD for

ACE-2 resulting in rapid viral attachment (54–56). The D614G

mutation present in the SD2 domain and P681R mutation

present in the S1/S2 cleavage site assists in rapid conversion of

the spike to active S1/S2 by furin proteases resulting in increased

viral entry. In addition to this, the D614G and other mutations

were able to abolish the binding of generated antibodies against

the spike protein (116). Therefore, the vaccine efficacy was found

to be significantly reduced in cases of infection and symptomatic

disease with the Delta variant (Figure 5D).

Omicron VOC

This variant reported to have 60 mutations as compared to

the ancestral strain. Among them, 32 mutations were present in

the spike protein affecting the viral transmission and immune

response in vaccinated individuals as well as recovered patients.

The main mutations present in RBD of the spike protein are

K417N, T478K, E484A, and N501Y affecting the binding of

the spike protein for hACE-2 via increased affinity, stable S-

ACE-2 interaction, and more negative free energy as reported

in other variants (50, 52, 54, 135). The 69–70 deletion in NTD

also present in the Alpha variant contributed to the rapid

transmission and evading of the antibody immune response

(124). The P681H and D614G mutations present near the

S1/S2 furin cleavage site resulted in an increased rate of

virus transmission (121, 122, 129, 130). The other reported

mutation and their effect on viral pathogenesis are still underway

(Figure 5E).

Conclusion

COVID-19 has changed the way the world looks at

infectious diseases in general and viral diseases in particular.

Knowledge and technology transfer of information regarding

disease presentation, disease management, development

of therapeutics, and surveillance strategies has seen an

unprecedented improvement which can be mainly attributed

to a joining of forces of the public health professionals,

paramedics, law enforcement, researchers, policy makers, and

hospital infrastructure to fight the pandemic. Lessons learned

have been many; and the learning curve has been quite steep.

One of the first lessons learned is the significance of

transparency of disease reporting at the global level. Had the

first report of pneumonia-like disease been reported in a more

transparent manner, would the disease have been contained

better and not have reached a pandemic level? Is the policy

in place now, at the global level, to address this issue if

another similar outbreak strikes in the future? The next crucial

lesson learned is the importance of a country’s medical services

and their preparedness. This pandemic revealed that whether

a country was developed, developing or underdeveloped,

preparedness during an emergency can save lives. The impact of

the first wave in terms of number of deaths and hospitalization in

the Western world vis-à-vis developing countries such as India

is a classic example.

Another important lesson learned is the importance of

molecular surveillance. If not for the extensive whole genome

sequencing and the robust analyses tools, we would not have

identified the variants so early and thereby understood some

of the details of the varied disease presentations both at the

population level and at the individual level. Identification of

variants has resulted in providing both personalized therapy and

community-level disease management with equal proficiency.

Availability of these sequences has ensured development of faster

diagnostics with increased specificity and sensitivity in record

time thereby aiding in disease management. Other peripheral

yet important attributes of whole genome sequencing have

been the mushrooming of these facilities even in tertiary health

centers and smaller research facilities coupled by the growth of

a data analysis framework, which is being put into use for other

infectious diseases and pathogens. Several countries now have

developed centralized data management systems making data

availability much more streamlined.

The pandemic taught us the price of complacency; the Delta

wave in India is one such costly example. And India learned

well in the process. The vaccination drive was implemented

with renewed rigor; use of traditional alternative medicines was

revived and used extensively to combat the disease. Dogmas

were rewritten in vaccine development and novel strategies

developed in therapeutics. Knowledge from every field was

adopted, adapted, and tested to understand and curb the

pandemic with varied success. The most important message

conveyed in the last 2 years of the pandemic has been the public

health awareness imbibed by the general population regarding

disease, genome sequencing, personal protection, preparedness,

virology, and human immunology. While the deadly Ebola and
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the Nipah virus outbreaks that occurred in the recent past were

lessons to the experts, COVID-19 has turned out to be a crash

course to the uninitiated in several varied aspects.

How can we best benefit from all the lessons learned in

the pandemic? Expanding and diversifying the experience and

the expertise acquired from the pandemic to other health

concerns will be a significant consequence. Sewage water

genome surveillance, ultra-high throughput next generation

sequencing platforms, humungous real-time data management

systems, multi-level data analyses pipelines, novel diagnostic

POCT strategies, and new vaccine development approaches have

been put in place since 2020. It is up to the community to

utilize these procedures to prevent, predict, monitor, control,

and manage emerging viral diseases.

Author contributions

SS and SM conceptualized the study and compiled the

complete manuscript with inputs from all authors. SC and

SM contributed to SARS-CoV-2 molecular evolution, SARS-

CoV-2 mutations, and variants. SCS, BK, SA, VC, NV,

and JS contributed to impact of SARS-CoV-2 variants on

Diagnostics/Detection. SP and JS contributed to impact of

SARS-CoV-2 variants on clinical presentation and treatment.

DV and DM contributed to impact of SARS-CoV-2 variants

on transmissibility and immune susceptibility. SS, SC, DV, and

SM contributed to the implication of emerging SARS-CoV-

2 variants of concern. SS and JS provided all resources and

supervised the overall study. All authors contributed to the

article and approved the submitted version.

Funding

ICGEB core funds were utilized for the preparation of

this review.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those

of their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

References

1. WHO. COVID-19 – China. (2020). Available online at: https://www.who.int/
emergencies/disease-outbreak-news/item/2020-DON229 (accessed September 15,
2022).

2. Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, et al. A pneumonia
outbreak associated with a new coronavirus of probable bat origin. Nature. (2020)
579:270–3. doi: 10.1038/s41586-020-2951-z

3. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of
patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020)
395:497–506. doi: 10.1016/S0140-6736(20)30183-5

4. Chan JF-W, Yuan S, Kok K-H, To KK-W, Chu H, Yang J, et al. A familial
cluster of pneumonia associated with the 2019 novel coronavirus indicating
person-to-person transmission: a study of a family cluster. Lancet. (2020) 395:514–
23. doi: 10.1016/S0140-6736(20)30154-9

5. Rothe C, Schunk M, Sothmann P, Bretzel G, Froeschl G, Wallrauch C, et al.
Transmission of 2019-nCoV infection from an asymptomatic contact in Germany.
N Engl J Med. (2020) 382:970–1. doi: 10.1056/NEJMc2001468

6. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al. Early transmission
dynamics in Wuhan, China, of novel coronavirus–infected pneumonia. N Engl J
Med. (2020) 382:1199–207. doi: 10.1056/NEJMoa2001316

7. Jee Y. WHO international health regulations emergency committee
for the COVID-19 outbreak. Epidemiol Health. (2020) 42:e2020013.
doi: 10.4178/epih.e2020013

8. WHO. Naming the Coronavirus Disease (COVID-19) and the Virus That
Causes It. (2020). Available from: https://www.who.int/emergencies/diseases/
novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-
(covid-2019)-and-the-virus-that-causes-it (accessed September 15, 2022).

9. WHO. Director-General’s Opening Remarks at the Media Briefing on COVID-
19-11 March 2020. Geneva (2020). Available from: https://wwwwhoint/director-

general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-
briefing-on-covid-19 (accessed September 15, 2022).

10. Cucinotta D, VanelliM.WHODeclares COVID-19 a pandemic.Acta Biomed.
(2020) 91:157–60. doi: 10.23750/abm.v91i1.9397

11. Shastri J, Parikh S, Agarwal S, Chatterjee N, Pathak M, Sharma C, et al.
Whole genome sequencing confirmed SARS-CoV-2 reinfections among healthcare
workers in India with increased severity in the second episode. Lancet. (2020)
2020:3688220. doi: 10.2139/ssrn.3688220

12. Shastri J, Parikh S, Agrawal S, Chatterjee N, Pathak M, Chaudhary S,
et al. Clinical, serological, whole genome sequence analyses to confirm SARS-
CoV-2 reinfection in patients from Mumbai, India. Front Med. (2021) 2021:215.
doi: 10.3389/fmed.2021.631769

13. Tao K, Tzou PL, Nouhin J, Gupta RK, de Oliveira T, Kosakovsky Pond SL,
et al. The biological and clinical significance of emerging SARS-CoV-2 variants.
Nat Rev Genet. (2021) 22:757–73. doi: 10.1038/s41576-021-00408-x

14. El-Shabasy RM, Nayel MA, Taher MM, Abdelmonem R, Shoueir KR. Three
wave changes, new variant strains, and vaccination effect against COVID-19
pandemic. Int J Biol Macromol. (2022) 1:118. doi: 10.1016/j.ijbiomac.2022.01.118

15. Tareq AM, Emran TB, Dhama K, Dhawan M, Tallei TE. Impact of SARS-
CoV-2 delta variant (B.1617 2) in surging second wave of COVID-19 and efficacy
of vaccines in tackling the ongoing pandemic. Hum Vaccines Immunotherapeut.
(2021) 17:4126–7. doi: 10.1080/21645515.2021.1963601

16. Thakur V, Bhola S, Thakur P, Patel SKS, Kulshrestha S, Ratho RK, et al.
Waves and variants of SARS-CoV-2: understanding the causes and effect of the
COVID-19 catastrophe. Infection. (2021) 2021:1–16. doi: 10.1007/s15010-021-0
1734-2

17. Zhong N, Zheng B, Li Y, Poon L, Xie Z, Chan K, et al. Epidemiology
and cause of severe acute respiratory syndrome (SARS) in Guangdong,

Frontiers inMedicine 17 frontiersin.org

https://doi.org/10.3389/fmed.2022.995960
https://www.who.int/emergencies/disease-outbreak-news/item/2020-DON229
https://www.who.int/emergencies/disease-outbreak-news/item/2020-DON229
https://doi.org/10.1038/s41586-020-2951-z
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30154-9
https://doi.org/10.1056/NEJMc2001468
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.4178/epih.e2020013
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://wwwwhoint/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19
https://wwwwhoint/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19
https://wwwwhoint/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19
https://doi.org/10.23750/abm.v91i1.9397
https://doi.org/10.2139/ssrn.3688220
https://doi.org/10.3389/fmed.2021.631769
https://doi.org/10.1038/s41576-021-00408-x
https://doi.org/10.1016/j.ijbiomac.2022.01.118
https://doi.org/10.1080/21645515.2021.1963601
https://doi.org/10.1007/s15010-021-01734-2
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Mahilkar et al. 10.3389/fmed.2022.995960

People’s Republic of China, in February, 2003. Lancet. (2003) 362:1353–8.
doi: 10.1016/S0140-6736(03)14630-2

18. De Groot RJ, Baker SC, Baric RS, Brown CS, Drosten C, Enjuanes
L, et al. Commentary: middle east respiratory syndrome coronavirus (mers-
cov): announcement of the coronavirus study group. J Virol. (2013) 87:7790–2.
doi: 10.1128/JVI.01244-13

19. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel
coronavirus from patients with pneumonia in China, 2019. N Engl J Med. (2020)
2020:NEJMoa2001017. doi: 10.1056/NEJMoa2001017

20. Rahimi A, Mirzazadeh A, Tavakolpour S. Genetics and genomics of
SARS-CoV-2: a review of the literature with the special focus on genetic
diversity and SARS-CoV-2 genome detection. Genomics. (2021) 113:1221–32.
doi: 10.1016/j.ygeno.2020.09.059

21. WHO. Tracking SARS-CoV-2 Variants. (2022). Available online at: https://
www.who.int/activities/tracking-SARS-CoV-2-variants (accessed September 15,
2022).

22. Elbe S, Buckland-Merrett G. Data, disease and diplomacy: GISAID’s
innovative contribution to global health. Glob Challenges. (2017) 1:33–46.
doi: 10.1002/gch2.1018

23. PANGO. PANGO Lineages-Lineage List. (2022). Available online at: https://
cov-lineages.org/lineage_list.html (accessed September 14, 2022).

24. Nextstrain. Real-Time Tracking of Pathogen Evolution. (2022). Available
online at: https://nextstrain.org/ (accessed September 15, 2022).

25. McLean G, Kamil J, Lee B, Moore P, Schulz TF, Muik A, et al. The impact
of evolving SARS-CoV-2 mutations and variants on COVID-19 vaccines. MBio.
(2022) 13:e02979–21. doi: 10.1128/mbio.02979-21

26. Shannon A, Selisko B, Le N-T-T, Huchting J, Touret F, Piorkowski G, et al.
Rapid incorporation of Favipiravir by the fast and permissive viral RNA polymerase
complex results in SARS-CoV-2 lethal mutagenesis. Nat Commun. (2020) 11:1–9.
doi: 10.1038/s41467-020-18463-z

27. Minskaia E, Hertzig T, Gorbalenya AE, Campanacci V, Cambillau C, Canard
B, et al. Discovery of an RNA virus 3′ → 5′ exoribonuclease that is critically
involved in coronavirus RNA synthesis. Proc Nat Acad Sci USA. (2006) 103:5108–
13. doi: 10.1073/pnas.0508200103

28. Abdelrahman Z, Li M, Wang X. Comparative review of SARS-CoV-2, SARS-
CoV, MERS-CoV, and influenza a respiratory viruses. Front Immunol. (2020)
2020:2309. doi: 10.3389/fimmu.2020.552909

29. Banerjee A, Mossman K, Grandvaux N. Molecular determinants of SARS-
CoV-2 variants. Trends Microbiol. (2021) 29:871–3. doi: 10.1016/j.tim.2021.07.002

30. Jackson B, Boni MF, Bull MJ, Colleran A, Colquhoun RM, Darby AC, et al.
Generation and transmission of interlineage recombinants in the SARS-CoV-2
pandemic. Cell. (2021) 184:5179–88.e8. doi: 10.1016/j.cell.2021.08.014

31. Planas D, Bruel T, Grzelak L, Guivel-Benhassine F, Staropoli I, Porrot F, et al.
Sensitivity of infectious SARS-CoV-2 B. 1.1. 7 and B 1351 variants to neutralizing
antibodies. Nat Med. (2021) 27:917–24. doi: 10.1038/s41591-021-01318-5

32. Volz E, Mishra S, Chand M, Barrett JC, Johnson R, Geidelberg L, et al.
Assessing transmissibility of SARS-CoV-2 lineage B. 1.1. 7 in England. Nature.
(2021) 593:266–9. doi: 10.1038/s41586-021-03470-x

33. Rambaut A, Holmes EC, O’Toole Á, Hill V, McCrone JT, Ruis
C, et al. Addendum: a dynamic nomenclature proposal for SARS-CoV-
2 lineages to assist genomic epidemiology. Nat Microbiol. (2021) 6:415.
doi: 10.1038/s41564-021-00872-5

34. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation
and epidemiology of 2019 novel coronavirus: implications for virus origins and
receptor binding. Lancet. (2020) 395:565–74. doi: 10.1016/S0140-6736(20)30251-8

35. Wu A, Peng Y, Huang B, Ding X, Wang X, Niu P, et al. Genome composition
and divergence of the novel coronavirus (2019-nCoV) originating in China. Cell
Host Microbe. (2020) 27:325–8. doi: 10.1016/j.chom.2020.02.001

36. Llanes A, Restrepo CM, Caballero Z, Rajeev S, Kennedy MA, Lleonart
R. Betacoronavirus genomes: how genomic information has been used to deal
with past outbreaks and the COVID-19 pandemic. Int J Mol Sci. (2020) 21:4546.
doi: 10.3390/ijms21124546

37. ZhangW, Davis BD, Chen SS, Martinez JMS, Plummer JT, Vail E. Emergence
of a novel SARS-CoV-2 variant in Southern California. J Am Med Assoc. (2021)
325:1324–6. doi: 10.1001/jama.2021.1612

38. WHO. Tracking SARS-CoV-2 Variants/Previously Circulating VOIs. (2022).
Available online at: https://www.who.int/activities/tracking-SARS-CoV-2-
variants/previously-circulating-vois (accessed September 15, 2022).

39. Voloch CM, da Silva Francisco Jr R, de Almeida LG, Cardoso CC, Brustolini
OJ, Gerber AL, et al. Genomic characterization of a novel SARS-CoV-2 lineage
fromRio de Janeiro, Brazil. J Virol. (2021) 95:e00119–21. doi: 10.1128/JVI.00119-21

40. Delshad M, Sanaei M-J, Pourbagheri-Sigaroodi A, Bashash D. Host genetic
diversity and genetic variations of SARS-CoV-2 in COVID-19 pathogenesis
and the effectiveness of vaccination. Int Immunopharmacol. (2022) 2022:109128.
doi: 10.1016/j.intimp.2022.109128

41. Haw NJL, Cañal EMR, Zuasula Jr J, Loreche MJ, Bernadas J. Epidemiological
characteristics of the SARS-CoV-2 Theta variant (P. 3) in the Central Visayas
region, Philippines, 30 October 2020–16 February 2021. Western Pacific
Surveillance Response J. (2022) 13:1. doi: 10.5365/wpsar.2022.13.1.883

42. Rose R, Nolan DJ, LaFleur TM, Lamers SL. Outbreak of P. 3 (Theta) SARS-
CoV-2 emerging variant of concern among service workers in Louisiana. J Infect
Public Health. (2022) 15:7–9. doi: 10.1016/j.jiph.2021.11.011

43. Annavajhala MK, Mohri H, Wang P, Nair M, Zucker JE, Sheng Z, et al.
Emergence and expansion of SARS-CoV-2 B. 1526 after identification inNewYork.
Nature. (2021) 597:703–8. doi: 10.1038/s41586-021-03908-2

44. Pascarella S, Ciccozzi M, Zella D, Bianchi M, Benedetti F, Benvenuto D,
et al. SARS-CoV-2 B. 1617 Indian variants: Are electrostatic potential changes
responsible for a higher transmission rate? J Medical Virol. (2021) 93:6551–6.
doi: 10.1002/jmv.27210

45. Vargas-Herrera N, Araujo-Castillo RV, Mestanza O, Galarza M, Rojas-
SerranoN, Solari-Zerpa L. SARS-CoV-2 Lambda andGamma variants competition
in Peru, a country with high seroprevalence. Lancet Regional Health–Americas.
(2022) 6:100112. doi: 10.1016/j.lana.2021.100112

46. Chaillon A, Smith D. Phylogenetic Analyses of SARS-CoV-2 B. 1.1. 7
Lineage Suggest a Single Origin Followed by Multiple Exportation Events Versus
Convergent Evolution: eScholarship. Los Angeles, CA: University of California
(2021). doi: 10.1093/cid/ciab265

47. Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ, Munday JD, et al.
Estimated transmissibility and impact of SARS-CoV-2 lineage B. 1.1. 7 in England.
Science. (2021) 372:eabg3055. doi: 10.1126/science.abg3055

48. Gravagnuolo AM, Faqih L, CronshawC,Wynn J, Klapper P,WigglesworthM.
High throughput diagnostics and dynamic risk assessment of SARS-CoV-2 variants
of concern. EBioMedicine. (2021) 70:103540. doi: 10.1016/j.ebiom.2021.103540

49. Mwenda M, Saasa N, Sinyange N, Busby G, Chipimo PJ, Hendry J, et al.
Detection of B. 1.351 SARS-CoV-2 variant strain—Zambia, december 2020.
Morbid Mortal Weekly Rep. (2021) 70:280. doi: 10.15585/mmwr.mm7008e2

50. Starr TN, Greaney AJ, Hilton SK, Ellis D, Crawford KH, Dingens AS,
et al. Deep mutational scanning of SARS-CoV-2 receptor binding domain
reveals constraints on folding and ACE2 binding. Cell. (2020) 182:1295–310.e20.
doi: 10.1016/j.cell.2020.08.012

51. Naveca FG, Nascimento V, de Souza VC, Corado AdL, Nascimento
F, Silva G, et al. COVID-19 in Amazonas, Brazil, was driven by the
persistence of endemic lineages and P 1 emergence. Nat Med. (2021) 27:1230–8.
doi: 10.1038/s41591-021-01378-7

52. Faria NR, Mellan TA, Whittaker C, Claro IM, Candido DdS, Mishra S, et al.
Genomics and epidemiology of the P 1 SARS-CoV-2 lineage in Manaus, Brazil.
Science. (2021) 372:815–21. doi: 10.1126/science.abh2644

53. Sabino EC, Buss LF, Carvalho MP, Prete CA, Crispim MA, Fraiji NA, et al.
Resurgence of COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet.
(2021) 397:452–5. doi: 10.1016/S0140-6736(21)00183-5

54. Chen J, Wang R, Wang M, Wei G-W. Mutations strengthened SARS-CoV-2
infectivity. J Mol Biol. (2020) 432:5212–26. doi: 10.1016/j.jmb.2020.07.009

55. Deng X, Garcia-Knight MA, Khalid MM, Servellita V, Wang C, Morris MK,
et al. Transmission, infectivity, and neutralization of a spike L452R SARS-CoV-2
variant. Cell. (2021) 184:3426–37.e8. doi: 10.1016/j.cell.2021.04.025

56. Teng S, Sobitan A, Rhoades R, Liu D, Tang Q. Systemic effects of missense
mutations on SARS-CoV-2 spike glycoprotein stability and receptor-binding
affinity. Brief Bioinform. (2021) 22:1239–53. doi: 10.1093/bib/bbaa233

57. Kannan SR, Spratt AN, Cohen AR, Naqvi SH, Chand HS, Quinn TP, et al.
Evolutionary analysis of the Delta and Delta Plus variants of the SARS-CoV-2
viruses. J Autoimmun. (2021) 124:102715. doi: 10.1016/j.jaut.2021.102715

58. Desingu PA, Nagarajan K. The emergence of Omicron lineages BA.4
and BA.5, and the global spreading trend. J Med Virol. (2022) 2022:jmv.27967.
doi: 10.1002/jmv.27967

59. Fan Y, Li X, Zhang L, Wan S, Zhang L, Zhou F. SARS-CoV-2 Omicron
variant: recent progress and future perspectives. Signal Transduct Target Ther.
(2022) 7:1–11. doi: 10.1038/s41392-022-00997-x

60. Desingu PA, Nagarajan K, Dhama K. Emergence of Omicron third
lineage BA. 3 and its importance. J Medical Virol. (2022) 94:1808–10.
doi: 10.1002/jmv.27601

61. Tegally H, Moir M, Everatt J, Giovanetti M, Scheepers C, Wilkinson E, et al.
Emergence of SARS-CoV-2 Omicron lineages BA. 4 and BA 5 in South Africa. Nat
Med. (2022) 2022:1–6. doi: 10.1038/s41591-022-01911-2

Frontiers inMedicine 18 frontiersin.org

https://doi.org/10.3389/fmed.2022.995960
https://doi.org/10.1016/S0140-6736(03)14630-2
https://doi.org/10.1128/JVI.01244-13
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/j.ygeno.2020.09.059
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://doi.org/10.1002/gch2.1018
https://cov-lineages.org/lineage_list.html
https://cov-lineages.org/lineage_list.html
https://nextstrain.org/
https://doi.org/10.1128/mbio.02979-21
https://doi.org/10.1038/s41467-020-18463-z
https://doi.org/10.1073/pnas.0508200103
https://doi.org/10.3389/fimmu.2020.552909
https://doi.org/10.1016/j.tim.2021.07.002
https://doi.org/10.1016/j.cell.2021.08.014
https://doi.org/10.1038/s41591-021-01318-5
https://doi.org/10.1038/s41586-021-03470-x
https://doi.org/10.1038/s41564-021-00872-5
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.3390/ijms21124546
https://doi.org/10.1001/jama.2021.1612
https://www.who.int/activities/tracking-SARS-CoV-2-variants/previously-circulating-vois
https://www.who.int/activities/tracking-SARS-CoV-2-variants/previously-circulating-vois
https://doi.org/10.1128/JVI.00119-21
https://doi.org/10.1016/j.intimp.2022.109128
https://doi.org/10.5365/wpsar.2022.13.1.883
https://doi.org/10.1016/j.jiph.2021.11.011
https://doi.org/10.1038/s41586-021-03908-2
https://doi.org/10.1002/jmv.27210
https://doi.org/10.1016/j.lana.2021.100112
https://doi.org/10.1093/cid/ciab265
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1016/j.ebiom.2021.103540
https://doi.org/10.15585/mmwr.mm7008e2
https://doi.org/10.1016/j.cell.2020.08.012
https://doi.org/10.1038/s41591-021-01378-7
https://doi.org/10.1126/science.abh2644
https://doi.org/10.1016/S0140-6736(21)00183-5
https://doi.org/10.1016/j.jmb.2020.07.009
https://doi.org/10.1016/j.cell.2021.04.025
https://doi.org/10.1093/bib/bbaa233
https://doi.org/10.1016/j.jaut.2021.102715
https://doi.org/10.1002/jmv.27967
https://doi.org/10.1038/s41392-022-00997-x
https://doi.org/10.1002/jmv.27601
https://doi.org/10.1038/s41591-022-01911-2
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Mahilkar et al. 10.3389/fmed.2022.995960

62. Chan JF-W, Yip CC-Y, To KK-W, Tang TH-C, Wong SC-Y, Leung K-H, et al.
Improved molecular diagnosis of COVID-19 by the novel, highly sensitive and
specific COVID-19-RdRp/Hel real-time reverse transcription-PCR assay validated
in vitro and with clinical specimens. J Clin Microbiol. (2020) 58:e00310–20.
doi: 10.1128/JCM.00310-20

63. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer
A, Chu DK, et al. Detection of 2019 novel coronavirus (2019-
nCoV) by real-time RT-PCR. Eurosurveillance. (2020) 25:2000045.
doi: 10.2807/1560-7917.ES.2020.25.3.2000045

64. Pillonel T, Scherz V, Jaton K, Greub G, Bertelli C. SARS-CoV-
2 detection by real-time RT-PCR. Eurosurveillance. (2020) 25:2000880.
doi: 10.2807/1560-7917.ES.2020.25.21.2000880

65. Rogers AA, Baumann RE, Borillo GA, Kagan RM, Batterman HJ, Galdzicka
MM, et al. Evaluation of transport media and specimen transport conditions for
the detection of SARS-CoV-2 by use of real-time reverse transcription-PCR. J Clin
Microbiol. (2020) 58:e00708–20. doi: 10.1128/JCM.00708-20

66. Sharma K, Agarwala P, Gandhi D, Mathias A, Singh P, Sharma S, et al.
Correction: comparative analysis of various clinical specimens in detection
of SARS-CoV-2 using rRT-PCR in new and follow up cases of COVID-
19 infection: quest for the best choice. PLoS ONE. (2021) 16:e0253355.
doi: 10.1371/journal.pone.0253355

67. Wang W, Xu Y, Gao R, Lu R, Han K, Wu G, et al. Detection of SARS-CoV-
2 in different types of clinical specimens. J Am Med Assoc. (2020) 323:1843–4.
doi: 10.1001/jama.2020.3786

68. Yilmaz Gulec E, Cesur NP, Yesilyurt Fazlioglu G, Kazezoglu C. Effect of
different storage conditions on COVID-19 RT-PCR results. J Med Virol. (2021)
93:6575–81. doi: 10.1002/jmv.27204

69. Tahamtan A, Ardebili A. Real-time RT-PCR in COVID-19 detection:
issues affecting the results. Expert Rev Mol Diagn. (2020) 20:453–4.
doi: 10.1080/14737159.2020.1757437

70. Bruijns B, Folkertsma L, Tiggelaar R, FDA. authorized molecular
point-of-care SARS-CoV-2 tests: a critical review on principles, systems
and clinical performances. Biosens Bioelectr. (2022) 2022:100158.
doi: 10.1016/j.biosx.2022.100158

71. Gupta N, Augustine S, Narayan T, O’Riordan A, Das A, Kumar D, et al.
Point-of-care PCR assays for COVID-19 detection. Biosensors. (2021) 11:141.
doi: 10.3390/bios11050141

72. Ye Q, Lu D, Zhang T, Mao J, Shang S. Recent advances and clinical
application in point-of-care testing of SARS-CoV-2. J Med Virol. (2022) 94:1866–
75. doi: 10.1002/jmv.27617

73. Choudhary ML, Vipat V, Jadhav S, Basu A, Cherian S, Abraham
P, et al. Development of in vitro transcribed RNA as positive control for
laboratory diagnosis of SARS-CoV-2 in India. Indian J Med Res. (2020) 151:251.
doi: 10.4103/ijmr.IJMR_671_20

74. Kim S, Kim D-M, Lee B. Insufficient sensitivity of RNA dependent
RNA polymerase gene of SARS-CoV-2 viral genome as confirmatory
test using Korean COVID-19 cases. Preprints. (2020) 2020:424.
doi: 10.20944/preprints202002.0424.v1

75. Alagarasu K, Choudhary M, Lole K, Abraham P, Potdar V, Team
N. Evaluation of RdRp & ORF-1b-nsp14-based real-time RT-PCR assays for
confirmation of SARS-CoV-2 infection: an observational study. Indian J Med Res.
(2020) 151:483. doi: 10.4103/ijmr.IJMR_1256_20

76. Vogels CB, Brito AF, Wyllie AL, Fauver JR, Ott IM, Kalinich
CC, et al. Analytical sensitivity and efficiency comparisons of SARS-
CoV-2 RT–qPCR primer–probe sets. Nat Microbiol. (2020) 5:1299–305.
doi: 10.1038/s41564-020-0761-6

77. Shen L, Cui S, Zhang D, Lin C, Chen L, Wang Q. Comparison of four
commercial RT-PCR diagnostic kits for COVID-19 in China. J Clin Lab Anal.
(2021) 35:e23605. doi: 10.1002/jcla.23605

78. Singh J, Yadav A, Pakhare A, Kulkarni P, Lokhande L, Soni P, et al.
Comparative analysis of the diagnostic performance of five commercial COVID-
19 qRT PCR kits used in India. Sci Rep. (2021) 11:1–8. doi: 10.1038/s41598-021-0
0852-z

79. Brown KA, Gubbay J, Hopkins J, Patel S, Buchan SA, Daneman
N, et al. S-gene target failure as a marker of variant B. 1.1. 7 among
SARS-CoV-2 isolates in the greater Toronto area, December 2020 to
March 2021. J Am Med Assoc. (2021) 325:2115–6. doi: 10.1001/jama.2021.
5607

80. Walker AS, Vihta K-D, Gethings O, Pritchard E, Jones J, House
T, et al. Tracking the emergence of SARS-CoV-2 alpha variant in the
United Kingdom. N Engl J Med. (2021) 385:2582–5. doi: 10.1056/NEJMc21
03227

81. Singh DD, Sharma A, Lee H-J, Yadav DK. SARS-CoV-2: recent variants
and clinical efficacy of antibody-based therapy. Front Cell Infect Microbiol. (2022)
12:839170. doi: 10.3389/fcimb.2022.839170

82. Phan T, Boes S, McCullough M, Gribschaw J, Marsh JW, Harrison LH, et al.
First detection of SARS-CoV-2 Omicron BA. 4 variant in Western Pennsylvania,
United States. J Medical Virol. (2022) 2022:jmv.27846. doi: 10.1002/jmv.27846

83. Thomas E, Delabat S, Carattini YL, Andrews DM. SARS-CoV-2 and variant
diagnostic testing approaches in the United States. Viruses. (2021) 13:2492.
doi: 10.3390/v13122492

84. ICMR. ICMR Approved Real Time PCR (RT-PCR) Assays for Detection
of Omicron Variant of SARS-CoV-2. New Delhi: Indian Council of Medical
Research, Department of Health Research, Ministry of Health and Family Welfare,
Government of India (2022). p. 1.

85. WHO. Antigen-Detection in the Diagnosis of SARS-CoV-2 Infection: Interim
Guidance, 6 October 2021.Geneva: World Health Organization (2021).

86. ICMR. Guidance to Enhance Availability of COVID-19 Testing Kits and
Newer Innovative Testing Solutions in India. New Delhi: Indian Council of Medical
Research, Department of Health Research, Ministry of Health and Family Welfare,
Government of India (2021). p. 1.

87. Dubey A, Kotnala G, Mandal TK, Sonkar SC, Singh VK, Guru SA, et al.
Evidence of the presence of SARS-CoV-2 virus in atmospheric air and surfaces of a
dedicated COVID hospital. JMedVirol. (2021) 93:5339–49. doi: 10.1002/jmv.27029

88. Greenhalgh T, Jimenez JL, Prather KA, Tufekci Z, Fisman D, Schooley R.
Ten scientific reasons in support of airborne transmission of SARS-CoV-2. Lancet.
(2021) 397:1603–5. doi: 10.1016/S0140-6736(21)00869-2

89. Tang JW, Marr LC Li Y, Dancer SJ. Covid-19 has redefined airborne
transmission. Br Medical J Publ Gr. (2021) 2021:bmj.n913. doi: 10.1136/bmj.n913

90. Stokes EK, Zambrano LD, Anderson KN, Marder EP, Raz KM, Felix SEB,
et al. Coronavirus disease 2019 case surveillance—United States, january 22–may
30, 2020.MorbidMortalWkly Rep. (2020) 69:759. doi: 10.15585/mmwr.mm6924e2

91. Murugesan M, Mathews P, Paul H, Karthik R, Mammen JJ, Rupali P.
Protective effect conferred by prior infection and vaccination on COVID-19
in a healthcare worker cohort in South India. PLoS ONE. (2022) 17:e0268797.
doi: 10.1371/journal.pone.0268797

92. Menni C, Valdes AM, Polidori L, Antonelli M, Penamakuri S, Nogal
A, et al. Symptom prevalence, duration, and risk of hospital admission in
individuals infected with SARS-CoV-2 during periods of omicron and delta variant
dominance: a prospective observational study from the ZOECOVID Study. Lancet.
(2022) 399:1618–24. doi: 10.1016/S0140-6736(22)00327-0

93. Stolp B, Stern M, Ambiel I, Hofmann K, Morath K, Gallucci L, et al.
SARS-CoV-2 variants of concern display enhanced intrinsic pathogenic properties
and expanded organ tropism in mouse models. Cell Rep. (2022) 38:110387.
doi: 10.1016/j.celrep.2022.110387

94. Du X, Tang H, Gao L, Wu Z, Meng F, Yan R, et al. Omicron adopts a different
strategy from Delta and other variants to adapt to host. Signal Transd Target Ther.
(2022) 7:1–3. doi: 10.1038/s41392-022-00903-5

95. Zhao H, Lu L, Peng Z, Chen L-L, Meng X, Zhang C, et al. SARS-CoV-2
Omicron variant shows less efficient replication and fusion activity when compared
with Delta variant in TMPRSS2-expressed cells. Emerg Microbes Infect. (2022)
11:277–83. doi: 10.1080/22221751.2021.2023329

96. Bosworth DAaM. Self-reported Long COVIDAfter InfectionWith the Omicron
Variant in the UK: 18 July 2022. (2022). Available online at: https://www.ons.gov.
uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/
bulletins/selfreportedlongcovidafterinfectionwiththeomicronvariant/18july2022
(accessed September 15, 2022).

97. Fisman DN, Tuite AR. Age-specific changes in virulence associated with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of
concern. Clin Infect Dis. (2022) 2022:21264097. doi: 10.1101/2021.09.25.21264097

98. Saito A, Irie T, Suzuki R, Maemura T, Nasser H, Uriu K, et al. Enhanced
fusogenicity and pathogenicity of SARS-CoV-2 Delta P681R mutation. Nature.
(2022) 602:300–6. doi: 10.1038/s41586-021-04266-9

99. Bálint G, Vörös-Horváth B, Széchenyi A. Omicron: increased transmissibility
and decreased pathogenicity. Signal Transduct Target Ther. (2022) 7:1–3.
doi: 10.1038/s41392-022-01009-8

100. Hui KP, Ho JC, Cheung M-c, Ng K-c, Ching RH, Lai K-l, et al. SARS-CoV-2
Omicron variant replication in human bronchus and lung ex vivo. Nature. (2022)
603:715–20. doi: 10.1038/s41586-022-04479-6

101. Taylor L. Covid-19: Hong Kong reports world’s highest death rate as zero
covid strategy fails. Br Med J. (2022) 376:35177535. doi: 10.1136/bmj.o707

102. Frolova EI, Palchevska O, Lukash T, Dominguez F, Britt W, Frolov I.
Acquisition of furin cleavage site and further SARS-CoV-2 evolution change the

Frontiers inMedicine 19 frontiersin.org

https://doi.org/10.3389/fmed.2022.995960
https://doi.org/10.1128/JCM.00310-20
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.2807/1560-7917.ES.2020.25.21.2000880
https://doi.org/10.1128/JCM.00708-20
https://doi.org/10.1371/journal.pone.0253355
https://doi.org/10.1001/jama.2020.3786
https://doi.org/10.1002/jmv.27204
https://doi.org/10.1080/14737159.2020.1757437
https://doi.org/10.1016/j.biosx.2022.100158
https://doi.org/10.3390/bios11050141
https://doi.org/10.1002/jmv.27617
https://doi.org/10.4103/ijmr.IJMR_671_20
https://doi.org/10.20944/preprints202002.0424.v1
https://doi.org/10.4103/ijmr.IJMR_1256_20
https://doi.org/10.1038/s41564-020-0761-6
https://doi.org/10.1002/jcla.23605
https://doi.org/10.1038/s41598-021-00852-z
https://doi.org/10.1001/jama.2021.5607
https://doi.org/10.1056/NEJMc2103227
https://doi.org/10.3389/fcimb.2022.839170
https://doi.org/10.1002/jmv.27846
https://doi.org/10.3390/v13122492
https://doi.org/10.1002/jmv.27029
https://doi.org/10.1016/S0140-6736(21)00869-2
https://doi.org/10.1136/bmj.n913
https://doi.org/10.15585/mmwr.mm6924e2
https://doi.org/10.1371/journal.pone.0268797
https://doi.org/10.1016/S0140-6736(22)00327-0
https://doi.org/10.1016/j.celrep.2022.110387
https://doi.org/10.1038/s41392-022-00903-5
https://doi.org/10.1080/22221751.2021.2023329
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/selfreportedlongcovidafterinfectionwiththeomicronvariant/18july2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/selfreportedlongcovidafterinfectionwiththeomicronvariant/18july2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/selfreportedlongcovidafterinfectionwiththeomicronvariant/18july2022
https://doi.org/10.1101/2021.09.25.21264097
https://doi.org/10.1038/s41586-021-04266-9
https://doi.org/10.1038/s41392-022-01009-8
https://doi.org/10.1038/s41586-022-04479-6
https://doi.org/10.1136/bmj.o707
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Mahilkar et al. 10.3389/fmed.2022.995960

mechanisms of viral entry, infection spread, and cell signaling. J Virol. (2022)
96:e00753–22. doi: 10.1128/jvi.00753-22

103. Lavie M, Dubuisson J, Belouzard S. SARS-CoV-2 spike furin cleavage site
and S2′ basic residues modulate the entry process in a host cell-dependent manner.
J Virol. (2022) 2022:e00474–22. doi: 10.1128/jvi.00474-22

104. Liu L, Iketani S, Guo Y, Chan JF-W, Wang M, Liu L, et al. Striking
antibody evasion manifested by the Omicron variant of SARS-CoV-2. Nature.
(2022) 602:676–81. doi: 10.1038/s41586-021-04388-0

105. Moriyama M, Lucas C, Monteiro VS, Iwasaki A. SARS-CoV-2 variants do
not evolve to promote further escape from MHC-I recognition. bioRxiv. (2022)
2022:490614. doi: 10.1101/2022.05.04.490614

106. Guo K, Barrett BS, Morrison JH, Mickens KL, Vladar EK, Hasenkrug KJ,
et al. Interferon resistance of emerging SARS-CoV-2 variants. Proc Nat Acad Sci
USA. (2022) 119:e2203760119. doi: 10.1073/pnas.2203760119

107. Stevens LJ, Pruijssers AJ, Lee HW, Gordon CJ, Tchesnokov EP, Gribble
J, et al. Mutations in the SARS-CoV-2 RNA dependent RNA polymerase confer
resistance to remdesivir by distinct mechanisms. Sci Translat Med. (2022)
2022:eabo0718. doi: 10.1126/scitranslmed.abo0718

108. Gandhi S, Klein J, Robertson AJ, Peña-Hernández MA, Lin MJ,
Roychoudhury P, et al. De novo emergence of a remdesivir resistance
mutation during treatment of persistent SARS-CoV-2 infection in an
immunocompromised patient: a case report. Nat Commun. (2022) 13:1–8.
doi: 10.1038/s41467-022-29104-y

109. Kokic G, Hillen HS, Tegunov D, Dienemann C, Seitz F, Schmitzova J,
et al. Mechanism of SARS-CoV-2 polymerase stalling by remdesivir.Nat Commun.
(2021) 12:1–7. doi: 10.1038/s41467-020-20542-0

110. CDC. About COVID-19: Transmission 2021. (2021). Available online at:
https://www.cdc.gov/coronavirus/2019-ncov/transmission/ (accessed September
15, 2022).

111. Cevik M, Kuppalli K, Kindrachuk J, Peiris M. Virology, transmission,
and pathogenesis of SARS-CoV-2. Br Med J. (2020) 371:m3862.
doi: 10.1136/bmj.m3862

112. WHO. Transmission of SARS-CoV-2: Implications for Infection Prevention
Precautions. (2020). Available online at: https://www.who.int/news-room/
commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-
prevention-precautions (accessed September 15, 2022).

113. Puray-Chavez M, LaPak KM, Schrank TP, Elliott JL, Bhatt DP, Agajanian
MJ, et al. Systematic analysis of SARS-CoV-2 infection of an ACE2-negative human
airway cell. Cell Rep. (2021) 36:109364. doi: 10.1016/j.celrep.2021.109364

114. Shen X-R, Geng R, Li Q, Chen Y, Li S-F, Wang Q, et al. ACE2-independent
infection of T lymphocytes by SARS-CoV-2. Signal Transduct Target Ther. (2022)
7:1–11. doi: 10.1038/s41392-022-00919-x

115. Yan K, Dumenil T, Tang B, Le TT, Bishop CR, Suhrbier A, et al. Evolution
of ACE2-independent SARS-CoV-2 infection and mouse adaption after passage
in cells expressing human and mouse ACE2. Virus Evol. (2022) 8:veac063.
doi: 10.1093/ve/veac063

116. Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison
EM, et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev
Microbiol. (2021) 19:409–24. doi: 10.1038/s41579-021-00573-0

117. Mengist HM, Kombe AJK, Mekonnen D, Abebaw A, Getachew M,
Jin T. Mutations of SARS-CoV-2 spike protein: implications on immune
evasion and vaccine-induced immunity. Semin Immunol. (2021) 2021:101533.
doi: 10.1016/j.smim.2021.101533

118.Wei C, Shan K-J,WangW, Zhang S, Huan Q, QianW. Evidence for a mouse
origin of the SARS-CoV-2 Omicron variant. J Genet Genom. (2021) 48:1111–21.
doi: 10.1016/j.jgg.2021.12.003

119. Escalera A, Gonzalez-Reiche AS, Aslam S, Mena I, Laporte M, Pearl
RL, et al. Mutations in SARS-CoV-2 variants of concern link to increased
spike cleavage and virus transmission. Cell Host Microbe. (2022) 30:373–87.e7.
doi: 10.1016/j.chom.2022.01.006

120. Gu H, Chen Q, Yang G, He L, Fan H, Deng Y-Q, et al. Adaptation of SARS-
CoV-2 in BALB/c mice for testing vaccine efficacy. Science. (2020) 369:1603–7.
doi: 10.1126/science.abc4730

121. Hoffmann M, Kleine-Weber H, Pöhlmann S. A multibasic cleavage site in
the spike protein of SARS-CoV-2 is essential for infection of human lung cells.Mol
Cell. (2020) 78:779–84.e5. doi: 10.1016/j.molcel.2020.04.022

122. Peacock TP, Goldhill DH, Zhou J, Baillon L, Frise R, Swann OC, et al. The
furin cleavage site in the SARS-CoV-2 spike protein is required for transmission in
ferrets. Nat Microbiol. (2021) 6:899–909. doi: 10.1038/s41564-021-00908-w

123. Kemp SA, Collier DA, Datir RP, Ferreira IA, Gayed S, Jahun A, et al. SARS-
CoV-2 evolution during treatment of chronic infection.Nature. (2021) 592:277–82.
doi: 10.1038/s41586-021-03291-y

124. Meng B, Kemp SA, Papa G, Datir R, Ferreira IA, Marelli S, et al. Recurrent
emergence of SARS-CoV-2 spike deletionH69/V70 and its role in the Alpha variant
B. 1.1. 7. Cell Rep. (2021) 35:109292. doi: 10.1016/j.celrep.2021.109292

125. Shen X, TangH,McDanal C,Wagh K, FischerW, Theiler J, et al. SARS-CoV-
2 variant B. 1.1. 7 is susceptible to neutralizing antibodies elicited by ancestral spike
vaccines. Cell Host Microbe. (2021) 29:529–39.e3. doi: 10.1016/j.chom.2021.03.002

126. Wall EC, WuM, Harvey R, Kelly G, Warchal S, Sawyer C, et al. Neutralising
antibody activity against SARS-CoV-2 VOCs B. 1.617 2 and B. 1.351 by BNT162b2
vaccination. Lancet. (2021) 397:2331–3. doi: 10.1016/S0140-6736(21)01290-3

127. Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, et al. Antibody
resistance of SARS-CoV-2 variants B. 1.351 and B 1.1. 7. Nature. (2021) 593:130–5.
doi: 10.1038/s41586-021-03398-2

128. Halfmann PJ Iida S, Iwatsuki-Horimoto K, Maemura T, Kiso M, Scheaffer
SM, et al. SARS-CoV-2 Omicron virus causes attenuated disease in mice and
hamsters. Nature. (2022) 603:687–92. doi: 10.1038/s41586-022-04441-6

129. Korber B, FischerWM, Gnanakaran S, YoonH, Theiler J, AbfaltererW, et al.
Tracking changes in SARS-CoV-2 spike: evidence that D614G increases infectivity
of the COVID-19 virus. Cell. (2020) 182:812–27.e19. doi: 10.1016/j.cell.2020.
06.043

130. Plante JA, Liu Y, Liu J, Xia H, Johnson BA, Lokugamage KG, et al.
Spike mutation D614G alters SARS-CoV-2 fitness. Nature. (2021) 592:116–21.
doi: 10.1038/s41586-020-2895-3

131. Zhang J-Y, Wang X-M, Xing X, Xu Z, Zhang C, Song J-W, et al. Single-cell
landscape of immunological responses in patients with COVID-19. Nat Immunol.
(2020) 21:1107–18. doi: 10.1038/s41590-020-0762-x

132. Zhang L, Cao L, Gao X-S, Zheng B-Y, Deng Y-Q, Li J-X, et al. A proof of
concept for neutralizing antibody-guided vaccine design against SARS-CoV-2.Natl
Sci Rev. (2021) 8:nwab053. doi: 10.1093/nsr/nwab053

133. Khan A, Zia T, Suleman M, Khan T, Ali SS, Abbasi AA, et al. Higher
infectivity of the SARS-CoV-2 new variants is associated with K417N/T, E484K,
and N501Y mutants: an insight from structural data. J Cell Physiol. (2021)
236:7045–57. doi: 10.1002/jcp.30367

134. Ramanathan M, Ferguson ID, Miao W, Khavari PA. SARS-CoV-2 B. 1.1. 7
and B. 1.351 spike variants bind human ACE2 with increased affinity. Lancet Infect
Dis. (2021) 21:1070. doi: 10.1016/S1473-3099(21)00262-0

135. Jangra S, Ye C, Rathnasinghe R, Stadlbauer D, Alshammary H, Amoako AA,
et al. SARS-CoV-2 spike E484K mutation reduces antibody neutralisation. Lancet
Microbe. (2021) 2:e283–e4. doi: 10.1016/S2666-5247(21)00068-9

136. Tian F, Tong B, Sun L, Shi S, Zheng B, Wang Z, et al. N501Y mutation
of spike protein in SARS-CoV-2 strengthens its binding to receptor ACE2. Elife.
(2021) 10:e69091. doi: 10.7554/eLife.69091.sa2

137. Lu L, Chu AW-H, Zhang RR, Chan W-M, Ip JD, Tsoi H-W, et al.
The impact of spike N501Y mutation on neutralizing activity and RBD
binding of SARS-CoV-2 convalescent serum. EBioMedicine. (2021) 71:103544.
doi: 10.1016/j.ebiom.2021.103544

138. Fujino T, NomotoH, Kutsuna S, UjiieM, Suzuki T, Sato R, et al. Novel SARS-
CoV-2 variant in travelers from Brazil to Japan. Emerg Infect Dis. (2021) 27:1243–5.
doi: 10.3201/eid2704.210138

Frontiers inMedicine 20 frontiersin.org

https://doi.org/10.3389/fmed.2022.995960
https://doi.org/10.1128/jvi.00753-22
https://doi.org/10.1128/jvi.00474-22
https://doi.org/10.1038/s41586-021-04388-0
https://doi.org/10.1101/2022.05.04.490614
https://doi.org/10.1073/pnas.2203760119
https://doi.org/10.1126/scitranslmed.abo0718
https://doi.org/10.1038/s41467-022-29104-y
https://doi.org/10.1038/s41467-020-20542-0
https://www.cdc.gov/coronavirus/2019-ncov/transmission/
https://doi.org/10.1136/bmj.m3862
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://doi.org/10.1016/j.celrep.2021.109364
https://doi.org/10.1038/s41392-022-00919-x
https://doi.org/10.1093/ve/veac063
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1016/j.smim.2021.101533
https://doi.org/10.1016/j.jgg.2021.12.003
https://doi.org/10.1016/j.chom.2022.01.006
https://doi.org/10.1126/science.abc4730
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1038/s41564-021-00908-w
https://doi.org/10.1038/s41586-021-03291-y
https://doi.org/10.1016/j.celrep.2021.109292
https://doi.org/10.1016/j.chom.2021.03.002
https://doi.org/10.1016/S0140-6736(21)01290-3
https://doi.org/10.1038/s41586-021-03398-2
https://doi.org/10.1038/s41586-022-04441-6
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1038/s41586-020-2895-3
https://doi.org/10.1038/s41590-020-0762-x
https://doi.org/10.1093/nsr/nwab053
https://doi.org/10.1002/jcp.30367
https://doi.org/10.1016/S1473-3099(21)00262-0
https://doi.org/10.1016/S2666-5247(21)00068-9
https://doi.org/10.7554/eLife.69091.sa2
https://doi.org/10.1016/j.ebiom.2021.103544
https://doi.org/10.3201/eid2704.210138
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	SARS-CoV-2 variants: Impact on biological and clinical outcome
	Introduction
	SARS-CoV-2 molecular evolution
	SARS-CoV-2 mutations and variants
	Impact of SARS-CoV-2 variants on Diagnostics/Detection
	Impact of SARS-CoV-2 variants on clinical presentation and treatment
	The impact of SARS-CoV-2 variants on transmissibility and immune susceptibility
	Alpha VOC
	Beta VOC
	Gamma VOC
	Delta VOC
	Omicron VOC

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


