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Abstract Human Coronaviruses (hCoVs) belongs to the
enormous and dissimilar family of positive-sense, non-seg-
mented, single-stranded RNA viruses. The RNA viruses are
prone to high rates of mutational recombination resulting in
emergence of evolutionary variant to alter various features
including transmissibility and severity. The evolutionary
changes affect the immune escape and reduce effectiveness
of diagnostic and therapeutic measures by becoming unde-
tectable by the currently available diagnostics and refrac-
tory to therapeutics and vaccines. Whole genome sequenc-
ing studies from various countries have adequately reported
mosaic recombination between different lineage strain of
SARS-CoV-2 whereby RNA dependent RNA polymerase
(RdRp) gene reconnects with a homologous RNA strand
at diverse position. This all lead to evolutionary emergence
of new variant/ lineage as evident with the emergence of
XBB in India at the time of writing this review. The continu-
ous periodical genomic surveillance is utmost required for
understanding the various lineages involved in recombina-
tion to emerge into hybrid variant. This may further help in
assessing virus transmission dynamics, virulence and sever-
ity factor to help health authorities take appropriate timely
action for prevention and control of any future COVID-19
outbreak.
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Introduction

COVID-19, a severe respiratory disease, is a continuing
global pandemic and has already caused more than 605
million cases and over 6.4 million fatalities worldwide [1].
Many countries have already observed three to four waves
of COVID-19 until now and might expect few more in
future, with different strains of the virus, which is continu-
ously evolving. Published data revealed that the severity of
the disease and differences in symptoms of the COVID-19
properties do vary between all waves, most probably due
to the difference in circulating strains. The second wave in
several developing nations were unmanageable and uncon-
trollable as it almost crippled the healthcare system and led
to an exponential increase in COVID-19 infection cases and
deaths [2]. However, with rapid development and implemen-
tation of therapeutics, the severity of COVID-19 was noticed
of slowly and gradually decreasing in most countries, espe-
cially during third and fourth wave. SARS-CoV-2 in its evo-
lution has emerged to Omicron variant which appears to be a
pre warning threat for possible future epidemics/pandemic.
The statistics of Omicron cases double in less than two days,
suggest high infectivity and transmissibility, but nevertheless
low severity than previous SARS-CoV-2 variants, to raise
hope of emerging out of COVID-19 pandemic wave soon
[3]. The low mortality in the omicron wave, may also be
due to mass vaccination to control COVID-19 spread [4].
In addition, the SARS-CoV-2 virus has mutated over time,
resulting in many genomic variations in the present circulat-
ing SARS-CoV-2 strains. Genetic variants of SARS-CoV-2
arise regularly, and certain mutations in theSARS-CoV-2
strains lead to expressively enhanced or reduced sensitiv-
ity in the S-gene target, that is essential for the entry of the
virus to the host. In the SARS-CoV-2, most genetic changes
have slight to no effect on the virus fitness and infection
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properties [5]. Conversely, some genetic variations might
change the virus’s properties, such as how easily it spreads
in communities, the related disease severity, the effect of
the vaccine’s activity and/or diagnostic tools, thus having
an impact on public health and social measures as well [6].

Many authorities and countries are encouraged to
expand whole-genome sequencing capacities to support
the epidemiological surveillance and to indicate the extent
of transmission of emerging variants found in a particular
geographical region and to detect unusual epidemiological
events occurring [7]. For the designation and tracking of
SARS-CoV-2 new genetic lineages, established nomencla-
ture systems by GISAID, Nextstrain and Pango Lineage are
currently used by scientific communities [8, 9]. The emerg-
ing SARS-CoV-2 variants are classified into five groups such
as variants of concern (VOC), VOC lineages under monitor-
ing (VOC-LUM); variants of interest (VOI); variants under
monitoring (VUM) and formerly monitored variants (FMV)
by World Health Organization (WHO) [8]. The five variants
of concern (VOC) of SARS-CoV-2 namely Alpha B.1.1.7,
Beta B.1.351, Gamma P.1, Delta B.1.617.2, and Omicron
B.1.1.529 lead to an understanding of the impacts of variants
such as transmissibility, risk of reinfection, disease severity
and impacts on vaccine and diagnostics performance [10].

Earlier existing corona viruses (SARS-CoV) have their
own genomic proofreading mechanisms in RNA-depend-
ent RNA polymerase (RdRp) with 3'-5’ exoribonuclease.
SARS-CoV-2 also has exoribonuclease activities by nsp14-
ExoN [11, 12]. As Influenza virus appears prone for muta-
tional variation through genetic drift and shift, SARS-CoV-2
has been reported with antigenic shift which might result
from viral replication in immune deficient host and inter-
species ping-pong transmission between humans and rodents
[13-16]. The non-segmented and single-stranded SARS-
CoV-2 RNA undergo genomic variation by a hallmark phe-
nomenon of point mutation and recombination [17].

Recombination signifies a major contributor to virus evo-
lution by generating new genotypes with distinct phenotypic
appearances which may alter the transmissibility and viru-
lence activity. There is very scarce scientific literature on the
role of recombination in the appearance of new variants of
SARS-CoV-2 making it imperative to review this important
aspect in this article.

Mutation in SARS-CoV-2

Globally, whole-genome sequencing of SARS-CoV-2 facili-
tated identification of various point mutations in the circulat-
ing new genetic variants of SARS-CoV-2. The first D614G
point mutation at position 23,403 in spike protein of refer-
ence Wuhan SARS-CoV-2 sequence in early March 2020,
led to its designation to the “G clade” [13]. The genomic

progression of SARS-CoV-2 was initially minimal during
the preliminary phase of COVID-19 pandemic, confined
to the emergence of a universal mutation called D614G,
accompanied by higher transmissibility but without any
changes in disease severity [18]. This point mutation was
accompanied by another three-point mutation (first C to T
change at position 241, second C to T change at position
3,037, and third C toT change at position 14,408 that altered
NSP12 (RdRp) P323L) [13]. A single amino acid non-syn-
onymous mutations are important for allowing the virus to
bind to the human receptor ACE2, resulting in subsequent
higher transmission and infectivity rates.

It is well accepted that host immune pressure and various
environmental conditions are the two main triggers for evo-
lution of living things and mutation is central mechanism of
this natural process. Viruses are no exemption to this process
and they exploit diverse mechanisms for initiation of muta-
tions and genomic variation to ensure their own survival.
SARS-CoV-2 emerging variants that are not fit for survival
may become extinct due to natural selection. The finding
that highly infectious type of SARS-CoV-2 may evolve
through genetic modifications in the genome sequence, is
an important aspect that should be carefully considered.
Some point mutations are able to cause major changes in
functional and structural properties of virus and may alter its
infectivity, severity of disease and its interactions with host
immune system. For instance, the significant E484K point
mutation in RBD (receptor binding domain) spike protein
in many variants, has been implicated in causing changes
in the electrostatic complementarity of antibody binding to
the receptor binding domain [19]. Available data indicates
L18F mutation present in N-terminal region of Spike protein
of the new variants and it also negatively impacts the bind-
ing of neutralizing antibodies [20]. Another point mutation
P71L occurs in the E protein and this mutation is associated
with infection severity and more death rate. This mutation
also reduces the binding of SARS-CoV-2 to serum poly-
clonal neutralizing antibodies helping virus escape immune
response [21]. Additionally, several mutations have been
demonstrated in virus replication mechanism enzymes,
i.e., main protease (MP") and RdRp which may act through
different mechanisms including reduction of the hydrogen
bonding potential or enhancement of the protein flexibility
which is important for binding site recognition.

Recombination in SARS-CoV-2

A recombinant SARS-CoV-2 is a variant evolved by the
combination of genomes of at- least two different parent
lineages. Natural recombination occurs when a minimum
of two variant genomes co-infect the same host cell simul-
taneously and interchange their genetic material[22]. The
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evolutionary causes to the incidence of recombination, espe-
cially RNA viruses, are not as much clear due to huge popu-
lation sizes and enormous mutation occurrences [23]. An
earlier work done on murine coronaviruses, which also has
a positive-sense and non-segment RNA, suggested recom-
bination as an important modality contributing to genetic
diversity [24]. SARS-CoV-2 also has the positive-sense and
non-segment RNA genome, so the appearance of the differ-
ent variants has drawn the attention of the scientific com-
munity to the role of recombination in the emergence of
recombinant lineages of the virus[25].

Several studies have scientifically observed the genetic
propensity of recombination across different strains of CoVs,
and recombination has been directly related with changes in
host response, host range, and own virulence activity [26].
Numerous reports have observed the putative importance of
recombination in the zoonotic evolution of SARS-CoV-2,
as well [27, 28]. A few studies are dedicated to the occur-
rence of recombination in SARS-CoV-2 throughout the
first year of the COVID-19 pandemic. The first evidence
for genetic recombination in SARS-CoV-2was presented by
Yi et al. 2020, and he found five haplotypes forming loops
that typically indicate existing genetic recombination [29].
Another study developed a Recombination Analysis Pro-
gram (RAPR) lightweight approach and recognized 1,175
putatively recombinant lineages from 537,360 SARS-CoV-2
genomes, implying to recombinants of 0.2% [30]. Pollett
et al. highlight the significance of genomic-based investiga-
tion to identify recombination events in SARS-CoV-2. They
found moderate evidence (depending on the level of confi-
dence of the bioinformatics software used in the study) in
eight SARS-CoV-2 recombination events [31]. Accordingly,
based on previous studies, a comprehensive representation
of recombination in SARS-CoV-2 and its implications on the
pandemic is significant for surveillance purposes.

In the homologous recombination mechanism, a fusion/
hybrid, or chimera/mosaic RNA genome is produced dur-
ing the replication process when the RNA-dependent RNA
polymerase (RdRp) complex switches from one RNA
template (one lineage) to another [32]. The viral genome
recombination can be recognized based on the structure of
the breakpoint (recombination or crossover) site. Several
mosaicism recombination may appear due to breakpoints at
several loci on the genome and subsequently their genetic
rearrangements. In the direction for RNA mosaicism recom-
bination to be found and then subsequently identified, there
must be individuals coinfected by genetically different
viruses termed as parental lineage of the recombinant virus
[33]. Based on the earlier published data on the molecular
mechanism of recombination in RNA viruses, we suggest
that the homologous recombination in SARS-CoV-2is pos-
sibly through ‘copy-choice replication’ in which the RNA
polymerase switches template strands during the replication
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process between one RNA copy to another in a coinfected
host cell (Fig. 1). It is proposed that the RNA polymerase
complex (RdRp) disassociates from one RNA genome strand
(belonging to lineage 1) to re-associate with another RNA
genome strand (belonging to lineage 2), leading to the syn-
thesis of a new recombinant strand. Such switching events
may happen one to several times to form a hybrid and thus
may lead to mosaicism recombination.

The chances of this mosaicism recombination is under-
standably very high when the virus prevalence is high, with
co-circulation of multiple SARS-CoV-2 lineages within a
population providing more opportunity of coinfection of an
individual host with virus belonging to multiple lineages.
[34]. He et al. recognized a patient who was coinfected with
Beta and Delta variants of SARS-CoV-2 and maintained a
1:9 ratio of the relative abundance of concern variants. This
study revealed the possible evidence of SARS-CoV-2 recom-
bination in the Orflab and Spike genes [35]. List of SARS-
CoV-2recombinant lineages detected in various countries
across the globe till 31 August 2022 depicted in Table 1.

According to Jackson et al.(2021), sixteen recombinant
whole genome sequences from the UK were detected and
characterized by subsequent community transmission of
recombinant lineage SARS-CoV-2 viruses[33].Recombi-
nant SARS-CoV-2 genomes that share genetic material were
tested simultaneously, demonstrating they signify successful
onward transmission after the incidence of single ancestral
recombination of two lineages. The first instance of line-
age recombination, shows the important transmission bunch
containing 44 detected cases, which is known as the XA
recombinant lineage according to the Pango nomenclature
[33]. There is also a possibility that the mosaic recombina-
tion may be due to contamination in the laboratory leading
to artifacts in the generated sequences [33]

Another study on recombination and phylogenetic
investigation revealed the recombinant lineage XB which
is previously known as B.1.628 major cluster according to
the Pango nomenclature, but XB recombinant lineage is
originated through recombination of B.1.631 and B.1.634
lineages [36]. Whenever a new strain of SARS-CoV-2 is
detected in a population, a new name is given to it by inter-
national health agencies like WHO. However, on further
analysis, it is mostly concluded that most of the new strains
are a result of genetic recombination of the previously cir-
culating parent lineages.

Another study showed the recombination of 21A (Delta)
clade with 20I (Alpha B.1.1.7), mainly between the N genes
and ORF6 to suggest the likelihood of multi-lineage infec-
tion in a one patient [37].

Notably, Deltacron (Delta+ Omicron), XD recombinant
SARS-CoV-2 reported from 17 cases in Northwest France
by sequencing showed the indication of a prolonged trans-
mission event and circulation of recombinant form, with
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Fig. 1 Probable homologous recombination mechanism in SARS-CoV-2 genomes and their incidental mosaic genome variance structures

low disease severity [38]. The evolution of three recom-
binant lineages of SARS-CoV-2 is mainly XD (Delta and
BA.1), XE (BA.1 and BA.2), and XF (Delta and BA.1),
which shows probably a high degree of transmissibility
that need to be examined by risk assessment investigation
[39]. According to WHO, XD (Deltacron) recombinant
of SARS-CoV-2 is previously known as VUM and now
known as FMV [8] category. The XE recombinant line-
age of Omicron BA.1 and BA.2 sub-variants, primarily
observed through next generation sequencing in UK. The
recombination breakpoint site of this recombinant lineage
is occurred in nonstructural protein-6 (NSP6: nucleotide
position 11,537) of SARS-CoV-2 [40].

The B.1.617.2 and B.1.529 lineages of SARS-CoV-2
have co-circulated in the US between November 2021
and February 2022, permitting co-infections and likely
recombination events. An earlier report recognized eight-
een co-infections that exhibited a very few number of
Delta-Omicron recombinant lineage in viral population
[41]. Researchers also find the 5’-end of the viral genome
was from the Delta genome and the 3’-end from Omicron,
including the majority of the spike protein gene [41].

Similarly, in January 2022, SARS-CoV-2 XJ recombinant
lineages found by genomic surveillance in Finland has a 3’-end
of BA.2 and 5’-end of BA.1, along with recombinant break-
point found in between nucleotide position of 13,296-15, 240
(orfla and orf1b)[42]. The XJ recombination has been estab-
lished by nanopore sequencing that generate long-read PCR
amplicon spanning the recombination breakpoint, but the ori-
gin of the XJ recombinant is still unresolved [42].

First time detected from the India, XBB recombinant var-
iant has been derived from recombination between BJ.1 and
BA.2.75. BJ.1 in turn is the result of recombination event
between BM.1 and BM.XBB variant and is highly immune
evasive strain leading to high chances of replacing the so
far dominant BA.2.75 strain as also reported from national
agency INSACOG which has confirmed 56% strain in India
are XBB and soon going to replace the remaining 44% of
BA.2.75 from India [43-45].

These all above discussed studies evidently suggest
recombination event occurring between different lineage of
SARS-CoV-2 to evolve into new novel variant. However,
since the number of confirmed cases of recombinant variants
analyzed are very small, the findings cannot be extrapolated
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Table 1 List of SARS-CoV-2recombinant lineages (As on 20 Oct 2022) [9]

S.No Recom- Countries (percentage) First reported date  Number of Lineage description (parent lineage)
binant assigned
lineage sequences
1 XA UK 100% 30-01-21 44 B.1.1.7 and B.1.177, UK lineage
2 XB USA 79%, Mexico 16%, Guatemala 2%,  08-07-20 3202 B.1.634 and B.1.631, Central and North
Honduras 2%, Salvador 1% America lineage
3 XC Japan 100% 12-08-21 25 AY.29 and B.1.1.7, Japan lineage
4 XD France 74%, Denmark 23%, Netherlands ~ 03-01-22 31 Delta and BA.1, lineage predominantly in
3% France
5 XE UK 76%, USA 18%, Israel 3%, Germany 19-01-22 2588 BA.1 and BA.2, UK lineage
2%, France 1%
6 XF UK 100% 07-01-22 33 Delta and BA.1, UK lineage
7 XG Denmark 97%, Germany 1%, UK 1%, 11-01-22 214 BA.1 and BA.2, Denmark lineage
Spain 1%,
8 XH Denmark 98%, UK 2% 30-12-21 53 BA.1 and BA.2, Denmark lineage
9 XJ Finland 95%, Sweden 3%, UK 1%, 19-01-22 69 BA.1 and BA.2, Finland lineage
France 1%
10 XK Belgium 100% 10-02-22 15 BA.1 and BA.2, Belgium lineage
11 XL UK 88%, USA 12% 06-02-22 64 BA.1 and BA.2, lineage predominantly in
UK
12 XM Germany 39%, UK 23%, Denmark 15%, 14-02-22 44 BA.1.1 and BA.2, European lineage
Netherlands 11%, Czech Republic 5%
13 XN UK 95%, Denmark 4%, USA 1% 13-02-22 106 BA.1 and BA.2, lineage predominantly in
UK
14 XP UK 100% 22-02-22 57 BA.1.1 and BA.2, UK lineage
15 XQ UK 94%, USA 4%, Netherlands 2% 12-02-22 65 BA.1.1 and BA.2, predominantly in UK
lineage
16 XR UK 100% 13-02-22 78 BA.1.1 and BA.2, UK lineage
17 XS USA 100% 19-01-22 37 Delta and BA.1.1, USA lineage
18 XT South Africa 100% 13-12-21 12 BA.1 and BA.2, South Africa lineage
19 XU India 71%, Australia 15%, Japan 14% 20-01-22 7 BA.1 and BA.2, lineage mostly in India
20 XV Denmark 81%, Italy 17%, Germany 2% 31-01-22 42 BA.1 and BA.2, lineage predominantly in
Denmark
21 XW USA 55%, Germany 27%, UK 12%, 13-03-22 60 BA.1 and BA.2, mostly in USA
Canada 6%, Japan 2%
22 XY USA 90%, UK 6%, France 4% 28-02-22 50 BA.1 and BA.2, mainly in USA
23 X7 USA 99%, Virgin Islands 1% 19-03-22 74 BA.2 and BA.1, USA lineage
24 XAA USA 97%, Israel 3% 12-02-22 59 BA.1 and BA.2, USA lineage
25 XAB Germany 84%, Denmark 6%, Italy 4%, 25-02-22 81 BA.1 and BA.2, Germany lineage
Switzerland 2%, Slovakia 2%
26 XAC Canada 75%, USA 22%, Singapore 1%, 11-01-22 166 BA.1 and BA.2, Canada and USA lineage
Japan 1%, UK 1%
27 XAD Germany 86%, UK 7%, Peru 5%, Slova-  15-02-22 44 BA.2 and BA.1, Germany lineage
kia 2%
28 XAE USA 54%, Chile 41%, Canada 3%, Neth-  26-02-22 61 BA.2 and BA.1, USA and Chile lineage
erlands 2%
29 XAF USA 48%, Costa Rica 36%, Israel 8%, 11-03-22 25 BA.1 and BA.2, Costa Rica lineage
Chile 4%, Japan 4%
30 XAG Brazil 78%, Israel 7%, USA 7%, Denmark 10-03-22 54 BA.1 and BA.2, lineage predominantly in
6%, Chile 2% Brazil
31 XAH Slovenia 67%, Italy 20%, Croatia 5%, 22-02-22 73 BA.2 and BA.1, predominantly in Slovenia
Germany 5%, Sweden 3%
32 XAJ UK 79%, USA 12%, South Korea 5%, 09-06-22 42 BA.2.12.1 and BA.4, mainly in England

Israel 2%, Czech Republic 2%
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Table 1 (continued)

S.No Recom- Countries (percentage) First reported date  Number of Lineage description (parent lineage)
binant assigned
lineage sequences

33 XAK Germany 94%, Austria 3%, Denmark 2%, 01-06-22 70 BA.1 and BA.2, Germany lineage
Israel 1%

34 XAL Germany 74%, Denmark 20%, Slovenia 03-12-21 97 BA.1 and BA.2, Germany lineage
3%, Portugal 2%, UK 1%

35 XAM Panama 54%, USA 35%, Peru 5%, 19-03-22 348 BA.1.1 and BA.2.9, lineage occured in
Mexico 3%, Indonesia 3% Panama and USA

36 XAN Denmark 25%, Spain 25%, Canada 12%, 02-06-22 40 Recombinant lineage of BA.1.1 and BA.2.9
Switzerland 10%, Greece 5%

37 XAP USA 87%, Mexico 6%, Canada 1%, 11-04-22 69 Recombinant lineage of BA.2 and BA.5.1
Puerto_Rico 1%, Norway 1%

38 XAQ Canada 92%, United States of America 05-03-22 76 Recombinant lineage of BA.2 and BA.1
5%, Hong_Kong 1%, India 1%

39 XAR Reunion 88%, France 12% 11-04-22 50 Recombinant lineage of BA.1 and BA.2

40 XAS USA 65%, Mexico 14%, Canada 13%, 31-05-22 79 Recombinant lineage of BA.1 and BA.2
Chile 3%, Germany 3%

41 XAT Japan 100% 13-04-22 78 Recombinant lineage of BA.5 and BA.2

42 XAU Spain 36%, UK 18%, USA 10%, France ~ 21-03-22 77 Recombinant lineage of BA.2.3.13 and
10%, Germany 4% BA.1

43 XAV France 33%, UK 23%, USA 22%, Israel ~ 18-06-22 60 Recombinant lineage of BA.1.1 and BA.2.9
5%, Sweden 3%

44 XAW Russia 100% 27-06-22 5 Recombinant lineage of BA.2 and BA.5

45 XAY South_Africa 100% 28-06-22 34 Recombinant lineage of BA.2 and AY.45

46 XAZ France 18%, Germany 11%, USA 8%, 03-06-22 2138 Recombinant lineage of BA.2.5, BA.S. and
Japan 7%, Denmark 5% BA.2S5

47 XBA "USA 67%, Singapore 33% 06-09-22 4 Recombinant lineage of perhaps AY.45 and

perhaps BA.2

48 XBB Singapore 35%, India 35%, USA 15% 06-09-22 4466 BJ.1 and BA.2.75 recombined lineage
others 15%

49 XBC Philippines 50%, Austria 50% 22-08-22 18 Recombinant lineage of BA.2 and

B.1.617.2

50 XBD India 43%, USA 17%, Netherlands 9%, 21-09-22 23 Recombinant lineage of BA.2.75.2 and
Liechtenstein 9%, Singapore 9% BE.5

51 XBE USA 58%, UK 29%, Canada 5%, Den- 08-08-22 112 Recombinant lineage of BA.5.2 and BE.4.1

mark 3%, Israel 2%"

for public health measures/significance. Further surveillance
is essential for the comprehensive assessment of recom-
binants’ growth rate and transmissibility.

Conclusion

The natural coinfection generated mosaic recombination
events have been found in abundance in the current inter-
lineage recombination, which most likely be due to the
RdRp template-switching mechanism in SARS-CoV-2
viruses. Various waves of the COVID-19 pandemic, during
which there is abundant viral load (belonging to several
SARS-CoV-2 lineages) in the community, provide excel-
lent opportunity for recombination. This is also evident
by an ever-increasing genetic diversity during subsequent

waves, such that it is maximum in 2022, as compared to
previous years. Recognizing the recombination incidence
is pivotal for characterizing genetic changes occurring
in SARS-CoV-2 by applying mathematical model and/or
bioinformatics in-silico tools to predict future strains and
their transmission rate and virulence. This genetic predic-
tion will help the authorities to initiate appropriate timely
action for prevention and control of such epidemics.
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