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Abstract

Sars-CoV-2 is a globally circulating virus chronically infecting tens of millions of people every year. In
addition to individual mutations, with the advance of the Omicron variant, novel recombinant viruses are
emerging. Similar to the effect of mutations on the infectivity and disease dynamics, recombination has
the potential to create dangerous viruses. Despite many studies on the mutation-driven variants of Sars-
CoV-2, the effect of recombination on the molecular evolution of the viruses is not known. We aimed to
compare the molecular evolution of the most dominant and virulent recombinant Sars-CoV-2 variant XE
and its parent lineage viruses BD.1 and BA.2.30 using population genetics and phylogenetic methods. High
coverage full genome sequences of XE, BD.1 and BA.2.30 viruses were obtained from the Global Initiative
on Sharing All Influenza Data (GISAID) web portal. Sequence alignments and phylogenetic analyses were
performed by Multiple Alignment using Fast Fourier Transform (MAFFT) and Molecular Evolutionary
Genetic Analysis (MEGA), respectively. Annotation was performed using whole genome of the Wuhan
type Sars-CoV-2 virus. Population genetic tests included nucleotide diversity, diversification, selection
and demographic change tests. Effect of amino acid changes on protein structure and functionality was
investigated. Results suggest that recombinant XE variant emerged as a recombination between BD.1
and BA.2.30 sequences most probably by late 2021 /early 2022 in Europe and disappeared by the end of
2022. XE genomes had different molecular evolutionary dynamics compared to its parental lineages. The
molecular evolution of XE sequences were driven by high number of rare/singleton non-synonymous
changes acquired after the recombination event, most of which lead to non-conservative amino acid
changes that were eliminated from population level circulation rather quickly. Effective neutralization by
host immune system and lack of adaptive mutations that could have conferred increased transmissibility
and immune evasion to XE might have led to the eradication of XE.
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Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the virus responsible
for Coronavirus Disease 2019 (COVID-19), was first reported in late 2019 from Wuhan, China
[1]. Since being identified, SARS-CoV-2 has spread across the globe resulting in over hundreds
of millions of cases of COVID-19 and over seven million deaths [2]. Despite vaccination and
other protective measures SARS-CoV-2 is circulating across the globe causing persistent
infections that inflict severe negative impact on global health [3,4].

SARS-CoV-2 has a single stranded positive-sense RNA genome around 30 kilo bases
that codes for 16 Non-Structural Proteins (NSPS), 4 structural proteins and 9 accessory
proteins [5]. Similar to other RNA viruses Sars-CoV-2 evolve rapidly driven by high mutation
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rate [6,7]. Mutations drive evolution of new lineages and affect
viral phenotypes such as transmissibility, onset of infectiousness,
duration of infectiousness and immune evasion [8-14]. In addition
to individual mutations, recombination is another mechanism
that generates viral genetic diversity. Sars-CoV-2 recombination is
the process where a host is infected with at least two genetically
distinct viruses (or lineages); these viruses recombine within the
host and produce viable progeny that can spread to other hosts [15-
17]. The XA lineage (designated by the Pango nomenclature) was
the first reported Sars-CoV-2 recombinant lineage [18]. Since then,
several other recombinant lineages have been reported [16,19-
22]. Recombination has the potential to bring genetic backgrounds
with different viral phenotypes together creating novel viral
phenotypes with enhanced infectivity, transmissibility and immune
evasion [23]. Therefore, continuing surveillance and studies on the
molecular evolution of recombinant strains is crucial.

Although there are many studies on the mutation-driven
variants of Sars-CoV-2, the effect of recombination on the molecular
evolution of the viruses is not known. We aimed to compare and
contrast the molecular evolution of one of the most dominant and
virulent recombinant Sars-CoV-2 variants XE and its parent lineage
viruses BD.1 and BA.2.30. Our analyses could provide insights on the
evolutionary forces acting on recombinant viral genomes and how
these processes shape viral phenotypes such as transmissibility
and immune escape.

Materials and Methods

All XE, BA.2.30 and BD.1 whole genome sequences analysed
in this study were downloaded from GISAID (https://gisaid.org/)
and can be reached at EPI_SET_240818dm (2960 XE, BA.2.30
and BD.1 genome sequences submitted in 2022, doi: 10.55876/
gis8.240818dm) and EPI_SET_240811dv (139 high quality full
XE, BA.2.30 and BD.1 genome sequences submitted in 2022
used in molecular population genetic analyses, doi: 0.55876/
gis8.240811dv). The Wuhan-type reference Sars-CoV-2 genome
and genome annotation was downloaded from NCBI (https://
www.ncbi.nlm.nih.gov/nuccore/1798174254). Genome sequences
of at least 29 Kilo Bases (kb) long, with less than 1% unknown
nucleotide assignment (i.e. N rather than A, T, C, G nucleotides),
with less than 0.05% unique mutations and with no unconfirmed
insertion/deletion mutations were used for analyses.

The sequences were aligned using the Muscle algorithm

in MAFFT (v7.520) [24]. Annotation was performed using

whole genome of the Wuhan-type virus. Visual inspection of
sequence alignments and phylogenetic analyses were conducted
in MEGA11 (https://www.megasoftware.net/) [25].
population genetics analyses included estimation of the number
of mutations per site (Eta), segregating Sites (S), average number
of nucleotide diversity between two sequences (represented by
T [26,27] and Watterson estimator of proportion of polymorphic

Molecular

sites (represented by 0) [28]. Selection and demographic change
analyses included Tajima F [29], Fu-Li’s D* and Fu YX et al. [30]
tests. All population genetics tests were conducted in DnaSP 6 [31].

The nature of amino acid changes and potential effect on
protein structure were determined by Expasy online tools (https://
www.expasy.org/), Jalview [32], R (https://www.R-project.org/)
packages Biostrings (https://bioconductor.org/packages/release/
bioc/html/Biostrings.html) and seqinr (https://seqinr.r-forge.r-
project.org/).

Results and Discussion
Origin and temporospatial distribution of XE sequences

XE, BD.1 and BA.2.30 whole genome sequence alignment
analyses showed that all XE sequences are products of
recombination between parental BD.1 and BA.2.30 sequences that
happened within the Nsp 6 gene region (Figure 1a). The regions
between the Nsp 1-Nsp 6 and Nsp 7-Orf 10 genes of the XE lineage
genomes represent BD.1 and BA.2.30 background, respectively
(Figure 1a). Our findings are in agreement with the previous
reports [16,23].

In total 2960 XE sequences were found on the GISAID database
all reported in the year 2022. There were only 12 sequences
reported in January 2022 from Europe. The highest number of
XE sequences were reported in March and April 2022. No XE
sequences were reported at GISAID past October 2022 (Figure 1b).
Eighty-one percent (2412/2960) of the sequences were reported
from Europe. XE sequences outside of Europe (Asia, North and
South America, Oceania) were reported after March 2022. These
observations suggest that the first XE recombinant lineages
emerged at the end of 2021 or January 2022 in Europe, spread
around the globe, but disappeared by the end of 2022. Phylogenetic
analysis of representative XE, BD.1 and BA.2.30 whole genome
sequences sampled through different months in 2022 showed that
XE sequences form a distinct clade separate from parental BD.1 and
BA.2.30 sequences (Figure 1c).
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Figure 1: The recombination point on the Sars-CoV-2 genome that created the XE recombinant variant from the
parental BA.2.30 and BD.1 variants together with Sars-CoV-2 genome annotation (A). Monthly distribution of
recombinant XE variant sequences reported on the GISAID (https://gisaid.org/) web site (B). Maximum-likelihood
phylogenetic tree of BA.2.30, BD.1 and XE whole genome sequences (C). There are 10 branches in each of the
BA.2.30, BD.1 and XE clades representing one full genome sequence sampled from January (top branch) to October
(bottom branch) 2022.

Comparative molecular evolution of XE, BD.1 and
BA.2.30 sequences

In order to test whether XE viruses had different molecular
evolution dynamics compared to the parental BD.1 and BA.2.30
viruses we conducted molecular population genetics analyses.
Genome-wide sliding window analysis of overall nucleotide
diversity showed that the nucleotide diversity of XE sequences
was different compared to parental BD.1 and BA.2.30 sequences,
particularly being higher at the recombination region, driven by
higher number of rare/singleton mutations (Figure 2a) (Table 1).
Genome-wide sliding window analyses of Fu-Li’s D and Tajima’s
D tests with their rather negative results also supported excess of
rare/singleton variants in XE genomes compared to parental BD.1
and BA.2.30 sequences (Figure 2b & 2c). Fu-Li’s D test examines
the distribution of new and old mutations on a sequence/gene tree.

Negative Fu-Li’s D test results indicate that most mutations are on
the outer branches of a tree and thus they are new mutations and
happened after the recombination event. Exponential population
growth, negative (including background) selection or action of both
of these factors can lead to negative Tajima’s D values. To uncover
which of these evolutionary forces are the dominant factor driving
the XE sequence evolution, we conducted additional Tajima’s D tests
separately for the synonymous and non-synonymous changes on
the whole genome sequence and the Nsp 1-Nsp 6 (BD.1 background)
and Nsp 7-ORF10 (BA.2.30 background) genome regions of XE.
Then, we conducted the same tests on the same genome regions for
BD.1 and BA.2.30 and compared the results. Tajima’s D results for
the synonymous and non-synonymous changes were more negative
for XE sequences compared to BD.1 and BA.2.30 sequences (Table
1). Moreover, the non-synonymous Tajima’s D values were even
more negative than the synonymous Tajima’s D results (Table 1).
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A) Distribution of nucleotide diversity on BD.1, BA.2.30 and XE genomes

Tz
3

.

PO
Point
-==BA2N
...... 01
—
B) Distribution of Fu and Li's D test results along XE, BD.1 and BA.2.30 genomes
- - BA2 30
------ 801
—
) Distribution of Tajima’s D test results along XE, BD.1 and BA.2.30 genomes
R ormbuing ton
Point.
l ..... BA.2.50
...... T o ,jg =3 reereeey FELEN ge==y sasess BOY
I " : H H § s 3
4§ H -, : " | S (Reas 4 |
i : Rl —=
. Saee q‘. - -‘- 2 \',

*

E

ey
L
)
el
2]
eyt
ey
L1
L1
mp 0
mp il
e 12
mp il
~p 4
mp 13
np 16
e
ORf iy
oRf
e o0e

Wemieave
05
o
o
[0
ORFiR
ORFie

Nuclex
ORS L0

Figure 2: Sliding window analyses of (A) nucleotide diversity, (B) Fu and Li’s D and (C) Tajima’s D tests along the
BA.2.30, BD.1 and recombinant XE genomes.

Table 1: Population genetics summary statistics and tests comparing recombinant XE and parental BD.1 and BA.2.30
sequences.

Parameters Whole Genome ng:cl?gsfoﬁrgg;) 1 Nsp 12::{2::11?3'2'30 Spike Gene
XE BD.1 | BA.2.30 XE BD.1 BA.2.30 XE BD.1 BA.2.30 XE BD.1 BA.2.30

S 84 85 39 41 28 16 43 55 23 6 27 2

Eta 84 85 39 41 28 16 43 55 23 6 27 2

Singleton 60 60 32 26 21 14 34 37 18 5 19 1

Syn. Pol 34 29 12 16 8 6 11 19 5 3 9 0

Rep. Pol. 50 53 27 25 20 10 32 35 18 3 17 2
Theta-W 7.8 7.3 3.9 9.1 6.2 4 6.9 7.9 3.8 5.8 18.7 1.5
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T All Sites 1.7 2.7 1.6 2.4 2.2 1.6 13 2.9 1.6 1 6.8 0.8
T Syn. Sites 3.1 3.4 2 43 2.1 2.3 1,4 4 15 2.4 8.1 0
T Nsoi?;yn. 13 2.4 15 1.8 23 14 1,3 2.6 16 0.6 6.3 1
TD 2.66% | -230% | 2340 | 242% | 227% | 225% | 270%% | -231% | -222% | -201% | -225%* | -1.14
TDSyn. | -2.51%* | -2.48% | -222% | 214* | -216* | -2.06* | -2.30% | -232% | -1.78 -1.57 -2.14* 0
TD Non-syn. | -2.60%% | -2.20%% | -2.24% | -235% | -208% | -203% | -2.62%* | -215% | -2.16* | -1.66 201* | -1.14
Fu-Li'sD | -5.16® | -343 | -299 | -3.94% | -338* | -2090% | .544% | _308% | -2.64* -3.35 -3.05 0.6
Fu-Li'sF | -5.01% | -3.65 | -326 | -402% | -3.56* | -322% | -526% | -335% | -2092* -3.43 -3.29 -0.85

Abbreviations: S: Number of segragating sites; Eta: total number of mutations; Singleton: Number of singleton changes;
Syn. Pol: Number of synonymous changes; Rep. Pol: Number of Replecement (non-synonymous) changes; Theta-W:
Watterson theta nucleotide diversity estimate; mt Syn. Sites: Pairwise nucleotide diversity of only synonymous sites;
nt Non-syn. Sites: Pairwise nucleotide diversity of only non-synonymous sites; TD: Tajima’s D; TD Syn: Tajima’s D
calculation for synonymous sites; TD Non-syn: Tajima’s D calculation for non-synonymous sites.

Theta-W, t All Sites, it Syn. Sites and 1 Non-syn. Site values should be multiplied by 10.
Number of sequences analyzed: XE n=66; BD.1 n=33; BA.2.30 n=20.

*: p<0.05; **: p< 0.01; ***: p<0.001.

Divergence between the parental lineages and XE sequences
were calculated by dN/dS ratios which is the ratio of non-
synonymous mutations per non-synonymous site (dN) to
synonymous mutations per synonymous site (dS). The dN/dS
ratio of XE and BD.1 sequences for Nsp 1-Nsp 6 (BD.1 background)
regions was 1.03. The dN/dS ratio of XE and BA.2.30 sequences
for Nsp 7-ORF10 (BA.2.30 background) regions was 0.89. The
whole genome dN/dS ratio between BD.1 and BA.2.30 was 0.48.
These results show that there is increased non-synonymous site
divergence between XE and parental BD.1 and BA.2.30 sequences.

Examination of the nature (transitions and transversions)
of nucleotide changes showed that C > T transition was the most
common mutation observed in both synonymous and non-
synonymous changes in XE, BD.1 and BA.2.30 genomes (Table

2). C > T transitions were responsible for around 31% of non-
synonymous changes in XE, BD.1 and BA.2.30 genomes (Table 2). In
terms of synonymous changes, C > T transitions accounted for 72%,
32% and 67% of all synonymous changes in XE, BD.1 and BA.2.30
genomes, respectively (Table 2). Human APOBEC is reported to
edit viral genomes in excess of C > T transition [33-35], which may
explain the dominance of C > T transitions in XE, BD.1 and BA.2.30
genomes. A > G and G > A transitions were the next abundant
transitions observed in XE, BD.1 and BA.2.30 genomes (Table 2).
Human antiviral protein ADAR1 could be responsible for increased
A > G transitions in these viral genomes [35,36]. The results for
transition and transversion analyses suggest that human antiviral
protein activity may be an important mutation driver in XE, BD.1
and BA.2.30 genomes.

Table 2: Transition and transversion nature of nucleotide changes observed in XE, BD.1 and BA.2.30 genomes.

Variant XE

Change Non-synonymous Synonymous Total Non-syn. % Syn. % Total %
T>C 8 5 13 8.6 13.5 10
G>A 14 2 16 15.1 5.4 12.3
A>G 14 1 15 15.1 2.7 11.5
C>T 29 27 56 31.2 73 43.1
T>A 5 0 5 5.4 0 3.8
C>A 4 0 4 4.3 0 3.1
A>T 5 0 5 5.4 0 3.8
T>G 3 1 4 3.2 2.7 31
A>C 2 0 2 2.2 0 1.5
G>T 6 1 7 6.5 2.7 5.4
C>G 1 0 1 1.1 0 0.8
G>C 2 0 2 2.2 0 1.5

TOTAL 93 37 130 100 100 100
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Variant BD.1
Changes Non-synonymous Synonymous Total Non-syn. % Syn. % Total %
T>C 7 6 13 7.8 31.6 11.9
G>A 14 2 16 15.6 10.5 14.7
A>G 10 3 13 111 15.8 11.9
C>T 28 6 34 311 31.6 31.2
T>A 1 0 1 1.1 0 0.9
C>A 10 0 10 111 0 9.2
A>T 4 0 4 4.4 0 3.7
T>G 3 1 4 3.3 5.3 3.7
A>C 4 1 5 4.4 5.3 4.6
G>T 6 0 6 6.7 0 5.5
C>G 1 0 1 1.1 0 0.9
G>C 2 0 2 2.2 0 1.8
TOTAL 90 19 109 100 100 100
Variant BA.2.30
Changes Non-synonymous Synonymous Total Non-syn. % Syn. % Total %
T>C 4 2 6 5.3 11.1 6.4
G>A 9 1 10 11.8 5.6 10.6
A>G 12 1 13 15.8 5.6 13.8
C>T 28 12 40 36.8 66.7 42.6
T>A 1 0 1 1.3 0 1.1
C>A 3 1 4 3.9 5.6 4.3
A>T 4 0 4 5.3 0 4.3
T>G 6 0 6 7.9 0 6.4
A>C 4 0 4 5.3 0 4.3
G>T 2 1 3 2.6 5.6 3.2
C>G 1 0 1 1.3 0 1.1
G>C 2 0 2 2.6 0 21
TOTAL 76 18 94 100 100 100

Considering the total number of segregating sites (S) and
number of mutations (Eta) throughout the XE genome, 71% (60/84)
were singletons and the number of replacement (non-synonymous)
changes were 1.5 times more (50 vs 34) than synonymous changes.
Very similar trends were observed for BD.1 and BA.2.30 genomes.
Comparison of same analyses with Nsp 1-Nsp 6 (BD.1 background)
and Nsp 7-ORF10 (BA.2.30 background) genome regions of XE
to the same BD.1 and BA.2.30 genome regions also yielded very
similar results. These results suggest that similar to the molecular
evolution dynamics of its parental lineages BD.1 and BA.2.30, more
replacement mutations than silent (synonymous) mutations occur
on XE genomes; however, negative selection eliminates or keeps
these possibly damaging replacement mutations at a very low
frequency. This suggestion is also supported by the comparisons
of the nucleotide diversity estimates of silent and replacement
sites. Considering the whole genome and the Nsp 1-Nsp 6 (BD.1
background) and Nsp 7-ORF10 (BA.2.30 background) genome
regions the nucleotide diversity of synonymous sites was higher

than that of non-synonymous sites despite much higher number
of non-synonymous changes observed in these genome regions
(Table 1). Purifying (negative) selection should be eliminating
non-synonymous changes leading to lower non-synonymous site
nucleotide diversity.

Examination of the nature of total replacement changes
observed on XE, BD.1 and BA.2.30 genomes showed that 80 of the
amino acid changes were conservative whereas 173 were non-
conservative (such as leading the charge, polarity, size changes that
may affect protein structure) changes (Table 3). When examined
separately, the number of non-conservative changes were nearly
double the number of conservative changes for XE, BD.1 and BA.2.30
genomes (Table 3). Highest number of non-conservative changes
were observed in the Spike gene. We also examined the longitudinal
propagation of replacement changes observed on XE genomes.
None of the replacement changes survived past two months. For
example, a replacement changes first reported in March 2022 was
not observed in the XE genome sequences reported past April 2022
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indicating that these changes disappeared within a few months’
time. This supports the hypothesis that purifying (negative)
selection eliminates possibly deleterious mutations. Nevertheless,

one cannot rule out the fact that at least some of these mutations
were lost due to transmission bottleneck and genetic drift [37].

Table 3: The number of amino acid changes observed in XE, BD.1 and BA.2.30 genomes. Conservative and non-

conservative changes are listed under separate columns.

Nature of Amino Acid Change
Conservative Non-Conservative

Gene XE BD.1 BA.2.30 XE BD.1 BA.2.30
Nsp 1 0 0 2 0 0 2
Nsp 2 1 0 0 2 0 2
Nsp 3 9 9 3 15 12 6
Nsp 4 1 0 3 1 1 2
Nsp 5 1 1 1 2 1 1
Nsp 6 3 2 2 1 0 0
Nsp 7 0 0 0 1 0 0
Nsp 8 1 0 0 0 0 0
Nsp 10 1 0 0 0 0 0
Nsp 12 0 0 0 2 1 3
Nsp 13 1 2 0 2 0 2
Nsp 14 0 2 2 4 2 1
Nsp 15 2 0 0 0 0 1
Nsp 16 0 0 1 2 0 0
Spike 1 8 2 20 28 21
ORF3ab 1 1 0 2 3 1
E 0 0 0 2 1 1
M 1 0 0 2 3 2
ORF6 1 1 1 0 0 0
ORF7a 1 1 1 3 0 2
ORF7b 1 0 0 1 1 0
N 2 3 4 2 3 4
ORF10 0 0 0 1 1 0
Total 28 30 22 65 57 51

Overall Total 80 173

Since rather high numbers of synonymous and non-synonymous
changes were observed on XE genomes, we investigated whether
these changes were inherited from the parental (BD.1 and BA.2.30)
genomes (already present before the recombination) or happened
after the recombination event and were unique to the XE genomes.
We compared the number and distribution of XE-specific and
XE-non-specific synonymous and non-synonymous changes
throughout the XE genomes. Considering the whole genome, the
number of XE-specific (changes only seen on the XE genomes not on
the BD.1 and BA.2.30 genomes) synonymous and non-synonymous
changes were higher than XE-non-specific (changes also seen
either on the BD.1 and BA.2.30 genomes) synonymous and non-

synonymous changes (Figure 3a). For the Nsp 1-Nsp 6 (BD.1
background) genome region the number of XE-specific synonymous
and non-synonymous changes were much higher than XE-non-
specific (changes also seen on the BD.1 genomes) changes (Figure
3b), whereas for the Nsp 7-ORF10 (BA.2.30 background) genome
region the number of XE-specific and XE-non-specific (changes also
seen on the BA.2.30 genomes) synonymous and non-synonymous
changes were similar (Figure 3c). These results show that the
number of mutations unique to XE genomes (happened after the
recombination event) are much higher than mutations inherited
from the parental genomes suggesting increased mutation rate, at
least on the BD.1 genome background region, on the XE genomes.
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Figure 3: Comparisons of the number of XE lineage-specific versus XE lineage-non-specific synonymous and non-
synonymous mutations considering (A) whole genome, (B) genome region between Nsp 1 and Nsp 6 representing
the BD.1 genomic background, (C) genome region between Nsp 7 and ORF10 representing the BA.2.30 genomic

background and (D) only the Spike gene. XE lineage-specific mutations represent mutations that happened after the
recombination event. XE lineage-non-specific mutations are the mutations that are also observed on the parental
lineages.

Finally, we compared the molecular evolution of Spike gene
among XE, BD.1 and BA.2.30 lineages. All population genetics
parameter estimates (such as the number of segregating sites,
nucleotide diversity, Tajima’s D, and Fu-Li tests) were very different
between BD.1 and BA.2.30 samples (Table 1). As the Spike gene is
in the BA.2.30 background region in the XE genome, we expected
the Spike gene parameter estimates of the XE samples to be more
similar to BA.2.30 samples. Indeed, the parameter estimates of XE
and BA.2.30 Spike genes were similar; however, more singleton
synonymous and non-synonymous changes were observed for XE
Spike gene (Table 1). Analysis of XE-specific synonymous and non-
synonymous changes in the Spike gene showed that most of the
synonymous and non-synonymous changes were not XE-specific;
thus, they were already present in the BA.2.30 background. This
pattern is in contrast with the rest of the genome where most
mutations were XE specific.

Conclusion

Recombinant XE variant emerged as a recombination between
BD.1 and BA.2.30 sequences most probably by late 2021 /early
2022 in Europe and disappeared by the end of 2022. XE genomes
had different molecular evolutionary dynamics compared to its
parental lineages. The molecular evolution of XE sequences were
driven by high number of rare/singleton non-synonymous changes
acquired after the recombination event, most of which lead to

non-conservative amino acid changes that were eliminated from
population level circulation rather quickly. Unlike the rest of the
genome the XE Spike gene was rather similar to parental BA.2.30
Spike gene that might have helped XE to spread. On the other hand,
conservation of spike antibody binding regions might have enabled
the host immune system to effectively neutralize XE since the host
immune systems were already primed by the parental BA.2.30
viruses. In addition, lack of adaptive mutations that could have
conferred increased transmissibility and immune evasion to XE
might have led to the eradication of XE.
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