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a b s t r a c t 

Objectives: We characterized the molecular and mutational landscape of SARS-CoV-2 recombinant strains in 
Botswana. 
Methods: We performed genomic, phylogenetic, and immunoinformatic analyses of 5254 near-complete genomes 
from 2020 to 2023. We assessed the presence of mutations of interested (MutOI) that may be associated with 
immune escape in silico . 
Results: We observed a few recombinant strains in Botswana, with the majority being descendants of Omicron 
(XBB∗ ), except for XV and XM. Most recombinant sequences corresponded to transmission clusters. Most recom- 
bination events occurred within the receptor-binding domain (RDB) of the spike (S) protein. We identified 16 
MutOI among different proteins, with the majority occurring at a very low global prevalence ( < 4.8 × 10− 5 ). 
We also observed S:Q474K, a MutOI in the RBD, that was predicted to escape human leukocyte antigen class 
I–mediated immune responses. Molecular surveillance is vital to inform early detection and response to potential 
variants with heightened immune and vaccine breakthrough properties. 
Conclusions: These results underscore the need for continued molecular surveillance to map the evolutionary 
landscape of SARS-CoV-2. 
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SARS-CoV-2, the causative agent of COVID-19, has continuously
volved into multiple lineages due to viral RNA editing, drug interac-
ions, replication errors, and recombination events [ 1 ]. Recombination
ontributes to the adaptive evolution of the virus and can occur when
istinct strains co-circulate in a population, co-infection occurs, and
iral genes are reshuffled, giving rise to chimeric strains with altered
henotypes [ 2 ]. The emergence of recombinant viruses poses a threat
o public health; for instance, recombination can integrate variant-
pecific features that may lead to treatment resistance, immune escape,
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nd/or increase transmissibility [ 3 ]. Emerging SARS-CoV-2 recombina-
ion variants were predicted, with the first few cases reported during
he early part of the pandemic, including XA —a combination of Alpha
nd Delta —that was reported in early 2021 in the United Kingdom and
apan [ 4 ]. 

During the early part of the Omicron-driven epidemic wave (Novem-
er 2021 to January 2022), co-circulation of Delta and Omicron lineages
BA.1 and BA.2) occurred and led to the emergence of inter-variant of
oncern (VOC) recombinants from a combination of Delta (AY.4) and
micron (BA.1), e.g. XD and XF [ 5 ]. Additional inter-lineage recombi-
ation variants also emerged in India in August 2022, including XBB —a
ctober 2024 
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ombination of BA.2.10.1 (BJ.1) and BM.1.1 —and XBB.1 —a combina-
ion of BJ.1 and BA.2.75 [ 6 ]. The descendants of XBB (e.g. XBB.1.16,
BB.1.5) were assigned as variants of interest (VOIs) by the World
ealth Organization (WHO) in early 2023 [ 7 ]. Emerging VOIs could
ecome VOCs and, thus, require further investigation. 

Major histocompatibility complexes (MHCs) —known as human
eukocyte antigens (HLAs) in humans —are integral components of the
ost immune system, with HLA class I alleles presenting processed anti-
enic peptides (epitopes) to clusters of differentiation (CD8+ ) cytolytic
 cells (CTLs) and HLA class II presenting to Th cells [ 8 ]. Virus-specific
-cell immunity influences the outcome of SARS-CoV-2 infection and
merging evidence suggests that HLA class I–restricted T cells contribute
o the control of SARS-CoV-2 and the immunity provided by currently
pproved vaccines [ 9 ]. However, mutations within immunogenic epi-
opes can affect presentation by HLAs and lead to immune escape. In sil-
co analysis provides an alternative, inexpensive, and effective method
o characterize HLA epitope complexes when peptides of different amino
cid compositions are introduced [ 10 ]. 

Botswana is a middle-income country in southern Africa and has
 population of about 2.3 million. Its initial case of SARS-CoV-2
as reported on March 20, 2020. By June 20, 2024, the coun-

ry had reported 330,683 cases and 2,801 fatalities. Botswana has
chieved near real-time genomic surveillance allowing the identi-
cation of variants [ 11 ]. Currently, the Omicron variant has the

argest circulation ( > 64% of genomes) in Botswana. This study
ought to characterize SARS-CoV-2 recombinant strains that cir-
ulated in Botswana between 2020 and 2023 using 5,254 com-
lete SARS-CoV-2 genomes generated. Furthermore, a mutation
rofiling analysis was performed to characterize immune escape
utations. 

aterials and methods 

tudy ethical considerations 

The study was conducted according to the Declaration of Helsinki.
he Health Research and Development Committee of Botswana re-
iewed and approved the protocol (Protocol #HRDC00945; HPDME
3/18/1). 

tudy participants, sample collection, and extraction 

This is a retrospective analysis of SARS-CoV-2 sequences previously
enerated during routine national diagnostic testing, surveillance, and
equencing in Botswana. We previously described the criteria for sam-
le selection, extraction, and tiling polymerase chain reaction used in
his study [ 12 ]. Briefly, residual combined nasopharyngeal and oropha-
yngeal swabs from COVID-19 diagnosis were routinely and randomly
ollected each week between September 2020 and September 2023 from
ll regions of the nine nationwide COVID-19 zones. All samples with a
eal-time cycle threshold value (qCt) below 32 (qCt ≤ 32) were selected
or sequencing. 

ext-generation sequencing of SARS-CoV-2 

SARS-CoV-2 sequencing and analysis were all conducted at Botswana
arvard HIV Reference Laboratory. Next-generation sequencing based
n Oxford Nanopore Technologies sequencer GridIONx5 (Oxford
anopore Technologies, Cambridge, United Kingdom) was used. We
reviously described the library preparations based on midnight pro-
ocol that used to generate the sequences [ 12 ]. 

ARS-CoV-2 lineage classification 

After sequencing, the raw FASTQ sequence output files obtained
rom the Oxford Nanopore Technologies were processed into consen-
2

us FASTA files using reference-based assembly in the genome detec-
ive [ 13 ]. To minimize spurious results, sequences with an average read
epth > 500 were considered for downstream analyses. Quality control
eports and clades and lineages assignments were done using NextClade
 14 ]. All high-quality genomes with > 80% coverage breadth have been
eposited continuously in Global Initiative on Sharing All Influenza Data
GISAID) database [ 15 ]. 

ARS-CoV-2 recombination analyses 

We retrieved 5,254 near–full-length SARS-CoV-2 genomes for
otswana from GISAID generated between 2020 and 2023. The recom-
ination analysis was conducted at the population level using consensus
equences. Rebar ( https://github.com/phac-nml/rebar ) was used to fur-
her assess for recombinant events and annotate the breaking points. The
osaic structure of the putative recombinant was validated using Snipit

 https://github.com/aineniamh/snipit ). To confirm that recombinants
re not laboratory artifacts, the samples of putative recombinants were
e-sequenced in duplicates or triplicates in different runs. 

dentifying clusters by phylogenetic analysis 

SARS-CoV-2 nucleotide sequences for each lineage were used to gen-
rate multiple sequence alignments using NextAlign [ 14 ]. Maximum
ikelihood trees for each lineage were inferred from multiple sequence
lignments in IQ-TREE 2 [ 16 ] using the best model determined by the
ModelTest2 [ 17 ]. The trees were annotated in R statistical software
ersion 4.2.2 (R Core Team, R Foundation for Statistical Computing,
ienna, 2022). 

utational analysis and assessing for immune escape using in silico 
redictions 

Mutations were evaluated relative to their S protein domains, includ-
ng N-terminal domain1 3 –30 54 , receptor-binding domain (RBD)319–541 ,
eptad repeat 1 (HR1)912–984 , heptad repeat 2 (HR2)116 3 -1213 , fu-
ion peptide (FP)788–806 , transmembrane (TM)1213-1237 , and cytoplas-
ic (CT)1237-1273 . For each recombinant sequence, we assessed lineage-
efining mutations based on the S protein using theStanford Coronavirus
ntiviral & Resistance Database (COVDB) database [ 18 ] to curate ad-
itional mutations that co-existed with lineage-defining mutations but
hose global prevalence was modest ( < 5.0 × 10− 5 ). Typically, such mu-

ations are flagged as unusual in the COVDB database [ 18 ]. For simplic-
ty, these were termed mutations of interest (MutOI). 

The 15-mer S peptides —each overlapping by 14 amino acids —were
ested for binding to various HLA class I as previously described [ 10 ].
he NetMHCpan-4.1 was used to predict binding peptides and their
inding affinity scores were categorized based on the log-transformed
inding affinity [1 − Log50k (aff)] [ 19 ]. Binding epitopes were consid-
red those that satisfy the rank ≤ 0.5 (EL rank) and score (EL score) ≥ 0.5
stimations provided by this neural network method. Eight HLA class I
lleles were assessed, including ∗ A01:01, ∗ A03:01, ∗ A24:02, ∗ A26:01,
 B08:01, ∗ B15:01, ∗ B27:05, and ∗ B40:01. 

valuating the impact of MutOI using in silico approaches 

Mutations were annotated onto a crystal structure of the vi-
al S protein using the Phyre2 tool ( http://www.sbg.bio.ic.ac.uk/
phyre2/html/page.cgi?id = index ), with PDB:7DK3 as a scaffold to
odel amino acid variations in the viral strains. Structural images
ere visualized in PyMol (Molecular Graphics System, Version 2.0,
chrödinger, LLC). 

We used COV2var tool ( http://biomedbdc.wchscu.cn/COV2Var/ )
o gain deeper insights into the properties and impact of MutOI in the
 protein. COV2var is a web-based platform that integrates multiple
ools to assess ( i ) the physicochemical properties, ( ii ) spatiotemporal

https://github.com/phac-nml/rebar
https://github.com/aineniamh/snipit
http://www.sbg.bio.ic.ac.uk/cephyre2/html/page.cgi?id=index
http://biomedbdc.wchscu.cn/COV2Var/
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istributions of SARS-CoV-2 lineages, ( iii ) positive and negative se-
ection, ( iv ) protein stability, ( v ) IUPred3 for disordered residues, ( vi )
ntigenicity of S mutations, ( vii ) immunogenicity of S mutations, and
 viii ) the deep mutational scanning approach for angiotensin converting
nzyme (hACE2)-binding affinity and antigenicity. 

esults 

A total of nine known SARS-CoV-2 recombinant lineages among
0 participants (CoVREC001-15, CoVREC0017-21) were identified in
otswana between 2020 and 2023. The median age was 37 years (Q1,
3: 19, 53), and 62.0% were female ( Table 1a ). Females were slightly
lder, with a median age of 41 years, compared with 37 years for
ales. Few individuals (n = 5) self-reported their COVID-19 vaccination

tatus ( Table 1a ). About 50% of individuals were symptomatic with
nfluenza-like illnesses (ILIs). No additional information related to co-
orbidities, such as HIV and hypertension, was available. Of 20 in-
ividuals, nine had data on SARS-CoV-2 qCt values for the envelope
nd ORF genes ( Table 1b ). The median qCt values were 18.9 (Q1, Q3:
8.24, 22.85) and 25.30 (Q1, Q3: 23.85, 28.10) for the envelope and
RF genes, respectively. All the recombinant sequences were among a

ubset of COVID-19 samples collected between January 2022 and Oc-
ober 2023. The median collection date of recombinant samples was
une 9, 2023 (Q1, Q3: June 1, 2022, June 21, 2023) ( Table 1b ). Ma-
ority of recombinant cases in this study (71.0%) were sampled from
reater Gaborone ( Figure 1 a). Based on epidemiological data, three in-
ividuals had a travel history: one was a returning resident from Zam-
ia (CoVREC018), and the other two were non-residents visiting from
hina (CoVREC008, CoVREC009) ( Table 1b ). There were five linked
ases, including two involving couples: BWRecoCL001 (CoVREC004,
oVREC005) and BWRecoCL002 (CoVREC002, CoVREC003). BWRe-
able 1a 

haracteristics of participants infected with putative SARS-CoV-2 recombinant 
ineages. 

Variable n, (%) 

Gender 

Male 19 (34.6%) 
Female 36 (65.5%) 
Age in years, median (Q1, Q3) 

40 (18.5, 53) 
37 (18, 57.5) 
41 (19, 53.0) 

Overall 
Male 
Female 
Symptoms at onset n, (%) 

Yes 11 (55.0%) 
No 6 (30.0%) 
Not disclosed 3 (15.0%) 
Reason for testing n, (%) 

Point of entry: 1 (5.00%) 
Routine testing/contact tracing: 8 (25.0%) 
Symptoms: 11 (55.0%) 
Lineages: n, (%) 

XBB-like 2 (10.0%) 
XBB.1.16. 1 (5.0%) 
XBB.1.16.18 2 (10.0%) 
XBB.1.16.2. 2 (10.0%) 
XBB.1.5 3 (15.0%) 
XBB.1.5.28 1 (5.00%) 
XBB.1.5.81 3 (15.0%) 
XBJ.1.1 1 (5.00%) 
XM 1 (5.00%) 
XV 4 (20.0%) 
Vaccination status (n = 20) n, (%) 

Vaccinated 6 (30.0%) 
Not disclosed 14 (70.0%) 
Vaccine name (N = 6) n, (%) 

AstraZeneca 2 (33.3%) 
Sinovac 3 (50.0%) 
Unspecified 1 (16.7%) 

, sample size; Q1 , lower quartile range; Q3 , upper quartile range; %, percentage. 
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oCL003 involved a mother-infant pair (CoVREC018, CoVREC019),
hereas BWRecoCL004 consisted of related travelers (CoVREC008,
oVREC009). The fifth case, BWRecoCL005, was a household cluster in
avimba, a remote village in the Chobe zone, involving four individuals
CoVREC012-CoVREC014). 

etection of putative recombination in Botswana 

After removing duplicate sequences, the prevalence of SARS-CoV-
 recombinant lineages was ∼0.40% (20 of 5,152). We found nine
ifferent putative recombinants, including XBB.1.16, XBB.1.16.18,
BB.1.16.2, XBB.1.5, XBB.1.5.28, XBB.1.5.81, XBJ.1.1, XM, and XV,
ith 57.0% being descendants of XBB, as shown in Figure 1 b. Over-
ll, the immune escape values for the XBB∗ lineages were higher than
or recombinants XV and XM. The relationship between immune escape
nd hACE2 binding are shown in Figure S1. The recombination event
reaking points are situated from the tail of the S protein to the 3’ end
f the genome in the RBD for 10 lineages, as shown in Table 2 . The
dentified inter-VOC recombinant sequences primarily consisted of the
A.1∗ and the BA.2∗ for XBB∗ the inter-Omicron recombinants. The in-
erred mosaic genome structures of four SARS-CoV-2 recombinants are
nnotated in Figures 1 :c and d and others in Figure S2. 

ransmission patterns of recombinant lineages based on epidemiolocal data 

Based on the epidemiological data obtained during sample collec-
ion, the earliest known recombinant case was XM obtained in January
022 in Gaborone. Overall, the median time to detect SARS-CoV-2 re-
ombinant lineages in Botswana relative to the first global report was
04 days (Q1; Q3: 55; 147), as shown in Supplementary Figure S3A. In-
ividual temporal graphs showing sampling dates vs counts are provided
n Supplementary Figure S3B. The XV and XM circulated predominantly
uring 2022. The XBB.1.5-like and XBB.1.6-like lineages co-circulated
ostly in 2023 at the same time (Figure S3A). The comparison of sample

ollection of recombinant sequences and global sequences are shown in
igure S5. 

One case of XBJ.1.1 (CoVREC018) was identified in January 2023
rom an individual who had a vaccination history (July 2022) and an
nknown travel history (Figure S4A). As shown in Table 1b , other singu-
ar cases were identified from a symptomatic individual (CoVREC007)
nfected with XBB.1.16.2 and had undisclosed travel history. The XM
ase (CoVREC018) had a travel history and tested positive for COVID-
9 at the Maun port of entry between Botswana, Namibia, and Zambia.
lso, this is the only known case of XM in Botswana. The individual was
symptomatic and the qCt value was 23.94 for the N gene. 

Four cases of XV (CoVREC018-CoVREC021) were identified in
aborone between April and June 2022. The median qCt values were
5.95 for the N gene and 23.85 for the ORF gene. Three participants
ere young (1 month, 16 years, and 17 years old) and had influenza-

ike illness, whereas a 46-year-old fully vaccinated woman also showed
ymptoms. Two cases were linked (mother-infant transmission), with
he infant hospitalized for severe symptoms. 

In January 2023, two XBB.1.5 cases from a travel-related cluster
ere the first reported in Botswana, followed by a larger household

luster (BWRecoCL005) of in Kavimba in the Chobe district bordering
amibia. Other clusters (BWRecoCL001 and BWRecoCL002) included
lderly asymptomatic and middle-aged symptomatic individuals, with
o travel history provided. 

racing possible origins of variants based on phylogenetic analysis 

A maximum likelihood-based phylogenetic inference supported
y high posterior probability [pp] ≥ 0.90 is shown in Figure 2 a.
he tree was based on 20 sequences from Botswana and 72
lobal reference sequences obtained from GISAID (EPI_SET_240822bm;
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Table 1b 

Characteristics of study participants with recombinant SARS-CoV-2 samples. 

Participant ID Date Age Sex Lineage location Ngene ORFgene Symptomatic Comments Fully Vaccinated Product 

CoVREC001 2022-01-12 53 M XBB-like Gaborone ND Routine Surveillance 
CoVREC002 2023-06-18 62 M XBB.1.16.2 Gaborone 22.6 ✔ Symptomatic (fever, sore throat, 

cough, headache) 
CoVREC003 2023-06-18 41 F XBB.1.16 Gaborone 23.1 28.1 ✔ Fever, Sore throat, Cough, Headache) 
CoVREC004 2023-10-08 70 F XBB.1.16.18 Gaborone No ✔ AstraZeneca 
CoVREC005 2023-10-08 81 M XBB.1.16.18 Gaborone No ✔ AstraZeneca 
CoVREC006 2022-05-23 53 F XBB-like Gaborone ND Routine Surveillance 
CoVREC007 2023-06-19 39 F XBB.1.16.2 Gaborone 19.2 23.8 ✔ Symptomatic (fever, sore throat, 

cough, headache) 
CoVREC008 2023-01-15 24 M XBB.1.5 Gaborone No 
CoVREC009 2023-06-01 37 M XBB.1.5 Gaborone 27.3 25.3 ✔ Sore throat, Cough, Headache, 

Fatigue 
✔ Sinovac 

CoVREC010 2023-06-20 53 F XBB.1.5 Gaborone ✔ Symptomatic (cough, painful chest) ✔ Sinovac ∗ ∗ 

CoVREC011 2023-08-24 14 F XBB.1.5.28 Molepolole ND Routine Surveillance 
CoVREC012 2023-06-21 19 F XBB.1.5.81 Kavimba ✔ Symptomatic 
CoVREC013 2023-06-21 44 F XBB.1.5.81 Kavimba ✔ Symptomatic 
CoVREC014 2023-06-21 12 M XBB.1.5.81 Kavimba ✔ Symptomatic 
CoVREC015 2023-01-23 33 F XBJ.1.1 Gaborone No Asymptomatic ✔ 

CoVREC017 2022-01-12 73 F XM Maun 23.94 26.45 No Asymptomatic, POE 
CoVREC018 2022-04-12 1 M M XV Gaborone 13.33 20.96 ✔ Fever, vomiting, Hospitalization 
CoVREC019 2022-04-13 17 F XV Gaborone 21.19 27.52 No Asymptomatic 
CoVREC020 2022-06-04 16 F XV Gaborone 18.57 23.85 ✔ Sore throat, Cough, Headache, 

Sneezing, Mouth sores) 
CoVREC021 2022-06-16 46 F XV Gaborone 11.74 ✔ Fever, Cough, Headache) ✔ Sinovac 

4
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Table 2 

Summary of detected SARS-CoV-2 recombinant lineages, depth of coverage, breaking points, and mutations of interest. 

Recombinant 
lineage 

Isolate name Replicates Average read 
depth† 

Total reads Major parent Breaking points SARS-CoV-2 domain Cluster 
transmission 

MutOI Global 
frequency (N) 

XBJ.1.1 CoVREC015 1 1768.50 80,985 XBJ + BA.5.2 S:23019 – 25809 S1/S2 cleavage site 
to S2 domain 

- nsp3_C118Y 
N_D3N 

1,241 
457 

XBB.1.16.2 CoVREC007 1 1366.80 70,933 BJ.1 + BA.2.75 - nsp3_P108H 

nsp3_V573I 
7,666 
1,334 

XBB.1.16.18 CoVREC004 1 970 39,400 BJ.1 + CJ.1 S: 22897 – 22941 RBD BWRecoCL001 ORF6: D61L 3 
CoVREC005 1 599 72,00 BJ.1 + CJ.1 S: 22897 – 22941 RBD BWRecoCL001 

XBB.1.16 CoVREC003 6 343.1 19,828 BJ.1 + CJ.1 S: 22897 – 22941 RBD BWRecoCL002 

CoVREC002∗ 5 246 12,621 BJ.1 + CJ.1 S: 22897 – 22941 RBD BWRecoCL002 

XBB.1.5.81 CoVREC013 1 846.4 25,057 BJ.1 + CJ.1 S:22896 – 22941 RBD BWRecoCL0045 3CLpro: Q110∗ 

nsp13: H290Q 

S: P1162A 
S: D1163P 
N: P80L 

3,246 
216 
2,742 
41 
1,193 

CoVREC012 4 538.2 12,849 BJ.1 + CJ.1 S:22896 – 22941 RBD BWRecoCL0045 - - 
CoVREC014 1 1400 > 100,00 BJ.1 + CJ.1 S:22896 – 22941 RBD BWRecoCL0045 - - 

XBB.1.5.28 CoVREC011 1 1350 34,520 BJ.1 + CJ.1 S:22897 – 22941 RBD RdRp:V233I 
nsp3_A231T 

1,819 
562 

XBB.1.5 CoVREC009 2 573.2 26,473 BJ.1 + BA.2.75 S: 22897 – 22941 RBD BWRecoCL004 

CoVREC008 1 1621.20 77,099 BJ.1 + BA.2.75 S: 22897 – 22941 RBD BWRecoCL004 

CoVREC010 1 903.9 49,709 BJ.1 + BA.2.75 S: 22897 – 22941 RBD - S:Q474K 
S:E990D 

274 
802 

XBB-like CoVREC001 1 458 20,790 BJ.1 + BA.2.75 S:22897 – 22941 - - - 
CoVREC010 1 - - - 

XM CoVREC017 1 796.1 35,063 BA.1 + BA.2.60 S: 21847 – 22672 
S: 23203 – 24129 
S: 24948 – 26857 

NTD 
S1/S2 cleavage site 
S2 domain 

- nsp9: I65M 8 

XV CoVREC018 1 1099.00 > 100,000 BA.1.18 + BA.2.48 ORF1a: 1524 –
15713 

nsp3/nsp4 BWRecoCL003 ORF3a:E261G 1,798 

CoVREC019 1 1700.00 1099.00 BA.1.18 + BA.2.48 ORF1a: 1524 –
15713 

nsp3/nsp4 BWRecoCL003 

CoVREC021 1 1071.50 46,347 BA.1.18 + BA.2.48 ORF1a: 
15241–17409 

nsp3 - - - 

CoVREC020 1 1666.30 80,187 BA.1.18 + BA.2.48 ORF1a: 1524 –
15713 

nsp3/nsp4 

FCS, furin cleavage site; NTD, N-terminal domain; nsp, non-structural protein; ORF, open reading frame; RBD, receptor-binding domain; S1, spike subunit 1; S2, spike subunit 2. 

5
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Figure 1. (a) Map of Botswana showing the nine COVID-19 zones and the sample locations. (b) Distribution of putative SARS-CoV-2 recombinant lineages circulating 
in Botswana from 2020 to 2023. (c) Representative mosaic structures of putative SARS-CoV-2 recombinant sequences characterized in Botswana, XBJ, and (d) 
XBB.1.5.81. 
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0.55876/gis8.240822bm). Similar to the NextClade analysis, the SARS-
oV-2 sequences from Botswana clustered with respective sequences

rom nine lineages. 
Based on GISAID data, all the SARS-CoV-2 recombinant lineages

e report in this study (except for XBB.1.5 and XBB.1.16) had a low
lobal prevalence of < 0.0001%, with only 2,960 cases ever reported
n Africa based on GISAID dataset (Table S1). Only 10 recombinant
ases including XBJ.1.1 (n = 1), XV (n = 4), and XM (n = 5) were
ecorded in Africa during the time of this study, of which XBJ.1.1
nd XV were only reported in Botswana. The XBJ.1.1 sequence from
6

otswana —CoVREC015 —clustered closely (pp > 90) with South Korean
equences sampled between January and February 2022 ( Figure 2 a,
igure S4.A). The root-to-tip regression obtained from TempEst anal-
sis for all the XBJ.1.1 lineages showed a relatively strong clock-like
ehavior (correlation coefficient = 0.56) (Figure S4.B). Similarly, the
oVREC017 sequence was analyzed against all global XM sequences,
nd it clustered closely with regional sequences (Namibia, South Africa)
pp > 0.90) (Figure S4C). Notably, sequences in the respective clus-
ers, BWRecoCL001-5, showed high genetic relatedness supported by
p ≥ 0.90. 
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Figure 2. (a) Maximum likelihood phylogenetic trees summarizing the clustering of 20 recombinant sequences from Botswana and 72 closely related representative 
reference sequences with posterior probability ≥ 0.90. Trees were annotated based on circular topology. (b) The 3D structure of spike protein. The crystal structures 
of SARS-CoV-2 Spike annotated to surface topology using PyMOL3. (c) Deleterious mutations are highlighted in blue. XBB.1.5 classical mutations: T19I, L24S, V83A, 
G142D, H146HQ, Q183E, V213E, G252V, G339H, R346T, L368I, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, V445P, G446S, N460K, S477N, 
T478I, E484A, F486P, F490S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796F, Q954H, and N969. 

Table 3a 

Summary of mutations of interest and the SARS-CoV-2 protein they are located. 

Gene Mutation Protein Specific domain n AA impact Global prevalence 
( ∼16.8 million) 

ORF1ab 

P108H nsp31945 Ubl1 1 Deleterious 4.57 ×10− 4 

C118Y nsp31945 Ubl1 1 Neutral 7.39 ×10− 5 

A231T nsp31945 ADRP (Mac1) 1 Neutral 3.35 ×10− 5 

V573I nsp31945 near SUD 1 Neutral 7.94 ×10− 5 

Q110 a Nsp5306 Mpro /3CLpro 1 - 1.93 ×10− 4 

I65M nsp9113 nsp9 1 Deleterious 4.76 ×10− 7 

V233I nsp12932 RdRp 1 Neutral 1.08 ×10− 4 

H290Q nsp13601 Helicase 1B 1 Deleterious 1.29 ×10− 5 

ORF3a E261G ORF3a275 Ion domain 2 Neutral 1.07 ×10− 4 

ORF6 D61L ORF661 Interferon antagonist domain 2 Deleterious 1.79 ×10− 7 

N 
D3N N419 NTD 1 Neutral 2.72 ×10− 5 

P80L N419 NTD 1 Deleterious 7.10x10-5 

S 

Q474K S1273 RBD 1 Neutral 1.63 ×10− 5 

E990D S1273 S2 1 Neutral 4.78 ×10− 5 

P1162A S1273 S2 1 Deleterious 1.63 ×10− 6 

D1163P S1273 S2 1 Deleterious 2.44 ×10− 6 

a Denotes stop codon.ADRP, ADP-ribose phosphatase domain; Mac1, macrodomain; Mpro, main protease; N, nucleocapsid protein; NTD, N-terminal 
domain; ORF, open reading frame; RBD, receptor-binding domain; RdRp, RNA dependent RNA polymerase; S, surface protein; S1, sub-unit 1; S2, sub-unit 
2; SUD, SARS-unique domain; UbI, ubiquitin-like domain 1; 3CLpro, 3C-like protease. 
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utational spectrum, mutations of interest, and their impact on immune 

scape 

As shown in Table 3a , we identified 16 MutOI, including eight
n ORF1ab, four in the S protein, two in the N protein, and one
ach in ORF3a and ORF6. All were single observations, except
or ORF3a:E261G and ORF6:D61L, each of which appeared in two
amples. Among the 16 mutations, seven (43.8%) were deleterious
 Table 3a ). Among the four mutations in the S protein, S:Q474K was
he only mutation within the RBD region. Because the RBD is re-
7

ponsible for viral attachment to hACE2 and promoting fusion with
he epithelial cell membrane, we examined the S:Q474K mutation
n more detail. The S:Q474K demonstrated CTL escape capabilities
n the epitope YQAGSTPCNGVEGF and HLA types ∗ A0301, ∗ A2402,
 B0801, and ∗ B1501. This disruption of HLA epitope binding mir-
ors the behavior of previously characterized immune escape mu-
ations, such as F486P in STPCNGVEGPNCYF, G339H→ FHEVFNA-
RFASVY, L368I →KRISNCVADYSVIY, Q183E →KEGNFKNLREFVFK,
346T →TTFASVYAWNRKRI, V213E →KIYSKHTPINLER, and V445P
KPGGNYNYLYRLFR ( Table 3b ). S:Q474K was characterized from
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Table 3b 

Predicted SARS-CoV-2 epitopes in spike protein restricted to HLA class I 
molecules. 

AA position Mutation HLA class I Reference epitope Mutated epitope 

183 Q183E A0301 KQGNFKNLREFVFK KEGNFKNLREFVFK 
213 V213E A0301 

B2705 
KIYSKHTPINLVRD; 
VRDLPQGFSALEPL 

KIYSKHTPINLERD; 
ERDLPQGFSALEPL 

339 G339H A0101 
B4001 

FGEVFNATRFASVY; 
PFGEVFNATRFASV 

FHEVFNATRFASV; Y 
PFHEVFNATRFASV 

346 R346T B2705 
A0301 

TRFASVYAWNRKRI; 

ATRFASVYAWNRKR 

TTFASVYAWNRKRI; 
ATTFASVYAWNRKR 

368 L368I A0101 
A0301 
B2705 

SNCVADYSVLYNSA; 
KRISNCVADYSVLY; 
KRISNCVADYSVLY 

SNCVADYSVIYNSA; 
KRISNCVADYSVIY; 
KRISNCVADYSVIY 

445 V445P A0301 KVGGNYNYLYRLFR KPGGNYNYLYRLFR 
474 Q474K A2402 

B1501 
YQAGSTPCNGVEGF; 

YQAGSTPCNGVEGF 

YKAGSTPCNGVEGF; 
YKAGSTPCNGVEGF 

489 F486P A0101 
A2601 
B1501 
B4001 

STPCNGVEGFNCYF; 
∗ STPCNGVEG F NCYF; 

YQAGSTPCNGVEGF; 

CNGVEGFNCYFPLQ 

STPCNGVEGPNCPF; 
STPCNGVEGPNCPF 
Y; 
QAGSTPCNGVEGP; 
CNGVEGPNCYFPLQ 

HLA, human leukocyte antigen. 
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oVREC01, an XBB.1.5 sequence, that had 11 additional mutations in S
rotein, including V83A, Q183E, and V213E in the N-terminal domain;
339H, R346T, L368I, V445P, and F486P in the S2; Q474K in the RBD;
796F in the heptad repeat 1; and E990D in the heptad repeat 2 region
 Figure 2 b-c). 

iscussion 

In this study, we identified the SARS-CoV-2 recombinant lin-
ages XBB.1.5, XBB1.5.81, XBB.1.5.28, XBB.1.6, XBB.1.6.18, XBB.1.6.2,
BJ.1.1, XV, and XM among the 5,254 complete genomes generated in
otswana from 2020 to 2023. To the best of our knowledge, this is the
rst study to document cases of XBJ.1.1 and XV in Africa. The earli-
st recombinant strains were detected in January 2022 in Botswana,
 few weeks after the first reports of the Omicron VOC and its other
ub-lineages [ 20 ]. Overall, the most recombinants were descendants
f Omicron sub-lineages (XBB∗ ), a trend that has been observed re-
ionally and globally (Supplementary Table 1). This is likely due to
rolonged high co-circulation of succeeding emerging Omicron lin-
ages [ 6 ]. The XBJ.1.1 lineages predominantly circulated in Asia, of
hich < 80 global sequences have been reported (EPI_SET_240619un,
0.55876/gis8.240619un). 

XBB.1.5-like variants had the highest prevalence (35%) in this study.
he XBB.1.5 is a descendant of XBB.1 with a S:F486P mutation and a
ranslational stop in ORF8 (ORF8:G8stop) resulting from MHC suppres-
ion [ 21 ]. XBB.1.5 and its subvariants (e.g. XBB.1.5.81 and XBB.1.5.28)
ave been associated with increased binding affinity to the hACE2 recep-
or, transmissibility, infectivity, and immune resistance [ 22 ]. XBB.1.5
as first characterized in October 2022 in the United States and listed
s a VOI by the WHO in March 2023 [ 23 ]. The XBB.1.5.81 has an ex-
ra S:K478R and has been predominately reported in South Africa [ 24 ].
he XBB.1.5.28 is a descendant of XBB.1.5 with an extra S:K478R on
7124C polytomy that was reported primarily in the Americas and not
ell-known in Africa [ 24 ]. 

The main hotspot of breaking points was the RBD in the S subunit
. Our results corroborate with other studies that have indicated that
ost of the emerging SARS-CoV-2 recombinant sequences have break-

ng points in the S protein and are mainly associated with immune es-
ape [ 3 ]. CD8 + T-cell immunity to SARS-CoV-2 has been implicated
n COVID-19 severity and virus control [ 25 ]. However, recombination,
ogether with the emergence of nonsynonymous mutations in MHC-I–
8

estricted CD8 + T-cell epitopes, facilitate SARS-CoV-2 immune escape
 6 ]. Several studies have utilized bioinformatics approaches to char-
cterize SARS-CoV-2 mutations in MHC-I–restricted epitopes that may
vade CD8 + T-cell responses. This approach is desirable because it pro-
ides a cost-effective, rapid, and alternative way to screen mutations.
andidate mutations will be evaluated further in vitro in future studies.

In this study, we used in silico analyses to characterize the po-
ential impact of unusual mutations among the 20 recombinant se-
uences. We identified rare and potentially deleterious mutations at
arious sites in five SARS-CoV-2 proteins —ORF1a, ORF6, ORF3a,
, and S —that could impact the virus. Notably, S:Q474K exhibited
roperties of CTL-mediated immune escape. The mutations reported
n this study warrant follow-up in vitro investigation. S:Q474K was
dentified from an XBB.1.5 case (CoVREC010) who was fully vacci-
ated with Sinovac. This mutation is rare, appearing in only 247 se-
uences on GISAID, with ∼9.5% being XBB.1.5 (Supplementary Ta-
le 1). Our results are similar to a previous study that reported
he emergency of escape mutations and resistance mutations in an
mmunocompromised patient infected with a Delta-Omicron recom-
inant variant [ 3 ]. To validate our finding, we compared S:Q474K
ith the other seven previously characterized mutations shown in
able 3b . S:Q474K expressed similar immune escape properties with
he potential ability to escape the CD8 + T-cell–mediated immunity
hen previously characterized epitopes —YKAGSTPCNGVEGF473-486 ,
nd YQAGSTPCNGVEGF473-486 —were analyzed for binding with differ-
nt HLAs [ 26 ]. Overall, the binding free energy change of S:Q474K was
stimated at 0.1404 kcal/mol, suggesting a weak positive binding be-
ween S protein and hACE2 [ 27 ]. Additional in vitro analysis is war-
anted to gain a further understanding of this mutation. 

We also identified another relatively rare mutation, N:S37P occur-
ing in the N-terminal intrinsically disordered region of N protein from
n XBBJ.1.1 sequence. The XBBJ.1.1 sequence we report here is the only
ase harboring N:S37P among the publicly available XBJ.1.1 sequences
10.55876/gis8.240619un). N:S37P occurred in < 0.01% of all global
ARS-CoV-2 sequences as of June 2024. Interestingly, the N:S37P mu-
ation was characterized in the N protein of RaTG13 sequence, a bat
oronavirus that exhibits up to 96% genetic similarity with SARS-CoV-2
 28 ]. Among the > 17 million SARS-CoV-2 sequences publicly available,
:S37P has been reported mostly in Omicron (n = 5,395) compared with
ther lineages such as Alpha (n = 1,651), Beta (n = 4), and Gamma
n = 51), (10.55876/gis8.240619un). Because residue 37 is in the in-
rinsically disordered region that is not part of a structured domain, we
id not evaluate its impact on immune escape. However, future studies
re warranted to evaluate its impact on the structural flexibility of the
rotein. 

We investigated transmission patterns using phylogenetic inferences,
longside characterizing multiplicity of infection and studying the ge-
omic epidemiology of recombinant variants. Most epidemiologically
inked SARS-CoV-2 cases showed low divergence, with 0-2 mutations
bserved in nearly full-length viral sequences. Three XBB.1.5.81 cases,
etected during a household cluster investigation in Kavimba, Botswana
BWRecoCL005) in Namibia, were among the 199 global sequences
eported on GISAID (EPI_SET_240619ot; 10.55876/gis8.240619ot) by
une 19, 2023, with 61% from southern Africa (South Africa, Namibia,
otswana, and Eswatini). 

A unique XBJ.1.1 case in Botswana (CoVREC015) clustered with
outh Korean sequences, suggesting a transmission link despite no
ecorded travel history. The Botswana and South Korean sequences were
ampled within the same period (January and February 2022). 

XBB.1.16.18 cases were identified in an elderly vaccinated couple,
art of 956 global cases. Phylogenetically, the XBB.1.16.18 cases clus-
ered closely with sequences from the United States, supported by high
ootstrap P ≥ 0.90. XM involved a 73-year-old patient from Zambia and
ver 580 global XM cases have been reported. 

Our study had several limitations. We lacked sufficient travel histo-
ies and immediate contact data to trace transmission routes in many
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ases. COVID-19 testing and sequencing in Botswana significantly de-
lined after the WHO ended the Public Health Emergency of Interna-
ional Concern on May 5, 2023, which affects the interpretation of our
ndings. Detecting emerging recombinants in routine surveillance is
lso difficult due to their lower fitness than dominant strains [ 3 ]. In ad-
ition, our study was cross-sectional, focusing only on population-level
ecombinant analysis. Investigating intra-host recombinants could have
evealed more variants, especially in immunocompromised patients, in
hom co-infection with multiple variants can drive viral recombina-

ion [ 29 ]. However, detecting these intra-host events requires extensive
enome curation and sequencing analysis. For future research, we rec-
mmend longitudinal studies with sufficient clinical data to better un-
erstand the impact of emerging mutations. 

Overall, tracking the evolution of SARS-CoV-2, especially recombi-
ant variants, is critical because they may weaken vaccine effectiveness
nd detection methods [ 30 ]. To the best of our knowledge, this study is
he first to characterize SARS-CoV-2 recombinant lineages in Botswana,
dentifying mutations that could promote immune escape and facilitate
irus spread. These mutations, such as those in other studies, are linked
o reduced vaccine efficacy [ 3 ]. For instance, high prevalence of break-
hrough infections driven by XBB-like variants has led to the develop-
ent of new vaccines, such as those using the monovalent JN.1 lineage

s the antigen. 

onclusion 

We identified nine SARS-CoV-2 recombinant lineages from the
argest SARS-CoV-2 data set generated in Botswana from 2020 to 2023.
he majority were descendants of XBB∗ , resulting from the recombina-
ion between two sub-lineages of the VOC Omicron. We identified and
haracterized low-level mutations such as S:Q474K in the S protein that
ay impact CTL immune escape. The mutations identified in this study
ere investigated using in silico analyses only; therefore, follow-up in

itro assays are required to validate these findings. Our findings under-
core the critical need for ongoing and vigilant genomic surveillance to
onitor the emergence of new mutations and variants. 
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