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Abstract: Mpox, caused by the Mpox virus (MPXV), is a re-emerging zoonotic disease in the
Poxviridae family. Since 2022, Sub-Saharan Africa has experienced a resurgence of Mpox outbreaks
with the Democratic Republic of the Congo (DRC) experiencing its largest recorded outbreak. By June
2024, DRC’s MPXV cases accounted 96% of the 567 new confirmed cases reported by the World
Health Organization (WHO) across the African region. Despite MPXV’s endemicity in sub-Saharan
Africa, its genetic diversity remains poorly understood. In this study, we analyzed 270 high-quality
whole genome sequences from 13 African countries. Maximum likelihood method identified two
principal clades: Clade I and Clade II. Clade I exhibited potential regional expansion to East Africa,
while Clade II dominated in West and Southern Africa. Mutational analysis using BCF tools revealed
a high frequency of non-synonymous mutations, particularly in immune related genes and
replication. Notably, we identified an enrichment of APOBEC3 mutations in Clade IIb whereas Clade
I exhibited substantially lower levels of these mutations, suggesting divergent evolutionary pressures
among circulating clades thereby highlighting the need for sustained genomic surveillance to track
MPXV evolution, regional spread, and immune escape, thereby supporting real-time outbreak
efforts.

Keywords: Mpox virus; genetic diversity; maximum likelihood; clade I; clade II; whole-genome
sequences; immune escape; MPXV evolution

1. Introduction

Monkeypox virus (MPXV) is a double-stranded DNA virus belonging to the family Poxviridae,
subfamily Chordopoxvirinae, and genus Orthopoxvirus. Variola virus (the causative agent of smallpox),
Vaccinia virus (used in smallpox vaccines), and Cowpox virus are some other members of the genus
[1]. MPXV was first detected in 1958 in captive research monkeys from Copenhagen, Denmark, and
subsequently as a human pathogen when the disease was detected in a 9-month-old child from the
DRC in 1970 [2]. Mpox infections were initially confined to Central and West Africa, largely due to
zoonotic spillover incidents with limited human-to-human transmission. But in 2022, the
epidemiological profile had changed, spread across the globe, prompting the World Health
Organization (WHO) to declare mpox a Public Health Emergency of International Concern (PHEIC)
(PHEIC) [3,4].

MPXYV has a large, linear, double-stranded DNA genome of approximately 190 kb, encoding
over 190 proteins. The genome consists of a conserved central domain (~ 32kb-138kb) with
fundamental functions of encoding genes responsible for viral replication, essential enzymes, and
structural proteins. The conserved region is flanked by variable terminal regions that contain inverted
terminal repeats (ITRs), coding for the most part for host-interaction factors [5]. The long terminal
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regions include genes associated with immune evasion, host specificity, and virulence (Figure S2).
ORFs are named according to the orthopoxvirus gene nomenclature (e.g., OPG001) [6] (Figure S1).
Significant ORFs encode DNA polymerase, RNA polymerase subunits, envelope proteins, and
virulence-associated proteins such as complement regulatory proteins [1]. Comparative genomic
studies have detected genetic distinctions between Clade I and Clade II MPXV, particularly in
immune modulating genes, that may explain virulence differences [7].

Mpox is classified into two principal clades designated as Clade I (Central African) and Clade II
(West African), with further subdivisions into Clades Ia, Ib, Ila, and IIb respectively [7]. Clade I is
historically associated with higher morbidity and mortality, disproportionately affecting children
and immunocompromised individuals, whereas Clade II has been implicated in the recent global
outbreaks, particularly among men who have sex with men (MSM) [8]. Mpox however remains
endemic in the sub-Saharan countries including DRC, Central African Republic, Cameroon, and
Nigeria, with reported cases in Ghana [9]. The natural reservoir of MPXV remains unknown,
although zoonotic transmission is suspected to be caused by African rodents and non-human
primates [10].

On a global scale, multiple mpox outbreaks have been reported in over 130 countries by April
2025, with sustained human-to-human transmission [11]. The 2022-2024 outbreaks in Europe, North
America, and Asia also demonstrated novel transmission dynamics, including sexual transmission
networks and asymptomatic carriers [11-13]. While Clade II remains dominant in these outbreaks,
genomic sequencing has revealed mutations associated with increased transmissibility [14].

Several public health efforts have been coordinated by WHO to curb the spread of mpox, these
include targeted vaccination strategies, enhanced surveillance, and support for rapid diagnostic
capacities. However, vaccine access remains inequitable, particularly in endemic regions of Africa.
The United States, Canada, and the United Kingdom, among others, have been successful in rolling
out targeted vaccination programs primarily to high-risk groups while sub-Saharan Africa continues
to trail behind in vaccine distribution and epidemic control [15]. By August 2024, over 20,000
suspected cases and 500 deaths had been reported in the DRC [16], hence emphasizing the important
need for increased genomic surveillance, equitable vaccine distribution, and international
collaboration to mitigate mpox outbreaks.

Given the high mpox burden in both endemic and non-endemic regions, it is crucial to elucidate
the genetic diversity and evolutionary processes of MPXV, which this study aims to investigate by
analyzing MPXV strains in sub-Saharan Africa between 2022 and 2024 providing insights that are
valuable for surveillance and management of outbreaks.

2. Materials and Methods

Sequence Retrieval and Curation

Complete genome sequences of the Mpox virus (MPXV) were retrieved from GISAID EpiPox
(400 sequences) (Global Initiative on Sharing All Influenza Data) (https://gisaid.org/) between January
1, 2022, and December 31, 2024, on March 4th, 2025. Accession numbers were selected from 13 African
countries with high Mpox prevalence throughout this time interval. Sequences underwent several
curation processes for data quality. Duplicate sequences were eliminated. Sequences of sizes ranging
from 190-205 kb were kept ensuring completeness and consistency. Sequences containing more than
10% ambiguous nucleotides (Ns) were excluded to ensure high-confidence data. Sequence
preprocessing was carried out using Biopython scripts (Python 3.9) [17]. After curation, 270
sequences were kept for further analysis including DRC (n=167), Nigeria (n=38), Central African
Republic (n=14), Burundi (n=9), South Africa (n=9), Ghana (n=7), Uganda (n=7), Cote d'Ivoire (n=5),
Cameroon (n=4), Liberia (n=5), Benin (n=2), Kenya (n=2), and Congo (n=1).

Sequence Alignment
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Multiple sequence alignment (MSA) was performed with MAFFT v7.526 [18] using the auto
strategy to optimize speed with an assurance of accuracy. TrimAl v1.4. rev15 (build 2013-12-17) [19]
was used to filter the alignment, applying a 0.05 gap threshold to remove poorly aligned regions. The
quality of the alignment was visually inspected, and manual adjustments performed with AliView
v1.26[20].

Phylogenetic Analysis

A maximum likelihood (ML) tree was constructed using IQ-TREE v2.3.6 [21]. The best-fitting
nucleotide substitution model, K3Pu+F+I+R3 was selected using Model Finder [22] with Bayesian
Information Criterion (BIC) values for the best fit to the data. For tree robustness, 1000 ultrafast
bootstrap replicates were performed [23]. The 2016 sequence (EPI_ISL_18689512) was used as an
outgroup to root the phylogenetic tree and for evolutionary context.

Tree Visualization and Annotation

The resultant phylogenetic tree was visualized and annotated using iTOL v7.1[24].

Mutational Analysis

Mutational analysis was performed by aligning the reference sequence NC_063383.1 (MPXYV,
2018) with 12 representative mutant sequences for each lineage and clades using BWA for indexing
and alignment v0.7.17-r1188 [25]. The aligned sequences were converted from SAM to BAM format,
sorted, and indexed. Variant calling was carried out with BCF tools v1.19 [26], followed by variant
annotation using snpEff v5.2e [27,28]. A custom Mpox database was created to facilitate the
annotation process, and a standard genetic code was set. A python script was developed to rapidly
screen APOBEC3 mutation profiles (File_S3).

3. Results

3.1. Phylogenetic Analysis of Mpox Virus in Sub-Saharan Africa (2022-2024)

Phylogenetic analysis of 270 curated Mpox virus (MPXV) sequences from Sub-Saharan Africa
identified two major clades that is Clade I (Ia, Ib) and Clade II (Ila, IIb). The phylogenetic tree
topology revealed distinct evolutionary patterns (Figure 2). Clade I (Ia and Ib) was found
predominantly in regions like the Democratic Republic of the Congo (DRC), Uganda, Burundi,
Central African Republic (CAR), Kenya, and the Republic of Congo (Figure 2). In 2023-2024, Clade
Ib became dominant (Figure 2). Clade II was widely distributed across West and Southern Africa,
with Clade IIb in countries such as South Africa, Nigeria, Ghana, Benin, and Cameroon, and Clade
ITa in Liberia and Cote d’Ivoire (Figure 2). Clade IIb exhibited ongoing circulation since 2022 and has
since diverged into several sub-lineages i.e. A, A.2, A2.2, A.2.3, A.3, B.1, B.17 and F.2 (according to
GISAID’s classification) (Figure 2). Refer to the supplementary materials section for metadata file
(Table_S1) used for analysis and also the phylogenetic analysis files (Figures_54).
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Figure 2. Phylogenetic tree of MPXV sequences retrieved on March 4th, 2025, from GISAID covering the period
between January 1, 2022, and December 31, 2024.

3.2. Mutational Analysis of Mpox Virus in Sub-Saharan Africa (2022-2024)

Mutational analysis of Mpox virus sequences identified notable nonsynonymous amino acid
substitutions when compared to the reference genome NC_063383.1 (MPXV, 2018). A closer
examination of the consensus mutated genes revealed the top ten most frequently mutated genes
across the clades. OPG210 gene had the highest mutation count, followed by OPG023, OPG118,
OPG145, OPG205, OPG105, OPG153, OPG071, OPG047 and OPG188(Figure 3B).

Mutations predominantly impacted genes linked to immune modulation and viral replication.
In depth functional analysis revealed specific consensus amino acid substitutions associated with
some of these genes. OPG205 gene, for example, related to immune evasion, showed substitutions
such as R689C, W169R, and C349Y. OPG023, related to virus-host interaction, showed K637E, L6021,
and T488A. OPG210, which presumably relates to immune evasion, showed D209N, P722S, and
M1741L Similarly, OPG118, involved in regulation of early gene expression, showed substitutions
such as K606E, N413S, and K256R. OPG105, which is also involved in viral transcription, exhibited
substitutions such as 5734L, V113G, and 11070V, while eventually OPG145, which is related to DNA
helicase activity, expressed substitutions such as E62K, R243Q, and E435K(File_S2).

Clade specific findings revealed distinct patterns of mutations; Clade I showed the highest
number of substitutions, particularly OPG023, OPG210, and OPG205. Lineage B.1 contained a higher
number of substitutions in OPG210 than Lineage A. Lineage IIbA.2.3 included the highest number of
substitutions in OPG105 than NC_063383.1 (MPXYV, 2018) (Figure 3B).

Analysis of mutational patterns identified non-synonymous variants, which were 45.35% of the
mutations, and synonymous variants, which were 54.65% of the mutations. 34.55% of synonymous
variants followed an APOBEC3 pattern while 41.89% of nonsynonymous variants followed an
APOBECS3-like mutational pattern (Table 1).

Clade IIb had the highest proportion of APOBEC3 variants especially lineage B.1 and its sub
lineages (B.17 andF.2) having the highest average proportion i.e. 88.34% and 90.14% of APOBEC3
variants in synonymous and non-synonymous mutations respectively. Consequently, Clade I
generally had the lowest number of APOBEC3 variants with an average of 27.54% and 25.69% in
synonymous and non-synonymous variants respectively (Table 1).

Genes targeted by APOBEC3 variants dominated those responsible for host immune modulation
and viral replication and transcription (Figure 3A).For further details refer to the supplementary
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materials section for mutational analysis files (File_S2), a python code used in filtering APOBEC3
variants (File_S3) and the resultant APOBEC3 variants excel files for each of the representative
sequences for each clade and lineages (Figure_S54).

Table 1. Showing the distribution of Synonymous, nonsynonymous and APOBEC3 variants across

lineages/clades.

Clade/Lineage

Synonymous Variants

% APOBEC3 (Sy

Variants

% APOBEC3 (Non-synonymous)

Ila

137

29.20% (40/137)

25.81% (32/124)

1bA.2.3

15

73.33% (11/15)

74.19% (23/31)

1TbA.2

12

75.00% (9/12)

95.45% (21/22)

1bA.3

28

46.43% (13/28)

38.18% (21/55)

1IbA

0.00% (0/7)

25.00% (2/8)

1Ib

13.04% (3/23)

8.70% (2/23)

Ta

26.65% (97/364)

24.17% (58/240)

1TbB1

88.89% (24/27)

90.63% (29/32)

1IbF.2

86.84% (33/38)

90.91% (30/33)

11bB.17

89.29% (25/28)

88.89% (32/36)

b

28.42% (108/380)

27.20% (71/261)

1bA.2.2

66.67% (6/9)

95.24% (20/21)

Total

1068(54.65%)

34.55%(369/1068)

41.89%(B71/886)

Function

10 - tHosuimmUne Moduiztion
we Vil Replication & Transcription
- irion Assembly & Busding

Total APOBEC3 Variants

Clae.

Figure 3. (A) Visualization of the top MPXV genes based on mutation analysis frequency of APOBEC3. (B)
Heatmap of top MPXV key genes highlighting nonsynonymous/missense mutation frequency across various
clades and lineages, with NC_063383.1 (MPXV, 2018) as a reference (Clade IIbA).

4. Discussion.

Phylogenetic Analysis: Evolution of Clades and Sub-Clades

The phylogenetic tree constructed from MPXV isolates in Sub-Saharan Africa confirms the
presence of both Clade I (subclades Ia and Ib) and Clade II (subclades Ila and IIb). The findings are
in line with previous studies [1,29-32], which have documented the evolving genetic profile of
MPXV. Interestingly, Isidro et al. [30] (p. 1) reported that the transition from Lineages A.1/A.1.1 to
B.1 was characterized by a long divergent branch that indicates accelerated microevolution. This is
also supported by our phylogenetic tree, which also indicates the same branching pattern (Figure 2).
In addition, we observed that there were more substitutions in OPG210, an immune evasion gene,
for Lineage B.1 than for Lineage A (Figure 3B). This selection of mutations could be additional
evidence for divergent and adaptive evolution in the lineage.

The prevalence of Clade I in Central Africa, the Democratic Republic of the Congo (DRC), and
adjacent regions is consistent with previous reports [14]. The close genetic affiliations of Clade Ib
Kenyan, Burundian, and Ugandan strains with DRC strains suggest that transborder movement is
possibly driving MPXV spread in Central and East Africa [33] (Figure 2). However, the geographic
distribution of Clade I remains speculative, and additional comprehensive epidemiological data are
necessary to determine if indeed persistent transmission is occurring in these regions.

Mutation Patterns : APOBEC3, Synonymous and Non-Synonymous Variants
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A greater proportion of the mutations in Clade IIb particularly B.1 lineage follows an APOBEC3-
like signature, consistent with previous findings [1,29] (Table.1). The APOBEC3 family is known as a
cytidine deaminase known to play important functions in innate anti-viral immunity [34] hence
exerting evolutionary pressure on the viral genome, resulting in GA>AA, GG>AA and TC>TT
transitions that may influence viral fitness [1]. Our results show that these APOBEC3-induced
mutations are predominantly found in immune-modulatory genes like OPG210, OPG047, and
OPGO003(Figure 3A), suggesting an ongoing host-virus interaction that may drive viral adaptation to
immune pressures.

Interestingly, we observed a rise in non-APOBEC3 mutations in recent isolations, especially in
Clade I, a shift from the previous studies that indicated lower numbers of non-APOBEC3 mutations
present mostly in Clade II lineages [1,14] (Table 1). There have been recent reports of mutations in
the MPXV that have atypical APOBEC3-mediated signatures, which could reflect other mutational
mechanisms at play [35], hence possibly indicating an evolutionary escape from host mutagenic
pressures. This shift aligns with observations within other viral systems, whereby avoiding
APOBEC3 editing pressures is advantageous for greater genetic stability and long-term viral
survival. Martinez et al. [36] (p. 7) for example noted a rise in non-APOBEC3 mutations in human
gamma-herpesviruses, such as Epstein-Barr virus and Kaposi's sarcoma-associated herpes virus,
reflecting an adaptive process that minimizes the impact of APOBECS3 editing. Furthermore, research
on HIV-1 [37] indicated that the virus gains both expected and unexpected mutations, as well as those
not linked to APOBECS3 activity, confirming its ability to adapt under selective pressures.

The distribution of synonymous and non-synonymous mutations offers insight into MPXV
evolution. We observed that 54.65% of mutations were synonymous, while 45.35% were non-
synonymous (Table 1). Although synonymous mutations do not alter amino acid sequences, they can
influence codon usage bias, RNA structure, and translation efficiency [38,39]. MPXV codon use
patterns, plus natural selection and mutational stress, can also have the possibility of affecting viral
adaptation. Noteworthy, codon usage bias has been reported to differ amongst more virulent Central
African and less virulent West African strains hence indicating a possibility of association with
pathogenicity [40].

Conversely, non-synonymous mutations often alter viral proteins, hence impacting replication,
immune evasion, and transmission. The rise in non-synonymous variants in Clade IIb’s B.1 isolates
relative to NC_063383.1 (MPXYV, 2018)(Figure 3B) underscores selective pressures on MPXV [28,41].
Recent studies have reported accelerated protein sequence changes in 2022 outbreak strains [30],
alongside a declining codon adaptation index (CAI), which may possibly suggest a shift toward non-
preferred codons and potential changes in viral fitness and pathogenicity [28].

Clade-Specific Mutations: Implications for Transmission and Adaptation

Several key mutations in specific viral genes might be linked to clade-specific differences in
transmission and disease progression. For example, Clade I, which is currently more transmissible in
sub-Saharan Africa, exhibits a higher frequency of mutations in immune related genes compared to
NC_063383.1 (MPXV, 2018) (Figure 3B). These mutations, which include changes in the OPG 210,
OPG205 and OPG023 genes, may contribute to an enhanced ability of Clade I to evade immune
surveillance and replicate more efficiently [32,42]. This mirrors findings in other poxviruses where
mutations in immune-modulatory genes were associated with more successful replication and
spread [43].

The high mutation rate observed in OPG105 within Clade IIb A.2.3 compared to NC_063383.1
(MPXYV, 2018) is particularly noteworthy (Figure 3B). As a key gene involved in viral transcription,
its increased mutational burden in this lineage suggests a potential selective advantage in replication
and immune evasion. Studies have reported that mutations in OPG105 may alter viral gene
regulation, potentially enhancing persistence and transmission [32,42,44]. These findings underscore
the role of OPG105 in MPXV adaptation and its potential impact on viral fitness.
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5. Conclusions

This study underscores the dynamic nature of MPXV evolution in Sub-Saharan Africa. The
continued diversification of Clade IIb, along with the emergence of distinct sublineages, highlights
the virus's ability to adapt to different regions and ecological contexts. Mutational patterns,
particularly those driven by APOBEC3 and the rise of non-synonymous mutations, suggest ongoing
viral adaptation to immune pressures and transmission dynamics. The findings also raise important
questions about the role of specific mutations in transmission and pathogenicity, particularly in
relation to the more transmissible Clade I and the genetically divergent Clade IIb.Future research
should focus on further elucidating the functional impact of these mutations, particularly those in
immune-related and transcription-regulatory genes, to better understand how MPXV is evolving in
response to both host immune defenses and antiviral interventions. Sustained genomic surveillance
and epidemiological studies will be essential in tracking these changes and informing effective public
health strategies to mitigate the spread of MPXV across regions.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.

e  File S1: Supplementary Figures (zip file containing detailed supplementary figures for the schematic
diagram of NC_063383.1).

o S1: Schematic representation of the MPXV genome architecture, indicating ORF, CDS, and miscellaneous
regions, generated using Proksee.

o  S2: Genomic functionality, color-coded based on functionality, generated using Python's Matplotlib.

e  File 52: Mutational analysis files (zip file containing detailed analysis).

° File S3: APOBECS filter, Python script used for variant filtering.

) File S4: Phylogenetic analysis files (zip file containing the phylogenetic analysis data).

. File S5: APOBECS3 variants data (zip file with variants).

) Table S1: Metadata used for sequence analysis (Excel file).
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Full Term

MPXVMonkeypox Virus

APOBEC3 Apolipoprotein B mRNA Editing Enzyme Catalytic Subunit 3
OPG Orthopoxvirus Gene
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DRC Democratic Republic of the Congo

WHO World Health Organization

BIC Bayesian Information Criterion

CAR Central African Republic

ML  Maximum Likelihood

MSA Multiple Sequence Alignment

MSM Men Who Have Sex with Men

PHEIC Public Health Emergency of International Concern
ITR Inverted terminal repeats
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