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Abstract

Since 2022, global outbreaks of monkeypox virus (MPXV) have been repeatedly designated
by the World Health Organization (WHO) as a public health emergency of international
concern (PHEIC), underscoring the urgent need to elucidate the multidimensional mech-
anisms underlying viral evolution and transmission. Current understanding remains
largely focused on genomic variation, while the critical role of epigenetic regulation has
been considerably overlooked. To address this gap, this study integrates high-throughput
evolutionary genomic analysis with whole-genome DNA methylation profiling. Using
parallel Illumina and Nanopore sequencing platforms, we comprehensively characterized
two clinically derived MPXV isolates collected locally. The results revealed that both iso-
lates belonged to the C.1.1 ancestral lineage, diverging into distinct clades (E.3 and E.4,
respectively, supporting the presence of at least two independent viral introduction events
into the region, each followed by limited local transmission. They had accrued a consid-
erable number of single-nucleotide polymorphisms (SNPs), with APOBEC3-associated
substitutions constituting 84.8% and 77.6% of all observed mutations. Furthermore, both
5-hydroxymethylcytosine (5hmC) and N6-methyladenine (6mA) modifications were iden-
tified and found to be preferentially enriched within the inverted terminal repeats (ITRs)
regions of MPXV genome in both viral strains; moreover, the E.4 lineage viral strain ex-
hibits a markedly more intricate and compositionally diversified modification landscape, a
pattern that indicates appreciable epigenetic heterogeneity among MPXV lineages. Our
study furnishes a multi-omics framework that presents a systematic evolutionary fea-
ture of two clinical MPXV isolates and their genomic DNA 5hmC and 6mA modification
topologies, and enhances our understanding of MPXV viral adaptation and diversification.

Viruses 2026, 18, 259 https://doi.org/10.3390/v18020259

https://crossmark.crossref.org/dialog?doi=10.3390/v18020259&domain=pdf&date_stamp=2026-02-18
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0009-0005-8152-6454
https://orcid.org/0000-0003-3721-1998
https://orcid.org/0000-0001-7405-0404
https://doi.org/10.3390/v18020259


Viruses 2026, 18, 259 2 of 22

Keywords: monkeypox virus; Illumina sequencing; Nanopore sequencing; genomic analysis;
epigenetic modification identification

1. Introduction
Mpox is a zoonotic disease caused by the monkeypox virus (MPXV) [1–5] and its

clinical manifestations in humans resemble those of smallpox but with substantially lower
morbidity and mortality [1,6,7]. From the onset of the global mpox outbreak in May 2022
to 30 September 2025, a total of 165,210 confirmed cases and 439 deaths have been reported
worldwide, spanning more than 100 countries and regions [8–11]. The World Health Orga-
nization (WHO) designated the outbreak as a Public Health Emergency of International
Concern (PHEIC) twice, on 23 July 2022 [12], and 14 August 2024 [13]. During this outbreak,
global scientific efforts have largely focused on applying genomic epidemiology approaches
to trace transmission chains and decipher the evolutionary dynamics of the virus [7,14].
Sequencing analyses of viruses isolated from these cases have revealed that the currently
circulating Clade IIb, particularly the B.1 lineage, exhibits signs of accelerated evolution,
with a mutation rate markedly exceeding historical levels [14–16].

MPXV is a double-stranded DNA virus of the genus Orthopoxvirus (family Poxviri-
dae), with a linear genome of approximately 197 kb encoding nearly 175 non-redundant
orthologous poxvirus genes (OPGs). These OPGs participate in multiple stages of the
viral life cycle, including replication, assembly, and host interaction [7,17,18]. Based on
linear genomic sequences, studies have successfully constructed functional gene maps
of MPXV [19–22] and systematically identified key viral virulence and immune evasion
factors. For instance, the membrane fusion component OPG147 facilitates immune eva-
sion by targeting the host MITA/STING signaling pathway to suppress innate immune
responses [23]. The core protease I7, essential for viral particle maturation, has been vali-
dated as a novel target for broad-spectrum anti-orthopoxvirus drugs [24]. In vaccinia virus,
different isoforms of host topoisomerase 2 (TOP2) recruited into viral factories play oppos-
ing roles—promoting viral DNA replication versus activating host defense mechanisms [25].
These findings underscore the foundational importance of linear sequence analysis in eluci-
dating viral gene function. However, a major limitation of the current research paradigm
is its overreliance on linear genomic information, while largely overlooking epigenetic
modifications—a regulatory layer that may profoundly shape viral biology.

DNA methylation and other epigenetic modifications are essential mechanisms gov-
erning gene expression. In virology, 5-methylcytosine (5mC) has been established as a
significant epigenetic marker influencing multiple DNA viruses’ replication cycles, la-
tency establishment, and immune evasion strategies [26]. However, research on DNA
modifications within the Poxviridae family remains comparatively underdeveloped rel-
ative to other viral taxa. Emerging evidence suggests certain poxviruses, including mol-
luscum contagiosum virus, encode putative methyltransferase-like domains that poten-
tially facilitate autonomous DNA modification [27], while vaccinia virus infection models
demonstrate substantial remodeling of the host epigenetic landscape, including altered
histone methylation patterns [28]. Furthermore, Nanopore sequencing of a misidentified
camelpox vaccine strain, later shown to be vaccinia virus, has identified potential epi-
genetic modification signatures within its genomic architecture [29]. Collectively, these
findings from diverse methodological approaches indicate that poxviruses may employ
both direct and indirect mechanisms to modulate DNA modification states, suggesting the
existence of a more sophisticated epigenetic regulatory network than previously recognized.
Specifically regarding MPXV, comprehensive understanding of its epigenetic landscape
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remains substantially limited, with the potential roles of more dynamic modifications like
5-hydroxymethylcytosine (5hmC) and the prokaryotic-associated N6-methyladenine (6mA)
in MPXV genomic regulation and function remaining entirely unexplored.

The recent maturation of Nanopore sequencing platforms has enabled high-resolution
mapping of native DNA modifications [30–34] providing unprecedented capability for
comprehensive investigation of viral epigenomic regulation. This study implements an
integrated approach combining whole-genome variation analysis with systematic profiling
of three DNA methylation modifications (5mC, 5hmC, 6mA) across two distinct MPXV
strains, aiming to characterize their multi-dimensional divergence at both genetic and
epigenetic levels, thereby advancing our understanding of MPXV evolutionary dynamics
and pathogenic mechanisms through novel molecular perspectives.

2. Materials and Methods
2.1. Sample Sources

The two viral DNA samples used in this study were provided by the Institute of
Laboratory Animal Science, Chinese Academy of Medical Sciences, Beijing, China. The
MPXV control samples were generated through multiplex PCR amplification targeting the
viral genome, as described in detail in Section 2.3. All procedures for sample collection,
processing, and analysis were strictly conducted in accordance with China’s National
Guidelines for Mpox Diagnosis and Treatment (2022 Edition) [35] and the Mpox Prevention
and Control Protocol [36].

2.2. MPXV Real-Time Quantitative PCR Detection

MPXV DNA was detected and quantified using a TaqMan probe-based real-time
quantitative PCR assay targeting the viral F3L gene on a LightCycler® 480 II Real-Time PCR
System (Roche Diagnostics, Basel, Switzerland). [35]. The primers and probe sequences
used were as follows: forward primer F3L-F (5′-CTCATTGATTTTTCGCGGGATA-3′), re-
verse primer F3L-R (5′-GACGATACTCTCCTCGTTGGT-3′), and a dual-labeled probe F3L-P
(5′-[FAM]CATCAGAATCTGTAGGCCGT[MGB]-3′). The cycling protocol was as follows:
50 ◦C for 2 min, 95 ◦C for 10 min, followed by 40 cycles of denaturation at 95 ◦C for 30 s
and annealing/extension at 60 ◦C for 1 min. To enable absolute quantification, a standard
curve was generated using a serial dilution of an in-house prepared plasmid containing the
F3L target sequence. The plasmid concentration was determined spectrophotometrically,
and its copy number was calculated based on molecular weight.

2.3. Preparation and Validation of the Whole-Genome Unmodified Control

For epigenetic analysis of MPXV, a whole-genome unmodified control was established.
Briefly, viral genomic DNA extracted from MPXV-infected Vero E6 cells was used as the
template. To ensure unbiased coverage of the entire viral genome (~197 kb), it was divided
into 59 overlapping fragments with an average length of 3.1 kb (primer sequences are
provided in Table S1). All fragments were individually amplified using Premix Taq™-
Ex Taq™ Version 2.0 plus dye (RR902A) (Takara Bio Inc., Shiga, Japan), under unified
optimized PCR conditions consisting of an initial denaturation at 98 ◦C for 10 s, followed
by 30 cycles of denaturation at 98 ◦C for 10 s, annealing at 55 ◦C for 30 s, and extension
at 72 ◦C for 1 min per kb. The amplification products were confirmed by 1% agarose gel
electrophoresis and purified using the Wizard® SV Gel and PCR Clean-Up System (A9282)
(Promega Corporation, Madison, WI, USA). The purified 59 fragments were accurately
quantified using a Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and
subsequently pooled at equimolar ratios to constitute the “whole-genome unmodified
DNA pool”.
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This control pool was validated by Oxford Nanopore direct DNA sequencing (Oxford
Nanopore Technologies, Oxford, UK). Specifically, no less than 1 µg of the pooled DNA was
subjected to end-repair, followed by adapter ligation to construct a standard DNA sequenc-
ing library. The library was sequenced on a MinION Mk1C platform (Oxford Nanopore
Technologies, Oxford, UK). The raw signal data were base-called using Dorado v0.9.5 [37],
and the resulting reads were aligned to the MPXV reference genome (NC_063383.1) using
Minimap2 v2.28-r1209. Furthermore, leveraging the inherent sensitivity of Nanopore tech-
nology to DNA base modifications, subsequent analysis verified that this PCR-prepared
control pool did not contain significant DNA modification signals across the entire genome,
thereby validating its effectiveness as an unmodified baseline control. Detailed compar-
ative data of modification sites between the samples and the control are provided in the
Supplementary Materials (Table S2).

2.4. Whole-Genome Sequencing of MPXV

Two distinct strategies were employed for whole-genome sequencing. Strategy 1:
Genomic DNA was randomly fragmented into approximately 350 bp fragments using a
Covaris shearing system (Covaris, Woburn, MA, USA). Library preparation was conducted
with the Rapid Plus DNA LibPrep Kit for Illumina (RK20208) (ABclonal Technology, Wuhan,
Hubei, China), followed by paired-end sequencing (PE150) on the Illumina NovaSeq X
Plus platform (Illumina, San Diego, CA, USA). This strategy was applied to generate
high-accuracy short-read data for downstream whole-genome analyses, including single-
nucleotide polymorphism (SNP) identification, lineage assignment, and phylogenetic
reconstruction. Strategy 2: Viral DNA integrity and fragment size distribution were
assessed using the Qsep1-Plus portable capillary electrophoresis system (BiOptic Inc.,
New Taipei City, Taiwan) with the S3 standard cartridge. Subsequently, the Ligation
Sequencing Kit V14 (SQK-LSK114) (Oxford Nanopore Technologies, Oxford, UK) and
NEBNext® Companion Module v2 (E7672S) (New England Biolabs, Ipswich, MA, USA)
were used for end repair and sequencing adapter ligation to construct the sequencing
library. Sequencing was performed on the Oxford Nanopore Technologies MinION Mk1C
platform using the R10.4.1 flow cell (FLO-MIN114) (Oxford Nanopore Technologies, Oxford,
UK). The sequencing process was controlled by MinKNOW v24.06.15. This strategy was
specifically designed for direct detection of DNA base modifications, leveraging Nanopore
sequencing’s ability to preserve native DNA molecules and capture raw electrical signal
information required for epigenetic analysis.

2.5. Whole-Genome Sequence Assembly and Mutation Analysis

The MPXV reference genome NC_063383.1 was retrieved from the NCBI database.
Raw sequencing data were quality-controlled and filtered using fastp v0.24.1 [38] and
FastQC v0.12.1, with the following thresholds: minimum base quality of 20, maximum
allowable proportion of low-quality bases set to 30%, and minimum read length of 150 bp.
Host genome contamination was subsequently removed using bowtie2 v2.5.4 [39] and
bwa-mem2 v2.2.1 [40], and high-quality sequencing reads were aligned to the reference
genome. Variant calling was performed with bcftools v1.22 [41] using parameters: mapping
quality ≥ 25 and base quality ≥ 20. Low-confidence variants located within 500 bp of the
genome termini with quality scores < 20 or sequencing depth < 10× were excluded. Finally,
high-confidence variants were functionally annotated using SnpEff v5.2 [42].

2.6. Phylogenetic and Molecular Evolution Analysis

A total of 3196 complete genomes longer than 196 kb were retrieved from the NCBI
Virus Database (https://www.ncbi.nlm.nih.gov/labs/virus; accessed on 25 September
2025), and 5474 high-coverage complete genomes containing all coding sequences were
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obtained from GISAID (https://www.gisaid.org) (data as of 25 September 2025). After
merging and deduplication, sequence quality was assessed using NextClade v3.17.0 [43],
resulting in 6387 high-quality genomes for the reference dataset (Table S3). Preliminary
lineage identification via the NextClade online platform (https://clades.nextstrain.org; ac-
cessed on 25 September 2025) classified Sample 1 as lineage E.3 and Sample 2 as lineage E.4.
For phylogenetic analysis, all E.3 and E.4 genomes from the reference dataset were extracted,
and three representative sequences were randomly selected from each of the remaining
lineages, combined with the two MPXV samples from this study. Multiple sequence
alignment was performed using MAFFT v7.525 [44] and refined with trimAl v1.5.0 [45].
Maximum-likelihood phylogenetic trees were constructed with IQ-TREE v3.0.1 [46], using
ModelFinder (implemented in IQ-TREE v3.0.1) for optimal nucleotide substitution model
selection and 1000 bootstrap replicates for node support evaluation. Final visualization and
annotation were conducted using the iTOL v7 online tool.

2.7. DNA Methylation Analysis

Sequencing data (POD5 files) were base-called using Dorado v0.9.5 [37] in super-
accurate mode. For systematic detection of DNA methylation, two modification models
were applied: dna_r10.4.1_e8.2_400bps_sup@v5.0.0_5mC_5hmC@v3 and dna_r10.4.1_e
8.2_400bps_sup@v5.0.0_6mA@v3. Processed high-quality reads were aligned to the MPXV
reference genome (NC_063383.1) using minimap2 v2.28-r1209 with preset parameters
(-x map-ont). SAMtools v1.21 was used to extract alignment statistics including base
distribution, sequencing quality, read length, and per-site sequencing depth. Epigenetic
modification data from Dorado were analyzed using modkit v0.5.0 [47]. The 5th percentile
of modification probability distribution was set as the threshold (percentiles = 0.05) for
genome-wide quantification of 5mC, 5hmC, and 6mA modification frequencies, with spe-
cific evaluation of CpG motif modifications. Differential modification sites were identified
using modkit’s beta distribution model to compare modification levels between MPXV
samples and controls, retaining sites meeting significance thresholds (map_pvalue ≤ 0.05,
mod_ratio ≥ 0.2).

2.8. Statistical Analysis

All data analyses and visualizations were performed using Python v3.8.20 and R v4.4.3.

3. Results
3.1. Summary of Sequencing Data and Analytical Approach

To gain insights into the evolutionary and methylation modification features, DNA
of the two samples was extracted for further sequencing. The quality of sequencing data
was then systematically evaluated. Illumina NovaSeq data from both samples met the
requirements for analysis, with stable per-cycle base quality (mean > Q30, error rate < 0.1%)
enabling reliable single nucleotide polymorphisms (SNPs) identification (Figure 1A). GC
content and nucleotide distributions were as expected, and insert size distributions were
tightly clustered, indicating minimal sequencing bias and high library preparation qual-
ity (Figure 1B–D). Viral genome coverage analysis showed average depths exceeding
280×, with >99.9% of regions covered at ≥30×, supporting low-frequency variant de-
tection (Figure 1E). Oxford Nanopore sequencing results showed that MPXV-targeted
read proportions were 0.17% (Sample 1), 1.15% (Sample 2), and 99.44% (controls), align-
ing with experimental expectations (Figure 2(AI–AIII)). Genome coverage depths were
74× (Sample 1), 820× (Sample 2), and 26,552× (controls), with no significant coverage
gaps and uniform coverage (Figure 2(BI–BIII)). Long-read sequencing showed comparable
read length distributions across samples: Sample 1 had an average read length of 727 bp
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(N50 = 2810 bp), Sample 2 averaged 1403 bp (N50 = 2606 bp), and control samples averaged
2839 bp (N50 = 3142 bp), consistent with expected characteristics of Nanopore sequencing
(Figure 2C). Bubble plots confirmed most reads clustered in long-length/high-quality re-
gions, verifying data suitability (Figure 2D). Our integrated approach leveraged Illumina
data for error correction and SNPs detection, while Nanopore long reads enabled structural
resolution and direct epigenetic modification detection. This strategy achieved gap-free
genome assembly, validated genomic integrity, established phylogenetic foundations, and
permitted direct detection of DNA base modifications.

Figure 1. Assessment of Illumina Sequencing Quality for Two Monkeypox Virus (MPXV) Genomes.
(A) Quality score distribution of paired-end reads. (B) Nucleotide composition (A, T, C, and G)
distribution. (C) GC content distribution. (D) Insert size distribution of paired-end reads. (E) Genome
coverage distribution.
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Figure 2. Quality assessment of Nanopore sequencing data for two MPXV samples and control
samples. (A) Proportion of mapped reads to the reference genome, including (AI) Sample 1,
(AII) Sample 2, and (AIII) control. The numbers shown in the pie charts represent the number
of mapped reads and their percentage relative to the total reads. (B) Genome coverage distribution
(log10-transformed), including (BI) Sample 1, (BII) Sample 2, and (BIII) control. (C) Read length
distribution (log10-transformed). (D) Relationship between read length and quality score.

3.2. Phylogenetic Characteristics of the Two MPXV Isolates

To determine the transmission origins of the two MPXV cases, we constructed a maxi-
mum likelihood phylogenetic tree incorporating two locally sequenced genomes together
with 203 representative global reference genomes retrieved from GISAID and GenBank
(Figure 3, Table S3). Phylogenetic analysis showed that the two locally identified strains
belonged to distinct lineages: Sample 1 clustered within lineage E.3, whereas Sample 2
was assigned to lineage E.4, with both lineages descending from the ancestral C.1.1 clade
(Figure 3). Notably, the two samples did not cluster together, indicating independent evolu-
tionary histories. Specifically, Sample 1 (E.3) grouped with contemporaneous sequences
sampled between late 2023 and early 2024 from multiple regions, including Brazil, the
United States, the Netherlands, Germany, Portugal, and several provinces in China (e.g.,
Jiangsu and Guangdong). In contrast, Sample 2 (E.4) formed a well-supported clade with
sequences from Australia, Hungary, Japan, India, and regions of China including Guang-
dong and Taiwan, most of which were collected in mid to late 2024. The clear phylogenetic
separation of the two local isolates into different C.1.1-derived sublineages, together with
their close relationships to geographically diverse international strains, provides evidence
for at least two independent viral introduction events into the region, followed by parallel
local transmission processes, rather than transmission arising from a single local source.
Although the interpretation of transmission dynamics may be influenced by sampling bi-
ases in global sequence repositories and the limited number of locally sequenced genomes,
these findings nonetheless offer important preliminary evidence for multiple introduction
pathways and underscore the necessity of integrating expanded genomic surveillance with
detailed epidemiological data to more precisely reconstruct local transmission routes.
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Figure 3. Phylogenetic Tree of Two Locally Identified MPXV Genomes. Whole-genome comparison
of two locally identified MPXV sequences with 203 representative reference genomes (Table S3) was
used to construct a maximum-likelihood phylogenetic tree. The tree was rooted using Clade I as the
outgroup. Dark blue circles (#0C5495) on branches indicate bootstrap support values > 75%. The
reference sequence label shows the MPXV separation location and date to the right. The two enlarged
views correspond to the E.3 lineage of Sample 1 and the E.4 lineage of Sample 2, respectively. Strains
are annotated according to their geographic origins using different symbols: circles (•) indicate strains
from China; squares (■) indicate strains from Europe; triangles (▲) indicate strains from the Americas;
and diamonds (◆) indicate strains from other Asian regions.
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3.3. APOBEC3-Driven Evolution and Lineage-Specific Mutations in Mpox Virus Revealed
by Genomic Analysis

To characterize the micro-evolutionary features of the viral strains, we conducted whole-
genome alignment of both samples against the reference strain (GenBank: NC_063383.1),
which systematically revealed their genomic variation profiles. Comparative genomic anal-
ysis identified 79 and 85 SNPs in Sample 1 and Sample 2, respectively. Sample 1 contained
78 base substitutions and one deletion, while Sample 2 comprised 83 substitutions and
two deletions. Phylogenetic analysis confirmed 70 shared SNPs between the two samples,
supporting their common evolutionary origin. Genomic distribution analysis showed
that 42 mutations in each sample were in the central core region, with the remaining
36 (Sample 1) and 43 (Sample 2) mutations distributed in terminal variable regions and
inverted terminal repeats (ITRs). Functional annotation revealed 50 non-synonymous
and 29 synonymous mutations in Sample 1, compared to 55 non-synonymous and
30 synonymous mutations in Sample 2 (Figure 4A). Notably, both samples exhibited promi-
nent APOBEC3-mediated editing signatures. Sample 1 contained 67 canonical APOBEC3-
driven mutations (29 TC > TT and 38 GA > AA), while Sample 2 showed 66 such mutations
(27 TC > TT and 39 GA > AA) (Figure 4A), indicating substantial host immune editing
pressure during viral evolution. SnpEff annotation identified 39 moderate/high-impact
mutations in each sample (Figure 4A), with seven unique moderate/high-impact mutations
specific to each strain (Figure 4B). Sample 1’s unique mutations were enriched in viral
DNA replication and assembly genes, including OPG055, OPG056, OPG057 (encoding
protein F11, EEV maturation protein, and palmytilated EEV membrane protein, respec-
tively), OPG094 and OPG105 (encoding virion core protein D3 and the RNA polymerase-
associated transcription-specificity factor RAP94, respectively), OPG164 (encoding an IEV
transmembrane phosphoprotein, C142797T, p.Ser7Leu), and OPG210 (encoding a B22R fam-
ily surface glycoprotein, containing a cadherin-like domain). Sample 2’s unique mutations
predominantly involved transcriptional regulation and host interaction genes, includ-
ing OPG023 (encoding an ankyrin repeat protein homologous to VACV D7L, C12062T,
p.Arg280Lys), OPG061 (encoding a non-functional serine recombinase, similar to VACV-
WR C22L and VACV-Cop F16L), OPG092 (encoding the virion assembly protein G7),
OPG114 (encoding virion protein D2), OPG137 (encoding a viral membrane formation pro-
tein, C119920T, p.Arg107Cys), OPG153 (encoding an A-type inclusion protein, ortholog of
VACV A26L/A30L), and OPG192 (encoding a virulence protein, ER-resident). Furthermore,
sliding window analysis (1000 bp windows) revealed relatively even genome-wide varia-
tion distribution with localized clustering (Figure 4B). Sample 2 exhibited higher variation
density in window 150,001–151,000 (Figure 4B), separately, sample-unique variations were
identified in multiple windows. Those unique to Sample 1 included windows 20,001–21,000
and 36,001–37,000, among others, whereas Sample 2-specific windows included 9001–10,000
and 10,001–11,000 (Figure 4B). Despite localized differences, the overall variation distribu-
tion patterns remained consistent between samples (Figure 4B), supporting independent
micro-evolution within a shared evolutionary framework. We conducted systematic re-
trieval and comparative analysis of all sequences belonging to E.3 and E.4 lineages in the
reference dataset. Through comparison with the reference genome NC_063383.1, we first
identified the unique key mutations carried by our two samples within their respective sub-
lineages. Sample 1 (E.3 lineage) contained five unique key mutations: G36431A (OPG055,
p.Ser218Leu), C38476T (OPG056, p.Glu187Lys), C39430T (OPG057, p.Asp256Asn), G73790A
(OPG094, p.Gly4Glu), and C186253T (OPG210, p.Ser1633Leu). Sample 2 (E.4 lineage)
carried one unique key mutation: A167098T (OPG192, p.Glu123Val). Furthermore, we
comprehensively screened all lineages in Clade IIb from the reference database and con-
structed nucleotide variation profiles for each lineage (Figure 4C). Based on this analysis,
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we identified and annotated characteristic mutations specific to E.3 and E.4 lineages rela-
tive to other lineages (Figure 4C). In the E.3 lineage, prominent specific variants included
C38476T (OPG056, p.Glu187Lys) and C84150T (OPG105, p.Leu1009Phe). In the E.4 lineage,
we identified three specific missense mutations: G41806A (OPG061, p.His27Tyr), C94424T
(OPG114, p.Asp82Tyr), and A167098T (OPG192, p.Glu123Val). Additionally, the E.4 lineage
contained one high-impact nonsense mutation C72485T (OPG092, p.Glu155*) and one syn-
onymous mutation C136791G (OPG153, p.Glu293=). Collectively, these sites are distributed
across genes critical for viral replication, transcriptional regulation, and host interactions.
They likely contribute to molecular evolution within each lineage and represent potential
lineage-specific markers with biological significance.

Figure 4. Mutational profile of two locally identified MPXV genomes. (A) Overall mutational profiles
of the two local MPXV cases. Panels (AI–AIII) show the distributions of annotation categories (AI),
predicted impact levels (AII), and SNP mutation types (AIII), with blue and orange representing
Sample 1 and Sample 2, respectively. (B) Genome-wide mutation density distribution calculated
using 1000 bp sliding windows. Blue dots indicate mutation sites unique to a single MPXV case,
whereas red and orange dots represent mutation sites shared by both cases; red dots denote mutations
predicted to have high impact. (C) Lineage-specific mutation sites identified by comparison with the
MPXV reference genome (NC_063383.1). Mutation sites highlighted in blue and orange backgrounds
correspond to lineages E.3 and E.4, respectively.
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3.4. Epigenetic Landscape of MPXV Reveals 5hmC/6mA Enrichment and Lineage-Specific
Modification Patterns

To systematically characterize the epigenetic modification profile of MPXV, we per-
formed comprehensive DNA methylation analysis on both viral isolates. Using PCR-
amplified MPXV whole-genome sequences as an unmodified control, we identified three
modification types (5mC, 5hmC, and 6mA) with the modkit tool, applying a significance
threshold of p ≤ 0.05 and a mod_ratio difference ≥ 0.2 between sample and control as the
cutoff for genuine modifications. Notably, no significant 5mC modifications were detected
in either sample (Figures 5 and 6 and Table 1).

Figure 5. DNA methylation landscape of MPXV Sample 1. (A) Distribution of 5mC and 5hmC
modifications along the forward (AI) and reverse (AII) strands of the genome, presented as stacked
bar plots. (B) Distribution of 6mA modifications along the forward (BI) and reverse (BII) strands.
Enlarged views highlight sites with mod_ratio ≥ 0.2 on each strand. Red pentagrams (✩) denote
conserved 5hmC modification sites shared with Sample 2, and red inverted triangles (▽) denote
conserved 6mA modification sites shared with Sample 2. Light blue shaded regions at both ends of
the genome indicate inverted terminal repeat (ITR) regions.

https://doi.org/10.3390/v18020259

https://doi.org/10.3390/v18020259


Viruses 2026, 18, 259 12 of 22

Figure 6. DNA methylation landscape of MPXV Sample 2. (A) Distribution of 5mC and 5hmC modifica-
tions along the forward (AI) and reverse (AII) strands of the genome, including CpG island–associated
modifications. Enlarged views specifically display CpG island–associated modification sites. Red
arrows indicate prominent CpG modification sites with a modification ratio (mod_ratio) ≥ 0.2.
(B) Distribution of 6mA modifications along the forward (BI) and reverse (BII) strands. Enlarged
views highlight sites with mod_ratio ≥ 0.2 on each strand. Red pentagrams (✩) denote conserved
5hmC modification sites shared with Sample 1, and red inverted triangles (▽) denote conserved 6mA
modification sites shared with Sample 1. Light orange shaded regions at both ends of the genome
indicate inverted terminal repeat (ITR) regions.

Table 1. Distribution and gene association of 5-hydroxymethylcytosine (5hmC) and N6-
methyladenine (6mA) modification sites in two Monkeypox Virus (MPXV) isolates.

Mod_Type Sample 1 Sample 2 Strand p (Sample 1/Sample 2) Mod_Ratio (Sample 1/Sample 2) Gene Function

5hmC 1656 + >0.05/<0.001 0/0.210 / /

2165 + >0.05/<0.001 0/0.443 OPG002
Crm-B secreted

TNF-alpha-receptor-like
protein
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Table 1. Cont.

Mod_Type Sample 1 Sample 2 Strand p (Sample 1/Sample 2) Mod_Ratio (Sample 1/Sample 2) Gene Function

111,690 + >0.05/<0.001 0/0.393 OPG130 A5L protein-like
183,521 - >0.05/<0.001 0/0.314 OPG210 B22R family protein

195,045 195,045 - 0.015/<0.001 0.208/0.439 OPG002
Crm-B secreted

TNF-alpha-receptor-like
protein

195,554 - >0.05/<0.001 0/0.220 / /
6mA 247 247 + <0.001/<0.001 0.276/0.250 / /

410 410 + <0.001/<0.001 0.214/0.240 / /
419 + 0.001/>0.05 0.212/0 / /

467 + >0.05/<0.001 0/0.240 / /
897 + 0.002/>0.05 0.212/0 OPG001 Chemokine binding protein

1831 + >0.05/<0.001 0/0.200 OPG002
Crm-B secreted

TNF-alpha-receptor-like
protein

3645 + >0.05/<0.001 0/0.200 OPG003 Ankyrin repeat protein (25)
32,580 + 0.002/>0.05 0.211/0 OPG049 Telomere-binding protein I6 (1)

35,614 + 0.021/>0.05 0.233/0 OPG054 Serine/threonine-protein
kinase

60,963 + 0.014/>0.05 0.201/0 OPG080 Ribonucleoside-diphosphate
reductase (2)

91,259 + 0.024/>0.05 0.200/0 OPG112 Late protein H7
106,752 + <0.001/>0.05 0.284/0 OPG125 Rifampicin resistance protein
124,719 - 0.013/>0.05 0.300/0 OPG145 DNA helicase
125,353 + 0.010/>0.05 0.230/0 OPG145 DNA helicase

128,268 + 0.002/>0.05 0.243/0 OPG150 Intermediate transcription
factor VITF-3 (2)

178,520 + 0.002/>0.05 0.217/0 OPG206 misc_feature

195,379 - >0.05/<0.001 0/0.200 OPG002
Crm-B secreted

TNF-alpha-receptor-like
protein

195,465 - >0.05/<0.001 0/0.210 OPG002
Crm-B secreted

TNF-alpha-receptor-like
protein

195,910 - >0.05/<0.001 0/0.200 OPG001 Chemokine binding protein
196,512 - 0.015/>0.05 0.208/0 / /

196,743 - >0.05/<0.001 0/0.200 / /
196,800 - >0.05/<0.001 0/0.210 / /
196,963 - >0.05/<0.001 0/0.240 / /

Analysis identified 15 modification sites in Sample 1 and 17 modification sites in
Sample 2 (Figures 5 and 6 and Table 1). In Sample 1, one 5hmC site and fourteen 6mA
sites were detected (Figure 5A,B and Table 1), with the majority of 6mA modifications
located on the positive strand. Several 6mA sites were mapped to key viral genes (Table 1),
including OPG001 (chemokine-binding protein), OPG145 (DNA helicase), and OPG150
(intermediate transcription factor VITF-3), as well as additional annotated genes primar-
ily involved in viral replication, transcription, and immune modulation, whereas the
remaining sites were not associated with annotated genes and may reside in intergenic
regions or represent uncharacterized regulatory elements (Table 1). In Sample 2, six 5hmC
sites and eleven 6mA sites were identified (Figure 6A,B and Table 1). Notably, multiple
5hmC and 6mA modifications were detected within genes related to immune evasion
and transcriptional regulation (Table 1), and several 5hmC sites (1656, 2165, 195,045 and
195,554) were located within CpG islands (Figure 6A). Both samples exhibited pronounced
enrichment of DNA modifications in the ITR regions, with 5hmC showing substantially
stronger signals than 5mC (Figures 5 and 6). To accurately interpret these signals despite
the sequence identity of the two ITRs, we analyzed strand-specific patterns. Methylation
peaks were concurrently present at the 5′ ends of both the positive and negative strands.
Because the 5′ end of the negative strand corresponds to the 3′ physical terminus of the
viral genome, this symmetric “dual 5′-end peak” pattern provides direct evidence that
DNA modifications occur at both genomic ends. This observation supports the interpre-
tation that the enrichment of modifications in the ITR regions reflects genuine biological
features rather than random mapping artifacts. Comparative analysis revealed three con-
served modification sites shared by both samples, including one 5hmC site (195,045) and
two 6mA sites (247 and 410) (Figures 5 and 6 and Table 1). In contrast, distinct modification
patterns were observed between the two samples. Sample 1 contained twelve unique
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6mA sites distributed across both strands (Figure 5B), whereas Sample 2 displayed a more
complex modification landscape with five unique 5hmC sites and nine unique 6mA sites
(Figure 6A,B and Table 1). These differences represent sample-associated variation in DNA
modification patterns observed under the experimental conditions analyzed. Given the
limited number of viral genomes examined, further studies incorporating multiple inde-
pendently prepared viral samples will be required to determine whether these patterns
reflect stable lineage-associated features or condition-dependent epigenetic variability.

4. Discussion
Since the 2022 global mpox outbreak initiated, the virus has demonstrated dynami-

cally evolving transmission patterns, with the epidemic epicenter notably transitioning
from European and American regions toward the Asia-Pacific basin during 2022–2024
as case numbers progressively increased across APAC countries [8,10,11]. China’s dual
status as both a pivotal Asia-Pacific nation and one of the ten most significantly affected
countries globally renders its epidemiological situation particularly crucial [11], espe-
cially considering Guangdong Province—reporting the highest case burden in mainland
China—has revealed substantial MPXV molecular evolution through comprehensive ge-
nomic surveillance implemented during the outbreak since 2023 [7,14]. This context renders
understanding MPXV’s evolutionary patterns and trajectory paramount, though sustained
regional whole-genome surveillance reports have remained limited since 2023 [48–55], a
critical knowledge gap our study addresses through high-resolution genomic analysis of
local cases, providing valuable data to elucidate MPXV’s evolutionary dynamic.

Our phylogenetic analysis provides direct evidence for this transmission complex-
ity, demonstrating that while China’s first reported September 2022 case in Chongqing
belonged to lineage B.1 [56], subsequently reported viral genomes from multiple locations
showed no epidemiological linkage to this index case [16,50,51,57] indicating multiple
independent importation events into mainland China—a pattern our findings further sub-
stantiate by revealing that Samples 1 (E.3) and 2 (E.4), though both tracing back to ancestral
C.1.1 lineage, form distinct clades strongly suggesting concurrent circulation of at least
two independent transmission chains during the same period. Sample 1 clusters with
reference sequences from Brazil, the United States, the Netherlands, Germany, Portugal,
and China’s Jiangsu and Guangdong provinces, while Sample 2 branches with sequences
from Australia, Hungary, Japan, India, and China’s Guangdong Province and Taiwan
region, revealing complex cross-regional and local transmission networks consistent with
national observations [58–62] where determining whether MPXV sequences resulted from
direct overseas importation or domestic interprovincial spread remains challenging with-
out additional epidemiological evidence. Given sampling biases in global databases and
the limited sample size of our study, our conclusions represent important preliminary
evidence that precisely underscores the urgency of establishing more comprehensive and
representative global and local genomic surveillance systems [58–62].

At the molecular level, the mpox outbreak since 2022 has been characterized by accel-
erated mutation rates and altered transmission dynamics [8,14,63], drawing significant re-
search attention to its underlying mechanisms. Current understanding of MPXV molecular
evolution primarily encompasses three key processes: accumulation of specific mutations,
viral recombination events, and evolution of codon usage preferences [16,64,65]. Particu-
larly noteworthy is the growing evidence for APOBEC3-mediated hypermutation, whereby
host antiviral proteins drive extensive viral genome editing [14,16,59,64,66]. Forni et al. [67]
provided systematic evidence that such APOBEC3 editing signatures are widespread across
human-infecting orthopoxviruses, including MPXV and variola virus, based on the analysis
of 1624 human MPXV1 genomes. This mutational signature is characterized by a strong
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C-to-T/G-to-A bias with a pronounced preference for 5′-TC-3′ sequence contexts, consistent
with the known editing specificity of human APOBEC3 enzymes. Notably, APOBEC3-
associated mutations were found to be enriched in highly expressed viral genes, suggesting
that transcription-associated exposure of single-stranded DNA may increase susceptibility
to host-mediated editing. Moreover, these signatures were prominent in human-adapted
viruses such as variola virus but largely absent in orthopoxviruses predominantly infecting
animal hosts, strongly implicating APOBEC3 editing as a host-specific evolutionary force
in humans.

Our findings provide substantial support for this mechanism, demonstrating that
both viral samples accumulated numerous SNPs, with APOBEC3-mediated mutations
constituting 84.8% and 77.6% of total mutations in Samples 1 and 2, respectively. The
APOBEC3 enzyme family, known to be upregulated during viral infection, can suppress
diverse viruses through both deaminase-dependent and independent pathways [68]. In-
triguingly, sublethal APOBEC3 activity may paradoxically promote viral evolution by
generating hypermutated but viable variants with novel characteristics—a phenomenon
well-established in HIV pathogenesis [69] that appears equally relevant to MPXV evolution.

Our analysis further revealed high-frequency APOBEC3 signature mutations, predomi-
nantly TC > TT and GA > AA transitions, that closely match the editing preference of human
APOBEC3A [70]. Given APOBEC3A’s specific expression in keratinocytes and skin tissues,
this finding offers mechanistic insight into MPXV’s pronounced cutaneous tropism. The
substantial diversity among APOBEC3 enzymes in their nucleotide sequence preferences,
combined with their tissue-specific and species-specific expression patterns [71], likely
contributes to the distinct mutational profiles observed across different transmission chains.

Importantly, recent epidemiological and genomic evidence suggests that APOBEC3-
associated mutational processes were already active before the 2022 global outbreak.
Ndodo et al. [72] demonstrated that multiple genetically distinct MPXV lineages were
co-circulating in humans in Nigeria during 2019–2020, including the A.2 lineage, indicating
sustained human-to-human transmission prior to widespread global dissemination. Their
study further showed that these pre-2022 lineages continued to accumulate APOBEC3-like
mutations, highlighting the long-standing role of host-driven editing during cryptic trans-
mission. Notably, all A.2 lineage isolates harbored a lineage-defining nonsense mutation in
the A46R gene that is consistent with an APOBEC3-mediated editing event, suggesting that
APOBEC3 activity may directly contribute to viral host adaptation by modulating genes
involved in innate immune regulation.

In this context, the global outbreak likely created compressed transmission chains that
amplified the frequency and visibility of APOBEC3-associated mutations [7,62,73], with
evidence suggesting the virus preferentially accumulates such mutations with minimal
adaptation costs under persistent natural selection [7,64]. However, definitive attribution
of the post-2022 mutational excess solely to human APOBEC3-mediated editing remains
elusive, as the epidemiological complexity and APOBEC3’s potential evolutionary role
introduce substantial uncertainty regarding outbreak origins and transmission pathways.
Nevertheless, these observations collectively suggest that APOBEC3-mediated evolution
represents a persistent process that may emerge as a dominant driver of MPXV adaptation
within human populations.

While APOBEC3 activity generates substantial mutational diversity, it is the key
variants subsequently fixed by natural selection that ultimately determine lineage dif-
ferentiation and potential functional divergence. Within this evolutionary context, the
missense mutation (p.Arg280Lys) in the OPG023 gene is of particular interest. This gene
has been identified as a high-frequency mutation locus in MPXV evolution, with phylo-
genetic analyses indicating it is among the proteins accumulating the highest number of
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variants [74]. In contrast to the loss-of-function mutations (e.g., nonsense, frameshift, or
large deletions) previously reported in the B.1 lineage [75] and the truncating mutation
identified in the A.2.3 lineage [76], the p.Arg280Lys substitution identified in our isolate
represents a conserved amino acid change located within the predicted ankyrin repeat
domain. This domain typically mediates specific protein–protein interactions and plays a
key role in poxviral immune modulation. Although this substitution may not completely
disrupt protein folding or stability, it could subtly modulate binding affinity or specificity
for host targets—such as certain adapter proteins or transcription factors within the NF-
κB pathway—by altering surface electrostatics or local conformation. This “functional
fine-tuning” mechanism, together with complete loss-of-function mutations, constitutes
a diverse array of evolutionary strategies that OPG023 may employ during adaptation
to different hosts or transmission environments. Therefore, continued surveillance and
functional validation of this missense mutation will contribute to a more comprehensive
understanding of the molecular evolutionary trajectory and adaptive potential of MPXV in
the context of sustained human-to-human transmission.

Additionally, our systematic comparative analysis of reference datasets revealed
that E.3 and E.4 lineages have each accumulated distinct sets of lineage-specific mu-
tations. Particularly noteworthy is our identification of a high-impact nonsense muta-
tion C72485T (OPG092, p.Glu155*) in the E.4 lineage, which may truncate the late tran-
scription factor VLTF-1 and consequently affect viral late gene transcription and virion
assembly—potentially serving as a key molecular marker for this lineage. Simultaneously,
the E.4 lineage has fixed several other specific missense mutations, including G41806A
(OPG061, p.His27Tyr) in the helicase gene and C94424T (OPG114, p.Asp82Tyr) in the RNA
polymerase subunit gene. In contrast, the E.3 lineage demonstrates different evolutionary
pathways, with its characteristic mutations such as C38476T (OPG056, p.Glu187Lys) and
C84150T (OPG105, p.Leu1009Phe) enriched in DNA replication pathways. Furthermore,
existing research indicates that missense mutations can provide adaptive advantages for
viruses and may reflect viral adaptation processes to human hosts [7]. The documented
preference of MPXV for accumulating nonsynonymous mutations during evolution [7]
is consistent with our findings, which show that Sample 1 and Sample 2 contained 50
and 55 nonsynonymous mutations, respectively, with the aforementioned lineage-specific
mutations being predominantly missense—thereby supporting their potential adaptive
functions. Collectively, these lineage-specific mutations demonstrate non-random genomic
distribution, instead showing precise localization within key genes intimately involved in
viral replication, transcriptional regulation, and host interactions. This pattern indicates
that under shared APOBEC3 editing pressure, E.3 and E.4 lineages have embarked on
parallel adaptive evolutionary trajectories by accumulating different adaptive mutations
across various functional genes. These mutations not only possess potential utility as
lineage markers for molecular tracing but, more significantly, may constitute the molecular
foundation for understanding potential phenotypic differences between lineages.

The most exploratory dimension of our investigation emerges from comprehensive
DNA methylation analysis of MPXV genomes—representing the first systematic characteri-
zation of the DNA modification landscape in clinically isolated MPXV strains. Our method-
ological approach employed PCR-amplified MPXV whole genomes as unmodified controls
and utilized the modkit tool with stringent thresholds (p ≤ 0.05, mod_ratio difference ≥ 0.2)
to minimize false-positive signals. Within this rigorous analytical framework, we detected
no significant 5mC modifications in either sample but consistently identified both 5hmC
and 6mA sites. This distinctive modification profile suggests that MPXV may possess
epigenetic regulatory characteristics distinct from host chromatin architecture.
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The absence of detectable 5mC modifications in our study may reflect intrinsic char-
acteristics of the MPXV genome. Beyond 5mC, both 5hmC and 6mA represent equally
crucial DNA modifications with significant regulatory functions [77]. Our findings indicate
that the MPXV genome appears resistant to stable 5mC modification by host DNA methyl-
transferases, while the consistent detection of 5hmC signals suggests viral DNA exposure
to host oxidative modification environments. Since 5hmC is primarily catalyzed by TET
family dioxygenases [32], its presence in the MPXV genome likely results from host TET
enzyme activity on viral DNA [78], revealing intricate interactions between the virus and
the host epigenetic machinery [77].

Particularly noteworthy is our identification of multiple 6mA sites within the MPXV
genome. As an evolutionarily conserved and dynamic DNA mark [79], 6mA has been
demonstrated to influence chromatin architecture through mechanisms including nucleo-
some positioning in eukaryotic systems [80]. Its detection in MPXV suggests that analogous
regulatory mechanisms may operate on viral genomes, with the widespread presence of
6mA and its specific regulatory enzymes in the human genome providing mechanistic
plausibility for this phenomenon [81]. Furthermore, observations of dynamic 6mA accumu-
lation in zebrafish and porcine early embryos [82] indicate this modification can achieve
elevated levels in rapidly proliferating cellular environments, offering a valuable analogy
for understanding 6mA detection in fast-replicating viral contexts.

Our study observed a significant enrichment of 5hmC and 6mA modifications within
the inverted terminal repeat (ITR) regions of the viral genome. This specific spatial distri-
bution pattern may carry multifaceted biological significance. Firstly, ITR regions play a
crucial role in poxviral replication and transcription initiation, harboring core sequences
essential for replication origin and early transcriptional regulatory elements [83]. The
clustering of epigenetic modifications within these regions suggests their potential involve-
ment in the fine-tuning of these fundamental processes. For instance, existing research
suggests that 6mA can influence nucleosome positioning by modulating DNA flexibility or
steric hindrance [80,84]. Based on this, we hypothesize that 6mA modifications within the
ITRs may, through similar mechanisms, alter local DNA conformation or accessibility. This
could, in turn, affect the assembly or binding efficiency of the replication machinery, such as
DNA polymerase complexes, potentially modulating the timing or efficiency of replication
initiation. Secondly, this symmetrical enrichment pattern at both genomic termini (the
“dual 5′-end peak” pattern) may reflect structural or functional specialization. The sec-
ondary structures (e.g., hairpin loops) formed by ITRs are key features of poxvirus genome
termini. Modified bases could influence the stability of these structures or their interactions
with host factors. While direct evidence in MPXV is lacking, the symmetry of the pattern
implies it is likely an ordered, non-random event. Future studies involving the construction
of viral mutants with specific modification site abrogations, combined with functional
assays, will be necessary to directly validate the precise roles of these epigenetic marks in
MPXV replication, transcription, or immune evasion. Our study identified both conserved
and sample-specific DNA modification patterns across the analyzed MPXV genomes, with
Sample 2 (E.4 lineage) exhibiting a relatively more complex modification profile under com-
parable culture conditions. This observation suggests the presence of lineage-associated
differences in viral DNA modification patterns and highlights the potential epigenomic
complexity of MPXV. Notably, previous Nanopore-based studies have reported putative
epigenetic modifications in a virus initially misidentified as a camelpox vaccine strain and
later confirmed to be vaccinia virus [29], supporting the technical feasibility of long-read
sequencing approaches for detecting viral DNA modifications in orthopoxviruses. In
addition, accumulating evidence indicates that DNA 6mA and RNA m6A modifications
may participate in host–pathogen interactions [85], underscoring the potential biological
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relevance of viral epigenomic features. Nevertheless, given that the present analysis is
based on a limited number of viral DNA samples prepared under specific experimental
conditions and lacks multiple independently generated biological replicates, these findings
should be interpreted as lineage-associated observations rather than definitive evidence of
intrinsic epigenetic divergence or lineage-specific adaptive evolution. The stability, general-
izability, and functional significance of these modification patterns therefore remain to be
established. Future studies incorporating multiple biological replicates and standardized
virus preparation protocols will be essential to substantiate these observations. In addition,
orthogonal technical validation using approaches such as PacBio single-molecule real-time
sequencing, 5hmC chemical labeling (5hmC-Seal), or 6mA immunoprecipitation (6mA-
DIP), together with mechanistic investigations, functional analyses through site-specific
mutagenesis, and expanded clinical correlation studies, will be critical for clarifying the
biological significance of MPXV epigenomic variation.

In summary, this multi-level investigation integrating genomic variation and epige-
netic profiling has revealed distinct characteristics between two MPXV strains, including
genetic signatures, APOBEC3 editing preferences, and lineage-associated differences in
observed 5hmC/6mA modification patterns under the examined experimental conditions,
providing new evidence for understanding MPXV’s continuous adaptive evolution in
human populations. Particularly, the modification enrichment in ITR regions, emergence
of 5hmC signals, and lineage-specific 6mA sites collectively suggest that viral DNA may
be subject to host epigenetic regulation. Nevertheless, it should be noted that this study is
based on a limited number of clinical isolates, and the observed patterns require further
validation in larger and more diverse MPXV cohorts. Future studies should validate these
findings in larger cohorts while employing cell culture models or in vitro infection systems
to determine the origin of these modifications and their functional roles in viral replica-
tion, gene expression regulation, and transmissibility. Concurrently, further exploration of
potential interplay between APOBEC3 editing pressure and DNA modifications will help
elucidate the contribution of host immunity to MPXV evolution. Deeper investigation of
these aspects will facilitate construction of a comprehensive MPXV epigenomic landscape
and provide novel theoretical foundations for developing enhanced viral surveillance and
control strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v18020259/s1, Table S1: Primer Sequences for Whole-Genome
Amplification of MPXV. Table S2: Comparative Analysis of DNA Modification Sites between
MPXV Samples and Control. Table S3: Reference Genome Dataset and Metadata Used for
Phylogenetic Analysis.

Author Contributions: Conceptualization, L.L. and B.Z.; methodology, Z.Z., B.Z., and L.L.; software,
Z.Z.; formal analysis, Z.Z.; investigation, Z.Z., J.H., and D.L.; resources, L.L. and J.L.; data curation,
H.L. and X.W.; writing—original draft preparation, Z.Z.; writing—review and editing, B.Z.; visualiza-
tion, Z.Z.; supervision, L.L., H.W., and B.Z.; project administration, L.L. and J.L.; funding acquisition,
L.L., Y.L., and L.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (Grant No. 2024YFC2309501).

Institutional Review Board Statement: The study protocol involving MPXV DNA samples was
reviewed and approved by the Ethics Committee of the Institute of Military Medicine, Academy of
Military Sciences of the Chinese People’s Liberation Army (Approval No. AF/SC-08/02.435). No
human subjects or primary human samples were involved in this study.

Informed Consent Statement: Not applicable. This study did not involve human participants.

https://doi.org/10.3390/v18020259

https://www.mdpi.com/article/10.3390/v18020259/s1
https://www.mdpi.com/article/10.3390/v18020259/s1
https://doi.org/10.3390/v18020259


Viruses 2026, 18, 259 19 of 22

Data Availability Statement: The raw sequence data reported in this paper have been deposited in
the Genome Sequence Archive (Genomics, Proteomics & Bioinformatics 2025) in National Genomics
Data Center (Nucleic Acids Res 2025), China National Center for Bioinformation/Beijing Institute
of Genomics, Chinese Academy of Sciences (GSA: CRA034660) that are publicly accessible at https:
//ngdc.cncb.ac.cn/gsa (accessed on 12 December 2025). In addition, the two polished Monkeypox
virus (MPXV) genome sequences generated in this study have been deposited in GISAID under
accession numbers EPI_ISL_20348577 and EPI_ISL_20348578.

Acknowledgments: We thank the Institute of Laboratory Animal Sciences, Chinese Academy of
Medical Sciences, for providing essential experimental samples. We acknowledge the State Key
Laboratory of Pathogen and Biosecurity, Academy of Military Medical Sciences, for support with
Nanopore sequencing and high-performance computing.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript:

MPXV Monkeypox Virus
ITRs Inverted Terminal Repeats
WHO World Health Organization
PHEIC Public Health Emergency of International Concern
OPGs Orthologous Poxvirus Genes
5mC 5-methylcytosine
5hmC 5-hydroxymethylcytosine
6mA N6-methyladenine
SNPs Single-Nucleotide Polymorphisms

References
1. McCollum, A.M.; Damon, I.K. Human monkeypox. Clin. Infect. Dis. 2014, 58, 260–267. [CrossRef]
2. European Centre for Disease Prevention and Control. Risk Assessment: Monkeypox Multi-Country Outbreak. Available

online: https://www.ecdc.europa.eu/en/publications-data/risk-assessment-monkeypox-multi-country-outbreak (accessed on
8 November 2025).

3. Bunge, E.M.; Hoet, B.; Chen, L.; Lienert, F.; Weidenthaler, H.; Baer, L.R.; Steffen, R. The changing epidemiology of human
monkeypox—A potential threat? A systematic review. PLoS Negl. Trop. Dis. 2022, 16, e0010141. [CrossRef]

4. World Health Organization. Monkeypox Fact Sheet. Available online: https://www.who.int/news-room/fact-sheets/detail/
monkeypox (accessed on 8 November 2025).

5. Ulaeto, D.; Agafonov, A.; Burchfield, J.; Carter, L.; Happi, C.; Jakob, R.; Krpelanova, E.; Kuppalli, K.; Lefkowitz, E.J.; Mauldin,
M.R.; et al. New nomenclature for mpox (monkeypox) and monkeypox virus clades. Lancet Infect. Dis. 2023, 23, 273. [CrossRef]
[PubMed]

6. Ježek, Z.; Szczeniowski, M.; Paluku, K.M.; Mutombo, M. Human monkeypox: Clinical features of 282 patients. J. Infect. Dis. 1987,
156, 293–298. [CrossRef] [PubMed]

7. Zhang, S.; Wang, F.; Peng, Y.; Gong, X.; Fan, G.; Lin, Y.; Yang, L.; Shen, L.; Niu, S.; Liu, J.; et al. Evolutionary trajectory and
characteristics of Mpox virus in 2023 based on large-scale genomic surveillance in Shenzhen, China. Nat. Commun. 2024, 15, 7452.
[CrossRef] [PubMed]

8. Kraemer, M.U.G.; Tegally, H.; Pigott, D.M.; Dasgupta, A.; Sheldon, J.; Wilkinson, E.; Schultheiss, M.; Han, A.; Oglia, M.; Marks,
S.; et al. Tracking the 2022 monkeypox outbreak with epidemiological data in real time. Lancet Infect. Dis. 2022, 22, 941–942.
[CrossRef]

9. Lum, F.-M.; Torres-Ruesta, A.; Tay, M.Z.; Lin, R.T.P.; Lye, D.C.; Rénia, L.; Ng, L.F.P. Monkeypox: Disease epidemiology, host
immunity and clinical interventions. Nat. Rev. Immunol. 2022, 22, 597–613. [CrossRef]

10. Hatmal, M.M.; Al-Hatamleh, M.A.I.; Olaimat, A.N.; Ahmad, S.; Hasan, H.; Suhaimi, N.A.A.; Albakri, K.A.; Alzyoud, A.A.; Kadir,
R.; Mohamud, R. Comprehensive literature review of monkeypox. Emerg. Microbes Infect. 2022, 11, 2600–2631. [CrossRef]

11. World Health Organization. 2022–2024 Mpox (Monkeypox) Outbreak: Global Trends. Available online: https://worldhealthorg.
shinyapps.io/mpx_global (accessed on 8 November 2025).

https://doi.org/10.3390/v18020259

https://ngdc.cncb.ac.cn/gsa
https://ngdc.cncb.ac.cn/gsa
https://doi.org/10.1093/cid/cit703
https://www.ecdc.europa.eu/en/publications-data/risk-assessment-monkeypox-multi-country-outbreak
https://doi.org/10.1371/journal.pntd.0010141
https://www.who.int/news-room/fact-sheets/detail/monkeypox
https://www.who.int/news-room/fact-sheets/detail/monkeypox
https://doi.org/10.1016/S1473-3099(23)00055-5
https://www.ncbi.nlm.nih.gov/pubmed/36758567
https://doi.org/10.1093/infdis/156.2.293
https://www.ncbi.nlm.nih.gov/pubmed/3036967
https://doi.org/10.1038/s41467-024-51737-4
https://www.ncbi.nlm.nih.gov/pubmed/39198414
https://doi.org/10.1016/S1473-3099(22)00359-0
https://doi.org/10.1038/s41577-022-00775-4
https://doi.org/10.1080/22221751.2022.2132882
https://worldhealthorg.shinyapps.io/mpx_global
https://worldhealthorg.shinyapps.io/mpx_global
https://doi.org/10.3390/v18020259


Viruses 2026, 18, 259 20 of 22

12. Kimball, S. WHO Declares Rapidly Spreading Monkeypox Outbreak a Global Health Emergency. CNBC 2022. Available online:
https://www.cnbc.com/2022/07/23/who-declares-spreading-monkeypox-outbreak-a-global-health-emergency.html (accessed
on 8 November 2025).

13. World Health Organization. WHO Director-General Declares Mpox Outbreak a Public Health Emergency of International
Concern. 2024. Available online: https://www.who.int/news/item/14-08-2024-who-director-general-declares-mpox-outbreak-a-
public-health-emergency-of-international-concern (accessed on 8 November 2025).

14. Isidro, J.; Borges, V.; Pinto, M.; Sobral, D.; Santos, J.D.; Nunes, A.; Mixão, V.; Ferreira, R.; Santos, D.; Duarte, S.; et al. Phylogenomic
characterization and signs of microevolution in the 2022 multi-country outbreak of monkeypox virus. Nat. Med. 2022, 28,
1569–1572. [CrossRef]

15. Firth, C.; Kitchen, A.; Shapiro, B.; Suchard, M.A.; Holmes, E.C.; Rambaut, A. Using time-structured data to estimate evolutionary
rates of double-stranded DNA viruses. Mol. Biol. Evol. 2010, 27, 2038–2051. [CrossRef]

16. Yu, J.; Zhang, X.; Liu, J.; Xiang, L.; Huang, S.; Xie, X.; Fang, L.; Lin, Y.; Zhang, M.; Wang, L.; et al. Phylogeny and molecular
evolution of the first local monkeypox virus cluster in Guangdong Province, China. Nat. Commun. 2023, 14, 8241. [CrossRef]
[PubMed]

17. Shchelkunov, S.N.; Totmenin, A.V.; Safronov, P.F.; Mikheev, M.V.; Gutorov, V.V.; Ryazankina, O.I.; Petrov, N.A.; Babkin, I.V.;
Uvarova, E.A.; Sandakhchiev, L.S.; et al. Analysis of the monkeypox virus genome. Virology 2002, 297, 172–194. [CrossRef]
[PubMed]

18. Lu, J.; Xing, H.; Wang, C.; Tang, M.; Wu, C.; Ye, F.; Yin, L.; Yang, Y.; Tan, W.; Shen, L. Mpox (formerly monkeypox): Pathogenesis,
prevention and treatment. Signal Transduct. Target. Ther. 2023, 8, 458. [CrossRef] [PubMed]

19. Li, M.; Xiong, J.; Zhou, H.; Liu, J.; Wang, C.; Jia, M.; Wang, Y.; Zhang, N.; Chen, Y.; Zhong, T.; et al. Transcriptomic and proteomic
analysis of monkeypox virus A5L-expressing HEK293T cells. Int. J. Mol. Sci. 2025, 26, 398. [CrossRef]

20. Alakunle, E.; Kolawole, D.; Diaz-Canova, D.; Alele, F.; Adegboye, O.; Moens, U.; Okeke, M.I. A comprehensive review of
monkeypox virus and mpox characteristics. Front. Cell. Infect. Microbiol. 2024, 14, 1360586. [CrossRef]

21. Cambaza, E.M. A review of the molecular understanding of the Mpox virus (MPXV): Genomics, immune evasion, and therapeutic
targets. Zoonotic Dis. 2025, 5, 3. [CrossRef]

22. Chan, P.; Ye, Z.W.; Zhao, W.; Ong, C.P.; Sun, X.Y.; Cheung, P.H.H.; Jin, D.Y. Mpox virus poxin–schlafen fusion protein suppresses
innate antiviral response by sequestering STAT2. Emerg. Microbes Infect. 2025, 14, 2477639. [CrossRef]

23. Yi, X.M.; Li, M.; Wang, S.Y.; Wang, S.H.; Zeng, J.Q.; Lei, Y.L.; Zhang, Y.; Zhu, C.Y.; Zhang, Y.; Song, J.H.; et al. The conserved
poxvirus membrane entry-fusion apparatus component OPG147 targets MITA/STING for immune evasion. PLoS Pathog. 2025,
21, e1013198. [CrossRef]

24. Gao, Y.; Xie, X.; Zhang, X.; Cao, J.; Lan, W.; You, T.; Li, D.; Dong, X.; Dai, W.; Xiang, Y.; et al. Substrate recognition and cleavage
mechanism of the monkeypox core protease. Nature 2025, 643, 271–279. [CrossRef]

25. Dalla Rosa, I.; Kent, L.; Way, M. Nonredundant roles of topoisomerase 2α and 2β in the cytosolic replication of vaccinia virus.
Nucleic Acids Res. 2025, 53, gkaf566. [CrossRef]

26. Rehman, U.U.; Ghafoor, D.; Ullah, A.; Ahmad, R.; Hanif, S. Epigenetics regulation during virus–host interaction and their effects
on the virus and host cell. Microb. Pathog. 2023, 182, 106271. [CrossRef]

27. Bugert, J.J.; Darai, G. Recent advances in molluscum contagiosum virus research. Viral Zoonoses Food Anim. Orig. 1997, 13, 35–47.
28. Teferi, W.M.; Desaulniers, M.A.; Noyce, R.S.; Shenouda, M.; Umer, B.; Evans, D.H. The vaccinia virus K7 protein promotes histone

methylation associated with heterochromatin formation. PLoS ONE 2017, 12, e0173056. [CrossRef] [PubMed]
29. Saud, Z.; Hitchings, M.D.; Butt, T.M. Nanopore sequencing and de novo assembly of a misidentified camelpox vaccine reveals

putative epigenetic modifications and alternate protein signal peptides. Sci. Rep. 2021, 11, 17758. [CrossRef] [PubMed]
30. Wang, Y.; Zhao, Y.; Bollas, A.; Wang, Y.; Au, K.F. Nanopore sequencing technology, bioinformatics and applications. Nat.

Biotechnol. 2021, 39, 1348–1365. [CrossRef] [PubMed]
31. Zhang, L.; Rong, W.; Ma, J.; Li, H.; Tang, X.; Xu, S.; Wang, L.; Wan, L.; Zhu, Q.; Jiang, B.; et al. Comprehensive analysis of DNA

5-methylcytosine and N6-adenine methylation by nanopore sequencing in hepatocellular carcinoma. Front. Cell Dev. Biol. 2022,
10, 827391. [CrossRef]

32. Shi, D.Q.; Ali, I.; Tang, J.; Yang, W.C. New insights into 5hmC DNA modification: Generation, distribution and function. Front.
Genet. 2017, 8, 100. [CrossRef]

33. Wille, C.K.; Nawandar, D.M.; Henning, A.N.; Ma, S.; Oetting, K.M.; Lee, D.; Lambert, P.; Johannsen, E.C.; Kenney, S.C. 5-
hydroxymethylation of the EBV genome regulates the latent to lytic switch. Proc. Natl. Acad. Sci. USA 2015, 112, E7257–E7265.
[CrossRef]

34. Pan, B.; Ye, F.; Li, T.; Wei, F.; Warren, A.; Wang, Y.; Gao, S. Potential role of N6-adenine DNA methylation in alternative splicing
and endosymbiosis in Paramecium bursaria. iScience 2023, 26, 106610. [CrossRef]

35. National Health Commission of the People’s Republic of China. China National Guidelines for Mpox Diagnosis and Treatment
(2022 Edition). 2022. Available online: http://www.nhc.gov.cn (accessed on 27 September 2025).

https://doi.org/10.3390/v18020259

https://www.cnbc.com/2022/07/23/who-declares-spreading-monkeypox-outbreak-a-global-health-emergency.html
https://www.who.int/news/item/14-08-2024-who-director-general-declares-mpox-outbreak-a-public-health-emergency-of-international-concern
https://www.who.int/news/item/14-08-2024-who-director-general-declares-mpox-outbreak-a-public-health-emergency-of-international-concern
https://doi.org/10.1038/s41591-022-01907-y
https://doi.org/10.1093/molbev/msq088
https://doi.org/10.1038/s41467-023-44092-3
https://www.ncbi.nlm.nih.gov/pubmed/38086870
https://doi.org/10.1006/viro.2002.1446
https://www.ncbi.nlm.nih.gov/pubmed/12083817
https://doi.org/10.1038/s41392-023-01675-2
https://www.ncbi.nlm.nih.gov/pubmed/38148355
https://doi.org/10.3390/ijms26010398
https://doi.org/10.3389/fcimb.2024.1360586
https://doi.org/10.3390/zoonoticdis5010003
https://doi.org/10.1080/22221751.2025.2477639
https://doi.org/10.1371/journal.ppat.1013198
https://doi.org/10.1038/s41586-025-09014-x
https://doi.org/10.1093/nar/gkaf566
https://doi.org/10.1016/j.micpath.2023.106271
https://doi.org/10.1371/journal.pone.0173056
https://www.ncbi.nlm.nih.gov/pubmed/28257484
https://doi.org/10.1038/s41598-021-97158-x
https://www.ncbi.nlm.nih.gov/pubmed/34493784
https://doi.org/10.1038/s41587-021-01108-x
https://www.ncbi.nlm.nih.gov/pubmed/34750572
https://doi.org/10.3389/fcell.2022.827391
https://doi.org/10.3389/fgene.2017.00100
https://doi.org/10.1073/pnas.1513432112
https://doi.org/10.1016/j.isci.2023.106676
http://www.nhc.gov.cn
https://doi.org/10.3390/v18020259


Viruses 2026, 18, 259 21 of 22

36. National Disease Control and Prevention Administration. Mpox Prevention and Control Protocol. 2023. Available online:
https://www.ndcpa.gov.cn (accessed on 27 September 2025).

37. Oxford Nanopore Technologies. Dorado: A High-Performance, Easy-to-Use Basecaller (Version 0.9.5). 2025. Available online:
https://github.com/nanoporetech/dorado (accessed on 27 April 2025).

38. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
39. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef]
40. Vasimuddin, M.; Misra, S.; Li, H.; Aluru, S. Efficient architecture-aware acceleration of BWA-MEM for multicore systems. In

Proceedings of the 2019 IEEE International Parallel and Distributed Processing Symposium (IPDPS), Rio de Janeiro, Brazil, 20–24 May
2019; IEEE: New York, NY, USA, 2019; pp. 314–324.

41. Danecek, P.; Bonfield, J.K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, R.M.;
et al. Twelve years of SAMtools and BCFtools. GigaScience 2021, 10, giab008. [CrossRef]

42. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating
and predicting the effects of SNPs, SnpEff. Fly 2012, 6, 80–92. [CrossRef] [PubMed]

43. Aksamentov, I.; Roemer, C.; Hodcroft, E.B.; Neher, R.A. Nextclade: Clade assignment, mutation calling and quality control for
viral genomes. J. Open Source Softw. 2021, 6, 3773. [CrossRef]

44. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7. Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]
[PubMed]

45. Capella-Gutiérrez, S.; Silla-Martínez, J.M.; Gabaldón, T. trimAl: A tool for automated alignment trimming in large-scale
phylogenetic analyses. Bioinformatics 2009, 25, 1972–1973. [CrossRef]

46. Ren, H.; Wong, T.K.; Minh, B.Q.; Lanfear, R. MixtureFinder: Estimating DNA mixture models for phylogenetic analyses. Mol. Biol.
Evol. 2025, 42, msae264. [CrossRef]

47. Oxford Nanopore Technologies. Modkit: A Tool for Working with Modified Bases in Nanopore Sequencing Data (Version 0.5.0).
2025. Available online: https://github.com/nanoporetech/modkit (accessed on 27 May 2025).

48. Shi, C.; Zheng, X.; Lei, L.; Xiao, J.; Yu, G.; Li, Y.; Ma, Z.; Li, M.; Zeng, Y.; Lv, Z.; et al. Phylogenetic and molecular evolutionary
insights into monkeypox virus circulation in Shenzhen, China, 2023–2024. Viruses 2025, 17, 1214. [CrossRef]

49. Cheng, L.; Yang, L.; Wang, M.; Peng, Y.; Wang, H.; Yang, X.; Zhao, J.; Zhang, M.; Wang, F.; Zhang, Z. Isolation and characterization
of mpox virus from the first mpox case in Shenzhen, China. Virol. Sin. 2024, 39, 335. [CrossRef]

50. Jia, H.; Sha, T.; Zhao, S.; Su, W.; Liu, P.; Zhen, R.; Li, P.; Zhou, L.; Xu, Y.; Wen, Y.; et al. Genomic and epidemiological perspectives
on the first local sporadic cases of Mpox in China. Emerg. Microbes Infect. 2023, 12, 2245932. [CrossRef]

51. Dou, X.; Li, F.; Ren, Z.; Zhang, D.; Li, J.; Li, D.; Sun, Y.; Jin, H.; Li, R.; Li, W.; et al. Clinical, epidemiological, and virological
features of Mpox in Beijing, China—May 31–June 21, 2023. Emerg. Microbes Infect. 2023, 12, 2254407. [CrossRef]

52. Lu, W.; Chen, Q.; Wu, X.; Li, J.; Li, M.; Xiao, Y.; Gong, L.; Sun, Y. Phylogeny of seven genomes of monkeypox virus—Anhui
Province, China, 2023. China CDC Wkly. 2024, 6, 1218. [CrossRef] [PubMed]

53. Shi, X.; Liu, Y.; Zhang, R.; Ren, J.; Guo, S.; Wang, Z.; Sun, J. Epidemiological and clinical characteristics of patients with human
monkeypox infection in Zhejiang Province, China, 2023. Front. Public Health 2025, 13, 1528679. [CrossRef] [PubMed]

54. Ji, X.; Liang, R.; Bao, C.; Cai, X.; Chen, S.; Chen, L.; Li, L.; Ji, X. Evolutionary variation of the monkeypox virus detected for the
first time in Nantong, Jiangsu. Virol. J. 2024, 21, 334. [CrossRef] [PubMed]

55. Cao, R.; Liu, C.; Shi, Y.; Luo, C.; Chen, X.; Liu, L.; Xu, C.; Pan, M.; Wu, C.; Zhang, L.; et al. Genomic surveillance and phylogenetic
analysis of monkeypox virus sampled from clinical cases and sewage in Sichuan Province, China, 2023. China CDC Wkly. 2025,
7, 1182. [CrossRef]

56. Zhao, H.; Wang, W.; Zhao, L.; Ye, S.; Song, J.; Lu, R.; Zong, H.; Wu, C.; Huang, W.; Huang, B.; et al. The first imported case of
monkeypox in mainland China—Chongqing municipality, September 16, 2022. China CDC Wkly. 2022, 4, 853.

57. Zhang, D.; Jin, H.; Sun, Y.; Yang, Y.; Li, R.; Li, W.; Zhang, X.; Li, S.; Chen, Y.; Wang, Q.; et al. Genetic features of 84 genomes of
monkeypox virus in recent circulation—Beijing Municipality, China, 2023. China CDC Wkly. 2023, 5, 918. [CrossRef]

58. Molina, I.S.; Jimenez-Vasquez, V.; Lizarraga, W.; Sevilla, N.; Hurtado, V.; Padilla-Rojas, C. Sub-lineage B.1.6 of hMPXV in a global
context: Phylogeny and epidemiology. J. Med. Virol. 2023, 95, e29056. [CrossRef]

59. Borges, V.; Duque, M.P.; Martins, J.V.; Vasconcelos, P.; Ferreira, R.; Sobral, D.; Pelerito, A.; Lopes de Carvalho, I.; Núncio, M.S.;
Borrego, M.J.; et al. Viral genetic clustering and transmission dynamics of the 2022 mpox outbreak in Portugal. Nat. Med. 2023, 29,
2509–2517. [CrossRef]

60. Patiño, L.H.; Guerra, S.; Muñoz, M.; Luna, N.; Farrugia, K.; van de Guchte, A.; Khalil, Z.; Gonzalez-Reiche, A.S.; Hernandez,
M.M.; Banu, R.; et al. Phylogenetic landscape of monkeypox virus during the early outbreak in New York City, 2022. Emerg.
Microbes Infect. 2023, 12, e2192830. [CrossRef]

61. Schuele, L.; Boter, M.; Nieuwenhuijse, D.F.; Götz, H.; Fanoy, E.; de Vries, H.; Vieyra, B.; Bavalia, R.; Hoornenborg, E.; Molenkamp,
R.; et al. Circulation, viral diversity and genomic rearrangement in mpox virus in the Netherlands during the 2022 outbreak and
beyond. J. Med. Virol. 2024, 96, e29397. [CrossRef] [PubMed]

https://doi.org/10.3390/v18020259

https://www.ndcpa.gov.cn
https://github.com/nanoporetech/dorado
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.4161/fly.19695
https://www.ncbi.nlm.nih.gov/pubmed/22728672
https://doi.org/10.21105/joss.03773
https://doi.org/10.1093/molbev/mst010
https://www.ncbi.nlm.nih.gov/pubmed/23329690
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/molbev/msae264
https://github.com/nanoporetech/modkit
https://doi.org/10.3390/v17091214
https://doi.org/10.1016/j.virs.2024.01.004
https://doi.org/10.1080/22221751.2023.2245932
https://doi.org/10.1080/22221751.2023.2254407
https://doi.org/10.46234/ccdcw2024.245
https://www.ncbi.nlm.nih.gov/pubmed/39582900
https://doi.org/10.3389/fpubh.2025.1528679
https://www.ncbi.nlm.nih.gov/pubmed/40529678
https://doi.org/10.1186/s12985-024-02616-3
https://www.ncbi.nlm.nih.gov/pubmed/39716235
https://doi.org/10.46234/ccdcw2025.198
https://doi.org/10.46234/ccdcw2023.173
https://doi.org/10.1002/jmv.29056
https://doi.org/10.1038/s41591-023-02542-x
https://doi.org/10.1080/22221751.2023.2192830
https://doi.org/10.1002/jmv.29397
https://www.ncbi.nlm.nih.gov/pubmed/38235923
https://doi.org/10.3390/v18020259


Viruses 2026, 18, 259 22 of 22

62. Ulaeto, D.O.; Dunning, J.; Carroll, M.W. Evolutionary implications of human transmission of monkeypox: The importance of
sequencing multiple lesions. Lancet Microbe 2022, 3, e639–e640. [CrossRef]

63. Thornhill, J.P.; Barkati, S.; Walmsley, S.; Rockstroh, J.; Antinori, A.; Harrison, L.B.; Palich, R.; Nori, A.; Reeves, I.; Habibi, M.S.;
et al. Monkeypox virus infection in humans across 16 countries—April–June 2022. N. Engl. J. Med. 2022, 387, 679–691. [CrossRef]
[PubMed]

64. O’Toole, Á.; Neher, R.A.; Ndodo, N.; Borges, V.; Gannon, B.; Gomes, J.P.; Groves, N.; King, D.J.; Maloney, D.; Lemey, P.; et al.
APOBEC3 deaminase editing in mpox virus as evidence for sustained human transmission since at least 2016. Science 2023, 382,
595–600. [CrossRef] [PubMed]

65. Shan, K.J.; Wu, C.; Tang, X.; Lu, R.; Hu, Y.; Tan, W.; Lu, J. Molecular evolution of protein sequences and codon usage in monkeypox
viruses. Genom. Proteom. Bioinform. 2024, 22, qzad003. [CrossRef]

66. Suspène, R.; Raymond, K.A.; Boutin, L.; Guillier, S.; Lemoine, F.; Ferraris, O.; Tournier, J.-N.; Iseni, F.; Simon-Lorière, E.; Vartanian,
J.-P. APOBEC3F is a mutational driver of the human monkeypox virus identified in the 2022 outbreak. J. Infect. Dis. 2023, 228,
1421–1429. [CrossRef]

67. Forni, D.; Cagliani, R.; Pozzoli, U.; Sironi, M. An APOBEC3 Mutational Signature in the Genomes of Human-Infecting Or-
thopoxviruses. mSphere 2023, 8, e00062-23. [CrossRef]

68. Harris, R.S.; Liddament, M.T. Retroviral restriction by APOBEC proteins. Nat. Rev. Immunol. 2004, 4, 868–877. [CrossRef]
69. Sadler, H.A.; Stenglein, M.D.; Harris, R.S.; Mansky, L.M. APOBEC3G contributes to HIV-1 variation through sublethal mutagenesis.

J. Virol. 2010, 84, 7396–7404. [CrossRef]
70. Vartanian, J.P.; Guétard, D.; Henry, M.; Wain-Hobson, S. Evidence for editing of human papillomavirus DNA by APOBEC3 in

benign and precancerous lesions. Science 2008, 320, 230–233. [CrossRef]
71. Refsland, E.W.; Harris, R.S. The APOBEC3 family of retroelement restriction factors. Intrinsic Immun. 2013, 371, 1–27.
72. Ndodo, N.; Ashcroft, J.; Lewandowski, K.; Yinka-Ogunleye, A.; Chukwu, C.; Ahmad, A.; King, D.; Akinpelu, A.; de Motes, C.M.;

Ribeca, P.; et al. Distinct Monkeypox Virus Lineages Co-Circulating in Humans before 2022. Nat. Med. 2023, 29, 2317–2324.
[CrossRef] [PubMed]

73. Gigante, C.M.; Korber, B.; Seabolt, M.H.; Wilkins, K.; Davidson, W.; Rao, A.K.; Zhao, H.; Smith, T.G.; Hughes, C.M.; Minhaj, F.;
et al. Multiple lineages of monkeypox virus detected in the United States, 2021–2022. Science 2022, 378, 560–565. [CrossRef]
[PubMed]

74. Wang, L.; Shang, J.; Weng, S.; Aliyari, S.R.; Ji, C.; Cheng, G.; Wu, A. Genomic annotation and molecular evolution of monkeypox
virus outbreak in 2022. J. Med. Virol. 2023, 95, e28036. [CrossRef]

75. Sereewit, J.; Lieberman, N.A.P.; Xie, H.; Bakhash, S.A.K.M.; Nunley, B.E.; Chung, B.; Mills, M.G.; Roychoudhury, P.; Greninger, A.L.
ORF-Interrupting Mutations in Monkeypox Virus Genomes from Washington and Ohio, 2022. Viruses 2022, 14, 2393. [CrossRef]

76. De Pascali, A.M.; Ingletto, L.; Brandolini, M.; Rocchi, E.; Tarozzi, M.; Turba, M.E.; Casadio, R.; Gentilini, F.; Gatti, G.; Dionisi, L.;
et al. Understanding the evolutionary dynamics of Monkeypox virus through less explored pathways. Viruses 2025, 15, 25849.
[CrossRef]

77. Breiling, A.; Lyko, F. Epigenetic regulatory functions of DNA modifications: 5-methylcytosine and beyond. Epigenet. Chromatin
2015, 8, 24. [CrossRef]
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