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Abstract

DNA methylation influences gene regulation and economically important traits in livestock, yet many reviews remain descriptive and biased toward short-
read analyses. This review characterized various biological functions of DNA methylation in cellular development, reprogramming, transgenerational
inheritance, and economic traits by reshaping gene and chromatin patterns and genomic imprinting in livestock. DNA methylation detection technologies
are further appraised, and the advantages of native long-read sequencing with PacBio HiFi and Oxford Nanopore highlighted. Meanwhile, the fact that
epigenome editing showed significant potential in precision breeding without changing genomic sequences is presented. Finally, artificial intelligence is
described as an enabler of modified base calling, multi-omics integration, and interpretable decision support for livestock research. This review summarizes

advances in DNA methylation in livestock and discusses future directions.
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Introduction

DNA methylation is the covalent addition of methyl groups to the
fifth carbon position of cytosine residues, predominantly occurring at
CpG dinucleotides in mammalian genomes. This epigenetic modifi-
cation was first identified by Rollin Hotchkiss in 1948, who observed
methylated cytosines in calf thymus DNA, inaugurating the study of
DNA modifications!"!. Subsequent research has firmly established
DNA methylation as a pivotal regulator of gene expression, chroma-
tin structure, X chromosome inactivation, genomic imprinting, and
transposon silencing!>~”). The establishment of methylation patterns
is primarily driven by the de novo methyltransferases 3A (DNMT3A)
and 3B (DNMT3B)®?, while DNA methyltransferase 1 (DNMT1)
maintains existing methylation patterns during DNA replication!'?,
Active DNA demethylation, conversely, involves TET family dioxygen-
ases, which progressively oxidize 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-
carboxylcytosine (5caC), with 5fC and 5caC subsequently removed via
base excision repair pathways!'". In livestock, DNA methylation has
been extensively reported to be associated with semen quality!'?,
muscle development!'®, fat metabolism'¥, immune regulation!,
and disease susceptibility!®. The elucidation of DNA methylation
landscapes underlying key phenotypes drives a shift in livestock
research from genomics to epigenomics.

Livestock and poultry species, such as pigs, cattle, and chickens,
are crucial for global food consumption, economic sustainability,
and fundamental biological insightsl'7.'8l, DNA methylation in these
species influences critical traits, including growth ratel'®-21, meat
quality?2-241 reproductive performancel?>-27], and environmental
adaptation(28-391, With rapid advancements in genomic and epige-
nomic technologies, a comprehensive synthesis of current DNA
methylation knowledge in livestock is necessary. Over the past
few decades, methylation detection methods have evolved from
early restriction enzyme-based assays and bisulfite conversion
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techniques to advanced third-generation sequencing platforms.
These technological breakthroughs have expanded the scope of
methylation research, influenced diverse fields, and highlighted
DNA methylation's broad relevance and applicability.

This review systematically summarizes recent advances in DNA
methylation research in livestock, emphasizing how state-of-the-art
technologies are shaping future research trajectories (Fig. 1). Further-
more, it offers an in-depth overview of the diverse biological func-
tions governed by DNA methylation. The integration of emerging
methodologies provides novel insights into epigenetic mechanisms,
paving the way for transformative applications in biological models,
optimized livestock breeding, and environmental adaptation.

DNA methylation reprogramming

Recent studies have provided valuable insights into DNA methyla-
tion reprogramming in livestock. DNA methylation reprogramming
primarily involves two critical stages: erasure of methylation patterns
during gametogenesis and extensive demethylation followed by
de novo methylation during early embryonic development. In pig
primordial germ cells, the major wave of DNA demethylation occurs
before day 28, with males and females showing similar timing and
reaching a comparable minimum of about 5% around day 368",
During remethylation from day 39 to day 42, sex-biased persistently
methylated regions emerge, enriched for short interspersed nuclear
element (SINE), long interspersed nuclear element (LINE), and Long
Terminal Repeat (LTR) in males, whereas more often promoter-
associated in femalesP'l. Re-established DNA methylation in mature
gametes profoundly shapes gamete quality, fertilization potential, and
offspring phenotypes®2*3., Beyond its association with sperm quality
and DNA integrity, DNA methylation can discriminate between high-
and low-fertility boars and bulls?%343%, This suggests the use of
methylation markers to identify and select individuals with high repro-
ductive performance in production. After fertilization, the paternal
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Fig. 1

genome undergoes rapid ten-eleven translocation methylcytosine
dioxygenase 3 (TET3)-mediated active demethylation at the pronu-
clear stage, whereas the maternal genome is demethylated passively
in a replication-dependent manner across the early cleavage divi-
sions, culminating in a globally hypomethylated blastocyst%37,
Remethylation in pigs occurs peri-implantation: after the globally
hypomethylated blastocyst, DNMT3A/3B rebuild CpG methylation, pro-
ducing higher levels in the epiblast than extraembryonic lineages?%38,
Despite these general patterns, significant species-specific variations
in demethylation dynamics and underlying mechanisms have been
observed, highlighting the need for detailed comparative studies®®.,
This remethylating phase is crucial for normal embryonic develop-
ment, lineage commitment, and cell differentiation, subsequently
influencing important traits such as growth rate, meat quality, and
production efficiency in livestockP?. Although DNA methylation repro-
gramming is well characterized in model organisms, its causal links to
livestock traits and sustainable development remain unclear. Resolving
these links will require large-scale, rigorously designed, systematic
studies.

Although genome-wide erasure and rebuilding of CpG methyla-
tion occur during gametogenesis and early embryogenesis, grow-
ing evidence in livestock shows that some environment-induced
marks in gametes can escape reprogramming or be reinstated after
fertilization, and are linked to offspring phenotypes!“°-42l. Nutri-
tional interventions altering methyl-donor supply in sires remodel
methylation at TBR1 and /YD promoters in muscle and liver, and are
associated with shifts in offspring growth and adiposity“2l. Embry-
onic heat conditioning in chickens yields progeny with improved
thermal tolerance and altered immune performance, with methyla-
tion changes enriched at enhancers and CCCTC-binding factor
(CTCF)-anchored sites near heat-response regulatorst“344, Sheep
experiments indicate that prepubertal methionine supplementa-
tion in Fy rams, remodels the sperm methylome and yields growth
and reproductive differences in unexposed offspring. Related
methylation and phenotypic signals persisted to F; and F, in a
paternal-lineage design, consistent with transgenerational inheri-
tance of diet-induced gametic marks!*>49l, These observations open
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Emerging frontiers of DNA methylation in livestock. MSRE: Methylation-sensitive restriction enzyme method.

practical avenues but require caution. Reported effects are context
dependent, and they remain intergenerational associations rather
than definitive transgenerational inheritance in many cases. More-
over, maternal influences, genetic background, and management
can mimic heritable signals. Technical and statistical limitations,
including small sample sizes, batch and measurement effects in
methylome profiling, and incomplete control of genetic confound-
ing, further temper inference. Some studies also lack randomized,
multigeneration, lineage restricted designs that can isolate gametic
from postnatal and environmental pathways, such as embryo trans-
fer, cross-fostering, and split ejaculate artificial inseminationt7481,
We therefore see value in pilot integration of native long read
methylome profiling of sperm and oocytes within breeding
pipelines, coupled to preregistered analyses that link candidate
marks to gene expression and target traits, and tests of persistence
beyond F2 under randomized and controlled designs. In this frame-
work, environmentally responsive methylation is treated as a mea-
sured and evidence-based layer that complements and does not
replace genomic selection. Therefore, current evidence supports a
cautious view that environmentally responsive gametic methyla-
tion can contribute to between-generation phenotypic variation,
while its truly transgenerational inheritance remains to be demon-
strated rigorously.

Biological functions of DNA methylation

DNA methylation critically influences gene expression by modulating
genome accessibility to transcriptional machinery. In mammalian cells,
methylation at promoter regions, particularly CpG islands, generally
leads to transcriptional repression*”. Methylated promoters inhibit
transcription factor binding and recruit methyl-CpG-binding pro-
teins that mediate chromatin condensation, thereby silencing gene
expression®?, In low-altitude Xizang pigs, SIN3A mRNA is increased in
the longissimus dorsi muscle and its promoter is hypomethylated,
suggesting that DNA methylation contributes to the transcriptional
changes underlying low-altitude adaptation?®, A study of piglet
placental tissue identified 88 differentially methylated-differentially
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expressed genes (DM-DEGs) whose promoter hypermethylation
was inversely correlated with transcript levels, highlighting DNA-
methylation-regulated candidates that may support placental
developmentP'. Consistent with this pattern, heat-stress-related genes
in chickens also show a negative association between promoter methy-
lation and transcript levelsP?. However, the relationship between gene
body DNA methylation and gene expression is highly complex. Gene
body methylation suppresses spurious transcription initiation from
cryptic internal promoters and facilitates transcriptional elongationl3,
Furthermore, gene body methylation influences alternative splicing by
modulating RNA polymerase Il kinetics and chromatin architecture,
Consistent with these observations, methylation within gene bodies
was positively correlated with gene expression in studies of pregnant
cattle and sheep®. Conversely, gene body methylation is negatively
correlated with gene expression in the great titP%7, At single-cell
resolution, joint methylome and transcriptome sequencing in pigs
showed an association between DNA methylation and gene expres-
sion during meiotic resumption and oocyte maturation®®. In cattle,
single-cell joint profiling that contrasted in vivo with in vitro maturation
identified coordinated pairs of differentially methylated regions and
differentially expressed genesP”. These pairs showed promoter hyper-
methylation with downregulation, and state-dependent positive
coupling at gene bodies and distal enhancers®®°?, Beyond livestock,
the same section spatial methylome and transcriptome maps in mouse
confirm the canonical promoter methylation and expression anti-
correlation, and reveal context-dependent gene body coupling that
is often positive or nonlinear, informing future livestock studies!®.
Collectively, these findings underscore the versatile, context-specific
roles of DNA methylation in modulating gene expression. Moreover,
we propose mitigating single-cell tissue heterogeneity in livestock by
first anchoring cell states with scRNA-seq and mapping them onto
spatial atlases via spot deconvolution or cell-to-space alignment.
Cell-type-specific differentially methylated region (DMR) methylation
signatures are then projected onto tissue coordinates using promoter-,
enhancer-, and gene body-aware models, and validate key loci in trait-
relevant niches. Looking ahead, building a genome-wide, multi-tissue,
multi-stage DNA methylation-transcriptome atlas for livestock will
be essential for linking epigenetic regulation to health, welfare, and
economically relevant traits.

Another fundamental function of DNA methylation is the
regulation of parent-of-origin-specific gene expression through
genomic imprinting, and the dosage compensation of sex chromo-
somes via X chromosome inactivation (XCI)©'l, Genomic imprinting
results in the selective expression of either maternal or paternal
alleles, controlled by differentially methylated regions established
during gametogenesis, and maintained throughout embryonic
development2, In a study of Duroc and Yunnan small-ear pigs,
researchers identified 11 paternally expressed and five maternally
expressed imprinted genes. Notably, the development-related genes
KCNQ1 and IGF2R exhibit imprinting patterns in pigs that diverge
from those observed in mice and humans!®3l. The ZNF791 gene was
reported to have lineage-specific imprinting, which was imprinted
exclusively in domesticated species (cattle, sheep, goats, horses,
and dogs), but not in humans or rodentsl®. Research on the
IGF2 gene in chickens has yielded conflicting results(®>-%8l. While
some studies suggest that the expressed allele can originate from
either the paternal or maternal lineagel®, others report bi-allelic
expressionl6-68l, Furthermore, numerous studies have concluded
that genomic imprinting is absent in chickens®®-71. In livestock,
XCl is initiated through multiple mechanisms. For example, the X-
inactive specific transcript (XIST) DMR lacks pre-existing methyla-
tion in pigs, leading to a distinctive pattern of random XCl after XIST
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activation that contrasts with the mouse model7273, Dysregulation
of XCl driven or sustained by aberrant DNA methylation in livestock
is commonly associated with reduced embryonic viability, placental
dysfunction, and diminished somatic cell nuclear transfer (SCNT)
efficiencyl’4-761, Among artiodactyls, cattle, sheep, goats, and pigs
share a unique XClI escapee, the gene KDM5C, while compared
with genes subject to inactivation, escape genes show stronger
CTCF occupancy, higher Assay for Transposase-Accessible Chro-
matin using sequencing (ATAC-seq) accessibility, and enrichment
for LTRI771. Altogether, these insights highlight imprinting and XCl as
both a liability when misregulated and a lever when monitored,
for improving embryonic viability and sex-specific performance in
breeding programs.

Beyond gene regulation and imprinting, DNA methylation plays
an essential role in maintaining genome integrity by silencing
repetitive sequences and transposable elements (TEs). Mammalian
genomes contain numerous TEs, which are heavily methylated to
prevent their mobilization, thereby minimizing insertional mutagen-
esis and genomic instability’8). On one hand, TE activity contributes
significantly to genomic evolution and organismal diversity78-811,
Four distinct pig-specific LINE-1 families have been identified, each
reflecting a unique evolutionary trajectory, alongside three pig-
specific SINE amplification waves represented by three separate
SINE families. These TEs exert widespread effects on both IncRNAs
and protein-coding genes at the genomic and transcriptomic
levels82, On the other hand, maintaining epigenetic silencing is
particularly vital during early embryogenesis and in germline cells,
as loss of methylation can activate TEs, resulting in detrimental
consequences!®3l, In chickens and cattle, hypomethylation of endo-
genous transposable elements, avian leukosis virus endogenous
(ALVE) in chickens, and placental endogenous retroviruses (ERV) in
cattle, is associated with reduced egg production, abnormal placen-
tation, and lower calf survival84-86l, Together, livestock studies show
that DNA-methylation-mediated TE repression is a core genome-
defense layer, and when it relaxes globally or locally at particular
ERVs, TE activity can compromise development and fitness. Lineage-
specific TEs in livestock not only shape gene regulation but also
have the potential to undermine genome stability. Integrating pan-
genome maps with methylome profiling and TE-informed expres-
sion Quantitative Trait Loci (eQTL) across tissues and stages will
pinpoint functional insertions, link them to production and fertility
traits, and provide support for breeding and biosecurity.

In summary, DNA methylation's diverse functions, from transcrip-
tional regulation and genomic imprinting to the preservation of
genome integrity, highlight its central importance in cellular func-
tion and organismal health. The precise establishment and dynamic
remodeling of methylation patterns during development are thus
critical, forming the foundation for tissue-specific epigenetic land-
scapes and developmental potential in livestock.

DNA methylation detection technologies

Several methodologies have been developed to study DNA
methylation, predominantly utilizing short-read sequencing. Whole-
genome bisulfite sequencing (WGBS) has been the gold standard since
2009, which converts unmethylated cytosines to uracils, read as
thymine during sequencing, thereby enabling discrimination of 5-
methylcytosine (5mC) from unmethylated cytosine®”). Despite its
accuracy, WGBS requires over 1 pg of high-quality genomic DNA and
often results in extensive DNA damage, incurring high sequencing
costs and computational complexities®®, A traditional pig population
study applied this method to analyze the contribution of the DNA
methylation atlas to complex traits, identify breed- and sex-associated
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differentially methylated regions, and lay a solid foundation for explor-
ing the epigenetic mechanisms of fat deposition and muscle growth®.
WGBS has laid the foundation for many livestock epigenomic studies,
providing base-resolution methylome data for animals such as pigs,
cattle, and chickens, enabling the construction of population-scale
and multi-tissue maps (Table 1). Alternatively, reduced-representation
bisulfite sequencing (RRBS) leverages enzymatic digestion with Mspl
to enrich CpG-rich genomic regions, sequencing approximately
5%-10% of the genomel?. This approach has uncovered epigenetic
mechanisms of adipogenesis and myogenesis in pigs, and established
tissue differentiation as a principal driver of methylation variation!®"“2,
Although this method has greatly reduced sequencing volume and
cost, it cannot interrogate genomic regions lacking Mspl sites, because
those regions remain in fragments too large to pass the size-selection
window and are thus excluded from sequencing®?. Additionally,
both WGBS and RRBS fail to differentiate between 5mC and 5hmC,
which serves as an intermediate of active DNA demethylation and
participates in regulating tissue-specific gene expression®. Oxida-
tive bisulfite sequencing (oxBS-seq) overcomes this limitation by
first oxidizing 5hmC to 5fC before bisulfite conversion, while Tet-
assisted bisulfite sequencing (TAB-seq) selectively protects 5hmC via -
glucosylation, allowing distinct detection of both modifications!>>~%¢!,
Despite their near-base-pair resolution, WGBS, RRBS, and other short-
read assays suffer from mapping ambiguity and coverage bias in
repetitive regions, cannot resolve long-range haplotype-specific methy-
lation or TE insertions, and typically do not distinguish 5mC from
5hmC, yielding incomplete or biased methylomes.

Enzyme-based assays and affinity enrichment methods represent
practical, cost-effective alternatives for DNA methylation profiling.
Methylation-sensitive restriction enzyme (MSRE) methods such as
MSRE-gPCR and MSRE-seq rapidly assess DNA methylation by
enzymatic cleavage at specific sites, though their resolution is
limited by uneven genomic distribution!'07.1981,  Affinity enrich-
ment approaches, including methylated DNA immunoprecipitation
sequencing (MeDIP-seq) and methyl-CpG-binding domain sequenc-
ing (MBD-seq), capture methylated DNA fragments using anti-5mC
antibodies or methyl-CpG-binding proteins. These methods effi-
ciently handle low-input or fragmented DNA samples but provide

Review of DNA methylation research and application in livestock

only regional-level resolution and semi-quantitative measurements
due to CpG-density biases!'9%119, Such techniques are well-suited
for large-scale population screens and validation studies when
high-depth bisulfite sequencing is impractical due to sample qual-
ity, quantity, or budget constraints.

The advent of single-molecule long-read sequencing technolo-
gies has transformed DNA methylation analysis from destructive
bisulfite-based chemistries to direct, native-signal detection. Third-
generation platforms, primarily represented by Pacific Biosciences
(PacBio) and Oxford Nanopore Technologies (ONT), eliminate PCR
amplification and harsh chemical treatments, providing multi-kilo-
base reads combined with simultaneous detection of epigenetic
modifications.

PacBio's single-molecule real-time (SMRT) sequencing, especially
the high-fidelity (HiFi) mode, has become essential for native DNA
methylation analysis in complex genomes. The SMRT sequencing
monitors real-time polymerase kinetics (inter-pulse duration, IPD,
and pulse width, PW) during replication of circularized DNA mole-
cules, detecting methylation at single-base resolution!’'"l, Using the
Circular Consensus Sequencing (CCS) algorithm, SMRT sequencing
achieves exceptional accuracy (=99.8%) for 15 -25 kb reads!''2l,
Bayesian inference and deep-learning classifiers analyze IPD/PW
deviations, reliably distinguishing methylation states such as 5mC
and 5hmC111.113], Specialized tools developed for HiFi reads include
Agln, the holistic kinetic (HK) model, primrose, and ccsmeth. Agin
aggregates kinetic signals from neighboring CpG sites, enhancing
calls in repetitive regions but without distinguishing modification
types!’4. HK model, primrose, and ccsmeth apply deep learning to
interpret complex kinetic and sequence context patterns, providing
robust sensitivity across diverse genomic regions but necessitating
extensive training data and computational resources'’>-1171. At
present, PacBio long-read sequencing provides the most effec-
tive strategy for achieving telomere-to-telomere (T2T) genome
assemblies!!18-120] with few studies on methylation analysis. In live-
stock, PacBio long-read sequencing has facilitated the generation
of near-complete, chromosome-level genome assemblies, haplo-
type-resolved genomes, and comprehensive structural variant
analyses, thereby advancing research on genetic architecture, trait-

Table 1. Application of high-throughput methylation detection technology in livestock.

Breeds Year Tissues Methods Findings
Durocl®? 2015 Fat, heart, kidney, liver, lung, lymph WGBS Adult pig methylomes closely resemble human, supporting
node, muscle, and spleen biomedical relevance

Landrace pigs!'? 2021 Longissimus dorsi WGBS Dynamic DNA methylation coordinates TF access and gene
programs to drive porcine skeletal muscle development

Ross308 chicken® 2021 Jejunum, ileum, breast muscle, WGBS A multi-tissue WGBS-based methylation clock predicts broiler age

spleen and health
Holstein cows!'%"! 2020 Mammary glands, whole blood cells, WGBS Multi-tissue methylation analyses show global and tissue-specific
prefrontal cortex of the brain, and methylation patterns
semen straws

Meishan and Duroc!'°"! 2022 Testes MeDIP-seq  LDHC promoter demethylation activates expression during
porcine testis maturation

F1 crossbreeds of 2022 Abdominal fats MBD-seq  Nanopore methylomes identify cattle age-related DMRs and

Korean native and pathways

Yorkshire breeds!'%%

Holstein cows!'%3! 2023 Whole blood cells ONT Low-pass nanopore enables accurate genomic prediction plus
simultaneous methylation profiling

Huxu chicken!%4 2023 Muscle ONT Dot chromosomes and the W chromosome are hypermethylated,
whereas centromere cores are relatively hypomethylated in Huxu
chicken

Goéttingen minipigs!'®%! 2022 Whole blood cells ONT Nanopore cfDNA profiling in minipigs found 1,236 obesity DMRs,
implicating PPARGC1B and metabolic pathways

Brahman, 2021 Tail hair ONT Portable ONT tail-hair CpG methylation profiles enabled a cattle

Droughtmaster, and
Tropical Compositel'°®

epigenetic clock predicting age with ~0.71 correlation

Note: Representative studies of different sequencing methods.
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associated genes, and evolutionary adaptation!'2'-124], So far, PacBio
technology has not been found to be widely used in the mapping of
DNA methylation maps of livestock, except for platform benchmark-
ing on pigs and quaill’?*! and the T2T genome assembly research of
sheep, which uses DNA methylation from HiFi reads to characterize
the centromere region of chromosomes!'2¢l, Nevertheless, PacBio's
high accuracy (> 90%) positions it as a powerful method for future
epigenetic studies!'17:127],

ONT sequencing, another prominent long-read technology, iden-
tifies DNA methylation through real-time measurement of ionic-
current fluctuations as DNA traverse protein nanopores. Current
base-callers simultaneously decode nucleotide sequences and per-
base methylation probabilities, enabling direct detection of 5mC,
5hmC, and 6-methyladenine (6mA) without additional chemical
steps[1281291 Accuracy assessments consistently demonstrate that
ONT methylation detection surpasses 90% accuracy!'30-1341, With
the update of the chemical methods (R10.4) for ONT sequencing,
the currently compatible callers include Guppy!'3%], Doradol'36],
DeepMod2('33], f5¢[137], and Rockfish['32, Basecallers like Guppy and
Dorado perform 'one-step' modified-base calling by directly embed-
ding methylation tags into FASTQ outputs, offering high integra-
tion and official support but tightly coupling performance to model
updates for new chemistries!'35136], Signal-level callers such as f5c
and Rockfish extract kinetic features from raw current traces post-
alignment, yielding high precision but requiring extensive computa-
tional processing!'32137], Deep-learning methods such as DeepMod2
offer end-to-end neural network solutions for high-precision methy-
lation detection, particularly beneficial in complex and noisy data-
sets, albeit with substantial training and computational demands!'331,
The long-read capabilities of ONT have enabled innovative applica-
tions, such as haplotype-resolved DNA methylation structural varia-
tion, and genomic variation drives the correlation between DNA
methylation and gene expressionll. Indeed, nanopore long-read
sequencing has been widely applied in agricultural animals, rang-
ing from constructing epigenetic clocks and identifying trait- or
lineage-specific methylation and regulatory variants to uncovering
epigenetic mechanisms underlying disease risk, hybrid regulatory
architecture, and transgenerational effects (Table 1). Moreover, ONT
sequencing has the ability to perform genome assembly, mitochon-
drial genome characterization, transcriptome profiling, alternative
splicing detection, and epigenetic modification analysis, greatly
advancing the understanding of genetic regulation, breed-specific
traits, and production-relevant phenotypes!05138-1411, These appli-
cations mean ONT sequencing has the potential to address epige-
nomics beyond genomics study.

Collectively, third-generation sequencing technologies like PacBio
HiFi and ONT nanopore, capable of native methylation detection
in long DNA reads, promise to revolutionize multiple scientific
domains. Developmental biology studies may leverage phased
methylomes to dissect epigenetic pattern establishment in early
embryos and stem cells. In agricultural sciences, linking haplotype-
resolved methylation patterns with structural variations may signifi-
cantly advance selective breeding programs targeting traits such as
tolerance, feed efficiency, and disease resistance.

Epigenome editing for causal inference and
precision breeding

Recent progress in CRISPR-guided epigenome editing enables precise
gain or loss of CpG methylation in livestock systems!'#~'%4, A nuclease-
inactive Cas9 fused to DNMT3A or DNMT3L installs methylation at
selected promoters and enhancers!', A fusion with the catalytic
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domain of TET1 erases methylation and reactivates transcriptiont'**.,
Proof of concept in porcine fetal fibroblasts shows that targeted
demethylation near FBNT restores expression and remains stable
across passages!'*. Research in porcine oocyte editing shows that
demethylation at MTNR1A during in vitro maturation improves cumu-
lus expansion, maturation, cleavage, and blastocyst yield!*®. In chic-
ken, cell platforms demonstrate efficient CRISPR-based transcriptional
control and robust TET1 activity, which opens a path to methylation
editing in avian embryos!'*”), SunTag-based recruitment together with
CRISPRoff or CRISPRon architectures increases on-target epigenetic
editing efficiency and can yield durable silencing or activation, while
generally causing fewer genome-wide off-target changes than untar-
geted epigenetic treatments!'*>'%8], These systems can be delivered
through plasmid, mRNA electroporation, ribonucleoprotein formats, or
zygote microinjection!'*). Readouts include targeted bisulfite ampli-
cons, long read native methylation, matched RNA profiles, and per-
sistence tests across passages or early embryonic stages!'*?., Off-target
auditing uses guide prediction, amplicon sequencing at candidate
sites, and whole-genome methylome scans!'>"’,

These molecular biology technologies can help to bridge the gap
in how methylation regulation is linked to traits. They allow direct
causal tests at candidate enhancers and promoters that map from
eQTL and DMR screens!('#3l, They support prototypes for precision
breeding that tune gene activity without altering DNA sequencel'48l,
Targets include fertility genes, heat response circuits, immune regu-
lators, and imprinted domains. Editing can rescue suboptimal
methylation in embryos and may improve cloning and embryo
transfer outcomes!'#6], Integration with long read sequencing
gives haplotype-resolved methylation and structural context, and
coupling with machine learning sharpens guide design, predicts
off-target risk, and ranks the smallest edit set. Together, these
advances position 'epigenetic engineering' as an interesting route
to faster validation, safer intervention, and trait tuning that is
reversible, stage-specific, and compatible with modern breeding
pipelines.

Applications of artificial-intelligence-enabled
DNA methylation research

Machine learning frameworks are increasingly integrating DNA methy-
lation data with complementary omics layers, including transcrip-
tomics, chromatin accessibility, proteomics, and 3D genome architec-
ture, to uncover regulatory relationships that remain hidden within
single-modality assays. Multi-Omics Factor Analysis v2 (MOFA+), for
example, employs a variational autoencoder-based approach to jointly
analyze bulk DNA methylation, RNA-seq, and ATAC-seq data, generat-
ing latent factors that correct batch effects and capture both shared
and modality-specific signals!’>?. This method has been used to stratify
chronic lymphocytic leukemia patients into prognostic subgroups
based on methylation-expression axes explaining over 60% of joint
variance (p < 0.01)">2, Another multimodal deep generative model,
the single-cell Multi-View Profiler (scMVP), applies a self-supervised
Transformer to embed scRNA-seq and scATAC-seq data into a unified
low-dimensional space for clustering and imputation, and it can be
adapted to integrate other epigenomic modalities, including DNA
methylation, transcription factor occupancy, and spatial chromatin
interactions!'>>'>4, Similarly, the deep learning model INTERACT com-
bines convolutional neural networks with transformer architectures to
predict the effects of genetic variation on CpG methylation levels in the
human brainl'>?l, Collectively, these approaches exemplify how artifi-
cial intelligence (Al)-driven multi-omics integration can elucidate the
functional consequences of DNA methylation, and these frameworks
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hold considerable promise for livestock applications using omics and
trait records with rich metadata.

Al has rapidly become a driving force in DNA methylation
research, enabling both mechanistic insights and translational
applications. Clinically, machine learning, particularly deep learn-
ing frameworks like MethyINet, has been applied to methy-
lation data to classify cancer types, predict heart failure, deconvo-
lute cell types, subtype tumors, estimate age, infer smoking
status, investigate psychiatric epigenetics, and improve Alzheimer's
risk prediction[5>-1601 |n agricultural epigenomics, Al is being
applied to impute DNA methylation patterns and classify live-
stock breeds based on methylation fingerprints. For instance, CMIm-
pute, a conditional variational autoencoder, learns species- and
tissue-specific methylation patterns to enable accurate imputation
in underrepresented mammalian species-tissue combinations!'61l,
Emerging workflows translating methylation-based breed classi-
fication into practical applications are paving the way for
genetic resource conservation, precision breeding, and food safety
traceability.

Al is no longer a peripheral tool but a core enabler of modern
DNA methylation research, facilitating everything from single-base
modification detection to integrative multi-omics interpretation.
Deep learning frameworks replace traditional statistical models,
enabling high-resolution methylome mapping, regulatory network
inference, and predictive modeling. Al-assisted epigenomics is
accelerating the fusion of DNA methylation with transcriptomics,
chromatin accessibility, proteomics, and 3D genome structure.
Foundation models trained on large-scale multi-omics data, real-
time methylation calling within sequencing platforms, and inter-
pretable Al for epigenome editing will deepen the integration of Al
and epigenetics. These advances will move the field toward action-
able, mechanistically grounded insights for biology and agriculture.

Conclusions and perspectives

Over the past two decades, DNA-methylation research has moved
from locus-specific PCR assays to base-resolved, genome-wide maps
illuminating development, disease, and adaptation. The advent of
third-generation sequencing platforms, particularly PacBio HiFi and
ONT, has further advanced the field by enabling direct, single-molecule
detection of native methylation states, haplotype phasing, and struc-
tural variants, capabilities beyond the reach of traditional bisulfite-
based methods. At the same time, the rapid evolution of Al has
transformed how methylation data are decoded, interpreted, and
integrated with other omics layers. Deep learning models, such as
DeepMod2, now underly most base-level methylation callers, signi-
ficantly improving both accuracy and throughput. Moreover, Al
frameworks have begun to unify methylation with transcriptomics,
chromatin accessibility, proteomics, and 3D genome architecture,
revealing multi-layered regulatory axes that were previously invisible.
These advances are accelerating applications in diverse fields, from
early cancer detection and neurological disease research, to animal
breeding and environmental adaptation. Looking forward, five key
directions are anticipated to shape the future of DNA methylation
research: (1) standardized benchmarking frameworks across species,
tissues, sequencing chemistries, and computational tools to ensure
reproducibility and comparability; (2) scalable, integrative multi-omics
pipelines that jointly model genome sequence, chromatin state,
transcriptome, and methylation profiles; (3) single-cell and spatially
resolved methylation profiling using barcoded long-read strategies to
resolve cell-type-specific and regional epigenetic heterogeneity; (4)
distinguish 5mC from 5hmC, 5fC, and 5caC, and deeply understand the
role of specific methylation in the cell, (5) application of epigenetic

Page 60f 10

Review of DNA methylation research and application in livestock

engineering in animal breeding, and (6) interpretable and causally-
informative Al models, moving beyond classification toward regulatory
inference and clinical decision support. By combining long-read
sequencing and intelligent computation, the next generation of
epigenomic research will offer more precise insights into how
methylation shapes phenotype, advancing both basic biology and
practical outcomes in developmental biology and agricultural
genomics.

Author contributions

The authors confirm contributions to the paper as follows: study
conception and design: Yi G; draft manuscript preparation: Zeng L, Li X,
Groenen MAM, Godia M, Derks FLM, Yi G. All authors reviewed the
results and approved the final version of the manuscript.

Data availability

Data sharing is not applicable to this article, as no datasets were
generated or analyzed during the current study.

Acknowledgments

This work was supported by the National Key Research and
Development Program of China (2021YFF1000600), the Shenzhen
Science and Technology Program (KCXFZ20230731094302006), the
Terminal Sire Breeding Project (5J202206), and the Key Research and
Development project in Hechi City (Heke-AB240709). The author,
Lingsen Zeng, is grateful for the financial support provided by the
Program of China Scholarship Council (Grant No. 202403250098).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 18 August 2025; Revised 10 October 2025; Accepted 6
November 2025; Published online 12 December 2025

References

1. Hotchkiss RD. 1948. The quantitative separation of purines, pyrim-
idines, and nucleosides by paper chromatography. The Journal of
Biological Chemistry 175:315-32

2. Inkster AM, Matthews AM, Phung TN, Plaisier SB, Wilson MA, et al.
2025. Breaking rules: the complex relationship between DNA methyla-
tion and X-chromosome inactivation in the human placenta. Biology of
Sex Differences 16:18

3. XunH, Lian L, Yuan J, Hong J, Hao S, et al. 2025. Domains rearranged
methyltransferases (DRMs)-mediated DNA methylation plays key
roles in modulating gene expression and maintaining transposable
element silencing in soybean. Journal of Integrative Plant Biology
67:1501-14

4. Wang SE, Cheng Y, Lim J, Jang MA, Forrest EN, et al. 2025. Mechanism
of EHMT2-mediated genomic imprinting associated with Prader-Willi
syndrome. Nature Communications 16:6125

5. Mizuike J, Suzuki K, Tosaka S, Kuze Y, Kobayashi S, et al. 2025. Rewired
chromatin structure and epigenetic gene dysregulation during HTLV-1
infection to leukemogenesis. Cancer Science 116:513-23

6. Stefansson OA, Sigurpalsdottir BD, Rognvaldsson S, Halldorsson GH,
Juliusson K, et al. 2024. The correlation between CpG methylation and
gene expression is driven by sequence variants. Nature Genetics
56:1624-31

7. Xue Y, Liu L, Zhang Y, He Y, Wang J, et al. 2024. Unraveling the key
role of chromatin structure in cancer development through

Zeng et al. Genomics Communications 2025, 2: €024


https://doi.org/10.1016/S0021-9258(18)57261-6
https://doi.org/10.1016/S0021-9258(18)57261-6
https://doi.org/10.1186/s13293-025-00696-6
https://doi.org/10.1186/s13293-025-00696-6
https://doi.org/10.1111/jipb.13883
https://doi.org/10.1038/s41467-025-61156-8
https://doi.org/10.1111/cas.16388
https://doi.org/10.1038/s41588-024-01851-2

Review of DNA methylation research and application in livestock

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

epigenetic landscape characterization of oral cancer. Molecular Cancer
23:190

Okano M, Xie S, Li E. 1998. Cloning and characterization of a family of
novel mammalian DNA (cytosine-5) methyltransferases. Nature Genet-
ics 19:219-20

Okano M, Bell DW, Haber DA, Li E. 1999. DNA methyltransferases
Dnmt3a and Dnmt3b are essential for de novo methylation and
mammalian development. Cell 99:247-57

Goll MG, Bestor TH. 2005. Eukaryotic cytosine methyltransferases.
Annual Review of Biochemistry 74:481-514

Wu X, Zhang Y. 2017. TET-mediated active DNA demethyla-
tion: mechanism, function and beyond. Nature Reviews Genetics
18:517-34

Costes V, Chaulot-Talmon A, Sellem E, Perrier JP, Aubert-Frambourg A,
et al. 2022. Predicting male fertility from the sperm methylome: appli-
cation to 120 bulls with hundreds of artificial insemination records.
Clinical Epigenetics 14:54

Yang Y, Fan X, Yan J, Chen M, Zhu M, et al. 2021. A comprehensive
epigenome atlas reveals DNA methylation regulating skeletal muscle
development. Nucleic Acids Research 49:1313-29

Luo R, Dai X, Zhang L, Li G, Zheng Z. 2022. Genome-wide DNA methy-
lation patterns of muscle and tail-fat in DairyMeade sheep and Mongo-
lian sheep. Animals 12:1399

Wu J, Liang W, Liu A, Wang X, Fan Z, et al. 2025. Joint analysis of whole-
genome methylation and transcriptome in avian pullorum disease and
validation of gene function. BVIC Genomics 26:617

Apeksha, Todkari AM, Chaudhary A, Hassan MM, Upreti D, et al. 2025.
Decoding DNA methylation in Staphylococcus aureus mastitis: implica-
tions for immune regulation and disease resistance. Animal Genetics
56:e70044

Smith J, Sones K, Grace D, MacMillan S, Tarawali S, et al. 2013. Beyond
milk, meat, and eggs: role of livestock in food and nutrition security.
Animal Frontiers 3:6—13

Hamernik DL. 2019. Farm animals are important biomedical models.
Animal Frontiers 9:3—5

Jin C, Zhuo Y, Wang J, Zhao Y, Xuan Y, et al. 2018. Methyl donors
dietary supplementation to gestating sows diet improves the growth
rate of offspring and is associating with changes in expression and
DNA methylation of insulin-like growth factor-1 gene. Journal of
Animal Physiology and Animal Nutrition 102:1340-50

HuY, Xu H, Li Z, Zheng X, Jia X, et al. 2013. Comparison of the genome-
wide DNA methylation profiles between fast-growing and slow-grow-
ing broilers. PLoS One 8:€56411

Estrada-Cortés E, Ortiz W, Rabaglino MB, Block J, Rae O, et al. 2021.
Choline acts during preimplantation development of the bovine
embryo to program postnatal growth and alter muscle DNA methyla-
tion. The FASEB Journal 35:€21926

Wang K, Wang S, Ji X, Chen D, Shen Q, et al. 2023. Epigenome-wide
association studies of meat traits in Chinese Yorkshire pigs highlights
several DNA methylation loci and genes. Frontiers in Genetics
13:1028711

Afonso J, Jun Shim W, Figueiredo Cardoso T, Bruscadin JJ, Oliveira de
Lima A, et al. 2025. Putative epigenetic regulation mechanisms related
to production, carcass and beef quality traits in Nelore cattle. Frontiers
in Genetics 16:1593444

Zhang M, Yan FB, Li F, Jiang KR, Li DH, et al. 2017. Genome-wide
DNA methylation profiles reveal novel candidate genes associated
with meat quality at different age stages in hens. Scientific Reports
7:45564

Bouzeraa L, Martin H, Dufour P, Marques JCS, Cerri R, et al. 2025. Epige-
netic insights into fertility: involvement of immune cell methylation in
dairy cows reproduction. Biology of Reproduction ioaf020

Pértille F, Alvarez-Rodriguez M, da Silva AN, Barranco |, Roca J, et al.
2021. Sperm methylome profiling can discern fertility levels in the
porcine biomedical model. International Journal of Molecular Sciences
22:2679

Han W, Xue Q, Li G, Yin J, Zhang H, et al. 2020. Genome-wide analysis
of the role of DNA methylation in inbreeding depression of reproduc-
tion in Langshan chicken. Genomics 112:2677-87

Zeng et al. Genomics Communications 2025, 2: €024

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Genomics |
Communications

JinL, Mao K, Li J, Huang W, Che T, et al. 2018. Genome-wide profiling of
gene expression and DNA methylation provides insight into low-alti-
tude acclimation in Tibetan pigs. Gene 642:522—-32

Zhang Z, Du H, Bai L, Yang C, Li Q, et al. 2018. Whole genome bisulfite
sequencing reveals unique adaptations to high-altitude environments
in Tibetan chickens. PLoS One 13:e0193597

Sevane N, Martinez R, Bruford MW. 2019. Genome-wide differential
DNA methylation in tropically adapted Creole cattle and their Iberian
ancestors. Animal Genetics 50:15-26

Gomez-Redondo |, Planells B, Canovas S, Ivanova E, Kelsey G,
et al. 2021. Genome-wide DNA methylation dynamics during epige-
netic reprogramming in the porcine germline. Clinical Epigenetics
13:27

Carone BR, Fauquier L, Habib N, Shea JM, Hart CE, et al. 2010. Pater-
nally induced transgenerational environmental reprogramming of
metabolic gene expression in mammals. Cell 143:1084—-96

Bourc'his D, Bestor TH. 2004. Meiotic catastrophe and retrotransposon
reactivation in male germ cells lacking Dnmt3L. Nature 431:96—99
Kropp J, Carrillo JA, Namous H, Daniels A, Salih SM, et al. 2017. Male
fertility status is associated with DNA methylation signatures in sperm
and transcriptomic profiles of bovine preimplantation embryos. BMC
Genomics 18:280

Khezri A, Narud B, Stenseth EB, Johannisson A, Myromslien FD, et al.
2019. DNA methylation patterns vary in boar sperm cells with differ-
ent levels of DNA fragmentation. BMC Genomics 20:897

Ivanova E, Canovas S, Garcia-Martinez S, Romar R, Lopes JS, et al. 2020.
DNA methylation changes during preimplantation development
reveal inter-species differences and reprogramming events at
imprinted genes. Clinical Epigenetics 12:96

Nie X, Liu Q, Wang R, Sheng W, Li X, et al. 2017. DNA demethylation
pattern of in-vitro fertilized and cloned porcine pronuclear stage
embryos. Clinica Chimica Acta 473:45-50

Gao Y, Jammes H, Rasmussen MA, Oestrup O, Beaujean N, et al. 2011.
Epigenetic regulation of gene expression in porcine epiblast, hypo-
blast, trophectoderm and epiblast-derived neural progenitor cells.
Epigenetics 6:1149-61

Lu X, Zhang Y, Wang L, Wang L, Wang H, et al. 2021. Evolutionary
epigenomic analyses in mammalian early embryos reveal species-
specific innovations and conserved principles of imprinting. Science
Advances 7:eabi6178

Xia W, Xie W. 2020. Rebooting the epigenomes during mammalian
early embryogenesis. Stem Cell Reports 15:1158-75

Gershoni M. 2023. Transgenerational transmission of environmental
effects in livestock in the age of global warming. Cell Stress and Chaper-
ones 28:445-54

Braunschweig M, Jagannathan V, Gutzwiller A, Bee G. 2012. Investiga-
tions on transgenerational epigenetic response down the male line in
F2 pigs. PLoS One 7:€30583

Rosenberg T, Marco A, Kisliouk T, Haron A, Shinder D, et al. 2022.
Embryonic heat conditioning in chicks induces transgenerational heat/
immunological resilience via methylation on regulatory elements. The
FASEB Journal 36:e22406

Laporta J, Khatib H, Zachut M. 2024. Review: phenotypic and molecu-
lar evidence of inter- and trans-generational effects of heat stress in
livestock mammals and humans. Animal 18:101121

Townsend J, Braz CU, Taylor T, Khatib H. 2023. Effects of paternal
methionine supplementation on sperm DNA methylation and embryo
transcriptome in sheep. Environmental Epigenetics 9:dvac029

Kizilaslan M, Braz CU, Townsend J, Taylor T, Crenshaw TD, et al. 2025.
Transgenerational epigenetic and phenotypic inheritance across five
generations in sheep. International Journal of Molecular Sciences
26:6412

van Otterdijk SD, Michels KB. 2016. Transgenerational epigenetic
inheritance in mammals: how good is the evidence? The FASEB Journal
30:2457-65

Heard E, Martienssen RA. 2014. Transgenerational epigenetic inheri-
tance: myths and mechanisms. Cell 157:95-109

Mohn F, Weber M, Rebhan M, Roloff TC, Richter J, et al. 2008. Lineage-
specific polycomb targets and de novo DNA methylation define

Page 7 of 10


https://doi.org/10.1186/s12943-024-02100-0
https://doi.org/10.1038/890
https://doi.org/10.1038/890
https://doi.org/10.1038/890
https://doi.org/10.1016/S0092-8674(00)81656-6
https://doi.org/10.1146/annurev.biochem.74.010904.153721
https://doi.org/10.1038/nrg.2017.33
https://doi.org/10.1186/s13148-022-01275-x
https://doi.org/10.1093/nar/gkaa1203
https://doi.org/10.3390/ani12111399
https://doi.org/10.1186/s12864-025-11821-5
https://doi.org/10.1111/age.70044
https://doi.org/10.2527/af.2013-0002
https://doi.org/10.1093/af/vfz026
https://doi.org/10.1111/jpn.12933
https://doi.org/10.1111/jpn.12933
https://doi.org/10.1371/journal.pone.0056411
https://doi.org/10.1096/fj.202100991R
https://doi.org/10.3389/fgene.2022.1028711
https://doi.org/10.3389/fgene.2025.1593444
https://doi.org/10.3389/fgene.2025.1593444
https://doi.org/10.1038/srep45564
https://doi.org/10.1093/biolre/ioaf020
https://doi.org/10.3390/ijms22052679
https://doi.org/10.1016/j.ygeno.2020.02.007
https://doi.org/10.1016/j.gene.2017.11.074
https://doi.org/10.1371/journal.pone.0193597
https://doi.org/10.1111/age.12731
https://doi.org/10.1186/s13148-021-01003-x
https://doi.org/10.1016/j.cell.2010.12.008
https://doi.org/10.1038/nature02886
https://doi.org/10.1186/s12864-017-3673-y
https://doi.org/10.1186/s12864-017-3673-y
https://doi.org/10.1186/s12864-019-6307-8
https://doi.org/10.1186/s13148-020-00887-5
https://doi.org/10.1016/j.cca.2017.07.025
https://doi.org/10.4161/epi.6.9.16954
https://doi.org/10.1126/sciadv.abi6178
https://doi.org/10.1126/sciadv.abi6178
https://doi.org/10.1016/j.stemcr.2020.09.005
https://doi.org/10.1007/s12192-023-01325-0
https://doi.org/10.1007/s12192-023-01325-0
https://doi.org/10.1007/s12192-023-01325-0
https://doi.org/10.1371/journal.pone.0030583
https://doi.org/10.1096/fj.202101948R
https://doi.org/10.1096/fj.202101948R
https://doi.org/10.1016/j.animal.2024.101121
https://doi.org/10.1093/eep/dvac029
https://doi.org/10.3390/ijms26136412
https://doi.org/10.1096/fj.201500083
https://doi.org/10.1016/j.cell.2014.02.045

Genomics
Communications

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

restriction and potential of neuronal progenitors. Molecular Cell
30:755-66

Boyes J, Bird A. 1991. DNA methylation inhibits transcription indirectly
via a methyl-CpG binding protein. Cell 64:1123-34

Zhang Z, Tan B, Su J, Xue J, Xiao L, et al. 2025. Preliminary analysis of
placental DNA methylation profiles in piglets with extreme birth
weight variations. Animals 15:2168

Karami K, Sabban J, Cerutti C, Devailly G, Foissac S, et al. 2025. Molecu-
lar responses of chicken embryos to maternal heat stress through DNA
methylation and gene expression: a pilot study. Environmental Epige-
netics 11:dvaf009

Neri F, Rapelli S, Krepelova A, Incarnato D, Parlato C, et al. 2017. Intra-
genic DNA methylation prevents spurious transcription initiation.
Nature 543:72-77

Naftelberg S, Schor IE, Ast G, Kornblihtt AR. 2015. Regulation of alter-
native splicing through coupling with transcription and chromatin
structure. Annual Review of Biochemistry 84:165—-98

Xie S, Hagen D, Becker GM, Davenport KM, Shira KA, et al. 2025. Analyz-
ing the relationship of RNA and DNA methylation with gene expres-
sion. Genome Biology 26:140

Laine VN, Gossmann Tl, Schachtschneider KM, Garroway CJ, Madsen O,
et al. 2016. Evolutionary signals of selection on cognition from
the great tit genome and methylome. Nature Communications
7:10474

Derks MFL, Schachtschneider KM, Madsen O, Schijlen E, Verhoeven
KJF, et al. 2016. Gene and transposable element methylation in great
tit (Parus major) brain and blood. BMC Genomics 17:332

Yuan X, Chen N, Feng Y, Li N, Pan X, et al. 2023. Single-cell multi-omics
profiling reveals key regulatory mechanisms that poise germinal vesi-
cle oocytes for maturation in pigs. Cellular and Molecular Life Sciences
80:222

Benedetti C, Giaccari C, Cecere F, Gansemans Y, Kelsey G, et al. 2025.
Single-cell multiomic analysis reveals methylome and transcriptome
deviations following oocyte maturation in vitro. Reproduction
170:2250011

Lee CN, Fu H, Cardilla A, Zhou W, Deng Y. 2025. Spatial joint pro-
filing of DNA methylome and transcriptome in tissues. Nature
646:1261-71

Fedoriw A, Mugford J, Magnuson T. 2012. Genomic imprinting and
epigenetic control of development. Cold Spring Harbor Perspectives in
Biology 4:a008136

Wood AJ, Oakey RJ. 2006. Genomic imprinting in mammals: emerging
themes and established theories. PLoS Genetics 2:e147

Wu YQ, Zhao H, Li YJ, Khederzadeh S, Wei HJ, et al. 2020. Genome-
wide identification of imprinted genes in pigs and their different
imprinting status compared with other mammals. Zoological Research
41:721-25

Ahn J, Hwang IS, Park MR, Rosa-Velazquez M, Cho IC, et al. 2025. Evolu-
tionary lineage-specific genomic imprinting at the ZNF791 locus. PLoS
Genetics 21:¢1011532

Koski LB, Sasaki E, Roberts RD, Gibson J, Etches RJ. 2000. Monoalleleic
transcription of the insulin-like growth factor-Il gene (Igf2) in chick
embryos. Molecular Reproduction and Development 56:345-52

O'Neill MJ, Ingram RS, Vrana PB, Tilghman SM. 2000. Allelic expression
of IGF2 in marsupials and birds. Development Genes and Evolution
210:18-20

Nolan CM, Killian JK, Petitte JN, lJirtle RL. 2001. Imprint status of
MG6P/IGF2R and IGF2 in chickens. Development Genes and Evolution
211:179-83

Yokomine T, Kuroiwa A, Tanaka K, Tsudzuki M, Matsuda Y, et al. 2001.
Sequence polymorphisms, allelic expression status and chromosome
locations of the chicken /IGF2 and MPR1 genes. Cytogenetics and Cell
Genetics 93:109-13

Frésard L, Leroux S, Servin B, Gourichon D, Dehais P, et al. 2014. Tran-
scriptome-wide investigation of genomic imprinting in chicken.
Nucleic Acids Research 42:3768—-82

Wang Q, Li K, Zhang D, Li J, Xu G, et al. 2015. Next-generation sequenc-
ing techniques reveal that genomic imprinting is absent in day-old
Gallus gallus domesticus brains. PLoS One 10:e0132345

Page 80f 10

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Review of DNA methylation research and application in livestock

Zhuo Z, Lamont SJ, Abasht B. 2017. RNA-seq analyses identify frequent
allele specific expression and no evidence of genomic imprinting in
specific embryonic tissues of chicken. Scientific Reports 7:11944

Zou H, Yu D, Du X, Wang J, Chen L, et al. 2019. No imprinted XIST
expression in pigs: biallelic XIST expression in early embryos and
random X inactivation in placentas. Cellular and Molecular Life Sciences
76:4525-38

Yu B, van Tol HTA, Stout TAE, Roelen BAJ. 2020. Initiation of X
chromosome inactivation during bovine embryo development. Cells
9:1016

Young LE, Fernandes K, McEvoy TG, Butterwith SC, Gutierrez CG, et al.
2001. Epigenetic change in IGF2R is associated with fetal overgrowth
after sheep embryo culture. Nature Genetics 27:153-54

Yuan L, Wang A, Yao C, Huang Y, Duan F, et al. 2014. Aberrant expres-
sion of Xist in aborted porcine fetuses derived from somatic cell
nuclear transfer embryos. International Journal of Molecular Sciences
15:21631-43

Su J, Wang Y, Xing X, Liu J, Zhang Y. 2014. Genome-wide analysis of
DNA methylation in bovine placentas. BMC Genomics 15:12

Balaton BP, Fornes O, Wasserman WW, Brown CJ. 2021. Cross-species
examination of X-chromosome inactivation highlights domains of
escape from silencing. Epigenetics & Chromatin 14:12

Della Valle F, Reddy P, Aguirre Vazquez A, Izpisua Belmonte JC. 2025.
Reactivation of retrotransposable elements is associated with environ-
mental stress and ageing. Nature Reviews Genetics 26:547—58

Ricci M, Peona V, Guichard E, Taccioli C, Boattini A. 2018. Transposable
elements activity is positively related to rate of speciation in mammals.
Journal of Molecular Evolution 86:303—10

Kojima S, Koyama S, Ka M, Saito Y, Parrish EH, et al. 2023. Mobile ele-
ment variation contributes to population-specific genome diversifica-
tion, gene regulation and disease risk. Nature Genetics 55:939-51

Zhao P, Peng C, Fang L, Wang Z, Liu GE. 2023. Taming transposable
elements in livestock and poultry: a review of their roles and applica-
tions. Genetics Selection Evolution 55:50

Chen C, Wang W, Wang X, Shen D, Wang S, et al. 2019. Retrotrans-
posons evolution and impact on IncRNA and protein coding genes in
pigs. Mobile DNA 10:19

Sun L, Fu X, Ma G, Hutchins AP. 2021. Chromatin and epigenetic rear-
rangements in embryonic stem cell fate transitions. Frontiers in Cell and
Developmental Biology 9:637309

YuY, Zhang H, Tian F, Bacon L, Zhang Y, et al. 2008. Quantitative evalu-
ation of DNA methylation patterns for ALVE and TVB genes in a
neoplastic disease susceptible and resistant chicken model. PLoS
3:e1731

Fulton JE, Mason AS, Wolc A, Arango J, Settar P, et al. 2021. The impact
of endogenous Avian Leukosis Viruses (ALVE) on production traits in
elite layer lines. Poultry Science 100:101121

Silveira MM, Vargas LN, Bayao HXS, Schumann NAB, Caetano AR, et al.
2019. DNA methylation of the endogenous retrovirus Fematrin-1 in
fetal placenta is associated with survival rate of cloned calves. Placenta
88:52—-60

Kernaleguen M, Daviaud C, Shen Y, Bonnet E, Renault V, et al. 2018.
Whole-genome bisulfite sequencing for the analysis of genome-wide
DNA methylation and hydroxymethylation patterns at single-
nucleotide resolution. In Epigenome Editing, eds. Jeltsch A, Rots MG.
New York, USA: Humana Press. pp. 311-49 doi: 10.1007/978-1-4939-
7774-1_18

Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, et al. 2009.
Human DNA methylomes at base resolution show widespread epige-
nomic differences. Nature 462:315-22

Li M, Wu H, Luo Z, Xia Y, Guan J, et al. 2012. An atlas of DNA methy-
lomes in porcine adipose and muscle tissues. Nature Communications
3:850

Nakabayashi K, Yamamura M, Haseagawa K, et al. 2023. Reduced
Representation Bisulfite Sequencing (RRBS). In: Epigenomics: Methods
and Protocols, eds. Hatada |, Horii T. New York, USA: Humana Press.
pp. 39-51 doi: 10.1007/978-1-0716-2724-2_3

Ponsuksili S, Trakooljul N, Basavaraj S, Hadlich F, Murani E, et al. 2019.
Epigenome-wide skeletal muscle DNA methylation profiles at the

Zeng et al. Genomics Communications 2025, 2: €024


https://doi.org/10.1016/j.molcel.2008.05.007
https://doi.org/10.1016/0092-8674(91)90267-3
https://doi.org/10.3390/ani15152168
https://doi.org/10.1093/eep/dvaf009
https://doi.org/10.1093/eep/dvaf009
https://doi.org/10.1093/eep/dvaf009
https://doi.org/10.1038/nature21373
https://doi.org/10.1146/annurev-biochem-060614-034242
https://doi.org/10.1186/s13059-025-03617-3
https://doi.org/10.1038/ncomms10474
https://doi.org/10.1186/s12864-016-2653-y
https://doi.org/10.1007/s00018-023-04873-x
https://doi.org/10.1530/REP-25-0011
https://doi.org/10.1038/s41586-025-09478-x
https://doi.org/10.1101/cshperspect.a008136
https://doi.org/10.1101/cshperspect.a008136
https://doi.org/10.1371/journal.pgen.0020147
https://doi.org/10.24272/j.issn.2095-8137.2020.072
https://doi.org/10.1371/journal.pgen.1011532
https://doi.org/10.1371/journal.pgen.1011532
https://doi.org/10.1002/1098-2795(200007)56:3<345::AID-MRD3>3.0.CO;2-1
https://doi.org/10.1007/PL00008182
https://doi.org/10.1007/s004270000132
https://doi.org/10.1159/000056960
https://doi.org/10.1159/000056960
https://doi.org/10.1093/nar/gkt1390
https://doi.org/10.1371/journal.pone.0132345
https://doi.org/10.1038/s41598-017-12179-9
https://doi.org/10.1007/s00018-019-03123-3
https://doi.org/10.3390/cells9041016
https://doi.org/10.1038/84769
https://doi.org/10.3390/ijms151221631
https://doi.org/10.1186/1471-2164-15-12
https://doi.org/10.1186/s13072-021-00386-8
https://doi.org/10.1038/s41576-025-00829-y
https://doi.org/10.1007/s00239-018-9847-7
https://doi.org/10.1038/s41588-023-01390-2
https://doi.org/10.1186/s12711-023-00821-2
https://doi.org/10.1186/s13100-019-0161-8
https://doi.org/10.3389/fcell.2021.637309
https://doi.org/10.3389/fcell.2021.637309
https://doi.org/10.1371/journal.pone.0001731
https://doi.org/10.1016/j.psj.2021.101121
https://doi.org/10.1016/j.placenta.2019.09.012
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1007/978-1-4939-7774-1_18
https://doi.org/10.1038/nature08514
https://doi.org/10.1038/ncomms1854
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1007/978-1-0716-2724-2_3
https://doi.org/10.1007/978-1-0716-2724-2_3

Review of DNA methylation research and application in livestock

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

background of distinct metabolic types and ryanodine receptor varia-
tion in pigs. BMC Genomics 20:492

Schachtschneider KM, Madsen O, Park C, Rund LA, Groenen MAM, et al.
2015. Adult porcine genome-wide DNA methylation patterns support
pigs as a biomedical model. BMC Genomics 16:743

Gu H, Smith ZD, Bock C, Boyle P, Gnirke A, et al. 2011. Preparation of
reduced representation bisulfite sequencing libraries for genome-
scale DNA methylation profiling. Nature Protocols 6:468—-81

Yu P, Ji L, Lee KJ, Yu M, He C, et al. 2016. Subsets of visceral adipose
tissue nuclei with distinct levels of 5-hydroxymethylcytosine. PLoS One
11:e0154949

Booth MJ, Ost TWB, Beraldi D, Bell NM, Branco MR, et al. 2013. Oxida-
tive bisulfite sequencing of 5-methylcytosine and 5-hydroxymethylcy-
tosine. Nature Protocols 8:1841-51

Skvortsova K, Zotenko E, Luu PL, Gould CM, Nair SS, et al. 2017.
Comprehensive evaluation of genome-wide 5-hydroxymethylcytosine
profiling approaches in human DNA. Epigenetics & Chromatin 10:16

Li L, Gao Y, Wu Q, Cheng ASL, Yip KY. 2019. New guidelines for DNA
methylome studies regarding 5-hydroxymethylcytosine for under-
standing transcriptional regulation. Genome Research 29:543—-53

Zuo T, Tycko B, Liu TM, Lin HL, Huang TH. 2009. Methods in Dna
methylation profiling. Epigenomics 1:331-45

Raddatz G, Arsenault RJ, Aylward B, Whelan R, Bohl F, et al. 2021. A
chicken DNA methylation clock for the prediction of broiler health.
Communications Biology 4:76

Zhou Y, Liu S, Hu Y, Fang L, Gao Y, et al. 2020. Comparative
whole genome DNA methylation profiling across cattle tissues
reveals global and tissue-specific methylation patterns. BMC Biology
18:85

Zhou C, Zhang L, Xu D, Ding H, Zheng S, et al. 2022. MeDIP-seq and
RNA-seq analysis during porcine testis development reveals func-
tional DMR at the promoter of LDHC. Genomics 114:110467

Kim DY, Lim B, Lim D, Park W, Lee KT, et al. 2022. Integrative methy-
lome and transcriptome analysis of porcine abdominal fat indicates
changes in fat metabolism and immune responses during different
development. Journal of Animal Science 100:skac302

Gonzélez-Recio O, Lépez-Catalina A, Peir6-Pastor R, Nieto-Valle A,
Castro M, et al. 2023. Evaluating the potential of (epi)genotype-by-low
pass nanopore sequencing in dairy cattle: a study on direct genomic
value and methylation analysis. Journal of Animal Science and Biotech-
nology 14:98

Huang Z, Xu Z, Bai H, Huang Y, Kang N, et al. 2023. Evolutionary analy-
sis of a complete chicken genome. Proceedings of the National
Academy of Sciences 120:2216641120

Drag MH, Debes KP, Franck CS, Flethgj M, Lyhne MK, et al. 2023.
Nanopore sequencing reveals methylation changes associated with
obesity in circulating cell-free DNA from Gottingen Minipigs. Epigenet-
ics 18:2199374

Hayes BJ, Nguyen LT, Forutan M, Engle BN, Lamb HJ, et al. 2021. An
epigenetic aging clock for cattle using portable sequencing techno-
logy. Frontiers in Genetics 12:760450

Maunakea AK, Nagarajan RP, Bilenky M, Ballinger TJ, D'Souza C, et al.
2010. Conserved role of intragenic DNA methylation in regulating
alternative promoters. Nature 466:253—57

Melnikov AA, Gartenhaus RB, Levenson AS, Motchoulskaia NA, Leven-
son VV. 2005. MSRE-PCR for analysis of gene-specific DNA methylation.
Nucleic Acids Research 33:e93

Weber M, Davies JJ, Wittig D, Oakeley EJ, Haase M, et al. 2005. Chromo-
some-wide and promoter-specific analyses identify sites of differential
DNA methylation in normal and transformed human cells. Nature
Genetics 37:853-62

Lan X, Adams C, Landers M, Dudas M, Krissinger D, et al. 2011. High
resolution detection and analysis of CpG dinucleotides methylation
using MBD-Seq technology. PLoS One 6:€22226

Flusberg BA, Webster DR, Lee JH, Travers KJ, Olivares EC, et al. 2010.
Direct detection of DNA methylation during single-molecule, real-time
sequencing. Nature Methods 7:461-65

Wenger AM, Peluso P, Rowell WJ, Chang PC, Hall RJ, et al. 2019.
Accurate circular consensus long-read sequencing improves variant

Zeng et al. Genomics Communications 2025, 2: €024

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Genomics |
Communications

detection and assembly of a human genome. Nature Biotechnology
37:1155-62

Song CX, Clark TA, Lu XY, Kislyuk A, Dai Q, et al. 2012. Sensitive and
specific single-molecule sequencing of 5-hydroxymethylcytosine.
Nature Methods 9:75-77

Suzuki Y, Korlach J, Turner SW, Tsukahara T, Taniguchi J, et al. 2016.
Agln: measuring the landscape of CpG methylation of individual repet-
itive elements. Bioinformatics 32:2911-19

Olivia Tse OY, Jiang P, Cheng SH, Peng W, Shang H, et al. 2021.
Genome-wide detection of cytosine methylation by single molecule
real-time sequencing. Proceedings of the National Academy of Sciences
118:€2019768118

Pereira L de M. 2025. Primrose. https://github.com/mattosimp/prim-
rose (Accessed 11 December 2025)

Ni P, Nie F, Zhong Z, Xu J, Huang N, et al. 2023. DNA 5-methylcytosine
detection and methylation phasing using PacBio circular consensus
sequencing. Nature Communications 14:4054

Miga KH, Koren S, Rhie A, Vollger MR, Gershman A, et al. 2020. Telo-
mere-to-telomere assembly of a complete human X chromosome.
Nature 585:79—-84

Wang X, Sun Z, Qi F, Zhou Z, Du P, et al. 2025. A telomere-to-telomere
genome assembly of the cultivated peanut. Molecular Plant 18:5—8
Chen J, Wang Z, Tan K, Huang W, Shi J, et al. 2023. A complete telom-
ere-to-telomere assembly of the maize genome. Nature Genetics
55:1221-31

Ashari H, Liu LS, Dagong MIA, Cai ZF, Xie GL, et al. 2025. Genome
sequencing and assembly of feral chickens in the wild of Sulawesi,
Indonesia. Animal Genetics 56:e13497

Zhu F, Yin ZT, Zhao QS, Sun YX, Jie YC, et al. 2023. A chromosome-level
genome assembly for the Silkie chicken resolves complete sequences
for key chicken metabolic, reproductive, and immunity genes. Commu-
nications Biology 6:1233

Niu'Y, Fan X, Yang Y, Li J, Lian J, et al. 2024. Haplotype-resolved assem-
bly of a pig genome using single-sperm sequencing. Communications
Biology 7:738

Cao C, Miao J, Xie Q, Sun J, Cheng H, et al. 2025. A near telomere-to-
telomere genome assembly of the Jinhua pig: enabling more accurate
genetic research. GigaScience 14:giaf048

Terzian P, Vandecasteele C, Lledo J, Serre RF, Sabban J, et al. 2025. Pig
and quail CpG methylation datasets from short and long read
sequencing technologies. Scientific Data 12:556

Luo LY, Wu H, Zhao LM, Zhang YH, Huang JH, et al. 2025. Telomere-to-
telomere sheep genome assembly identifies variants associated with
wool fineness. Nature Genetics 57:218—-30

Liu Y, Liu Z, Jiang T, Zang T, Wang Y. 2022. Comparison of the
Nanopore and PacBio sequencing technologies for DNA 5-methylcyto-
sine detection. 2022 IEEE International Conference on Bioinformatics and
Biomedicine (BIBM), Las Vegas, NV, USA, 6-8 December, 2022. USA: IEEE.
pp. 220-25 doi: 10.1109/BIBM55620.2022.9995567

Halliwell DO, Honig F, Bagby S, Roy S, Murrell A. 2025. Double and
single stranded detection of 5-methylcytosine and 5-hydroxymethyl-
cytosine with nanopore sequencing. Communications Biology 8:243
Simpson JT, Workman RE, Zuzarte PC, David M, Dursi LJ, et al. 2017.
Detecting DNA cytosine methylation using nanopore sequencing.
Nature Methods 14:407—10

Sigurpalsdottir BD, Stefansson OA, Holley G, Beyter D, Zink F,
et al. 2024. A comparison of methods for detecting DNA methyla-
tion from long-read sequencing of human genomes. Genome Biology
25:69

Yin C, Wang R, Qiao J, Shi H, Duan H, et al. 2024. NanoCon: contrastive
learning-based deep hybrid network for nanopore methylation detec-
tion. Bioinformatics 40:btae046

Stanojevi¢ D, Li Z, Baki ¢S, Foo R, Siki ¢ M. 2024. Rockfish: A trans-
former-based model for accurate 5-methylcytosine prediction from
nanopore sequencing. Nature Communications 15:5580

Ahsan MU, Gouru A, Chan J, Zhou W, Wang K. 2024. A signal pro-
cessing and deep learning framework for methylation detection
using Oxford Nanopore sequencing. Nature Communications
15:1448

Page 90f 10


https://doi.org/10.1186/s12864-019-5880-1
https://doi.org/10.1186/s12864-015-1938-x
https://doi.org/10.1038/nprot.2010.190
https://doi.org/10.1371/journal.pone.0154949
https://doi.org/10.1038/nprot.2013.115
https://doi.org/10.1186/s13072-017-0123-7
https://doi.org/10.1101/gr.240036.118
https://doi.org/10.2217/epi.09.31
https://doi.org/10.1038/s42003-020-01608-7
https://doi.org/10.1186/s12915-020-00793-5
https://doi.org/10.1016/j.ygeno.2022.110467
https://doi.org/10.1093/jas/skac302
https://doi.org/10.1186/s40104-023-00896-3
https://doi.org/10.1186/s40104-023-00896-3
https://doi.org/10.1186/s40104-023-00896-3
https://doi.org/10.1073/pnas.2216641120
https://doi.org/10.1073/pnas.2216641120
https://doi.org/10.1080/15592294.2023.2199374
https://doi.org/10.1080/15592294.2023.2199374
https://doi.org/10.3389/fgene.2021.760450
https://doi.org/10.1038/nature09165
https://doi.org/10.1093/nar/gni092
https://doi.org/10.1038/ng1598
https://doi.org/10.1038/ng1598
https://doi.org/10.1371/journal.pone.0022226
https://doi.org/10.1038/nmeth.1459
https://doi.org/10.1038/s41587-019-0217-9
https://doi.org/10.1038/nmeth.1779
https://doi.org/10.1093/bioinformatics/btw360
https://doi.org/10.1073/pnas.2019768118
https://github.com/mattoslmp/primrose
https://github.com/mattoslmp/primrose
https://github.com/mattoslmp/primrose
https://doi.org/10.1038/s41467-023-39784-9
https://doi.org/10.1038/s41586-020-2547-7
https://doi.org/10.1016/j.molp.2024.12.001
https://doi.org/10.1038/s41588-023-01419-6
https://doi.org/10.1111/age.13497
https://doi.org/10.1038/s42003-023-05619-y
https://doi.org/10.1038/s42003-023-05619-y
https://doi.org/10.1038/s42003-024-06397-x
https://doi.org/10.1038/s42003-024-06397-x
https://doi.org/10.1093/gigascience/giaf048
https://doi.org/10.1038/s41597-025-04769-4
https://doi.org/10.1038/s41588-024-02037-6
https://doi.org/10.1109/BIBM55620.2022.9995567
https://doi.org/10.1038/s42003-025-07681-0
https://doi.org/10.1038/nmeth.4184
https://doi.org/10.1186/s13059-024-03207-9
https://doi.org/10.1093/bioinformatics/btae046
https://doi.org/10.1038/s41467-024-49847-0
https://doi.org/10.1038/s41467-024-45778-y

Genomics
Communications

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

Fu Y, Timp W, Sedlazeck FJ. 2025. Computational analysis of DNA
methylation from long-read sequencing. Nature Reviews Genetics
26:620-34

Oxford Nanopore Technologies. 2018. Guppy protocol. https://nano
poretech.com/document/Guppy-protocol (Accessed 11 December
2025)

Oxford Nanopore Technologies. 2025. Dorado documentation. https://
dorado-docs.readthedocs.io/en/latest/ (Accessed 11 December 2025)
Gamaarachchi H, Lam CW, Jayatilaka G, Samarakoon H, Simpson JT, et
al. 2020. GPU accelerated adaptive banded event alignment for rapid
comparative nanopore signal analysis. BVMC Bioinformatics 21:343

Li D, Zhong C, Sun Y, Kang L, Jiang Y. 2023. Identification of genes
involved in chicken follicle selection by ONT sequencing on granulosa
cells. Frontiers in Genetics 13:1090603

Sutopo S, Lestari DA, Setiaji A, Bugiwati SRA, Dagong MIA, et al. 2024.
Revealing the complete mtDNA genome sequence of Cemani chicken
(Gallus gallus) by using Nanopore sequencing analysis. Animal
Bioscience 37:1664—72

Muller T, Boileau E, Talyan S, Kehr D, Varadi K, et al. 2021. Updated and
enhanced pig cardiac transcriptome based on long-read RNA
sequencing and proteomics. Journal of Molecular and Cellular Cardiol-
ogy 150:23-31

Shu Z, Wang L, Wang J, Zhang L, Hou X, et al. 2022. Integrative analysis
of nanopore and illumina sequencing reveals alternative splicing
complexity in pig longissimus dorsi muscle. Frontiers in Genetics
13:877646

Liu XS, Wu H, Ji X, Stelzer Y, Wu X, et al. 2016. Editing DNA methylation
in the mammalian genome. Cell 167:233—-47.e17

Huang YH, Su J, Lei Y, Brunetti L, Gundry MC, et al. 2017. DNA
epigenome editing using CRISPR-Cas SunTag-directed DNMT3A.
Genome Biology 18:176

Miyadai R, Hinata S, Amemiya Y, Shigematsu S, Umeyama K, et al. 2025.
Epigenome editing-mediated restoration of FBNT expression by
demethylation of CpG island shore in porcine fibroblasts. Biochemistry
and Biophysics Reports 42:101973

Sapozhnikov DM, Szyf M. 2021. Unraveling the functional role of DNA
demethylation at specific promoters by targeted steric blockage of
DNA methyltransferase with CRISPR/dCas9. Nature Communications
12:5711

Qian J, Liu SX. 2024. CRISPR/dCas9-Tet1-mediated DNA methylation
editing. Bio-Protocol 14:e4976—e4976

Zuo Q, Wang Y, Cheng S, Lian C, Tang B, et al. 2016. Site-directed
genome knockout in chicken cell line and embryos can use CRISPR/Cas
gene editing technology. G3 6:1787-92

Nufez JK, Chen J, Pommier GC, Cogan JZ, Replogle JM, et al. 2021.
Genome-wide programmable transcriptional memory by CRISPR-
based epigenome editing. Cell 184:2503-2519.e17

Lin JC, Van Eenennaam AL. 2021. Electroporation-mediated genome
editing of livestock zygotes. Frontiers in Genetics 12:648482

Page 100f 10

150.

151.

152.
153.

154.
155.
156.
157.
158.

159.
160.

161.

Review of DNA methylation research and application in livestock

Sung CK, Yim H. 2020. CRISPR-mediated promoter de/methylation
technologies for gene regulation. Archives of Pharmacal Research
43:705-13

Sherkatghanad Z, Abdar M, Charlier J, Makarenkov V. 2023. Using tradi-
tional machine learning and deep learning methods for on- and off-
target prediction in CRISPR/Cas9: a review. Briefings in Bioinformatics
24:bbad131

Argelaguet R, Arnol D, Bredikhin D, Deloro Y, Velten B, et al. 2020.
MOFA+: a statistical framework for comprehensive integration of
multi-modal single-cell data. Genome Biology 21:111

Li G, Fu S, Wang S, Zhu C, Duan B, et al. 2022. A deep generative model
for multi-view profiling of single-cell RNA-seq and ATAC-seq data.
Genome Biology 23:20

Clark SJ, Argelaguet R, Kapourani CA, Stubbs TM, Lee HJ, et al. 2018.
scNMT-seq enables joint profiling of chromatin accessibility DNA
methylation and transcription in single cells. Nature Communications
9:781

Zhou J, Chen Q, Braun PR, Perzel Mandell KA, Jaffe AE, et al. 2022. Deep
learning predicts DNA methylation regulatory variants in the human
brain and elucidates the genetics of psychiatric disorders. Proceedings
of the National Academy of Sciences 119:€2206069119

Jurmeister P, Bockmayr M, Seegerer P, Bockmayr T, Treue D, et al. 2019.
Machine learning analysis of DNA methylation profiles distinguishes
primary lung squamous cell carcinomas from head and neck metas-
tases. Science Translational Medicine 11:eaaw8513

Zhao X, Sui Y, Ruan X, Wang X, He K, et al. 2022. A deep learning model
for early risk prediction of heart failure with preserved ejection frac-
tion by DNA methylation profiles combined with clinical features. Clini-
cal Epigenetics 14:11

Hoang DT, Shulman ED, Turakulov R, Abdullaev Z, Singh O, et al. 2024.
Prediction of DNA methylation-based tumor types from histopathol-
ogy in central nervous system tumors with deep learning. Nature
Medicine 30:1952—-61

Park C, Ha J, Park S. 2020. Prediction of Alzheimer's disease based on
deep neural network by integrating gene expression and DNA methy-
lation dataset. Expert Systems with Applications 140:112873

Levy JJ, Titus AJ, Petersen CL, Chen Y, Salas LA, et al. 2020. MethyINet:
an automated and modular deep learning approach for DNA methyla-
tion analysis. BVIC Bioinformatics 21:108

Maciejewski E, Horvath S, Ernst J. 2025. CMImpute: cross-species and
tissue imputation of species-level DNA methylation samples across
mammalian species. Genome Biology 26:133

Copyright: © 2025 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Zeng et al. Genomics Communications 2025, 2: €024


https://doi.org/10.1038/s41576-025-00822-5
https://nanoporetech.com/document/Guppy-protocol
https://nanoporetech.com/document/Guppy-protocol
https://nanoporetech.com/document/Guppy-protocol
https://nanoporetech.com/document/Guppy-protocol
https://dorado-docs.readthedocs.io/en/latest/
https://dorado-docs.readthedocs.io/en/latest/
https://dorado-docs.readthedocs.io/en/latest/
https://dorado-docs.readthedocs.io/en/latest/
https://doi.org/10.1186/s12859-020-03697-x
https://doi.org/10.3389/fgene.2022.1090603
https://doi.org/10.5713/ab.23.0513
https://doi.org/10.5713/ab.23.0513
https://doi.org/10.1016/j.yjmcc.2020.10.005
https://doi.org/10.1016/j.yjmcc.2020.10.005
https://doi.org/10.1016/j.yjmcc.2020.10.005
https://doi.org/10.3389/fgene.2022.877646
https://doi.org/10.1016/j.cell.2016.08.056
https://doi.org/10.1186/s13059-017-1306-z
https://doi.org/10.1016/j.bbrep.2025.101973
https://doi.org/10.1016/j.bbrep.2025.101973
https://doi.org/10.1038/s41467-021-25991-9
https://doi.org/10.21769/bioprotoc.4976
https://doi.org/10.21769/bioprotoc.4976
https://doi.org/10.21769/bioprotoc.4976
https://doi.org/10.1534/g3.116.028803
https://doi.org/10.1016/j.cell.2021.03.025
https://doi.org/10.3389/fgene.2021.648482
https://doi.org/10.1007/s12272-020-01257-8
https://doi.org/10.1093/bib/bbad131
https://doi.org/10.1186/s13059-020-02015-1
https://doi.org/10.1186/s13059-021-02595-6
https://doi.org/10.1038/s41467-018-03149-4
https://doi.org/10.1073/pnas.2206069119
https://doi.org/10.1073/pnas.2206069119
https://doi.org/10.1126/scitranslmed.aaw8513
https://doi.org/10.1186/s13148-022-01232-8
https://doi.org/10.1186/s13148-022-01232-8
https://doi.org/10.1038/s41591-024-02995-8
https://doi.org/10.1038/s41591-024-02995-8
https://doi.org/10.1016/j.eswa.2019.112873
https://doi.org/10.1186/s12859-020-3443-8
https://doi.org/10.1186/s13059-025-03561-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	DNA methylation reprogramming
	Biological functions of DNA methylation
	DNA methylation detection technologies
	Epigenome editing for causal inference and precision breeding
	Applications of artificial-intelligence-enabled DNA methylation research
	Conclusions and perspectives
	Author contributions
	Data availability
	References

