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Abstract. 	 Improving economically important traits such as productivity, fertility, and health remains a central goal in 
modern cattle breeding. While genome-wide association studies (GWAS) have revolutionized genomics by identifying 
numerous trait-associated single nucleotide polymorphisms (SNPs), a significant proportion of phenotypic variation 
remains unexplained, often referred to as missing heritability. Furthermore, identifying causal genes and regulatory 
elements within complex GWAS loci is challenging. Population-scale multi-omics studies like FarmGTEx, particularly 
those focusing on epigenetics, offer new opportunities to uncover regulatory biomarkers beyond static SNPs. DNA 
methylation (DNAm) has emerged as a promising epigenetic layer that acts as a bridge between the genome 
and the phenome, mediating environmental and genetic influences on gene expression. Within this landscape, 
genomic regions containing stable single methylation polymorphisms (SMPs), known as Correlated Regions of 
Systemic Interindividual Variation (CoRSIVs) are gaining increasing recognition for its emerging potential. CoRSIVs 
exhibit stability across diverse tissues, high interindividual variability, and partial heritability, making them ideal, 
tissue-agnostic candidates for scalable and cost-effective epigenetic applications. This review highlights the growing 
relevance of SMPs, especially CoRSIVs, for improving biomarker discovery, enhancing prediction accuracy, and 
strengthening cattle management and breeding strategies.
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Introduction

Traditional cattle breeding programs have relied on phenotypic 
selection and, more recently, genomic selection based on single-
nucleotide polymorphisms (SNPs) [1]. Although genomic selection has 
accelerated genetic gain, its progress is constrained by fundamental 
limitations of the genome-wide association study (GWAS). A major 
challenge is missing heritability, as identified SNPs explain only 
a fraction of phenotypic variance for many complex traits [2, 3]. 
Most associated variants also fall in non-coding regulatory regions, 
making it difficult to connect them to specific molecular mechanisms 
or phenotypic outcomes [4].

Complex traits are shaped not only by DNA sequence but also by 
regulatory processes that vary across tissues, developmental stages, 
and environments [5]. These processes are governed by epigenetic 
marks that influence the activity of enhancers, promoters, and other 
regulatory elements. Static SNP markers cannot capture these dynamic 
regulatory states, highlighting the need for an additional functional 
layer of information.

Epigenetics encompasses heritable changes in gene regulation 
independent of DNA sequence, including DNA methylation (DNAm), 
histone modifications, noncoding RNAs, and chromatin remodeling 
[6]. Among these, DNAm is the most stable and extensively studied, 
acting as a key mediator between genetic variation, environmental 

exposures, and gene expression [7]. By integrating both genetic and 
environmental influences on regulatory function, DNAm provides a 
valuable complement to SNP-based models, potentially helping to 
address the current limitations of genomic selection.

DNAm involves the covalent addition of a methyl group (CH3) to 
cytosine and plays essential roles in embryonic development, genomic 
imprinting, gene regulation, and transposon silencing [8–11]. In 
animals, DNAm occurs primarily at CpG dinucleotides, whose uneven 
genomic distribution creates distinct functional domains [12, 13]. CpG 
islands located in promoter regions are typically unmethylated, and 
increases in methylation are generally associated with transcriptional 
repression [14]. CpG shores and shelves, extending up to 4 kb from 
islands, display greater interindividual and tissue-specific variability 
and often correlate strongly with tissue-specific gene expression, 
particularly during development. Methylation within gene bodies is 
usually positively associated with transcription and may influence 
alternative splicing. In contrast, intergenic regions and repetitive 
elements are predominantly hypermethylated to maintain genome 
stability and suppress transposable element activity [15]. These 
properties make DNAm a powerful tool for studying complex traits, 
offering regulatory insights that extend beyond genetic variation alone.

The dynamic state of this mark is maintained by a complex 
enzymatic balance: DNA methyltransferase 3 family (DNMT3A 
and DNMT3B) enzymes establish new, de novo methylation patterns 
during development, while DNMT1 acts as the primary guardian of 
the methylome by accurately copying them to the daughter strand 
after DNA replication, which preserves the cell’s epigenetic memory 
[16]. The active removal of the methyl mark is a multi-step process 
initiated by Ten-eleven translocation (TET) enzymes (TET1, TET2, 
TET3), which successively oxidize 5-methylcytosine (5mC) to 5hmC, 
5fC, and 5caC. The highly oxidized forms are then excised by base 
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excision repair machinery, completing the active demethylation 
process [17].

DNAm patterns exhibit epigenetic plasticity, changing in response 
to environmental factors such as nutrition, toxins, and stress [18]. 
These influences act partly through the one-carbon cycle, which 
supplies S-adenosylmethionine (SAM) as the methyl donor for DNMT 
activity [19]. Variations in parental nutritional status during critical 
developmental windows can alter SAM availability, modulate DNMT 
activity, and induce persistent changes in offspring methylation patterns 
relevant to metabolic and growth traits, an important mechanism of 
developmental programming in livestock. Stressors can also induce 
rapid, site-specific methylation changes by affecting DNMT or TET 
activity. This plasticity underscores that phenotype reflects not 
only genetic variation but also genotype-by-environment (G × E) 
interactions mediated through the regulatory layer of the methylome.

Epigenome-wide association study (EWAS) and 
its challenges

Mammalian development features two major waves of epigenetic 
reprogramming: one in primordial germ cells that erases parental 
marks, and another after fertilization that resets the zygotic ge-
nome while preserving imprints. These waves involve widespread 
remodeling of DNAm and histone modifications to enable proper 
gene regulation across generations. Genomic imprinting involves 
parent-of-origin–specific expression that is established during ga-
metogenesis and is relatively stable across environments, whereas 
the agouti locus represents epigenetic regulation that is sensitive to 
maternal nutrition and environment [20–22]. Although most DNAm 
is reset, certain marks, especially those shaped by periconceptional 
environments, can remain stable. Heritability of CpG methylation 
varies, with ~10–30% of sites showing moderate to high heritability 
(h2 > 0.5) [23], reflecting cis- and trans-genetic regulation as well 
as genomic features such as CpG density, enhancers, promoters, 
and repetitive elements, and is further shaped by environmental and 
tissue-specific factors [24–26]. Additional mechanisms, including 
germline-transmitted noncoding RNAs, may also contribute [27, 
28]. These findings suggest that, under certain biological contexts, 
particularly within the early embryonic environment, epigenetic states 
from the germline can influence development and complex traits.

The development of Illumina methylation arrays for humans has 
fueled epigenome-wide association study (EWAS) [29, 30], which 
now routinely uses blood as a proxy tissue to identify biomarkers for 
conditions such as autism, metabolic disease, and smoking [25, 31–35]. 
Several public databases now catalog human DNAm-trait associations 
[36, 37]. In non-human species, EWAS has begun to identify DNAm 
signatures linked to complex traits, as shown in Arabidopsis [38], 
cotton [39], and mouse models [40]. The Arabidopsis epigenetic 
Recombinant Inbred Lines (epiRIL) study demonstrated that stably 
inherited differentially methylated regions (DMRs), independent of 
DNA sequence, can serve as epigenetic QTL, explaining up to 90% 
trait heritability and showing responsiveness to selection and overlap 
with natural methylation variants. Single methylation polymorphisms 
(SMPs) represent individual CpG sites with interindividual methyla-
tion variation, analogous to SNPs but at the epigenetic level [41]. 
Unlike DMRs, which detect broader regional changes often due to 
lower coverage, SMPs capture fine-scale regulatory variation and 
can be distinguished from sequence-based variation like SNPs. SMPs 
can be quantified by metrics such as minor allele frequency (MAF) 
and interquartile range (IQR) [41]. Although no universally accepted 
definition exists, SMPs can be categorized based on methylation 

percentage (mC%, β-value) into hypomethylated (UU, 0 ≤ β ≤ 0.3), 
intermediate (MU, 0.3 < β ≤ 0.7), and hypermethylated (MM, 0.7 < 
β ≤ 1) “menotypes,” analogous to SNP genotypes (Fig. 1a) [39, 41]. 
In humans, CEU European and YRI African had similar distribution 
of SMP allele frequency, and shared many Methylation-Demarcated 
block regions [41]. In cotton, SMPs outnumber SNPs by over 100-fold 
and show low MAF and short-range methylation disequilibrium 
(~50 bp) [39]. They are enriched in transposable elements and genic 
regions, and have been associated with domestication, adaptation, 
and key agronomic traits. Furthermore, cis-mQTLs (methylation 
Quantitative Trait Locus, where SNPs affect nearby methylation) and 
eQTMs (expression Quantitative Trait Methylation, where methylation 
influences gene expression) reveal diverse regulatory architectures, 
including genetically driven and purely epigenetic patterns. Notably, 
EWAS and GWAS in cotton show limited signal overlap (~2.1%), 
emphasizing SMPs as a complementary and functionally rich class 
of trait markers. However, such comprehensive high-resolution 
epi-HapMap-like datasets are currently missing in farm animals, 
including cattle.

EWAS is especially valuable for detecting environmentally 
responsive and regulatory signals that SNP-based GWAS may miss. 
Methodological advances such as epigenetic relationship matrices 
(ERMs), principal component adjustment, and mixed models have 
improved control of confounding and boosted reproducibility [42, 
43]. Simulations show that with sufficient sample size and optimized 
design, EWAS can detect genome-wide signals even with modest 
effect sizes [44–47]. However, conventional EWAS still faces some 
challenges. DNAm is highly tissue- and cell-type-specific, making 
replication difficult. Methylation varies with age, environment (e.g., 
diet, heat stress), and genetic background [48], reducing power and 
increasing confounding from cell-type heterogeneity, batch effects, 
and population structure. These issues are particularly pronounced 
in livestock populations, where strong relatedness and population 
stratification, limited sample sizes, restricted access to biologically 
relevant tissues, and substantial environmental and management 
heterogeneity are common. Consequently, careful study design 
and robust modeling are critical to ensure reliable and biologically 
meaningful results.

Studies of CoRSIVs in humans and other model 
organisms

Unlike other SMPs, Correlated Regions of Systemic Interindividual 
Variation (CoRSIVs) are remarkably stable across tissues and time, 
yet variable across individuals, making them well-suited for tissue-
agnostic and cost-effective epigenetic screening. As a function-
ally enriched subset of SMPs, CoRSIVs address key limitations 
of traditional EWAS by providing biologically meaningful and 
replicable signals. The CoRSIV concept builds on earlier mammalian 
studies of metastable epialleles, such as agouti viable yellow and 
axin-fused in mice, where DNA methylation is established early in 
development and influenced by maternal nutrition [20, 21]. Similar 
CoRSIV-like patterns have been observed near transposable elements 
like Intracisternal A-particles (IAPs) [49] and in post-twinning 
stochastic epigenetic variation among monozygotic twins, particularly 
in clustered protocadherin regions [50]. A landmark study identified 
9,926 CoRSIVs using deep Whole-Genome Bisulfite Sequencing 
(WGBS) across three tissues from 10 humans [51]. These regions 
captured interindividual methylation variation at kilobase resolution 
with short-range correlation. CoRSIVs are enriched near transposable 
elements, conserved across human ethnic groups, and measurable 
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in accessible tissues like blood. Other studies confirmed that their 
methylation levels are influenced by periconceptional environment 
(e.g., maternal nutrition) yet remain stable across tissues and life 
stages, and correlate with gene expression [52, 53]. Additionally, 
human studies show that CoRSIVs produce 72-fold more mQTLs 
[54] and up to 100–200-fold greater EWAS power [55] compared 
to CpGs on Illumina 450k or EPIC arrays.

DNA methylation studies and EWAS in cattle

Over the past decade, cattle DNAm studies have grown rapidly. 
As of July 2025, NCBI lists 283 genome-wide WGBS or Enzymatic 
Methyl-seq (EM-seq) datasets (≥ 40 Gb) from untreated/normal 
cattle tissues, including 174 (61.5%) from Holsteins, spanning 51 
sperm, 16 liver, 16 blood, 15 muscle, 13 mammary gland, and other 
samples across fetal, neonatal, calf, and adult stages. These efforts 
have advanced our understanding of DNAm’s role in development, 
reproduction, immunity, environmental adaptation, and evolution 
[7, 56–69]. Evidence also suggests intergenerational inheritance 
and environmentally responsive methylation [65, 66, 70]. In a 
preliminary EWAS of 19 bulls, we identified 46 out of 17,323 vari-
ably methylated regions (VMRs) associated with fertility traits, 
including daughter pregnancy rate [71]. Of these, 9 VMRs (~20%) 
overlapped local SNPs, highlighting the interaction between genetic 
variation and methylation. Genes involved included ZFP36L1, 
CRISP2, and HGF, key regulators of sperm function. One candidate 
mQTL SNP (rs109326022 on chr18) was linked to methylation near 
JOSD2 and ASPDH, with possible effects on reproduction. With 
~50 Gb (~17×) WGBS coverage, we computed 31,272 methylation 
haplotype blocks (MHBs) by applying pairwise methylation linkage 

disequilibrium (r2 ≥ 0.5) across CpGs with ≥ 10 × coverage, as 
described before [72]. These MHBs averaged 52 bp with ~12 CpGs 
per 100 bp and allowed partitioning of the genome into coordinated 
methylation domains. Later, by integrating methylation data with 
SNP genotypes, gene expression, and phenotypes from the Farm 
Genotype Tissue Expression (FarmGTEx) - Cattle project [73], we 
showed that DNAm at regulatory regions correlates with both gene 
expression and genetic variation, enabling functional annotation. In 
a study of feed efficiency (n = 48 Holsteins), 421 CpG sites were 
identified as being associated with residual feed intake, implicating 
pathways involved in energy metabolism and nutrient utilization [74]. 
DNAm changes in immune genes following parasite infection also 
suggest roles in host defense [75]. As in humans, studies in cattle 
using the HorvathMammalMethylChip40 Chip (the Horvath Chip 
in short) found that age-related methylation shifts affected only ~1% 
of CpGs, just a few hundred sites, indicating minimal aging effects 
and supporting the use of most SMPs in trait association analyses 
without age-related confounding [76–79]. An unpublished study 
further explored the genetic control of sperm methylation in 405 
Holstein bulls using RRBS and imputed SNPs (PAG32 Abstract 1) 
[80]. Of ~160,000 CpGs, 76% showed heritability > 0.1; 33% and 
5% were associated with cis- and trans-mQTLs, respectively. Eight 
trans-mQTL hotspots were enriched in promoters, CpG-rich regions, 
ATAC-seq peaks, and epigenetic regulators (e.g., histone modifiers, 
DNA methyltransferase interactors).

Despite promising results, early cattle EWAS were limited by 
high costs and small sample sizes. Scalable methods like methylation 
arrays and targeted bisulfite sequencing now enable more efficient 
profiling but depend on selecting informative targets. To disentangle 
epigenetic from genetic effects, SMPs have been proposed, but require 

Fig. 1.	 Investigating DNA methylation variation in cattle. (a) Single methylation polymorphisms (SMPs) can be classified by methylation levels into 
fully methylated (MM), heterogeneous (MU), or unmethylated (UU) categories (adopted from Zhao et al. 2024 [41]). (b) Representative tissue 
samples from the three germ layers (Ectoderm: spinal cord, brainstem, cerebellum, or mammary gland; Endoderm: liver; Mesoderm: blood, 
muscle, or heart) illustrate tissue-specific methylation landscapes, with high-coverage EM-seq enabling the identification of CoRSIVs. (c) Targeted 
methylation capture panels, designed using Agilent or Twist technologies, allow systematic profiling of CoRSIVs in accessible tissues and facilitate 
their evaluation as potential biomarkers for cattle improvement. (d) Overview of integrating DNA methylation with multi-omics and phenotypic 
data to study regulatory variation, where SMPs and CoRSIVs are analyzed alongside SNP genotypes, RNA expression, and complex trait records 
(eQTL, mQTL, and eQTM). EWAS using SMPs or CoRSIVs can be compared with GWAS and array-based EWAS to highlight the added value of 
methylation markers.
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deep coverage (~90 Gb or 30 ×) to reliably call, estimate MAF, and 
assess variability [41]. Thus, platform design and sequencing depth 
are critical for developing practical DNAm tools for cattle.

Genome-wide identification of cattle CoRSIVs

In a recent cattle CoRSIV study [81], we analyzed WGBS data 
from three germ layers, lung (endoderm), blood (mesoderm), and 
brain (ectoderm), from two Holsteins [58], dividing the genome 
into ~6 million 100 bp bins containing ≥1 CpG (Fig. 1b). Using a 
two-step pipeline adapted from human studies [51], we first identified 
bins with ≥ 10% methylation difference between animals, then 
calculated a systemic interindividual variation index (SIVI). Applying 
thresholds of SIVI ≥ 20 and ≥ 5 CpGs per region, we identified 217 
candidate CoRSIVs (median length ~200 bp, ~3 CpGs per region), 
after masking CpG-SNPs. Relaxing the CpG filter yielded > 1,200 
candidates. The lower number compared to humans (~9,926) likely 
reflects the reduced sequencing depth (18 × vs. 30–40 ×) and sample 
size (2 vs. 10). These CoRSIVs were enriched near transcription start 
sites (P = 2.1 × 10−3) and more likely to harbor discordant SNPs. 
To assess environmental sensitivity, we analyzed WGBS data from 
In Vitro Production (IVP) and Multiple Ovulation and Embryo 
Transfer (MOET) calves [60]. CoRSIVs were 5–10 × more likely 
than control regions to overlap DMRs and consistently showed 
higher methylation in IVP animals across tissues, supporting their 
systemic and environment-responsive nature. CpG-SNP densities were 
comparable to controls, and a read-level chi-square test confirmed 
significantly greater methylation differences at CoRSIVs (P = 0.025), 
further supporting their sensitivity to periconceptional conditions.

Translating epigenomics to cattle improvement

Translating epigenomics into practical applications requires a 
detailed understanding of the bovine methylome, particularly during 
critical developmental windows that shape heritable traits.

Bovine methylome structure and critical developmental 
windows

Comparative whole-genome DNAm profiling across bovine tissues 
reveals both global and tissue-specific methylation patterns. Sperm 
serves as a key model, displaying the globally hypomethylated 
landscape characteristic of the male germline while retaining essential 
methylation marks at regulatory regions such as imprinted gene 
promoters. These paternal epigenetic marks are transmitted directly to 
the zygote and may influence offspring phenotypes. Mammalian cells 
undergo two major waves of methylation reprogramming: one during 
spermatogenesis and another during early embryogenesis [82–86]. 
In cattle, a substantial demethylation event occurs after fertilization, 
followed by de novo remethylation during pre-implantation develop-
ment, a stage highly sensitive to environmental perturbation. Genomic 
imprinting, governed by methylation at imprinting control regions to 
ensure monoallelic expression, is especially vulnerable during Assisted 
Reproductive Technologies [87]. Suboptimal culture conditions can 
disrupt this balance, leading to developmental abnormalities such as 
Large Offspring Syndrome, underscoring the value of DNAm markers 
as quality-control tools for reproductive technologies.

Utility of systemic methylation markers in cattle breeding
CoRSIVs hold significant potential due to their tissue-agnostic 

stability, high interindividual variability, and partial heritability [51, 
54]. Their application is particularly advantageous for traits historically 

difficult to measure, such as feed efficiency. As a metabolic trait, 
feed efficiency can be informed by CoRSIVs detected in accessible 
tissues like blood, providing stable systemic biomarkers that reflect 
regulatory states in key metabolic organs and reducing reliance on 
costly phenotyping. For fertility, sperm-based CoRSIVs may predict 
sire conception rate by indicating the integrity of methylation marks 
transmitted at fertilization, while blood-derived markers in cows 
may reflect the regulatory status of genes essential for reproductive 
performance. Epigenetic markers are also highly responsive to 
immune function, stress, health, and resilience. CoRSIVs linked to 
inflammatory cytokines or heat-shock protein regulation can support 
the selection of animals with more robust stress-response systems.

Integrating epigenetic information into selection models
The so-called “estimated epigenetic value” (EEV) or epigenetic 

estimated breeding value (EGEBV) framework could extend traditional 
genomic selection by incorporating biologically meaningful epigenetic 
signals [88]. Classical genomic selection, based solely on SNP mark-
ers, captures only part of the variation underlying traits influenced by 
genetics. EEV/EGEBV integrates the additional, heritable information 
embedded in stable DNAm differences such as CoRSIVs, helping to 
explain variation not accounted for by genetics alone. When combined 
with traditional genetic evaluations, EEV/EGEBV can provide a more 
complete assessment of an animal’s potential, improving prediction 
accuracy for environmentally responsive traits and enabling more 
informed selection decisions.

Technological and computational requirements 
for epigenetic application

The application of epigenetic selection depends on overcoming 
both technological and computational challenges. This requires 
moving beyond expensive WGBS to cost-effective, high-throughput 
targeted assays, achieving similar cost with current SNP arrays. 
Multiple platforms are available for DNAm profiling, each with 
distinct advantages and limitations. Short-read sequencing (e.g., 
Illumina) remains the dominant platform for WGBS and EM-seq, 
while long-read platforms (Pacific Biosciences and Oxford Nanopore 
Technologies) provide full CpG context and base modifications but 
remain too costly for routine use [89]. WGBS is the gold standard 
but degrades DNA and is expensive; EM-seq offers similar coverage 
with improved molecular integrity and is better suited for low-input 
samples. RRBS provides reduced coverage (~2M CpGs) with a bias 
toward promoters and CG islands.

Array-based approaches offer scalable, cost-effective alternatives. 
The Horvath Chip targets 37,492 conserved CpGs across mammals 
for aging and disease studies [90, 91]. The cattle-specific RUMIGEN 
EpiChip (43,420 CpGs), modeled and designed after early human 
arrays [29, 30], targets markers related to fertility, health, stress, 
and regulatory elements such as promoters and CTCF sites (PAG32 
Abstract 2) [89]. It has been shown to have high repeatability across > 
6,000 samples and is expected to become commercially available soon. 
In humans, targeted DNA methylation capture panels offer greater 
power, reproducibility, and functional relevance than conventional 
arrays. Agilent SureSelect, based on phosphoramidite chemistry, is 
well-established and has been used in designs such as the Baylor 
Human CoRSIV Panels. Twist Bioscience’s silicon-based synthesis 
provides high precision, low error rates, and efficient scalability 
[92], particularly advantageous for large or complex designs (Fig. 
1c). However, no such panel currently exists for farm animals, 
including cattle, representing a major opportunity for innovation. In 
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short, scalable targeted assays, whether array- or sequencing-based, 
targeting validated SMPs will be key to enhancing utilization and 
biological interpretation of DNAm in cattle.

Bioinformatic analyses are equally critical for the reliable 
identification of SMP and for mapping relationships among SNPs, 
methylation, and gene expression (expression Quantitative Trait 
locus or eQTL, mQTL, and eQTM, as shown in Fig. 1d) [4]. Such 
analyses ensure a clear distinction between genetically driven and 
purely epigenetic effects. Intergenerational and transgenerational 
analyses represent an additional priority [93, 94]. Existing livestock 
studies already indicate that some epigenetic marks and associated 
phenotypic effects persist across generations, supporting the concept 
that nutritional or developmental programming can exert long-lasting 
influence. Demonstrating that SMPs function as carriers of such 
epigenetic memory in cattle is a critical next step for advanced 
breeding programs.

Biomarker discovery focuses on identifying trait-associated, 
biologically meaningful methylation sites of practical relevance for 
management and genetic improvement, not on establishing direct 
causation. These markers extend beyond what SNPs or current 
DNAm arrays can capture. In the short term, CoRSIV profiles from 
early-life samples could inform heifer culling or bull selection deci-
sions before phenotypes emerge. Over the long term, stable SMPs 
may complement SNP-based genomic models, improve prediction 
accuracy, and help clarify components of missing heritability. These 
insights could also guide further optimization of platforms such as 
the RUMIGEN EpiChip and the Horvath Chip.

Conclusions

DNA methylation is a key regulatory layer underlying phenotypic 
diversity in cattle, influencing health, productivity, fertility, and 
overall performance. Advances in whole-genome bisulfite sequencing, 
long-read methylome profiling, and population-scale epigenome 
resources have greatly improved the ability to detect and interpret 
methylation variation across individuals and tissues. These develop-
ments highlight the growing potential of epigenomic research to 
complement traditional genomics in cattle management and breeding. 
Integrating DNA methylation profiles, particularly stable, partially 
heritable SMPs and tissue-agnostic regions such as CoRSIVs, offers 
new opportunities to improve selection accuracy, identify regulatory 
biomarkers, and capture environmental and management effects on 
key traits. Emerging computational tools and multi-omics datasets 
are facilitating the translation of these discoveries into practical 
applications, supporting more precise decision-making in breeding and 
herd management. Continued progress will depend on coordinated, 
data-driven strategies. By leveraging multi-omics resources and 
advanced epigenetic profiling, improved selection efficiency and 
sustained genetic progress can be achieved while safeguarding the 
long-term integrity of cattle populations.

Conflict of interests: The author declares no competing interests.

Acknowledgements

Ransom L. Baldwin VI, Li Ma, Moran Gershoni, Eyal Seroussi, 
and Nayan Bhowmik provided valuable comments and feedback. 
The author is supported in part by AFRI grant numbers 2019-
67015-29321 and 2021-67015-33409 from the USDA National 
Institute of Food and Agriculture (NIFA). This research used re-
sources provided by the SCINet project of the USDA ARS project 

number 0500-00093-001-00-D. The publication fee of this article 
was covered by JSPS KAKENHI Grant Number 22HP2009.

References

	 1.	 García-Ruiz A, Cole JB, VanRaden PM, Wiggans GR, Ruiz-López FJ, Van Tassell 
CP. Changes in genetic selection differentials and generation intervals in US Holstein 
dairy cattle as a result of genomic selection. Proc Natl Acad Sci USA 2016; 113: E3995–
E4004. [Medline]  [CrossRef]

	 2.	 Marouli E, Graff M, Medina-Gomez C, Lo KS, Wood AR, Kjaer TR, Fine RS, Lu 
Y, Schurmann C, Highland HM, Rüeger S, Thorleifsson G, Justice AE, Lamparter 
D, Stirrups KE, Turcot V, Young KL, Winkler TW, Esko T, Karaderi T, Locke AE, 
Masca NG, Ng MC, Mudgal P, Rivas MA, Vedantam S, Mahajan A, Guo X, Abe-
casis G, Aben KK, Adair LS, Alam DS, Albrecht E, Allin KH, Allison M, Amouyel 
P, Appel EV, Arveiler D, Asselbergs FW, Auer PL, Balkau B, Banas B, Bang LE, 
Benn M, Bergmann S, Bielak LF, Blüher M, Boeing H, Boerwinkle E, Böger CA, 
Bonnycastle LL, Bork-Jensen J, Bots ML, Bottinger EP, Bowden DW, Brandslund 
I, Breen G, Brilliant MH, Broer L, Burt AA, Butterworth AS, Carey DJ, Caulfield 
MJ, Chambers JC, Chasman DI, Chen YI, Chowdhury R, Christensen C, Chu AY, 
Cocca M, Collins FS, Cook JP, Corley J, Galbany JC, Cox AJ, Cuellar-Partida 
G, Danesh J, Davies G, de Bakker PI, de Borst GJ, de Denus S, de Groot MC, de 
Mutsert R, Deary IJ, Dedoussis G, Demerath EW, den Hollander AI, Dennis JG, 
Di Angelantonio E, Drenos F, Du M, Dunning AM, Easton DF, Ebeling T, Edwards 
TL, Ellinor PT, Elliott P, Evangelou E, Farmaki AE, Faul JD, Feitosa MF, Feng S, 
Ferrannini E, Ferrario MM, Ferrieres J, Florez JC, Ford I, Fornage M, Franks PW, 
Frikke-Schmidt R, Galesloot TE, Gan W, Gandin I, Gasparini P, Giedraitis V, Giri 
A, Girotto G, Gordon SD, Gordon-Larsen P, Gorski M, Grarup N, Grove ML, Gud-
nason V, Gustafsson S, Hansen T, Harris KM, Harris TB, Hattersley AT, Hayward 
C, He L, Heid IM, Heikkilä K, Helgeland Ø, Hernesniemi J, Hewitt AW, Hocking 
LJ, Hollensted M, Holmen OL, Hovingh GK, Howson JM, Hoyng CB, Huang PL, 
Hveem K, Ikram MA, Ingelsson E, Jackson AU, Jansson JH, Jarvik GP, Jensen GB, 
Jhun MA, Jia Y, Jiang X, Johansson S, Jørgensen ME, Jørgensen T, Jousilahti P, 
Jukema JW, Kahali B, Kahn RS, Kähönen M, Kamstrup PR, Kanoni S, Kaprio J, 
Karaleftheri M, Kardia SL, Karpe F, Kee F, Keeman R, Kiemeney LA, Kitajima H, 
Kluivers KB, Kocher T, Komulainen P, Kontto J, Kooner JS, Kooperberg C, Kovacs 
P, Kriebel J, Kuivaniemi H, Küry S, Kuusisto J, La Bianca M, Laakso M, Lakka TA, 
Lange EM, Lange LA, Langefeld CD, Langenberg C, Larson EB, Lee IT, Lehtimäki 
T, Lewis CE, Li H, Li J, Li-Gao R, Lin H, Lin LA, Lin X, Lind L, Lindström J, 
Linneberg A, Liu Y, Liu Y, Lophatananon A, Luan J, Lubitz SA, Lyytikäinen LP, 
Mackey DA, Madden PA, Manning AK, Männistö S, Marenne G, Marten J, Martin 
NG, Mazul AL, Meidtner K, Metspalu A, Mitchell P, Mohlke KL, Mook-Kanamori 
DO, Morgan A, Morris AD, Morris AP, Müller-Nurasyid M, Munroe PB, Nalls MA, 
Nauck M, Nelson CP, Neville M, Nielsen SF, Nikus K, Njølstad PR, Nordestgaard 
BG, Ntalla I, O’Connel JR, Oksa H, Loohuis LM, Ophoff RA, Owen KR, Packard 
CJ, Padmanabhan S, Palmer CN, Pasterkamp G, Patel AP, Pattie A, Pedersen O, 
Peissig PL, Peloso GM, Pennell CE, Perola M, Perry JA, Perry JR, Person TN, 
Pirie A, Polasek O, Posthuma D, Raitakari OT, Rasheed A, Rauramaa R, Reilly DF, 
Reiner AP, Renström F, Ridker PM, Rioux JD, Robertson N, Robino A, Rolands-
son O, Rudan I, Ruth KS, Saleheen D, Salomaa V, Samani NJ, Sandow K, Sapkota 
Y, Sattar N, Schmidt MK, Schreiner PJ, Schulze MB, Scott RA, Segura-Lepe MP, 
Shah S, Sim X, Sivapalaratnam S, Small KS, Smith AV, Smith JA, Southam L, Spec-
tor TD, Speliotes EK, Starr JM, Steinthorsdottir V, Stringham HM, Stumvoll M, 
Surendran P, ’t Hart LM, Tansey KE, Tardif JC, Taylor KD, Teumer A, Thompson 
DJ, Thorsteinsdottir U, Thuesen BH, Tönjes A, Tromp G, Trompet S, Tsafantakis E, 
Tuomilehto J, Tybjaerg-Hansen A, Tyrer JP, Uher R, Uitterlinden AG, Ulivi S, van 
der Laan SW, Van Der Leij AR, van Duijn CM, van Schoor NM, van Setten J, Varbo 
A, Varga TV, Varma R, Edwards DR, Vermeulen SH, Vestergaard H, Vitart V, Vogt 
TF, Vozzi D, Walker M, Wang F, Wang CA, Wang S, Wang Y, Wareham NJ, Warren 
HR, Wessel J, Willems SM, Wilson JG, Witte DR, Woods MO, Wu Y, Yaghootkar 
H, Yao J, Yao P, Yerges-Armstrong LM, Young R, Zeggini E, Zhan X, Zhang W, 
Zhao JH, Zhao W, Zhao W, Zheng H, Zhou W, Rotter JI, Boehnke M, Kathiresan S, 
McCarthy MI, Willer CJ, Stefansson K, Borecki IB, Liu DJ, North KE, Heard-Costa 
NL, Pers TH, Lindgren CM, Oxvig C, Kutalik Z, Rivadeneira F, Loos RJ, Fray-
ling TM, Hirschhorn JN, Deloukas P, Lettre G. EPIC-InterAct Consortium CHD 
Exome+ Consortium ExomeBP Consortium T2D-Genes Consortium GoT2D Genes 
Consortium Global Lipids Genetics Consortium ReproGen Consortium MAGIC 
Investigators. Rare and low-frequency coding variants alter human adult height. Nature 
2017; 542: 186–190. [Medline]  [CrossRef]

	 3.	 Yengo L, Vedantam S, Marouli E, Sidorenko J, Bartell E, Sakaue S, Graff M, 
Eliasen AU, Jiang Y, Raghavan S, Miao J, Arias JD, Graham SE, Mukamel RE, 
Spracklen CN, Yin X, Chen SH, Ferreira T, Highland HH, Ji Y, Karaderi T, Lin 
K, Lüll K, Malden DE, Medina-Gomez C, Machado M, Moore A, Rüeger S, Sim X, 
Vrieze S, Ahluwalia TS, Akiyama M, Allison MA, Alvarez M, Andersen MK, Ani 
A, Appadurai V, Arbeeva L, Bhaskar S, Bielak LF, Bollepalli S, Bonnycastle LL, 
Bork-Jensen J, Bradfield JP, Bradford Y, Braund PS, Brody JA, Burgdorf KS, Cade 
BE, Cai H, Cai Q, Campbell A, Cañadas-Garre M, Catamo E, Chai JF, Chai X, 

http://www.ncbi.nlm.nih.gov/pubmed/27354521?dopt=Abstract
http://dx.doi.org/10.1073/pnas.1519061113
http://www.ncbi.nlm.nih.gov/pubmed/28146470?dopt=Abstract
http://dx.doi.org/10.1038/nature21039


REVIEW: CATTLE DNA METHYLATION BIOMARKERS 155

Chang LC, Chang YC, Chen CH, Chesi A, Choi SH, Chung RH, Cocca M, Concas 
MP, Couture C, Cuellar-Partida G, Danning R, Daw EW, Degenhard F, Delgado 
GE, Delitala A, Demirkan A, Deng X, Devineni P, Dietl A, Dimitriou M, Dimitrov 
L, Dorajoo R, Ekici AB, Engmann JE, Fairhurst-Hunter Z, Farmaki AE, Faul JD, 
Fernandez-Lopez JC, Forer L, Francescatto M, Freitag-Wolf S, Fuchsberger C, 
Galesloot TE, Gao Y, Gao Z, Geller F, Giannakopoulou O, Giulianini F, Gjesing AP, 
Goel A, Gordon SD, Gorski M, Grove J, Guo X, Gustafsson S, Haessler J, Hansen 
TF, Havulinna AS, Haworth SJ, He J, Heard-Costa N, Hebbar P, Hindy G, Ho 
YA, Hofer E, Holliday E, Horn K, Hornsby WE, Hottenga JJ, Huang H, Huang J, 
Huerta-Chagoya A, Huffman JE, Hung YJ, Huo S, Hwang MY, Iha H, Ikeda DD, 
Isono M, Jackson AU, Jäger S, Jansen IE, Johansson I, Jonas JB, Jonsson A, Jør-
gensen T, Kalafati IP, Kanai M, Kanoni S, Kårhus LL, Kasturiratne A, Katsuya T, 
Kawaguchi T, Kember RL, Kentistou KA, Kim HN, Kim YJ, Kleber ME, Knol MJ, 
Kurbasic A, Lauzon M, Le P, Lea R, Lee JY, Leonard HL, Li SA, Li X, Li X, Liang 
J, Lin H, Lin SY, Liu J, Liu X, Lo KS, Long J, Lores-Motta L, Luan J, Lyssenko 
V, Lyytikäinen LP, Mahajan A, Mamakou V, Mangino M, Manichaikul A, Marten 
J, Mattheisen M, Mavarani L, McDaid AF, Meidtner K, Melendez TL, Mercader 
JM, Milaneschi Y, Miller JE, Millwood IY, Mishra PP, Mitchell RE, Møllehave LT, 
Morgan A, Mucha S, Munz M, Nakatochi M, Nelson CP, Nethander M, Nho CW, 
Nielsen AA, Nolte IM, Nongmaithem SS, Noordam R, Ntalla I, Nutile T, Pandit A, 
Christofidou P, Pärna K, Pauper M, Petersen ERB, Petersen LV, Pitkänen N, Polašek 
O, Poveda A, Preuss MH, Pyarajan S, Raffield LM, Rakugi H, Ramirez J, Rasheed A, 
Raven D, Rayner NW, Riveros C, Rohde R, Ruggiero D, Ruotsalainen SE, Ryan KA, 
Sabater-Lleal M, Saxena R, Scholz M, Sendamarai A, Shen B, Shi J, Shin JH, Sidore 
C, Sitlani CM, Slieker RC, Smit RAJ, Smith AV, Smith JA, Smyth LJ, Southam 
L, Steinthorsdottir V, Sun L, Takeuchi F, Tallapragada DSP, Taylor KD, Tayo 
BO, Tcheandjieu C, Terzikhan N, Tesolin P, Teumer A, Theusch E, Thompson DJ, 
Thorleifsson G, Timmers PRHJ, Trompet S, Turman C, Vaccargiu S, van der Laan 
SW, van der Most PJ, van Klinken JB, van Setten J, Verma SS, Verweij N, Veturi 
Y, Wang CA, Wang C, Wang L, Wang Z, Warren HR, Bin Wei W, Wickremasinghe 
AR, Wielscher M, Wiggins KL, Winsvold BS, Wong A, Wu Y, Wuttke M, Xia R, 
Xie T, Yamamoto K, Yang J, Yao J, Young H, Yousri NA, Yu L, Zeng L, Zhang W, 
Zhang X, Zhao JH, Zhao W, Zhou W, Zimmermann ME, Zoledziewska M, Adair LS, 
Adams HHH, Aguilar-Salinas CA, Al-Mulla F, Arnett DK, Asselbergs FW, Åsvold 
BO, Attia J, Banas B, Bandinelli S, Bennett DA, Bergler T, Bharadwaj D, Biino 
G, Bisgaard H, Boerwinkle E, Böger CA, Bønnelykke K, Boomsma DI, Børglum 
AD, Borja JB, Bouchard C, Bowden DW, Brandslund I, Brumpton B, Buring JE, 
Caulfield MJ, Chambers JC, Chandak GR, Chanock SJ, Chaturvedi N, Chen YI, 
Chen Z, Cheng CY, Christophersen IE, Ciullo M, Cole JW, Collins FS, Cooper RS, 
Cruz M, Cucca F, Cupples LA, Cutler MJ, Damrauer SM, Dantoft TM, de Borst GJ, 
de Groot LCPGM, De Jager PL, de Kleijn DPV, Janaka de Silva H, Dedoussis GV, 
den Hollander AI, Du S, Easton DF, Elders PJM, Eliassen AH, Ellinor PT, Elmståhl 
S, Erdmann J, Evans MK, Fatkin D, Feenstra B, Feitosa MF, Ferrucci L, Ford I, 
Fornage M, Franke A, Franks PW, Freedman BI, Gasparini P, Gieger C, Girotto G, 
Goddard ME, Golightly YM, Gonzalez-Villalpando C, Gordon-Larsen P, Grallert H, 
Grant SFA, Grarup N, Griffiths L, Gudnason V, Haiman C, Hakonarson H, Hansen 
T, Hartman CA, Hattersley AT, Hayward C, Heckbert SR, Heng CK, Hengstenberg 
C, Hewitt AW, Hishigaki H, Hoyng CB, Huang PL, Huang W, Hunt SC, Hveem K, 
Hyppönen E, Iacono WG, Ichihara S, Ikram MA, Isasi CR, Jackson RD, Jarvelin 
MR, Jin ZB, Jöckel KH, Joshi PK, Jousilahti P, Jukema JW, Kähönen M, Kamatani 
Y, Kang KD, Kaprio J, Kardia SLR, Karpe F, Kato N, Kee F, Kessler T, Khera AV, 
Khor CC, Kiemeney LALM, Kim BJ, Kim EK, Kim HL, Kirchhof P, Kivimaki M, 
Koh WP, Koistinen HA, Kolovou GD, Kooner JS, Kooperberg C, Köttgen A, Kovacs 
P, Kraaijeveld A, Kraft P, Krauss RM, Kumari M, Kutalik Z, Laakso M, Lange 
LA, Langenberg C, Launer LJ, Le Marchand L, Lee H, Lee NR, Lehtimäki T, Li 
H, Li L, Lieb W, Lin X, Lind L, Linneberg A, Liu CT, Liu J, Loeffler M, London 
B, Lubitz SA, Lye SJ, Mackey DA, Mägi R, Magnusson PKE, Marcus GM, Vidal 
PM, Martin NG, März W, Matsuda F, McGarrah RW, McGue M, McKnight AJ, 
Medland SE, Mellström D, Metspalu A, Mitchell BD, Mitchell P, Mook-Kanamori 
DO, Morris AD, Mucci LA, Munroe PB, Nalls MA, Nazarian S, Nelson AE, Neville 
MJ, Newton-Cheh C, Nielsen CS, Nöthen MM, Ohlsson C, Oldehinkel AJ, Orozco L, 
Pahkala K, Pajukanta P, Palmer CNA, Parra EJ, Pattaro C, Pedersen O, Pennell CE, 
Penninx BWJH, Perusse L, Peters A, Peyser PA, Porteous DJ, Posthuma D, Power 
C, Pramstaller PP, Province MA, Qi Q, Qu J, Rader DJ, Raitakari OT, Ralhan S, 
Rallidis LS, Rao DC, Redline S, Reilly DF, Reiner AP, Rhee SY, Ridker PM, Rienstra 
M, Ripatti S, Ritchie MD, Roden DM, Rosendaal FR, Rotter JI, Rudan I, Rutters 
F, Sabanayagam C, Saleheen D, Salomaa V, Samani NJ, Sanghera DK, Sattar N, 
Schmidt B, Schmidt H, Schmidt R, Schulze MB, Schunkert H, Scott LJ, Scott RJ, 
Sever P, Shiroma EJ, Shoemaker MB, Shu XO, Simonsick EM, Sims M, Singh JR, 
Singleton AB, Sinner MF, Smith JG, Snieder H, Spector TD, Stampfer MJ, Stark KJ, 
Strachan DP, ’t Hart LM, Tabara Y, Tang H, Tardif JC, Thanaraj TA, Timpson NJ, 
Tönjes A, Tremblay A, Tuomi T, Tuomilehto J, Tusié-Luna MT, Uitterlinden AG, van 
Dam RM, van der Harst P, Van der Velde N, van Duijn CM, van Schoor NM, Vitart 
V, Völker U, Vollenweider P, Völzke H, Wacher-Rodarte NH, Walker M, Wang YX, 
Wareham NJ, Watanabe RM, Watkins H, Weir DR, Werge TM, Widen E, Wilkens 
LR, Willemsen G, Willett WC, Wilson JF, Wong TY, Woo JT, Wright AF, Wu JY, Xu 
H, Yajnik CS, Yokota M, Yuan JM, Zeggini E, Zemel BS, Zheng W, Zhu X, Zmuda 
JM, Zonderman AB, Zwart JA, Chasman DI, Cho YS, Heid IM, McCarthy MI, Ng 

MCY, O’Donnell CJ, Rivadeneira F, Thorsteinsdottir U, Sun YV, Tai ES, Boehnke 
M, Deloukas P, Justice AE, Lindgren CM, Loos RJF, Mohlke KL, North KE, Stefans-
son K, Walters RG, Winkler TW, Young KL, Loh PR, Yang J, Esko T, Assimes TL, 
Auton A, Abecasis GR, Willer CJ, Locke AE, Berndt SI, Lettre G, Frayling TM, 
Okada Y, Wood AR, Visscher PM, Hirschhorn JN. 23andMe Research Team VA 
Million Veteran Program DiscovEHR (DiscovEHR and MyCode Community Health 
Initiative) eMERGE (Electronic Medical Records and Genomics Network) Lifelines 
Cohort Study PRACTICAL Consortium Understanding Society Scientific Group. A 
saturated map of common genetic variants associated with human height. Nature 2022; 
610: 704–712. [Medline]  [CrossRef]

	 4.	 Fang L, Teng J, Lin Q, Bai Z, Liu S, Guan D, Li B, Gao Y, Hou Y, Gong M, Pan Z, Yu 
Y, Clark EL, Smith J, Rawlik K, Xiang R, Chamberlain AJ, Goddard ME, Littlejohn 
M, Larson G, MacHugh DE, O’Grady JF, Sørensen P, Sahana G, Lund MS, Jiang Z, 
Pan X, Gong W, Zhang H, He X, Zhang Y, Gao N, He J, Yi G, Liu Y, Tang Z, Zhao P, 
Zhou Y, Fu L, Wang X, Hao D, Liu L, Chen S, Young RS, Shen X, Xia C, Cheng H, 
Ma L, Cole JB, Baldwin RL 6th, Li CJ, Van Tassell CP, Rosen BD, Bhowmik N, Lun-
ney J, Liu W, Guan L, Zhao X, Ibeagha-Awemu EM, Luo Y, Lin L, Canela-Xandri 
O, Derks MFL, Crooijmans RPMA, Gòdia M, Madsen O, Groenen MAM, Koltes 
JE, Tuggle CK, McCarthy FM, Rocha D, Giuffra E, Amills M, Clop A, Ballester M, 
Tosser-Klopp G, Li J, Fang C, Fang M, Wang Q, Hou Z, Wang Q, Zhao F, Jiang L, 
Zhao G, Zhou Z, Zhou R, Liu H, Deng J, Jin L, Li M, Mo D, Liu X, Chen Y, Yuan X, 
Li J, Zhao S, Zhang Y, Ding X, Sun D, Sun HZ, Li C, Wang Y, Jiang Y, Wu D, Wang 
W, Fan X, Zhang Q, Li K, Zhang H, Yang N, Hu X, Huang W, Song J, Wu Y, Yang J, 
Wu W, Kasper C, Liu X, Yu X, Cui L, Zhou X, Kim S, Li W, Im HK, Buckler ES, Ren 
B, Schatz MC, Li JJ, Palmer AA, Frantz L, Zhou H, Zhang Z, Liu GE. FarmGTEx 
Consortium. The Farm Animal Genotype-Tissue Expression (FarmGTEx) project. Nat 
Genet 2025; 57: 786–796. [Medline]  [CrossRef]

	 5.	 Fang L, Liu S, Liu M, Kang X, Lin S, Li B, Connor EE, Baldwin RL 6th, Tenesa A, 
Ma L, Liu GE, Li CJ. Functional annotation of the cattle genome through systematic 
discovery and characterization of chromatin states and butyrate-induced variations. BMC 
Biol 2019; 17: 68. [Medline]  [CrossRef]

	 6.	 Kern C, Wang Y, Xu X, Pan Z, Halstead M, Chanthavixay G, Saelao P, Waters S, 
Xiang R, Chamberlain A, Korf I, Delany ME, Cheng HH, Medrano JF, Van Eenen-
naam AL, Tuggle CK, Ernst C, Flicek P, Quon G, Ross P, Zhou H. Functional an-
notations of three domestic animal genomes provide vital resources for comparative and 
agricultural research. Nat Commun 2021; 12: 1821. [Medline]  [CrossRef]

	 7.	 Fang L, Zhou Y, Liu S, Jiang J, Bickhart DM, Null DJ, Li B, Schroeder SG, Rosen 
BD, Cole JB, Van Tassell CP, Ma L, Liu GE. Integrating signals from sperm methylome 
analysis and genome-wide association study for a better understanding of male fertility in 
cattle. Epigenomes 2019; 3: 10. [Medline]  [CrossRef]

	 8.	 Duncan BK, Miller JH. Mutagenic deamination of cytosine residues in DNA. Nature 
1980; 287: 560–561. [Medline]  [CrossRef]

	 9.	 Ehrlich M, Zhang XY, Inamdar NM. Spontaneous deamination of cytosine and 5-meth-
ylcytosine residues in DNA and replacement of 5-methylcytosine residues with cytosine 
residues. Mutat Res 1990; 238: 277–286. [Medline]  [CrossRef]

	10.	 Bestor TH. Gene silencing. Methylation meets acetylation. Nature 1998; 393: 311–312. 
[Medline]  [CrossRef]

	11.	 Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, Eisenman RN, Bird A. 
Transcriptional repression by the methyl-CpG-binding protein MeCP2 involves a histone 
deacetylase complex. Nature 1998; 393: 386–389. [Medline]  [CrossRef]

	12.	 Gardiner-Garden M, Frommer M. CpG islands in vertebrate genomes. J Mol Biol 1987; 
196: 261–282. [Medline]  [CrossRef]

	13.	 Baylin SB. DNA methylation and gene silencing in cancer. Nat Clin Pract Oncol 2005; 
2(Suppl 1): S4–S11. [Medline]  [CrossRef]

	14.	 Jones PA. Functions of DNA methylation: islands, start sites, gene bodies and beyond. 
Nat Rev Genet 2012; 13: 484–492. [Medline]  [CrossRef]

	15.	 Waterland RA, Jirtle RL. Transposable elements: targets for early nutritional effects on 
epigenetic gene regulation. Mol Cell Biol 2003; 23: 5293–5300. [Medline]  [CrossRef]

	16.	 Bestor TH. The DNA methyltransferases of mammals. Hum Mol Genet 2000; 9: 
2395–2402. [Medline]  [CrossRef]

	17.	 Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, Agarwal S, 
Iyer LM, Liu DR, Aravind L, Rao A. Conversion of 5-methylcytosine to 5-hydroxy-
methylcytosine in mammalian DNA by MLL partner TET1. Science 2009; 324: 930–935. 
[Medline]  [CrossRef]

	18.	 van Dongen J, Nivard MG, Willemsen G, Hottenga J-J, Helmer Q, Dolan CV, Ehli 
EA, Davies GE, van Iterson M, Breeze CE, Beck S, Suchiman HE, Jansen R, van 
Meurs JB, Heijmans BT, Slagboom PE, Boomsma DI. BIOS Consortium Genetic and 
environmental influences interact with age and sex in shaping the human methylome. Nat 
Commun 2016; 7: 11115. [Medline]  [CrossRef]

	19.	 Jurkowska RZ, Jeltsch A. Mechanisms and biological roles of DNA methyltransferases 
and DNA methylation: from past achievements to future challenges. Adv Exp Med Biol 
2022; 1389: 1–19. [Medline]  [CrossRef]

	20.	 Morgan HD, Sutherland HG, Martin DI, Whitelaw E. Epigenetic inheritance at the 
agouti locus in the mouse. Nat Genet 1999; 23: 314–318. [Medline]  [CrossRef]

	21.	 Rakyan VK, Chong S, Champ ME, Cuthbert PC, Morgan HD, Luu KV, Whitelaw 
E. Transgenerational inheritance of epigenetic states at the murine Axin(Fu) allele occurs 
after maternal and paternal transmission. Proc Natl Acad Sci USA 2003; 100: 2538–2543. 
[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/36224396?dopt=Abstract
http://dx.doi.org/10.1038/s41586-022-05275-y
http://www.ncbi.nlm.nih.gov/pubmed/40097783?dopt=Abstract
http://dx.doi.org/10.1038/s41588-025-02121-5
http://www.ncbi.nlm.nih.gov/pubmed/31419979?dopt=Abstract
http://dx.doi.org/10.1186/s12915-019-0687-8
http://www.ncbi.nlm.nih.gov/pubmed/33758196?dopt=Abstract
http://dx.doi.org/10.1038/s41467-021-22100-8
http://www.ncbi.nlm.nih.gov/pubmed/34968233?dopt=Abstract
http://dx.doi.org/10.3390/epigenomes3020010
http://www.ncbi.nlm.nih.gov/pubmed/6999365?dopt=Abstract
http://dx.doi.org/10.1038/287560a0
http://www.ncbi.nlm.nih.gov/pubmed/2188124?dopt=Abstract
http://dx.doi.org/10.1016/0165-1110(90)90019-8
http://www.ncbi.nlm.nih.gov/pubmed/9620794?dopt=Abstract
http://dx.doi.org/10.1038/30613
http://www.ncbi.nlm.nih.gov/pubmed/9620804?dopt=Abstract
http://dx.doi.org/10.1038/30764
http://www.ncbi.nlm.nih.gov/pubmed/3656447?dopt=Abstract
http://dx.doi.org/10.1016/0022-2836(87)90689-9
http://www.ncbi.nlm.nih.gov/pubmed/16341240?dopt=Abstract
http://dx.doi.org/10.1038/ncponc0354
http://www.ncbi.nlm.nih.gov/pubmed/22641018?dopt=Abstract
http://dx.doi.org/10.1038/nrg3230
http://www.ncbi.nlm.nih.gov/pubmed/12861015?dopt=Abstract
http://dx.doi.org/10.1128/MCB.23.15.5293-5300.2003
http://www.ncbi.nlm.nih.gov/pubmed/11005794?dopt=Abstract
http://dx.doi.org/10.1093/hmg/9.16.2395
http://www.ncbi.nlm.nih.gov/pubmed/19372391?dopt=Abstract
http://dx.doi.org/10.1126/science.1170116
http://www.ncbi.nlm.nih.gov/pubmed/27051996?dopt=Abstract
http://dx.doi.org/10.1038/ncomms11115
http://www.ncbi.nlm.nih.gov/pubmed/36350504?dopt=Abstract
http://dx.doi.org/10.1007/978-3-031-11454-0_1
http://www.ncbi.nlm.nih.gov/pubmed/10545949?dopt=Abstract
http://dx.doi.org/10.1038/15490
http://www.ncbi.nlm.nih.gov/pubmed/12601169?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0436776100


LIU156

	22.	 Rosenski J, Peretz A, Magenheim J, Loyfer N, Shemer R, Glaser B, Dor Y, Kaplan T. 
Atlas of imprinted and allele-specific DNA methylation in the human body. Nat Commun 
2025; 16: 2141. [Medline]  [CrossRef]

	23.	 Villicaña S, Bell JT. Genetic impacts on DNA methylation: research findings and future 
perspectives. Genome Biol 2021; 22: 127. [Medline]  [CrossRef]

	24.	 Huan T, Joehanes R, Song C, Peng F, Guo Y, Mendelson M, Yao C, Liu C, Ma J, 
Richard M, Agha G, Guan W, Almli LM, Conneely KN, Keefe J, Hwang SJ, Johnson 
AD, Fornage M, Liang L, Levy D. Genome-wide identification of DNA methylation 
QTLs in whole blood highlights pathways for cardiovascular disease. Nat Commun 2019; 
10: 4267. [Medline]  [CrossRef]

	25.	 Shang L, Zhao W, Wang YZ, Li Z, Choi JJ, Kho M, Mosley TH, Kardia SLR, Smith 
JA, Zhou X. meQTL mapping in the GENOA study reveals genetic determinants of DNA 
methylation in African Americans. Nat Commun 2023; 14: 2711. [Medline]  [CrossRef]

	26.	 Villicaña S, Castillo-Fernandez J, Hannon E, Christiansen C, Tsai P-C, Maddock J, 
Kuh D, Suderman M, Power C, Relton C, Ploubidis G, Wong A, Hardy R, Goodman 
A, Ong KK, Bell JT. Genetic impacts on DNA methylation help elucidate regulatory 
genomic processes. Genome Biol 2023; 24: 176. [Medline]  [CrossRef]

	27.	 Liberman N, Wang SY, Greer EL. Transgenerational epigenetic inheritance: from phe-
nomena to molecular mechanisms. Curr Opin Neurobiol 2019; 59: 189–206. [Medline]  
[CrossRef]

	28.	 Burton NO, Greer EL. Multigenerational epigenetic inheritance: Transmitting informa-
tion across generations. Semin Cell Dev Biol 2022; 127: 121–132. [Medline]  [CrossRef]

	29.	 Bibikova M, Le J, Barnes B, Saedinia-Melnyk S, Zhou L, Shen R, Gunderson KL. 
Genome-wide DNA methylation profiling using Infinium® assay. Epigenomics 2009; 1: 
177–200. [Medline]  [CrossRef]

	30.	 Pidsley R, Zotenko E, Peters TJ, Lawrence MG, Risbridger GP, Molloy P, Van Djik 
S, Muhlhausler B, Stirzaker C, Clark SJ. Critical evaluation of the Illumina Methyl-
ationEPIC BeadChip microarray for whole-genome DNA methylation profiling. Genome 
Biol 2016; 17: 208. [Medline]  [CrossRef]

	31.	 Volkov P, Olsson AH, Gillberg L, Jørgensen SW, Brøns C, Eriksson KF, Groop L, 
Jansson PA, Nilsson E, Rönn T, Vaag A, Ling C. A genome-wide mQTL analysis in 
human adipose tissue identifies genetic variants associated with DNA methylation, gene 
expression and metabolic traits. PLoS One 2016; 11: e0157776. [Medline]  [CrossRef]

	32.	 Abdulrahim JW, Kwee LC, Grass E, Siegler IC, Williams R, Karra R, Kraus WE, 
Gregory SG, Shah SH. Epigenome-wide association study for all-cause mortality in a 
cardiovascular cohort identifies differential methylation in castor zinc finger 1 (CASZ1). J 
Am Heart Assoc 2019; 8: e013228. [Medline]  [CrossRef]

	33.	 Küpers LK, Monnereau C, Sharp GC, Yousefi P, Salas LA, Ghantous A, Page CM, 
Reese SE, Wilcox AJ, Czamara D, Starling AP, Novoloaca A, Lent S, Roy R, Hoyo 
C, Breton CV, Allard C, Just AC, Bakulski KM, Holloway JW, Everson TM, Xu 
CJ, Huang RC, van der Plaat DA, Wielscher M, Merid SK, Ullemar V, Rezwan FI, 
Lahti J, van Dongen J, Langie SAS, Richardson TG, Magnus MC, Nohr EA, Xu Z, 
Duijts L, Zhao S, Zhang W, Plusquin M, DeMeo DL, Solomon O, Heimovaara JH, 
Jima DD, Gao L, Bustamante M, Perron P, Wright RO, Hertz-Picciotto I, Zhang H, 
Karagas MR, Gehring U, Marsit CJ, Beilin LJ, Vonk JM, Jarvelin MR, Bergström 
A, Örtqvist AK, Ewart S, Villa PM, Moore SE, Willemsen G, Standaert ARL, Hå-
berg SE, Sørensen TIA, Taylor JA, Räikkönen K, Yang IV, Kechris K, Nawrot TS, 
Silver MJ, Gong YY, Richiardi L, Kogevinas M, Litonjua AA, Eskenazi B, Huen K, 
Mbarek H, Maguire RL, Dwyer T, Vrijheid M, Bouchard L, Baccarelli AA, Croen 
LA, Karmaus W, Anderson D, de Vries M, Sebert S, Kere J, Karlsson R, Arshad SH, 
Hämäläinen E, Routledge MN, Boomsma DI, Feinberg AP, Newschaffer CJ, Govarts 
E, Moisse M, Fallin MD, Melén E, Prentice AM, Kajantie E, Almqvist C, Oken E, 
Dabelea D, Boezen HM, Melton PE, Wright RJ, Koppelman GH, Trevisi L, Hivert 
MF, Sunyer J, Munthe-Kaas MC, Murphy SK, Corpeleijn E, Wiemels J, Holland N, 
Herceg Z, Binder EB, Davey Smith G, Jaddoe VWV, Lie RT, Nystad W, London SJ, 
Lawlor DA, Relton CL, Snieder H, Felix JF. Meta-analysis of epigenome-wide associa-
tion studies in neonates reveals widespread differential DNA methylation associated with 
birthweight. Nat Commun 2019; 10: 1893. [Medline]  [CrossRef]

	34.	 Luján S, Caroppo E, Niederberger C, Arce JC, Sadler-Riggleman I, Beck D, Nilsson 
E, Skinner MK. Sperm DNA methylation epimutation biomarkers for male infertility and 
FSH therapeutic responsiveness. Sci Rep 2019; 9: 16786. [Medline]  [CrossRef]

	35.	 Oliva M, Demanelis K, Lu Y, Chernoff M, Jasmine F, Ahsan H, Kibriya MG, Chen 
LS, Pierce BL. DNA methylation QTL mapping across diverse human tissues provides 
molecular links between genetic variation and complex traits. Nat Genet 2023; 55: 
112–122. [Medline]  [CrossRef]

	36.	 Li M, Zou D, Li Z, Gao R, Sang J, Zhang Y, Li R, Xia L, Zhang T, Niu G, Bao Y, 
Zhang Z. EWAS Atlas: a curated knowledgebase of epigenome-wide association studies. 
Nucleic Acids Res 2019; 47(D1): D983–D988. [Medline]  [CrossRef]

	37.	 Liu D, Zhao L, Wang Z, Zhou X, Fan X, Li Y, Xu J, Hu S, Niu M, Song X, Li Y, Zuo 
L, Lei C, Zhang M, Tang G, Huang M, Zhang N, Duan L, Lv H, Zhang M, Li J, Xu L, 
Kong F, Feng R, Jiang Y. EWASdb: epigenome-wide association study database. Nucleic 
Acids Res 2019; 47(D1): D989–D993. [Medline]  [CrossRef]

	38.	 Cortijo S, Wardenaar R, Colomé-Tatché M, Gilly A, Etcheverry M, Labadie K, Cail-
lieux E, Hospital F, Aury JM, Wincker P, Roudier F, Jansen RC, Colot V, Johannes F. 
Mapping the epigenetic basis of complex traits. Science 2014; 343: 1145–1148. [Medline]  
[CrossRef]

	39.	 Zhao T, Guan X, Hu Y, Zhang Z, Yang H, Shi X, Han J, Mei H, Wang L, Shao L, Wu 
H, Chen Q, Zhao Y, Pan J, Hao Y, Dong Z, Long X, Deng Q, Zhao S, Zhang M, Zhu 

Y, Ma X, Chen Z, Deng Y, Si Z, Li X, Zhang T, Gu F, Gu X, Fang L. Population-wide 
DNA methylation polymorphisms at single-nucleotide resolution in 207 cotton accessions 
reveal epigenomic contributions to complex traits. Cell Res 2024; 34: 859–872. [Medline]  
[CrossRef]

	40.	 Orozco LD, Morselli M, Rubbi L, Guo W, Go J, Shi H, Lopez D, Furlotte NA, 
Bennett BJ, Farber CR, Ghazalpour A, Zhang MQ, Bahous R, Rozen R, Lusis AJ, 
Pellegrini M. Epigenome-wide association of liver methylation patterns and complex 
metabolic traits in mice. Cell Metab 2015; 21: 905–917. [Medline]  [CrossRef]

	41.	 Zhao L, Liu D, Xu J, Wang Z, Chen Y, Lei C, Li Y, Liu G, Jiang Y. The framework for 
population epigenetic study. Brief Bioinform 2018; 19: 89–100. [Medline]

	42.	 Bennett BJ, Farber CR, Orozco L, Kang HM, Ghazalpour A, Siemers N, Neubauer 
M, Neuhaus I, Yordanova R, Guan B, Truong A, Yang WP, He A, Kayne P, Garga-
lovic P, Kirchgessner T, Pan C, Castellani LW, Kostem E, Furlotte N, Drake TA, 
Eskin E, Lusis AJ. A high-resolution association mapping panel for the dissection of 
complex traits in mice. Genome Res 2010; 20: 281–290. [Medline]  [CrossRef]

	43.	 Zou J, Lippert C, Heckerman D, Aryee M, Listgarten J. Epigenome-wide associa-
tion studies without the need for cell-type composition. Nat Methods 2014; 11: 309–311. 
[Medline]  [CrossRef]

	44.	 Michels KB, Binder AM, Dedeurwaerder S, Epstein CB, Greally JM, Gut I, House-
man EA, Izzi B, Kelsey KT, Meissner A, Milosavljevic A, Siegmund KD, Bock C, 
Irizarry RA. Recommendations for the design and analysis of epigenome-wide associa-
tion studies. Nat Methods 2013; 10: 949–955. [Medline]  [CrossRef]

	45.	 Tsai P-C, Bell JT. Power and sample size estimation for epigenome-wide association 
scans to detect differential DNA methylation. Int J Epidemiol 2015; 44: 1429–1441. 
[Medline]  [CrossRef]

	46.	 Lin X, Barton S, Holbrook JD. How to make DNA methylome wide association studies 
more powerful. Epigenomics 2016; 8: 1117–1129. [Medline]  [CrossRef]

	47.	 Mansell G, Gorrie-Stone TJ, Bao Y, Kumari M, Schalkwyk LS, Mill J, Hannon E. 
Guidance for DNA methylation studies: statistical insights from the Illumina EPIC array. 
BMC Genomics 2019; 20: 366. [Medline]  [CrossRef]

	48.	 Birney E, Smith GD, Greally JM. Epigenome-wide association studies and the interpre-
tation of disease -omics. PLoS Genet 2016; 12: e1006105. [Medline]  [CrossRef]

	49.	 Costello KR, Leung A, Trac C, Lee M, Basam M, Pospisilik JA, Schones DE. 
Sequence features of retrotransposons allow for epigenetic variability. eLife 2021; 10: 
e71104. [Medline]  [CrossRef]

	50.	 Planterose Jiménez B, Liu F, Caliebe A, Montiel González D, Bell JT, Kayser M, 
Vidaki A. Equivalent DNA methylation variation between monozygotic co-twins and 
unrelated individuals reveals universal epigenetic inter-individual dissimilarity. Genome 
Biol 2021; 22: 18. [Medline]  [CrossRef]

	51.	 Gunasekara CJ, Scott CA, Laritsky E, Baker MS, MacKay H, Duryea JD, Kessler 
NJ, Hellenthal G, Wood AC, Hodges KR, Gandhi M, Hair AB, Silver MJ, Moore SE, 
Prentice AM, Li Y, Chen R, Coarfa C, Waterland RA. A genomic atlas of systemic 
interindividual epigenetic variation in humans. Genome Biol 2019; 20: 105. [Medline]  
[CrossRef]

	52.	 Waterland RA, Kellermayer R, Laritsky E, Rayco-Solon P, Harris RA, Travisano 
M, Zhang W, Torskaya MS, Zhang J, Shen L, Manary MJ, Prentice AM. Season of 
conception in rural gambia affects DNA methylation at putative human metastable epial-
leles. PLoS Genet 2010; 6: e1001252. [Medline]  [CrossRef]

	53.	 Estill MS, Bolnick JM, Waterland RA, Bolnick AD, Diamond MP, Krawetz SA. 
Assisted reproductive technology alters deoxyribonucleic acid methylation profiles in 
bloodspots of newborn infants. Fertil Steril 2016; 106: 629–639.e10. [Medline]  [Cross-
Ref]

	54.	 Gunasekara CJ, MacKay H, Scott CA, Li S, Laritsky E, Baker MS, Grimm SL, Jun 
G, Li Y, Chen R, Wiemels JL, Coarfa C, Waterland RA. Systemic interindividual 
epigenetic variation in humans is associated with transposable elements and under strong 
genetic control. Genome Biol 2023; 24: 2. [Medline]  [CrossRef]

	55.	 Chang WJ, Maduranga U, Gunasekara CJ, Yang A, Hirschtritt M, Rodriguez K, 
Coarfa C, Jun G, Hanis CL, Flanagan JM, et al Human genomic regions of systemic 
interindividual epigenetic variation are implicated in neurodevelopmental and metabolic 
disorders. medRxiv 2025.  [CrossRef]

	56.	 Fang X, Zhao Z, Yu H, Li G, Jiang P, Yang Y, Yang R, Yu X. Comparative genome-
wide methylation analysis of longissimus dorsi muscles between Japanese black (Wagyu) 
and Chinese Red Steppes cattle. PLoS One 2017; 12: e0182492. [Medline]  [CrossRef]

	57.	 Fang L, Zhou Y, Liu S, Jiang J, Bickhart DM, Null DJ, Li B, Schroeder SG, Rosen 
BD, Cole JB, Van Tassell CP, Ma L, Liu GE. Comparative analyses of sperm DNA 
methylomes among human, mouse and cattle provide insights into epigenomic evolution 
and complex traits. Epigenetics 2019; 14: 260–276. [Medline]  [CrossRef]

	58.	 Zhou Y, Liu S, Hu Y, Fang L, Gao Y, Xia H, Schroeder SG, Rosen BD, Connor EE, Li 
CJ, Baldwin RL, Cole JB, Van Tassell CP, Yang L, Ma L, Liu GE. Comparative whole 
genome DNA methylation profiling across cattle tissues reveals global and tissue-specific 
methylation patterns. BMC Biol 2020; 18: 85. [Medline]  [CrossRef]

	59.	 Liu L, Amorín R, Moriel P, DiLorenzo N, Lancaster PA, Peñagaricano F. Differential 
network analysis of bovine muscle reveals changes in gene coexpression patterns in 
response to changes in maternal nutrition. BMC Genomics 2020; 21: 684. [Medline]  
[CrossRef]

	60.	 Rabaglino MB, Bojsen-Møller Secher J, Sirard MA, Hyttel P, Kadarmideen HN. 
Epigenomic and transcriptomic analyses reveal early activation of the HPG axis in in 
vitro-produced male dairy calves. FASEB J 2021; 35: e21882. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/40069157?dopt=Abstract
http://dx.doi.org/10.1038/s41467-025-57433-1
http://www.ncbi.nlm.nih.gov/pubmed/33931130?dopt=Abstract
http://dx.doi.org/10.1186/s13059-021-02347-6
http://www.ncbi.nlm.nih.gov/pubmed/31537805?dopt=Abstract
http://dx.doi.org/10.1038/s41467-019-12228-z
http://www.ncbi.nlm.nih.gov/pubmed/37169753?dopt=Abstract
http://dx.doi.org/10.1038/s41467-023-37961-4
http://www.ncbi.nlm.nih.gov/pubmed/37525248?dopt=Abstract
http://dx.doi.org/10.1186/s13059-023-03011-x
http://www.ncbi.nlm.nih.gov/pubmed/31634674?dopt=Abstract
http://dx.doi.org/10.1016/j.conb.2019.09.012
http://www.ncbi.nlm.nih.gov/pubmed/34426067?dopt=Abstract
http://dx.doi.org/10.1016/j.semcdb.2021.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22122642?dopt=Abstract
http://dx.doi.org/10.2217/epi.09.14
http://www.ncbi.nlm.nih.gov/pubmed/27717381?dopt=Abstract
http://dx.doi.org/10.1186/s13059-016-1066-1
http://www.ncbi.nlm.nih.gov/pubmed/27322064?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0157776
http://www.ncbi.nlm.nih.gov/pubmed/31642367?dopt=Abstract
http://dx.doi.org/10.1161/JAHA.119.013228
http://www.ncbi.nlm.nih.gov/pubmed/31015461?dopt=Abstract
http://dx.doi.org/10.1038/s41467-019-09671-3
http://www.ncbi.nlm.nih.gov/pubmed/31727924?dopt=Abstract
http://dx.doi.org/10.1038/s41598-019-52903-1
http://www.ncbi.nlm.nih.gov/pubmed/36510025?dopt=Abstract
http://dx.doi.org/10.1038/s41588-022-01248-z
http://www.ncbi.nlm.nih.gov/pubmed/30364969?dopt=Abstract
http://dx.doi.org/10.1093/nar/gky1027
http://www.ncbi.nlm.nih.gov/pubmed/30321400?dopt=Abstract
http://dx.doi.org/10.1093/nar/gky942
http://www.ncbi.nlm.nih.gov/pubmed/24505129?dopt=Abstract
http://dx.doi.org/10.1126/science.1248127
http://www.ncbi.nlm.nih.gov/pubmed/39420233?dopt=Abstract
http://dx.doi.org/10.1038/s41422-024-01027-x
http://www.ncbi.nlm.nih.gov/pubmed/26039453?dopt=Abstract
http://dx.doi.org/10.1016/j.cmet.2015.04.025
http://www.ncbi.nlm.nih.gov/pubmed/27760738?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20054062?dopt=Abstract
http://dx.doi.org/10.1101/gr.099234.109
http://www.ncbi.nlm.nih.gov/pubmed/24464286?dopt=Abstract
http://dx.doi.org/10.1038/nmeth.2815
http://www.ncbi.nlm.nih.gov/pubmed/24076989?dopt=Abstract
http://dx.doi.org/10.1038/nmeth.2632
http://www.ncbi.nlm.nih.gov/pubmed/25972603?dopt=Abstract
http://dx.doi.org/10.1093/ije/dyv041
http://www.ncbi.nlm.nih.gov/pubmed/27052998?dopt=Abstract
http://dx.doi.org/10.2217/epi-2016-0017
http://www.ncbi.nlm.nih.gov/pubmed/31088362?dopt=Abstract
http://dx.doi.org/10.1186/s12864-019-5761-7
http://www.ncbi.nlm.nih.gov/pubmed/27336614?dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1006105
http://www.ncbi.nlm.nih.gov/pubmed/34668484?dopt=Abstract
http://dx.doi.org/10.7554/eLife.71104
http://www.ncbi.nlm.nih.gov/pubmed/33402197?dopt=Abstract
http://dx.doi.org/10.1186/s13059-020-02223-9
http://www.ncbi.nlm.nih.gov/pubmed/31155008?dopt=Abstract
http://dx.doi.org/10.1186/s13059-019-1708-1
http://www.ncbi.nlm.nih.gov/pubmed/21203497?dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1001252
http://www.ncbi.nlm.nih.gov/pubmed/27288894?dopt=Abstract
http://dx.doi.org/10.1016/j.fertnstert.2016.05.006
http://dx.doi.org/10.1016/j.fertnstert.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/36631879?dopt=Abstract
http://dx.doi.org/10.1186/s13059-022-02827-3
http://dx.doi.org/
http://www.ncbi.nlm.nih.gov/pubmed/28771560?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0182492
http://www.ncbi.nlm.nih.gov/pubmed/30810461?dopt=Abstract
http://dx.doi.org/10.1080/15592294.2019.1582217
http://www.ncbi.nlm.nih.gov/pubmed/32631327?dopt=Abstract
http://dx.doi.org/10.1186/s12915-020-00793-5
http://www.ncbi.nlm.nih.gov/pubmed/33008289?dopt=Abstract
http://dx.doi.org/10.1186/s12864-020-07068-x
http://www.ncbi.nlm.nih.gov/pubmed/34460963?dopt=Abstract
http://dx.doi.org/10.1096/fj.202101067R


REVIEW: CATTLE DNA METHYLATION BIOMARKERS 157

	61.	 Liu R, Tearle R, Low WY, Chen T, Thomsen D, Smith TPL, Hiendleder S, Williams 
JL. Distinctive gene expression patterns and imprinting signatures revealed in reciprocal 
crosses between cattle sub-species. BMC Genomics 2021; 22: 410. [Medline]  [CrossRef]

	62.	 Liu L, Amorín R, Moriel P, DiLorenzo N, Lancaster PA, Peñagaricano F. Maternal 
methionine supplementation during gestation alters alternative splicing and DNA meth-
ylation in bovine skeletal muscle. BMC Genomics 2021; 22: 780. [Medline]  [CrossRef]

	63.	 Chen S, Liu S, Shi S, Jiang Y, Cao M, Tang Y, Li W, Liu J, Fang L, Yu Y, Zhang S. 
Comparative epigenomics reveals the impact of ruminant-specific regulatory elements on 
complex traits. BMC Biol 2022; 20: 273. [Medline]  [CrossRef]

	64.	 Li Y, Sena Lopes J, Coy-Fuster P, Rivera RM. Spontaneous and ART-induced large 
offspring syndrome: similarities and differences in DNA methylome. Epigenetics 2022; 
17: 1477–1496. [Medline]  [CrossRef]

	65.	 Rabaglino MB, Secher JB, Hyttel P, Kadarmideen HN. In vitro- and in vivo-produced 
male dairy calves show molecular differences in the hepatic and muscular energy regula-
tion†. Biol Reprod 2022; 107: 1113–1124. [Medline]

	66.	 Zhang Y, Chaput C, Fournier E, Prunier J, Sirard MA. Comparing the whole genome 
methylation landscape of dairy calf blood cells revealed intergenerational inheritance of 
the maternal metabolism. Epigenetics 2022; 17: 705–714. [Medline]  [CrossRef]

	67.	 Xin JW, Chai ZX, Jiang H, Cao HW, Chen XY, Zhang CF, Zhu Y, Zhang Q, Ji QM. 
Genome-wide comparison of DNA methylation patterns between yak and three cattle 
strains and their potential association with mRNA transcription. J Exp Zool B Mol Dev 
Evol 2023; 340: 316–328. [Medline]  [CrossRef]

	68.	 Bhat SA, Parveen A, Gormley E, Meade KG. Extensive differential DNA methylation 
between tuberculosis skin test positive and skin test negative cattle. BMC Genomics 2024; 
25: 762. [Medline]  [CrossRef]

	69.	 Chen S, Liu S, Shi S, Yin H, Tang Y, Zhang J, Li W, Liu G, Qu K, Ding X, Wang 
Y, Liu J, Zhang S, Fang L, Yu Y. Cross-species comparative DNA methylation reveals 
novel insights into complex trait genetics among cattle, sheep, and goats. Mol Biol Evol 
2024; 41: msae003. [Medline]  [CrossRef]

	70.	 Salilew-Wondim D, Saeed-Zidane M, Hoelker M, Gebremedhn S, Poirier M, Pandey 
HO, Tholen E, Neuhoff C, Held E, Besenfelder U, Havlicek V, Rings F, Fournier E, 
Gagné D, Sirard MA, Robert C, Gad A, Schellander K, Tesfaye D. Genome-wide 
DNA methylation patterns of bovine blastocysts derived from in vivo embryos subjected 
to in vitro culture before, during or after embryonic genome activation. BMC Genomics 
2018; 19: 424. [Medline]  [CrossRef]

	71.	 Liu S, Fang L, Zhou Y, Santos DJA, Xiang R, Daetwyler HD, Chamberlain AJ, Cole 
JB, Li CJ, Yu Y, Ma L, Zhang S, Liu GE. Analyses of inter-individual variations of 
sperm DNA methylation and their potential implications in cattle. BMC Genomics 2019; 
20: 888. [Medline]  [CrossRef]

	72.	 Guo S, Diep D, Plongthongkum N, Fung HL, Zhang K, Zhang K. Identification of 
methylation haplotype blocks aids in deconvolution of heterogeneous tissue samples 
and tumor tissue-of-origin mapping from plasma DNA. Nat Genet 2017; 49: 635–642. 
[Medline]  [CrossRef]

	73.	 Fang L, Teng J, Lin Q, Bai Z, Liu S, Guan D, Li B, Gao Y, Hou Y, Gong M, Pan Z, Yu 
Y, Clark EL, Smith J, Rawlik K, Xiang R, Chamberlain AJ, Goddard ME, Littlejohn 
M, Larson G, MacHugh DE, O’Grady JF, Sørensen P, Sahana G, Lund MS, Jiang Z, 
Pan X, Gong W, Zhang H, He X, Zhang Y, Gao N, He J, Yi G, Liu Y, Tang Z, Zhao P, 
Zhou Y, Fu L, Wang X, Hao D, Liu L, Chen S, Young RS, Shen X, Xia C, Cheng H, 
Ma L, Cole JB, Baldwin RL 6th, Li CJ, Van Tassell CP, Rosen BD, Bhowmik N, Lun-
ney J, Liu W, Guan L, Zhao X, Ibeagha-Awemu EM, Luo Y, Lin L, Canela-Xandri 
O, Derks MFL, Crooijmans RPMA, Gòdia M, Madsen O, Groenen MAM, Koltes 
JE, Tuggle CK, McCarthy FM, Rocha D, Giuffra E, Amills M, Clop A, Ballester M, 
Tosser-Klopp G, Li J, Fang C, Fang M, Wang Q, Hou Z, Wang Q, Zhao F, Jiang L, 
Zhao G, Zhou Z, Zhou R, Liu H, Deng J, Jin L, Li M, Mo D, Liu X, Chen Y, Yuan X, 
Li J, Zhao S, Zhang Y, Ding X, Sun D, Sun HZ, Li C, Wang Y, Jiang Y, Wu D, Wang 
W, Fan X, Zhang Q, Li K, Zhang H, Yang N, Hu X, Huang W, Song J, Wu Y, Yang J, 
Wu W, Kasper C, Liu X, Yu X, Cui L, Zhou X, Kim S, Li W, Im HK, Buckler ES, Ren 
B, Schatz MC, Li JJ, Palmer AA, Frantz L, Zhou H, Zhang Z, Liu GE. FarmGTEx 
Consortium. The Farm Animal Genotype-Tissue Expression (FarmGTEx) project. Nat 
Genet 2025; 57: 786–796.  [CrossRef]. [Medline]

	74.	 Hu Z, Boschiero C, Li CJ, Connor EE, Baldwin 6th RL, Liu GE. Unraveling the 
genetic basis of feed efficiency in cattle through integrated DNA methylation and Cat-
tleGTEx analysis. Genes (Basel) 2023; 14: 2121.

	75.	 Boschiero C, Beshah E, Zhu X, Tuo W, Liu GE. Profiling genome-wide methylation 
patterns in cattle Infected with Ostertagia ostertagi. Int J Mol Sci 2024; 26: 89. [Medline]  
[CrossRef]

	76.	 Caulton A, Dodds KG, McRae KM, Couldrey C, Horvath S, Clarke SM. Develop-
ment of epigenetic clocks for key ruminant species. Genes (Basel) 2021; 13: 96. [Medline]  
[CrossRef]

	77.	 Hu Z, Boschiero C, Neupane M, Bhowmik N, Yang L, Kilian L, DeJarnette JM, 
Sargolzaei M, Harstine B, Li CJ, Tuo W, Baldwin RL 6th, Van Tassell CP, Sattler 
CG, Liu GE. Exploring tissue- and sex-specific DNA methylation in cattle using a pan-
mammalian infinium array. Int J Mol Sci 2025; 26: 26. [Medline]

	78.	 Kordowitzki P, Haghani A, Zoller JA, Li CZ, Raj K, Spangler ML, Horvath S. 
Epigenetic clock and methylation study of oocytes from a bovine model of reproductive 
aging. Aging Cell 2021; 20: e13349. [Medline]  [CrossRef]

	79.	 Ribeiro AMF, Sanglard LP, Wijesena HR, Ciobanu DC, Horvath S, Spangler ML. 

DNA methylation profile in beef cattle is influenced by additive genetics and age. Sci Rep 
2022; 12: 12016. [Medline]  [CrossRef]

	80.	 Fouéré C, Costes V, Hoze C, Shankar ARR, Besnard F, Costa-Monteiro-Moreira G, 
Chaulot-Talmon A, Ali F, Fritz S, Boussaha M, et al Sequence-Level GWAS of Sperm 
DNA Methylation in Holstein Bulls. In International Plant and Animal Genome confer-
ence (PAG32). San Diego, CA; 2025.

	81.	 Chang WJ, Baker MS, Laritsky E, Gunasekara CJ, Maduranga U, Galliou JC, 
McFadden JW, Waltemyer JR, Berggren-Thomas B, Tate BN, Zhang H, Rosen BD, 
Van Tassell CP, Liu GE, Coarfa C, Ren YA, Waterland RA. Systemic interindividual 
DNA methylation variants in cattle share major hallmarks with those in humans. Genome 
Biol 2024; 25: 185. [Medline]  [CrossRef]

	82.	 Walsh CP, Chaillet JR, Bestor TH. Transcription of IAP endogenous retroviruses is 
constrained by cytosine methylation. Nat Genet 1998; 20: 116–117. [Medline]  [CrossRef]

	83.	 Popp C, Dean W, Feng S, Cokus SJ, Andrews S, Pellegrini M, Jacobsen SE, Reik W. 
Genome-wide erasure of DNA methylation in mouse primordial germ cells is affected by 
AID deficiency. Nature 2010; 463: 1101–1105. [Medline]  [CrossRef]

	84.	 Reik W, Dean W, Walter J. Epigenetic reprogramming in mammalian development. 
Science 2001; 293: 1089–1093. [Medline]  [CrossRef]

	85.	 Hajkova P, Erhardt S, Lane N, Haaf T, El-Maarri O, Reik W, Walter J, Surani MA. 
Epigenetic reprogramming in mouse primordial germ cells. Mech Dev 2002; 117: 15–23. 
[Medline]  [CrossRef]

	86.	 Mayer W, Niveleau A, Walter J, Fundele R, Haaf T. Demethylation of the zygotic 
paternal genome. Nature 2000; 403: 501–502. [Medline]  [CrossRef]

	87.	 Poplinski A, Tüttelmann F, Kanber D, Horsthemke B, Gromoll J. Idiopathic male 
infertility is strongly associated with aberrant methylation of MEST and IGF2/H19 ICR1. 
Int J Androl 2010; 33: 642–649. [Medline]  [CrossRef]

	88.	 López-Catalina A, Ragab M, Reverter A, González-Recio O. A recursive model ap-
proach to include epigenetic effects in genetic evaluations using simulated DNA methyla-
tion effects. J Anim Breed Genet 2025; 142: 550–559. [Medline]  [CrossRef]

	89.	 Costes V, Lopez-Catalina A, Shankar ARR, Chaulot-Talmon A, Costa-Monteiro-
Moreira G, Cai Z, Sahana G, Boussaha M, Fritz S, Ibeagha-Awemu EM, et al The 
RUMIGEN EpiChip: A Versatile, Medium-Density DNA Methylation BeadChip for 
Large Population Studies in Cattle. In International Plant and Animal Genome confer-
ence (PAG32). San Diego, CA; 2025.

	90.	 Arneson A, Haghani A, Thompson MJ, Pellegrini M, Kwon SB, Vu H, Maciejewski 
E, Yao M, Li CZ, Lu AT, Morselli M, Rubbi L, Barnes B, Hansen KD, Zhou W, 
Breeze CE, Ernst J, Horvath S. A mammalian methylation array for profiling methyla-
tion levels at conserved sequences. Nat Commun 2022; 13: 783. [Medline]  [CrossRef]

	91.	 Lu AT, Fei Z, Haghani A, Robeck TR, Zoller JA, Li CZ, Lowe R, Yan Q, Zhang J, Vu 
H, Ablaeva J, Acosta-Rodriguez VA, Adams DM, Almunia J, Aloysius A, Ardehali 
R, Arneson A, Baker CS, Banks G, Belov K, Bennett NC, Black P, Blumstein DT, 
Bors EK, Breeze CE, Brooke RT, Brown JL, Carter GG, Caulton A, Cavin JM, 
Chakrabarti L, Chatzistamou I, Chen H, Cheng K, Chiavellini P, Choi OW, Clarke 
SM, Cooper LN, Cossette ML, Day J, DeYoung J, DiRocco S, Dold C, Ehmke EE, 
Emmons CK, Emmrich S, Erbay E, Erlacher-Reid C, Faulkes CG, Ferguson SH, 
Finno CJ, Flower JE, Gaillard JM, Garde E, Gerber L, Gladyshev VN, Gorbunova 
V, Goya RG, Grant MJ, Green CB, Hales EN, Hanson MB, Hart DW, Haulena M, 
Herrick K, Hogan AN, Hogg CJ, Hore TA, Huang T, Izpisua Belmonte JC, Jasinska 
AJ, Jones G, Jourdain E, Kashpur O, Katcher H, Katsumata E, Kaza V, Kiaris H, 
Kobor MS, Kordowitzki P, Koski WR, Krützen M, Kwon SB, Larison B, Lee SG, 
Lehmann M, Lemaitre JF, Levine AJ, Li C, Li X, Lim AR, Lin DTS, Lindemann DM, 
Little TJ, Macoretta N, Maddox D, Matkin CO, Mattison JA, McClure M, Mergl J, 
Meudt JJ, Montano GA, Mozhui K, Munshi-South J, Naderi A, Nagy M, Narayan P, 
Nathanielsz PW, Nguyen NB, Niehrs C, O’Brien JK, O’Tierney Ginn P, Odom DT, 
Ophir AG, Osborn S, Ostrander EA, Parsons KM, Paul KC, Pellegrini M, Peters 
KJ, Pedersen AB, Petersen JL, Pietersen DW, Pinho GM, Plassais J, Poganik JR, 
Prado NA, Reddy P, Rey B, Ritz BR, Robbins J, Rodriguez M, Russell J, Rydkina 
E, Sailer LL, Salmon AB, Sanghavi A, Schachtschneider KM, Schmitt D, Schmitt 
T, Schomacher L, Schook LB, Sears KE, Seifert AW, Seluanov A, Shafer ABA, 
Shanmuganayagam D, Shindyapina AV, Simmons M, Singh K, Sinha I, Slone J, Snell 
RG, Soltanmaohammadi E, Spangler ML, Spriggs MC, Staggs L, Stedman N, Stein-
man KJ, Stewart DT, Sugrue VJ, Szladovits B, Takahashi JS, Takasugi M, Teeling 
EC, Thompson MJ, Van Bonn B, Vernes SC, Villar D, Vinters HV, Wallingford MC, 
Wang N, Wayne RK, Wilkinson GS, Williams CK, Williams RW, Yang XW, Yao M, 
Young BG, Zhang B, Zhang Z, Zhao P, Zhao Y, Zhou W, Zimmermann J, Ernst J, 
Raj K, Horvath S. Universal DNA methylation age across mammalian tissues. Nat Aging 
2023; 3: 1144–1166. [Medline]  [CrossRef]

	92.	 Costes V, López-Catalina A, Recio OG, Sassi MB, Rico DE, Foucras G, Danvic CL, 
Hozé C, Boussaha M, Boichard D, et al A capture-based approach for DNA methyla-
tion analysis in cattle. In Book of Abstracts of the 74th Annual Meeting of the European 
Federation of Animal Science (EAAP). pp. 231. Lyon, France; 2023:231.

	93.	 Braz CU, Taylor T, Namous H, Townsend J, Crenshaw T, Khatib H. Paternal diet 
induces transgenerational epigenetic inheritance of DNA methylation signatures and 
phenotypes in sheep model. PNAS Nexus 2022; 1: pgac040. [Medline]  [CrossRef]

	94.	 Khatib H, Townsend J, Konkel MA, Conidi G, Hasselkus JA. Calling the question: 
what is mammalian transgenerational epigenetic inheritance? Epigenetics 2024; 19: 
2333586. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/34082698?dopt=Abstract
http://dx.doi.org/10.1186/s12864-021-07667-2
http://www.ncbi.nlm.nih.gov/pubmed/34717556?dopt=Abstract
http://dx.doi.org/10.1186/s12864-021-08065-4
http://www.ncbi.nlm.nih.gov/pubmed/36482458?dopt=Abstract
http://dx.doi.org/10.1186/s12915-022-01459-0
http://www.ncbi.nlm.nih.gov/pubmed/35466858?dopt=Abstract
http://dx.doi.org/10.1080/15592294.2022.2067938
http://www.ncbi.nlm.nih.gov/pubmed/35766406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/34304691?dopt=Abstract
http://dx.doi.org/10.1080/15592294.2021.1955188
http://www.ncbi.nlm.nih.gov/pubmed/36148637?dopt=Abstract
http://dx.doi.org/10.1002/jez.b.23174
http://www.ncbi.nlm.nih.gov/pubmed/39107682?dopt=Abstract
http://dx.doi.org/10.1186/s12864-024-10574-x
http://www.ncbi.nlm.nih.gov/pubmed/38266195?dopt=Abstract
http://dx.doi.org/10.1093/molbev/msae003
http://www.ncbi.nlm.nih.gov/pubmed/29859035?dopt=Abstract
http://dx.doi.org/10.1186/s12864-018-4826-3
http://www.ncbi.nlm.nih.gov/pubmed/31752687?dopt=Abstract
http://dx.doi.org/10.1186/s12864-019-6228-6
http://www.ncbi.nlm.nih.gov/pubmed/28263317?dopt=Abstract
http://dx.doi.org/10.1038/ng.3805
http://dx.doi.org/10.1038/s41588-025-02121-5
http://www.ncbi.nlm.nih.gov/pubmed/40097783?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/39795948?dopt=Abstract
http://dx.doi.org/10.3390/ijms26010089
http://www.ncbi.nlm.nih.gov/pubmed/35052436?dopt=Abstract
http://dx.doi.org/10.3390/genes13010096
http://www.ncbi.nlm.nih.gov/pubmed/40362521?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/33797841?dopt=Abstract
http://dx.doi.org/10.1111/acel.13349
http://www.ncbi.nlm.nih.gov/pubmed/35835812?dopt=Abstract
http://dx.doi.org/10.1038/s41598-022-16350-9
http://www.ncbi.nlm.nih.gov/pubmed/39004763?dopt=Abstract
http://dx.doi.org/10.1186/s13059-024-03307-6
http://www.ncbi.nlm.nih.gov/pubmed/9771701?dopt=Abstract
http://dx.doi.org/10.1038/2413
http://www.ncbi.nlm.nih.gov/pubmed/20098412?dopt=Abstract
http://dx.doi.org/10.1038/nature08829
http://www.ncbi.nlm.nih.gov/pubmed/11498579?dopt=Abstract
http://dx.doi.org/10.1126/science.1063443
http://www.ncbi.nlm.nih.gov/pubmed/12204247?dopt=Abstract
http://dx.doi.org/10.1016/S0925-4773(02)00181-8
http://www.ncbi.nlm.nih.gov/pubmed/10676950?dopt=Abstract
http://dx.doi.org/10.1038/35000656
http://www.ncbi.nlm.nih.gov/pubmed/19878521?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2605.2009.01000.x
http://www.ncbi.nlm.nih.gov/pubmed/39868874?dopt=Abstract
http://dx.doi.org/10.1111/jbg.12925
http://www.ncbi.nlm.nih.gov/pubmed/35145108?dopt=Abstract
http://dx.doi.org/10.1038/s41467-022-28355-z
http://www.ncbi.nlm.nih.gov/pubmed/37563227?dopt=Abstract
http://dx.doi.org/10.1038/s43587-023-00462-6
http://www.ncbi.nlm.nih.gov/pubmed/36713326?dopt=Abstract
http://dx.doi.org/10.1093/pnasnexus/pgac040
http://www.ncbi.nlm.nih.gov/pubmed/38525788?dopt=Abstract
http://dx.doi.org/10.1080/15592294.2024.2333586

