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Abstract

Epigenetic regulation has emerged as a fundamental mechanism governing immune func-
tion in poultry by integrating genetic, environmental, nutritional, and microbial signals
without altering the DNA sequence. Recent advances in epigenomics have revealed that
DNA methylation, histone modifications, chromatin remodeling, and non-coding RNAs are
associated with regulation of immune and inflammatory responses, inflammatory signal-
ing, immune-cell differentiation, and host-pathogen interactions. Poultry-specific studies,
predominantly conducted in chickens, have identified infection- and challenge-associated
epigenetic changes in models including avian influenza, Marek’s disease, and bacterial
inflammatory stimulation, with the strongest current evidence relating to innate and inflam-
matory immune regulation. Environmental factors such as nutrition, gut microbiota, heat
stress, and developmental conditions further shape immune competence through epigenetic
programming, while emerging evidence suggests that some epigenetic modifications may
contribute to transgenerational disease resistance. Emerging evidence suggests that some
epigenetic signatures may persist across generations; however, robust evidence for stable
transgenerational inheritance of immune-related epigenetic traits in poultry remains lim-
ited. Advances in whole-genome bisulfite sequencing, ATAC-seq, ChIP-seq, and single-cell
multi-omics are improving characterization of the avian epigenome, whereas CRISPR-
based epigenome editing, artificial intelligence-assisted prediction, epigenetic selection,
and epigenome-informed vaccine optimization remain prospective applications requiring
substantial functional and field validation. This review synthesizes current knowledge of
epigenetic mechanisms regulating poultry immunity, evaluates their roles in host-pathogen
interactions and environmental adaptation, and highlights emerging genomic technologies
that may facilitate translation of immunoepigenetic discoveries into practical strategies for
improving poultry health, disease resilience, and sustainable production.

Keywords: epigenetics; poultry immunity; DNA methylation; host-pathogen interactions;
epigenomics

1. Introduction

The global poultry industry plays a fundamental role in meeting the increasing de-
mand for affordable, high-quality animal protein, contributing substantially to food security
and agricultural sustainability worldwide. Modern poultry production has achieved re-
markable improvements in growth rate, feed efficiency, and reproductive performance
through intensive genetic selection, nutritional optimization, and advances in husbandry
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practices [1]. However, these gains have also increased the susceptibility of commercial
poultry to infectious diseases, environmental stressors, and immune dysregulation, result-
ing in substantial economic losses and compromised animal welfare. Viral diseases such as
avian influenza, Marek’s disease, Newcastle disease, and infectious bursal disease, together
with bacterial pathogens including Salmonella, Campylobacter, and pathogenic Escherichia
coli, continue to challenge poultry production despite significant advances in vaccination,
biosecurity, and management strategies [2]. Consequently, improving immune competence
has become a major priority for sustainable poultry production.

The avian immune system consists of highly coordinated innate and adaptive com-
ponents that collectively protect the host against diverse pathogens while maintaining
immunological homeostasis. Innate immunity provides the first line of defense through
physical barriers, heterophils, macrophages, dendritic cells, natural killer cells, antimicro-
bial peptides, cytokines, and pattern-recognition receptors, whereas adaptive immunity
generates antigen-specific humoral and cellular responses mediated by B and T lympho-
cytes [3-5]. Although considerable progress has been made in understanding the genetic
basis of avian immunity, increasing evidence indicates that DNA sequence alone can-
not fully explain the substantial variation observed in immune responsiveness, disease
resistance, vaccine efficacy, and adaptation to environmental challenges among poultry
populations. Instead, dynamic regulatory mechanisms that influence gene expression
without altering the underlying DNA sequence have emerged as critical determinants of
immune function.

Epigenetics encompasses molecular mechanisms that alter gene regulation and chro-
matin state without changing the underlying DNA sequence [6,7]. Although some epi-
genetic states can persist through cell division and, in specific circumstances, across gen-
erations, heritability is not a defining property of every epigenetic modification. Many
epigenetic changes are transient, reversible, tissue- or cell-type-specific, and induced by
developmental, nutritional, environmental, or infectious stimuli. The principal mechanisms
discussed in this review include DNA methylation, post-translational histone modifica-
tions, chromatin remodeling, and regulatory non-coding RNAs. The principal epigenetic
mechanisms include DNA methylation, post-translational histone modifications, chromatin
remodeling, and multiple classes of non-coding RNAs, including microRNAs (miRNAs),
long non-coding RNAs (IncRNAs), and circular RNAs (circRNAs) [8,9]. Together, these reg-
ulatory processes coordinate chromatin accessibility, transcription factor binding, and gene
expression, thereby determining cellular differentiation, immune activation, inflammatory
responses, and immunological memory. Unlike fixed genetic polymorphisms, epigenetic
modifications are dynamic and responsive to external stimuli, allowing immune cells to
rapidly adapt to changing physiological and environmental conditions.

Over the past decade, advances in next-generation sequencing, epigenome profiling,
and functional genomics have substantially expanded our understanding of epigenetic
regulation in poultry. Genome-wide analyses have demonstrated that DNA methylation
patterns, chromatin accessibility, and non-coding RNA expression are extensively remod-
eled during embryonic development, immune cell differentiation, pathogen infection,
vaccination, and environmental stress. Studies investigating avian influenza virus, Marek’s
disease virus, Salmonella, and other economically important pathogens have identified epi-
genetic modifications associated with differential immune responses and disease resistance.
Similarly, nutritional interventions, gut microbiota, heat stress, and maternal environmental
conditions have been shown to influence immune function through epigenetic program-
ming, suggesting that immune competence results from continuous interactions among the
genome, epigenome, and environment rather than genetic variation alone [10-12].
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Despite rapid progress in poultry genomics, significant knowledge gaps remain re-
garding the integration of epigenetic mechanisms across different immune pathways and
disease conditions. Much of the current literature focuses on individual epigenetic regula-
tors or specific pathogens, whereas comparatively few reviews critically synthesize how
DNA methylation, histone modifications, chromatin remodeling, and non-coding RNAs
interact to coordinate immune responses across diverse physiological contexts. Moreover,
the increasing application of multi-omics technologies has generated large volumes of
epigenomic data whose biological interpretation and translational significance remain
incompletely understood. Bridging these knowledge gaps is essential for identifying reli-
able epigenetic biomarkers of disease resistance, developing precision breeding strategies,
and designing innovative interventions that enhance poultry health while reducing re-
liance on antibiotics. By integrating recent advances in immunology, epigenetics, and
functional genomics, this review provides a comprehensive framework for understanding
how epigenetic regulation can be translated into precision breeding, disease prevention,
and sustainable poultry production.

This review aims to critically synthesize current knowledge regarding the epigenetic
regulation of immune responses in poultry, with emphasis on the molecular mechanisms
governing DNA methylation, histone modifications, chromatin remodeling, and non-coding
RNA-mediated regulation. Particular attention is given to host-pathogen interactions, envi-
ronmental and nutritional influences, transgenerational epigenetic inheritance, and recent
advances in epigenomic technologies. The review also evaluates emerging opportunities to
integrate immunoepigenetics into poultry breeding, disease control, and precision poultry
production, while identifying key knowledge gaps and future research priorities needed to
translate epigenetic discoveries into practical applications. A structured literature search
was conducted to identify studies relevant to epigenetic regulation of immune responses
in poultry. PubMed, Scopus, and Web of Science were searched for peer-reviewed articles
epigenetics,” “DNA methy-

i i ”ou

using combinations of the terms “poultry,” “chicken,” “avian,

chromatin remodeling,” “ATAC-seq,” “non-coding RNA,”

" u

lation,” “histone modification,
“miRNA,” “IncRNA,” “immunity,” “infection,” and “disease resistance.” Priority was given
to poultry-specific experimental studies investigating epigenetic or transcriptional regula-
tory responses associated with immune function, pathogen challenge, environmental or
nutritional exposures, and disease resistance. Relevant reviews and studies from mammalian
systems were included selectively to provide mechanistic context where poultry-specific
evidence was unavailable. Studies were evaluated according to their relevance to the re-
view objectives, experimental model, methodological approach, and strength of evidence.
Because this article is a narrative review, study selection and synthesis were qualitative
rather than based on a formal systematic-review protocol. Because the available experi-
mental literature is strongly dominated by studies in chickens (Gallus gallus domesticus), the
present review focuses primarily on chicken immunoepigenetics. Evidence from other avian
or mammalian systems is discussed only where it provides relevant mechanistic context,
and such extrapolations are identified accordingly. The limited availability of comparable
epigenomic studies in turkeys, ducks, quail, and other commercially important poultry
species represents an important knowledge gap and priority for future comparative research.
Figure 1 illustrates the integrated framework by which environmental, nutritional, microbial,
developmental, and genetic factors regulate epigenetic mechanisms and immune responses,
and their translational applications in poultry.
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Figure 1. Integrated framework of epigenetic regulation of immune responses in poultry. Envi-
ronmental, nutritional, microbial, developmental, and genetic factors shape the poultry epigenome
through DNA methylation, histone modifications, chromatin remodeling, and non-coding RNAs
(miRNAs, IncRNAs, and circRNAs). These interconnected epigenetic mechanisms regulate chro-
matin accessibility, transcription factor activity, and immune gene expression, thereby coordinating
innate and adaptive immune responses, inflammatory signaling, host defense, and intestinal barrier
integrity. Emerging genomic technologies, including whole-genome bisulfite sequencing (WGBS),
reduced representation bisulfite sequencing (RRBS), assay for transposase-accessible chromatin using
sequencing (ATAC-seq), chromatin immunoprecipitation sequencing (ChIP-seq), single-cell RNA
sequencing (scRNA-seq), multi-omics integration, CRISPR-based epigenome editing, and artificial
intelligence are accelerating mechanistic understanding and facilitating the translation of epigenetic
discoveries into practical applications, including precision breeding, vaccine optimization, nutritional
programming, improved disease resistance, and sustainable poultry production (Figure concept and
design by the author; graphical elements generated using ChatGPT (GPT-40)).

2. Epigenetic Mechanisms Regulating Avian Immunity

Epigenetic regulation provides an essential molecular interface between the poultry
genome and environmental stimuli, enabling rapid and reversible changes in gene expres-
sion without altering the underlying DNA sequence. Unlike fixed genetic polymorphisms,
epigenetic mechanisms respond dynamically to nutritional status, microbial colonization,
pathogen exposure, vaccination, and environmental stress, thereby allowing immune cells
to adapt their transcriptional programs according to physiological demands. These regula-
tory processes are particularly important in poultry because immune competence depends
not only on inherited genetic variation but also on precise temporal control of immune gene
expression during embryonic development, post-hatch maturation, and infectious chal-
lenge. Recent advances in high-throughput sequencing, methylome analysis, chromatin
accessibility profiling, and transcriptomics have substantially improved our understanding
of how epigenetic mechanisms regulate innate and adaptive immunity in chickens [13-15].
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Collectively, current evidence indicates that DNA methylation, histone modifications, chro-
matin remodeling, and non-coding RNAs function cooperatively rather than independently
to coordinate immune activation, inflammatory regulation, and host defense.

2.1. DNA Methylation

DNA methylation is the most extensively investigated epigenetic mechanism in poul-
try and primarily involves the addition of methyl groups to cytosine residues within CpG
dinucleotides by DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B). In general,
DNA methylation is the most extensively investigated epigenetic mechanism in chickens
and primarily involves the addition of methyl groups to cytosine residues, particularly
within CpG dinucleotides, through the activity of DNA methyltransferases such as DNMT1,
DNMT3A, and DNMT3B. The relationship between DNA methylation and transcription
is context-dependent rather than uniformly repressive. Promoter and regulatory-region
hypermethylation is frequently associated with reduced transcription, particularly when
methylation interferes with transcription-factor binding or promotes a less accessible chro-
matin state. However, methylation within gene bodies, enhancers, and other genomic
regions can show different relationships with transcription, and these effects vary according
to genomic context, developmental stage, tissue, and cell type. Consequently, differential
methylation should not be interpreted as evidence of transcriptional activation or repression
without complementary gene-expression and functional data.

Evidence accumulated over the past decade suggests that DNA methylation plays a
central role in regulating avian immune responses during both normal development and
pathogen challenge. One of the earliest demonstrations of infection-associated epigenetic
regulation was provided by Zhang et al. [16], who reported significant alterations in DNA
methylation within the thymus and bursa of Fabricius following highly pathogenic H5N1
avian influenza virus infection. Although global methylation changes differed among
immune organs, the study established that viral infection induces tissue-specific epigenetic
remodeling and suggested that methylation markers may contribute to identifying disease-
resistant poultry lines. Subsequent investigations have expanded these observations by
showing that differential methylation occurs not only during viral infections but also
following microbial stimulation, vaccination, and developmental programming [10,11].

Rather than functioning simply as transcriptional switches, DNA methylation patterns
appear to fine-tune the magnitude and duration of immune responses [8,17,18]. Genome-
wide analyses indicate that differentially methylated regions are frequently associated with
genes involved in cytokine production, antigen presentation, interferon signaling, Toll-like
receptor pathways, and lymphocyte activation [11,15]. Importantly, methylation changes
often occur alongside coordinated alterations in chromatin accessibility and transcription
factor binding, indicating that DNA methylation represents only one component of a
broader regulatory network governing immune-cell differentiation and function.

Recent studies have also highlighted the remarkable plasticity of the poultry methy-
lome in response to environmental factors. Dunislawska et al. [10] demonstrated that
early in ovostimulation with bioactive compounds capable of modifying gut microbiota
composition altered splenic DNA methylation and immune-related gene expression after
hatching, providing direct evidence that early microbial colonization can influence immune
development through epigenetic programming. Similarly, nutrigenomic studies suggest
that dietary methyl donors, vitamins, and microbial metabolites influence one-carbon
metabolism and methyl-group availability, thereby affecting methylation-dependent regu-
lation of immune genes [8,19]. These findings collectively indicate that DNA methylation
integrates developmental, nutritional, and microbial signals to optimize immune function
throughout the production cycle.
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2.2. Histone Modifications and Chromatin Remodeling

Histone proteins package genomic DNA into nucleosomes and regulate chromatin
organization through numerous post-translational modifications, including acetylation,
methylation, phosphorylation, ubiquitination, and SUMOylation [20-22]. These modifica-
tions alter chromatin accessibility and determine whether transcriptional machinery can
access regulatory DNA elements. Histone acetylation generally promotes transcription by
relaxing chromatin structure through histone acetyltransferase activity, whereas histone
deacetylases condense chromatin and suppress gene expression [23,24]. In contrast, histone
methylation exhibits more diverse regulatory functions because its biological effects depend
on the modified amino acid residue and degree of methylation [13].

Compared with DNA methylation, histone biology remains considerably less explored
in poultry despite its fundamental importance in immune regulation. Recent evidence,
nevertheless, indicates that histone modifications play indispensable roles in regulating
inflammatory signaling pathways, host defense peptide synthesis, epithelial barrier in-
tegrity, and immune-cell activation [25]. Whitmore et al. [13] demonstrated that inhibition
of histone deacetylases synergistically enhanced host defense peptide expression in chicken
macrophages when combined with DNA or histone methyltransferase inhibitors. Similar
treatments also increased the expression of tight-junction proteins, suggesting that coor-
dinated manipulation of multiple epigenetic pathways may simultaneously strengthen
antimicrobial defense and intestinal barrier function. These findings illustrate that histone
modifications are not merely structural alterations but active regulators of innate immunity
with potential translational applications for improving poultry health.

Recent advances in chromatin accessibility profiling have provided additional insights
into the functional significance of chromatin remodeling during immune activation. Using
ATAC-seq analysis, Lv et al. [15] identified thousands of differential open chromatin regions
in chickens following lipopolysaccharide-induced systemic inflammation. Chromatin re-
programming may regulate genes involved in NF-«B signaling, Toll-like receptor pathways,
and inflammatory responses, demonstrating that rapid remodeling of chromatin architec-
ture accompanies activation of innate immunity. Importantly, the authors showed that
changes in chromatin accessibility corresponded closely with altered transcriptional activity,
emphasizing that immune regulation depends not only on DNA sequence but also on the
dynamic organization of chromatin [26-29]. Although poultry studies remain relatively
limited, broader immunological research supports the concept that chromatin remodeling
governs immune-cell differentiation, inflammatory resolution, and immunological memory
by controlling access to regulatory DNA elements [30]. Collectively, these findings indicate
that histone modifications and chromatin remodeling act in concert with DNA methylation
to establish highly coordinated transcriptional programs that enable poultry to mount
rapid but tightly controlled immune responses while minimizing immunopathology.

2.3. Non-Coding RNAs

Non-coding RNAs (ncRNAs) have emerged as one of the most dynamic components
of epigenetic regulation, providing an additional layer of control over immune gene ex-
pression. Unlike DNA methylation and histone modifications, which primarily regulate
chromatin structure and transcriptional accessibility, ncRNAs influence gene expression
at both transcriptional and post-transcriptional levels through interactions with messen-
ger RNAs, transcription factors, chromatin-modifying complexes, and other regulatory
RNAs [31-34]. The principal classes of ncRNAs involved in avian immunity include mi-
croRNAs (miRNAs), long non-coding RNAs (IncRNAs), and circular RNAs (circRNAs), all
of which have been increasingly implicated in host defense, inflammatory regulation, and
pathogen-host interactions [11,12].
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MicroRNAs are studied ncRNAs in poultry and function by binding complemen-
tary sequences within target mRNAs, resulting in translational repression or transcript
degradation [35,36]. Numerous miRNAs have been identified as key regulators of Toll-like
receptor signaling, nuclear factor kappa B (NF-«kB) activation, interferon responses, cy-
tokine production, macrophage activation, and lymphocyte differentiation [37—40]. During
viral infections, differential expression of miRNAs modulates antiviral signaling path-
ways while preventing excessive inflammatory responses that may contribute to tissue
damage [41,42]. Similarly, bacterial pathogens alter host miRNA profiles to influence in-
flammatory responses and facilitate colonization, demonstrating that miRNA-mediated
regulation represents an important component of the molecular interplay between host
defense and pathogen survival [11,43].

Long non-coding RNAs have attracted increasing attention because of their remarkable
functional diversity. Unlike miRNAs, which primarily regulate post-transcriptional events,
IncRNAs influence gene expression through multiple mechanisms, including chromatin re-
modeling, recruitment of transcription factors, RNA scaffolding, and modulation of epigenetic
enzyme activity [44,45]. Recent transcriptomic studies have identified numerous infection-
responsive IncRNAs associated with immune signaling pathways in poultry, particularly
during avian influenza virus, Marek’s disease virus, Newcastle disease virus, and infectious
bursal disease virus infections [12]. Many of these IncRNAs appear to regulate genes involved
in interferon signaling, apoptosis, cytokine production, and lymphocyte activation, suggesting
that they function as important coordinators of antiviral immunity. Nevertheless, functional
characterization of most identified IncRNAs remains incomplete, as most have been identified
through differential expression analyses without subsequent mechanistic validation.

2.4. Integration of Epigenetic Mechanisms in Immune Regulation

Rather than functioning as simple on-off switches, these interconnected mechanisms
enable immune cells to generate rapid yet tightly controlled transcriptional responses fol-
lowing pathogen recognition. During infection, chromatin accessibility increases around
inflammatory genes, promoter methylation patterns are dynamically remodeled, histone
modifications facilitate transcriptional activation, and multiple ncRNAs fine-tune cytokine
production and immune-cell differentiation [46-50]. Once pathogens have been eliminated,
many of these epigenetic modifications are reversed to restore immune homeostasis and
prevent excessive tissue damage. Failure of this coordinated regulation may contribute
to chronic inflammation, impaired vaccine responsiveness, or increased susceptibility to
infectious diseases. Overall, current evidence indicates that epigenetic regulation constitutes
a dynamic and highly integrated system governing avian immunity. Rather than replacing
conventional genetics, epigenetic mechanisms provide the molecular flexibility required to
translate genetic potential into context-dependent immune phenotypes. Understanding these
interactions establishes the mechanistic foundation for interpreting how pathogens, nutrition,
environmental stressors, and management practices reshape the poultry immune system
through epigenetic programming, topics explored in the following sections of this review.

The strength of evidence supporting these mechanisms varies substantially in poul-
try. Direct experimental evidence is strongest for infection- or challenge-associated DNA
methylation changes, chromatin accessibility during LPS (Lipopolysaccharide)-induced
inflammation, and pharmacological modulation of host defense peptide expression in
chickens. In contrast, many proposed functions of histone marks, IncRNAs, circRNAs,
and integrated epigenetic networks are inferred from differential expression, pathway
enrichment, or evidence established in mammalian systems. Poultry studies also remain
concentrated in chickens, frequently involve single tissues or sampling points, and rarely
combine epigenomic profiling with targeted functional perturbation. Thus, while mam-
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malian immunoepigenetics provides an important mechanistic framework, confirmation of
these regulatory relationships in avian immune cells and additional poultry species remains
an important research priority. Representative experimental studies investigating epige-
netic regulation of immune and inflammatory responses in chickens are summarized in
Table 1, with particular emphasis on the strengths and limitations of the available evidence.

Table 1. Representative experimental studies investigating epigenetic regulation of immune responses

in chickens.

Pathogen/Challenge . Tissue/Cell Epigenetic Analytical Principal Key
or Model Species/Model Type Mechanism Method Finding Limitation Reference
H5NT1 infection
was associated ‘gAlZS;:f ed
‘;ﬁ;hsttl:;;e__ methylation
patterns rather
dependent than
Fluorescence- changes in locus-specific
. labeled genomic DNA P
H5NT1 avian i . . regulatory
. K Specific- Spleen, methylation- methylation, .
influenza virus, DNA A o Y effects; no Zhang
pathogen-free thymus, bursa . sensitive with increased )
Guangdong and . . methylation i functional etal. [16]
¢ < chickens of Fabricius amplified total .
Anhui strains . Lo demonstration
polymorphism  methylation in that
(F-MSAP) the thymus .
methylation
and bursa chanees
following 8
. caused altered
challenge with antiviral
the Anhui immunit
H5NI strain. Y-
DNA Small number
methylation of birds and
) : profiles and strong
xs;}zl CpG several DMRs underlying
domah% were genetic
Marek’s disease DNA sequencin associated with  structure;
resistance model methylation (N?BD-se ;g Marek’s persistence of
using resis- Peripheral and putative Ed . disease resis- methylation
. . . DMR analysis, s He
tant/susceptible Chickens blood genomic  transgenera- bisulfi tance/susceptibilitpatterns across
. . isulfite . etal. [11]
parental lines and DNA tional clonin tumor related lines
recombinant epigenetic e uer?cin development, does not by
congenic strains inheritance anc(ljl & and antibody itself establish
MSRE-qPCR responses environmen-
Sy across tally induced
validation . .
genetically germline trans-
related chicken  generational
lines. inheritance.
H5N1 infection
induced Primarily
distinct transcriptomic
RNA IncRNA and
sequencing expression association-
and profiles in based; most
H5N1- bioinformatic resistant and candidate
Highly pathogenic . Long identification susceptible IncRNAs were
A resistant and . . . X . Vu
avian influenza ~susceptible Lung non-coding of differentially  chickens, with not etal. [12]
H5NT1 infection chicker;\s RNAs expressed candidate functionally ’
IncRNAs and IncRNAs validated by
predicted associated with  knockdown,
regulatory interferon, overexpres-
networks inflammatory, sion, or other
apoptotic,and  perturbation
antiviral experiments.
pathways.
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Table 1. Cont.
Pathogen/Challenge . Tissue/Cell Epigenetic Analytical Principal Key
or Model Species/Model Type Mechanism Method Finding Limitation Reference
.COI.nl.)l.ned Predominantly
inhibition of L
histone in vitro phar-
d . macological
eacetylation . .
. evidence;
Treatment with  and inhibitor
HTC and HDAC, DNMT  DNA /histone effects mav not
Pharmacological . HD11 . and histone methylation y
. . Chicken Histone . be
epigenetic macrophages; . methyltrans- synergistically o .
. macrophage : acetylation and . locus-specific, Whitmore
modulation rather . peripheral . ferase increased .
cell lines and DNA /histone s . and disease- etal. [13]
than pathogen . blood . inhibitors; expression of .
. . primary cells methylation . protection
infection mononuclear luciferase several host .
efficacy under
cells reporter assays ~ defense i vivo
and RT-qPCR peptide genes; . .
infection
effects were "
. conditions was
also confirmed
in chicken not
PBMCs. established.
LPS challenge LPS represents
produced 3491  inflammatory
differentially stimulation
accessible rather than
chromatin active bacterial
regions and infection;
LPS-induced ATAC-seq was associated  chromatin
“uce Ross 308 Chromatin integrated with ~ with accessibility
systemic . e . . L 1 Lv
. broiler Spleen accessibil- transcriptomic ~ transcriptional  indicates
inflammatory . . . . . etal. [15]
chickens ity/remodeling  and cytokine regulation of regulatory
response analyses 202 genes, potential but
including does not alone
genes linked to  establish direct
NF-«B and pathogen-
Toll-like mediated
receptor epigenetic
signaling. manipulation.
Screening of
148 epigenetic
compounds
identified Demonstrated
multiple induction of
HDP-inducing  immune-
High- agents, effector genes
throughput particularly rather than
Chicken . luciferase HDAC protection
Predominantly e .
. macrophage . reporter inhibitors; against a
Screening of Macrophages,  histone . . .
. ‘ reporter cell . . screening, entinostatand  defined Deng
epigenetic ) L. je- deacetylation- 1 ; -
lines, jejunal : . . RT-qPCR, ex tucidinostat infectious etal. [51]
compounds junum/intestine related o .
explants and reeulation vivo jejunal enhanced challenge;
chickens cguiatio analysis and chicken host pharmacologi-
oral defense cal effects may
administration ~ peptide extend beyond
expression, specific
and entinostat  epigenetic
also increased targets.

ATAC-seq, assay for transposase-accessible chromatin using sequencing; DMR, differentially methy-
lated region; DNMT, DNA methyltransferase; F-MSAP, fluorescence-labeled methylation-sensitive
amplified polymorphism; HDAC, histone deacetylase; HDP, host defense peptide; HMT, histone
methyltransferase; LPS, lipopolysaccharide; IncRNA, long non-coding RNA; MBD-seq, methyl-CpG-
binding domain sequencing; MSRE-qPCR, methylation-sensitive restriction enzyme quantitative
PCR; PBMC, peripheral blood mononuclear cell; RT-qPCR, reverse-transcription quantitative PCR.
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3. Epigenetic Regulation of Host Immune Responses During Infection

Host defense against infectious disease requires rapid recognition of pathogens, activa-
tion of innate immune pathways, development of adaptive immune responses, and timely
resolution of inflammation. In poultry, these processes are regulated not only by inherited
genetic variation but also by dynamic epigenetic mechanisms that determine whether
immune genes are accessible, transcriptionally active, or suppressed during infection. DNA
methylation, histone modifications, chromatin remodeling, and non-coding RNAs collec-
tively regulate cytokine production, interferon signaling, antigen presentation, macrophage
activation, lymphocyte differentiation, and antibody responses [52-55]. Studies in chickens
show that infectious challenge can alter methylation profiles in immune organs, remodel
chromatin accessibility in inflammatory tissues, and induce infection-responsive IncRNAs
and miRNAs that influence antiviral and antibacterial defense [10-13,15,16,43,56]. Together,
these findings indicate that infection should be viewed as an epigenomic event as well as
an immunological challenge.

3.1. Innate Immune Activation and Inflammatory Signaling

Innate immunity forms the first line of defense against viral, bacterial, and parasitic
infections in poultry [3,57,58]. Recognition of pathogen-associated molecular patterns
by TLRs, NLRs, RIG-I-like receptors, and other sensing systems activates NF-«B, inter-
feron regulatory factors, MAPK signaling, and JAK/STAT pathways, leading to the pro-
duction of cytokines, chemokines, interferons, antimicrobial peptides, and other effector
molecules [28,59-61]. Epigenetic regulation is central to this response because inflammatory
genes must remain transcriptionally restrained under basal conditions but become rapidly
accessible following pathogen detection. This rapid transition depends on coordinated re-
modeling of DNA methylation, histone marks, and chromatin accessibility around immune
regulatory regions [13-15,62,63].

A clear example comes from lipopolysaccharide-induced systemic inflammatory re-
sponse in chickens, where chromatin accessibility profiling revealed extensive remodeling
of open chromatin regions in the spleen. Lv et al. [15] identified 3491 differential open chro-
matin sites and showed that LPS challenge regulated the expression of 202 genes through
chromatin reprogramming. Importantly, genes such as TLE1 and JUN were linked with
pathways involved in I-kB kinase /NF-«B signaling and Toll-like receptor responses, indi-
cating that chromatin remodeling directly participates in inflammatory gene activation. The
study suggests that immune activation in chickens is accompanied by structural changes
in chromatin architecture. Such findings are consistent with broader immunoepigenetic
models in which innate immune cells use rapid chromatin opening to initiate antimicrobial
defense while maintaining mechanisms for inflammatory control [63,64].

Epigenetic regulation of host defense peptides provides another strong example of
immune modulation. Whitmore et al. [13] showed that histone deacetylase inhibitors and
DNA or histone methyltransferase inhibitors can induce host defense peptide expression
in chicken macrophage cell lines. Notably, combinations of histone deacetylase inhibitors
with methyltransferase inhibitors produced synergistic effects, and the combination of
butyrate and BIX01294 enhanced host defense peptide expression in chicken peripheral
blood mononuclear cells. These findings suggest that antimicrobial defense in poultry
can be epigenetically amplified without necessarily relying on conventional antibiotics.
Deng et al. [51] further supported this concept by screening epigenetic compounds and
identifying histone deacetylase inhibitors, including entinostat and tucidinostat, as strong
enhancers of chicken host defense peptide gene expression. Together, these studies indicate
that chromatin-modifying compounds may represent a future strategy for improving
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innate immune readiness, although in vivo validation under commercial poultry conditions
remains limited.

DNA methylation may also contribute to innate immune regulation during infection,
but the evidence in poultry remains more uneven than for chromatin accessibility and
host defense peptide studies. Zhang et al. [16] reported tissue-specific changes in genomic
DNA methylation in chicken immune organs following H5N1 infection, with significant
methylation increases in the thymus and bursa of Fabricius depending on viral strain,
while spleen methylation changes were less evident. These findings suggest that infection-
induced methylation responses may depend strongly on tissue type, pathogen strain, and
immune organ function. The study also illustrates an important limitation of early poultry
epigenetic work: global methylation measurements provide useful preliminary evidence
but cannot identify the specific genes or regulatory elements responsible for immune
phenotypes. Later studies using genome-wide approaches have begun to address this
limitation by linking differentially methylated regions with immune-related pathways,
including cytokine regulation, antigen processing, metabolic signaling, and host-pathogen
interactions [10,11,15,16].

Macrophages provide a useful cellular model for understanding the integration of
genetic and epigenetic regulation in avian innate immunity. Irizarry et al. [56] used RNA
sequencing to examine stimulated macrophages derived from MHC-defined chicken hap-
lotypes and found large-scale temporal dysregulation of gene expression between B2 and
B19 haplotype birds. These expression differences were associated with variation in nitric
oxide production and immune function, suggesting that genetic background and regu-
latory state jointly influence macrophage responsiveness. Although this study did not
directly profile DNA methylation or histone marks, it is relevant because the magnitude
and timing of transcriptional divergence imply regulatory mechanisms beyond simple
sequence variation. In this context, macrophage responses to microbial stimulation may
reflect the combined influence of MHC haplotype, chromatin state, transcription factor
accessibility, and non-coding RNA regulation [14,15,56].

Non-coding RNAs further refine innate immune responses during infection. Vu
et al. [12] identified novel IncRNAs in chickens infected with highly pathogenic avian
influenza H5N1 and reported that resistant chickens mounted stronger immune responses
than susceptible birds. These IncRNAs were implicated in immune-related pathways and
antiviral responses, suggesting that IncRNA regulation may contribute to differential dis-
ease resistance. Sarma et al. [43] similarly emphasized the importance of IncRNAs in viral
gene expression, pathogenesis, and innate immunity in chicken viral diseases, identifying
molecules such as ERL IncRNA, linc-GALMD?3, and 1oc107051710 as potential contributors
to antiviral defense. These studies collectively suggest that IncRNAs may act as regula-
tory scaffolds linking pathogen recognition, chromatin state, and antiviral transcriptional
programs. However, most infection-responsive IncRNAs identified in poultry remain
functionally unvalidated, and their direct effects on viral replication, cytokine production,
or survival outcomes require further experimental confirmation [12,43].

3.2. Viral Infections as Models of Epigenetic Immune Regulation

Viral infections have provided the strongest evidence for epigenetic regulation of host
immunity in poultry because they induce extensive transcriptional reprogramming while
simultaneously evolving strategies to manipulate host gene expression. Unlike bacterial
infections, which primarily stimulate acute inflammatory responses, viruses establish in-
timate interactions with host chromatin and transcriptional machinery throughout their
replication cycle. Consequently, avian viral diseases have become valuable experimental
models for understanding how epigenetic mechanisms regulate immune activation, im-
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mune evasion, and disease resistance. Current evidence indicates that DNA methylation,
chromatin remodeling, histone modifications, and non-coding RNAs collectively deter-
mine the magnitude of antiviral responses and can contribute to the marked differences in
susceptibility observed among poultry genotypes [11,12,14,16].

Highly pathogenic avian influenza (HPAI), particularly H5N1, represents one of the
best-characterized models of infection-associated epigenetic regulation in poultry. Zhang
et al. [16] first demonstrated that HSN1 infection significantly altered global DNA methyla-
tion patterns within major immune organs, including the thymus and bursa of Fabricius.
Interestingly, methylation responses differed among immune tissues and between viral
strains, indicating that epigenetic regulation is highly context-dependent rather than rep-
resenting a generalized host response. These findings suggested that infection-induced
methylation may contribute to regulating genes involved in antiviral defense and estab-
lished DNA methylation as a potential biomarker for identifying disease-resistant chicken
lines. Although the study relied primarily on global methylation measurements rather
than locus-specific analyses, it provided the first direct evidence that viral infection re-
models the avian methylome and stimulated subsequent genome-wide investigations into
infection-associated epigenetic regulation [16].

Subsequent transcriptomic studies have considerably expanded the understanding
of non-coding RNA regulation during HPAI infection. Vu et al. [12] identified numerous
novel long non-coding RNAs that were differentially expressed following H5N1 infection
and demonstrated distinct expression profiles between genetically resistant and susceptible
chickens. Resistant birds exhibited stronger activation of immune-related pathways, with
several IncRNAs predicted to regulate interferon signaling, cytokine production, apoptosis,
and antiviral defense. Rather than acting as passive transcriptional by-products, these IncR-
NAs appear to coordinate complex regulatory networks by interacting with transcription
factors, chromatin-modifying enzymes, and immune-associated messenger RNAs. The
marked differences between resistant and susceptible birds further suggest that variation
in epigenetic regulation can contribute to host genetic resistance beyond DNA sequence
polymorphisms alone [12].

Marek’s disease provides another compelling example of the interaction between
genetics and epigenetics during viral infection. Unlike acute respiratory viruses, Marek’s
disease virus establishes persistent infection and induces oncogenic transformation of lym-
phoid cells, making long-term epigenetic regulation particularly important. He et al. [11]
demonstrated strong associations between DNA methylation patterns and Marek’s disease
resistance using resistant and susceptible chicken lines together with recombinant congenic
strains. Differentially methylated regions were associated with tumor development, an-
tibody responses, and general immune competence, and several methylation signatures
were transmitted across generations, providing evidence for transgenerational epigenetic
inheritance in poultry. These observations suggest that inherited epigenetic variation may
contribute to disease resistance independently of DNA sequence variation and highlight
the potential value of epigenetic biomarkers for future breeding programs [11].

Collectively, studies on H5N1 and Marek’s disease illustrate two complementary
aspects of immunoepigenetics. HPAI primarily suggests the dynamic remodeling of the
host epigenome during acute infection, whereas Marek’s disease highlights the long-term
consequences of epigenetic regulation for disease susceptibility and immune competence.
Despite differences in viral biology, both pathogens induce coordinated changes in DNA
methylation, chromatin organization, and non-coding RNA expression that converge on
common immune pathways, including interferon signaling, inflammatory regulation, apop-
tosis, and lymphocyte activation. This convergence suggests that diverse viral pathogens
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exploit similar epigenetic mechanisms to influence host—pathogen interactions despite
differences in replication strategy and tissue tropism [11,12,16].

3.3. Infection-Associated Epigenetic Remodeling and Potential Pathogen—Host Interactions

Pathogen exposure is associated with substantial remodeling of host transcriptional
and epigenetic states; however, the mechanisms responsible for these changes remain
incompletely resolved in poultry. Studies of viral infection and bacterial inflammatory
stimulation have identified changes in DNA methylation, chromatin accessibility, and
non-coding RNA expression, but these observations do not necessarily demonstrate direct
manipulation of host epigenetic machinery by the pathogen. Such changes may represent
protective host responses, consequences of inflammation or cellular stress, pathogen-
driven processes, or combinations of these mechanisms. Therefore, evidence from poultry
currently supports infection-associated epigenetic remodeling more strongly than direct
pathogen-mediated epigenetic manipulation [14,30]. Therefore, evidence from poultry
currently supports infection-associated epigenetic remodeling more strongly than direct
pathogen-mediated epigenetic manipulation.

Viral pathogens appear particularly effective at exploiting host epigenetic pathways
because replication depends on host transcriptional machinery. During H5N1 infection,
extensive alterations in DNA methylation and IncRNA expression indicate that viral infec-
tion induces widespread reorganization of transcriptional programs rather than isolated
changes in individual immune genes [12,16]. Differential expression of infection-associated
IncRNAs has been linked to interferon signaling, cytokine regulation, apoptosis, and antivi-
ral defence pathways, suggesting that viruses may redirect host transcriptional networks to
optimize replication while limiting antiviral immunity [12]. Similarly, Marek’s disease virus
establishes persistent infection in lymphoid tissues where long-term epigenetic reprogram-
ming may contribute to tumor development and immune modulation. The persistence of
differential DNA methylation patterns in resistant and susceptible chicken lines further
suggests that viral infection can influence stable epigenetic states associated with disease
susceptibility [11].

Bacterial pathogens appear to exploit the host epigenome through somewhat different
strategies. Rather than establishing prolonged intracellular interactions comparable to
oncogenic viruses, many bacterial pathogens induce transient but extensive inflamma-
tory responses that subsequently become epigenetically regulated. Lipopolysaccharide
challenge in chickens provides a useful experimental model because it reproduces many fea-
tures of bacterial inflammation while allowing investigation of host regulatory mechanisms
independent of pathogen replication. Importantly, LPS exposure represents a controlled
model of Gram-negative bacterial inflammatory stimulation rather than an active bacterial
infection. It does not reproduce pathogen replication, tissue colonization, virulence-factor
activity, or the dynamic host-pathogen interactions occurring during infection. Findings
from LPS models should therefore be interpreted as evidence of host epigenomic responses
to inflammatory stimulation rather than direct evidence of bacterial manipulation of the
host epigenome. Chromatin accessibility analyses demonstrated rapid epigenomic repro-
gramming following LPS exposure, with differential open chromatin regions regulating
genes involved in Toll-like receptor signaling, NF-«B activation, inflammatory cytokines,
and immune-cell communication [15]. These findings indicate that bacterial inflamma-
tory stimuli trigger coordinated chromatin remodeling to facilitate rapid transcription of
antimicrobial genes while simultaneously establishing regulatory pathways that prevent
uncontrolled inflammation.

An important emerging concept is that pathogen-mediated epigenetic regulation fre-
quently targets host defence mechanisms beyond inflammatory cytokines alone. Whitmore
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et al. [13] demonstrated that pharmacological manipulation of histone acetylation and DNA
or histone methylation markedly increased the expression of chicken host defence peptides
and tight-junction proteins. These observations imply that pathogens capable of suppress-
ing these epigenetic pathways may compromise both antimicrobial activity and epithelial
barrier integrity, thereby facilitating colonization and dissemination. Conversely, targeted
modulation of epigenetic regulators may enhance endogenous antimicrobial responses
without directly targeting pathogens, representing a promising alternative to conventional
antimicrobial strategies in poultry production [13].

Despite rapid advances, important knowledge gaps remain. Most poultry studies
describe infection-associated changes in DNA methylation, chromatin accessibility, or
non-coding RNA expression without demonstrating whether these changes are initiated
by the host as protective responses or actively induced by pathogens to facilitate immune
evasion. Furthermore, relatively few investigations integrate multiple epigenetic layers
within the same experimental system, making it difficult to distinguish primary regula-
tory events from secondary consequences of inflammation. Future studies combining
whole-genome bisulfite sequencing, ATAC-seq, ChIP-seq, single-cell transcriptomics, and
CRISPR-based epigenome editing will be essential for establishing causal mechanisms
underlying pathogen-mediated epigenetic manipulation. Such approaches will not only im-
prove understanding of host-pathogen interactions but may also identify novel molecular
targets for breeding disease-resistant poultry, improving vaccine efficacy, and develop-
ing epigenetic-based interventions that enhance immune resilience under commercial
production conditions [11,12,15].

3.4. Epigenetic Memory and Trained Immunity

Traditionally, immunological memory has been regarded as a defining characteris-
tic of adaptive immunity, mediated by antigen-specific B and T lymphocytes. However,
accumulating evidence over the past decade has challenged this paradigm by demonstrat-
ing that innate immune cells can also undergo long-lasting functional reprogramming
following microbial exposure, vaccination, or inflammatory stimulation. This phenomenon,
commonly referred to as trained immunity, is driven by persistent epigenetic remodeling
rather than permanent alterations in DNA sequence. Stable changes in DNA methylation,
histone modifications, chromatin accessibility, and non-coding RNA expression enable
innate immune cells to respond more rapidly and effectively to subsequent challenges, even
when the secondary stimulus differs from the original pathogen [30,62,65]. Although most
mechanistic evidence has been generated in mammalian systems, recent studies suggest
that similar epigenetic processes may also contribute to immune regulation in poultry.

Among poultry studies, the strongest evidence supporting long-term epigenetic im-
mune programming has been reported for Marek’s disease. He et al. [11] demonstrated
that differential DNA methylation patterns associated with Marek’s disease resistance were
transmitted across generations in resistant and susceptible chicken lines. Differentially
methylated regions were closely associated with tumor development, antibody production,
and general immune responsiveness, providing evidence that epigenetic information can
persist beyond a single generation and can contribute to inherited variation in disease resis-
tance. Unlike conventional genetic polymorphisms, these methylation signatures represent
potentially reversible regulatory modifications that influence immune phenotypes without
altering nucleotide sequence. These findings substantially expand current understanding of
poultry disease resistance by suggesting that inherited immune competence results from
interactions between the genome and epigenome rather than DNA sequence variation alone.

Vaccination may also induce persistent epigenetic remodeling that extends beyond
classical adaptive immune responses. While vaccine-induced protection has traditionally

https:/ /doi.org/10.3390/dna6040049


https://doi.org/10.3390/dna6040049

DNA 2026, 6, 49

15 of 27

been attributed to antigen-specific antibodies and memory lymphocytes, emerging evidence
suggests that vaccination can also alter chromatin accessibility, histone modifications, and
non-coding RNA expression within innate immune cells, thereby enhancing subsequent
antimicrobial responses. Although direct experimental evidence in poultry remains limited,
studies in mammals demonstrate that vaccines such as Bacillus Calmette-Guérin (BCG)
induce durable epigenetic modifications that enhance innate immune responsiveness
to unrelated pathogens [66]. Whether comparable mechanisms can contribute to the
efficacy of poultry vaccines against Marek’s disease, avian influenza, Newcastle disease,
or infectious bursal disease remains largely unexplored. Given the widespread use of
vaccination in commercial poultry production, understanding vaccine-associated epigenetic
reprogramming represents an important research priority.

Despite these advances, significant uncertainties remain regarding the biological sig-
nificance of trained immunity in poultry. Most available studies are descriptive and focus
on changes in DNA methylation or gene expression without establishing whether these
modifications confer enhanced protection against subsequent infections. Furthermore, the
persistence, reversibility, tissue specificity, and heritability of many epigenetic modifica-
tions remain poorly understood, particularly under commercial production conditions
where birds experience multiple nutritional, environmental, and infectious challenges si-
multaneously. Future studies integrating longitudinal epigenomic profiling with functional
immunological assessments, challenge models, and genome-editing approaches will be
essential to determine whether trained immunity can be intentionally manipulated to
improve disease resistance and reduce dependence on antimicrobial interventions.

An important limitation of the current poultry literature is that differential methylation
or non-coding RNA expression does not by itself establish a causal regulatory function.
Most available studies identify associations between epigenetic profiles, infection status,
immune-gene expression, or disease phenotype, while relatively few use targeted knock-
down, overexpression, locus-specific epigenome manipulation, or comparable functional
approaches to establish causality. Accordingly, infection-associated methylation signatures
and differentially expressed non-coding RNAs should presently be considered candidate
immune regulators or biomarkers unless their functions have been experimentally vali-
dated. Functional perturbation studies will be required to distinguish causal regulators
from downstream molecular consequences of infection or inflammation.

4. Environmental and Nutritional Epigenetic Programming of
Avian Immunity

The poultry immune system continuously adapts to environmental and physiological
challenges through dynamic epigenetic remodeling. Unlike inherited genetic polymor-
phisms, epigenetic modifications remain highly responsive to external stimuli throughout
life, enabling birds to rapidly adjust gene expression in response to changes in nutrition,
microbial colonization, environmental stress, and management practices. Consequently,
the immune phenotype of an individual bird reflects not only its genetic background but
also cumulative epigenetic programming induced by developmental and environmental
exposures. Increasing evidence indicates that these environmentally induced epigenetic
changes regulate immune development, inflammatory homeostasis, disease resistance,
intestinal integrity, and metabolic adaptation, thereby linking production management
directly with molecular regulation of host immunity.

4.1. Nutritional Regulation of the Poultry Epigenome

Nutrition is among the influential regulators of epigenetic programming because
many nutrients function as substrates, cofactors, or modulators of enzymes responsible for
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DNA methylation and histone modification [67-69]. Methyl donors, including methionine,
choline, folate, betaine, and vitamin B12, regulate one-carbon metabolism and influence
cellular concentrations of S-adenosylmethionine, the universal methyl donor required
for DNA and histone methylation. Consequently, dietary composition can directly mod-
ify methylation patterns of immune-associated genes and alter transcriptional responses
without changing genomic DNA sequence [8,19].

Beyond methyl donor availability, numerous dietary bioactive compounds regulate
chromatin accessibility through alternative epigenetic mechanisms [70-73]. Short-chain
fatty acids produced during microbial fermentation, particularly butyrate, function as
endogenous histone deacetylase inhibitors that enhance chromatin accessibility and pro-
mote transcription of antimicrobial genes [74,75]. Whitmore et al. [13] demonstrated that
butyrate markedly enhanced host defence peptide expression when combined with histone
or DNA methyltransferase inhibitors, illustrating how nutritional metabolites interact with
chromatin-modifying enzymes to strengthen innate immunity. Similarly, phytochemicals,
polyphenols, trace minerals, vitamins, and amino acids influence DNA methyltransferase
activity, histone acetylation, oxidative stress signaling, and mitochondrial function, thereby
regulating immune competence through multiple complementary pathways rather than
individual molecular targets [8,13].

Nutrigenomic studies further suggest that nutritional regulation extends beyond im-
mediate metabolic responses and may influence long-term physiological performance [8].
Naeem and Fatima [8] proposed that dietary interventions modify the expression of genes
involved in growth, immunity, oxidative metabolism, lipid synthesis, and stress resilience
through coordinated regulation of DNA methylation, histone modifications, mitochon-
drial function, and gut microbiota-derived signaling. Nevertheless, most poultry studies
remain experimental and relatively short-term, while the long-term consequences of com-
mercial feeding strategies on epigenetic stability and immune competence remain poorly
understood.

4.2. Gut Microbiota as an Epigenetic Regulator

The intestinal microbiota represents another major environmental regulator of the
poultry epigenome. Increasing evidence indicates that microbial communities influence
host gene expression not only through immune stimulation but also through the produc-
tion of metabolites capable of modifying chromatin organization and DNA methylation.
Microbial fermentation products, particularly short-chain fatty acids, regulate histone
acetylation, chromatin accessibility, inflammatory signaling, epithelial barrier function,
and differentiation of immune cells. Consequently, the gut microbiome functions as an
intermediary linking nutrition with host epigenetic regulation [8,10].

One of the most compelling demonstrations of microbiota-mediated epigenetic pro-
gramming in poultry was provided by Dunislawska et al. [10], who showed that in ovo
administration of bioactive compounds capable of modulating microbial colonization al-
tered splenic DNA methylation profiles and immune-associated gene expression after
hatch. These findings indicate that microbial establishment during embryonic and early
post-hatch development may contribute to long-term programming of immune function
through epigenetic mechanisms. Such observations support the concept that microbial
colonization should be regarded not merely as the acquisition of commensal organisms but
as a developmental signal capable of shaping host immune regulation throughout life.

Despite increasing recognition of microbiota-host interactions, the molecular mecha-
nisms linking specific microbial taxa with epigenetic modifications remain largely unre-
solved. Most studies characterize microbial composition and host transcription separately,
whereas comparatively few integrate metagenomics, metabolomics, methylomics, and
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chromatin profiling within the same experimental system. Such integrated multi-omics ap-
proaches will be essential for identifying the microbial metabolites and signaling pathways
responsible for epigenetic regulation of avian immunity.

4.3. Environmental Stress and Developmental Programming

Environmental conditions experienced during embryogenesis and post-hatch develop-
ment exert profound influences on epigenetic programming because these developmental
stages are characterized by extensive chromatin remodeling and transcriptional plastic-
ity [76]. Maternal nutrition, breeder age, egg composition, incubation conditions, thermal
environment, and management practices collectively influence epigenetic regulation of
genes involved in metabolism, growth, immunity, and disease resistance [8,19].

Heat stress has emerged as one of the most important environmental factors capable of
modifying epigenetic regulation in poultry [77]. Although much of the available evidence
focuses on transcriptomic responses, increasing evidence indicates that thermal stress also
influences DNA methylation, chromatin accessibility, histone modifications, and expression
of regulatory non-coding RNAs associated with inflammatory signaling, oxidative stress
responses, intestinal barrier integrity, and immune regulation. Such findings suggest
that epigenetic remodeling can contribute to the persistent physiological consequences of
thermal exposure, potentially explaining why birds exposed to early environmental stress
frequently exhibit altered immune responsiveness later in life.

Developmental programming further supports this concept. Sindhu et al. [19] emphasized
that maternal nutritional status and environmental conditions can induce heritable epigenetic
modifications influencing growth, metabolic homeostasis, immune competence, and disease
susceptibility in offspring. These developmental effects likely result from interactions among
DNA methylation, histone modifications, chromatin organization, and non-coding RNAs
established during embryogenesis. However, the persistence of these epigenetic signatures
throughout commercial production remains insufficiently understood because longitudinal
studies following birds from embryonic development to market age remain scarce.

5. Evidence and Limitations of Transgenerational Epigenetic Inheritance
in Poultry

Transgenerational epigenetic inheritance has emerged as one of the most intriguing
areas of modern biology because it challenges the traditional view that only DNA se-
quence variation is transmitted across generations [78-80]. While classical genetics explains
inheritance through stable nucleotide polymorphisms, epigenetic inheritance proposes
that environmentally induced modifications such as DNA methylation, histone modifi-
cations, and non-coding RNAs may also be transmitted through the germline, thereby
influencing offspring phenotype without altering genomic sequence [81-83]. In livestock
species, including poultry, this concept has attracted increasing attention because it pro-
vides a potential mechanism linking parental environment with disease resistance, immune
competence, productivity, and adaptation to commercial production systems [8,19].

Among poultry studies, the strongest evidence for transgenerational epigenetic inheri-
tance has been reported in relation to Marek’s disease resistance [11,84]. Using resistant and
susceptible parental chicken lines together with recombinant congenic strains, He et al. [11]
identified numerous differentially methylated regions that were consistently inherited
across generations and were significantly associated with tumor development, antibody
responses, and overall immune competence. Importantly, these methylation signatures
persisted independently of DNA sequence variation, indicating that epigenetic inheritance
may contribute to phenotypic variation beyond conventional genetic polymorphisms. The
study therefore represents one of the first demonstrations that inherited DNA methylation
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patterns may influence disease resistance in poultry and provides an important foundation
for future investigations into epigenetic biomarkers of health and productivity [11].

The potential application of epigenetic inheritance to poultry breeding is receiving
increasing scientific interest. Conventional breeding programs rely primarily on selection
based on genomic variation, quantitative trait loci, and genomic estimated breeding values.
However, the integration of stable epigenetic biomarkers may improve the prediction of
complex traits such as disease resistance, vaccine responsiveness, stress tolerance, and
intestinal health that cannot always be explained by DNA sequence variation alone. Rather
than replacing genomic selection, epigenetic information could complement existing breed-
ing strategies by identifying regulatory mechanisms responsible for phenotypic variation
among genetically similar birds. Such integration may prove particularly valuable for
improving resistance to multifactorial diseases in which environmental influences interact
strongly with host genetics [8,11,85].

Despite these promising developments, substantial challenges remain before epige-
netic information can be incorporated into commercial poultry breeding. Unlike DNA
sequence polymorphisms, many epigenetic modifications are tissue-specific, environmen-
tally responsive, and potentially reversible. Consequently, distinguishing stable heritable
epigenetic marks from transient physiological responses remains difficult. Furthermore,
most poultry studies have evaluated relatively small experimental populations under
controlled conditions, whereas commercial breeding programs require biomarkers that
remain robust across diverse genetic backgrounds and production environments. Longitu-
dinal studies following multiple generations, combined with whole-genome methylation
profiling and functional validation, will therefore be essential to determine the stability,
heritability, and predictive value of candidate epigenetic markers.

Evidence for true transgenerational epigenetic inheritance in poultry should neverthe-
less be interpreted cautiously. Persistence of a methylation signature across generations
does not by itself demonstrate environmentally induced germline transmission indepen-
dent of genetic effects, maternal influences, or shared environmental exposures. Establish-
ing transgenerational inheritance requires multigenerational designs capable of separating
these factors and demonstrating persistence of the epigenetic state beyond directly exposed
generations. Consequently, current poultry findings should be regarded as suggestive
evidence of intergenerational or potentially transgenerational epigenetic effects rather than
definitive demonstration of stable epigenetic inheritance.

6. Emerging Epigenomic Technologies and Applications in Poultry

The rapid evolution of high-throughput sequencing and functional genomics has
transformed the study of epigenetic regulation from investigations of individual genes
to comprehensive analyses of genome-wide regulatory networks. Modern epigenomic
technologies now permit simultaneous characterization of DNA methylation, chromatin ac-
cessibility, histone modifications, non-coding RNA expression, transcriptional activity, and
three-dimensional genome organization at unprecedented resolution. These advances have
substantially improved understanding of how epigenetic mechanisms regulate immune re-
sponses, development, metabolism, and disease resistance in poultry while providing new
opportunities to translate molecular discoveries into practical applications for breeding,
vaccination, nutrition, and disease control.

6.1. High-Throughput Epigenomic Profiling

Genome-wide DNA methylation analysis has become one of the most widely used
approaches for investigating epigenetic regulation in poultry. Whole-genome bisulfite
sequencing (WGBS) provides single-base resolution of methylated cytosines throughout
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the genome and has largely replaced earlier global methylation assays because it enables
identification of differentially methylated regions associated with specific biological path-
ways [86]. Reduced representation bisulfite sequencing (RRBS) offers a cost-effective
alternative by enriching CpG-rich genomic regions while maintaining high analytical
resolution. These approaches have revealed extensive methylation remodeling during
embryonic development, immune activation, pathogen infection, and disease resistance
in chickens [11,16]. Integration of methylome data with transcriptomic analyses further
enables discrimination between methylation events associated with active gene regulation
and those representing secondary epigenetic changes.

Recent developments in chromatin accessibility profiling have provided complemen-
tary insights into transcriptional regulation. Assay for Transposase-Accessible Chromatin
using sequencing (ATAC-seq) identifies open chromatin regions where transcription factors
interact with regulatory DNA, thereby revealing functional regulatory elements control-
ling immune gene expression. In poultry, Lv et al. [15] successfully applied ATAC-seq
to characterize chromatin remodeling during lipopolysaccharide-induced systemic in-
flammation, identifying thousands of differential open chromatin regions associated with
NF-«B signaling, Toll-like receptor pathways, and inflammatory responses. Compared with
conventional transcriptomics, ATAC-seq provides mechanistic information regarding regu-
latory architecture rather than simply measuring gene expression, making it particularly
valuable for understanding dynamic immune regulation.

Histone modifications are increasingly investigated using chromatin immunoprecipi-
tation sequencing (ChIP-seq), which identifies genomic regions associated with specific
histone marks or DNA-binding proteins [87,88]. Although ChIP-seq remains relatively
underutilized in poultry compared with mammalian systems, it offers considerable po-
tential for investigating regulatory mechanisms underlying disease resistance, vaccine
responses, and developmental programming. Combined with ATAC-seq and methylome
analyses, ChIP-seq can provide comprehensive characterization of chromatin organization
and transcriptional regulation at both global and locus-specific levels [13,30].

6.2. Multi-Omics Integration and Systems Biology

Although individual omics technologies have substantially advanced understanding
of poultry biology, immune regulation cannot be fully explained by any single molecular
layer. Increasingly, researchers are integrating genomics, epigenomics, transcriptomics,
proteomics, metabolomics, and microbiome analyses to construct systems-level models of
host responses. Such multi-omics approaches enable identification of regulatory cascades
linking DNA sequence variation with chromatin remodeling, transcriptional regulation,
protein synthesis, metabolic adaptation, and ultimately phenotypic outcomes. For exam-
ple, combining DNA methylation profiles with RNA sequencing has revealed that not all
differentially methylated regions correspond to altered gene expression, emphasizing that
methylation must be interpreted alongside transcriptional activity and chromatin accessi-
bility [11,15]. Similarly, integration of gut microbiome sequencing with metabolomics and
epigenomics has demonstrated that microbial metabolites influence histone acetylation and
immune regulation, illustrating how environmental factors become incorporated into host
molecular networks [8,10].

6.3. Single-Cell Epigenomics and Spatial Technologies

Most poultry epigenetic studies have analyzed bulk tissues, where signals from multi-
ple cell populations are averaged, potentially masking important cell-specific regulatory
mechanisms [89]. Recent advances in single-cell RNA sequencing (scRNA-seq), single-
cell ATAC-seq (scATAC-seq), and single-cell multi-omics now permit simultaneous char-
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acterization of gene expression and chromatin accessibility within individual immune
cells [90,91]. These technologies enable the identification of rare cellular populations, devel-
opmental trajectories, and heterogeneous immune responses that cannot be resolved using
conventional bulk sequencing. Spatial transcriptomics further extends these approaches by
preserving tissue architecture while mapping transcriptional activity and regulatory inter-
actions within their anatomical context. Although applications in poultry remain limited,
these technologies are expected to substantially improve understanding of immune-cell
communication within lymphoid tissues, intestinal mucosa, and sites of pathogen infection.
Such information will be particularly valuable for investigating host-pathogen interactions
and vaccine-induced immune responses at cellular resolution.

6.4. Functional Epigenomics and Precision Poultry

Though descriptive epigenomic studies have generated datasets describing associa-
tions among DNA methylation, chromatin accessibility, and immune phenotypes, the next
challenge is establishing causal relationships through functional validation. CRISPR-Cas
technologies have revolutionized genome editing and are increasingly being adapted for
epigenome editing through catalytically inactive Cas9 (dCas9) fused with DNA methyl-
transferases, demethylases, histone acetyltransferases, or histone deacetylases [92-94].
These systems enable targeted modification of epigenetic marks without altering the DNA
sequence, thereby allowing direct investigation of regulatory mechanisms controlling
immune-associated genes. Although epigenome editing remains largely experimental in
poultry, its future applications may extend beyond basic research to precision breeding,
vaccine optimization, nutritional programming, and disease resistance. Artificial intelli-
gence and machine learning are also increasingly applied to analyze complex multi-omics
datasets, identify predictive biomarkers, and model regulatory networks that would be diffi-
cult to resolve using conventional statistical approaches. Integration of these computational
tools with functional epigenomics is expected to accelerate the discovery of biomarkers
associated with disease resilience, immune competence, and environmental adaptation.

7. Knowledge Gaps and Future Perspectives

Despite substantial progress in poultry epigenetics over the past decade, important
conceptual and methodological challenges continue to limit the translation of epigenetic
discoveries into practical applications. Most current studies remain descriptive, focusing
primarily on identifying differentially methylated regions, chromatin accessibility profiles,
or differentially expressed non-coding RNAs associated with disease, nutrition, or environ-
mental stress. While these investigations have generated valuable datasets, relatively few
have established direct causal relationships between specific epigenetic modifications and
immune phenotypes. Consequently, many reported epigenetic signatures remain potential
biomarkers rather than experimentally validated regulators of immune function.

A major limitation of the current literature is the frequent investigation of individual
epigenetic mechanisms in isolation. DNA methylation, histone modifications, chromatin
accessibility, and non-coding RNAs are often examined independently despite function-
ing as highly interconnected regulatory networks. Similarly, transcriptomic, proteomic,
metabolomic, and microbiome datasets are commonly generated separately, limiting un-
derstanding of how molecular changes interact to influence immune responses under
physiological conditions. Future research should therefore prioritize integrated multi-omics
approaches capable of simultaneously characterizing multiple regulatory layers within the
same biological system. Such studies will provide a more comprehensive understanding
of the molecular pathways linking environmental stimuli with immune phenotypes and
disease resistance.
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Another important challenge concerns experimental design. Many poultry epigenetic
studies rely on small sample sizes, single tissues, or isolated sampling time points, making it
difficult to distinguish transient regulatory responses from stable epigenetic programming.
Furthermore, investigations are frequently conducted under highly controlled laboratory
conditions that differ substantially from commercial poultry production, where birds ex-
perience simultaneous nutritional, environmental, microbial, and management-related
challenges. Longitudinal studies following birds throughout embryonic development, grow-
out, and reproduction are therefore required to determine the persistence, reversibility, and
biological significance of epigenetic modifications under practical production conditions.

Functional validation also remains a major bottleneck. Advances in sequencing tech-
nologies have dramatically improved the identification of candidate epigenetic biomarkers,
yet relatively few studies have experimentally confirmed their regulatory functions. Emerg-
ing technologies such as CRISPR-based epigenome editing, single-cell multi-omics, spatial
transcriptomics, and high-resolution chromatin profiling provide unprecedented oppor-
tunities to determine whether specific epigenetic modifications directly regulate immune
responses or simply reflect downstream consequences of infection or environmental stress.
Integrating these technologies with conventional challenge experiments and immunolog-
ical phenotyping will be essential for establishing causality and identifying regulatory
pathways that can be manipulated to improve poultry health.

The interaction between genetics and epigenetics also requires greater attention. Most
breeding programs continue to focus primarily on genomic selection using DNA polymor-
phisms, whereas epigenetic variation is rarely considered despite increasing evidence that
DNA methylation and chromatin organization can contribute to disease resistance and
immune competence. Future breeding strategies may benefit from integrating genomic and
epigenomic information to identify birds possessing both favorable genetic variants and
stable regulatory profiles associated with enhanced resilience to infectious diseases and en-
vironmental stressors. However, the stability, heritability, and predictive value of epigenetic
biomarkers across different commercial populations must first be rigorously evaluated.

Artificial intelligence and advanced bioinformatics are becoming increasingly impor-
tant in poultry epigenetics because modern sequencing technologies generate complex,
multidimensional datasets. Machine learning can integrate genomic, epigenomic, transcrip-
tomic, metabolomic, microbiome, and phenotypic data to accelerate biomarker discovery,
improve prediction of disease susceptibility, and support precision poultry production.
However, broader application will require standardized analytical pipelines, robust refer-
ence datasets, and interdisciplinary collaboration. Overall, poultry immunoepigenetics is
evolving from descriptive studies toward mechanistic and translational research. Integra-
tion of functional genomics, epigenome editing, systems biology, and precision breeding is
expected to improve disease resistance and support more sustainable poultry production.

8. Conclusions

Epigenetic regulation has transformed current understanding of avian immunity by
demonstrating that immune competence is determined not only by inherited genetic varia-
tion but also by dynamic regulatory mechanisms that respond to developmental, nutritional,
environmental, and infectious stimuli. Evidence accumulated over the past decade indi-
cates that DNA methylation, histone modifications, chromatin remodeling, and non-coding
RNAs function as integrated regulatory networks controlling immune-cell differentiation,
inflammatory signaling, host—pathogen interactions, and disease resistance. Emerging
studies further highlight the influence of gut microbiota, nutrition, environmental stress,
and developmental programming on the poultry epigenome, while transgenerational epi-
genetic inheritance provides new perspectives on the biological basis of disease resilience.
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Rapid advances in high-throughput sequencing, multi-omics integration, single-cell tech-
nologies, artificial intelligence, and CRISPR-based epigenome editing are accelerating the
transition from descriptive epigenetic profiling toward mechanistic and functional investi-
gations. Nevertheless, major challenges remain, including the need for causal validation,
standardized analytical approaches, longitudinal studies, and evaluation under commercial
production conditions. Future integration of genomic and epigenomic information has
considerable potential to improve precision breeding, vaccine development, nutritional
programming, and health management. Continued advances in poultry immunoepigenet-
ics are therefore expected to provide innovative strategies for enhancing disease resistance,
reducing antimicrobial dependence, and supporting sustainable poultry production.
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Abbreviations

Abbreviation  Full term

Al Artificial intelligence

ATAC-seq Assay for Transposase-Accessible Chromatin using sequencing
BCG Bacillus Calmette—-Guérin

ChlIP-seq Chromatin immunoprecipitation sequencing

circRNAs Circular RNAs

CpG Cytosine-phosphate-guanine dinucleotide

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CRISPR-Cas  CRISPR-associated system

dCas9 Catalytically inactive Cas9

DNA Deoxyribonucleic acid

DNMTs DNA methyltransferases

DNMT1 DNA methyltransferase 1

DNMT3A DNA methyltransferase 3A

DNMT3B DNA methyltransferase 3B

H5N1 Highly pathogenic avian influenza A (H5N1) virus

HPAI Highly pathogenic avian influenza

JAK/STAT Janus kinase/signal transducer and activator of transcription
IncRNAs Long non-coding RNAs

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MHC Major histocompatibility complex

miRNAs MicroRNAs
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mRNAs Messenger RNAs

multi-omics Integrated analysis of multiple omics datasets
ncRNAs Non-coding RNAs

NF-«B Nuclear factor kappa B

NLRs NOD-like receptors

NOD Nucleotide-binding oligomerization domain
PRRs Pattern-recognition receptors

RIG-I Retinoic acid-inducible gene I

RLRs RIG-I-like receptors

RNA Ribonucleic acid

RRBS Reduced representation bisulfite sequencing

scATAC-seq  Single-cell Assay for Transposase-Accessible Chromatin using sequencing
scRNA-seq Single-cell RNA sequencing
SUMOylation = Small ubiquitin-like modifier conjugation

TLRs Toll-like receptors
TLE1 Transducin-like enhancer protein 1
WGBS Whole-genome bisulfite sequencing
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