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Abstract
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Acta Universitatis Upsaliensis. ISBN 978-91-513-2700-6.

Early-life stress (ELS) can influence physiology, behaviour, and health well into adulthood,
yet its lasting molecular effects remain poorly understood. Using stressors typical of
commercial chickens, this thesis investigates the long-term effect of ELS on the epigenome and
transcriptome of chickens, integrating red blood cells (RBCs) and multiple brain regions. We
identify DNA methylation and miRNA trajectories and markers of long-term exposure using
GBS-MeDIP and miRNA sequencing across three studies.

Study I examined the long-term effects of early social isolation stress (SIS) and environmental
enrichment (EE) on RBC DNA methylation at two life stages (3.5 weeks and six months).
While both treatments initially induced predominantly hypermethylated DMRs, SIS led to an
age-dependent accumulation of hypermethylation, whereas EE produced fewer DMRs and a
shift toward hypomethylation, indicating that early environments leave persistent and distinct
epigenetic signatures in RBC.

Study Il mapped methylation dynamics across 11 stages and five brain regions in transported
(TPS) and hatched on-farm (OFH) chickens, both undergoing a second transport at ~100
days. Unsupervised analysis identified six latent factors capturing distinct region-specific
methylation patterns. Supervised analyses revealed that the hypothalamus showed the most
extensive methylation reorganization, especially during the production peak. The hippocampus
exhibited a rapid hypermethylation after early transport in TPS birds, and a diminished
response to a later transport, indicating epigenetic resilience; in contrast, OFH birds displayed
rapid hypermethylation after relocation at ~100 days, revealing vulnerability to stress. The
nidopallium showed delayed TPS effects, whereas the amygdala remained largely stable.

Study III profiled miRNA regulation in RBCs and three brain regions at four stages in the
cohort used in Study II. RBCs showed a rapid, transient response dominated by the miR-130
and miR-15/16 families, whereas brain responses were delayed and region-specific, with
late alterations in caudal hippocampal miRNAs linked to neuronal plasticity. Target analyses
highlighted BCL11A as a cross-tissue integrator.

Together, these studies demonstrate that ELS leaves a tissue- and age-specific molecular
footprint. This work advances our understanding of stress biology in birds and how early
experiences shape molecular trajectories across the lifespan.
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Introduction

Stress: Definition, Stressors, and Timing

Stress is an unavoidable part of life for all organisms, yet its definition remains
debated and has evolved considerably over time. A precise definition of stress
is made more difficult by the fact that it depends on the viewpoint, whether it
be animal physiology or human psychology [1]. According to George Fink's
handbook of stress definitions, stress is a condition that results when environ-
mental demands surpass an individual's adaptive capacity [2]. He describes it
as involving increased physiological arousal, a sense of aversiveness or threat,
and a loss of control over the circumstances. This paradigm expands on Selye's
initial description of stress as the "non-specific response of the body to any
demand" [3]. Selye also noted that stress is a local or systemic disruption of
homeostasis. It can be distress (bad), eustress (good), or sustress (too little).
Maintaining optimal stress levels is essential for health because, although both
sustress and distress impact physiology, eustress can boost resilience [4, 5]. In
this thesis, the term stress will mainly refer to distress, the aversive, harmful
form of stress, because most of the literature reviewed and the empirical work
here focus on negative stressors and their biological effects.

Stressors are external factors that trigger stress by challenging homeostasis
[1]. These include social or environmental challenges, such as social isolation
and overcrowding, as well as physical stressors, such as heat, cold, and unpre-
dictable noise [1-4]. When it comes to duration, stressors can exert their ef-
fects through either acute or short-term means, leading to immediate physio-
logical responses such as increased heart rate and adrenaline production,
which trigger the body's fight-or-flight response [5, 6]. Stressors can also be
chronic, in which stressors exist in a prolonged period of time, which can re-
sult in lasting physical and psychological consequences [5, 7]. Although their
immediate effects may vary, both acute and chronic stressors can have long-
lasting consequences [8]. Importantly, the magnitude and persistence of these
effects depend on when in development the stress occurs, because sensitivity
to stress varies across life stages.

Early developmental periods represent critical windows where physiological

systems are established [9]. Early-life stress (ELS) has a profound impact on
the brain and behaviour as it occurs during sensitive periods of brain
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development [10]. ELS can cause maladaptive neural network changes that
last into adulthood, raising the lifetime risk of both physical and mental disor-
ders [11]. The specific effects depend on the timing, duration, and nature of
the stress, as well as interactions with sex and genetics [12]. To understand
how such stressors produce their physiological and behavioural effects, it is
essential to outline the neural and endocrine systems that regulate stress re-
sponses.

Neural and Endocrine Regulation of Stress

Stress is regulated by the brain, and different regions are involved in this pro-
cess [13]. This regulation begins with activation of the hypothalamic-pitui-
tary-adrenal (HPA) axis, which coordinates neuroendocrine and immune re-
sponses to internal and external stimuli [14]. The paraventricular nucleus
(PVN) of the hypothalamus (HYP) is where stress signals start, when cortico-
tropin-releasing hormone (CRH) neurones start secreting. Together, CRH and
arginine vasopressin (AVP) activate the pituitary gland, leading to the release
of adrenocorticotropic hormone (ACTH) from the pituitary gland, which in
turn triggers the adrenal cortex to produce glucocorticoids [15-17].

Brain Modulators and Termination

Other brain regions involved in stress regulation include the hippocampus,
amygdala (AMY), and prefrontal cortex (PFC) [13]. The hippocampus and
PFC generally suppress HPA activity, while the AMY stimulates it [18]. The
AMY activates both the HPA axis and the sympathetic nervous system, rap-
idly shaping behaviour through pathways that induce freezing, startle, and ha-
bitual responding (automatic, ingrained reaction patterns formed through re-
peated stress exposure) [19, 20]. Such responses, driven by the AMY, underlie
phenomena such as fear conditioning, in which a neutral cue elicits a stress
response long after a traumatic event and can make stress responses persist
even in the absence of an immediate threat [21, 22]. In contrast, PFC circuits
are required for the extinction of fear conditioning [23-25].

To terminate the stress response, the HPA axis is regulated by negative feed-
back, primarily involving glucocorticoid receptors (GRs) [26]. As glucocorti-
coid levels rise, these hormones bind to their receptors in the PVN and pitui-
tary as well as in higher brain regions like the hippocampus and AMY, sup-
pressing further CRH and ACTH release [27, 28]. This feedback loop ensures
that once a threat passes, hormone levels decrease and physiological parame-
ters return to baseline [29]. The hippocampus and PFC, which are rich in GRs,
are critical for terminating the stress response and preventing its overactiva-
tion [30]. Dysregulation of this feedback loop can result in persistently ele-
vated stress hormones and is associated with anxiety, depression, cognitive
impairments, and chronic inflammation in humans [30]. Deficiencies in stress
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termination mechanisms are thought to contribute to allostatic overload in
chronic stress conditions, in which the body fails to effectively shut off the
stress response [31, 32].

Avian Stress Regulation

While these neural mechanisms are best characterised in mammals, many core
principles of stress regulation are conserved across vertebrates [33]. Birds, in-
cluding chickens, share the same basic HPA axis but display several avian-
specific neuroendocrine adaptations [34]. Glucocorticoids, which are cortisol
in most mammals and corticosterone in birds and rodents, play a central role
in this system, regulating behaviour, metabolism, immunity, and cardiovascu-
lar function [35, 36].

In chickens, ACTH release is regulated by CRH and arginine vasotocin
(AVT). AVT is a close analogue of AVP, differing by a single amino acid.
AVT and CRH activate a broader set of receptors, including CRH-R1, CRH-
R2, and four vasotocin receptor subtypes (VT1R—VT4R). Among these,
VT2R and VT4R are the primary receptors involved in the avian stress re-
sponse. They are predominantly localized on corticotropes within the cephalic
lobe of the anterior pituitary, a region specialized in stress integration [37]. In
birds, the nucleus of the hippocampus commissure plays a special role in this
regulatory process, as it triggers the release of CRH and may act before the
PVN in acute stress responses. However, its connection to the pituitary gland
remains unknown [34, 38].

In addition to these structures, the avian nidopallium (NID) serves as an asso-
ciative region of the forebrain analogously to the mammalian cortex [39].
Studies in pigeons have identified the NID as a key cognitive hub within the
endbrain, highlighting another area where avian and mammalian neural sys-
tems show functional correspondence despite anatomical differences [40].

Long-lasting Effect of Stress

Beyond the acute physiological responses described above, one of the most
compelling (and concerning) aspects of stress biology is the evidence that
stress leaves a biological mark persisting well beyond the immediate response
[7, 9]. ELS, in particular, can shape the response to stress in adulthood [41,
42]. For example, early maternal separation in rhesus macaques leads to al-
terations in immune and brain function that remain into adulthood [43]. In
humans, childhood adversity has been linked to long-term changes in stress
hormone regulation and heightened vulnerability to psychiatric disorders [41].
Prenatal stress in rodents can produce anxiety and depression-like behaviors
in the offspring, along with impaired social interactions and cognitive deficits
in learning and memory [44]. Importantly, not all early adverse experiences
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lead exclusively to maladaptive outcomes. In mice, unpredictable maternal
separation and stress can enhance goal-directed behaviour and behavioural
flexibility in adulthood. These findings illustrate that early adversity can, un-
der certain conditions, promote adaptive coping later in life [42].

In chickens, early-life rearing conditions have been shown to influence behav-
ioral traits such as fearfulness and cognitive performance later in life [45]. On
the other hand, environmental enrichment (EE) in laying hens can mitigate
some of these stressors by improving behavioural expression and reducing
fear [46]. Together, these findings across species demonstrate that stress ex-
periences can have lasting changes on neural circuits [47]. To investigate these
processes in a production-relevant species, chickens offer a powerful study
species due to their precocial maturation and well-defined developmental tra-
jectory.

ELS and Its Impact on Ontogenetic Trajectories in Chickens

Chickens (Gallus gallus domesticus) follow a rapid development that inte-
grates molecular, physiological, and behavioral changes [48]. Embryonic de-
velopment lasts ~21 days, during which all primary organ systems form, pre-
paring the chick for independent life at hatching [49]. The main functions of
the HPA stress axis are established a few days before hatching, enabling
chicks to initiate corticosterone responses to stress [50]. Neurodevelopment in
chickens is advanced at hatch, yet substantial maturation and plasticity con-
tinue during the early post-hatch period, particularly within the first weeks of
life [51]. Chicks hatch with well-developed sensory systems (vision, hearing,
somatosensation) and a brain capable of learning soon after birth [52]. Post-
hatch ontogenetic processes in chicks involve continued maturation of several
systems, notably the formation of synaptic connections in the brain through
the first 10 weeks [53].

ELS can affect chickens at the molecular, physiological, and behavioral levels
by interfering with the early development of the neuroendocrine and immune
systems [54]. For example, chronic heat exposure during the first weeks post-
hatch has been associated with impaired immune function and elevated stress-
related hormone levels in poultry, which may increase mortality risk later in
life [55].

Another study shows that elevating glucocorticoids in ovo (by injecting corti-
costerone into the egg to mimic maternal stress) has lasting effects on off-
spring. This study showed that embryonic exposure to corticosterone alters
HPA axis function, including reduced hypothalamic AVT and CRH expres-
sion and changes in GR protein levels [56]. Such neurochemical and gene ex-
pression changes provide a mechanistic basis for the developmental
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programming effects of stress. A key mechanism thought to underlie this bio-
logical encoding is epigenetic regulation of gene expression [57].

Epigenetics Mechanisms and Development

Epigenetic modifications regulate gene expression without changing the DNA
sequence; importantly, they can persist across cell divisions, providing a plau-
sible mechanism by which early experiences can leave lasting physiological
effects during ontogeny [58, 59]. Key mechanisms of epigenetic regulation
include DNA methylation, histone modifications (such as acetylation), and
non-coding RNA-mediated processes [60, 61]. These mechanisms, which are
highly responsive to environmental factors, play a critical role in determining
the adult phenotype [62, 63].

Epigenetic modifications regulate the timing, location, and level of gene ex-
pression, shaping developmental trajectories and enabling physiological ad-
aptation to environmental cues [64, 65]. Epigenetics links the genome to the
environment, translating external factors such as nutrition, stress, toxins, and
social interactions into changes in gene expression programs [64, 66].

Early life is a period of heightened epigenomic plasticity, when environmental
influences can become durably encoded in the way gene expression is regu-
lated. For instance, our group previously showed that adult hens raised in a
high-stress caging environment versus a lower-stress aviary environment
could be distinguished by their red blood cell (RBC) DNA methylation pro-
files, long after the stressful rearing period ended [67]. This indicates that ELS
can leave a persistent epigenetic signature in peripheral cells. Figure 1 pro-
vides an overview of how external stressors activate the avian stress regulation
system. This activation can lead to downstream epigenetic modifications, in-
cluding DNA methylation changes, which may contribute to the long-term bi-
ological impact of stress [68-70].
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Figure 1. Conceptual overview of stress regulation and long-term biological conse-
quences. Environmental stressors, such as heat, cold and transportation activate the
avian hypothalamo—pituitary—adrenal (HPA) axis via hypothalamic nuclei, including
the hippocampus and PVN, leading to CRH/AVT release and corticosterone produc-
tion. Brain regions, including the hippocampus, NID, and AMY, modulate this re-
sponse via feedback regulation. ELS can produce persistent epigenetic modifications,
such as DNA methylation of stress-related genes, that might influence physiology and
behaviour later in life.

DNA Methylation: The Enduring Mark

DNA methylation is one of the most studied epigenetic modifications, involv-
ing the enzymatic transfer of a methyl group (-CH3) onto nucleotide bases,
mainly to cytosine residues [71, 72]. DNA methylation is regulated by the
DNA methyltransferases (DNMT) family of enzymes, which transfer a methyl
group from S-adenosyl methionine (SAM) to the 5-position of a cytosine base,
forming 5-methylcytosine (SmC) [73].

DNA methylation plays a key role in regulating gene expression, defining cel-
lular identity, and long-term phenotypic stability [74]. By influencing the 3-
dimensional structure of chromatin and the binding of transcription factors,
methylation helps to determine which genes are turned on or off in a given
cell [73, 75]. The stability of a cell’s transcriptional profile after division de-
pends on faithfully copying methylation marks during DNA replication, along
with the passing on of transcription factor states [74, 76]. In vertebrate ge-
nomes, most CpG dinucleotides are methylated, though methylation levels
vary across genomic contexts, including promoters, gene bodies, enhancers,
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and active versus inactive genes [77, 78]. Cytosine methylation can alter how
transcription factors interact with DNA, and, in turn, transcription-related pro-
teins may attract or dismiss methylation enzymes to modulate gene expression
[79].

Classically, methylation of CpG sites within promoter regions (especially at
CpG-rich promoter regions known as CpG islands) has been linked to tran-
scriptional silencing through the prevention of transcription factor binding
[19,20]. Methyl groups can block the binding of transcription factors or recruit
proteins that promote a condensed chromatin configuration, consequently sup-
pressing gene expression [75]. However, the effect of methylation is not uni-
versally inhibitory; it depends on genomic context and the specific proteins
involved [80]. In some cases, methylation can facilitate the binding of certain
methyl-CpG binding proteins or even specific transcription factors, potentially
activating gene expression under particular conditions [81].

Beyond promoters, methylation plays regulatory roles at enhancers and within
gene bodies [82]. Dynamic changes in methylation at enhancer regions are
known to coordinate the timing of gene activation during development [83].
When an enhancer is methylated, it often indicates a repressed state, whereas
demethylation of enhancers can precede gene upregulation during cell differ-
entiation [83]. Within gene bodies, exons usually exhibit higher methylation
levels than adjacent introns. Intragenic methylation has been linked to higher
gene expression levels in both mammals and insects.[84]. Increased methyla-
tion within gene bodies is thought to inhibit unwanted transcription initiation
and may be associated with more stable or more effective transcription of the
gene [85]. Intragenic methylation might also function to inhibit hidden inter-
nal promoters and enhance the stability of transcript processing, emphasizing
its diverse role in precisely regulating gene expression and splicing in higher
eukaryotes [86, 87]. Considering this, when analysing DNA methylation data,
one must consider genomic context: where a methylation change happens of-
ten indicates how it might affect the organism. Figure 2 provides an overview
of how the functional outcome of DNA methylation depends on its genomic
location.
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Figure 2. Comparison of DNA methylation characteristics and regulatory effects be-
tween promoter/CpG island regions and gene bodies. Figure modified from
doi:10.21926/obm.genet.1802016

MicroRNAs (miRNAs): Post-Transcriptional Regulators

In addition to DNA methylation and histone modifications (not described in
detail here), stress also engages post-transcriptional regulatory pathways [88].
Among these, microRNAs (miRNAs) are small (~22-nucleotide) RNA mole-
cules that do not encode proteins but regulate gene expression post-transcrip-
tionally [89]. miRNAs regulate gene expression through various mechanisms.
Generally, they are transcribed as pre-miRNA and processed into mature miR-
NAs that bind to target mRNAs, usually in the 3" UTR, to inhibit translation
or promote mRNA degradation [90] (Figure 3). The impact of miRNAs is in-
fluenced by factors such as their cellular location, concentration, and binding
strength. Additionally, miRNAs can be released from extracellular vesicles or
associated with proteins, enabling them to function as signaling molecules in
cell-to-cell communication [91]. Although miRNAs are not epigenetic mech-
anisms per se, they form an important post-transcriptional regulatory layer that
influences gene expression and, together with epigenetic processes, contrib-
utes to shaping phenotypic outcomes.
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Figure 3. An overview of the production and role of miRNA. miRNA genes are ini-
tially transcribed into pre-miRNA, which then mature into functional miRNAs. When
these miRNAs bind to their complementary sequences on messenger RNAs
(mRNAs), known as miRNA targets, the targets may be degraded or translation sup-
pressed. Figure modified from 10.1109/BIBE.2008.4696695

A single miRNA can have dozens or hundreds of mRNA targets, and con-
versely, a single mRNA can be regulated by multiple miRNAs, forming a
complex regulatory network [91]. Many miRNAs are affected by stress, and
several of them also undergo rapid and reversible changes in expression under
such conditions [92, 93]. Acute stress can rapidly alter the expression of spe-
cific miRNAs in the brain and blood [94, 95]. For example, a study of mice
subjected to two hours of restraint stress showed that acute stress downregulates
miR-135a and miR-124 in the AMY, leading to increased expression of the
mineralocorticoid receptor (MR). It was concluded that these miRNAs act as
key regulators of MR-mediated neuroendocrine stress responses [94]. In human
blood, certain miRNAs rise or fall within minutes of an acute stress task [96].
Because miRNA profiles are highly tissue-specific, the mixture of miRNAs de-
tected in blood or saliva can report on the state of specific tissues [97].

While miRNAs primarily reflect the current state [98], some stressors leave
lasting marks. For instance, ELS can cause a persistent downregulation of spe-
cific miRNAs (e.g., miR-19) in the adult brain [99]. In other words, the base-
line levels of certain miRNAs can remain shifted long after the original stress
exposure. As mentioned before, miRNAs can also be secreted into bodily
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fluids, which means they could serve as circulating signals or biomarkers of
stress [100]. Because of their stress sensitivity, miRNA profiles represent a
powerful additional biomarker [96, 99]. They capture immediate stress re-
sponses while also retaining signatures of past adversity, making them valua-
ble indicators of both acute and cumulative stress effects [96, 99].

Epigenomic and Transcriptomic Markers as Novel Tools for
Assessing ELS

The lasting biological mark of stress, whether in DNA methylation signatures
or miRNA profiles that can retain stress-related regulatory changes, highlights
their potential as indicators of the cumulative biological effects of stress
throughout life [17, 18]. Recent studies and reviews show that environment-
specific DNA methylation signatures can serve as indicators of health and
welfare in humans and other animals, as they integrate information about en-
vironmental exposures across the lifespan [101, 102]. If a particular DNA
methylation pattern in blood is strongly associated with chronic stress or poor
welfare outcomes, it could be developed into a test (e.g., a blood test for live-
stock or zoo animals) that complements other measurements. Notably, epige-
netic changes are also biologically meaningful in their own right; they might
not only indicate stress but also contribute to the pathogenesis of stress-related
problems (such as immunosuppression or abnormal behavior)[57].

Thus, monitoring these marks may reveal both the presence of stress exposure
and the mechanistic consequences it produces. Longitudinal or inter-age com-
parisons are essential for determining whether ELS leaves molecular marks
that persist, diminish, or change as the organism ages. An approach that con-
siders both enduring DNA methylation signatures and flexible miRNA pro-
files may yield a more complete picture of an animal’s stress history and its
adaptive capacity to cope with challenging environments. Understanding how
stress becomes biologically encoded is particularly relevant in commercial
poultry systems, where ELS is common.

Poultry Production Stressors and Welfare Challenges

In modern animal production systems, animal welfare is a concern for ethics,
science, and economics [103]. A persistent challenge is the trade-off between
practices that are designed to maximize productivity and those that ensure op-
timal welfare. Despite the global scale of poultry farming, encompassing be-
tween 4 and 5 billion chickens worldwide, surprisingly little is known about
how ELS affects chicks and how it later affects their physiology and behavior
[104, 105].
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In poultry production, multiple factors, such as stocking density, handling pro-
cedures, environmental conditions (e.g., temperature, lighting, air quality),
and social dynamics, contribute to stress, thereby impacting welfare and per-
formance [106, 107]. These stressors are associated with adverse effects, in-
cluding impaired growth, reduced feed conversion efficiency, and increased
susceptibility to disease [108-113].

A standard industry practice involves transporting laying hen chicks from
commercial hatcheries to rearing or laying barns at one day of age. During this
transfer, chicks typically endure prolonged transport times and are deprived
of feed, water, and litter, a combination of stressors that can have enduring
physiological and behavioral effects [114-116]. Some of these early stressors
can be mitigated through innovations such as on-farm hatching, in which eggs
are transported before hatching, allowing chicks immediate access to feed,
water, and litter upon emergence [117]. Laying hens will also experience a
second relocation to the laying barn during puberty, which coincides with hor-
monal maturation and the onset of egg production, making this period a par-
ticularly sensitive window for stress [114, 118]. Chronic or repeated stress in
poultry not only raises ethical issues but can also lead to economic losses due
to impaired growth, poorer feed conversion, and higher disease susceptibility
[108, 119].

Current behavioural or physiological indicators in commercial poultry primar-
ily reflect short-term or acute responses and often provide only limited insight
into an animal’s longer-term stress exposure [120]. These include the use of
resource-based measures (housing, litter, stocking density) and animal-based
indicators such as feather cover and keel bone condition in layers [121], dirti-
ness, gait score in broilers, responses to human approach or novel objects, and
flock-level measures like mortality [122, 123]. Such audits provide only a
brief snapshot and may miss cumulative stress exposure [124].

In research, additional measures (heart rate, respiration, blood pressure, temper-
ature) and HPA-axis hormones (e.g., cortisol) are used as indicators of stress ex-
posure. However, these indicators fluctuate with short-term events, circadian
rhythms, and stress, without glucocorticoid elevation, limiting their reliability as
indicators [125-128]. Immune-based tests provide additional information about
stress response but are often single-time-point and resource-intensive, making
large-scale, continuous monitoring difficult [129-131]. Although these measures
remain essential, they do not easily reveal how ELS interacts with development
or whether its effects persist, resolve, or reappear at later life stages.
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Technologies like infrared thermal imaging can detect acute stress responses
remotely by capturing changes in surface temperature or blood flow. Still,
their temporal resolution limits their utility for chronic stress evaluation [132,
133]. Likewise, wearable sensors might track activity or heart rate over time,
but interpreting those data in terms of stress can be complex, and practical
limitations such as pecking or pulling at exposed wires highlight the need for
careful ergonomic design to ensure both data quality and animal welfare [134].

Epigenetic and transcriptomic markers are promising in this context because they
can provide insight into both stable, long-lasting effects. Importantly, these mo-
lecular patterns have the potential to complement behavioural and physiological
measures by revealing how early experiences become biologically encoded over
development, particularly in production-relevant settings [135].

Knowledge gap

Despite growing interest in molecular markers of stress, the temporal and tissue-
specific patterns of both DNA methylation and miRNA responses remain in-
completely understood. DNA methylation marks are attractive candidates for
retrospective stress indicators because they are measurable, relatively stable,
and detectable in peripheral tissues such as blood or feathers [129, 130]. Unlike
hormone levels, which fluctuate rapidly and depend on circadian and contextual
variation, methylation at specific loci can persist long after exposure, offering a
potential “molecular memory” of past adversity [125-128]. This stability has
positioned DNA methylation as a promising readout for long-term or cumula-
tive stress exposure. In parallel, miRNAs have been proposed as stress-sensitive
biomarkers, as they can respond rapidly to environmental challenges and are
detectable both in tissues and in circulation (e.g., plasma or extracellular vesi-
cles) [94, 100, 136]. Their context-dependent and often transient regulation sug-
gests that miRNAs could provide information on the current or recent physio-
logical state, rather than only cumulative history. However, what remains al-
most entirely unresolved is how ELS shapes the epigenome across ontogenesis
and across different tissues, particularly relevant brain regions, in response to
stress. Most studies sample only one or two timepoints or one tissue, providing
static snapshots of what is, in reality, a dynamic developmental process. This
limitation obscures two critical questions:

1. Timing:
When, after an early stressor, do epigenetic differences emerge? Imme-
diately? Gradually? Only at later developmental transitions, such as pu-
berty or reproductive onset?
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2. Tissue specificity:
Where in the organism do these stress-induced marks appear or per-
sist? Are they restricted to specific brain regions, shared across re-
gions, or mirrored in peripheral tissues, such as blood?

Because no previous study in chickens or any other animal has incorporated
dense ontogenetic sampling across multiple brain regions, the field lacks an un-
derstanding of how stress-related epigenetic patterns change over the lifespan.
Additionally, stress-related epigenetic variation is multidimensional and region-
specific; multivariate approaches integrating multiple brain regions can reveal
latent developmental patterns that are not detectable in single-region analyses.

Understanding the temporal patterns of stress-induced epigenetic and miRNA
changes is crucial for developmental biology. Knowing when and where stress
leaves its mark would allow more precise identification of vulnerability win-
dows, stress resilience, and the development of targeted welfare interventions
to support monitoring strategies throughout an animal’s life.
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Aim of the Thesis

Building on the above introduction, this doctoral work seeks to fill the high-
lighted knowledge gaps by identifying and characterizing epigenetic and tran-
scriptomic patterns of ELS in the brain and RBC during ontogeny. The thesis
comprises three studies, each targeting a specific aspect of stress physiology
and epigenetics in a poultry production context.

Study I: Epigenetic Signature of Early Social Stress vs. Enriched Environ-
ment. This study aimed to assess how early social isolation stress (SIS) and
EE shape DNA methylation patterns in chicken RBCs immediately after ex-
posure and six months later. We investigated whether early methylation
changes persist across development and whether they remain detectable de-
spite RBC turnover, thereby evaluating the stability of peripheral epigenetic
signatures of early-life experience.

Study II: Brain Specific Methylomic Dynamics Following Early-life Stress in
Chickens. This study aimed to characterize how ELS influences DNA meth-
ylation trajectories across 11 ontogenetic stages in 5 brain regions involved in
stress regulation (HYP, AMY, NID, rostral hippocampus (RH), and caudal
hippocampus (CH)). We aimed to determine when methylation divergence
between stressed and non-stressed birds first emerges, how long these effects
persist, and which brain regions show the highest sensitivity at specific devel-
opmental stages.

Study I1I: Transcriptomic Analysis of Stress Responses in the brain and RBC.
This study aimed to determine how ELS shapes tissue- and stage-specific
miRNA expression by profiling three brain regions (AMY, RH, and CH) and
RBC:s across four key ontogenetic stages. We aimed to identify sensitive de-
velopmental windows of miRNA regulation and to evaluate whether circulat-
ing miRNAs may serve as practical biomarkers of ELS in poultry.
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Material and Methods

Animal Cohorts and Experimental Design

Chicken embryos were among the early models used to study epigenetics
because commercial poultry typically has no maternal role after egg laying,
thereby eliminating a significant confounding factor [71, 137]. This con-
trasts with mammals, where maternal care has been shown to influence off-
spring DNA methylation [71, 138]. Thus, chickens are especially well-
suited for investigating how early environmental conditions, management
practices, and physiological challenges shape epigenetic states within the
species.

Another advantage of chicken as a research species is the detailed
knowledge about its genome. The NCBI's "Chicken Genome Resources"
now include improved linkage maps and QTL databases due to ongoing
improvements. Additionally, sequencing has highlighted conservation
across coding and noncoding areas and found a gene count similar to that
of humans [139-141]. In addition, chickens are a good model for study be-
cause they have early sexual maturity, high egg production rates, and re-
duced feed and floor area requirements. Moreover, a single rooster can pro-
duce an enormous number of progeny by the use of artificial insemination
and semen diluent [139].

In study I, male White Leghorn (Gallus gallus domesticus), hatched at a
commercial hatchery and reared under controlled conditions (12 h light:12
h dark, 28 °C) with ad libitum access to feed and water, were used in a
cross-sectional design. At one day of age, birds were randomly assigned to
three groups: stress (S), control (C), and enrichment (E). From day 4 to day
26, the S group underwent daily social isolation sessions of increasing du-
ration (1 h, 2 h, 3 h per week), with restricted access to food and water,
while the E group received positive stimuli such as multi-level perches and
wooden cubes; C received no treatment.

Blood samples were collected immediately after the three-week exposure
from 19 birds (YS =8, YC = 6, YE = 5) to assess DNA methylation in
young individuals. At six months of age, additional samples were collected
from 43 birds (AS = 12, AC = 16, AE = 15) to evaluate adult methylation
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patterns. After the early treatments, all birds were reared together until
adulthood. The study included both intra-age (treatment vs. age-matched
controls) and inter-age (adult vs. young controls) comparisons to character-
ize the distribution of differentially methylated regions (DMRs) across ge-
nomic and repeat element categories.

In studies II and III, Dekalb White laying hens were used. The study inves-
tigates age-related changes in DNA methylation in two chicken popula-
tions: a control group hatched on-farm (OFH) and a group subjected to
early-life transportation stress (TPS), both reared and sampled at Aviforum,
a commercial-scale research facility affiliated with the University of Bern,
Switzerland. Sample collection, handling, and early-life treatments were
carried out at Aviforum with the support and expertise of collaborators at
the University of Bern. All chicks originated from the same parent flock.
For the OFH group, 3,300 eggs were transported to the rearing barn three
days before hatching, where stable temperature (35-38 °C) and humidity
(>30%) were maintained, and chicks had immediate access to feed, water,
and litter after hatching. In contrast, TPS chicks hatched under standard
hatchery conditions, were deprived of feed and water post-hatch, and un-
derwent an 8-hour transport at 28 °C at one day of age before reaching the
rearing facility. DNA methylation was measured at 11 developmental time
points (from 18 days before hatching to 420 days post-hatch) in 16 animals
per stage (8 animals per treatment). Brain samples, including RH, CH,
HYP, AMY, and NID, were collected from eight individuals per treatment
at each time point, frozen, and transferred to Uppsala University for molec-
ular analysis. In addition, miRNAs are measured in the RH and CH, AMY,
and RBCs at four post-hatching stages (5, 21, 126, and 420 days) to capture
developmental changes from early life to adulthood.

DNA/RNA Extraction

Tissues were homogenized using a bullet blender and then extracted using the
Qiagen DNeasy Blood & Tissue Kit (Study I) and the Qiagen AllPrep Kit
(Studies II and III). After extraction, the DNA quality was evaluated using a
Nanodrop, and the quantity was measured using a Qubit™ 4 Fluorometer
(Thermo Fisher Scientific).

Genotype-by-Sequencing Combined with Methylated-
DNA-Immunoprecipitation (GBS-MeDIP)

Sequencing libraries were generated using the GBS-MeDIP method, which
combines genome reduction with methylated DNA immunoprecipitation to
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assess genome-wide DNA methylation patterns [142]. GBS-MeDIP captures
regional methylation changes, offering a broader regulatory context than sin-
gle-locus or site-specific methylation assays while maintaining scalability for
large sample sets. In this method, genomic DNA is fragmented with the Ps#/
restriction enzyme that cuts independently of CpG sites and generates suitable
DNA fragment sizes for Illumina sequencing (200-500bp) with sticky ends.
The complementary ‘common’ and ‘barcode’ adapters are then ligated to the
sticky ends. Illumina adapters used in library preparation consisted of barcode
adapters containing unique sample identifiers and common adapters with cohe-
sive ends complementary to the Pstl restriction sites. These adapters were de-
signed to enable accurate sample multiplexing and efficient ligation to DNA
fragments, allowing multiple samples to be pooled and sequenced simultane-
ously. Following these steps, barcoded fragments are amplified to produce the
final GBS library for sequencing.

To generate MeDIP libraries, 5 ug of the GBS library pool is incubated with
an anti-methylcytosine antibody. MeDIP enriched for methylated frag-
ments. After that, agarose beads (protein A/G PLUS-agarose) bind to DNA,
and the beads are washed to remove nonspecific binding. The bound mate-
rial is subsequently digested with proteinase K to release the DNA, fol-
lowed by sample purification using a spin-filtering column. The purified
DNA is then precipitated, washed, and dried before being resuspended in
UP H20. The concentration is measured using Nanodrop. In the next step,
PCR is performed using DreamTaq™ DNA polymerase (EP0703) from
Thermo Fisher Scientific. PCR purification is performed using the AMPure
XP magnetic bead system to remove primer dimers and small fragments,
ensuring a high-quality, contaminant-free library. The quality and fragment
size distribution of the purified GBS-MeDIP libraries were then evaluated
using the Agilent Tape Station with the High Sensitivity D1000 kit. Librar-
ies were sequenced using the Illumina platform at the SNP&SEQ facilities
of SciLifeLab (Uppsala, Sweden).

miRNA Sequencing

A total of 237 samples were analyzed, including RBCs (RBCs, n = 63), RH
(n=160), CH (n = 63), and AMY (n = 51) from four ontogenetic timepoints
of T2 (day 2), T4 (day 21), T7(day 126), and, T11 (day 420). For each
sample, approximately 2000 ng of total RNA was used to construct libraries
with the NEBNext Small RNA Library Prep Kit. The protocol involved
adapter ligation, complementary DNA (cDNA) synthesis, and PCR ampli-
fication with indexed primers, followed by PAGE-based size selection of
fragments approximately 145-160 bp. Quality control was performed to
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assess RNA integrity (RIN). Libraries were sequenced on an Illumina No-
vaSeq X Plus platform by Genewiz.

Bioinformatic Processing and Analysis

For study I, bioinformatic analyses were performed using the GBS-MeDIP work-
flow that was developed in our group to identify DMRs in the chicken genome.
Raw Illumina base-call files were converted to FASTQ format. Demultiplexed
and trimmed, and aligned to the Gallus gallus 6.0 reference genome. DMRs were
detected using the MEDIPS R package with an edgeR-based statistical frame-
work. Genomic regions were annotated to genomic features.

For study II, pre-processing of the data involved demultiplexing raw paired-
end reads from GBS-MeDIP libraries, adapter trimming, and quality checking
with FastQC and MultiQC. Reads were aligned to the Gallus gallus reference
genome (galGal7)[143] and converted to sorted BAM files. Count tables were
normalized using TMM to produce CPM-scaled matrices.

For downstream analysis, differential methylation between consecutive devel-
opmental timepoints within each treatment was tested using the Mann-Whit-
ney U test, with p-values adjusted by the Benjamini—Hochberg method (FDR
< 0.01). Significant regions were annotated, and CpG content was extracted
from the BSgenome package.Ggallus.NCBI.galGal7.

For the unsupervised analysis, MOFA (Multi-Omics Factor Analysis) was
used. MOFA is a method that integrates multiple omics datasets by extending
PCA to a multi-omics context [144]. In study II, we applied MOFA using data
from five brain regions to identify shared and region-specific sources of vari-
ation through latent factors, linking them to key molecular features.

Pathway enrichment analyses were conducted using g: Profiler to identify
overrepresented biological pathways (Studies I and II).

For study III, reads were aligned to the chicken reference genome
(GRCg6a), and known miRNAs were quantified using curated annotation
sets. Differential expression (DE) analyses were performed across tissues
and developmental stages to identify miRNAs altered by ELS. miRNA
abundance patterns were statistically compared between TPS and OFH
groups within each tissue—timepoint combination. Significant miRNAs
were categorized by direction and magnitude of change. Predicted miRNA
targets were then retrieved from established databases, enabling assess-
ment of shared or unique regulatory targets across tissues and life stages.
These targets were used to evaluate co-regulation patterns and to perform
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functional enrichment analyses, linking differentially expressed miRNAs
to biological pathways relevant to stress physiology, neural development,
metabolism, and immune regulation.

All analyses were executed on the UPPMAX Rackham HPC cluster under
NAISS projects 2023-22-1090 and 2024-22-1295.
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Summary of the Results

Paper I

This study demonstrates that early-life environments produce long-lasting, di-
vergent DNA methylation trajectories in chicken RBCs in response to social
isolation stress (SIS) or an enriched environment (EE). Using the GBS-MeDIP
approach [51], we compared the RBC methylomes of birds exposed to SIS,
EE, or C, both shortly after treatment exposure (Y, 3.5 weeks) and in adult-
hood (A, six months). The overall experimental design and sampling strategy
are illustrated in Figure 4. Comparisons were performed in two main designs.
In the intra-age design, Y (S or E) individuals were compared to YC, and A
(S or E) individuals were compared to AC. In the inter-age design, A (S, E, or
C) individuals were compared to YC.
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Figure 4. Experimental design for the investigation of stress- and enrichment-induced
methylomic changes in red blood cells (RBCs) of chickens. This figure shows the
early-life treatments, social isolation stress (SIS), environmental enrichment (EE), and
barren control (C), and the timing of blood collection at 3.5 weeks (young) and 6
months (adult) of age. The intra-age comparison (dashed line) represents the differen-
tial methylation comparison between treatments and their age-matched controls. In
contrast, the inter-age comparison (dark red line) compares adult to young control
methylation profiles within each treatment group.

In the intra-age comparisons, both SIS and EE produced predominantly hy-
permethylated differentially methylated regions (DMRs), yet the temporal tra-
jectories diverged. With age, the number of hypermethylated DMRs increased
markedly in the S group but declined in the EE group, which instead exhibited
a growing proportion of hypomethylated regions. These age-specific patterns
were reflected at the chromosomal level, with an over-representation of DMRs
on chromosomes 3, 16, and Z. Functional annotation of intra-age DMRs re-
vealed distinct signatures between treatments and ages. The inter-age compar-
ison revealed treatment-specific DMRs in both the SIS and EE groups. Repet-
itive-element analysis showed that in both treatments, methylation progres-
sively shifted from simple repeats in young individuals to long terminal re-
peats (LTRs) in adults, reflecting age-dependent remodelling of transposable-
element activity. For an overview of these findings, see Table 1.
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Table 1. Summary of intra-age methylation trends in red blood cells of chickens ex-
posed to early-life social isolation stress (SIS) or environmental enrichment (EE). The
table presents directional methylation changes (hyper/hypo), representative genes (p
< 0.01), functional interpretations, and repeat-element patterns for each treatment
compared to controls at young and adult stages.

Representa- Functional Repeat-element
Comparison  Methylation  tive genes interpretation pattern
YSvs YC Predomi- RHOC Cytoskeletal regula- Higher simple
nantly 1 tion, linked to digit repeat DMRs.
(hyper in and joint development  Opposite of the
YS) during embryogenesis ~ LTR trend.
Mostly 1 PLTP, PSMA5  Lipid transport and Lower presence
YE vs YC (hyper YE) proteasome regulation  of simple re-
in youth under enrichment peats
AS vs AC Strong 1 CYTHI, cell movement, matu-  With age, sim-
(hyper AS); ACAAI ration, and develop- ple repeat
accumulates LOC419429, ment, Immune—meta- DMRs decline
with age CSF3, bolic and mitochon- as LTR-associ-
MIR6658 drial pathways ated DMRs in-
crease.
Predomi- WNT5A, Developmental, cell LTR increased,
AE vs AC nantly | AMT, ERN2 movement, and polar-  and simple re-
(hypo AE); ity, metabolic, and im-  peats corre-
declines mune responses spondingly re-
with age duced.
General SIS — increasing hypermethylation with age; EE — progressive hypo-
Trend methylation. Simple repeats are higher in young stressed birds (YS) and

decrease with age, especially in the EE group. LTR increases with age

The inter-age analysis, comparing adults in each treatment to young con-
trols, revealed that SIS was associated with a larger number of DMRs over-
all, predominantly hypermethylated. In contrast, EE was associated with
fewer DMRs, mostly hypomethylated. C birds accumulated almost similar
numbers of hyper- and hypomethylated DMRs with age. With aging, stress-
exposed birds accumulated additional hypermethylated regions, particu-
larly in genes involved in mitochondrial and immune functions, such as
ACAAI and IFNA3, whereas EE had no significantly enriched genes. Addi-
tional details on these patterns are provided in Table 2.
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Table 2. Summary of Inter-age comparison methylation trends across experimental
groups. The table compares directionality of methylation change (hyper/hypo), chro-
mosomal enrichment, representative genes (p < 0.01), functional interpretation, and
repeat-element patterns across stress (AS vs YC), enrichment (AE vs YC), and control

(AC vs YC) contrasts.
Chr.
with > Repeat-
Directional 2-fold  Representa- Functional element pat-
Comparison  trend DMR tive genes interpretation  tern
Strong Chr 16  ACAAI, Immune-met-  The highest
AS vs YC hyper- (MHC) COX10, abolic and simple repeat
methyla- PRCI, mitochondrial ~methylation
tion with HSDI17BI, regulation; compared to
age IFNA3 other compari-
sons
Predomi- Chr3, - Developmen-  The highest
AE vs YC nantly hy- 16,z tal and home-  methylation in
pomethyl- ostatic path- Line compared
ated ways; to other com-
parisons
Balanced Chr CcoX10, Age-related The lowest
ACvs YC hyper/hypo  3,16,Z THRA metabolic ad-  methylation in
justment Low complex-
ity
General SIS — age-dependent accumulation of hypermethylation;, EE — dominant
Trend hypomethylation; C— balanced hyper/hypomethylation. Simple repeats ap-
pear in all groups but show no significant treatment-specific differences.
Paper 11

In this study, we analyzed DNA methylation patterns across 11 ontogenetic
time points, including three days before hatching. We examined five brain
regions, the AMY, HYP, NID, CH, and RH, in chickens exposed to TPS and
OFH. A second routine relocation at ~100 days enabled assessment of later-
life responses. The dataset comprised 166 individuals: eight TPS and eight
OFH birds per time point, and six embryonic samples (E18). This cross-sec-
tional design captured temporal and region-specific methylation changes from
embryonic development through sexual maturation, the peak of egg produc-
tion, and well into adulthood.

Unsupervised Analysis (MOFA)

MOFA revealed six latent factors that collectively captured major axes of
methylation variation. Each factor corresponded predominantly to a single
brain region, confirming highly region-specific epigenetic programs with min-
imal cross-region overlap. The CH contributed the largest share of total
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variance (~80%), followed by HYP, RH, and NID, while the AMY accounted
for the smallest proportion. (Figure 5)

Figure 5. Total variance explained by each MOFA factor. Horizontal bars show the
total variance explained by each inferred factor when integrating methylation data
from all brain regions. Factor labels indicate the view contributing most strongly to
each factor. CH explains the largest proportion of variance.

No global separation between TPS and OFH was observed, indicating that
developmental trajectories outweighed treatment effects. Only embryonic hy-
pothalamic samples showed early separation, reflecting age rather than stress
exposure. Differences in latent factor values between TPS and OFH emerged
only at select stages (NID at 3, 4, and 9; AMY at 10, and CH at 11).

The overlap analysis of high-weight MOFA features and genomic regions
across brain parts confirmed that methylation changes were largely brain-re-
gion-specific. The HYP had the highest number of unique features (~1,470),
while only small subsets of mofa-derived features overlapped across brain re-
gions, including the HYP, CH, RH, and NID.

Pathway enrichment analysis of the unique region-specific features showed
that the HYP was enriched for pathways related to hormone signaling, tran-
scriptional regulation, and system development. The RH exhibited enrichment
in pathways associated with DNA binding, RNA biosynthesis, and nuclear
functions, while the CH was enriched for interleukin-binding processes and
STING-associated pathways. The NID was enriched for DNA-binding tran-
scription factors, NuRD chromatin-remodelling complex components, neuro-
modulatory receptors, transcriptional control, and regulation of cold-induced
thermogenesis and cytokine signalling. The AMY was primarily enriched for
kinase activity and filopodium-associated membrane processes. The key out-
comes of the unsupervised analysis are summarized in Table 3.
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Table 3. Summary of Unsupervised Methylation Analysis (MOFA)

Aspect Summary of Findings

Latent Struc- Six latent factors were identified, each mapping to a single

ture brain region.

Variance Con- | The CH explained the majority of the variance (~80%); the

tribution AMY contributed <10%.

Region Speci- Factors were region-exclusive, indicating distinct epigenetic

ficity trajectories with minimal cross-region overlap.

Embryonic Pat- | Egg-stage samples formed a unified cluster; treatment effects

terns were absent before stress exposure, but were observed only in
the HYP.

Supervised Differential Methylation Analyses

Following the unsupervised analysis, we performed pairwise comparisons be-
tween consecutive life stages within each treatment group and identified dy-
namic, time-restricted DMRs across regions (see Figure 6 for the developmen-
tal timeline and comparison design). The most extensive changes occurred in
the HYP, followed by the hippocampus and NID, whereas the AMY showed
minimal alterations across comparisons and all time points.

| Pemk ol Production
Embryonic Hmwm” ] Sanust Maturatmn Stabilization of Lay
Days of age Embryonic 1 5 12 2 70 100 126 175 245 s 420
Thmnpoint . ' . " . . ' . . s 'y ®
—— [} ] 2 3 4 5 & 7 8 9 10 "
Comparison S - i o T N S L p.

Figure 6. Developmental timeline and pairwise comparison design across life stages
in chickens. Schematic representation of the eleven sampled timepoints spanning from
the embryonic stage to the late egg-laying phase. Developmental periods are catego-
rized into the Embryonic, Early Post-hatch Ontogenetic, Sexual Maturation, Peak of
Production, and Stabilization of Lay. For downstream analyses, differentially methyl-
ated regions (DMRs) were identified by pairwise comparisons of consecutive time
points within each treatment group. Statistical significance was assessed using the
Mann—Whitney U test, and resulting p-values were adjusted using the Benjamini—
Hochberg method (FDR < 0.01), allowing detection of dynamic, time-restricted meth-
ylation changes across brain regions.

Results of the comparisons are shown in Figure 7. In both RH and CH, TPS
birds exhibited an immediate hypermethylation surge following early trans-
portation stress (from E18 to day 1), while OFH birds, hatched without stress,
showed low methylation change. By day 5 (time point 2— 1), the hippocampal
methylation pattern in TPS chicks reversed toward hypomethylation. In
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contrast, during adulthood (comparison 8—7), when OFH birds experienced
their first transport at the rearing-to-laying transition, their hippocampal meth-
ylation mirrored the earlier TPS pattern: initial hypermethylation followed by
hypomethylation. However, TPS birds showed a blunted response at this
stage. In the HYP, extensive hypermethylation was detected during the period
corresponding to peak egg production (comparison 9—8). At later stages, as
reproductive activity stabilized (comparison 10—9), widespread hypomethyl-
ation emerged in both treatment groups. In contrast, the AMY displayed re-
markable stability, showing minimal methylation changes across ontogeny
and between treatments. In the NID, stress effects appeared with a delay,
mainly between time points 2—1 and 3—2, where TPS birds showed a brief
burst of predominantly hypomethylated DMRs. After this window, methyla-
tion levels in both groups declined and stabilised, alongside a shift from pro-
moter-associated to distal intergenic regions.
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Figure 7. Heatmap of DMR counts across developmental transitions and brain regions
in OFH and TPS chickens. Each cell represents the number of differentially methyl-
ated regions (DMRs) detected for a given developmental comparison (arrow labels,
e.g., /—0) within each treatment group and methylation direction. Rows correspond
to OFH and TPS birds separated by hyper- and hypomethylated DMRs, while columns
represent consecutive developmental transitions from embryonic day 18 (0) to 420
days of age (11). Color intensity reflects the magnitude of DMR counts (darker = more
DMRs). Numbers shown within cells indicate exact DMR counts. Heatmaps are dis-
played for RH, CH, NID, AMY, and HYP.

Across brain regions, we observed numerous shared DMRs (Figure 8). How-
ever, when these shared DMRs were annotated, only a small subset over-
lapped known genes (Table 4). Functional enrichment of DMR-associated
genes revealed that both TPS and OFH birds showed overrepresentation of
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biological processes related to RNA processing and biosynthesis, particularly
mRNA splicing and nucleic acid biosynthetic processes.

Pairwise DMR Overlaps Between Brain Regions
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Figure 8. Pairwise overlap of differentially methylated regions (DMRs) across brain
regions in unique OFH, TPS, and common per brain region. Heatmap showing the
number of shared DMRs between each pair of brain regions (AMY, CH, HYP, NID,
RH) for each treatment group. Values represent the count of DMRs detected in both
regions within the same treatment. Warmer colors indicate a higher number of shared
regions. These overlaps reflect genomic co-occurrence only; they do not imply shared
gene annotation.

Table 4. Gene-associated DMRs shared across two or more brain regions.
List of shared DMRs that overlap annotated genes in the OFH and TPS groups. For
each DMR, the table reports the treatment, genomic coordinates, number of brain re-
gions in which the DMR was detected, the identity of those regions, and the associated
gene name.

Treatment DMR Regions Gene name  comparison
OFH Chrl:7852751  AMY;HYP HSD3BI 8—7 AMY;
3-78527620 10—9 HYP
OFH Chr5:6720742- CH; HYP DEPDC7 8—7 CH;
6720955 5—4 HYP
OFH Chr5:6726463- CH; HYP; DEPDC7 8—7CH,;
6726676 NID 9—8 HYP;
4—3 NID
OFH Chr5:6743747- CH; HYP DEPDC7 8—7 CH;
6743960 9—8 HYP
OFH Chr5:6755116- CH; HYP DEPDC7 8—7 CH;
6755329 5—4 HYP
TPS Chr9:554436- CH; NID EFHDI 9—8 CH;
554623 9—8 NID

To assess treatment-specific DMR differences, we compared TPS and OFH
birds across all developmental stages using the DMRs identified within each
treatment. Log. fold changes (TPS — OFH) were calculated per region,
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showing that treatment effects were highly stage-specific and transient, typi-
cally appearing as sharp, single-stage bursts rather than persistent shifts across
ontogeny. Across regions and treatments, most DMRs occurred in distal inter-
genic or intronic regions. Treatment-specific shifts were region-dependent. A
summary of the findings from the supervised differential methylation analyses
is shown in Table 5.

Table 5. Summary of Supervised Differential Methylation Analyses

Aspect

Immediate
Post-Hatch
Response

Compensatory
Dynamics

Later-Life
Stress
Reactivity
(~100 DOA)

Reproductive
Transition
(Peak Lay)

cross-re-
gional, gene-
level pattern
DMRs Across
Treatments

Genomic Fea-
ture

Summary of Findings
Transported chicks (TPS) showed a marked hypermethylation
surge in both hippocampal subregions at day 1. In contrast,

OFH chicks showed little or no change, demonstrating an acute
stress-induced epigenetic activation uniquely triggered by
transport.

By day 5, the TPS hippocampus shifted from hyper- to hypo-
methylation, indicating a rapid compensatory adjustment in
methylation state.

At the time of rearing-to-laying relocation, OFH birds, experi-
encing transport for the first time, mounted a strong hy-
per—hypo methylation response, whereas TPS birds exhibited a
muted reaction. This pattern is consistent with stress inoculation
or altered reactivity following early-life stress.

The HYP displayed pronounced hypermethylation during peak
egg-laying, followed by sharp hypomethylation later in life, in-
dicating reproduction-linked epigenetic remodeling that was
largely treatment-independent.

Across brain regions, many DMRs were shared but only a
small subset overlapped annotated genes (e.g., HSD3BI,
DEPDC?7, EFHDI)

Treatment effects emerged as developmental “spikes” rather
than continuous trajectories.

Across regions, most DMRs occurred in distal intergenic and
intronic regions. TPS induced region-specific shifts, whereas
OFH profiles remained comparatively stable, indicating differ-
ential regulatory remodeling under stress.
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Paper 111

Building on the same experimental framework described for paper 11, we next
investigated how TPS versus OFH affects miRNA expression in the brain and
RBCs of laying hens. The same cohort of chickens was used. Analyses fo-
cused on three brain regions, the AMY, CH and RH, and on RBCs collected
across four representative ontogenetic phases: early post-hatch, T2 (day 2),
juvenile growth, T4 (day 21), sexual maturation, T7(day 126), and the decline
of egg production, T11 (day 420). This integrative design allowed us to exam-
ine how ELS influences miRNA regulation across tissues and through time.

Differential expression patterns were highly tissue- and time-specific, with the
strongest response occurring in RBCs shortly after transport (T2), where nu-
merous miRNAs, particularly members of the miR-130 and miR-15/16 fami-
lies, were altered. Brain regions showed fewer but developmentally structured
changes, including single early alterations in the AMY and RH, and later
multi-miRNA shifts in the CH. An overview of all significant miRNAs at each
stage is provided in Table 6. No miRNA was shared across tissues or
timepoints.

An overview of tissue-specific and developmental miRNA responses is sum-

marized in Table 7, highlighting the major expression patterns, shared target-
ing, and pathway-level themes.
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Table 6. Significant miRNA changes in chickens exposed to early-life stress (TPS)
compared to controls (OFH) across tissue x stage. The table lists miRNAs that were
significantly upregulated or downregulated in TPS chickens (p adj < 0.05) as well as
predicted miRNA targets with their distribution between NM across different tissues
and timepoints.

Tissue

AMY
CH
CH
CH

RH
RH
RH
RBC

RBC

Timepoint
2
2
4
11

2
4
7
2

Upregulated
in TPS

gga-miR-1a-3p,
gga-miR-1b-3p

gga-let-7j-3p,
gga-miR-2954,
gga-miR-125b-5p,
gga-miR-454-3p,
gga-miR-16-5p,
gga-miR-148b-3p,
gga-miR-130b-5p,
gga-miR-146¢-3p,
gga-miR-30c-5p,
gga-miR-301b-5p,
gga-miR-155,
gga-miR-128-3p,
gga-miR-15¢c-5p,
gga-miR-10c-5p

Downregulated
in TPS
gga-miR-26a-5p

gga-let-7a-3p
gga-miR-182-5p,
gga-miR-183
gga-miR-184-3p

gga-miR-211
gga-miR-365-1-5p,
gga-miR-2188-5p,
gga-miR-1729-5p,
gga-miR-130c-5p,
gga-let-7¢-5p,
gga-miR-1684b-3p,
gga-miR-1453,
gga-miR-128-1-5p,
gga-miR-140-5p,
gga-miR-24-5p

gga-miR-6578-3p
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Table 7. Summary of miRNA Expression Responses to ELS

Aspect
Peripheral (RBCs)
Response

AMY Response

RH Response

CH Response

Cross-Tissue/Stage

Overlap

Pathway-Level Sig-
nals

Family-Level Pat-
terns

44

Summary of Findings

RBCs showed a rapid and transient response at T2, with
strong differential expression of miR-130 and miR-15/16
families. By T4, the RBC response largely resolved.

Minimal and short-lived effects: only gga-miR-26a-5p was
downregulated at T2, with no subsequent changes

Early downregulation of gga-miR-184-3p at T2; delayed
reduction of gga-miR-211 at T7 (sexual maturation).

Later and more complex patterns: downregulation of gga-
let-7a-3p at T4; at T11, upregulation of gga-miR-1a/b-3p
and downregulation of gga-miR-182-5p.

No miRNA was altered across multiple tissues or stages.

BCL11A emerged as a recurrent high-confidence target
across tissues, suggesting a cross-system regulator linking
neural and hematopoietic responses to stress.

miR-1 family upregulated in CH at T11; miR-130 and
miR-15/16 families strongly responsive at T2 in RBCs.



Discussion

The studies presented in this thesis collectively show that ELS leaves long-
lasting effects, reflected in age- and region-specific methylation differences,
providing clear evidence that environmental challenges can be encoded in the
epigenome and influence developmental trajectories across life [145, 146]. By
combining genome-wide analyses of DNA methylation and miRNA expres-
sion across multiple tissues and time points, this thesis captures how stress is
translated into lasting biological memory.

In Study I, SIS or EE exposure during early development induced distinct
methylation profiles that remained detectable six months later, long after the
original experience and well beyond the lifespan of the blood cells in chickens
[147]. This persistence highlights the stability of the epigenetic mark and its
suitability as a retrospective indicator of ELS. This is in accordance with stud-
ies on human and other species that investigated DNA methylation changes in
peripheral cells [67, 146, 148, 149].

Intra-age comparisons revealed that both SIS and EE induced primarily hy-
permethylated DMRs relative to C at each sampling age, but their age-related
changes diverged. The number of hypermethylated regions increased with age
in the S group but decreased with age in the E group. Inter-age comparisons
confirmed this pattern; stress-related DMRs were dominated by age-depend-
ent hypermethylation, whereas enrichment-related DMRs tended toward hy-
pomethylation.

These findings indicate that early-life conditions set long-lasting epigenetic
trajectories. Stressed birds accumulate methylation over time, whereas en-
riched birds lose it. A reference to this is Jimeno et al. (2019), who found that
adult zebra finches raised in large broods (stress) accumulated hypermethyla-
tion of Nr3c1, over time [149]. Control birds, by contrast, showed a more bal-
anced accumulation of hyper- and hypomethylated DMRs with age, reinforc-
ing that the strong hypermethylation trajectory was specific to ELS. This is
consistent with the balanced hyper- and hypomethylation pattern observed in
our C birds in the inter-age comparison.

Functionally, the affected genes in the stress group were associated with cy-
toskeletal, immune, and metabolic pathways, including RHOC, CYTHI,
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ACAAI, and IFNA3. These genes are implicated in cellular morphology, hem-
atopoietic stem cell homing, lipid metabolism, and innate antiviral defense,
respectively [150-153]. In contrast, enrichment-specific DMRs such as
WNT5A4 and members of nuclear receptor signaling pathways are linked to
developmental and anti-apoptotic processes, suggesting improved cellular re-
silience and homeostasis [154, 155]. We should point out that this is the only
study in this thesis performed on male chickens and that Chr 3, Chrl6, and Z,
which showed disproportionate DMR densities, possibly reflecting sex-linked
or immune-related DMRs [67-69].

Our analysis showed that early-life environment influences methylation pat-
terns in repetitive elements, with LINEs most frequently enriched, consistent
with their known links to genome instability and regulatory function [156,
157]. LTR-associated DMRs increased with age across groups in intra-age
comparison, more strongly in AE vs AC, suggesting that enrichment modu-
lates natural age-related epigenetic remodelling [158, 159]. Simple repeats
also varied by treatment, consistent with evidence that repeat methylation in
chickens can affect embryonic muscle development and immunity [160-162].
Overall, treatment-specific TE methylation may contribute to development
and environmental response [160]. Together, these findings from Study I
demonstrate that early-life environments shape DNA methylation trajectories
in peripheral tissues.

Building on this, Study II investigates whether similar principles apply within
the brain and shows that the impact of ELS is highly region-specific and de-
velopmentally dynamic. This was shown with both a supervised and a non-
supervised approach.

The MOFA analysis demonstrated that each latent factor mapped to a single
brain region, with CH_F1 explaining most of the variance and AMY _F6 very
little, and no global separation between TPS and OFH, indicating that devel-
opmental and regional signatures dominated over treatment effects.

In the comparison between timepoints, the HYP showed the most epigenetic
change overall, but these shifts tracked developmental and reproductive tran-
sitions rather than ELS. Hypothalamic methylation increased sharply at the
peak of egg production, showing pronounced hypermethylation followed by
substantial hypomethylation, and this pattern was observed in all chickens re-
gardless of treatment. By the final time point, methylation levels in the HYP
showed no further detectable change. This dynamic pattern is consistent with
the HYP’ central role as the primary regulator of the Hypothalamic—Pituitary—
Gonadal (HPG) axis. HPG is central to controlling the developmental pro-
cesses that initiate reproduction and trigger egg laying [163].
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By contrast, the CH and RH regions, critical for HPA-axis negative feedback
[164], showed a rapid but transient response to ELS. At 1 day of age, TPS
chicks showed increased hippocampal hypermethylation compared to the egg
stage, followed by a shift toward hypomethylation at later stages. When those
same birds faced a second stress as adults, their hippocampal methylation
barely changed, whereas OFH birds showed a large methylation shift. This
pattern suggests a form of “stress inoculation”; the ELS trained the hippocam-
pal regulatory network so that later challenges showed minimal epigenetic
disturbance. Such resilience-building effects of early adversity have been doc-
umented in other models; for example, research with monkeys indicates that
experiencing mild stress early in life can reduce physiological responses to
stress later and promote better coping strategies [165]. Both the RH (dorsal-
like) and CH (ventral-like) subdivisions of TPS chicks showed ELS-induced
methylation changes shortly after hatch, consistent with perturbation of both
spatial/cognitive and stress-related circuits during early development [166].

The NID, which is the avian associative forebrain (analogous to the mamma-
lian cortex [36]), responded differently. ELS did not immediately alter nido-
pallial methylation; instead, a delayed burst of hypomethylated DMRs ap-
peared. Transported chicks accumulated more nidopallial DMRs than OFH
across all time points, suggesting that stress triggered secondary effects that
affected only this region. By adulthood, those methylation differences largely
subsided. This transient effect may reflect a window of early vulnerability fol-
lowed by “catch-up” in cortical development. It also aligns with the NID’s
role in learning and motivation. Electrophysiological studies show that nido-
pallial neurons encode reward expectations and contextual information [165].
Our results suggest that ELS may have reprogrammed these circuits. Gene
ontology of the NID shows enrichment of NuRD chromatin-remodeling genes
and neuromodulatory receptors, indicating that this prefrontal-like region ad-
justed its epigenetic regulation, possibly to maintain cognitive function de-
spite early adversity [167].

Finally, the AMY, unlike mammals, which frequently exhibit heightened neu-
ral activity under stress [168], was the most stable region. The chicks’ AMY
showed very few methylation changes after hatch stress. This could be due to
timing, AMY circuits may form earlier in avian embryos [169], or stress types
like transport may not engage fear circuitry as strongly as predator cues or
social stress [170]. Thus, the chick AMY’s DNA methylome appeared buff-
ered against the hatchery stress. This relative stability suggests that early
transport stress did not strongly reprogram AMY-dependent emotional cir-
cuits, at least at the level of DNA methylation.

In the supervised analysis across brain regions, we observed a few shared
DMRs. However, when these shared DMRs were annotated, only a small
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subset overlapped known genes, including HSD3B1, DEPDC7, and EFHDI.
Interestingly, DEPDC7 was hypermethylated in the OFH group at the 8—7
comparison in the CH, corresponding to the post-relocation period. Previous
studies have implicated DEPDC? in stress-related psychiatric conditions in
humans [171].

Functional enrichment analyses nevertheless revealed that these shared and
region-specific DMRs tended to overlap on similar biological processes, in-
cluding mRNA splicing and RNA biosynthesis. Proper regulation of RNA
processing, particularly splicing, is essential for normal development and
adaptive responses to stress, and disruptions in these pathways have been im-
plicated in impaired cellular function and disease susceptibility [172]

Overall, the general understanding, supported by human and rodent data, is
that the brain’s methylation landscape is fundamentally region-specific and
developmentally structured [173-175]. ELS did not impose a uniform “stress
fingerprint” across the brain; instead, each region responded according to its
functional role and developmental timing, with distinct patterns emerging at
different stages. These findings reinforce the framework outlined in the Intro-
duction, which emphasizes the developmental sensitivity of stress systems and
the tissue-specific nature of epigenetic regulation of stress response.

Study III adds another dimension by examining miRNA regulation, which
captures faster and more transient molecular responses. The results reveal that
miRNA changes following stress are highly time- and tissue-specific.

ELS induced distinct, tissue- and time-specific miRNA responses in chickens,
with rapid and transient alterations in RBCs and delayed, developmentally
modulated changes in the brain.

In RBCs, 24 miRNAs were altered within the first week after stress, highlight-
ing their role as rapid responders and potential non-invasive biomarkers. Sev-
eral belonged to the miR-130 family, known to regulate proliferation, inflam-
mation, and metabolism via MAPK/ERK and NF-«kB/TNFa pathways [176,
177]. These findings align with reported stress-induced physiological out-
comes, including reduced body weight, altered cardiac function, and impaired
immunity in transported chicks [178, 179].

The hippocampus displayed the most extensive alterations within the brain,
especially in the CH region at timepoint 11. In CH, ELS downregulated gga-
let-7a-3p at three weeks and multiple miRNAs at 420 days, including upreg-
ulation of gga-miR-1a-3p and downregulation of gga-miR-182-5p and gga-
miR-183. These miRNAs are known regulators of neuronal plasticity, inflam-
matory responses, and stress susceptibility [180-182]. BCL11A emerged as a
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shared predicted target across most tissue—timepoint combinations, which can
be relevant for future follow-up studies.

Taken together, the three studies construct a coherent model of stress-induced
programming in birds. ELS acts as a developmental signal that reorganizes the
epigenetic landscape across tissues. More broadly, the results show that chick-
ens provide a valuable system for investigating how early experiences influ-
ence epigenomic and transcriptomic regulation in a developing organism. The
parallels between avian and mammalian systems suggest that the fundamental
principles of epigenetic programming, such as tissue specificity and context
dependence, are conserved [173-175]. Recognizing that early handling, trans-
portation, and housing can leave enduring molecular traces emphasizes the
ethical and practical importance of improving early-life conditions. Prevent-
ing stress at its developmental roots may be far more effective than mitigating
its downstream consequences.

In summary, this thesis demonstrates that ELS in chickens imprints a persis-
tent molecular signature across tissues and life stages. DNA methylation and
miRNA regulation together reveal how the epigenome records its environ-
mental history. Such an epigenetic mark opens the way toward animal welfare
tools that reflect not only how animals appear to fare, but also how their bodies
remember and adapt to the worlds they inhabit.

Returning to the aims outlined in the Introduction, this thesis successfully: (1)
identified long-lasting methylation signatures of ELS and EE in RBCs (Study
I); (2) characterised the temporal and region-specific dynamics of brain meth-
ylation across eleven developmental stages in TPS and OFH hens (Study II);
and (3) mapped tissue- and stage-specific miRNA responses to ELS, provid-
ing evidence for both rapid peripheral and delayed central regulatory shifts
(Study III). Together, these studies provide ground to define how ELS shapes
epigenetic trajectories across tissues and development.
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Conclusion and Future Direction

In conclusion, the integrated findings of this thesis underscore that ELS can
influence later molecular regulation, particularly in specific brain regions such
as the hippocampus. We have shown that these changes are not just abstract
molecular shifts; they correlate with fundamental processes (gene regulation
in brain and blood) that underlie an animal’s ability to cope, grow, and thrive.
We also demonstrate that by leveraging modern genomic tools, we can detect
and quantify these invisible histories of stress. This creates an opportunity for
more informed welfare assessments that incorporate the animal's inner state
rather than just its outward appearance.

The work presented here lays a foundation for future research. Immediate
next steps include validating the identified epigenetic modifications in larger
populations and linking them with detailed phenotypic measurements (be-
havior tests, health records). It would also be valuable to explore interven-
tions: for example, by providing an enriched environment after an early
stress to mitigate or erase some of the epigenetic marks associated with det-
rimental responses.

Limitation
Certain limitations should be acknowledged. First, the cross-sectional design

of the brain and blood sampling limits inference about within-individual de-
velopmental trajectories.

Second, while GBS-MeDIP provides broad coverage of methylated regions, it
does not resolve nucleotide-level methylation patterns, and future studies using
WGBS or targeted bisulfite sequencing could complement these findings.

Third, although miRNA and DNA methylation were profiled across multiple
tissues, behavioural or physiological readouts were not directly integrated,

which would strengthen functional interpretation.

These limitations do not detract from the overall findings but highlight oppor-
tunities for deeper mechanistic analysis.
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Svensk Sammanfattning

Stress tidigt i livet (ELS) kan paverka fysiologi, beteende och hélsa langt in i
vuxenlivet, men deras bestdende molekyléra effekter ar fortfarande inte till-
rickligt forstadda. Med hjélp av stressfaktorer, typiska i kommersiell fjader-
faproduktion, undersoker denna avhandling de ldngsiktiga effekterna av ELS
pa epigenomet och transkriptomet hos hons, genom att integrera analyser av
roda blodkroppar (RBC) och flera hjarnregioner. Vi identifierar DNA-mety-
lering, markdrer for langtidsexponering och miRNA med hjilp av GBS-
MeDIP och miRNA-sekvensering i tre studier.

Studie I undersoktes langtidseffekterna av tidig social isoleringsstress (SIS)
och miljoberikning (EE) pa DNA-metylering i RBC vid tvé stadier i livet (3,5
veckor och sex méanader). Trots att bada behandlingarna initialt inducerade
framst hypermetylerade DMR:er, ledde SIS till en aldersberoende ackumule-
ring av hypermetylering, medan EE gav farre DMR:er och en forskjutning mot
hypometylering. Detta indikerar att tidiga miljoer ldmnar bestdende och di-
stinkta epigenetiska spér i RBC.

Studie II kartlade metyleringsdynamik dver 11 stadier och fem hjérnregioner
hos transporterade (TPS) respektive gardsklackta (OFH) kycklingar, som bada
genomgick en andra transport vid ~100 dagar. Odvervakad analys identifie-
rade sex latenta faktorer som visade distinkta, regionspecifika metylerings-
ménster. Overvakade analyser visade att hypotalamus genomgick den mest
omfattande metyleringen, sérskilt under produktionstoppen. Hippocampus
uppvisade en snabb hypermetylering efter den tidiga transporten hos TPS-fag-
lar och en forsvagad respons vid senare transport, vilket indikerar epigenetisk
resiliens. Som kontrast till detta uppvisade OFH-faglarna en kraftig hyperme-
tylering nir de for forsta gangen utsattes for transport vid ~100 dagar, vilket
tyder pa okad sarbarhet. Nidopalliet visade fordrojda TPS-effekter, medan
amygdala forblev relativt stabil.

Studie III profilerade miRNA-reglering i RBC och tre hjérnregioner vid fyra
utvecklingsstadier i samma kohort som anvindes i Studie II. RBC visade ett
snabbt och transient svar, dominerat av miR-130- och miR-15/16-familjerna,
medan hjérnans svar var fordrojda och regionspecifika, med sena fordndringar
i kaudala hippocampus kopplade till neuronal plasticitet. Target-analys iden-
tifierade BCL11A som en viavnadsovergripande regulator.
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Tillsammans visar dessa studier att ELS lamnar ett vivnads- och aldersspeci-
fikt molekylart avtryck. Arbetet fordjupar forstaelsen av stressbiologi hos fag-
lar och hur tidiga erfarenheter formar molekyléra utvecklingsbanor 6ver livs-
Spannet.
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