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Abstract
While it has been shown that epigenetics accounts for a portion of the variability of complex traits linked to interactions
with the environment, the real contribution of epigenetics to phenotypic variation remains to be assessed. In recent years, a
growing number of studies have revealed that epigenetic modifications can be transmitted across generations in several animal species. Numerous studies have demonstrated inter- or multi-generational effects of changing environment in birds,
but very few studies have been published showing epigenetic transgenerational inheritance in these species. In this review,
we mention work conducted in parent-to-offspring transmission analyses in bird species, with a focus on the impact of
early stressors on behaviour. We then present recent advances in transgenerational epigenetics in birds, which involve
germline linked non-Mendelian inheritance, underline the advantages and drawbacks of working on birds in this field and
comment on future directions of transgenerational studies in bird species.
Key words: transgenerational epigenetics; birds; non-mendelian inheritance; environment; behaviour

Introduction
A portion of the variability of complex traits is affected by interactions with the environment, through epigenetic phenomena
[1, 2]. Thus, besides genetic variability, external influences that
affect early life stages (pre and postnatal) can have enormous
consequences on the adult phenotype [3]. Epigenetic marks programmed during embryogenesis are mostly maintained throughout development, and thus, less susceptible to environmental
changes later in life [4]. However, the absolute contribution of epigenetics to phenotypic variation remains to be assessed, and deciphering the part of genetics and epigenetics in phenotype

construction, under different conditions, still encounters challenges [5, 6]: appropriate tools to analyze a high number of epigenetic markers, to be associated with phenotypic variability, are
lacking in these species; clear identification of genetic effects in
farm animals, which are mostly not inbred, need expensive genomic analyses; furthermore, environmentally induced epigenetic
modifications can induce genetic mutations [7]. These challenges
represent important concerns in animal breeding, and there is a
clear need for concerted research work in these areas [8, 9].
Among the environmental influences acting on parental animals,
several factors are reported to affect epigenetic processes during
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Examples of Inter- and Multi-generational
Studies in Birds
In birds, the future embryo development (F1 generation) and its
primordial germ cells (PGCs) (F2 generation) are directly affected
by the egg components, depending on the mother’s environment.
These egg components include the quality and quantity of nutrients and concentrations of yolk hormones [35]. In birds as in
mammals [36], inter-generational (from mother to offspring) or
multi-generational (from father to offspring and from mother to
grand-offspring) effects cannot be considered as transgenerational effects (from mother to G3 or from father to G2) (Fig. 1) [37].

Parent–Offspring Transmission
Giving an exhaustive view of the impact of the parental environment on the offspring phenotype is out of the scope of this

mini-review, and several articles have given examples of such
studies [38–46]. Therefore, we only present recent papers, which
focus mainly on behavioural consequences.
Evidence of the influence of maternal stress on offspring
phenotypes has been shown in chickens [47]. Factors such as
food deprivation, physical restraint or social isolation of parental laying hen were shown to have significant effects on the offspring’s hypothalamus-pituitary-adrenal-axis response by
elevation of corticosterone (CORT), a stress-related hormone.
Furthermore, early life stress in the parents affected several aspects of behaviour (cognition and adaptive response). In a more
applied, on-farm study in laying hens, de Haas et al. [48] showed
that offspring from parent stock with high basal CORT were
more anxious and more likely to develop severe feather pecking
(FP) behaviour in the first weeks of life than offspring from parents with lower basal CORT levels. Additionally, changes in fatty
acid concentrations in the mother diet of laying hens modified
egg mass, yolk-lipid composition, yolk-hormone concentration,
weight at hatch and fear of novelty in the offspring [49]. In
Japanese quail, another selected bird species, simulating maternal stress by injection of eggs with CORT resulted in an attenuated stress response in their offspring, with maternal pre-natal
stress being more important on the offspring’s physiological response than post-natal stress [50]. In chickens, CORT levels in
the yolk are not elevated due to stress, although stress affects
other yolk hormones, such as testosterone and estrogens; the
importance of pre-natal stress may be a particularity of precocial species of birds, self-sufficient at hatching [50]. These examples confirm in birds (as oviparous species) the direct
influence of the maternal environment on offspring’s
phenotypes.

Parent-Grand-Offspring Transmission
In zebra finches, plasma CORT was elevated by oral treatment
of mothers with high plasma CORT, resulting in an increase of
grand-offspring growth rate and a sex-biased offspring mortality [51]. In ducks, a study showed that maternal methionine deficiency affected grand-progeny phenotypes through the
paternal path of transmission (e.g. body-weight and lipid metabolism components) [52].
These studies add new evidence regarding the already known
essential role of prenatal maternal provisioning in shaping
offspring’s phenotype. This role may be confounded with other
maternal effects such as direct additive genetic effects, mitochondrial inheritance or sexual chromosome-linkage. A recent
study has disentangled prenatal maternal effects from these
sources of confounding variation in quail by using reciprocal
crosses, allowing to observe individuals with similar genotypes
but different maternal egg investment [53]. The grand-parental
transmission of environmental effects described here, especially
when shown to be paternally inherited, suggests a non-genetic
germline-linked inheritance in birds.

Multigenerational Epigenetics and Selection
The aforementioned studies have been performed on experimental or farm populations and recent work extends the intergenerational effect, probably of epigenetic origin, to wild
populations. In house sparrows, for example, parental age has a
negative effect on offspring lifetime fitness [54]. The authors of
this study showed that this effect was not due to environmental
factors such as senescence in parental care behaviour, as they
used a cross-fostering design and observed that the lifetime
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early development of the offspring, such as endocrine disrupting
chemicals [10], inorganic chemicals [11], nutritional compounds
[12, 13] and stressful conditions [14].
Epigenetics is the study of molecules that attach to the genome and maintain this interaction in a mitotically stable manner, thereby regulating gene expression [15]. Epigenetic
modifications include DNA methylation or hydroxymethylation
of CG dinucleotides, chemical modifications of histones, interaction of DNA with small RNAs, or states of chromatin condensation [1, 16]. Research on epigenetics has permeated several
fields of biological research, from molecular biology to evolution
[17]. Altering epigenetics states in some genomic regions can
have drastic phenotypic consequences such as changes in the
coat color [12] or increased disease susceptibility [3, 18]. A variety of model organisms have been used in epigenetic research,
including laboratory rodents [10, 12, 13], invertebrates [19],
plants [20] or yeast specimens [21] .
In recent years, a growing number of studies have revealed
that epigenetic modifications can be transmitted across generations [6], but the debate continues on how epigenetic marks
that are acquired from environmental exposure can be transmitted beyond the exposed generations, via ‘transgenerational
epigenetic inheritance’ [22, 23]. A germline-dependent epigenetic effect, through histone modifications, DNA methylation or
small RNAs, has been identified in various animals including
worms and mammals (see [24–31]). However, in spite of the importance of epigenetic mechanisms affecting phenotypic traits
and gene expression, few epigenetic studies in farm animals
have taken place, even though in the production environment
parents and offspring may live under a variety of environmental
conditions, which generate phenotypic variability even in
highly genetically homogeneous groups of individuals.
While numerous studies have demonstrated inter- or multigenerational effects in birds, very few have shown that germlinedependent epigenetic mechanisms are causally involved in
non-DNA sequence-based inheritance in these species. Epigenetic
mechanisms are far less known in birds than in mammals, and
some processes may be quite different: it seems, for instance, that
there is no genomic imprinting in birds [32–34]. Thus, our knowledge has to be improved with regards to the biological importance
of these economically important species. In this review, we briefly
mention work conducted in parent-to-offspring transmission
analyses in birds. Further, we present recent advances in transgenerational epigenetics in birds, underline the advantages and
drawbacks of working on birds in this field and comment on future directions of transgenerational studies in bird species.
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ronment can affect egg components and thus may impact F1 individuals. However, as these F1 developing offspring bear the PGCs that will lead to differentiated gametes, the change in maternal environment may also impact F2 individuals. Thus only the effects observed on the F3 individuals will be considered as transgenerational
effects. (b) A change in the paternal environment only affects its own gametes that will lead to the F1 generation. The effects observed on the F2 individuals will be considered as transgenerational effects

reproductive success depended on the age of the genetic parent
but not on the age of the foster parent. These findings show
that transgenerational effect of parental age may impact population dynamics, potentially through epigenetic phenomena
[54]. In another work conducted on natural populations of
Darwin finches, DNA methylation marks were shown to be accumulated during evolution, while the phylogenetic distance
was not associated with the number of genetic mutations, at
least for copy number variations. While other genetic variations
such as single nucleotide polymorphisms cannot be ruled out,
this study opens the possibility for the involvement of epigenetic changes in the speciation of natural populations [55].
Finally, results obtained from an artificial selection experiment
in great tits showed that methylation levels near the transcription start site of the DRD4 gene (dopamine receptor D4, known
to be associated with personality traits in several species) were
associated with exploratory behaviour [56]. However, these differential epigenetic marks obtained after 4 generations of selection may have emerged due to genetic selection. They,
nevertheless, seem to be associated with the variability of the
selected trait, while no functional genetic variant acting at the
protein level has been detected [56]. These findings again support the hypothesis of non-genetic inheritance in birds.

Genetics and Epigenetics of Domesticated
Birds’ Welfare
Animal welfare has high societal and scientific priority, and the
public is becoming increasingly concerned about how animals,

including domesticated birds, are treated. To study gene  epigenetics  environment interaction in the field of animal welfare represents a great challenge [57]. Under commercial
conditions, birds such as turkeys, ducks, quail or chickens, are
exposed to a number of stressors during early development,
such as hatching without maternal contact, transportation,
heat and cold stress, or separation from social mates. These
early stressors have impact on behaviour and physiology probably also through epigenetic mechanisms that affect the next
generation [58], for example, via alteration in steroid hormones
deposited in the yolk. Yolk steroids may provide powerful maternal signals for adaptive modifications of offspring development in response to the environmental conditions [35].
Likewise, epigenetic marks in peripheral cells could be a feasible
way to measure past detrimental conditions, since it has recently been shown that epigenetic marks in red blood cells can
identify rearing conditions in hens [59].
Many behaviours in the chicken are affected by early environmental factors and maternal hormones, such as learning,
food choice, stress response [44] and neophobia [49]. Likely also
maladaptive redirected FP could be influenced by early environment. FP occurs when chickens are unable to perform foraging
behaviour [60], and in animals which are anxious and have a
high pecking motivation [61]. FP chickens peck at and pull out
the feathers of recipient birds, sometimes followed by eating
the removed feathers [62]. FP is a detrimental behaviour in
chickens that represents both serious economic and welfare
problem: feather loss affects negatively animal health and egg
production, increases feed consumption and can lead to increased mortality rates [60, 63–65]. Pulling out feathers causes
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Figure 1: The maternal environment directly impacts F1 and F2 offspring while the paternal environment only impacts F1 offspring. (a) A change in the maternal envi-
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Transgenerational Non-Genetic Inheritance in
Quail
Very few transgenerational studies have been published in farm
animals [73], especially farm chickens [40], and to the best of
our knowledge, only one experimental study has been published in transgenerational inheritance in domesticated birds
until the F3 generation [74]. To test for the existence of transgenerational transmission of an environmental effect in birds,
two quail ‘epilines’ were produced using fertilized eggs from the
same founder population, the high social reinstatement quail
line that was developed by divergent selection on social motivation [75]. A methylation modifier (Genistein, an endocrine disruptor present in soybean products) was injected (Epiþ epiline)
or not (Epi- epiline) into the eggs before incubation. To evaluate
the persistence of a putative effect of the treatment, three generations were produced from the founders with exact parallel
pedigrees between the Epiþ and Epi- epilines. Mirrored singlepair mating was performed to minimize between-line genetic
variability by maintaining similar ancestor contributions across
generations in each epiline. So observed differences were likely
to be due, at least in part, to epigenetic transgenerational inheritance. Indeed, after three generations of breeding without further injection, several traits were affected, such as age at first
egg (delayed by 8 days) and behavioural traits (reduction of
birds’ reaction to social isolation, measured as the total distance
travelled when isolated in a test room).

Advantages and Drawbacks of
Transgenerational Studies in Birds
A major obstacle in transmitting epigenetic information
through DNA methylation from one generation to the next is
the epigenetic reprogramming, that is, the demethylationremethylation of most of the CG sites. Little is known in birds
about epigenetic reprogramming, and a reasonable hypothesis

is that events occur in the same way as it happens in mammals,
where two developmental periods exist in which major epigenetic changes occur in the genome [76, 77]. One is after fertilization, when an initial reduction in DNA methylation is followed
by re-methylation at the time of blastocyst implantation [77].
Another period of epigenetic reprogramming occurs during the
migration of primordial germ cells (PGCs) towards their final
establishment in the gonads [78]. During this migration, major
demethylation of the genome also occurs followed by remethylation [76–78]. Both of these periods of resetting of methylation patterns are windows of sensitivity to environmental
exposures, as the methylome is less subject to changes later in
life in response to environmental changes [1]. Interfering with
the resetting period of PGCs, however, has different implications than interfering with the resetting period of preimplantation embryos. Because the germ line has the ability of
transmitting epigenetic marks to next generations, altered DNA
methylation patterns produced in the germ line can be transgenerationally perpetuated, probably having escaped from epigenetic reprogramming [15]. Recent studies in rodents have
shown that exposure to a variety of substances can alter methylation patterns in the germ line that may be transmitted to future generations, while associating with the emergence of
altered phenotypes [79–82]. Unravelling the periods of epigenetic programming in various animals could help us to understand where and how epigenetic transgenerational inheritance
works.
Because in mammals the period of migration of PGCs involves major epigenetic reprogramming in their genome, it is
expected that a similar phenomenon occurs in birds. However
in chickens, PGCs migration occurs partially in extraembryonic
tissues. After egg laying, chicken PGCs migrate outwards from
the anterior part of the embryo (germinal crescent) towards the
extraembryonic tissue, while blood vessels are being formed
[83]. Once the circulatory system starts to be active, PGCs migrate inside the embryo through the newly formed blood vessels, finally reaching the genital ridges at around 60 h after egg
laying [83, 84]. Recent research in chickens has determined
changes in gene expression of DNA methyltransferases that
suggest the occurrence of a major epigenetic reprogramming of
PGCs during their migration [85]. However, a precise description
of the time of epigenetic reprogramming of PGCs is still lacking
in birds. This lack of knowledge compared to mammals remains
a limitation to study transgenerational epigenetic inheritance
in birds. Furthermore, in heavily selected bird species, these factors may have a significant input on the sire or dam line, and respective offspring crossbred generations, because of the high
number of offspring issued from a single parent. Thus, a better
understanding of these phenomena may help in the improvement of breeding systems, by taking into account the parental
environment (e.g. diet, temperature and so on) to increase offspring performances.
Other hypotheses have been stated about the germ-line vector of non-genetic inheritance, as histone marks [86] or noncoding RNAs [27], the latter gathering more and more interest
[25]. Also in these fields, much work has to be done to improve
our knowledge in birds.
The major drawback, however, may be the outbred nature of
most of the available lines: inbred strains are an ideal tool to
avoid genetic variability and thus to have an unbiased interpretation of epigenetic variations [87]. As in the earlier quail example, it is not straightforward to discriminate epigenetic from
genetic effects when analyzing outbred lines. But inbred lines
may be less susceptible to epigenetic transgenerational
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pain [66] and severe FP may develop into cannibalism [62].
Interestingly, genetic mutations affecting FP were found in laying hens: Flisikowski et al. [67] performed an association study
in high and low FP lines and found an association between
DEAF1, a gene for a regulatory factor of the serotonergic system,
and FP. Further, mutations in the dopamine D4 receptor were
detected. Similarly, Biscarini et al. [68] found an association between the gene for the serotonin receptor HTR2C and feather
damage, which was significant across a population of nine
pure-bred selection lines.
The genetic contribution to the development of this behaviour
was demonstrated by successful divergent selection [69–71].
However, epigenetic processes behind the development of damaging pecking remain largely unknown, although highly plausible
considering the dependence of these behaviours on early environmental conditions. One of the aims of a recently formed
research network, i.e. the COST Action GroupHouseNet (www.
grouphousenet.eu), is to contribute to the clarification of these
aspects [72]. This COST Action aims to reduce damaging behaviour in pigs and laying hens. One working group focuses on genetic and epigenetic approaches to reduce damaging behaviour.
Prevention of parental stress and stress during early life of
animals could be an important way to reduce the risk of these
damaging behaviours developing. Whether the impact of early
stressors has transgenerational consequences on behaviour remains to be evaluated.

Transgenerational epigenetic inheritance in birds

Future Directions
The number of transgenerational studies in birds should increase in the coming years. The avian scientific community has
a wealth of species suitable for this kind of studies, from experimental lines to natural populations.
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Concerning applied research in the field, future work should
pave the way to improved models in genetic selection. In recent
years, new selection schemes incorporating molecular information have been implemented or are under development, in different farm species (genomic selection, marker-assisted selection).
So far the information taken into account in these programs corresponds to DNA nucleotide variations. On the contrary, the part
played by the inherited epigenetic variability in shaping phenotypes over generations is still unknown. The integration of epigenetic phenomena in enriched models should improve both the
accuracy of the prediction models and their effectiveness in animal selection. The results will ultimately condition the work to
be conducted in other animal species of agricultural interest.
As underlined earlier, a precise knowledge of the dynamic of
the epigenetic reprogramming of PGCs and early embryo is absent in birds. This is a very important field of investigation for
the future: indeed, the identification of developmental periods
of major epigenetic reprogramming in laboratory rodents was a
fundamental step in epigenetic research [76].
For most of the studies described earlier, molecular epigenetic analyses are missing, and future work has to combine
well-defined animal designs and thorough molecular analyses,
including DNA methylation, histone marks analyses and noncoding RNA sequencing. Performing these analyses in pure
tissues is necessary, as the epigenetic landscape is strongly
tissue-specific. Moreover, deciphering the genetic from the epigenetic relative weight of such inheritance is challenging, and
designs have to be built to minimize and/or accurately account
for the genetic variability.
In birds, the issues related to the estimation of the importance of epigenetic variability, its inheritance and the putative
genetic control of these phenomena, go far beyond animal production and deal with fundamental biological questions related
to phenotype formation. As in mammals [87], bird studies must
thus be set up to answer different but complementary scientific
questions, as ‘which part of the phenotypic variability is caused
by epigenetic phenomena?’, ‘to what extent is epigenetic marks
variability governed by the genome?’, ‘how is the environment
able to modify germ cells epigenetic marks?’ ‘which germlinespecific epigenetic mark is able to transfer the effect of a changing environment to the offspring?’
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