
Leroux et al. Genet Sel Evol  (2017) 49:14 
DOI 10.1186/s12711-017-0292-7

RESEARCH ARTICLE

Embryonic environment 
and transgenerational effects in quail
Sophie Leroux1, David Gourichon2, Christine Leterrier3,4,5,6, Yann Labrune1, Vincent Coustham7, 
Sandrine Rivière2, Tatiana Zerjal8, Jean‑Luc Coville8, Mireille Morisson1, Francis Minvielle8 
and Frédérique Pitel1* 

Abstract 

Background:  Environmental exposures, for instance to chemicals, are known to impact plant and animal pheno‑
types on the long term, sometimes across several generations. Such transgenerational phenotypes were shown to be 
promoted by epigenetic alterations such as DNA methylation, an epigenetic mark involved in the regulation of gene 
expression. However, it is yet unknown whether transgenerational epigenetic inheritance of altered phenotypes exists 
in birds. The purpose of this study was to develop an avian model to investigate whether changes to the embryonic 
environment had a transgenerational effect that could alter the phenotypes of third-generation offspring. Given its 
impact on the mammalian epigenome and the reproductive system in birds, genistein was used as an environment 
stressor.

Results:  We compared several third-generation phenotypes of two quail “epilines”, which were obtained from 
genistein-injected eggs (Epi+) or from untreated eggs (Epi−) from the same founders. A “mirrored” crossing strategy 
was used to minimize between-line genetic variability by maintaining similar ancestor contributions across genera‑
tions in each line. Three generations after genistein treatment, a significant difference in the sexual maturity of the 
females, which, after three generations, could not be attributed to direct maternal effects, was observed between the 
lines, with Epi+ females starting to lay eggs later. Adult body weight was significantly affected by genistein treatment 
applied in a previous generation, and a significant interaction between line and sex was observed for body weight at 
3 weeks. Behavioral traits, such as evaluating the birds’ reaction to social isolation, were also significantly affected by 
genistein treatment. Yet, global methylation analyses revealed no significant difference between the epilines.

Conclusions:  These findings demonstrate that embryonic environment affects the phenotype of offspring three 
generations later in quail. While one cannot rule out the existence of some initial genetic variability between the lines, 
the mirrored animal design should have minimized its effects, and thus, the observed differences in animals of the 
third generation may be attributed, at least partly, to transgenerational epigenetic phenomena.

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Epigenetic phenomena, such as DNA methylation, his-
tone modifications, changes in chromatin structure or 
effects of non coding RNAs, affect gene expression and 
thus are expected to have important effects on pheno-
types. The phenotypic diversity of a population is the 
result of both genetic and epigenetic variations, with 

epigenetics accounting for a portion of the variability 
of complex traits that is linked to interactions with the 
environment [1, 2]. The real contribution of epigenetics 
to phenotypic variation remains to be evaluated, but it 
is an attractive new path in animal breeding that might 
help to explain the missing causality of complex traits 
[3]. In recent years, a growing number of studies have 
shown that epigenetic information can be transmitted 
across generations. In particular, the intergenerational 
transmission of DNA methylation and the influence 
of epigenetic marks on phenotype variability has been 
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clearly established in plants [4]. These phenomena could 
also partly explain the “missing heritability” described 
in genome-wide association studies (GWAS) in humans 
[5, 6]. The parental environment has been demonstrated 
to influence the phenotype of direct offspring in several 
mammalian species [7, 8], but a debate remains as to 
the actual existence of transgenerational inheritance of 
epigenetic marks that are acquired following particular 
environmental exposures. In mammals, a change in the 
environment of a pregnant F0 mother may have a direct 
influence on her developing F1 progeny and on the pri-
mordial germ cells carried by the F1 embryo that will give 
rise to the F2 generation. Therefore, “true” transgenera-
tional epigenetic transmission is only observable in the 
F3 generation and beyond [9, 10]. Non-genetic transgen-
erational inheritance has been clearly demonstrated in 
several organisms, such as Caenorhabditis elegans, and 
involves histone marks and small RNAs as well as other 
unknown mechanisms [11–14]. In vertebrates, several 
studies have used rodent models and have assessed the 
effect of vinclozolin on the health of generations F1 to F4. 
These studies have shown that the influence of vinclozo-
lin on fertility or organic diseases seemed to be transmit-
ted to subsequent generations through the male germline 
[15–18]. The transgenerational effects of environmen-
tal contaminant exposures during embryonic develop-
ment have also been recently demonstrated in medaka 
[19]. The existence of a germline-dependent epigenetic 
effect, through histone modification, DNA methylation 
or small RNAs, has thus been identified in various spe-
cies including worms and mammals (see [20–22]), but 
to the best of our knowledge there are no reports about 
transgenerational epigenetic inheritance in birds. The 
objective of our study was to test for the existence of epi-
genetic transmission in third-generation birds. We chose 
to use the Japanese quail as a model species because of its 
short generation interval, small size and well-established 
husbandry procedures, and because it is closely related 
to chicken [23]. Two lines of quail were produced from 
fertilized eggs from the same founder population. The 
phytoestrogen genistein, a putative methylation modi-
fier (see [24]), was injected into the eggs of the Epi+ line, 
whereas the eggs of the Epi− line remained untreated. 
After three generations of parallel within-line breeding, 
without further injection, several traits were measured 
and compared between the two lines, in order to estimate 
to what extent transgenerational epigenetic transmission 
accounted for differences between the two quail lines.

Methods
Animals and experimental design
Animals were bred at INRA, UE1295 Pôle 
d’Expérimentation Avicole de Tours, F-37380 Nouzilly 

in accordance with European Union Guidelines for ani-
mal care, following the Council Directives 98/58/EC and 
86/609/EEC. Animals were maintained under standard 
breeding conditions and were subjected to minimal dis-
turbance. The farm is registered with the French Minis-
try of Agriculture under license number C37–175–1 for 
animal experimentation. The experiment was conducted 
under authorization 37–002.

Founders were chosen from the HSR (high social 
reinstatement) quail line that was developed by diver-
gent selection on social motivation [25]. Two new lines 
were produced from 10 founding pairs: fertilized eggs 
from each pair were divided into two groups, a con-
trol group and a group treated by injection of genistein 
(Sigma-Aldrich) before incubation. The concentration 
of genistein used (500 µg per egg, in 50 µL of sesame oil, 
Sigma-Aldrich) was determined according to the indi-
cations from a study using genistein injections in quail 
eggs [26]. The control group was not injected because 
the objective of our study was to observe the putative 
transgenerational transmission of methylation changes, 
regardless of the cause of the methylation profile differ-
ences between treated and non-treated controls. Indeed, 
global DNA methylation levels may be affected when 
control individuals are exposed only to the solvent used 
to dilute the product, as is the case in mosquitos [27]. 
However, no differences in global methylation are usually 
detected between non-injected and oil vehicle-injected 
controls [28].

The individuals hatched from these eggs (two or three 
birds per treatment group and pair of founders) con-
stituted the G0 generation of the “Epi−” (control), and 
“Epi+” (genistein-treated eggs) lines (Fig.  1). Two gen-
erations were then produced for each line with exact 
parallel pedigrees, by mirrored single-pair matings at 
each generation (see Additional file  1: Figure S1), so 
that the expected genetic contribution of each founder 
was identical. This minimized the initial genetic differ-
ences between the two lines and maximized the likeli-
hood that any observed third-generation line differences 
was due to the transmission of non-genetic information, 
beyond expected Mendelian sampling. For each line, the 
third-generation individuals were produced in sufficient 
numbers for the comparison of individual production 
traits. On average, 128 quails per sex and per line were 
produced under standard rearing conditions. The rear-
ing environment was the same for all animals of each 
generation.

Analysis of the performance of the third‑generation 
individuals
The traits measured are listed in Table 1. The body weight 
of all individuals (n = 513) was measured at 3 weeks of 
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age. The number of eggs laid was measured for a subset 
of females of each line (n = 168). The age at first egg and 
the number of eggs laid during the experimental period 
(from first egg to 27 weeks of age) were recorded. A sub-
set of individuals (n = 332) was reared until 27 weeks of 
age when birds were sacrificed and body weight, wing-
span, liver and abdominal adipose tissue weights were 
measured.

We estimated the surface temperature of the eye, 
the beak and the shank using a FLIR B35 infrared digi-
tal camera (Wilsonville, USA). A distance of 50 cm was 
maintained between the bird and the camera. Images 
were analyzed with the ThermaCam Pro 2.10 software, 
with emissivity set to 0.95. Figure  2 shows the areas of 
temperature measurement on the quail heads.

Because the selection criterion used in the founder line 
involved social motivation [25], we investigated whether 
social behavior was modified in the third-generation 
individuals. Moreover, we assessed whether initial gen-
istein treatment affected fearfulness since the latter could 
interfere with social motivation.

Social reinstatement behavior (day 6–7)
The test procedure used was similar to that described 
in detail by Mills and Faure [25]. Birds were trans-
ferred in groups to a room (A) adjacent to the test-
ing room (B). In room A, they were housed in 

G-1

G0

G3

G1

Epi- line Epi+ line

Genistein injec�on into the egg

Treated (G0) or issued from treated ancestors

10 founding pairs

15 pairs

30 pairs

G2 18 half-sib families (52 mothers)

513 offspring

Fig. 1  Experimental design. A single injection of genistein was performed at the onset of egg incubation to produce the first generation (G0). The 
epilines were then produced through a “mirrored” design (see Additional file 1: Figure S1)

Table 1  Analysis of traits measured on G3 individuals

Line effect indicates significant (+/−) or non significant (=) differences between 
the Epi+ and Epi− lines (p < 0.05, see Additional file 2: Table S1). Phenotypes 
were measured at slaughter (27 weeks of age) except for body weight at 3 weeks 
and behavioral traits (see “Methods”). Methylation levels were measured by 
LUMA on blood sampled at 23 weeks of age

* p-values from the linear mixed model analysis were adjusted with the 
Benjamini–Hochberg correction
a  These traits were measured in females only (since in the original HSR line and 
in the Epi− and Epi+ lines, abdominal fat is nearly absent in males)

Trait Number of indi‑
viduals

Line effect

Body weight at 3 weeks 513 –

Adult body weight 332 –

Liver weight 299 =
Abdominal fat weight 158a +
Age at first egg 168a +
Egg number 168a –

Wingspan 303 –

Beak temperature 291 +
Eye temperature 283 +
Leg temperature 160a =
Distance 101 –

Center1 101 –

Dist. tread 96 =
TI duration 93 =
G0 methylation level 16 =
G3 methylation level 46 =
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wooden cages that measured 63  cm ×  38  cm ×  28  cm 
(depth × width × height), had a wire mesh cover, a bed-
ding of wood shavings, and contained a feed trough 
and drinker. Feed and water were provided ad  libitum. 
Quails were familiarized with these cages for at least 
1  h before testing. Then, they were tested in room B, a 
square walled arena (80  cm  ×  80  cm) with a central 
area (40  cm ×  40  cm) and an outlying section (20  cm 
wide along the walls). Social reinstatement behavior was 
assessed by measuring over a 5-min period the distance 
(“dist. tread”, arbitrary unit) a single chick ran on a tread-
mill apparatus to join a group of five conspecifics (see 
[25] for details).

Tonic immobility (day 11–12)
Duration of tonic immobility (“TI duration”) is a behav-
ioral and physiological response which is modulated by 
frightening situations and is considered as a measure of 
the level of fearfulness [29, 30]. Animals were placed on 
their back in a U-shaped cradle and restrained for 10  s 
before the duration of tonic immobility was recorded. If a 
bird failed to right itself after 3 min, a maximum score of 
180 s was recorded. If tonic immobility was not induced 
after five attempts, a score of 0 s was recorded (see [25] 
for details).

Reaction to social isolation (days 13–14)
Quails were removed from their brooder cages and trans-
ferred in groups of 20 individuals to room A under the 
same conditions as for the social reinstatement behav-
ior tests. Quail behavior was recorded in room B using a 
camera placed above the arena and connected to a com-
puter equipped with the Ethovision tracking system (v 
XT7.0, Noldus Technology, Wageningen, The Nether-
lands). The total distance travelled (“distance”) and the 
number of changes from the center to the periphery of the 
arena (“center1”) were recorded over a three-min period.

Traits and performances were analyzed with the “nlme” 
package of R, version 3.0.3 [31, 32] using the linear mixed 
effects (LME) model with founding single-pair mat-
ings (see Additional file 1: Figure S1) as random effects, 
and line and sex, when necessary, as fixed effects. Body 
weight was added as a covariate in the model when rel-
evant: fixed effects and covariates were chosen using a 
stepwise model selection process (stepAIC, from the 
“MASS” package, R version 3.0.3 [31]). Traits with non-
normal residues were transformed with the BoxCox 
function [33] and the model was built with the trans-
formed variable (see Additional file 2: Table S1).

LUMA (LUminometric Methylation Assay) analyses
The global methylation level was measured from whole 
blood samples of individuals from the G0 (n = 8 for each 
line) and G3 (n = 22 Epi+ and n = 24 Epi−) generations. 
Genomic DNA was extracted from blood samples using 
a high-salt extraction method [34]. Methylation analyses 
were performed using the LUMA assay [35, 36]. Briefly, 
DNA was digested by EcoRI +  HpaII or EcoRI +  MspI 
restriction enzymes (New England Biolabs) and then 
analyzed using a Q24 Pyromark sequencer (Qiagen). 
MspI and HpaII have the same recognition site (CCGG), 
but HpaII is inhibited by the presence of a 5-methylcy-
tosine, while EcoRI (recognition site: GAATTC) is used 
as an internal control for normalization. Runs were ana-
lyzed with PyroMark Q24 1.0.10 software (Qiagen).

The dispensation order for nucleotides was GTGT-
CACATGTGTG. Methylation levels were calculated 
from peak heights as [1  −  [(HpaII(G)/EcoRI_Hpa(T))/
(MspI(G)/EcoRI_Msp(T))] × 100]. Each pyrosequencing 
analysis was performed in duplicate.

Statistical analysis (Shapiro–Wilk test of normality and 
two sample t test) was performed using R version 3.0.3 
[31].

Results and discussion
In order to assess the extent of transgenerational non-
genetic inheritance, we measured several traits on 
third-generation individuals of the Epi+ and Epi− lines. 
Results are in Table 1.

EPI+

EPI-

Fig. 2  Thermacam image of two quails. Top panel Epi+ individual. 
Bottom panel Epi− individual. The areas of temperature measurement 
are shown
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Weight traits
A significant line  ×  sex interaction (p  =  0.012) was 
observed for body weight at 3-weeks of age (Fig. 3): expo-
sure of eggs to genistein increased the weight of males 
while it decreased the weight of females. Sex-specific 
effects of environmental programming, including that of 
the diet fed to dams, have already been observed in G1 
individuals in mammals [37, 38] and in G2 individuals in 
birds [39].

The treatment of G0 eggs with genistein significantly 
altered the body weight of G3 individuals (p =  0.008 at 
27  weeks of age), Epi− birds being heavier than Epi+ 
birds. A significant line effect was observed for abdomi-
nal adipose tissue, which was reduced in the Epi− line 
compared with the Epi+ line (−9.6%, p = 0.009). These 
results are consistent with a transgenerational effect on 
quail lipid metabolism through a change in embryonic 
developmental environment that is triggered by the addi-
tion of a methylation modifier into the egg in G0 individ-
uals. Such an effect has been demonstrated in ducks: the 
diet fed to the dams affects the lipid metabolism of G2 
birds through the male line [39].

Reproductive traits
The line effect on the number of eggs laid was highly sig-
nificant (p =  0.003), with the Epi+ line having a lower 
laying rate than the Epi− line (−12.7%, p = 0.003). This 
difference was mainly due to the age at first egg, since 
Epi+ females started laying eggs more than 8 days after 
their Epi− counterparts (p = 0.0007, see Additional file 2: 
Table S1). Genistein has been shown to have a direct 
effect on the reproductive system via different mecha-
nisms [40, 41] and in several species (for review see [24]). 
When added to the diet, genistein tends to increase egg 

production in quail [42], but, in our study, it reduced egg 
production of G3 females. This is not surprising since the 
detrimental effect on egg production in G3 is an indi-
rect, transgenerational effect, whereas the known posi-
tive effect of dietary genistein on egg production [42] is 
a direct, primary effect, and the mechanisms involved 
may differ. At this point, we cannot formulate a strong 
hypothesis about the putative epigenetic mechanisms 
involved, in particular because the mode of administra-
tion and the generation at which genistein was given dif-
fered between both studies. As underlined by Miska and 
Ferguson-Smith [43], non-DNA sequence-based inher-
itance may be a way to achieve short-term adaptation. 
Thus, the effect of a specific environment may trigger a 
phenotype in one generation (e.g. increased egg pro-
duction) and an opposite reaction in a later generation 
(decreased egg production).

Behavioral traits
None of the behavioral measures were influenced by the 
sex of the bird. In the isolation test, Epi+ birds walked 
less (p = 0.012) and traveled fewer times from the center 
to the periphery of the arena (p = 0.026) compared with 
Epi− animals. In this test, walking long distances in the 
arena, while jumping and calling for other quails, indi-
cates a condition of stress that is characteristic of social 
isolation [44]. Interestingly, Epi+ birds seemed to be 
less distressed by the absence of other quails than Epi− 
birds, which have a behavior similar to that of the original 
HSR parental line. Some previous work in chickens also 
reported multigenerational changes in behavior when 
birds experienced unpredictable changes to the light–
dark rhythm [45]. This stress resulted in the impaired 
ability to solve a task based on spatial learning, and 
was also observed in the offspring [45]. It also induced 
changes in exploratory behavior in both stressed indi-
viduals and their unstressed offspring [46]. Transgenera-
tional differences in exploratory behavior and neophobia 
have been observed in the F2 generation of mice when 
the F0 generation received impaired maternal care [47] 
but, to our knowledge, no previous experiments have 
mentioned such changes in birds.

In contrast to the isolation test, the Epi+ and Epi− 
lines did not differ in their response to fear, as measured 
through the duration of tonic immobility and social moti-
vation. Emotions are complex responses that reflect dif-
ferent dimensions of the individual [48, 49]. The response 
to isolation involves both fear and social responses but 
also general activity components, with more complex 
underlying psychophysiological mechanisms than those 
involved in fear or motivation for social reinstatement 
alone. This could explain why the response to isolation 
differed between the Epi+ and Epi− lines, suggesting the 

Fig. 3  Boxplot of the body weight at 3 weeks according to line 
(Epi−/Epi+) and sex. F female, M male



Page 6 of 8Leroux et al. Genet Sel Evol  (2017) 49:14 

involvement of epigenetic mechanisms, while the tonic 
immobility and motivation to join congeners did not. 
Previous studies have detected seven quantitative trait 
loci (QTL) related to the response to social isolation in 
a design including the founder HSR quail line [50]. One 
of the QTL, on chromosome 19, was also related to age 
at laying onset, another trait that was modified in Epi+ 
birds. Further investigations will be needed to investi-
gate whether this locus is specifically affected by epige-
netic modifications that could explain these concomitant 
changes in behavior and in the onset of laying in G3 Epi+ 
birds.

Temperature‑related traits
Significant line and sex effects were observed for mean eye 
and beak temperatures, with Epi+ birds displaying higher 
temperatures than Epi− birds (p = 0.003 and p = 0.0007, 
respectively). No differences were observed for the shank 
temperature but this trait was measured on females only 
and on a smaller number of birds (Table 1 and see Addi-
tional file 2: Table S1). Eye temperature has been proposed 
as a proxy for body core temperature (see [51]). The han-
dling required for temperature imaging can be considered 
as an “emotional stressor” and has been shown to affect 
body temperature in several species, including chickens 
[52]. Therefore, since Epi+ and Epi− lines differ for behav-
ioral traits related to stress, they may also differ in their 
physiological responses to temperature-measuring condi-
tions, with a higher level of stress, and, correlatively, higher 
eye and beak temperatures in Epi+ birds.

Global DNA methylation analyses
In a first attempt to explain the effect of genistein after 
several generations without treatment, and to highlight 
the possible involvement of epigenetic phenomena, we 
estimated the global level of DNA methylation in the 
blood of adult birds. DNA methylation is not the only 
mechanism that may be involved in transgenerational 
epigenetics [22], but it is the most frequently studied due 
to technical feasibility. Indeed, DNA methylation has 
already been shown to be affected in many transgenera-
tional studies in different animal species, including pigs 
[53]. No significant differences were observed between 
lines, neither at the G0 nor the G3 generation, and no 
differences were observed either between G0 and G3 
(Table  1 and see Additional file  2: Table S1 and Addi-
tional file 3: Figure S2).

These results show that the treatment of ancestors with 
genistein has no influence on the global methylation level 
in blood. However, although blood is the most frequently 
used tissue in methylome studies due to its non-invasive 
sampling [54], we cannot generalize our results to other 
tissues in the offspring.

Are offspring phenotypes epigenetically influenced 
by their ancestors’ embryonic environment?
Several phenotypic traits differ significantly between the 
two quail lines. However, since the quails analyzed were 
not completely inbred, non-genetic inheritance of the 
effect of genistein may not completely explain these dif-
ferences. In addition, the equal relative genetic contribu-
tion of ancestors to the two lines, which was maintained 
across generations through our “mirrored” single-pair 
mating design, should have substantially reduced the 
effect of between-line genetic variability on the differ-
ences observed.

Our results are original in the field of environmental 
transgenerational effects on livestock because several 
traits were affected, and included both reproductive and 
behavioral traits. We hypothesize that these differences 
are neither due to putative chromosomal rearrangements 
induced by the genistein treatment [55], nor to possible 
genetic polymorphism diversity between lines, which 
should be minimal due to the experimental mirrored 
mating design used.

Global methylation was not affected by genistein treat-
ment, but this does not rule out discrete changes in DNA 
methylation. Indeed, genistein induces both hyper- and 
hypo-methylation of genomic regions via mechanisms, 
notably DNMT1 inhibition, which are not yet completely 
understood [56–62].

Transgenerational inheritance may be triggered in dif-
ferent ways [63], including miRNA [64], histone modi-
fication [65] or DNA methylation [22], and may be 
involved in human metabolic diseases [66]. Some regions 
were even shown to evade the genome-wide DNA dem-
ethylation, which occurs in the mammalian germline and 
preimplantation embryos, to induce possible transgen-
erational effects based on the ancestor’s environment 
[67]. Our study provides evidence of a transgenerational 
inheritance phenomenon in a bird species, although it is 
yet unclear which mechanisms may be involved.

Conclusions
Non-genetic inheritance remains a controversial topic, 
but our findings agree with previous reports that sug-
gested that some effects induced by environmental 
stressors can be transmitted across generations. This 
report adds new evidence to the already long list of puta-
tive transgenerational inheritance phenomena, and most 
interestingly it is the first one in birds. This pilot study 
on quail should be followed by similar programs using 
birds of different genetic backgrounds. Moreover, exten-
sive work is required to shed light on the molecular basis, 
which is likely to be of epigenetic nature, responsible for 
these transgenerational changes. An important question 
in animal breeding is to assess to what extent epigenetic 
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inheritance may affect the estimation of breeding values 
in genetic and genomic selection. This question, which 
is already addressed in plant genomics [4], is receiv-
ing more and more attention in animal breeding [3, 68, 
69], and this study is a first step towards an answer for 
poultry.

Authors’ contributions
FM, MM and FP conceived, designed and coordinated the study. SL, FM and 
FP drafted the manuscript. DG, SR and FM bred and managed the animals. FM, 
DG and JLC formulated the experimental treatment. SL, DG, SR, CL, VC, TZ and 
FP collected phenotypic records and samples and performed experimental 
analyses. SL, CL, YL, VC, TZ, FM and FP contributed to the interpretation of the 
results and to the writing of the manuscript. All authors read and approved 
the final manuscript.

Author details
1 GenPhySE, Université de Toulouse, INRA, INPT, ENVT, 31326 Castanet Tolosan, 
France. 2 INRA - PEAT, 37380 Nouzilly, France. 3 UMR INRA PRC, 37380 Nouzilly, 
France. 4 CNRS, 37380 Nouzilly, France. 5 UFR Tours, 37380 Nouzilly, France. 
6 IFCE, 37380 Nouzilly, France. 7 URA, INRA, 37380 Nouzilly, France. 8 GABI, INRA, 
AgroParisTech, Université Paris-Saclay, 78350 Jouy‑en‑Josas, France. 

Acknowledgements
We are grateful to the entire staff of the PEAT experimental unit for their excel‑
lent animal care. We thank Pr. Giancarlo Panzica for advice about genistein 
treatment, and Helen Munduteguy for English proofreading.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on request.

Ethics approval and consent to participate
Animals were bred at INRA, UE1295 Pôle d’Expérimentation Avicole de Tours, 
F-37380 Nouzilly in accordance with European Union Guidelines for animal 
care, following the Council Directives 98/58/EC and 86/609/EEC. Animals were 
maintained under standard breeding conditions, and subjected to minimal 
disturbance. The farm is registered with the French Ministry of Agriculture 
under license number C37–175–1 for animal experimentation. The experi‑
ment was conducted under authorization 37–002.

Additional files

Additional file 1: Figure S1. Schematic representation of the mirror 
mating design. As an example, the figure shows the pedigree of two 
Epi+ and Epi− birds from the G3 generation (9E− and 9E+) starting from 
their four founding single-pair matings (SPM) at generation G0. Lines of 
descent are identified with a different color from each founding SPM. 
Transmission arrows have solid lines for Epi+ birds and broken ones for 
Epi− birds. Homologous birds 9E+ and 9E− have mirror-like, parallel, 
pedigrees with the same expected genetic contribution from their found‑
ers. In this study, matings were designed so that only homologous birds 
were obtained in the G3 generation. The 8E+ and 8E− parents are pro‑
duced the same way as the 7E+ and 7E−, from 4 different founder pairs.

Additional file 2. Statistical analyses of traits measured on G3 individuals. 
Table S1 shows means and statistical analyses for the traits measured on 
G3 individuals. Lambda parameter of BoxCox transformation is indicated 
in brackets.

Additional file 3. LUMA results on G3 individuals. Figure S2 shows mean 
and standard-deviation of the methylation level (%). No significant differ‑
ence was observed between the lines.
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