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Abbreviated Title: G×E and epigenetics  

 

Summary  

Epigenetic mechanisms, defined as heritable changes in gene function that cannot be 

explained by changes in the DNA sequence, may play a role in the genotype × 

environment interaction. Here we briefly show how epigenetics can interact with the 

environment, how these mechanisms are linked to genetics, and to what extent they can 

mediate the G×E interaction. The classical genetic selection model decomposes the 

phenotype into genetic and environmental effects, poorly taking into account their 

interaction. But this decomposition may be improved. Given the constraints faced by 

livestock breeding today, especially due to climate change, a better understanding of the 

epigenetic mechanisms governing the genome's responses to changing environments 

could provide new routes for improving selection for a wide range of traits.  
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Introduction  

Animals in livestock systems face multiple constraints during life and have to adapt to 

different challenges such as changes in the rearing environment, feed transitions, climate 

variations, or diseases. These potentially stressful events can have a strong effect on 

production, health and welfare, the magnitude of which varies among individuals, 

particularly according to their genotype (Nauta et al. 2006, Cardoso and Tempelman 

2012). Over the last decades genetic selection has contributed to greatly improve livestock 

performance: in poultry breeding the increase in performance has been remarkable both 

in broilers and layers (see (Aggrey et al. 2020)). The genetic selection model considers 

that phenotype is decomposed into genetic (G) and environmental (E) effects, and 

eventually the interaction between the two (G×E). We know nowadays that this 

decomposition of components affecting phenotypes is over simplistic. G×E interaction has 

been known for a long time to influence phenotypes, but the classical selection methods 

were not able to take it precisely into account. Furthermore, breeding conditions were often 
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quite standardised and its intra-breed impact was not so important. However, with the 

agro-ecological transition due to climate change, breeding systems are evolving. For 

example, there is a tendency to lengthen the production careers of females (dairy cattle, 

layers), the animals being of varying ages and more exposed to varying environments 

during their lives. In addition, the conditions in which animals are reared may be less 

uniform with sometimes extreme variations, for example heat waves. So, understanding 

the G×E component could be important to be able to breed better adaptable genotypes.  

There are growing evidences that the environment experienced by the animal may also 

induce long-term modifications of non-genetic inherited factors that have an impact on 

phenotype and thus should be taken into account in the phenotype decomposition (see 

David et al. 2019a). Indeed, the environment contributes to a large fraction of the variability 

of complex traits, notably through epigenetic phenomena: the activation and inactivation 

of genes that underlay expression variation are partly regulated by epigenetic marks, in 

part triggered by the environment. These phenomena are therefore part of the 

mechanisms underlying Genotype × Environment interactions.  

 

1 - Epigenetics  

What is epigenetics?  

Several definitions of epigenetics coexist, the most widely used being "The study of 

mitotically and/or meiotically heritable changes in gene function that cannot be explained 

by changes in DNA sequence" (Riggs et al. 1996). Epigenetics can be considered as one 

of the conductors that contribute to regulate gene expression, for example by adding small 

chemical modifications to the DNA. In order to enter the restricted space of the cell nuclei, 

DNA is compacted in the form of a double helix surrounded by nucleosomes, small units 

made up of particular proteins, the histones. These proteins can undergo numerous 

chemical modifications (acetylation, methylation, etc.) which contribute to increase or 

decrease the accessibility of the DNA molecule to the cellular machinery of gene 

expression. The DNA itself can be modified by the addition of a methyl group on certain 

bases (mostly cytosines in a 'cytosine - guanine' environment, CG, in vertebrates). This 

multitude of chemical tags are all epigenetic marks that act as turning genes on or off and 

controlling the level of gene expression. Transcription of non-coding RNA interacting with 

DNA is an additional mechanism capable of regulating gene expression. All these marks 

constitute the epigenome, which is established during the embryonic development when 

cells become specialized, and differs according to cell type and tissue specificity. 

Epigenetic marks are involved in various mechanisms such as cell differentiation, 

inactivation of an X chromosome in female mammalian cells, parental genomic imprinting, 

or differentiation between monozygotic twins.  

These marks are partially reversible, which makes them an effective lever for supporting 

the genome's response to environmental variation (Feil and Fraga 2011).  

 

What links between epigenetics and environment?  

As well as the genome of an organism influences its response to the environment, the 

environment can also modify the expression of genes through epigenetic mechanisms. 

Biotic disturbances (changes in the quality or quantity of nutrients, hormone levels...) or 

abiotic stresses (heat waves...) during prenatal development can induce modifications of 
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these marks, ensuring a dynamic regulation of gene expression (Feil and Fraga 2011). 

These same disturbances during the productive life, notably for species with long 

production careers, can also change epigenetic marks, resulting in phenotype variation 

during the animal lifetime. These epigenetic marks are then partially transmitted during cell 

division and, when maintained, represent a persistent chemical memory of previous 

disturbances (Skinner 2011).  

In plants, the importance of epigenetics in responses to environmental variations is well 

established, for instance with the vernalization process (Friedrich et al. 2019). In animals, 

epigenetic modifications can also mediate the variation of gene expression due to 

environmental effects such as nutrition, (see Langley-Evans 2015, Chavatte-Palmer et al. 

2016). A recent study in capelin (Mallotus villosus), a marine fish, showed that variations 

in reproductive strategy triggered by the environment (different life histories, in particular 

low and stable temperature vs high and variable temperature) are more likely governed by 

epigenetic changes than by genetic modifications (Cayuela et al. 2021). Other famous 

examples of environmentally induced epigenetic mechanisms are the fate of bee larvae 

that evolve into queens or workers depending on the diet they receive, and the sex 

determination in turtles, which depends on the temperature during egg incubation (Ge et 

al. 2018, Wojciechowski et al. 2018). In the well-known viable yellow agouti model in mice, 

it has been shown that dietary supplementation with genistein, a phytoestrogen known to 

modify DNA methylation, can modify phenotypes by altering the epigenome (Dolinoy et al. 

2006).  

In poultry, epigenetic analyses of environmental influences on phenotype are scarce, but 

several examples can be found in studies about nutrition or thermal manipulation during 

early life or incubation (see Buyse et al. 2020). Histone post-translational modifications in 

the chicken hypothalamus have been shown to be impacted by embryonic thermal 

manipulation, and may be ultimately involved in the thermal acclimation of adult birds 

(David et al. 2019b). Recent examples demonstrate the association between DNA 

methylation and incubation conditions (Corbett et al. 2020), detrimental early life conditions 

(Pértille et al. 2017) or chronic stress (Pértille et al. 2020). These examples highlight the 

fact that the exposure to unfavorable specific environmental conditions lead to epigenetic 

changes which could serve as stress related biomarkers, but they do not contribute to 

understand if these epigenetic changes are the causative factors of phenotype variability. 

Of note, favorable environments, as for example exercise training in human, can also 

trigger changes in epigenetic marks that lead in particular to a better protection from 

diseases (see Denham 2018, and below).  

Part of this environmental memory may be transmitted along generations, a phenomenon 

whose extent is debated but which may improve genetic selection models if taken into 

account. The actual contribution of epigenetics to phenotypic variation is scarcely 

assessed. Studies in quail have estimated epigenetic heritability for body weight and egg 

quality traits, showing that epigenetic heritability was 0.10 for body weight at 7 days of age, 

and close to zero for the other traits studied (Paiva et al. 2018a, Paiva et al. 2018b). The 

authors concluded that including the epigenetic effect in the animal model helped to 

explain the residual and non-Mendelian variability of initial body weight.  

To know the role of genetics and epigenetics in the construction of phenotypes would allow 

to improve models used in genetic selection. Similarly, to know the effect of the parental 
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environment on the offspring performance and health will contribute to improve farming 

systems in order to favor epigenomes that have positive effects on performance and 

adaptive capacity.  

While, as illustrated above, both genetics and epigenetics contribute to phenotypes, they 

are not two completely unrelated processes.  

 

What links between epigenetics and genetics?  

It is now well established that DNA polymorphisms can affect epigenetic marks (Bell et al. 

2011, Do et al. 2017). For example, deGoede et al recently showed that 67.3% of all 

human annotated lncRNA genes had their expression significantly associated with at least 

one DNA variant in at least one tissue (de Goede et al. 2021). Similarly, up to 80% of the 

variation in DNA methylation can be explained by the genotype (Gertz et al. 2011). A large 

sample-sized study in human demonstrated the association of long-range regulation of 

CpG methylation with genetic polymorphisms (Lemire et al. 2015). Do et al. have reviewed 

many studies revealing the existence of a large genetic-driven epigenetic variability (Do et 

al. 2017). This can affect DNA methylation, detected through allele-specific methylation or 

meQTLs (QTLs responsible for CpG methylation level variability), and chromatin 

conformation, identified by allele-specific chromatin accessibility. One mechanism 

explaining this influence of genotypes on epigenetic state is the fact that DNA sequence 

at specific binding sites can affect the binding of transcription factors, some of these 

transcription factors being able to modify the DNA methylation level nearby (Feldmann et 

al. 2013).  

On the other side, mutation rates can also be affected by epigenetic states: CpG 

dinucleotides have a mutation rate about 12 times higher than other transition types, 

because methylcytosines are hypermutable (Sved and Bird 1990), and CpG content may 

even affect non-CpG mutation rate (Walser and Furano 2010). More generally, 

associations between chromatin structure and mutation rates have been reported (Makova 

and Hardison 2015). Thus, environmental exposures could not only select, but also play a 

direct role on DNA polymorphisms, even if the currently published studies rely on 

correlations, non-demonstrative for a causative action. These phenomena, when triggered 

by the environment for generations through epigenetic marks leading to genetic 

modifications, have been called the "epigenetically facilitated mutational assimilation" 

(Danchin et al. 2019).  

Having observed that epigenetic mechanisms are linked to the environment and to the 

genetics of an organism, the question is to what extent they can mediate the G×E 

interaction.  

 

2 - Genotype × Environment interactions from an epigenetic perspective  

When is "G×E" referred to?  

Genotype × environment interactions determine how individuals with different genotypes 

will respond differently to different environments. Environments can be different in term of 

biotic (hormone concentration during development, disease, etc) or abiotic (temperature, 

exposure to chemical contaminants, etc) factors. These interactions may modify the 

ranking, according to performances, of different individuals when exposed to different 

environments (Haldane 1946) (Figure 1).  
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Figure 1: Example of genotype by environment interaction analysis  

Arbitrary unit for the phenotypic value of a quantitative trait showing GxE (3 genotypes: A, 

B, C in 2 environments: 1 and 2)  

G×E interactions have been thoroughly studied in cattle (e.g. Hayes et al. 2009, 

Bernabucci et al. 2014). While re-ranking of sires in dairy cattle may be limited (Calus and 

Veerkamp 2003), G×E interaction was shown to affect milk production traits (Hayes et al. 

2003). In beef cattle, bull re-ranking was shown to occur mostly in restrictive environments, 

highlighting the importance of evaluating the consequences of a mismatch between 

selection and production environments (Corrêa et al. 2010, Santana et al. 2013). In 

breeding programs such as those encountered in pig and poultry, a loss in genetic gain 

due to G×E interaction can also be observed (Mulder and Bijma 2005). G×E interaction 

has been observed for several traits both in broiler (slow-growing, N'Dri A et al. 2007) and 

laying hen (Mathur and Horst 1994) productions. In laying hens, QTL × diet and QTL × 

age interactions were shown to affect different production traits (Romé et al. 2015).  

As described by Lillehammer et al (Lillehammer et al. 2009) in dairy cattle, genetic 

polymorphisms can cause this G×E interactions. Some alleles may affect both production 

and environment susceptibility, and those maintaining or improving production while 

reducing environmental sensitivity could be good candidates for marker-assisted selection 

for robustness. Other genes may contribute to the change in animal ranking under various 

environments. In this case, the selection for the improving allele in one environment may 

cause a loss in performance under a different environment. An example of this mechanism 

involving different genes in different environments is found for feed efficiency in poultry 

(Mignon-Grasteau et al. 2010): with an easily digested corn-soya diet, the genetic 

component of digestive efficiency will be little involved in the variability of feed efficiency, 

whereas with a diet that is difficult to digest, this digestive component will be more 

important, and will involve different metabolic pathways, and therefore different genes.  

It has been shown that most genes have a positive correlation between general production 

and environmental sensitivity with the consequence that environmental sensitivity 

increases with selection for high performance (Rauw and Gomez-Raya 2015). This 

detrimental link may be due to trade-off between functions (Friggens et al. 2017).  
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Breeders are thus faced with the challenge of how to manage these possible changes in 

rank: is it preferable to select the best animals in a given environment taking the risk that 

their performances will be highly modified if environmental conditions are changing or is it 

preferable to select animals with more modest performances but stable over a wide variety 

of environments?  

In the case of poultry, while the importance of G×E is quite limited for the selected pure 

lines that are kept under a standardized housing system, it becomes relevant for the 

crossbred commercial lines reared for human consumption, as commercial breeding 

companies operate in a global context and distribute their breeding stock worldwide. This 

is even more accurate for alternative productions (organic, label), which are reared with 

an outdoor access, whereas the breeding stock is reared in closed pens. The quantification 

of the interaction between genetics and environment becomes therefore necessary to 

improve the prediction accuracy of the models across different environments and to supply 

breeding stocks that are able to express their optimal performances under a wide range of 

production environments. To achieve this, one strategy would be to account for field 

performance of crossbred birds in pure line genetic improvement (Esfandyari et al. 2016, 

Duenk et al. 2019). An alternative way can be to take advantage of the pyramid structure 

of breeding (Hiemstra and Napel 2013): pure lines are bred in a controlled environment, 

and parents of the commercial offspring are bred in the different places/climates where the 

commercial animals will be bred. The adaptation of the animals for one generation should 

lead to better performance of the final offspring. Unravelling the impact of the environment 

on phenotypic variation, largely mediated by interactions between genetic and non-genetic 

components, is therefore necessary to reach the ultimate goal of improved prediction of 

an animal’s phenotype based on genotypic and environmental information.  

The interaction between genome and environment is thus a phenomenon that has been 

known for a long time, but studies trying to decipher the molecular mechanisms underlying 

G x E interactions are scarce.  

 

What molecular mechanisms underlying G×E?  

Observation of allele-specific responses to different environments  

Several studies have already demonstrated the existence of genomic regions that respond 

differently to the environment depending on the allele carried.  

The existence of environmental "susceptible" or "resistant" alleles is well illustrated by the 

influence of physical activity on the effects of risk alleles of the fat mass and obesity 

associated gene (FTO) on obesity: the effects of these detrimental alleles are significant 

only in people with low physical activities (Rampersaud et al. 2008).  

By using different cell types and different treatments, Moyerbrailean et al. identified 215 

genes whose ASE (allele-specific expression) was triggered by the environment, half of 

which had been identified by GWAS as associated with complex traits (Moyerbrailean et 

al. 2016).  

The concept of "response-eQTL" (reQTL) has been developed to qualify eQTLs whose 

effects depend on the environment, for instance differing according to different immune 

stimuli (Kim-Hellmuth et al. 2017). Kim-Hellmuth et al. identified 417 reQTLs in human 

monocytes that were differentially responding to various immune stimulations, thus 

demonstrating the interaction between infectious stimuli and genetic predisposition to 
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diseases (Kim-Hellmuth et al. 2017). Alasoo et al. detected reQTLs and "conformation 

accessibility" QTLs in human macrophages in response to stimulation by IFNγ and/or 

Salmonella, with a probable impact on the binding of cell-type-specific transcription factors 

(Alasoo et al. 2018).  

These allele-specific responses may be the result of environment-specific gene expression 

or of allelic effects that vary from one environment to another (Rauw and Gomez-Raya 

2015). Studies trying to decipher the underlying molecular mechanisms are rather scarce, 

notably because it requires a larger number of individuals to highlight an interaction 

between two factors than to demonstrate the effects of a single factor on a given trait. 

Nevertheless, a growing number of studies have shown that these interactions can be 

triggered by epigenetic mechanisms, as illustrated by the examples below.  

 

G×E mechanisms observed at specific genomic positions  

Allele-specific DNA methylation as a mechanism of genotype × environment interaction 

was demonstrated in mice. Holland et al. showed that the DNA methylation level at a 

specific CpG explained why a low-protein diet during development could induce a 

decrease in weight in adult mice that depends on the individual genotype. It was found that 

weaning weight in mice exposed to prenatal protein restriction was inversely related to the 

level of methylation of a specific CpG, 133 bp upstream of the transcription start site of the 

rDNA locus, but only for animals carrying the A allele at the genomic position 104 bp 

upstream of the TSS. Methylation of the CpG-133 was unaffected by environment for 

animals carrying the C allele. This epigenetic response to the environment, in interaction 

with genetics, is correlated with transcriptional and phenotypic results (Holland et al. 2016).  

A notable example is also found in studies of psychiatric disorders related to childhood 

trauma (see Klengel and Binder 2015). An allele in intron 2 of the FKBP5 gene - involved 

in the regulation of the glucocorticoid complex governing the stress response - has been 

shown to alter chromatin conformation and increase gene expression by bringing the 

promoter closer to an enhancer when associated to the glucocorticoid receptor (GR). This 

increase in FKBP5 expression impairs the feedback effect that reduces blood cortisol 

levels inducing an altered physiological response to stress. Strikingly, the risk allele 

significantly increases the possibility of psychological disorders when the individual is 

subjected to trauma in early life, while it does not when the trauma occurs in adulthood. 

The underlying G×E mechanism seems to be epigenetic in nature: a severe stress in 

childhood in individuals carrying the risk allele determines a stronger stress-induced 

cortisol response that in turn induces an allele-specific demethylation at a GRE 

(Glucocorticoid Response Element) site in intron 7 of FKBP5. This demethylation is 

retained in adulthood and increases the risk of developing psychiatric disorders such as 

major depression and post-traumatic stress disorder. The same allele-specific epigenetic 

mechanism in interaction with the environment was also found in patients with psychosis 

in a recent study (Mihaljevic et al. 2021).  

These examples illustrate the way by which the environment may act on the regulation of 

gene expression through epigenetic mechanisms: CpG methylation plays a major role in 

regulating gene expression, directly through modifying DNA conformation, and through 

governing the accessibility of transcription factors (TF). Depending on the TF, its ability to 

bind to its TF binding site (TFBS) is decreased (most often) or increased (notably for 
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developmental TFs) according to the level of DNA methylation of the region (Yin et al. 

2017). Therefore, a modification in the level of DNA methylation at specific sites triggered 

by the environment may change the expression of specific genes.  

 

G×E genome-wide analyses  

Few studies have analysed the epigenotype as a mediator of the G×E interaction on a 

genome-wide scale.  

In human, Teh et al identified 1423 regions whose methylation levels were highly variables 

between individuals, by analyzing umbilical cord samples from 237 babies (Teh et al. 

2014). While the methylation level of 25% of these regions were explained by the 

genotype, 75% were explained by the interaction between genotype and prenatal 

environment (maternal age, body mass index, smoking, depression, etc.). The 

environment alone, independently of the genotype, had no significant influence. These 

findings were recently confirmed in a larger study including 2365 newborns (Czamara et 

al. 2019). The association of genetic variability with prenatal environment is thus the best 

predictor of DNA methylation variability.  

In fish, Lallias et al. used several rainbow trout isogenic lines, characterized by a lack of 

genetic variability within lines, to study genetic differences in the impact of environmental 

variation on DNA methylation (Lallias et al. 2020). By incubating eggs at two different 

temperatures (11°C and 16°C), they showed that the magnitude of the environment-

induced modifications of DNA methylation profiles was dependent on the genetic 

background.  

 

Structural characteristics of genomic regions showing G×E interactions  

Current research suggests that environmentally-responsive epigenetic regions may show 

specific characteristics (Law and Holland 2019). Correlated regions of systemic 

interindividual variation have been observed, often associated with transposable elements 

and subtelomeric regions (Gunasekara et al. 2019). These regions are remarkably 

independent of the overall tissue specificity of DNA methylation levels, as when observed 

in one tissue, they are predictors of DNA methylation levels of other tissues in the same 

region. They are partly governed by genetic variation, and partly associated with the early 

life environment.  

Genes showing G×E interactions seem to bear longer intergenic lengths, high motif 

concentration, and mid‐range expression levels (Grishkevich et al. 2012). In addition, 

genes with G×E interactions are more often associated with distant-acting loci than genes 

without G×E interaction (Smith and Kruglyak 2008).  

 

Conclusion  

Although the chicken was the first species of agronomic importance to be sequenced, less 

experiments than in mammals have been conducted in birds to study epigenetic 

processes, despite their possible influence on economically important phenotypes. Given 

the likely evolution of the climate in the near future, there is a need to improve the adaptive 

capacities of animals to climatic and dietary changes. A better understanding of the 

epigenetic mechanisms governing the genome responses to changing environments could 

open up new avenues for improving selection for a large range of traits including animal 
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welfare. Deciphering the contribution of epigenetic effects to G×E interactions is therefore 

a promising area of research, not only for the understanding of the molecular mechanisms 

involved, but also for its possible applications in livestock production. With the ongoing 

technological developments in genomics and epigenomics and the decreasing costs of 

sequencing, it is possible that future breeding strategies will not only use genetic 

information but also epigenetic analyses.  

 

References  

- AGGREY, S.E., ZHOU, H., TIXIER-BOICHARD, M., WEIGEND, S., RHOADS, D.D., 

ANDERSSON, L., BED'HOM, B., CHUONG, C.M., INABA, M. and OKIMOTO, R. (2020) 

Advances in Poultry Genetics and Genomics, Burleigh Dodds Science Publishing Limited.  

- ALASOO, K., RODRIGUES, J., MUKHOPADHYAY, S., KNIGHTS, A.J., MANN, A.L., 

KUNDU, K., HALE, C., DOUGAN, G., GAFFNEY, D.J. and CONSORTIUM, H. (2018) 

Shared genetic effects on chromatin and gene expression indicate a role for enhancer 

priming in immune response. Nature Genetics 50(3): 424-431.  

- BELL, J.T., PAI, A.A., PICKRELL, J.K., GAFFNEY, D.J., PIQUE-REGI, R., DEGNER, 

J.F., GILAD, Y. and PRITCHARD, J.K. (2011) DNA methylation patterns associate with 

genetic and gene expression variation in HapMap cell lines. Genome Biol 12(1): R10.  

- BERNABUCCI, U., BIFFANI, S., BUGGIOTTI, L., VITALI, A., LACETERA, N. and 

NARDONE, A. (2014) The effects of heat stress in Italian Holstein dairy cattle. Journal of 

Dairy Science 97(1): 471-486.  

- BUYSE, J., COLLIN, A., COUSTHAM, V., DE HAAS, E. and PITEL, F. (2020) The use 

of epigenetics in poultry breeding. Advances in poultry genetics and genomics. H. Z. S.E. 

Aggrey, M. Tixier-Boichard, D.D. Rhoads, Burleigh Dodds series in agricultural science, 

Burleigh Dodds Science Publishing Limited, Cambridge, UK.  

- CALUS, M.P. and VEERKAMP, R.F. (2003) Estimation of environmental sensitivity of 

genetic merit for milk production traits using a random regression model. J Dairy Sci 

86(11): 3756-3764.  

- CARDOSO, F.F. and TEMPELMAN, R.J. (2012) Linear reaction norm models for genetic 

merit prediction of Angus cattle under genotype by environment interaction1. Journal of 

Animal Science 90(7): 2130-2141.  

- CAYUELA, H., ROUGEUX, C., LAPORTE, M., MÉROT, C., NORMANDEAU, E., 

LEITWEIN, M., DORANT, Y., PRÆBEL, K., KENCHINGTON, E., CLÉMENT, M., SIROIS, 

P. and BERNATCHEZ, L. (2021) Genome-wide DNA methylation predicts 

environmentally-driven life history variation in a marine fish. bioRxiv: 

2021.2001.2028.428603.  

- CHAVATTE-PALMER, P., TARRADE, A. and ROUSSEAU-RALLIARD, D. (2016) Diet 

before and during Pregnancy and Offspring Health: The Importance of Animal Models and 

What Can Be Learned from Them. Int J Environ Res Public Health 13(6).  

- CORBETT, R.J., TE PAS, M.F.W., VAN DEN BRAND, H., GROENEN, M.A.M., 

CROOIJMANS, R.P.M.A., ERNST, C.W. and MADSEN, O. (2020) Genome-Wide 

Assessment of DNA Methylation in Chicken Cardiac Tissue Exposed to Different 

Incubation Temperatures and CO2 Levels. Frontiers in Genetics 11(1310).  



Proceedings of invited lectures – World’s Poultry Congress 2022  
 
 

- CORRÊA, M.B.B., DIONELLO, N.J.L. and CARDOSO, F.F. (2010) Genetic evaluation 

of Devon Cattle using a reaction norms model. Revista Brasileira de Zootecnia 39: 128-

133.  

- CZAMARA, D., ERASLAN, G., PAGE, C.M., LAHTI, J., LAHTI-PULKKINEN, M., 

HÄMÄLÄINEN, E., KAJANTIE, E., LAIVUORI, H., VILLA, P.M., REYNOLDS, R.M., et al. 

(2019) Integrated analysis of environmental and genetic influences on cord blood DNA 

methylation in new-borns. Nature Communications 10(1): 2548.  

- DANCHIN, E., POCHEVILLE, A., REY, O., PUJOL, B. and BLANCHET, S. (2019) 

Epigenetically facilitated mutational assimilation: epigenetics as a hub within the inclusive 

evolutionary synthesis. Biological Reviews 94(1): 259-282.  

- DAVID, I., CANARIO, L., COMBES, S. and DEMARS, J. (2019a) Intergenerational 

Transmission of Characters Through Genetics, Epigenetics, Microbiota, and Learning in 

Livestock. Front Genet 10: 1058.  

- DAVID, S.A., VITORINO CARVALHO, A., GIMONNET, C., BRIONNE, A., 

HENNEQUET-ANTIER, C., PIÉGU, B., CROCHET, S., COUROUSSÉ, N., BORDEAU, 

T., BIGOT, Y., COLLIN, A. and COUSTHAM, V. (2019b) Thermal Manipulation During 

Embryogenesis Impacts H3K4me3 and H3K27me3 Histone Marks in Chicken 

Hypothalamus. Front Genet 10: 1207.  

- DE GOEDE, O.M., NACHUN, D.C., FERRARO, N.M., GLOUDEMANS, M.J., RAO, A.S., 

SMAIL, C., EULALIO, T.Y., AGUET, F., NG, B., XU, J., et al. (2021) Population-scale 

tissue transcriptomics maps long non-coding RNAs to complex disease. Cell.  

- DENHAM, J. (2018) Exercise and epigenetic inheritance of disease risk. Acta Physiol 

(Oxf) 222(1).  

- DO, C., SHEARER, A., SUZUKI, M., TERRY, M.B., GELERNTER, J., GREALLY, J.M. 

and TYCKO, B. (2017) Genetic-epigenetic interactions in cis: a major focus in the post-

GWAS era. Genome Biol 18(1): 120.  

- DOLINOY, D.C., WEIDMAN, J.R., WATERLAND, R.A. and JIRTLE, R.L. (2006) 

Maternal genistein alters coat color and protects Avy mouse offspring from obesity by 

modifying the fetal epigenome. Environ Health Perspect 114(4): 567-572.  

- DUENK, P., CALUS, M.P.L., WIENTJES, Y.C.J., BREEN, V.P., HENSHALL, J.M., 

HAWKEN, R. and BIJMA, P. (2019) Estimating the purebred-crossbred genetic 

correlation of body weight in broiler chickens with pedigree or genomic relationships. 

Genetics Selection Evolution 51(1): 6.  

- ESFANDYARI, H., BIJMA, P., HENRYON, M., CHRISTENSEN, O.F. and SØRENSEN, 

A.C. (2016) Genomic prediction of crossbred performance based on purebred Landrace 

and Yorkshire data using a dominance model. Genetics Selection Evolution 48(1): 40.  

- FEIL, R. and FRAGA, M.F. (2011) Epigenetics and the environment: emerging patterns 

and implications. Nat Rev Genet 13(2): 97-109.  

- FELDMANN, A., IVANEK, R., MURR, R., GAIDATZIS, D., BURGER, L. and 

SCHÜBELER, D. (2013) Transcription factor occupancy can mediate active turnover of 

DNA methylation at regulatory regions. PLoS genetics 9(12): e1003994-e1003994.  

- FRIEDRICH, T., FAIVRE, L., BAURLE, I. and SCHUBERT, D. (2019) Chromatin-based 

mechanisms of temperature memory in plants. Plant Cell Environ 42(3): 762-770.  



Proceedings of invited lectures – World’s Poultry Congress 2022  
 
 

- FRIGGENS, N.C., BLANC, F., BERRY, D.P. and PUILLET, L. (2017) Review: 

Deciphering animal robustness. A synthesis to facilitate its use in livestock breeding and 

management. Animal 11(12): 2237-2251.  

- GE, C., YE, J., WEBER, C., SUN, W., ZHANG, H., ZHOU, Y., CAI, C., QIAN, G. and 

CAPEL, B. (2018) The histone demethylase KDM6B regulates temperature-dependent 

sex determination in a turtle species. Science 360(6389): 645-648.  

- GERTZ, J., VARLEY, K.E., REDDY, T.E., BOWLING, K.M., PAULI, F., PARKER, S.L., 

KUCERA, K.S., WILLARD, H.F. and MYERS, R.M. (2011) Analysis of DNA Methylation 

in a Three-Generation Family Reveals Widespread Genetic Influence on Epigenetic 

Regulation. PLOS Genetics 7(8): e1002228.  

- GRISHKEVICH, V., BEN-ELAZAR, S., HASHIMSHONY, T., SCHOTT, D.H., HUNTER, 

C.P. and YANAI, I. (2012) A genomic bias for genotype–environment interactions in C. 

elegans. Molecular Systems Biology 8(1): 587.  

- GUNASEKARA, C.J., SCOTT, C.A., LARITSKY, E., BAKER, M.S., MACKAY, H., 

DURYEA, J.D., KESSLER, N.J., HELLENTHAL, G., WOOD, A.C., HODGES, K.R., 

GANDHI, M., HAIR, A.B., SILVER, M.J., MOORE, S.E., PRENTICE, A.M., LI, Y., CHEN, 

R., COARFA, C. and WATERLAND, R.A. (2019) A genomic atlas of systemic 

interindividual epigenetic variation in humans. Genome Biol 20(1): 105.  

- HALDANE, J.B.S. (1946) The interaction of Nature and Nurture. Annals of Eugenics 

13(1): 197-205.  

- HAYES, B.J., CARRICK, M., BOWMAN, P. and GODDARD, M.E. (2003) Genotype x 

environment interaction for milk production of daughters of Australian dairy sires from test-

day records. J Dairy Sci 86(11): 3736-3744.  

- HAYES, B.J., BOWMAN, P.J., CHAMBERLAIN, A.J., SAVIN, K., VAN TASSELL, C.P., 

SONSTEGARD, T.S. and GODDARD, M.E. (2009) A validated genome wide association 

study to breed cattle adapted to an environment altered by climate change. PLoS One 

4(8): e6676.  

- HIEMSTRA, S.J. and NAPEL, J.T. (2013) Study of the impact of genetic selection on 

the welfare of chickens bred and kept for meat production. Final report of contract 

SANCO/2011/12254 (Evaluation impact assessment and related services. Lot 3: Food 

chain): 118 pp.  

- HOLLAND, M.L., LOWE, R., CATON, P.W., GEMMA, C., CARBAJOSA, G., DANSON, 

A.F., CARPENTER, A.A.M., LOCHE, E., OZANNE, S.E. and RAKYAN, V.K. (2016) 

Early-life nutrition modulates the epigenetic state of specific rDNA genetic variants in mice. 

Science (New York, N.Y.) 353(6298): 495-498.  

- KIM-HELLMUTH, S., BECHHEIM, M., PÜTZ, B., MOHAMMADI, P., NÉDÉLEC, Y., 

GIANGRECO, N., BECKER, J., KAISER, V., FRICKER, N., BEIER, E., BOOR, P., 

CASTEL, S.E., NÖTHEN, M.M., BARREIRO, L.B., PICKRELL, J.K., MÜLLER-

MYHSOK, B., LAPPALAINEN, T., SCHUMACHER, J. and HORNUNG, V. (2017) Genetic 

regulatory effects modified by immune activation contribute to autoimmune disease 

associations. Nature Communications 8(1): 266.  

- KLENGEL, T. and BINDER, E.B. (2015) FKBP5 allele-specific epigenetic modification 

in gene by environment interaction. Neuropsychopharmacology: official publication of the 

American College of Neuropsychopharmacology 40(1): 244-246.  



Proceedings of invited lectures – World’s Poultry Congress 2022  
 
 

- LALLIAS, D., BERNARD, M., CIOBOTARU, C., DECHAMP, N., LABBÉ, L., 

GOARDON, L., LE CALVEZ, J.M., BIDEAU, M., FRICOT, A., PRÉZELIN, A., CHARLES, 

M., MOROLDO, M., COUSIN, X., BOUCHEZ, O., ROULET, A., QUILLET, E. and 

DUPONT-NIVET, M. (2020) Sources of variation of DNA methylation in rainbow trout: 

combined effects of temperature and genetic background. Epigenetics: 1-22.  

- LANGLEY-EVANS, S.C. (2015) Nutrition in early life and the programming of adult 

disease: a review. J Hum Nutr Diet 28 Suppl 1: 1-14.  

- LAW, P.-P. and HOLLAND, M.L. (2019) DNA methylation at the crossroads of gene and 

environment interactions. Essays in biochemistry 63(6): 717-726.  

- LEMIRE, M., ZAIDI, S.H.E., BAN, M., GE, B., AÏSSI, D., GERMAIN, M., KASSAM, I., 

WANG, M., ZANKE, B.W., GAGNON, F., MORANGE, P.-E., TRÉGOUËT, D.-A., WELLS, 

P.S., SAWCER, S., GALLINGER, S., PASTINEN, T. and HUDSON, T.J. (2015) Long-

range epigenetic regulation is conferred by genetic variation located at thousands of 

independent loci. Nature Communications 6(1): 6326.  

- LILLEHAMMER, M., HAYES, B.J., MEUWISSEN, T.H.E. and GODDARD, M.E. (2009) 

Gene by environment interactions for production traits in Australian dairy cattle. Journal of 

Dairy Science 92(8): 4008-4017.  

- MAKOVA, K.D. and HARDISON, R.C. (2015) The effects of chromatin organization on 

variation in mutation rates in the genome. Nat Rev Genet 16(4): 213-223.  

- MATHUR, P.K. and HORST, P. (1994) Genotype by environment interactions in laying 

hens based on relationship between breeding values of sires in temperate and tropical 

environments. Poult Sci 73(12): 1777-1784.  

- MIGNON-GRASTEAU, S., JUIN, H., BASTIANELLI, D., GOMEZ, J. and CARRÉ, B. 

(2010) Genetic parameters of digestibility of wheat- or corn-based diets in chickens. World 

Congress on Genetics Applied to Livestock Production, Leipzig, Germany, Gesellschaft 

für Tierzuchtwissenschaften.  

- MIHALJEVIC, M., FRANIC, D., SOLDATOVIC, I., LUKIC, I., PETROVIC, S.A., 

MIRJANIC, T., STANKOVIC, B., ZUKIC, B., ZELJIC, K., GASIC, V., NOVAKOVIC, I., 

PAVLOVIC, S., ADZIC, M. and MARIC, N.P. (2021) The FKBP5 genotype and childhood 

trauma effects on FKBP5 DNA methylation in patients with psychosis, their unaffected 

siblings, and healthy controls. Psychoneuroendocrinology: 105205.  

- MOYERBRAILEAN, G.A., RICHARDS, A.L., KURTZ, D., KALITA, C.A., DAVIS, G.O., 

HARVEY, C.T., ALAZIZI, A., WATZA, D., SOROKIN, Y., HAUFF, N., ZHOU, X., WEN, 

X., PIQUE-REGI, R. and LUCA, F. (2016) High-throughput allele-specific expression 

across 250 environmental conditions. Genome Res 26(12): 1627-1638.  

- MULDER, H.A. and BIJMA, P. (2005) Effects of genotype x environment interaction on 

genetic gain in breeding programs. J Anim Sci 83(1): 49-61.  

- N'DRI A, L., SELLIER, N., TIXIER-BOICHARD, M., BEAUMONT, C. and MIGNON-

GRASTEAU, S. (2007) Genotype by environment interactions in relation to growth traits 

in slow growing chickens. Genet Sel Evol 39(5): 513-528.  

- NAUTA, W.J., VEERKAMP, R.F., BRASCAMP, E.W. and BOVENHUIS, H. (2006) 

Genotype by Environment Interaction for Milk Production Traits Between Organic and 

Conventional Dairy Cattle Production in The Netherlands. Journal of Dairy Science 89(7): 

2729-2737.  



Proceedings of invited lectures – World’s Poultry Congress 2022  
 
 

- PAIVA, J.T., DE RESENDE, M.D.V., RESENDE, R.T., DE OLIVEIRA, H.R., SILVA, H.T., 

CAETANO, G.C., LOPES, P.S. and SILVA, F.F. (2018a) Transgenerational epigenetic 

variance for body weight in meat quails. Journal of Animal Breeding and Genetics 135(3): 

178-185.  

- PAIVA, J.T., DE RESENDE, M.D.V., RESENDE, R.T., OLIVEIRA, H.R., SILVA, H.T., 

CAETANO, G.C., CALDERANO, A.A., LOPES, P.S., VIANA, J.M.S. and SILVA, F.F. 

(2018b) A note on transgenerational epigenetics affecting egg quality traits in meat-type 

quail. British Poultry Science 59(6): 624-628.  

- PÉRTILLE, F., BRANTSAETER, M., NORDGREEN, J., COUTINHO, L.L., JANCZAK, 

A.M., JENSEN, P. and GUERRERO-BOSAGNA, C. (2017) DNA methylation profiles in 

red blood cells of adult hens correlate with their rearing conditions. J Exp Biol 220(Pt 19): 

3579-3587.  

- PÉRTILLE, F., IBELLI, A.M.G., SHARIF, M.E., POLETI, M.D., FRÖHLICH, A.S., 

REZAEI, S., LEDUR, M.C., JENSEN, P., GUERRERO-BOSAGNA, C. and COUTINHO, 

L.L. (2020) Putative Epigenetic Biomarkers of Stress in Red Blood Cells of Chickens 

Reared Across Different Biomes. Frontiers in Genetics 11(1202).  

- RAMPERSAUD, E., MITCHELL, B.D., POLLIN, T.I., FU, M., SHEN, H., O’CONNELL, 

J.R., DUCHARME, J.L., HINES, S., SACK, P., NAGLIERI, R., SHULDINER, A.R. and 

SNITKER, S. (2008) Physical Activity and the Association of Common FTO Gene Variants 

With Body Mass Index and Obesity. Archives of Internal Medicine 168(16): 1791-1797.  

- RAUW, W.M. and GOMEZ-RAYA, L. (2015) Genotype by environment interaction and 

breeding for robustness in livestock. Front Genet 6: 310.  

- RIGGS, A.D., MARTIENSSEN, R.A. and RUSSO, V.E.A. (1996) Epigenetic mechanisms 

of gene regulation - Introduction. Cold Spring Harbor Monograph Archive, CSHL Press 

(N.Y.).  

- ROMÉ, H., VARENNE, A., HÉRAULT, F., CHAPUIS, H., ALLENO, C., DEHAIS, P., 

VIGNAL, A., BURLOT, T. and LE ROY, P. (2015) GWAS analyses reveal QTL in egg 

layers that differ in response to diet differences. Genet Sel Evol 47: 83.  

- SANTANA, M.L., ELER, J.P., CARDOSO, F.F., ALBUQUERQUE, L.G. and FERRAZ, 

J.B. (2013) Phenotypic plasticity of composite beef cattle performance using reaction 

norms model with unknown covariate. Animal 7(2): 202-210.  

- SMITH, E.N. and KRUGLYAK, L. (2008) Gene-environment interaction in yeast gene 

expression. PLoS Biol 6(4): e83.  

- SVED, J. and BIRD, A. (1990) The expected equilibrium of the CpG dinucleotide in 

vertebrate genomes under a mutation model. Proc Natl Acad Sci U S A 87(12): 4692-4696.  

- TEH, A.L., PAN, H., CHEN, L., ONG, M.L., DOGRA, S., WONG, J., MACISAAC, J.L., 

MAH, S.M., MCEWEN, L.M., SAW, S.M., et al. (2014) The effect of genotype and in utero 

environment on interindividual variation in neonate DNA methylomes. Genome Res 24(7): 

1064-1074.  

- WALSER, J.C. and FURANO, A.V. (2010) The mutational spectrum of non-CpG DNA 

varies with CpG content. Genome Res 20(7): 875-882.  

- WOJCIECHOWSKI, M., LOWE, R., MALESZKA, J., CONN, D., MALESZKA, R. and 

HURD, P.J. (2018) Phenotypically distinct female castes in honey bees are defined by 

alternative chromatin states during larval development. Genome Res 28(10): 1532-1542.  



Proceedings of invited lectures – World’s Poultry Congress 2022  
 
 

- YIN, Y., MORGUNOVA, E., JOLMA, A., KAASINEN, E., SAHU, B., KHUND-SAYEED, S., DAS, P.K., 

KIVIOJA, T., DAVE, K., ZHONG, F., NITTA, K.R., TAIPALE, M., POPOV, A., GINNO, P.A., DOMCKE, 

S., YAN, J., SCHÜBELER, D., VINSON, C. and TAIPALE, J. (2017) Impact of cytosine methylation on 

DNA binding specificities of human transcription factors. Science 356(6337). 


