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A bit of context…
⇢ From farm to fork: boosting animal production

EAAP 2024 – Firenze, Italy
September 3th, 2024

- Population growth (9.7 billion by 2050, rising to 11.2 billion by 2100)1

- Produce more healthy food with fewer natural resources; reduce environmental impact; preserve biodiversity and adjusting to societal expectations1

- Changes in breeding strategies > improved ability to accurately use genotype to predict phenotype (for example, disease resistance and adaptation° 1

⇢ Infectious diseases: a major concern
- Infectious diseases significantly impact cattle production worldwide2

- Many complex traits with genetic basis detangled; lack of information regarding the mechanism behind immune response2

- Increasing focus on the potential relevance of non-genetic variation impact on cattle phenotypes2

What about the regulatory landscape of 
immune/blood cells? 

Epigenetic markers in distal regions (outside of gene 
promoters) better define cell type identity

1 Clark et al., 2020: https://doi.org/10.1186/s13059-020-02197-8; 2 Powell et al., 2023: https://doi.org/10.1186/s13059-023-02964-3

Heat stress Nutrition
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Holstein dairy cows

⇢ Experimental design (blood cells methylome)

n=12

Lymphocytes CD4+

Neutrophiles

Cell sorting…

Sequencing and data analysis
Pipeline: Perrier et al., 20181

⇢ Functional annotation
- Mazdak et al., 2023: https://doi.org/10.1093/g3journal/jkad108 (CAGE experiment – TSS and TSS enhancer; 24 tissue types)

- Kern et al., 2021: https://doi.org/10.1038/s41467-021-22100-8 (ATAC- and ChIP-Seq - chromatin states; 8 tissues)

1 Perrier et al., 2018:  https://doi.org/10.1186/s12864-018-4764-0

Monocytes CD14+
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⇢ Differentially methylated sites (DMC)

Lymphocytes CD4+ vs all others (neutrophiles and monocytes)

2,478 4664,827 8,881

Neutrophiles vs all others (lymphocytes CD4+ and monocytes CD14+)

- Hypermethylation in Lymphocytes (CD4+) compared to neutrophiles and monocytes (CD14+)

- Hypomethylation in neutrophiles compared to lymphocytes(CD4+) and monocytes(CD14+)

Pipeline: Perrier et al., 20181

- commonly presented in all the animals
- no overlap with SNPs (1,000 Bulls file)
- methylKit (Δmeth≥25 %; padj<1%)

1 Perrier et al., 2018:  https://doi.org/10.1186/s12864-018-4764-0

Dr. Valentin Costes
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⇢ Differentially methylated sites (DMC) Lymphocytes CD4+ vs all others

Neutrophiles vs all others

1 Perrier et al., 2018:  https://doi.org/10.1186/s12864-018-4764-0

~74%

Pipeline: Perrier et al., 20181

- commonly presented in all the animals
- no overlap with SNPs (1,000 Bulls file)
- methylKit (Δmeth≥25 %; padj<1%)

~74%

What about the regulatory regions in 
bovine genome? 

Dr. Valentin Costes

In agreement with the literature, 
~74% of the DMCs are located in 
intronic/intergenic regions which 
can harbour regulatory elements!
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BovReg CAGE; Mazdak et al., 20232

Lymphocytes CD4+ vs all others (10,078 DMCs intronic/intergenic - 74%)

*
*

*

Kern et al., 20211

- 2,656 DMCs intronic/intergenic overlap with CAGE data

- Intronic/intergenic DMCs overlapping promoter associated states/CAGE tags: unnanotated genes/isoforms?
- Intronic/intergenic DMCs with a pronounced overlap with active enhancer annotation (are they hypomethylated in Lymphocytes?)

1,115 intronic/intergenic DMCs 
overlapped active enhancers 
supported by both datasets

Are they close to genes with expression 
enriched in lymphocytes? 

322

1 Kern et al., 2021: https://doi.org/10.1038/s41467-021-22100-8; 2 Mazdak et al., 2023: https://doi.org/10.1093/g3journal/jkad108; 
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Lymphocytes CD4+ vs all others (322 intronic/intergenic hypomethylated DMCs)

322 DMCs

117 genes (closest)

Genes with enhanced 
expression in 
Lymphocytes T-cell

10 genes

TopGene 
(↑ # of hDMCs)

PLLP gene

*

H3K27Ac Mark on GM12878 Lymphoblastoid cells from ENCODE

Hypothalamus - Active enhancer (Kern et al., 20212)

Hypothalamus - Bidirectional cluster (Mazdak et al., 20231)

Hypomethylated DMCs

1 Mazdak et al., 2023: https://doi.org/10.1093/g3journal/jkad108; 2 Kern et al., 2021: https://doi.org/10.1038/s41467-021-22100-8
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Lymphocytes CD4+ vs all others (322 intronic/intergenic hypomethylated DMCs)

322 DMCs

117 genes (closest)

Genes with enhanced 
expression in 
Lymphocytes T-cell

10 genes

TopGene 
(↑ # of hDMCs)

PLLP gene

*

Hypothalamus - Active enhancer (Kern et al., 20212)

Hypothalamus - Bidirectional cluster (Mazdak et al., 20231)

Hypomethylated DMCs

1 Mazdak et al., 2023: https://doi.org/10.1093/g3journal/jkad108; 2 Kern et al., 2021: https://doi.org/10.1038/s41467-021-22100-8; 
3 Guelte & Macara et al., 2015: https://doi.org/10.15252/embj.201591448; 4 Shulgin et al., 2021: 10.1134/S0026893321050113; 5 Radtke et al., 2010: https://doi.org/10.1016/j.immuni.2010.01.004 

PLLP (plasmolipin) gene Essential role in regulating Notch signaling3,4

Notch is an important modulator of T cell-mediated immune responses5
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BovReg CAGE; Mazdak et al., 20232

Neutrophiles vs all others (2,166 DMCs intronic/intergenic - 74%)

*
*

*

Kern et al., 20211

- 555 DMCs intronic/intergenic overlap with CAGE data

- Intronic/intergenic DMCs overlapping promoter associated states/CAGE tags: unnanotated genes/isoforms?
- Intronic/intergenic DMCs with a pronounced overlap with active enhancer annotation (are they hypomethylated in Neutrophiles?)

288 intronic/intergenic DMCs 
overlapped active enhancers 
supported by both datasets

Are they close to genes with expression 
enriched in neutrophiles? 

211

1 Kern et al., 2021: https://doi.org/10.1038/s41467-021-22100-8; 2 Mazdak et al., 2023: https://doi.org/10.1093/g3journal/jkad108; 
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Neutrophiles vs all others (211 intronic/intergenic hypomethylated DMCs)

211 DMCs

73 genes (closest)

Genes with enhanced 
expression in 
Neutrophiles

9 genes

TopGene 
(↑ # of hDMCs)

STX3 gene

Active enhancer (Kern et al., 20212)

Bidirectional cluster (Mazdak et al., 20231)

H3K27Ac Mark on GM12878 Lymphoblastoid cells from ENCODE

1 Mazdak et al., 2023: https://doi.org/10.1093/g3journal/jkad108; 2 Kern et al., 2021: https://doi.org/10.1038/s41467-021-22100-8
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Neutrophiles vs all others (211 intronic/intergenic hypomethylated DMCs)

211 DMCs

73 genes (closest)

Genes with enhanced 
expression in 
Neutrophiles

9 genes

TopGene 
(↑ # of hDMCs)

STX3 gene

Active enhancer (Kern et al., 20212)

Bidirectional cluster (Mazdak et al., 20231)

1 Mazdak et al., 2023: https://doi.org/10.1093/g3journal/jkad108; 2 Kern et al., 2021: https://doi.org/10.1038/s41467-021-22100-8;
3 Naegelen et al., 2015: 10.1189/jlb.3A0514-254RR; 4Tecchio et al., 2014: https://doi.org/10.3389/fimmu.2014.00508

STX3 (Syntaxin 3) gene Essential role in trafficking pathways of cytokines in 
neutrophil granulocytes3

Neutrophil-derived cytokines: immunoregulatory cytokines4
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⇢ Take home messages
- Epigenetic markers in distal regions (outside of gene promoters) help to better define cell type identity

- Integration of functional annotation helps to refine the detection of marks reflecting cell type identity 

- Multi-omics approach: how the genome adapts? Uncovering mechanism behind immune response…

Heat stress induces a loss of DNA methylation at specific loci of genome



THI 73-82 

THI 61-64 

T0 T14
Stress challenge



Gabriel Costa Monteiro Moreira, Alexis Ruiz González, Mélodie Joigner, Valentin Costes, Francesca Ali, Hélène Kiefer, Hélène 
Jammes, Daniel Rico

Cluster 1
Hyper T14

Cluster 2
Hypo T14

Cluster 3
HypoT14

Cluster 4
Hypo T14

⇢ ~4k DMCs hypomethylated

⇢ Hypomethylation of important regulatory regions (e.g. enhancers)

⇢ Changes in methylation profile of cell type specific regulatory regions 

⇢ Impact on immune system!
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⇢ Take home messages
- Epigenetic markers in distal regions (outside of gene promoters) help to better define cell type identity

- Integration of functional annotation helps to refine the detection of marks reflecting cell type identity 

- Multi-omics approach: how the genome adapts? Uncovering mechanism behind immune response…

Interrogating methylome in large cohort animals!

EpiCHIP

Coming soon 
(March 2025)

Functional epigenetics!!
Epigenome editing…

It includes probes that interrogates regulatory elements!
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Thank you for your attention!

gabriel.costa-monteiro-moreira@inrae.fr

V. Duranthon (INRAE)

H. Kiefer (INRAE)

H. Jammes (INRAE)

L. Bouzeraa (PhD - Univ. Laval, Quebec)

A. Chaulot-Talmon (INRAE)

F. Ali (INRAE)

L. Bourgeois-Brunel (INRAE)

G. Costa Monteiro Moreira (INRAE)

V. Costes (ELIANCE)

MECP2 team

Dr. Gilles Foucras (ENVT)

B. Gausserès (ENVT)

Anne Frambourg (INRAE)
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