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INTRODUCTION

The preconception period represents an important critical window for fetal and epigenetic programming [START_REF] Dominguez-Salas | Maternal nutritional status, C(1) metabolism and offspring DNA methylation: a review of current evidence in human subjects[END_REF]. Epigenetics is defined as the study of the mechanisms that regulate gene expression without altered DNA sequence and appears to be particularly sensitive to environmental exposures during the early development [START_REF] Dominguez-Salas | Maternal nutritional status, C(1) metabolism and offspring DNA methylation: a review of current evidence in human subjects[END_REF][START_REF] Waterland | Epigenetic epidemiology of the developmental origins hypothesis[END_REF]. Micronutrients implicated in one-carbon metabolism (OCM) deserve special attention because the OCM cycle supports multiple physiological processes essential for human development, including DNA methylation [START_REF] Anderson | Nutrition and epigenetics: An interplay of dietary methyl donors, one-carbon metabolism, and DNA methylation[END_REF]. The latter depends upon the supply of dietary OCM nutrients, which are necessary to establish methylation patterns during embryogenesis and maintain them during cell proliferation [START_REF] Dominguez-Salas | Maternal nutritional status, C(1) metabolism and offspring DNA methylation: a review of current evidence in human subjects[END_REF]. OCM nutrients are carriers, methyl-group donors (e.g., folates, choline, betaine, methionine), and cofactors of enzymes involved in the transfer reactions of methyl groups to DNA (namely vitamins B2, B6, and B12) [START_REF] Anderson | Nutrition and epigenetics: An interplay of dietary methyl donors, one-carbon metabolism, and DNA methylation[END_REF].

In humans, a few studies have evaluated the association between dietary intake of OCM nutrients and DNA methylation in children. In Gambia, a study evaluated the association between OCM micronutrient periconceptional status, assessed in maternal plasma, and DNA methylation at metastable epialleles, measured from lymphocytes and hair follicles in infants postnatally. Infants conceived during the dry and wet seasons (associated with significant seasonal nutritional variations) had different levels of DNA methylation at a number of sites, which were correlated with micronutrient status [START_REF] Dominguez-Salas | Maternal nutrition at conception modulates DNA methylation of human metastable epialleles[END_REF]. Another study reported maternal dietary and supplemental intake of methyl-group donors (folate, betaine, folic acid) in the preconception period associated with buccal epithelial-cell DNA methylation in 6-month-old infants. The identified genes were related to child growth, metabolism and appetite [START_REF] Pauwels | Maternal intake of methyl-group donors affects DNA methylation of metabolic genes in infants[END_REF]. A recent randomized controlled trial showed folic acid supplementation in late pregnancy associated with methylation of a region upstream of the imprinting controller ZFP57 in cord blood [START_REF] Irwin | A randomized controlled trial of folic acid intervention in pregnancy highlights a putative methylation-regulated control element at ZFP57[END_REF].

Adequate micronutrient intake is necessary to support placenta homeostasis and development [START_REF] Richard | Review: Effects of maternal micronutrient supplementation on placental function[END_REF]. A few studies have investigated the role of OCM nutrients in DNA methylation variation in placental tissue. Two studies evaluated associations between choline intake or folic acid supplementation during pregnancy and placental DNA methylation by using a gene candidate approach but with a small sample size [START_REF] Tserga | Impact of folic acid intake during pregnancy on genomic imprinting of IGF2/H19 and 1-carbon metabolism[END_REF][START_REF] Jiang | Maternal choline intake alters the epigenetic state of fetal cortisol-regulating genes in humans[END_REF]. Exposure to an inappropriate maternal nutritional environment in the preconception period could also result in placental epigenetic changes, including changes in DNA methylation levels. The early waves of demethylation and de novo methylation that occur after fertilization affect both the epiblast which develops into the embryo, and the trophoblast, which develops into the placenta [START_REF] Vlahos | Human placental methylome in the interplay of adverse placental health, environmental exposure, and pregnancy outcome[END_REF]. Nevertheless, it is still unclear to what extent the maternal intake of OCM nutrients might affect placental DNA methylation.

We hypothesized that maternal OCM nutrient intake in the preconception period, more specifically during the year before pregnancy, could affect placental function by changing DNA methylation at an early stage in placental development. The purpose of our study was to examine whether dietary patterns which characterize the variability of pre-pregnancy intake of micronutrients involved in the one-carbon metabolism process (B vitamins, methionine, choline, and betaine) were associated with placenta DNA methylation at delivery in the French EDEN mother-child cohort. As previously described in a recent publication [START_REF] Lecorguillé | Association between Dietary Intake of One-Carbon Metabolism Nutrients in the Year before Pregnancy and Birth Anthropometry[END_REF], we found that three dietary patterns explained the main variability of OCM nutrient intake before pregnancy, in women from the EDEN study: the "varied and balanced diet," "vegetarian tendency," "bread and starchy food" patterns. Our objective was exploratory and to assess how the different dietary patterns reflecting availability of OCM nutrients may influence both global methylation and specific genes. We first assessed the association of dietary pattern with global DNA methylation by using two proxies: Alu elements and long interspersed nucleotide elements (LINE-1). Then, we investigated DNA methylation associations with each dietary pattern by using an epigenome-wide approach at both the single-CpG site and regional levels.

MATERIALS AND METHODS

Study

The EDEN mother-child study is a prospective cohort that aimed to evaluate the early, preand post-natal determinants of child health and development [START_REF] Heude | Cohort Profile: The EDEN mother-child cohort on the prenatal and early postnatal determinants of child health and development[END_REF] 

Dietary data and other information collected during pregnancy

The diet of women during the year before pregnancy was assessed retrospectively at inclusion (before 28 weeks' gestation; 15 weeks on average) by using a validated food-frequency questionnaire [START_REF] Deschamps | Reproducibility and relative validity of a food-frequency questionnaire among French adults and adolescents[END_REF]. A food composition database was not available to estimate the direct intake of some nutrients of interest (methionine, choline and betaine), so we used different sources to establish a food composition database and calculated individual nutrient intake following a methodology that we previously described [START_REF] Lecorguillé | Association between Dietary Intake of One-Carbon Metabolism Nutrients in the Year before Pregnancy and Birth Anthropometry[END_REF]. Three dietary patterns -"varied and balanced", "vegetarian tendency", and "bread and starchy food"were identified using the reduced rank regression method to characterize OCM micronutrient intake (folates, choline, betaine, methionine, vitamins B2, B6, B12) in the year before pregnancy [START_REF] Hoffmann | Application of a new statistical method to derive dietary patterns in nutritional epidemiology[END_REF]. The three patterns explained 58% of the variability in OCM nutrient intake. For each woman, a score was calculated for each dietary pattern. The "varied and balanced diet" pattern was characterized by positive coefficients for the main OCM micronutrients, but lower coefficient for betaine. The "vegetarian tendency" pattern was characterized by high coefficients for vitamin B6, B9 and betaine to the detriment of other nutrients such as vitamin B12, choline, and methionine. The "bread and starchy food" pattern was mainly characterized by a high coefficient for betaine and negative coefficients for vitamins B2, B6, and B9 [START_REF] Lecorguillé | Association between Dietary Intake of One-Carbon Metabolism Nutrients in the Year before Pregnancy and Birth Anthropometry[END_REF]. The main characteristics of the patterns are presented in Table 1. Information on dietary supplementation in the 3 months before and during pregnancy was also collected by maternal self-completed questionnaires as consumption of mixed multivitamins/minerals or use of single micronutrients, among which we had information for vitamins B2, B6 and B9 (folic acid) as another source of OCM nutrient intake [START_REF] Lecorguillé | Association between Dietary Intake of One-Carbon Metabolism Nutrients in the Year before Pregnancy and Birth Anthropometry[END_REF]. This variable was defined in four categories: no supplementation, supplementation only before pregnancy, supplementation only during pregnancy, and supplementation before and during pregnancy.

Sociodemographic and pregnancy information were recorded by interviews with the mothers at 6 months of pregnancy and after delivery. We selected information about the recruitment centre (Poitiers vs Nancy), maternal age at delivery, BMI at conception (continuous) and maternal education level (at most lower secondary, upper secondary, postsecondary, or tertiary [bachelor's, master's, or doctoral level] classified according to the International Standard Classification of Education [START_REF]International Standard Classification of Education (ISCED)[END_REF]). Smoking during pregnancy was classified into three groups to identify non-smokers, moderate, and heavy smokers (never, 1-9 cigarettes/day, ≥ 10 cigarettes/day, respectively).

Placental DNA methylation assessment

In total, 1301 placental samples were collected at delivery by a midwife or a technician of the study following a standardized protocol. Samples of approximately 5 × 5 mm were taken from the centre of the placenta on the fetal side and were immediately frozen at -80°C. DNA from placental samples was extracted using the QIAsymphony instrument (Qiagen, Germany). DNA concentration was determined by Nanodrop measurement and fluorescent quantification using Picogreen. No sample was discarded due to low DNA concentration. The DNA quality control and epigenome analysis steps were performed by the Centre National de Recherche en Génomique Humaine (Evry, France). From the 2002 women, 1301 placenta samples were collected. Placenta samples could not be collected from all women, either due to absence of maternal consent, emergency for the EDEN woman or in care unit, and lack of time. Finally, due to budgetary restrictions, in total, 668 children had methylation data available for the study. The DNA samples were plated onto 96-or 48-well plates. A total of nine plates containing 64 chips were used. These plates were processed in four batches. The ratios for child sex (boy/girl) and recruitment centre (Poitiers/Nancy) were balanced for each BeadChip [START_REF] Abraham | Pregnancy exposure to atmospheric pollution and meteorological conditions and placental DNA methylation[END_REF]. Illumina's Infinium HumanMethylation450 BeadChips were used to evaluate the methylation status of 485,512 individual CpG sites in the placental samples (Illuminas, San Diego, CA, USA) [START_REF] Dedeurwaerder | A comprehensive overview of Infinium HumanMethylation450 data processing[END_REF]. Raw signals from 450K BeadChips were extracted by using GenomeStudio v2011.1 (Illumina) [START_REF] Abraham | Pregnancy exposure to atmospheric pollution and meteorological conditions and placental DNA methylation[END_REF]. The DNA methylation level of each CpG was calculated as the ratio of the intensity of the normalized fluorescent signals of the methylated alleles to the sum of the methylated and unmethylated alleles.

We performed the data correction, quality control and normalization steps using the meffil R package as described by Min et al [START_REF] Min | Meffil: efficient normalization and analysis of very large DNA methylation datasets[END_REF]. In the quality control report, we checked variation due to technical artefacts, outliers, poor-quality samples and control probes, the ratio of unmethylated/methylated signal and extreme dye-bias. We excluded samples showing evidence of extreme dye-bias, probes targeting the sex chromosomes, probes with a bead count <3 in >10% of samples as well as probes having a detection p-value greater than 0.01 in >10% of samples, which led to 666 samples and 473 362 CpG sites measured for analyses.

Samples were then normalized by using functional normalization implemented in meffil. The main parameter of this method, the number of control probe principal components, was set to 15. This was determined to be the number that maximizes the variance explained in the data [START_REF] Min | Meffil: efficient normalization and analysis of very large DNA methylation datasets[END_REF]. Probe intensity quantiles were then adjusted by removing variance encoded in the principal components and batch effects, as fixed and random effects, respectively. Finally, probe intensities were adjusted to conform to the adjusted quantiles. Methylation levels or βvalues at CpG sites were estimated as ratios between normalized probe intensities representing methylated signals and the sum of methylated and unmethylated signals.

Normalization reports were generated with meffil, evaluating associations between potential batch variables with normalized data. This approach identified batches and technical artefacts that were not completely resolved by using functional normalization and for which it was necessary to include the batch variable as covariate in the association studies.

Global methylation was also evaluated by measuring methylation in four CpG sites of repetitive Alu and LINE-1 elements by using a previously published pyrosequencing methylation assay [START_REF] Yang | A simple method for estimating global DNA methylation using bisulfite PCR of repetitive DNA elements[END_REF]. More than one-third of DNA methylation is estimated to occur in repetitive elements. Methylation of these repetitive elements can serve as a surrogate marker for global genomic DNA methylation. We then used the median percentage methylation of the four CpG sites for analyses.

Estimation of placental cellular composition

Cellular composition of biological samples has been described as an important source of variability in epigenetic epidemiological studies. Placenta is a heterogeneous tissue comprising many cell types of differing development origins [START_REF] Hogg | Improved reporting of DNA methylation data derived from studies of the human placenta[END_REF]. DNA methylation levels are known to vary considerably between cell types, trophoblasts and mesenchymal components of the placenta [START_REF] Grigoriu | Cell specific patterns of methylation in the human placenta[END_REF]. We used a method called reference-free adjustment for celltype composition (ReFACTor) that is based on principal component analysis (PCA) for correcting cell type heterogeneity [START_REF] Rahmani | Sparse PCA corrects for cell type heterogeneity in epigenome-wide association studies[END_REF]. This method has been described as improving estimates of the cell-type composition, power and control for false discoveries in epigenomewide association study (EWAS) [START_REF] Rahmani | Sparse PCA corrects for cell type heterogeneity in epigenome-wide association studies[END_REF]. One study described the maternal-fetal interface and cellular organization of placenta: seven cell types were identified on the fetal side [START_REF] Vento-Tormo | Single-cell reconstruction of the early maternal-fetal interface in humans[END_REF]. To be conservative, ReFACTor was used with default parameter settings, including the default number of cell types set to 10. The algorithm is robust to the selection of this parameter set to 10 (22). To avoid ReFACTor generating components encoding sex differences, we included this variable as a covariate in the ReFACTor model.

Statistical analyses

Descriptive analyses

Characteristics of the population with available data on dietary patterns and placental DNA methylation are described with mean ± SD and number (%).

Global DNA methylation

We examined the association between the three dietary patterns characterizing the variability in OCM micronutrient intake in the year before pregnancy ("varied and balanced", "vegetarian tendency" and "bread and starchy food"), OCM intake as supplements and the Alu and LINE-1 elements as proxies of overall methylation level. Associations were investigated by using robust linear regression, accounting for potential confounders and other adjustment factors identified from the literature: child sex, maternal age at delivery (continuous), study centre (Nancy/Poitiers), smoking during pregnancy (never, 1-9 cigarettes/day, ≥ 10 cigarettes/day) and gestational age (continuous). We also adjusted for technical factors related to methylation measurements (batch effect) and estimated cell-type proportions. We also considered vitamin supplementation as an adjustment covariate. The interaction between OCM dietary patterns and maternal supplement intake before pregnancy (yes/no) was tested.

EWAS

Using the meffil package, we ran epigenome-wide analyses to identify CpG associations with each of the three dietary patterns. The dietary patterns are independent factors by construction and thus can be considered separately in the models. We performed analyses in three nested models, namely, a "no covariate model" (no adjustment), a "main model" (adjusted for child sex, study center, maternal age, smoking during pregnancy, gestational age, batch effect and cellular composition), and a "full model" (main model + adjustment for "surrogate variables" (SVA)). Indeed, in this last model, we used surrogate variable analysis to remove other potential sources of heterogeneity [START_REF] Leek | Capturing heterogeneity in gene expression studies by surrogate variable analysis[END_REF]. Finally, we adjusted these analyses for vitamin supplementation before and during pregnancy. We used Bonferroni correction to derive a conservative p-value threshold of 1.0 × 10 -7 (0.05/473362 independent tests) to determine sites showing strong evidence of association with our exposure, dietary patterns [START_REF] Holm | A Simple Sequentially Rejective Multiple Test Procedure[END_REF]. To reduce the influence of potential outliers, we excluded data points below the 25th percentile minus 3 interquartile ranges or above the 75th percentile plus 3 interquartile ranges for each probe. Analyses with additional adjustment for maternal education and parity were performed. Since these adjustments had no notable effect on associations with DNA methylation, either globally or at individual CpG sites, these factors were not considered in the full model.

As a supplementary analysis, we also tested the association between global DNA methylation and EWAS approaches with vitamin supplementation before and during pregnancy as an exposure, adjusted for the three dietary patterns in the "full" model.

Statistical analyses were performed with R v3.6.2 and a Bonferroni-corrected p < 0.05 was considered significant.

Differentially methylated regions

Finally, we identified differentially methylated regions (DMRs) by using the dmrff package in R, which identifies differentially methylated regions by combining EWAS summary statistics (from the "full model") for nearby CpGs [START_REF] Suderman | dmrff: identifying differentially methylated regions efficiently with power and control[END_REF]. Significant differentially methylated regions were defined by the following criteria: 1) within one differentially methylated region, the distance between two neighboring probes is at most 500 base pairs; 2) the adjusted Bonferroni p-value associated with regions is < 0.05, and 3) the regions were considered relevant if they included at least two CpG sites with beta values in the same direction and significantly different from 0 (nominal p-value <0.05). After identification of the DMR regions, the integrative gene database Genecards [START_REF] Rebhan | GeneCards: a novel functional genomics compendium with automated data mining and query reformulation support[END_REF] and the encyclopedia of DNA elements ENCODE [START_REF] Davis | The Encyclopedia of DNA elements (ENCODE): data portal update[END_REF] were used to describe functions of identified genes or regions.

Sample selection

Among the 2002 women included in the EDEN study, 1301 placental samples were collected at birth and 668 methylome analyses were performed. After the previously described steps of quality control, normalisation and exclusion due to missing data in our exposure variable (dietary patterns), 573 women were included for analyses. The selection of the population is presented in Figure 1.

RESULTS

Population characteristics

The characteristics of the 573 women selected for analysis are summarized in Table 2. Mean maternal age was 29 years (± 5) and about 30% of mothers smoked during pregnancy. Only 8.6% of women received vitamin and/or mineral supplementation both within the 3 months before pregnancy and during pregnancy.

Global DNA methylation

The mean (SD) percentage methylation was 16.2 (± 1.0) for Alu and 26.1 (± 1.9) for LINE-1.

The estimated correlation between Alu and LINE-1 sequences was 0.08 (p=0.04).

Associations between dietary patterns and global DNA methylation are shown in Table 3. We found no association between each dietary pattern and overall DNA methylation levels of Alu and LINE-1 elements, after adjustment for different confounding factors. We found no significant interactions between vitamin supplementation before pregnancy and dietary pattern scores in association with Alu and LINE-1 methylation levels (p interaction >0.05).

Results were similar after adjustment for cell-type heterogeneity (Table 3). However, women who had vitamin supplementation before and during pregnancy showed higher methylation level on the Alu repetitive element, with a positive regression coefficient of 0.40 (p=0.005), which was not confirmed with the LINE-1 elements.

EWAS results

In the unadjusted model, the "varied and balanced" pattern was not associated with placental DNA methylation. Adjustment for potential confounding variables previously described ("full model") and cell-type estimation did not result in significant association between the dietary pattern scores and placental DNA methylation at any single site among the 557 mother-child pairs (p > 1.0 × 10 -7 ), as shown in the Manhattan plot (Figure 2). In the adjusted model, including surrogate variables, no significant CpG site was found. We also showed the results by using a quantile-quantile plot, showing the observed distribution of the p-values against the expected p-values under the null hypothesis of no association (Figure 3). Results were similar after adjusting for vitamin supplementation (Supplemental Figure 1). Similarly, we did not find evidence for an association between the other dietary patterns "vegetarian tendency" or "bread and starchy food" or vitamin supplementation (considered as a binary variable: supplemented or not) and placental DNA methylation (Supplemental Figure 2).

Identification of differentially methylated regions

The three dietary patterns were related to several DMRs, which are composed of CpG sites that are differentially methylated compared with the surrounding region. All DMRs contained at least two CpGs sites with a p-value < 0.05. The "varied and balanced" pattern was significantly related to a DMR located on chromosome 3 and containing eight CpG sites (Table 4). This region was associated with the EPM2A Interacting Protein 1 (EPM2AIP1) and MutL Homolog 1 (MLH1) genes. The "vegetarian tendency" pattern was associated with two DMRs, located on chromosomes 19 and 11, containing respectively 6 and 5 CpG sites.

DMRs were associated with Zinc Finger Protein 562 (ZNF562) and Fatty Acyl-CoA Reductase 1 (FAR1) genes, respectively (Table 4). The "bread and starchy" pattern was related to three DMRs, located on chromosomes 10, 8 and 5 and containing 5, 8, and 3 CpG sites, respectively (Table 4). The three DMRs most strongly associated with the "bread and starchy" pattern were located near the Arsenite Methyltransferase (AS3MT) gene, Gasdermin D (GSDMD) gene and Solute Carrier Family 25 Member 46 (SLC25A46) gene respectively.

After additional adjustment for vitamin supplementation, DMR analyses showed similar results for the "bread and starchy food" pattern. One additional region was found located near the Zinc Finger Protein 175 (ZNF175) gene (Table 5). For the "varied and balanced" pattern, we found an association with a DMR located on chromosome 9 and in a gene related to neurologic development, the Neural Proliferation, Differentiation and Control 1 (NPDC1) (Table 5). We found consistent association between the "vegetarian tendency" pattern and regions located on FAR1. Additionally, we observed a tendency for an association with a DMR associated with the Delta-Like Canonical Notch Ligand 1 (DLL1) (Table 5).

DISCUSSION

To our knowledge, our study is the first epigenome-wide analysis of placental DNA methylation of dietary patterns characterizing OCM nutrient intake in the year before pregnancy for young women of childbearing age. We found no association between the different dietary patterns and global DNA methylation or individually analysed CpG sites in the placental tissue.

We previously showed in the EDEN cohort, that women with disadvantaged social status and possibly nutritional deficiencies were under-represented [START_REF] Lecorguillé | Association between Dietary Intake of One-Carbon Metabolism Nutrients in the Year before Pregnancy and Birth Anthropometry[END_REF], which may explain in part why we did not find stronger associations of prenatal diet with placental DNA methylation. We evaluated the impact of pre-pregnancy maternal diet, which is relevant for early phenomena such as implantation and placenta development. However, other environmental and maternal factors during pregnancy affecting the placenta development may have masked the effects of earlier factors such as diet before pregnancy. Also, dietary effects on DNA methylation may be tissue-specific, and different results could be found in other tissues (cord blood, buccal cells) [START_REF] Hogg | Improved reporting of DNA methylation data derived from studies of the human placenta[END_REF]. Finally, little is known about the potentially complex association between methyl-group donors obtained by diet and global DNA methylation. One study evaluated the dietary intake of OCM nutrients (vitamin B12, betaine, choline and folate) during the periconception period and second trimester of pregnancy and found no association with LINE-1 methylation in cord blood [START_REF] Boeke | Gestational intake of methyl donors and global LINE-1 DNA methylation in maternal and cord blood: prospective results from a folate-replete population[END_REF]. A randomized trial showed that children born from healthy mothers who received folic acid supplementation in the second and third trimesters of pregnancy had lower global LINE-1 methylation in cord blood than women who received a placebo [START_REF] Caffrey | Gene-specific DNA methylation in newborns in response to folic acid supplementation during the second and third trimesters of pregnancy: epigenetic analysis from a randomized controlled trial[END_REF]. Another study of 24 pregnant women did not find an association between folic acid supplementation during pregnancy and LINE-1 methylation in cord blood [START_REF] Fryer | LINE-1 DNA methylation is inversely correlated with cord plasma homocysteine in man: A preliminary study[END_REF].

However, we identified associations with several DMRs located on genes that could be implicated in functions related to development. The DMR associated with the "varied and balanced" pattern was located in EPM2AIP1 and MLH1 genes. EPM2AIP1 is a protein coding gene, involved in regulating glycogen synthesis and potential diseases associated with its function includes Lafora disease, a rare form of neurodegeneration and severe progressive epilepsy in adolescence [START_REF] Ianzano | Identification of a novel protein interacting with laforin, the EPM2a progressive myoclonus epilepsy gene product[END_REF][START_REF] Turnbull | Deficiency of a Glycogen Synthase-associated Protein, Epm2aip1, Causes Decreased Glycogen Synthesis and Hepatic Insulin Resistance[END_REF]. MLH1 maintains the integrity of the genome by correcting mismatches that arise from DNA replication errors or damage [START_REF] Jun | DNA mismatch repair system. Classical and fresh roles[END_REF]. After adjustment for vitamin supplementation, the same pattern was associated with another DMR located in NPDC1, involved in neural cell proliferation and differentiation [START_REF] Qu | Characterization and tissue expression of a novel human gene npdc1[END_REF]. The strengths of associations with DMRs were relatively low with p-values close to the significance threshold, which explains why some DMRs were identified after additional covariate adjustment. The "varied and balanced" pattern is characterized by intake of the main micronutrients, such as choline and vitamin B9 (or folate), that are known to play an essential role in neurological development. A recent study reported a positive association between serum folate concentrations in adults aged above 65 years and increased DNA methylation on MLH1 [START_REF] Sanchez | High levels of circulating folate concentrations are associated with DNA methylation of tumor suppressor and repair genes p16, MLH1, and MGMT in elderly Chileans[END_REF].

The "vegetarian tendency" pattern was associated with a DMR located in ZNF562, a gene that may be involved in transcriptional regulation, but few data have been published to date. Another DMR negatively associated with this pattern was located on FAR1 that encodes a protein required for lipid metabolism and fatty acid reduction. Mutations in this gene have been associated with neurological conditions such as severe intellectual disability, epilepsy, microcephaly, congenital cataracts, growth retardation and spasticity [START_REF] Buchert | A peroxisomal disorder of severe intellectual disability, epilepsy, and cataracts due to fatty acyl-CoA reductase 1 deficiency[END_REF]. After taking into account vitamin supplementation, we found another associated DMR located on DLL1, which is required for embryonic development, and plays a role in inter-cellular communication and cell fate decision processes in human lymphopoiesis [START_REF] Jaleco | Differential Effects of Notch Ligands Delta-1 and Jagged-1 in Human Lymphoid Differentiation[END_REF]. One study reported a novel differentially methylated region in placental samples from children with autism disorder, corresponding probably to a fetal brain enhancer near the DLL1 locus [START_REF] Schroeder | Placental methylome analysis from a prospective autism study[END_REF]. DLL1 is also a transmembrane ligand protein of NOTCH receptors, which are involved in many aspects of vascular development and angiogenesis [START_REF] Shimanuki | Alteration of Delta-like ligand 1 and Notch 1 receptor in various placental disorders with special reference to early onset preeclampsia[END_REF]. Several studies have identified dysregulated expression of Notch family members in placentas with preeclampsia [START_REF] Shimanuki | Alteration of Delta-like ligand 1 and Notch 1 receptor in various placental disorders with special reference to early onset preeclampsia[END_REF]. As previously described, the "vegetarian tendency" pattern was characterized by a high intake of vitamin B9, which plays an important role in brain and placental development [START_REF] Morse | Brain Development and Function Following Maternal Supplementation during Pregnancy and Lactation[END_REF]. One study reported low folate concentrations in early pregnancy associated with increased risk of preeclampsia [START_REF] Bergen | Homocysteine and folate concentrations in early pregnancy and the risk of adverse pregnancy outcomes: the Generation R Study[END_REF].

The "bread and starchy food" pattern was associated with DMRs located in genes with varied functions, involved in arsenic metabolism [START_REF] Engström | Arsenic metabolism is influenced by polymorphisms in genes involved in one-carbon metabolism and reduction reactions[END_REF], regulation of epithelial proliferation and cell differentiation in the skin and gastrointestinal tract, particularly as shown in one animal study focusing on the GSDMD gene [START_REF] Tamura | Members of a novel gene family, Gsdm, are expressed exclusively in the epithelium of the skin and gastrointestinal tract in a highly tissue-specific manner[END_REF]. Finally, the SLC25A46 gene may play a role in mitochondria, and mutation of this gene results in neurodegenerative diseases [START_REF] Charlesworth | SLC25A46 mutations underlie progressive myoclonic ataxia with optic atrophy and neuropathy[END_REF].

However, interpretation of these results must be considered with caution without additional information on the relation between the identified DMRs and related gene expression.

Finally, vitamin supplementation before and during pregnancy was associated with significantly increased global DNA methylation as assessed by the Alu repetitive element.

Women who initiated supplementation before pregnancy and followed this during pregnancy may have higher intake of OCM nutrients than their peers. High intake could result in increased methylation level, but this association was not confirmed with the LINE-1 elements.

The correlation between the two proxies of global DNA methylation was lower than in other publications (0.08 vs > 0.20), which may explain this difference [START_REF] Wilhelm-Benartzi | In Utero Exposures, Infant Growth, and DNA Methylation of Repetitive Elements and Developmentally Related Genes in Human Placenta[END_REF].

Strengths and limitations

This study provides new insights into the characteristics of the diet of women of childbearing age before pregnancy in light of its contribution to the combined intake of OCM nutrients involved in DNA methylation. The placenta represents a relevant tissue, as the main organ of nutritional exchange between the mother and fetus during pregnancy. An important strength is that we had information on global DNA methylation (Alu and LINE-1 elements), which few studies have evaluated in placenta so far. Despite a lack of power that could explain the lack of an association in our analyses, particularly with individual CpG sites, the sample size is one of the largest in studies of placental DNA methylation [START_REF] Vlahos | Human placental methylome in the interplay of adverse placental health, environmental exposure, and pregnancy outcome[END_REF]. However the placenta is a complex and heterogeneous tissue in its formation, and genes may be differentially expressed depending on the location of the sampled region [START_REF] Hogg | Improved reporting of DNA methylation data derived from studies of the human placenta[END_REF], which may be a source of variability and thus noise for biological analyses. Moreover, even though we used ReFACTor method to account for cellular heterogeneity, we cannot exclude the possibility of residual confounding. One of the perspectives would be to compare results using the recently developed cell estimation references in the placenta [START_REF] Yuan | Cell-specific characterization of the placental methylome[END_REF].

Another limitation of nutritional epidemiology is the lack of precision in measuring diet in all its complexity. Information on food consumption was self-reported by women during pregnancy, which might be a source of declarative bias. Biomarkers of nutritional intake of OCM nutrients would be necessary to confirm these results. Unfortunately, these markers are not easy to collect during preconception unless specific studies have been set up during this period. One recent study meta-analysed results from two population-based birth cohort studies in Northern Europeans and reported significant associations between maternal plasma folate during pregnancy and DNA methylation in cord blood [START_REF] Joubert | Maternal plasma folate impacts differential DNA methylation in an epigenome-wide meta-analysis of newborns[END_REF]. We did not find any associations with the CpG sites linked to genes identified in this study, however we did not specifically investigate folate intake, and none of the dietary patterns was designed to proxy folate intake.

Nutrients involved in the one-carbon metabolism pathway include a range of biological processes and complex interactions that need further investigation. Furthermore, we attempted to account for many potential confounders including technical factors and cell heterogeneity, but we cannot rule out confounding by genetics or other unmeasured environmental factors that may influence DNA methylation and dietary patterns (maternal stress, diabetes or food contaminant) [START_REF] Vlahos | Human placental methylome in the interplay of adverse placental health, environmental exposure, and pregnancy outcome[END_REF]. Finally, although we had information on vitamin supplementation, the data remain imprecise, which is a limitation of this study. We did not have information on the duration of supplementation or at which trimester during which women took supplements.

Moreover, women may have had supplementation of one or more vitamins, so interpreting the individual effect of vitamin supplementation on DNA methylation is difficult. We did not attempt replication in this project because to our knowledge, there were no other studies with available data on the combined OCM nutrients intake before pregnancy and placental DNA methylation. However, replication in other cohorts with different nutritional intakes would be helpful to confirm these results.

CONCLUSION

In our sample of French women without major nutritional deficiencies, we did not find any major effect of OCM nutrient intake or vitamin supplementation on global DNA methylation or on CpG sites analysed separately. However, our results highlighted an association between the "varied and balanced" or "vegetarian tendency" dietary pattern and DMRs located in genes involved in various functions related to embryonic development, such as neurodevelopment. DMR analyses showed the "bread and starchy food" pattern associated with methylation of genes with various functions including metabolic or cell synthesis-related processes. Replication of these results in other studies is essential to evaluate the role of OCM nutrients in DNA methylation. Other studies of the functional implications of the genes potentially involved are necessary to understand how they may affect child development. 1 DMRs determined with the use of dmrff [START_REF] Suderman | dmrff: identifying differentially methylated regions efficiently with power and control[END_REF]. All models were adjusted for child sex, study center, maternal age, gestational age, smoking during pregnancy, batch effect, cell-type distribution estimated, surrogate variable analysis variables and vitamin supplementation. 2 Coefficient associated with DMR or direction of the association. β-value reported for individual CpG sites. 3 Adjusted p-value associated with DMR and no-adjusted p-value for CpG sites. 

  (see Supporting information, data availability). Study participation was proposed to all women visiting the prenatal clinic before 24 weeks' gestation. Between 2003 and 2006, 2002 (53%) pregnant women aged 18 to 45 years old were recruited in two centres: Nancy and Poitiers hospitals. Exclusion criteria were multiple pregnancies, known diabetes before pregnancy, French illiteracy or planning to move out of the region within the next 3 years. All women gave their informed consent for inclusion before participation in the study. The study received approval from the ethics committee of Kremlin Bicêtre Hospital (02-70) and the Commission Nationale de l'Informatique et des Libertés, the French data privacy institution.
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Figure 1 :

 1 Figure 1: Flow-chart of population selection

Figure 2 :

 2 Figure 2: Manhattan plots of epigenome-wide association results for "varied and balanced pattern" within the placenta. The red dashed line represents Bonferroni correction significance threshold (p = 1.0 × 10 -7). The direction of the associations is reported with negative effects below zero and positive effects above zero.

Figure 3 :

 3 Figure 3: Quantile-quantile plot for regression model between scores on the "varied and balanced diet" in the year before pregnancy and placental DNA methylation.

  

  

Table 3 : Association between dietary patterns or vitamin supplementation and global DNA methylation in different adjusted models Alu (16.2 ± 1.0) *

 3 Adjusted models for study center, maternal age, child sex, smoking during pregnancy, gestational age, batch effect and vitamin supplementation (model for dietary pattern), and adjusted mutually for the three dietary patterns (model for vitamin supplementation).

	LINE-1
	(26.1 ± 1.9) *

Median percentage of the four CpG sites in Alu and long interspersed nucleotide elements [LINE-1] as proxies of overall methylation level Data are regression coefficients for an increase in one score unit for each dietary pattern.

*mean percentage methylation level

1 

Table 4 : Dietary patterns in the year before pregnancy and differentially methylated regions (DMRs) 1 of placental DNA in the EDEN cohort

 4 

	Exposure	Number of	Chr	Position	Gene(s)	CpG site	DMR direction of	P-value 3
		CpG sites					association and	
							individual CpG site	
							β-value 2	
	Varied and	8	Chr 3	37034730-	EPM2AIP1,		Positive	0.003
	balanced			37034956	MLH1			
						cg10769891	0.0002466	0.05
						cg19132762	0.0000365	0.81
						cg23658326	0.0001607	0.04
						cg11600697	-0.0002116	0.49
						cg21490561	-0.0001209	0.45
						cg00893636	-0.0000941	0.68
						cg03192963	0.0000985	0.54
						cg06791151	-0.0000509	0.58
	Vegetarian	6	Chr 19	9785647-	ZNF562		Positive	4.6 10 -18
	tendency			9785919				
						cg10755961	0.0005334	0.04
						cg24874111	-0.0006368	0.09
						cg18587364	-0.0003679	0.46
						cg20631204	-0.0002906	0.40
						cg14073063	0.0001544	0.53
						cg14308647	0.0003846	0.03
		5	Chr 11	13690122-	FAR1		Negative	9.5.10 -10
				13690194				
						cg02831587	0.0003768	0.04
						cg26240185	-0.0000984	0.17
						cg03326059	-0.0000360	0.49
						cg10572969	-0.0000200	0.77
						cg24412501	0.0003739	0.04

Table 5 : Dietary patterns in the year before pregnancy and differentially methylated regions (DMRs) 1 of placental DNA, after adjustment for vitamin supplementation

 5 

	Exposure	Number of	Chr	Position	Gene	CpG site	DMR direction of	P-value 3
		CpG sites					association and	
							individual CpG site β-	
							value 2	
	Varied and	3	Chr 9	139940640-	NPDC1		Positive	0.02
	balanced			139941067				
						cg22952834	0.0002152	0.031
						cg12611723	0.0014960	0.0001
						cg17902858	0.0010973	0.0004
	Vegetarian	4	Chr 6	170599869-	DLL1		Negative	5.3.10 -7
	tendency			170600060				
						cg08273501	-0.0002168	0.31
						cg12024311	-0.0000268	0.79
						cg27139933	-0.0000134	0.97
						cg00474209	0.0012425	0.004
		3	Chr 6	170599826-	DLL1		Negative	7.0.10 -3
				170599840		cg03394401	0.0038978	0.008
						cg14497851	-0.0000644	0.55
						cg03815571	0.0005043	0.40
		2	Chr 11	13690122-	FAR1		Negative	3.7.10 -9
				13690157				
						cg02831587	0.0003705	0.04
						g10572969	-0.0001112	0.12
		3	Chr 11	13690160-	FAR1		Negative	7.8.10 -3
				13690194				
						cg03326059	-0.0000295	0.57
						cg10572969	-0.0000240	0.73
						cg24412501	0.0003721	0.05

Explained variation in the overall nutrient variables from the reduced-rank regression ²Association of the nutrient variables with the three dietary patterns.

Additional adjustment for estimated cellular composition. P<0.05. SE: standard error

DMRs determined with the use of dmrff[START_REF] Suderman | dmrff: identifying differentially methylated regions efficiently with power and control[END_REF]. All models were adjusted for child sex, study center, maternal age, gestational age, smoking during pregnancy, batch effect, cell-type distribution estimated and SVA variables.

Coefficient associated with DMR or direction of the association. β-value reported for individual CpG sites.

Adjusted p-value associated with DMR and no-adjusted p-value for CpG sites.
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Data availability

The EDEN individual-level data have restricted access owing to ethical and legal conditions in France. They are available upon request from the EDEN steering committee at etude.eden@inserm.fr and through collaborations with the principal investigators of EDEN.

Questionnaires are also available upon request at the same address.