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Introduction

Organismal interactions and response to environment are governed by molecular mechanisms, which are among the most basic levels of biological organization. Studies across a diversity of organisms have described the association of genetic variation with environmental factors [START_REF] Andrew | A road map for molecular ecology[END_REF][START_REF] Feder | Evolutionary and ecological functional genomics[END_REF]). More recently, transcriptomics studies in natural populations have identified gene expression differences that are associated with phenotypic plasticity, genotype-by-environment interactions, and local adaptation, and that some of these differences are only elicited in natural environments (Alvarez, Schrey, & Richards, 2015; [START_REF] Nagano | Deciphering and prediction of transcriptome dynamics under fluctuating field conditions[END_REF][START_REF] Nagano | Annual transcriptome dynamics in natural environments reveals plant seasonal adaptation[END_REF]Nicotra et al., 2010). Hence, gene expression variation, like genetic variation, can translate into trait variation that contributes to organismal performance with important population-and community-level ecological effects [START_REF] Alvarez | Ten years of transcriptomics in wild populations: what have we learned about their ecology and evolution?[END_REF] Hughes, Inouye, Johnson, Underwood, & Vellend, 2008;[START_REF] Schoener | The newest synthesis: understanding the interplay of evolutionary and ecological dynamics[END_REF][START_REF] Whitham | A framework for community and ecosystem genetics: from genes to ecosystems[END_REF].

Additional layers of variation, including chromatin modifications, small RNAs, and other non-coding variants, can mediate changes in genotypic expression and phenotype. However, this type of variation is infrequently studied in natural settings [START_REF] Alvarez | Ten years of transcriptomics in wild populations: what have we learned about their ecology and evolution?[END_REF]; Kudoh 2016; [START_REF] Nagano | Deciphering and prediction of transcriptome dynamics under fluctuating field conditions[END_REF][START_REF] Nagano | Annual transcriptome dynamics in natural environments reveals plant seasonal adaptation[END_REF][START_REF] Robertson | Genetic and epigenetic variation in Spartina alterniflora following the Deepwater Horizon oil spill[END_REF]. DNA and chromatin modifications, such as DNA methylation, can also vary among individuals within populations [START_REF] Banta | Quantitative epigenetics and evolution[END_REF] Becker & Weigel, 2012; [START_REF] Robertson | Genetic and epigenetic variation in Spartina alterniflora following the Deepwater Horizon oil spill[END_REF], and contribute to phenotypic variation by modulating the expression of genes [START_REF] Alvarez | Ten years of transcriptomics in wild populations: what have we learned about their ecology and evolution?[END_REF][START_REF] Alvarez | Transcriptome response to the Deepwater Horizon oil spill identifies novel candidate genes for oil tolerance in natural populations of the foundation plant Spartina alterniflora[END_REF], the types of transcripts that genes produce [START_REF] Maor | The alternative role of DNA methylation in splicing regulation[END_REF], the movement of mobile elements [START_REF] Matzke | RNA-directed DNA methylation: an epigenetic pathway of increasing complexity[END_REF], and the production of structural variants [START_REF] Underwood | Epigenetic activation of meiotic recombination near Arabidopsis thaliana centromeres via loss of H3K9me2 and non-CG DNA methylation[END_REF][START_REF] Yelina | DNA methylation epigenetically silences crossover hot spots and controls chromosomal domains of meiotic recombination in Arabidopsis[END_REF]. At the same time, changes in genetic sequence or gene expression may cause variation in patterns of DNA methylation, creating a bidirectional relationship that varies across the genome [START_REF] Weyrich | Paternal intergenerational epigenetic response to heat exposure in male Wild guinea[END_REF][START_REF] Xie | ICE1 demethylation drives the range expansion of a plant invader through cold tolerance divergence[END_REF]. However, it is often unclear whether changes in DNA methylation, and correlated changes in gene expression, are simply a downstream consequence of changes in allele frequencies or if they may manifest through other mechanisms.

Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards Nearly half of the affected habitat was salt marsh, which supplies valuable ecosystem functions such as providing nurseries for birds and fish, and buffering storm and wave action (Day et In previous studies, we found that in S. alterniflora exposed to the DWH oil spill, pollution tolerance was correlated to changes in expression of a diverse set of genes, including epigenetic regulators and chromatin modification genes, such as a homolog of SUVH5 [START_REF] Alvarez | Transcriptome response to the Deepwater Horizon oil spill identifies novel candidate genes for oil tolerance in natural populations of the foundation plant Spartina alterniflora[END_REF]. Although S. alterniflora populations were partially resilient to the DWH spill (Lin & Mendelssohn, 2012), we found evidence of genetic differentiation between individuals from oil-exposed areas and nearby uncontaminated areas [START_REF] Robertson | Genetic and epigenetic variation in Spartina alterniflora following the Deepwater Horizon oil spill[END_REF]. We expected that DNA methylation patterns would be divergent between oil exposed and unexposed populations, which might be induced by the environment or result from the genetic differences between exposed and unexposed populations. However, while a few DNA methylation loci (measured via methylation sensitive amplified fragment length polymorphism; MS-AFLP) were correlated with alterniflora that could be acted upon by selection.

Materials and Methods

Sample Collection

We collected individuals from the leading edge of the marsh at three contaminated and To standardize age and minimize developmental bias in sampling, we collected the third fully expanded leaf from each of eight individuals, spaced 10 meters apart at each of the six sites (N=48). Leaf samples were immediately frozen in liquid nitrogen to prevent degradation, and kept frozen during transport to the University of South Florida for processing and analysis.

DNA extractions and library prep

We isolated DNA from each field-collected sample (N=48) using the Qiagen DNeasy plant mini kit according to the manufacturer's protocol. 

Population genetics

All statistical analyses were performed in R v 3.5.3 (R Core Team, 2017). The epiGBS technique, and the sequencing design that we chose, did not provide sufficient sequencing depth to estimate hexaploid genotype likelihoods with confidence, particularly considering the lack of a high-quality reference genome [START_REF] Boutte | Reference Transcriptomes and Detection of Duplicated Copies in Hexaploid and Allododecaploid Spartina Species (Poaceae)[END_REF][START_REF] Dufresne | Recent progress and challenges in population genetics of polyploid organisms: an overview of current stateof-the-art molecular and statistical tools[END_REF]. We therefore used the frequency of the most common allele within an individual at each polymorphic locus as a substitute for genotype at each locus. Although this method ignores the various types of partial heterozygosity that are possible in hexaploid S. alterniflora, methods do not currently exist for accurate estimation of heterozygosity in polyploids, and the majority of standard population genetic inference assumes diploidy. We assumed that the frequency of the most common allele [START_REF] Meirmans | Seven common mistakes in population genetics and how to avoid them[END_REF] in assessing isolation by distance using the formula (genetic distance ~ latitude * longitude). We visualized data using principal components analysis (PCA; Figure 1A).

To quantify the relationship between genome-wide variation and environmental conditions, we used partial constrained redundancy analysis (RDA, implemented with the RDA function in the Vegan package v. 2.5-2; Oksanen et al. 2017). RDA is a multivariate ordination technique that allowed us to assess the joint influence of all SNPs simultaneously, while effectively controlling for both population structure and false discovery (Forester, Lasky, Wagner, & Urban, 2018). The resulting "locus scores" correspond to the loadings of each SNP on to the constrained axis, which represents the variation that can be explained by the variable of interest (in this case, crude oil exposure). We attempted to control for variation among sites with a replicated sampling strategy, but rather than using a single term for "population", we conditioned our ordination on variables identified by latent factor mixed models analysis using the LFMM package (Caye, Jumentier, Lepeule, & François, 2019), which provides a method to account for residual variation due to unmeasured differences among populations, including environmental variation, life history variation, and geographical separation [START_REF] Leek | Five ways to fix statistics[END_REF].

We used RDA to fit our final model with the formula (SNP matrix ~ oil exposure + Condition(latent factors)). We used a permutational test (999 permutations; Oksanen et al. 2017)

to assess the likelihood that oil-exposed and unexposed populations differed by chance, and visualized results using principal components analysis. We identified individual SNPs that were significantly correlated with oil contamination using the three standard deviation outlier method described by Forester et al. (2018). Finally, we tested for differences in genetic variation using the PERMDISP2 procedure (Vegan; Oksanen et al., 2017), under the assumption that a significant reduction in genetic variation in oiled populations may be evidence of a bottleneck.

Methylation analysis

During the filtering process, loci were annotated with their methylation context, but all contexts were pooled for distance-based analyses as well as multiple testing correction after locus-by-locus modeling. We tabulated methylation frequency at each locus (methylated 

Comment

Relationships to gene expression variation

In a previous study using pools of individuals on a custom microarray, we found differential expression associated with response to the DWH in 3,334 out of 15,950 genes that were assessed in S. alterniflora [START_REF] Alvarez | Transcriptome response to the Deepwater Horizon oil spill identifies novel candidate genes for oil tolerance in natural populations of the foundation plant Spartina alterniflora[END_REF]. In order to make the epiGBS data We also obtained the probability of whether significantly associated SNPs and methylation positions were likely to be overlapping differentially expressed genes (DEGs) by chance using a bootstrap method. We drew a number of random SNPs or methylated positions, with replacement, equal to the number of observed significantly associated SNPs or DMPs, and counted the number of loci that overlapped with DEGs in our previous study. This process was repeated 9999 times each for genetic and methylation data. We derived P-values by counting the number of times a value at least as large as the observed value appeared in the bootstrap resamples and dividing by the number of bootstrap replicates.

Greenhouse oil response experiment

We assessed the possibility that native S. alterniflora populations harbored genetic variation for the response to crude oil via a controlled greenhouse experiment. We collected 10 S. alterniflora individuals that had been collected from two oil-naïve sites ("Cabretta" and We distributed three potted replicates of each of the 10 genotypes in each of two plastic containment chambers, for a total of 60 biological samples. One chamber received only uncontaminated fresh water, while the oil treatment chamber received 2.5% oil (sweet Louisiana crude) in 62 liters of water, which we previously determined would induce strong phenotypic response [START_REF] Alvarez | Molecular response of Spartina alterniflora to the Deepwater Horizon oil spill[END_REF]. Tides were simulated once per day by filling containment chambers with the water or water-oil mixture and allowing the fluid to drain into a catchment. We estimated biomass by tallying the number of living leaves and the number of living ramets when the experiment began, and again seven days after crude oil was added.

Statistical analysis of greenhouse experiment

Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards , where asterisks represent main effects and all interactions. We did not explicitly test for differences between sites since admixture is high between sites on Sapelo Island and we found no evidence of genetic differentiation (Foust et al., 2016). We assessed significance for main effects and interactions using type III tests. However, to identify individual genotypes responding more strongly than others, we conducted post-hoc pairwise comparisons, correcting for multiple testing using Holm's correction for multiple testing (emmeans; [START_REF] Lenth | Emmeans: Estimated marginal means, aka least-squares means[END_REF].

Results

epiGBS yields informative genetic and methylation loci

The libraries for 48 individuals (Table S1). However, during filtering, we removed ten samples due to stochastic undersequencing, leaving 38 samples for population analyses (Table 1, Figure S2).

Genetic differentiation

Our initial sequencing run yielded 171,205 SNPs across all individuals. After filtering to common loci, removing invariant sites, and imputing missing data (Figure S2), we obtained 63,796 SNP loci. Of these, 5,753 SNPs occurred in transcripts. As in our AFLP study, we found significant genetic differentiation that was correlated to oil exposure: oil exposure explained 23.4% of the variance in DNA sequence (P<0.001, Figure 1A, B, Table 2), providing evidence that selection may have acted on these populations. Pairwise FST calculations showed that all sites were significantly different from each other (Table 3), with no evidence of isolation by distance (P>0.05 for latitude, longitude, and interaction). We found 1,631 SNPs that were significantly associated with oil exposure (defined by a locus score >3 standard deviation units away from the mean locus score; Forester et al., 2018; Figure 1C), including 169 that overlapped with the S. alterniflora transcriptome. Of these loci, 41 were annotated using information from O. sativa, and contained a number of putative regulators of gene expression. Among significant loci, 1,324 differed in major allele frequency between exposed and unexposed populations by greater than 5%, and 334 by greater than 20% (Figure 1C). Significantly differentiated loci appeared no less likely to increase or decrease in major allele frequency based on exposure (809 increasing vs 822 decreasing in frequency). We tested for homogeneity of group dispersion, and found no evidence of change in variance in oil-exposed populations (P=0.512).

DNA methylation differentiation

Our bisulfite sequencing yielded 1,402,083 cytosines that were polymorphic for methylation across our samples before filtering. After filtering our data to common loci as

Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 14 described above, we analyzed 92,999 polymorphic methylated loci, 25,381 of which occurred in the CG context, 24,298 in the CHG context, and 43,030 in the CHH context (Figure 2C). An additional 290 had variable context because they co-occurred with a SNP. These proportions of polymorphic methylation loci did not change significantly due to oil exposure. Methylation calls were collapsed for symmetric CG and CHG loci across "watson" and "crick" strands so that methylation on either one or both strands was considered as a single locus. Although DNA methylation was strongly correlated with oil exposure (Table 2, P<0.001) when controlling only for latent factors, this differentiation was not significant after controlling for genetic population structure with principal components of genetic data (Table 2, P>0.1). In the latter model, oil explained 10% of the variation in methylation.

We found 240 DMPs that differed significantly between exposure types (Q<0.05, Figure 2C; Table S1). The number of observed DMPs in the CG context (125 loci) was significantly overrepresented relative to their occurrence in our data (P<0.001). We also found DMPs in CHG (57 loci), and CHH (58 loci) context, which was underrepresented among DMPs relative to their prevalence in all contigs (P<0.001). Among the significant loci, most had negligible differences in the magnitude of methylation frequency changes (average 1.4% change between exposed and unexposed populations). Only 29 experienced a change in magnitude of methylation greater than 5%, and only 7 loci showed a change of greater than 20%. Additionally, 19 DMPs were located within a fragment that mapped to the S. alterniflora transcriptome, and 49 DMPs occurred in the same fragment as a significantly differentiated SNP. However, only 4 of those SNPs altered the trinucleotide context of DNA methylation.

Correlations with gene expression

We found no significant relationship between genetic distance and gene expression S1), and our bootstrap test suggests that this was also likely to occur by chance (P>0.5). However, our data is limited to address the association between DNA methylation and differential expression of specific genes.

Genotypes in common garden differ in their response to crude oil

We found a significant effect of oil exposure on both the number of leaves (F= 13.09, P < 0.001) and the number of ramets (F = 28.75, P < 0.001) at the end of the controlled greenhouse experiment. Type III tests showed significant genotype-by-treatment interactions for the number of leaves, but not ramets, at the end of the experiment, suggesting that individual genotypes vary in their response to crude oil exposure. Post-hoc comparisons identified two genotypes (C and G; FDR<0.05, Figure 3; Table S2) that lost a significantly greater number of leaves over the course of the experiment relative to other genotypes, further suggesting the presence of standing variation among individuals for the response to crude oil exposure. 2012). However, our studies and previous accounts of initial losses in live aboveground and belowground biomass [START_REF] Lin | Response of salt marshes to oiling from the Deepwater Horizon spill: Implications for plant growth, soil surface-erosion, and shoreline stability[END_REF] suggest that some S. alterniflora genotypes were more susceptible than others to crude oil stress, and either had not regrown at the time of sampling or experienced mortality as a result of oil exposure. Although we found no evidence for a reduction in genetic variation, which may have further indicated selection for tolerant genotypes, the high ploidy of S. alterniflora makes accurate quantification of total genetic variation challenging.

Discussion

Further investigations are required to confirm the magnitude of selection, whether mortality varied by genotype, and if there was a reduction in genetic variation among oil-exposed populations.

DNA methylation differences may reflect either the downstream effects of genetic variants, an induced response to environment, or both [START_REF] Meng | Limited contribution of DNA methylation variation to expression regulation in Arabidopsis thaliana[END_REF]. For example, in another study of S. alterniflora populations, patterns of DNA methylation were more strongly correlated than genetic structure with microhabitat, and correlation of DNA methylation to environment was independent of population structure (Foust et al., 2016). In this study, we found a multi-locus signature of methylation differentiation (17% of the variation explained by oil exposure) between oil-affected and unaffected sites before controlling for population structure.

However, we found no association between methylation and crude oil contamination after controlling for genetic variation and latent effects, suggesting DNA methylation is controlled by genetic variation.

The observed variation in DNA methylation may be controlled by genetic variation via either a change in the nucleotide context, the presence or absence of particular alleles in cis, or variation in upstream regulatory elements. Allelic variation that changes trinucleotide context can alter or eliminate the ability of a methyltransferase to deposit methylation at that site.

However, in our data, we did not find an enrichment of SNPs that affected trinucleotide context of DMPs. Concurrently, we did not detect an enrichment of oil-associated SNPs in DEGs, which we would expect if changes in the coding regions of those genes explain the observed gene

Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 17 expression variation in oil-exposed individuals. However, our ability to assess the relationships between SNPs, SMPs and DEGs was limited by the distribution of our RRBS fragments. Further, changes in allele frequencies, due to either selection or drift, may have generated divergence in the regulatory machinery maintaining DNA methylation and gene expression profiles among exposed and unexposed populations.

Although we cannot disentangle whether differential expression causes alternative methylation patterns or vice versa, we previously identified a DEG that was homologous to the histone methyltransferase SUVH5, which may modulate fitness effects during oil exposure [START_REF] Alvarez | Transcriptome response to the Deepwater Horizon oil spill identifies novel candidate genes for oil tolerance in natural populations of the foundation plant Spartina alterniflora[END_REF]. Histone methylation is linked to DNA methylation through the regulation of CHROMOMETHYLASE3 (CMT3) activity (Stroud, Greenberg, Feng, Bernatavichute, & Jacobsen, 2013). Given our previous results and those from the present study, we hypothesized that the differential expression of SUVH5 in response to crude oil exposure would result in differences in DNA methylation. These differences, in turn, may be maintained via genetic variation between exposed and unexposed populations either in the SUVH5 homolog itself, or more broadly within the CMT3-mediated pathway. However, targeted resequencing and further functional validation in the populations of interest will be required to confirm this hypothesis.

Reduced representation sequencing compared to AFLP

As the field of ecological genomics matures, there is a pressing need to develop robust assays and statistically sound measures of regulatory variation. ). Furthermore, it is important to note that the limited number of loci surveyed may have led to a biased subsampling of the genome. In turn, this can lead to a poor estimation of the "neutral" level of divergence in the genome, and therefore a biased interpretation of divergence between these populations [START_REF] Lowry | Breaking RAD: an evaluation of the utility of restriction site[END_REF].

When comparing epiGBS to MS-AFLP, we expected that the substantial increase in markers (92,999 compared to 39 polymorphic methylation loci, respectively) would lend greater

Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 18 resolution to detect patterns of DNA methylation variation. Our epiGBS survey detected significant differentiation in both genetic variation and DNA methylation that was correlated to oil exposure, suggesting that epiGBS provides increased resolution over MS-AFLP to detect genome-wide methylation differences. However, despite the much larger data set generated by epiGBS, we only found 240 differentially methylated positions. Although it would be valuable to identify associations between gene expression and nearby DNA methylation variation, the minimal overlap between our RRBS fragments and DEGs hindered our ability to associate methylation and gene expression variation. This is due to the small fraction of the genome that is assayed, substantial variation in methylation, and that we were unable to identify fragments that overlapped promoter regions without a reference genome.

Future RRBS studies will benefit from optimizing protocols that enrich for specific 3 Pairwise Fst among three oil contaminated and three uncontaminated sites. Bold (i.e. all entries) indicates significance at P < 0.001. 

(

  Meng et al., 2016; Niederhuth & Schmitz, 2017; Secco et al., 2015). Patterns of DNA methylation have been correlated to habitat types, exposure to stress, and shifts in species range (Foust et al., 2016; Liebl, Schrey, Andrew, Sheldon, & Griffith, 2015; Liebl, Schrey, Richards, & Martin, 2013; Richards, Schrey, & Pigliucci, 2012; Verhoeven, Jansen, van Dijk, & Biere, 2010;

  , C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 5 In 2010, the Deepwater Horizon (DWH) oil spill developed into the largest marine oil spill in history (National Commission on the BP Deepwater Horizon oil spill, 2011), and became an opportunity to test ecological and evolutionary hypotheses in a diversity of organisms exposed to this recurrent anthropogenic stress (e.g. Alvarez et al. 2018; DeLeo et al. 2018; Hazen et al. 2010; Kimes et al. 2013; Kimes, Callaghan, Suflita & Morris, 2014; Robertson, Schrey, Shayter, Moss, & Richards, 2017; Rodriguez-R et al. 2015; Whitehead et al. 2012). A mixture of crude oil and dispersants made landfall along 1,773 kilometers on the shorelines of Louisiana, Mississippi, Alabama and Florida (Mendelssohn et al., 2012; Michel et al., 2013).

  was likely to underestimate diversity and therefore underestimate divergence between populations, making our tests of differentiation conservative (Meirmans, Liu, & van Tienderen, 2018). We obtained pairwise FST values between populations to test for significant differentiation (StAMPP, Pembleton, Cogan, & Forster, 2013). We also used distance-based Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 9 redundancy analysis (RDA function in the Vegan package v. 2.5-2; Oksanen et al. 2017) to minimize false positives

  citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 10 cytosines/(methylated+unmethylated cytosines)), and visualized differences between samples with PCA (Figure 2A). To identify signatures of DNA methylation variation that were correlated with oil exposure while controlling for genetic structure, we estimated latent variables with LFMM (Caye et al., 2019) as above. In addition to the advantages described above, latent factor analysis (or the related surrogate variable analysis) provides a control for cell type heterogeneity in epigenomic studies (Akulenko, Merl, & Helms, 2016; Caye et al., 2019; McGregor et al., 2016). We then modeled the impact of oil exposure to genome-wide patterns of DNA methylation while controlling for latent variation as well as population structure via RDA (Vegan v. 2.5-2; Oksanen et al., 2017) with the formula (methylation distance ~ oil exposure + Condition(latent factors) + the first 5 principal components). To identify differentially methylated positions (DMPs) between contaminated and uncontaminated samples, we used binomial linear mixed modeling (MACAU; Lea, Tung, & Zhou, 2015), using the genetic relatedness matrix and latent factors as covariates to control for population structure. We corrected locus-specific P-values for multiple testing (qvalue v 2.14.1; Storey, Bass, Dabney, & Robinson, 2015), and tested for overrepresentation of cytosine contexts (CG, CHG, CHH) using binomial tests, implemented in R (R Core Team, 2017). Our epiGBS fragments rarely exceeded 200bp, and we were therefore unable to identify differentially methylated regions.

  comparable to our pooled microarray design, we concatenated SNPs and methylation polymorphisms from individuals into in silico sample pools by averaging values at individual loci across the same three individuals within pools that were used in the gene expression analysis. We then calculated genetic, expression, and methylation distances between sample pools and used Mantel and partial Mantel tests to assess the relationship between all three data types and between methylation and expression, controlling for the effect of genetic distance (Vegan, Oksanen et al. 2017). Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 11

"

  Lighthouse") in the Sapelo Island National Estuarine Research Reserve in Georgia, USA, in May 2010. We collected plants that were spaced ten meters apart, maximizing the chance that individuals were of different genotypes (Foust et al., 2016; Richards, Hamrick, Donovan, & Mauricio, 2004). We grew these individuals in pots under greenhouse conditions for at least three years before beginning our experiments and propagated multiple replicates of each genotype by rhizome cutting. Individual ramets were separated and potted in 4 inch pots in a 50-50 mixture of peat and sand (Cypress Creek, Tampa, USA; Alvarez, 2016).

  , C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 12 We used generalized linear models (R Core Team 2017) with a Poisson error distribution to analyze the above-ground biomass at the end of the experiment (measured as the number of leaves and the number of ramets). Because S. alterniflora reproduces clonally, we assumed that biomass would represent a reasonable proxy of fitness in our species (Younginger, Sirová, Cruzan, & Ballhorn, 2017). We also included a covariate for the size of each plant at the start of the experiment, represented by the number of leaves and the number of ramets at the start of the experiment. Each model was written as (PhenotypeFinal ~ Treatment * Genotype + PhenotypeInitial)
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 23 Figure 1 A) Visualization of principal components 1 and 2 of allele frequency data (SNP) data. B) Visualization of principal component 1 and RDA1, which represents the line of maximal separation between samples based on allele frequency data. C) The locus score, representing loadings of each SNP to the constrained axis, plotted against the average change in allele frequency between unexposed and oil exposed populations. Significantly differentiated SNPs are shown in black.

  

  Therefore, we estimate that our epiGBS approach assayed approximately 0.6% of the non-homeologs of the same region, which mapped to the same location. Only 1% of reads map to repetitive elements, confirming that Pst1-fragmented libraries were biased away from highly methylated, repetitive regions (van Gurp et al., 2016). The bisulfite non-conversion

	rate was calculated to be 0.36% of cytosines per position, and was estimated from lambda phage
	spike-in (van Gurp et al., 2016). Although we found substantial variation in average sequencing
	depth among samples, we found no obvious non-random bias in sampling depth across samples
	(Figure
	repetitive genome. However, fragments that were >90% similar were merged, and polyploid
	homeologs may have been concatenated. With BLAST, we found 10,103 fragments mapped to
	2,718 transcripts in the S. alterniflora transcriptome. We found that 1,571 transcripts (57.8%)
	contained multiple epiGBS fragments that align to the same place, and 296 (10.9%) contained

1) generated 6,809,826 total raw sequencing reads, of which 3,833,653 (56.3%) could be matched to their original mate strand. De novo assembly using the epiGBS pipeline resulted in 36,131 contiguous fragments ranging from 19-202 bp, an average length of 123.92 bp, and a total length of 5,441,437 bp. The size of the S. alterniflora genome is estimated to be 2C values = 6x = 4.2 GB (Fortune et al., 2008), and current genomic analyses indicate that repetitive sequences (including transposable elements and tandem repeats) represent about 45% of the total analyzed genomic data set in S. alterniflora (Giraud et al., in prep). multiple epiGBS fragments that mapped to different places within the same gene. We suspect that multiple epiGBS fragments map to the same location because some epiGBS fragments Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 13 represent different

  but that differentiation in DNA methylation is primarily explained by differences in allele frequencies. Additionally, our greenhouse experiment shows phenotypic plasticity and genotypic variation in crude oil response, as measured by differential reduction in biomass between exposed and unexposed samples. These findings are consistent with genotypespecific mortality, and suggest that the DWH oil spill may have been a selective event in S.We found significant genetic differentiation between oil-exposed and unexposed sites, which may reflect either stochastic mortality in oil-exposed areas from a severe bottleneck, or a signature of selection for oil tolerance in affected populations. Spartina alterniflora displays high phenotypic plasticity, and populations have persisted after exposure to the DWH oil spill, even after extensive aboveground dieback[START_REF] Lin | Impacts and recovery of the Deepwater Horizon oil spill on vegetation structure and function of coastal salt marshes in the northern Gulf of Mexico[END_REF][START_REF] Lin | Response of salt marshes to oiling from the Deepwater Horizon spill: Implications for plant growth, soil surface-erosion, and shoreline stability[END_REF][START_REF] Silliman | Degradation and resilience in Louisiana salt marshes after the BP-Deepwater Horizon oil spill[END_REF] 

	alterniflora populations.

Spartina alterniflora displays high levels of genetic and DNA methylation variation across environmental conditions in its native range (Foust et al., 2016; Hughes & Lotterhos, 2014; Richards et al., 2004; Robertson et al., 2017), potentially providing substrate for both genetic and epigenetic response to pollution. We previously found that genetic structure and expression of 3,334 genes were correlated to exposure to the DWH oil spill, but genome-wide methylation variation was not (Alvarez et al., 2018; Robertson et al., 2017). Higher resolution epiGBS suggests that both genetic sequence and DNA methylation are correlated with crude oil exposure in S. alterniflora, Genetic and epigenetic response to the DWH Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 16
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 1 portions of the genome (e.g. Heer & Ullrich et al., 2018), but generating a draft reference genome will be imperative to allow for better exploitation of RRBS data and ascertain gene function (Paun et al., 2019). While sequencing-based techniques provide the potential to identify functional genomic regions, correct annotations rely on genomic resources in a relevant reference. In polyploid species like S. alterniflora, the number of duplicated genes and the Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 Comment citer ce document : Alvarez, M., Robertson, M., van Gurp, T., Wagemaker, N., Giraud, D., Ainouche, M. L., Salmon, Verhoeven, K. J. F., Richards, C. L. (2020). Reduced representation characterization of genetic and epigenetic differentiation to oil pollution in the foundation plant Spartina alterniflora . BioRxiv, 426569. , DOI : 10.1101/426569 21 21. Ferreira de Carvalho, J., Boutte, J., Bourdaud, P., Chelaifa, H., Ainouche, K., Salmon, A., & Ainouche, M. (2017). Gene expression variation in natural populations of hexaploid and allododecaploid Spartina species (Poaceae). Plant Systematics and Evolution, 303, 1061-1079. 22. Forester, B.R., Lasky, J.R., Wagner, H.H., & Urban, D.L. (2018). Comparing methods for detecting multilocus adaptation with multivariate genotype-environment associations. Molecular Ecology, 27(9), 2215-2233. 23. Fortune, P.M., Schierenbeck, K.A., Ainouche, A.K., Jacquemin, J., Wendel, J.F., & Ainouche, M.L. (2007). Evolutionary dynamics of Waxy and the origin of hexaploid Spartina species (Poaceae). Molecular Phylogenetics and Evolution, 43, 1040-1055. doi: 10.1016/j.ympev.2006.11.018 24. Fortune, P.M., Schierenbeck, K.A., Ayres, D., Bortolus, A., Catrice, O., Brown, S., & Ainouche, M.L. (2008). The enigmatic invasive Spartina densiflora: A history of hybridizations in a polyploidy context. Molecular Ecology, 17, 4304-4316. 25. Foust, C.M., Preite, V., Schrey, A.W., Alvarez, M., Robertson, M.H., Verhoeven, K.J.F., & Richards, C.L. (2016). Genetic and epigenetic differences associated with environmental gradients in replicate populations of two salt marsh perennials. Kawahara, Y., de la Bastide, M., Hamilton, J.P., Kanamori, H., McCombie, W.R.Sampling information across all sites after filtering. Site information includes location and oil status at each site (exposure).

	potential for neofunctionalization among them creates additional uncertainty for correctly
	assigning annotations (Primmer, Papkostas, Leder, Davis & Ragan, 2013). Spartina alterniflora
	has various levels of duplicated gene retention, small RNA variation (including miRNAs and
	SiRNAs) and homeologous expression (Ainouche, Baumel, Salmon, & Yannic 2003; Boutte et
	al., 2016; Cavé-Radet, Giraud, Lima, El Amrani, Ainouche, & Salmon, 2019; Ferreira de
	Carvalho, 2013, 2017; Fortune et al., 2007), which may result in more opportunities for gene
	diversification and subfunctionalization (Chen et al., 2015; Salmon & Ainouche, 2015; Shimizu-
	Inatsugi et al., 2017). Therefore, while studies with RRBS techniques in non-model plants offer
	increased power to detect broad, genome-wide patterns of variation that may be correlated to
	ecology, they are still limited for the detection of specific gene function. Improving genomics
	resources in a variety of organisms is an essential next step for understanding the molecular level
	basis of ecological interactions.
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 2 Association between oil exposure, genetic distance, and methylation distance across tests. Test statistics and significance determined through RDA. *** indicates significance at P ≤ 0.001.

				Variance
		df	F	Explained
	Genetic	1	2.183 ***	0.234
	Methylation			
	Without control for genetic	1	1.96 ***	0.167
	var.			
	With control for genetic var.	1	1.199	0.099
	Table			
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