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Epigenetic mechanisms such as methylation can influence gene expression and play a crucial role in the adaptation to local environmental conditions, thereby introducing non-genetic variability within species. Here, using a Reduced Representation Bisulfite Sequencing approach (RRBS), we compared the methylation patterns in blood and muscle across three European brown bear populations. Our results clearly demonstrated that, beyond tissue-driven divergences, the methylation patterns of the three populations are significantly distinct. Differentially methylated sites, possibly associated with genomic features involved in development and anatomical differentiation, are widespread across the bear genome. This finding supports previous studies suggesting a role for the alteration of developmental pathways in shaping phenotypic novelties with potential adaptative significance. Our results underscore the importance and the effectiveness of including epigenetic approaches in studying wild non-model organisms. Investigating the epigenome can be especially relevant for endangered populations that have experienced a significant erosion of genomic diversity.
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Introduction

The evolutionary trajectory of a species is primarily driven by its genetic diversity. Nevertheless, an increasing body of evidence emphasizes the significant contribution of epigenetic diversity to species evolutionary potential (Baltazar-Soares et al., 2024). Despite the significant implications of epigenetic pattern variations, this aspect at the population level in non-model species remains largely unexplored (Vogt, 2022).

Natural epigenetic variation is increasingly documented in wild populations (Hu and Barrett, 2017; Meröndun et al., 2019). This source of variation is, to some extent, genetically determined and can arise from stochastic epigenetic modifications, independent from the surrounding environment (Feinberg and Irizarry, 2010). Intriguingly, certain emerging epigenetic modifications can assume adaptive significance, thereby contributing to the population’s resilience in dynamic environments, at least in the short term and potentially across longer timescales if transmitted across generations (Feinberg and Irizarry, 2010). The stochastic origin of adaptive epigenetic variation holds particular significance in genetically depauperate populations, including those characterized by small size, isolation, and/or high levels of inbreeding (Verhoeven and Preite, 2014; Leung et al., 2016). Accumulating evidence suggests that comprehensively assessing both genetic and epigenetic structuring across geographical and environmental dimensions can confer unparalleled analytical power in evaluating population-level variations and responses to local adaptation (Meröndun et al., 2019). This approach could establish a functional connection between the genome and the environment (Cavalli and Heard, 2019; Rey et al., 2020), thereby enhancing our understanding of the intricate interplay between genetic and epigenetic factors in the context of evolutionary processes.

Currently, a crucial step involves examining the extent of epigenetic variation in wild populations experiencing different levels of environmental complexity, phenotypic divergence, and genetic structure. In this respect, examining the epigenome provides an additional layer of information for understanding adaptive evolution, allowing insights into regulatory mechanisms such as DNA methylation. These mechanisms influence tissue-specific genetic expression (Lokk et al., 2014; Zhou et al., 2017), as well as the development and maintenance of complex phenotypes (Peaston and Whitelaw, 2006; Venney et al., 2023).

Here we explored whether differences in DNA methylation patterns are potentially associated with population differentiation in non-model wild mammals, such as the brown bear Ursus arctos. This species is widely distributed in the palearctic region but occurs in Europe in scattered populations, some of which are characterized by a very low number of individuals. European populations show marked genotypic similarity (Tumendemberel et al., 2023) but some show differentiated phenotypic characteristics, such as body mass and skull size and shape divergence (Loy et al., 2008; Swenson et al., 2023). Particularly the Apennine brown bear shows enlarged supraorbital apophyses, wider zygomatic arches, and distinct first upper molar shapes. These changes likely result from rapid evolution driven by genetic drift and local selective pressures, potentially linked to dietary shifts favoring vegetation and hard mast, such as beech nuts and acorns (Colangelo et al., 2012). The origin of these phenotypic novelties, that could be interpreted as local adaptations, can be hardly explained exclusively in term of neutral genetic variation, and other mechanisms, such as the alteration of developmental pathways, has also been claimed (Loy et al., 2021).

By using previously collected tissue samples from three European brown bear populations, we examined genome-wide DNA methylation between and within populations using Reduced Representation Bisulfite Sequencing (RRBS). Because the methylome is tissue specific (Lokk et al., 2014), we explored methylation profiles both in blood and muscle samples with the aim to understand if differential methylation signatures could be recognized at the population level in both tissues. Previous studies on muscle tissue have demonstrated how epigenetic structures can uncover subtle levels of differentiation influenced by environmental factors (Meröndun et al., 2019). Similarly, research on blood methylation has highlighted its potential to reflect adaptations to resource availability (Lea et al., 2016) and to capture both the genetic and geographic structure of populations (Vilgalys et al., 2019). Moreover, methylation is known to play a role in the adaptive immune response (Mittelstaedt et al., 2021; Caizergues et al., 2022). Thus, examining methylation patterns in blood could also provide valuable insights into the immune adaptations of wild populations.

We focused our study on three European populations that share a common genomic ancestry (Tumendemberel et al., 2023): the Scandinavian (Norway), the Central Apennine (Italy), and Eastern Alpine (Italy but derived from the Dinaric-Balkan) bear populations. The relict Apennine brown bear population is one of the most endangered in Europe and, even though genetically depauperated (Benazzo et al., 2017), it is still able to express a significant phenotypic variation of possible adaptive significance linked to the exploitation of different trophic resources (Colangelo et al., 2012). Because the analysis of DNA methylation may disclose additional levels of population structuring and elucidate the biological pathways contributing to phenotypic divergence within genetically homogeneous species (Meröndun et al., 2019), that in turn could reflect differences at physiological and metabolic level, the three bear populations included in this study are good candidate to gain initial insights into the role of epigenomic differentiation as a potential source of phenotypic divergence and plasticity.





Material and methods

We analyzed the epigenomic variation among 12 brown bear specimens from three different European populations, two from Italy (Apennines and Alpine), and one from Norway (Scandinavian peninsula). Two different tissues were sampled: blood and skeletal muscle. Blood was collected for Apennine and Alpine populations during previous live-trapping activities carried out by the Parco Nazionale d’Abruzzo Lazio e Molise (Pescasseroli, Italy) and Provincia Autonoma di Trento (Trento, Italy), respectively. Muscle samples were collected for Apennine populations from road killed individuals. Muscle samples from Norway (Scandinavian population) were from legally shot bears. The samples obtained were mainly subadults and includes both males and females (Supplementary Table S1).




DNA extraction and library preparation

The DNA from blood was extracted using a Blood DNA Isolation Mini Kit (Norgen Biotek Corp), whereas DNA from muscle was extracted using a Quick-DNA miniprep Kit (Zymo Research) following companies’ guidelines. Library preparation and sequencing were performed by Genomix4life S.R.L. (Baronissi, Salerno, Italy). Input DNA concentration of each sample was assayed with a Qubit fluorimeter (Life Technologies), and its quality assessed with a TapeStation 4200 (Agilent). Indexed libraries were constructed from 100 ng of purified DNA with an Ovation RRBS Methyl-Seq System according to the manufacturer’s instructions. The current approach utilizes the methylation insensitive restriction enzyme MspI, which recognizes CCGG sites. Individual libraries, whose quality and quantity were assessed with a TapeStation 4200 and Qubit fluorometer, were then pooled equimolarly. The pooled samples were paired-end (2x101bp) sequenced on a Novaseq6000 (Illumina). The 12 methylome raw files were deposited into the NCBI SRA database under the Bioproject PRJNA1104803.





Bioinformatic analyses

Raw reads were demultiplexed and quality was checked with the software Fastqc v0.11.9 (Andrews, 2010). Successively, a first adapter and quality trimming step were performed using TimGalore v0.6.10 (https://github.com/FelixKrueger/TrimGalore) followed by diversity trimming and filtering with NuGEN’s diversity trimming python script (https://github.com/nugentechnologies/NuMetRRBS).

Filtered fastq files were processed using the software Bismark v0.24.1 (Krueger and Andrews, 2011). Initially the fastq files were aligned to the brown bear Ursus arctos genome assembly (UrsArc2.0; NCBI RefSeq code: GCF_023065955.2) using Bowtie2 with parameter –score_min L,0,-0.6. Then the methylation call was performed using default Bismark parameters.

The obtained cytosine coverage files were used to investigate methylation profiles and perform a differential methylation analysis at regional level using the R package methylKit v1.28 (Akalin et al., 2012). We discarded sites with less than 10X and 99.9% of coverage. Then we performed a normalization of the coverage values among samples using a scaling factor derived from differences between median of coverage distributions as implemented in methylKit. Finally, we excluded those CpG sites that have no or little variation among study subjects and are not particularly informative for downstream analyses retaining only those sites with a standard deviation larger than two.

Due to X chromosome dosage compensation between females and males (Cecalev et al., 2024), we filtered out sex chromosomes from the analysis to reduce a potential bias on the inference at a population level. However, because X chromosome may still bring information on differentiation between populations, the methylation pattern in X chromosome was also investigated separately. Initially, sex-filtered (autosomes only) and X chromosome datasets were used to explore the pattern of differentiation between populations and tissues estimating the Pearson correlation coefficient among individuals and performing a Principal Component Analysis (PCA).

Successively we identified Differentially Methylated Regions (DMRs) in autosomes between populations for the muscle (Apennine vs Scandinavia) and for the blood (Apennine vs Alpine).

For DMR analysis the filtering was performed as for site level methylation but retaining sites with at least 3X coverage. Then the DMRs were identified with a non-overlapping sliding window of 1000 bp and retaining DMRs with at least 10 methylated bases.

Differential methylation between Apennine and Alpine bears (for blood) and between Apennine and Scandinavian bears (for muscle) was tested using Chi-square test with overdispersion correction (McCullagh & Nelder method) and P-value adjusted using a Sliding Linear Model (SLIM). DMRs were retained when we found at least 25% methylation difference and a q-value <0.01.

Finally, to get an insight in a genome-wide functional significance of differential methylation we annotated DMRs using the distance from the nearest transcription start site (TSS) calculated using the R package genomation v1.34 (Akalin et al., 2015) and the brown bear genome (NCBI annotation code GCF_023065955.2-RS_2003_06). For each contrast we estimated the percentage of DMRs in promoters, introns, intergenic regions. Then, we used the identified genomic features (nearest genes) to perform an enrichment analysis looking for most significant Gene Ontology (GO) terms using the R package gprofiler2 v0.2.3 (Kolberg et al., 2020) and the GO annotation from polar bear (Ursus maritimus). The g:SCS (Set Counts and Sizes) method was used for multiple testing correction (Reimand et al., 2007).






Results

The mapping efficiency for each sample to the reference was higher than 90%, with approximately 60% of uniquely mapping reads (see Supplementary Figure S1). In all the samples, approximately 50% of the methylated cytosines was found in the CpG context (blood ~48%, muscle ~55%). Methylation in other contexts (i.e. CHH and CHG) was extremely low, accounting for less than 1% each, and higher in muscle than in blood, in line with CpG context (Supplementary Figure S2).

As expected, the highest correlations were observed among specimens derived from the same tissue type, with blood samples exhibiting particularly robust Pearson correlation coefficients (r). While muscle samples also displayed high correlation coefficients, these values were comparatively lower than those observed for blood (Figure 1). Within the blood sample group, specimens originating from the same population exhibited the highest correlation. A comparable, though less prominent, pattern was observed among muscle samples (Figure 1). The analysis of X chromosome methylation pattern produces a different picture, where correlations within each tissue are less pronounced whereas the population factor still produces evident correlation among individuals (Figure 1).




Figure 1 | Heatmap of Pearson correlation coefficients (r) for autosomes and the X chromosome, calculated across all samples. Cluster dendrograms illustrate similarities based on correlation values. For autosomes, we observe low correlation between different tissue types but high correlation within samples of the same tissue type. Distinct “correlation clusters,” reflecting population membership, are particularly prominent in blood samples (highlighted in red). In contrast, the X chromosome displays high correlation not only within the same tissue type but also across different tissues from individuals within the same population. Principal Component Analysis (PCA) of autosomal methylation frequencies further reveals a clear structure in the epigenetic profiles of the 12 samples, grouping them by tissue type and population into four distinct clusters consistent with the correlation analysis. Similarly, PCA of X chromosome methylation frequencies continues to differentiate these four groups effectively.



The PCAs for both autosomes and X chromosome agree with the estimated correlation level showing a clear pattern of differentiation between tissues and populations for autosomes, less pronounced for X chromosome (Figure 1). Population differentiation is maintained in PCAs performed separately for each tissue (Supplementary Figure S3). Particularly, for both blood and muscle, PC1 is associated with population differences, whereas PC2 seems not directly linked with known variables.

Methylated cytosines were grouped in 639 different methylated regions (DMRs) in blood and 186 DMRs in muscle samples (Figure 2).




Figure 2 | Volcano plots show differential methylation at regional level (DMR) in two pairwise comparisons between populations for blood and muscle (left and right respectively). Red points indicate DMRs with significant q-value < 0.05 and effect size larger than ±25%.



According to the distances from the nearest transcription start site (TSS), a larger fraction of DMRs is located within intergenic and intronic regions, distal from the TSSs, whereas promoters are a lower fraction, less than 10% (Figure 3).




Figure 3 | Histogram representing the distance of DMRs from the TSS suggests that in blood (left) and muscle (right) the DMRs are mostly found across intergenic and intronic regions.



Based on the nearest TSS, we linked DMRs to 416 and 115 annotated genes in blood and muscle respectively. According to the Gene Ontology (GO) enrichment analysis, the higher number of enriched GO terms was found in blood samples compared to muscle, with 20 and 3 GO terms respectively (Supplementary Table S2). In both the tissues most of the GO terms are related to morphogenesis and development at organismal and cellular levels.





Discussion

Our analyses highlighted a substantial divergence in methylation patterns across the three European brown bear populations we investigated. As expected, a first level of differentiation is driven by the tissue type (Figure 1), indicative of distinct cellular developmental trajectories during organismal maturation (Ehrlich and Lacey, 2013). Intriguingly, within each tissue, additional divergence was observed (Figure 1), suggesting that population-level factors have left signatures on the methylation profiles, irrespectively of the tissue. It is known that populations can exhibit environmentally associated epigenetic structures, even in the presence of a weak genetic differentiation (Meröndun et al., 2019; Bogan and Yi, 2024). In our case the robust correlation observed among specimens within the same tissue (Figure 1), while suggesting a relatively low individual variability, still conveys a clear resolution of population-level divergence. We observed significant methylation differentiation at a regional (DMR) level in the analyzed tissues. Notably, blood emerged as a promising tissue for further investigation of methylation patterns in brown bears due to its higher number of DMR. Despite the recognized tissue-specific nature of methylation patterns, many studies face the challenge of obtaining tissue-specific samples, often requiring the sacrifice of individuals. In contrast, blood, routinely collected during any live-trapping management interventions, offers a practical avenue for research involving live animals. Previous studies on wild mammals have highlighted the potential of blood methylation in understanding additional aspects of adaptation. For instance, Lea et al. (2016) demonstrated how blood methylation can be relevant in linking the genetic patterns with phenotypic traits associated with resource availability in baboons. Additionally, Vilgalys et al. (2019) showed that DNA methylation can reflect both the genetic and geographic structure of populations and can be a target of positive selection. The observed methylation patterns on the X chromosome intriguingly appear to correspond to the geographic structure of our dataset. While the X chromosome is typically excluded from methylation analyses due to potential biases introduced by X-inactivation in females (Inkster et al., 2023), our analysis underscores methylation profiles associated with population structure. This pattern may reflect shared ancestry of X chromosomes among individuals within populations; however, further investigation with a larger dataset is warranted to substantiate these findings.

The two tissue types we analyzed showed a high number of DMRs distinguishing populations. According to the GO enrichment analysis we identified only three GO terms in the muscle, relative to regulation of morphogenetic processes at cellular and organ levels (e.g. GO:0000902 cell morphogenesis, GO:0009653 anatomical structure morphogenesis and GO:0048731 system development). On the contrary, blood yielded a wider array of significant enriched GO terms. The terms showing the highest significance are related to development at organismal (e.g. GO:0032502 developmental process and GO:0048856 anatomical structure development) and cellular level (e.g. GO:0048869 cellular developmental process, GO:0030154 cell differentiation and GO:0048468 cell development) (Supplementary Table S2). These terms refer to the wide array of genes whose specific outcome is the progression of an integrated organism influencing the development of an anatomical structure over time from an initial condition to the mature stage. Mutation or alteration of expression of these genes can have a relevant role for the evolution of morphological novelties on which natural selection can subsequently act. The presence of significant GO terms related to anatomical development in blood may be explained by the capacity of blood methylation patterns to reflect those of other tissues. Ebrahimi et al. (2021) demonstrated that blood can reflect the bone methylome, identifying sites shared between the two tissues and associated with major pathways relevant to bone regulation. This suggests that peripheral blood may serve as a viable proxy tissue for large scale genome-wide methylation study in living animals.

As expected, an inspection of DMRs close to promoter regions (approximately +/- 2000 bp from TSS) highlight the possible regulative role on genes such Colony Stimulating Factor 3 (CSF3), Class II Major Histocompatibility Complex Transactivator (CIITA), DLA class I histocompatibility antigen, and Interferon Regulatory Factor 7 (IRF7), all involved in immune response. Moreover, we found evidence of a close association of DMRs to genes directly involved in developmental processes such as Bone Morphogenetic Protein 7 (BMP7) and Homeobox B3 (HOXB3) and genes involved in metabolic pathways such as Galanin Receptor 3 (GALR3), Arachidonate 15-Lipoxygenase (ALOX15) and LDL receptor related protein 5.

While disclosing the direct linkage between observed differential methylation and phenotypic differences remains still an unexplored challenge at this stage, differential methylation associated to development seems particularly relevant in terms of intraspecific phenotypic plasticity. This strongly supports Loy et al.’s (2021) hypothesis that skull morphological variations among brown bear populations may stem from alterations in skull integration patterns, indicative of changes in gene network expression during development. The progression of development is a critical process, and its disruption can lead to an unfit adult phenotype. Nonetheless, accumulating empirical evidence indicates that developmental plasticity can serve as a driver of evolutionary change (Moczek et al., 2011; Colangelo et al., 2019; González-Forero, 2023). Although brown bear populations in Europe exhibit genetic homogeneity (Benazzo et al., 2017; Tumendemberel et al., 2023), they display conspicuous phenotypic differences in traits such as size, pelage color, and skull morphology (Swenson et al., 2023), and it has been suggested that variation in skull morphology might be driven by adaptation to local environmental conditions (Colangelo et al., 2012; Loy et al., 2021). Interestingly, Benazzo et al. (2017), highlighted the occurrence of several putative deleterious mutations associated with human disorders such as craniofacial and ocular anomalies, small body size, and skeletal muscle-related diseases, that could partially explain the phenotypic divergence of the Apennine brown bear.

In conclusion, our results suggest that epigenomics could complement genomics in the study of intraspecific diversification, particularly concerning phenotypic evolution in wild species. The study on gene expression and epigenomic profile can provide informative insights into phenotypic plasticity (Bogan and Yi, 2024). Although such studies are more rarely conducted in non-controlled conditions, our study shows a robust clustering pattern observed among samples from the same tissue and population. In turn, this indicates that wild, non-model organisms could be viable subjects for epigenomic research. Moreover, exploring epigenomic profiles at the population level holds promise for generating novel insights and providing crucial data to inform conservation strategies (Rey et al., 2020), aimed at safeguarding the adaptive and evolutionary potential of the species.
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