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Abstract 
Epigenetic modifications are thought to be one of the molecular mechanisms involved in plastic adaptive responses to environmental variation. 
However, studies reporting associations between genome-wide epigenetic changes and habitat-specific variations in life history traits (e.g., lifes-
pan, reproduction) are still scarce, likely due to the recent application of methylome resequencing methods to non-model species. In this study, 
we examined associations between whole genome DNA methylation and environmentally driven life history variation in 2 lineages of a marine 
fish, the capelin (Mallotus villosus), from North America and Europe. In both lineages, capelin harbor 2 contrasting life history tactics (demersal 
vs. beach-spawning). Performing whole genome and methylome sequencing, we showed that life history tactics are associated with epigenetic 
changes in both lineages, though the effect was stronger in European capelin. Genetic differentiation between the capelin harboring different life 
history tactics was negligible, but we found genome-wide methylation changes in both lineages. We identified 9,125 European and 199 North 
American differentially methylated regions (DMRs) due to life history. Gene ontology (GO) enrichment analysis for both lineages revealed an 
excess of terms related to neural function. Our results suggest that environmental variation causes important epigenetic changes that are asso-
ciated with contrasting life history tactics in lineages with divergent genetic backgrounds, with variable importance of genetic variation in driving 
epigenetic variation. Our study emphasizes the potential role of genome-wide epigenetic variation in adaptation to environmental variation.
Keywords: epigenetics, DNA methylation, life history, fish, Mallotus villosus

Epigenetic modifications are one of the molecular mechanisms 
involved in plastic phenotypic changes in response to environ-
mental conditions (Herrel et al., 2020; Zhang et al., 2013). 
Environmental variation may cause epigenetic alterations that 
modify the phenotype without any changes in the nucleo-
tide sequence (Bossdorf et al., 2008; Goldberg et al., 2007). 
Environmentally induced epigenetic variation can facilitate 
acclimation through altering gene expression, which can in-
fluence phenotype and fitness (Beaman et al., 2016; Ryu et al., 
2018). In particular, epigenetic changes are likely to promote 
rapid adaptive responses to novel or changing environments 
(Watson et al., 2021). In addition, they could allow the expres-
sion of adaptive responses in systems where high gene flow 
(Lenormand, 2002) or low genetic polymorphism (Mounger 
et al., 2021) constrain genetic adaptation. Nonetheless, our 

knowledge about the role of the epigenome in habitat-specific 
variation in life history traits (e.g., longevity, reproduction) di-
rectly affecting fitness is still limited (Anastasiadi et al., 2021; 
Herrel et al., 2020; Vogt, 2021), likely due to the relatively 
recent application of methylome resequencing methods in 
non-model species. Recent research has shown that epigene-
tic modifications can influence longevity (e.g., Caenorhabditis 
elegans, Lee et al., 2019) and aging (e.g., Homo sapiens, 
Pagiatakis et al., 2021), and can be affected by reproductive 
modes (Apis mellifera, Remnant et al., 2016). However, the 
evolutionary relevance and importance of genetic variation in 
driving these effects are unclear (Anastasiadi et al., 2021), par-
ticularly in natural ecosystems and vertebrate systems.

DNA methylation is the most studied epigenetic mechanism 
(Angers et al., 2020; Hu & Barrett, 2017; Klutstein et al.,  
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2016; Smith & Meissner, 2013). Studies have proposed that 
environmental variation in early life can cause persistent 
epigenetic changes in the adult stage (Gavery et al., 2018; 
Leitwein et al., 2021; Metzger & Schulte, 2017). Thus, the 
natal environment is likely to permanently change the meth-
ylome, to have important consequences on the phenotype of 
individuals, and possibly to facilitate the non-genetic trans-
generational inheritance of phenotypic traits (Herrel et al., 
2020; Vogt, 2021). In three-spined sticklebacks (Gasterosteus 
aculeatus), for example, methylation variation seems to 
be involved in adaptive responses to variation in salinity 
(Artemov et al., 2017; Heckwolf et al., 2020). While some 
epigenetic variation is purely due to environmental acclima-
tion, underlying genetic variation can also contribute to the 
methylation state of organisms, though the relative impor-
tance of genetic versus environmental factors on methylation 
is understudied (Anastasiadi et al., 2021). When epigenetic 
inheritance occurs, parents pass on epigenetic states that they 
acquired because of the environment they experienced to 
their offspring. In teleost fishes, for instance, thermal (Suárez-
Bregua et al., 2020; Valdivieso et al., 2020) and captive 
(Wellband et al., 2021) conditions during early development 
cause potentially heritable modifications of methylation that 
are associated with changes in life history traits (e.g., juvenile 
growth and survival). However, studies reporting associations 
between methylation changes and environment-driven shifts 
of life history in wild populations are still scarce, limiting our 

ability to assess the generality of this epigenetic mechanism in 
plastic adaptative responses.

In this study, we examined associations between whole 
genome methylation and intraspecific variation in life history 
tactics associated with contrasting environmental spawning 
conditions (Figure 1). Capelin (Mallotus villosus), a small 
marine pelagic fish with a circumpolar distribution, displays 
two life history tactics (Cayuela et al., 2020; Christiansen 
et al., 2008; Figure 1), that are present in multiple ancient 
lineages that diverged approximatively 2.5 Mya (Dodson et 
al., 2007). Capelin adopting demersal spawning are strictly 
semelparous (i.e., single reproductive event over a lifetime) 
and experience a strong actuarial senescence (i.e., increase of 
mortality after breeding) irrespective of sex (Christiansen et 
al., 2008). They reproduce at spawning sites located at water 
depths ranging from 10 to 300 m, where environmental con-
ditions are relatively predictable, and water temperature is 
low and stable (Penton et al., 2012). Fish adopting the beach 
spawning tactic are facultatively iteroparous (i.e., one or 
two breeding seasons over a lifetime) in both sexes, suffer a 
slower actuarial senescence (i.e., increase in mortality late in 
life), and reproduce in the intertidal zone, where water tem-
perature is relatively warm but variable, and desiccation risk 
caused by wind makes offspring survival highly unpredict-
able (Frank & Leggett, 1981; Leggett et al., 1984; Penton et 
al., 2012). Previous studies reported negligible genetic varia-
tion among pools of breeders of the two life history tactics in 

Figure 1. Alternative life history tactics in the capelin (Mallotus villosus) based on the work of Christiansen et al. (2008) and study area. (A) Life history 
differences between demersal-spawning and beach-spawning individuals. (1) Oocyte stage: demersal-spawning individuals reproduce at spawning 
sites located at water depth ranging from 10 to 250 m where environmental conditions are relatively cold, stable and predictable. By contrast, beach-
spawning individuals breed in the intertidal zone (B) where highly variable environmental conditions (i.e., variable but generally warmer temperature 
and wind) are experienced. Demersal-spawning females produce less eggs than beach-spawning females, but their eggs are larger. Egg development 
rate is drastically shorter due to warmer temperature in beach-spawning sites than in demersal spawning sites (Penton et al., 2012) (2–3) Larval and 
juvenile stages: survival at hatching is high and relatively stable over space and time in demersal spawning individuals, whereas it has the opposite 
characteristics in beach spawning individuals (Penton et al., 2012). Larval and juvenile growth occur at sea and no information about life history is 
available. (4) Subadult stage: sexual maturity is usually reached at 2 or 3 years in the two life history phenotypes (Sirois, unpublished data). (5) Adult 
stage: when they are sexually mature, demersal-spawning males and females reproduce once (i.e., strict semelparity) and experience a strong actuarial 
senescence within the weeks following reproduction. By contrast, beach-spawning individuals, especially females, may reproduce over two successive 
years (i.e., facultative iteroparity) and suffer a weaker actuarial senescence (i.e., increase of mortality with age). Beach-spawning females do not suffer 
from fecundity loss during the second reproductive event, suggesting negligible reproductive senescence. (C) Map showing the sampling sites (beach- 
vs. demersal- spawning sites) in North East Atlantic (NEA) and North West Atlantic (NWA).
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the North Atlantic (Cayuela et al., 2020; Kenchington et al., 
2015; Præbel et al., 2008).

We generated whole genome sequencing (WGS) and whole 
genome bisulfite sequencing (WGBS) data for both demersal 
and beach-spawning individuals from two ancient lineages 
occurring in the northeast Atlantic Ocean (NEA lineage) and 
the northwest Atlantic Ocean (NWA lineage). First, using WGS 
data, we quantified the extent of genetic divergence between 
demersal and beach-spawning individuals both within and 
between lineages and re-evaluated the hypothesis of limited 
gene flow between these two pools of individuals (Cayuela et 
al., 2020; Kenchington et al., 2015). Then, using WGBS data 
separately for each lineage, we (a) identified differentially 
methylated loci (DMLs) and regions (DMRs) associated with 
life history tactic, (b) quantified the overall influence of life 
history on whole genome DNA methylation, and (c) quan-
tified the effect of life history on whole genome methylation 
while controlling for the effects of genetic polymorphism.

Methods
Sample collection and whole genome 
resequencing data
We analyzed samples of 453 breeding adults (241 and 212 
beach spawning and demersal individuals, respectively) from 
12 spawning sites (6 demersal sites and 6 beach spawning 
sites; Figure 1) located in the northwest (8 sites, NWA lin-
eage) and northeast Atlantic (4 sites, NEA lineage; for details 
see Supplementary Table S1). The DNA samples from two 
sites (DRL and BB65) were reused from a previous study 
(Kenchington et al., 2015). The fish were collected, and a 
piece of the dorsal fin was preserved in RNAlater or 96% 
EtOH. While the dorsal fin may be less metabolically active 
than other tissues, it is composed of a variety of different cell 
types (e.g., epithelial cells, blood, and lymphatic tissue) (Hou 
et al., 2020). The use of this tissue allowed the inclusion of the 
sites from Kenchington et al. (2015) since DNA methylation 
patterns differ among tissues (Gavery et al., 2018; Venney 
et al., 2016) and thus cannot be compared across tissues. 
DNA was extracted with a salt-based method (Aljanabi & 
Martinez, 1997), and an RNAse A (Qiagen) treatment was 
applied following the manufacturer’s recommendation. DNA 
quality was assessed using gel electrophoresis. A total of 453 
individuals from the 12 spawning sites were sequenced for the 
whole genome (WGS) at low coverage (~1.5× per individual) 
with the median sample size per site being 38 (range: 20–50) 
individuals. A subset of 55 individuals from 11 spawning sites 
(excluding the DRL site for which DNA quality was too low 
for WGS) was sequenced at medium-high coverage (~17× per 
individual) using WGBS which uses bisulfite conversion to 
differentiate between methylated and unmethylated cytosines 
(see Supplementary Table S1 for sample sizes).

Molecular analyses: whole genome sequencing
DNA quality of each extract was evaluated on a NanoDrop 
and on a 1% agarose gel. Only samples with acceptable 
ratios that showed clear high molecular weight bands were 
retained for library preparation. Following the approach used 
in Therkildsen and Palumbi (2017), we removed DNA frag-
ments shorter than 1 kb by treating each extract with Axygen 
beads in a 0.4:1 ratio, and eluted the DNA in 10 mM Tris-Cl, 
pH 8.5. We measured DNA concentrations with Biotium 
Accuclear and normalized all samples at a concentration of 

5 ng/µL. Then, sample DNA extracts were randomized, dis-
tributed in 17 plates (96-well), and re-normalized at 2 ng/µL.

Whole genome high-quality libraries were prepared for 
each fish sample according to the protocol described in pre-
vious studies (Baym et al., 2015; Therkildsen & Palumbi, 
2017). Briefly, a tagmentation reaction using an enzyme from 
the Nextera kit, which simultaneously fragments the DNA 
and incorporates partial adapters, was carried out in a 2.5 
μL volume with approximately 2  ng of input DNA. Then, 
we used a two-step polymerase chain reaction (PCR) pro-
cedure with a total of 12 cycles (8 + 4) to add the remain-
ing Illumina adapter sequence with dual index barcodes 
and amplify the libraries. The PCR was conducted with the 
KAPA Library Amplification Kit and custom primers derived 
from the Nextera XT set of barcodes (384 total combina-
tions). Amplification products were purified from primers and 
size-selected with a two-step Axygen beads cleaning protocol, 
first with a 0.5:1 ratio, keeping the supernatant (medium and 
short DNA fragments), then with a 0.75:1 ratio, keeping the 
beads (medium fragments). Final concentrations of the librar-
ies were quantified with Biotium Accuclear and fragment size 
distribution was estimated with an Agilent BioAnalyzer for a 
subset of 10–20 samples per plate. Equimolar amounts of 84 
libraries were combined into 6 separate pools for sequenc-
ing on 6 lanes of paired-end 150 bp reads on the Illumina 
HiSeq2000 system.

Raw reads were trimmed and filtered for quality using 
the default parameters with FastP (Chen et al., 2018). Reads 
were aligned to the reference genome of Mallotus villosus 
(Cayuela et al., 2020) with BWA-MEM (Li & Durbin, 2009) 
and filtered with samtools v1.8 (Li et al., 2009) to keep only 
unpaired, orphaned, and concordantly paired reads with a 
mapping quality over 10. Duplicate reads were removed with 
the MarkDuplicates module of Picard Tools v1.119 (http://
broadinstitute.github.io/picard/). Then, we realigned reads 
around indels with the GATK IndelRealigner (McKenna et 
al., 2010). Finally, to avoid double-counting the sequencing 
support during single nucleotide polymorphism (SNP) call-
ing, we used the clipOverlap program in the bamUtil pack-
age v1.0.14 (Jun et al., 2015) to soft clip overlapping read 
ends and we kept only the read with the highest quality 
score in overlapping regions. This pipeline was inspired by 
Therkildsen and Palumbi (2017) and is available at https://
github.com/enormandeau/wgs_sample_preparation.

Molecular analyses: whole genome DNA 
methylation
Methylation data were generated by WGBS. Library prepa-
ration and sequencing were performed at the Centre d’Ex-
pertise et de Services Genome Québec (Montréal, QC, 
Canada). Regarding library preparation, genomic DNA 
was spiked with unmethylated λ DNA and fragmented. 
Fragments underwent end repair, adenylation of 3ʹ ends, and 
adaptor ligation. Adaptor-ligated DNA was bisulfite-con-
verted followed by amplification by PCR. Library qualities 
were assessed using the Agilent 2100 BioAnalyzer (Agilent 
Technologies). Libraries were sequenced on the Illumina 
HiSeq2000 system to generate WGBS data. DNA methyl-
ation quantification relied on the detection of cytosine/thy-
mine polymorphisms after bisulfite conversion. Treatment of 
genomic DNA with sodium bisulfite induces the deamina-
tion of unmethylated cytosine bases to uracil, while meth-
ylated cytosine bases remain unchanged. Hence, after PCR, 
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unmethylated cytosines are detected as thymines, whereas 
the remaining cytosines indicate cytosine methylation.

Raw WGBS reads were trimmed and cleaned for quality 
using fastprequiring a minimum length of 100 bp and a min-
imum phred score of 25, and the first and last bases were 
trimmed. Trimmed data were aligned to the reference genome 
using bwa-meth (https://github.com/brentp/bwa-meth), and 
duplicate reads were marked and removed using picard tools 
MarkDuplicates (https://github.com/broadinstitute/picard). 
Bias in methylation levels across the length of reads was 
assessed using MethylDackel’s mbias function (https://github.
com/dpryan79/Methyl-Dackel), and bases that showed 
skewed methylation levels due to sequencing error were 
trimmed off the beginnings and ends of reads. Methylation 
levels were tabulated using MethylDackel extract and out-
putted as a bedGraph and methylKit file for each sample. 
The pipeline is available at https://github.com/enormandeau/
bwa-meth_pipeline.

Methylation data were further filtered to remove C/T and 
A/G SNPs which can interfere with methylation calling since 
we cannot discern a true thymine read from an unmethylated 
read (or an A read at the G position of a CpG site). Thus, we 
produced a list of C/T and A/G SNPs with a minor allele fre-
quency of 0.01 or greater with coverage of at least one read 
in at least 20% of individuals and masked these sites from 
the methylation data using bedtools (Quinlan & Hall, 2010). 
Methylation data were filtered to include only CpG sites with 
five to 100 reads, then CpG sites with sufficient coverage in 
less than 80% of samples were excluded from further anal-
ysis. The pipeline is available at https://github.com/cvenney/
dss_pipeline.

SNP identification and genome-wide divergence 
among lineages and life history tactics
Analyses of WGS data were carried out using ANGSD v0.931 
(Korneliussen et al., 2014), a software specifically designed to 
take genotype uncertainty into account instead of basing the 
analysis on called genotypes. The analytical pipeline is avail-
able at https://github.com/clairemerot/angsd_pipeline. We 
kept input reads with a samtools flag below 255 (not primary, 
failure and duplicate reads, tag -remove_bads = 1), with a 
minimum base quality score (minQ) of 20, a minimum map-
ping quality score (minMapQ) of 30. We used the GATK gen-
otype likelihood model (GL 2) to generate allelic frequency 
spectra, infer major and minor alleles (doMajorMinor 1), and 
estimate allele frequencies (doMaf 2). We filtered to keep only 
SNPs covered by at least one read in at least 50% of the indi-
viduals, with a total coverage below 1,812 (four times the 
number of individuals) to avoid including repeated regions in 
the analysis and with minor allele frequency above 5%. We 
then calculated FST  between lineages and life history tactics, 
randomly subsampled to a similar size of 59 individuals per 
group. We used the realSFS function in ANGSD, providing 
the previously obtained list of polymorphic SNPs and their 
polarization as major or minor allele (options –sites and –
doMajorMinor 3).

Identification and functional annotation of DMLs 
and DMRs associated with life history tactic
We implemented Wald tests in the DSS R package (Wu et al., 
2013) for each continent to identify differentially methylated 
loci (DMLs, i.e., CpG sites) and regions (DMRs, i.e., regions 

with a high concentration of DMLs, as identified by DSS) 
between life histories. As with the SNP analysis, we analyzed 
methylation separately for each continent due to strong lin-
eage effects. CpG sites with a probability of p < .01 after false 
discovery rate correction were considered DMLs. DMRs were 
called based on DML results, requiring a DMR to contain at 
least 10 CpG sites with at least 50% significant DMLs and 
spanning a minimum of 200 bp. DMRs within 50bp of one 
another were merged and treated as a single DMR. Initial 
DMR results indicated that BB65 samples were driving DMR 
detection (Supplementary Figure S1), and they were thus 
excluded from the analysis. Scripts are available at https://
github.com/cvenney/dss_pipeline.

Gene ontology (GO) enrichment analysis was performed 
to determine the functional significance of methylation dif-
ferences between life histories. All NWA DMRs were used in 
the analysis, but only a subset of NEA DMRs was used due to 
the large number of DMRs resulting in an overabundance of 
enriched GO terms. We made a subset of the top 400 DMRs 
for NEA based on the highest absolute value of the AreaStat 
parameter obtained from DSS, which reflects both the length 
and difference in methylation of DMRs (i.e., higher AreaStat 
= higher “significance level” of the DMR). The genome 
sequences and transcripts of the GenBank fHypTra1 assem-
bly for Hypomesus transpacificus were used to locate the sets 
of annotated genes found within 5 kb of the different sets of 
DMRs of interest. These sets of genes were retained for GO 
enrichment analysis using the https://github.com/enorman-
deau/go_enrichment pipeline. Briefly, the Hypomesus transpa-
cificus transcripts of the associated genes were first annotated 
using the Swissprot database to retrieve their Swissprot IDs. 
The Swissprot IDs were then used to automatically retrieve 
the GO annotations of each transcript. Finally, goatools 
Python library (https://github.com/tanghaibao/goatools) was 
used to find over-represented GO terms in each of the sets of 
genes of interest. GO enrichment results were filtered to retain 
significantly enriched terms with a Benjamini–Hochberg 
false discovery rate (FDR)-adjusted p-value less than .1 and 
excluding broad terms (i.e., levels 0–2).

Decomposition of the genetic and methylation 
variation associated with life history tactics
We extracted the genotype likelihood matrices of 20 
European and 28 North American individuals. We excluded 
the BB65 samples based on DMR analysis, RIG-1 as it was 
not sequenced with WGS, and MAK2-DSEA-15 as it was 
determined to be an outlier based on PCA. For each con-
tinent, we inferred the individual covariance matrices with 
PCAngsd (Meisner & Albrechtsen, 2018) and decomposed 
them onto orthogonal axes using principal component anal-
ysis (PCA) using a scaling 2 transformation, which added an 
eigenvalue correction, to obtain the individuals PC scores 
(Legendre & Legendre, 2012). For epigenetic variation, PC 
scores were similarly obtained from the CpG percent methyl-
ation matrices for each continent produced using methylKit 
(Akalin et al., 2012) on the same individuals, using only CpG 
sites with coverage across all samples. For both the genetic 
and epigenetic PCAs, we retained PC axes with eigenvalues 
greater than one and cumulatively explaining a maximum 
of 80% of variance for use in redundancy analysis (RDA). 
We performed three separate RDAs for each continent using 
the vegan package in R (Oksanen et al., 2020) to test (a) the 
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effect of life history on DNA methylation, (b) the effect of life 
history on SNP variation, and (c) the effect of genetic (i.e., 
SNP) variation on variation in DNA methylation. Finally, 
we performed a partial RDA for the effect of life history on 
DNA methylation while controlling for genetic effects on 
DNA methylation. The significance of the global models, 
individual PC axes, and model terms were then tested with 
analyses of variance using 1,000 permutations of the data. 
The percentage of epigenetic variation explained by each 
model was determined based on adjusted R2.

Results
Assessing genomic variation between lineages and 
life history tactics
WGS analyses showed pronounced genetic variation between 
NWA and NEA lineages, but negligible genetic differentiation 

between individuals of the two life history tactics within 
both lineages. We identified 6,711,583 SNPs across lineages, 
6,202,586 lineage-specific SNPs in NEA, and 6,388,908 in 
NWA. Pairwise FST  estimated between lineages and life his-
tory tactics confirmed this pattern (Table 1): FST  was 0.23 
between lineages and about two orders of magnitude less 
between life history within lineages (NWA: 0.003; NEA: 
0.004). Based on the considerable genetic divergence between 
lineages, we performed all subsequent analyses separately for 
each continent.

Identifying differentially methylated regions 
associated with lineages and life history tactics
A total of 7,450,160 CpG sites with 18X mean coverage under-
went analysis after all quality filtering (see Supplementary 
Table S2 for detailed coverage information). We found 
299,311 DMLs and 9,125 DMRs between life history tac-
tics for the NEA capelin (Figure 2, Supplementary Tables S3 
and S4). Initially, we found 83,001 DMLs and 2,626 DMRs 
for the NWA analysis, though the BB65 (Grebe’s Nest, NL, 
Canada) samples were driving the methylation differences 
(Supplementary Figure S1). The BB65 samples were thus 
excluded from the NWA dataset, and the DSS analysis was 
rerun for the remaining 30 samples. After their exclusion, we 
found 6,319 DMLs and 199 DMRs due to the life history tac-
tic in NWA fish (Figure 2, Supplementary Tables S5 and S6). 
We observed considerable hypomethylation in NEA beach 
spawners compared to demersal spawners (99.6% of 9,125 
DMRs), whereas fewer DMRs were hypomethylated in NWA 
beach capelin (28.1% of 199 DMRs).

GO annotation of DMRs revealed enrichment of 38 terms 
in NEA and 13 terms in NWA after all filters. There were 

Table 1. Pairwise FST</mathgraphic> between lineages (NWA and NEA) 
and life history tactics (beach-spawning individuals BS, and demersal 
individuals D) within both lineages.

 NWA_BS NWA_D NEA_BS NEA_D 

NWA_BS – – – –

NWA_D 0.0032 – – –

NEA_BS 0.2250 0.2254 – –

NEA_D 0.2369 0.2373 0.0042 –

Note. 95% CIs cannot be calculated in ANGSD and are therefore not 
provided.
NEA = northeast Atlantic Ocean; NWA = northwest Atlantic Ocean.
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Figure 2. Differentially methylated region (DMR) analysis identified (A) 9,125 DMRs in North East Atlantic (NEA) and (B) 199 DMRs in North West 
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Table 2. GO annotation results for DMRs between beach- and demersal-spawning NWA and NEA capelin.

NWA

GO term GO domain Name Depth Adjusted p-value (BH-FDR) 

GO :0050877 BP Nervous system process 3 .015

GO :0099163 BP Synaptic signaling by nitric oxide 5 .054

GO :0099177 BP Regulation of trans-synaptic signaling 5 .097

GO :0099543 BP Trans-synaptic signaling by soluble gas 6 .054

GO :0050804 BP Modulation of chemical synaptic transmission 6 .097

GO :0098923 BP Retrograde trans-synaptic signaling by soluble gas 7 .030

GO :0048167 BP Regulation of synaptic plasticity 7 .054

GO :0099548 BP Trans-synaptic signaling by nitric oxide 7 .054

GO :0050806 BP Positive regulation of synaptic transmission 7 .097

GO :0098924 BP Retrograde trans-synaptic signaling by nitric oxide 8 .030

GO :0005886 CC Plasma membrane 3 .018

GO :0030689 CC Noc complex 3 .040

GO :0030692 CC Noc4p-Nop14p complex 4 .018

NEA

GO term GO domain Name Depth Adjusted p-value (BH-FDR)

GO :0016043 BP Cellular component organization 3 1E-07

GO :0050794 BP Regulation of cellular process 3 2E-04

GO :0043170 BP Macromolecule metabolic process 3 1E-02

GO :0050877 BP Nervous system process 3 4E-02

GO :0006810 BP Transport 3 8E-02

GO :0098609 BP Cell-cell adhesion 3 9E-02

GO :0048731 BP System development 3 9E-02

GO :0022607 BP Cellular component assembly 4 6E-03

GO :0043933 BP Protein-containing complex organization 4 3E-02

GO :0098742 BP Cell-cell adhesion via plasma-membrane adhesion molecules 4 4E-02

GO :0007399 BP Nervous system development 4 4E-02

GO :0001764 BP Neuron migration 4 4E-02

GO :0007281 BP Germ cell development 4 7E-02

GO :0030030 BP Cell projection organization 4 9E-02

GO :0065003 BP Protein-containing complex assembly 5 1E-02

GO :0120036 BP Plasma membrane bounded cell projection organization 5 4E-02

GO :0031175 BP Neuron projection development 6 4E-02

GO :0097485 BP Neuron projection guidance 7 8E-02

GO :0007411 BP Axon guidance 8 8E-02

GO :0120025 CC Plasma membrane bounded cell projection 3 5E-04

GO :0043229 CC Intracellular organelle 3 2E-03

GO :0043227 CC Membrane-bounded organelle 3 5E-03

GO :0016021 CC Integral component of membrane 3 2E-02

GO :0031012 CC Extracellular matrix 3 7E-02

GO :0031226 CC Intrinsic component of plasma membrane 3 7E-02

GO :0045202 CC Synapse 3 8E-02

GO :0099240 CC Intrinsic component of synaptic membrane 4 5E-03

GO :0043005 CC Neuron projection 4 2E-02

GO :0043231 CC Intracellular membrane-bounded organelle 4 3E-02

GO :0005887 CC Integral component of plasma membrane 4 6E-02

GO :0016342 CC Catenin complex 4 7E-02

GO :0099699 CC Integral component of synaptic membrane 5 3E-03

GO :0098936 CC Intrinsic component of postsynaptic membrane 5 5E-03

GO :0030424 CC Axon 5 3E-02

GO :0030425 CC Dendrite 5 6E-02
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significantly enriched terms related to nervous system func-
tion in both lineages (e.g., NEA: GO:0050877 nervous system 
development, GO:0001764 neuron migration, GO:0031175 
neuron projection development, GO:0007411 axon projec-
tion guidance; NWA: GO:0050877 nervous system process, 
GO:0099163 synaptic signaling by nitric oxide, GO:0048167 
regulation of synaptic plasticity, etc.; Table 2).

Quantifying methylation variation between life 
history tactics
We performed RDA with 161,764 CpG sites in NEA and 
66,915 in NWA (i.e., all sites with no missing data for each 
lineage). Life history tactic explained a significant propor-
tion of total methylome variation in both NEA (p = .00004, 
adjusted R² = 0.136) and NWA (p = .028, adj. R² = 0.010), 
though the effect was stronger in NEA (Figure 3A,B). In con-
trast, life history had no significant effect on genetic variation 
for either lineage (NEA: p = .360, adj. R² = 0.002; NWA: p 
= .121, adj. R² = 0.015). Genetic variation had no significant 
effect on whole genome methylation variation (Figure 3C,D, 
NEA: p = .234, adj. R² = 0.120; NWA: p = .447, adj. R² = 
0.012), though genetic control over methylation was an order 
of magnitude stronger in NEA than NWA. After controlling 
for genetic effects on DNA methylation using partial RDA, we 
found no significant effect of life history tactic on DNA meth-
ylation (NEA: p = .183, adj. R² = 0.090; NWA: p = .343, adj. 
R² = 0.028). The amount of methylation variation explained 
by the life history tactic was reduced in the partial RDA con-
trolling for genetic effects compared to the original RDA for 
NEA (9% vs. 13.6% of variance explained, respectively) but 
increased for NWA (2.8% vs. 1% of variance explained) indi-
cating varying degrees of genetic contributions to epigenetic 
variation between lineages.

Discussion
Our results show that environmentally driven life history 
shifts were associated with epigenetic changes in both NEA 
and NWA despite high gene flow between pools of demersal- 
and beach-spawning individuals within the two lineages. We 
found strong genetic differentiation between lineages but little 
differentiation between life histories within the two lineages 
that diverged approximately 2.5 Mya (Cayuela et al., 2020; 
Dodson et al., 2007) and evolved separately on both sides of 
the North Atlantic. There was a greater influence of genetic 
variation on epigenetic variation in NEA than NWA, sug-
gesting varying levels of epigenetic-driven plasticity between 
lineages.

Negligible genetic differentiation between life 
history tactics
Our study revealed weak genetic differentiation between 
capelin from the two life history tactics in both lineages. The 
low FST  values (NWA: 0.003; NEA: 0.004) likely result from 
pronounced gene flow—if not panmixia—among individuals 
with the two life history tactics and large effective popula-
tion size (Ne; Cayuela et al., 2020). Moreover, the amount of 
genetic variation associated with life history tactic was not 
significant in either lineage for the FST  and RDA analyses (FST
: Table 1; RDA: NEA p = .360, adj. R² = 0.002, NWA p = 
.121, adj. R² = 0.015), indicating that genetic variation and 
reproductive isolation do not contribute to the contrasting 
life history phenotypes observed in Mallotus villosus. This 
result is congruent with previous studies that have revealed 
marginal genetic variation between beach and demersal 
spawning sites within the NWA lineage using mitochon-
drial DNA, microsatellites, and SNPs (Cayuela et al., 2020; 
Dodson et al., 1991; Kenchington et al., 2015; Præbel et al., 
2008). Nevertheless, the absence of marked genomic differen-
tiation between demersal-spawners and beach-spawners does 
not rule out the possibility of a partial limited genetic control 
of these life history tactics through a small number of loci, 
particularly since there were no significant whole genome 
methylation differences between tactics when controlling for 
genetic background. Indeed, Cayuela et al. (2020) identified 
105 SNP outliers associated with capelin life history tactics in 
the NWA lineage, suggesting that genetic variation between 
demersal-spawners and beach-spawners is likely maintained 
in some genomic regions via spatially varying selection and/or 
habitat matching choice despite high gene flow.

Epigenetic differentiation between life history 
tactics
Life history tactic had significant effects on whole genome 
methylation in both NEA and NWA. Thus, epigenetic dif-
ferences contributed more to life history tactic than genomic 
differences in both lineages, supporting the role of epigen-
etic mechanisms in intraspecific shifts of life history tactics. 
However, these differences likely reflect plastic responses to 
the environment that are partially modulated by genetic back-
ground due to the non-significance of whole genome methyl-
ation differences after controlling for genetic variation (see 
next Discussion section). Methylation differences between life 
histories are likely due to environmental differences, as both 
biotic (e.g., trophic resources; Morán et al., 2013) and abiotic 
factors (e.g., temperature: Campos et al., 2013, Metzger & 

NWA

GO term GO domain Name Depth Adjusted p-value (BH-FDR) 

GO :0099055 CC Integral component of postsynaptic membrane 6 5E-03

GO :0099580 MF Ion antiporter activity involved in regulation of 
postsynaptic membrane potential

6 2E-03

GO :1905060 MF Calcium:cation antiporter activity involved in 
regulation of postsynaptic cytosolic calcium ion 
concentration

9 2E-02

Note. DMR = differentially methylated region; GO = Gene ontology; NEA = northeast Atlantic Ocean; NWA = northwest Atlantic Ocean.
Results were deemed significant with an adjusted p-value < .1 and were filtered to remove broad terms with depths 0–2.

Table 2. Continued
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Schulte, 2017; salinity: Artemov et al., 2017; Heckwolf et al., 
2020) impact methylation patterns in both marine and fresh-
water fishes. The differences in methylation associated with 
life history tactic could be induced by water temperature expe-
rienced during embryonic development, the stage at which 
temperature usually influences DNA methylation patterns 
in fishes (Anastasiadi et al., 2017; Burgerhout et al., 2017; 
Lallias et al., 2021; Sävilammi et al., 2020). This interpreta-
tion is supported by an experimental study on Dicentrarchus 
labrax (Anastasiadi et al., 2017), which found that genome-
wide reprogramming events of methylation marks induced by 
temperature usually take place shortly after fertilization and 
are completed during embryogenesis rather than later in life 
(i.e., larvae and juvenile stages). It is also noteworthy that 
epigenomic modifications mediated by temperature are very 
unlikely to occur in adults when they return to reproduce, 
since they usually spend less than 24  hr at spawning sites 
(Davoren, 2013). In capelin, Penton et al. (2012) reported 
higher hourly and mean daily incubation temperatures at a 
beach spawning site relative to a demersal spawning site on 
the northeast Newfoundland coast, which was supported by 

a literature review of temperatures at spawning locations in 
the wider North Atlantic. Beach-spawned eggs also experi-
ence highly variable salinity due to fluctuations with tides and 
freshwater surface runoff whereas salinity at demersal sites is 
relatively stable (Præbel et al., 2009). Therefore, it is plausible 
that differences in temperature and salinity during embry-
onic growth in beach- and demersal-spawning sites may be 
responsible for the observed methylation differences in adult 
capelin. Early-life environment could also result in stable epi-
genetic modifications that are passed on to future generations 
(Schmitt et al., 2020), leading to an accumulation of epigen-
etic variation that contributes to phenotypic diversification 
(Hu et al., 2021; Vogt, 2017). This association between juve-
nile environment and DNA methylation assumes that adults 
preferentially reproduce in their habitat of birth (i.e., habitat 
matching choice), but not necessarily at the same locations 
unlike the homing behavior observed in salmonids and other 
fishes (Keefer & Caudill, 2014). Habitat matching choice 
(sensu Edelaar et al., 2008) has previously been proposed as a 
mechanism to explain local adaptation to environmental con-
ditions prevailing in capelin beaching-spawning sites despite 

Figure 3. RDAs for the influence of habitat on whole genome DNA methylation in (A) North East Atlantic (NEA) and (B) North West Atlantic (NWA), 
and the influence of whole genome genetic (SNP) variation on DNA methylation in (C) NEA and (D) NWA. Adjusted R² and p-values are presented in 
the respective panes. Plots show RDA1 and PC1 for (A) and (B), and RDA1 and 2 for (C) and (D). Golden points denote beach samples and blue points 
denote demersal.
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high gene flow (Cayuela et al., 2020). We show that epigenetic 
changes likely contribute to capelin life history tactic, though 
the extent of epigenetic differences between life histories var-
ies between lineages.

There were fewer epigenetic differences between NWA 
beach- and demersal-spawning capelin than NEA (Figure 2; 
199 vs. 9,125 DMRs, 1.0% vs. 13.6% of variance, respec-
tively), potentially due to other mechanisms contributing to 
differentiation (e.g., gene expression, other epigenetic mecha-
nisms, signaling pathways), though this could also be due to 
greater spawning site consistency in NEA capelin. Changes 
in the distribution of NEA capelin within their normal range 
are relatively short (~100 km) in the Barents Sea (though 
demersal-spawning capelin may undertake >1,000 km oce-
anic migrations to spawn in the Barents Sea (Gjøsæter, 1998)) 
whereas NWA capelin sometimes make long distance shifts 
in habitat use, including establishment of new spawning 
sites and migrations from the Pacific to Northwest Atlantic 
Ocean (Rose, 2005). Displacement distances are correlated 
to changes in sea temperature (Rose, 2005); therefore, NEA 
capelin may disperse less and experience more stable ther-
mal environments. NEA capelin may also have been less 
affected by the last glaciation period and thought to be able to 
spawn between 40 and 50°N along the eastern Atlantic and 
Mediterranean coasts. NWA capelin were further displaced 
south of 40°N and underwent partial recolonization from 
the Pacific Ocean (Stergiou, 1989), though other studies sug-
gest NWA capelin were displaced to a southern Grand Bank 
spawning site in Newfoundland during the last glacial max-
ima (Carscadden et al., 1989; Rose, 2005). Therefore, the two 
lineages likely experienced differences in ocean currents, ther-
mohaline conditions, and habitat availability during the last 
glacial maxima. Together, this could lead to clearer epigenetic 
differentiation between spawning life histories in NEA than 
in NWA where historical and contemporary displacement dis-
tances are greater and spawning sites are more variable.

Within NWA, the BB65 (Grebe’s Nest) samples exhibited 
a different methylation profile from other NWA samples and 
NEA capelin. They drove DMR identification when included 
in the analysis (Supplementary Figure S1) and were thus 
excluded. The causes of the divergent methylation pattern in 
the BB65 site remain difficult to identify. Within the differ-
ent glacial lineages of capelin, the genetic structure based on 
SNPs is weak; Cayuela et al. (2020) demonstrated a slight 
isolation-by-distance pattern across the whole NWA lineage. 
It therefore seems unlikely that a break in gene flow with the 
other reproductive populations of capelin would lead to this 
methylation differentiation. Nevertheless, a study showed 
that sea temperature strongly affected certain structural vari-
ations of the genome (CNVs) of capelin, even at a fine spatial 
scale (Cayuela et al., 2021), which suggests that environmen-
tal factors may affect certain features of the capelin’s genome 
in the study area. Overall, it is possible that local environmen-
tal variation (e.g., temperature, salinity) caused the methyla-
tion changes observed at the BB65 site, as previously reported 
in other fish (Artemov et al., 2017; Heckwolf et al., 2020; 
Suárez-Bregua et al., 2020; Valdivieso et al., 2020). Further 
research is needed to understand the factors causing the diver-
gent methylation pattern of this sampling site.

GO enrichment analyses for NEA and NWA DMRs both 
identified enriched terms associated with neural function. 
Environmental changes result in altered brain DNA meth-
ylation and behavior in mangrove killifish (Kryptolebias 

marmoratus) with the potential for transmission to off-
spring regardless of offspring environment (Berbel-Filho et 
al., 2020). Differences in DNA methylation have also been 
associated with behavioral changes in rats (Anier et al., 2014; 
Mychasiuk et al., 2013) and zebrafish (Cuomo et al., 2021). 
In honeybees (Apis mellifera carnica), transcriptional changes 
in genes associated with metabolism and behavior were asso-
ciated with shifts in reproductive phenotypes (Cardoen et al., 
2011). Thus, it is possible that differences in capelin DNA 
methylation contribute to behavioral differences associated 
with life history tactics, though further validation of gene 
expression differences between life histories is needed.

Varying genetic influences on epigenetic variation 
between life histories
We provide evidence that genetic variation exerts some control 
over variation in DNA methylation. Controlling for genetic 
effects on DNA methylation in the partial RDA rendered 
the effect of life history on the methylome non-significant, 
indicating that genetic variation modulates the epigenetic 
response to the environment. A previous study in salt marsh 
perennials (Spartina alterniflora and Borrichia frutescens) 
found that controlling for genetic effects on methylation often 
reduced the relationship between epigenetic state and habi-
tat (Foust et al., 2016). Similar effects of genetic background 
on DNA methylation have previously been reported in 
plants (Seymour et al., 2014) and humans (Bell et al., 2011). 
In fishes, genetic effects on methylation have been reported 
due to hybridization in snakehead (Channa spp.; Ou et al., 
2019), and in isogenic lines of rainbow trout (Oncorhynchus 
mykiss; Lallias et al., 2021), though direct quantification of 
whole genome genetic and epigenetic diversity is rare. Our 
results support the previous assertion that genetic and epi-
genetic variation are often intertwined (Adrian-Kalchhauser 
et al., 2020).

The extent of genetic control over variation in DNA meth-
ylation differed between lineages, with greater genetic con-
trol in NEA than NWA (Figure 3C,D). This implies that the 
methylome is under more stable genetic control in NEA while 
there may be greater plasticity in NWA. Interestingly, after 
controlling for the influence of genetic variation in the par-
tial RDA, life history explained more epigenetic variation in 
NWA than in the RDA ignoring genetic variation (2.8% vs. 
1%, respectively), suggesting that the removal of genetically 
encoded methylation variation focuses the analysis on plas-
tic loci exhibiting differential methylation between spawning 
types. The opposite effect was observed in NEA, where the 
partial RDA explained less variation (9% vs. 13.6%), imply-
ing that some genetically encoded epigenetic variation driv-
ing life history variation was removed in this model. It has 
been hypothesized that plasticity will be maintained in vari-
able environments but will be reduced or lost in more stable 
environments through genetic assimilation (Crispo, 2007). 
While epigenetic variation can rapidly accumulate in response 
to environmental fluctuations to the point where epigenetic 
variation becomes uncoupled from genetic variation, some 
epimutations have been shown to be stable over long time 
periods in response to selection in Arabidopsis thaliana (Van 
Der Graaf et al., 2015). Due to the relatively stable spawning 
site locations of NEA capelin (Rose, 2005) compared to the 
NWA lineage (Carscadden et al., 1989; Rose, 2005; Stergiou, 
1989), it is possible that some capacity for plasticity was 
lost in the NEA lineage due to habitat stability. Epigenetic 
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plasticity may be maintained in NWA due to the establish-
ment of new spawning sites and migrations from the Pacific 
Ocean requiring capelin to acclimate to novel environments. 
Therefore, the differences in the association between genetic 
and epigenetic variation between lineages may be explainable 
based on the evolutionary history of the lineages since the 
last glaciation period, leading to differences in epigenetic plas-
ticity between lineages.

Conclusion
Our study shows that epigenetic variation is associated with 
important habitat-specific changes in life history traits in a 
marine fish. We have demonstrated the association of meth-
ylation changes with life history tactics in two lineages with 
highly divergent genetic backgrounds, with genetic variation 
driving methylation status more strongly in the NEA lineage. 
Our study, as well as previous work on a diversity of fish 
species, suggests that DNA methylation is involved in phe-
notypic diversification and adaptive responses to habitat 
changes. More generally, these studies seem to confirm that 
epigenetic variation promotes important shifts of life history 
traits allowing organisms to occupy novel and unpredictable 
environments.
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