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ABSTRACT
Temperature is a key environmental parameter affecting both the phenotypes and distributions of 
organisms, particularly ectotherms. Rapid organismal responses to thermal environmental 
changes have been described for several ectotherms; however, the underlying molecular mechan
isms often remain unclear. Here, we studied whole genome cytosine methylation patterns of 
European grayling (Thymallus thymallus) embryos from five populations with contemporary 
adaptations of early life history traits at either ‘colder’ or ‘warmer’ spawning grounds. We reared 
fish embryos in a common garden experiment using two temperatures that resembled the ‘colder’ 
and ‘warmer’ conditions of the natal natural environments. Genome-wide methylation patterns 
were similar in populations originating from colder thermal origin subpopulations, whereas single 
nucleotide polymorphisms uncovered from the same data identified strong population structure 
among isolated populations, but limited structure among interconnected populations. This was 
surprising because the previously studied gene expression response among populations was 
mostly plastic, and mainly influenced by the developmental temperature. These findings support 
the hypothesis of the magnified role of epigenetic mechanisms in modulating plasticity. The 
abundance of consistently changing methylation loci between two warmer-to-colder thermal 
origin population pairs suggests that local adaptation has shaped the observed methylation 
patterns. The dynamic nature of the methylomes was further highlighted by genome-wide and 
site-specific plastic responses. Our findings support both the presence of a plastic response in 
a subset of CpG loci, and the evolutionary role of methylation divergence between populations 
adapting to contrasting thermal environments.
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Introduction

Adaptation to changing environments is 
a fundamental process for the survival of popu
lations and species, especially during fast-paced 
environmental changes. Such rapid changes are 
a predicted consequence of the global warming, 
which may cause large-scale changes in the 
environments of natural populations in the 
near future [1]. Rapid phenotypic responses to 
climate change have been reported in several 
studies [2–4]. However, it remains unclear 
whether such rapid responses are a result of 
natural selection on the standing genetic 

variation within populations resulting in genetic 
adaptation [5] and, if so, whether the pace and 
strength of such microevolution are sufficient to 
counteract global warming [6,7].

Phenotypic plasticity, the phenomenon of 
a genotype producing different phenotypes in 
response to different environmental conditions 
[8], is an alternative mechanism for responding 
to environmental changes. Plasticity may buy 
time for populations in the initial stages of adap
tation, essential during, e.g., climate change and 
other very intense phenomena such as the colo
nization of novel environments, or following the 
introduction of new predators [5,9,10]. Plasticity 
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may be favourable especially in situations when 
the environment is temporally heterogeneous, 
and when there are reliable environmental cues 
to predict future environmental changes [11,12]. 
Examples of the interplay between genetic adap
tation and plasticity leading to climate change 
responses are currently limited, and the need to 
further study these responses has been high
lighted [5,9,10].

Within the lifespan of an individual, phenotypic 
variability is modulated by non-genetic mechan
isms rather than by genetic mutations. Thus, epi
genetic mechanisms may be important for 
modulating plasticity by playing a role as an inter
face between the genome and environment [13]. 
Theoretical and modelling approaches show that, 
over relatively short ecological time scales, epige
netic modifications can contribute to the persis
tence of populations by increasing plasticity 
[12,14]. Over longer evolutionary time scales, 
such modifications are predicted to have perma
nent evolutionary effects, altering the pace and 
outcome of the adaptation process [12,14,15]. For 
instance, epigenetic modifications may slow down 
adaptation due to their instability, decrease the 
final fitness outcome by decreasing the strength 
of natural selection, aid genetic adaptation by 
assimilation or facilitate the whole adaptation pro
cess by allowing the non-adapted populations to 
initially persist [12,14,15]. Epigenetic markers, 
including various types of functional groups that 
can be added to the DNA molecule or the asso
ciated histones, are a relatively dynamic group of 
DNA modifications with frequently reversible 
states in comparison to the more stable nucleotide 
sequence polymorphisms. The attachment of 
a methyl group to a cytosine nucleotide in the 
DNA, referred to as cytosine methylation [16], is 
an evolutionarily ancient, conserved, and abun
dant epigenetic mechanism. In most vertebrates 
including teleost fishes, cytosine methylation pre
dominantly occurs in the CpG sequence context 
(sequences in a genome containing cytosine fol
lowed by guanine) [17], where the methylation 
machinery typically maintains methylation as the 
default state, particularly during the embryonic 
and early life stages [16,18]. In upstream regula
tory regions of genes, CpG methylation levels may 
play transcriptionally instructive roles, particularly 

in CpG-rich promoters with CpG islands [16,19]. 
In gene bodies, CpG methylation has been sug
gested to regulate the alternative splicing machin
ery between tissues, prevent spurious transcription 
initiation or protect chromatin structure from 
RNA polymerase during gene expression 
[16,19,20]. Epigenetic regulation may be important 
during development and the early life of indivi
duals [21]. For example, a link between globally 
increased cytosine methylation in response to 
changes in environmental temperature in early 
life stages has been observed in multiple teleost 
fishes, such as the threespine stickleback 
(Gasterosteus aculeatus) and Atlantic cod (Gadus 
morhua) [22,23]. More targeted changes have been 
reported, including methylation and gene expres
sion alterations in specific genes such as myogenin, 
encoding a major muscle protein, in the larvae of 
Senegalese sole (Solea senegalensis) and Atlantic 
salmon (Salmo salar) [24,25], and dnmt genes, 
that regulate the overall methylation levels, in 
Atlantic cod [23]. Such epigenetic responses to 
internal or external stimuli may serve as under
lying mechanism of developmental plasticity.

European grayling (Thymallus thymallus) pro
vides a good model system for studying the early 
stages of ongoing local adaptation. European gray
ling (hereafter referred to as ‘grayling’) is 
a salmonid fish that is commonly found in fresh
water habitats across a large part of Europe. The 
species inhabits fragmented and heterogeneous 
freshwater environments [26]. Such spatially and 
temporally variable freshwater habitats predict 
a potential role of environmental plasticity in 
adaptive processes, especially in species with rela
tively long life span, which can exacerbate the 
pressures caused by climate change in grayling. 
Further, the spawning and the subsequent 
embryonic development of grayling takes place in 
the early summer, when the water temperature is 
considerably more variable than during the spawn
ing and developmental season of many other sal
monids, which often spawn during the autumn. 
However, the level of genetic variation within 
grayling populations has been shown to be low, 
which may restrict the capacity for genetic adapta
tion [27]. Our study system consists of multiple 
recently founded populations in Norway [28]. The 
populations are closely located both geographically 
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and genetically, but they experience systematic 
differences in the water temperature both during 
spawning and larval development [29,30]. 
Previous studies have provided indications of mul
tiple rapidly evolved phenotypic traits in these 
grayling populations under circumstances that 
are expected to hinder adaptation, such as the 
relatively short adaptation period since population 
foundation and the limited genetic diversity 
[29,31]. Differences between populations have 
been reported in traits such as embryonic devel
opment time, larval survival and growth rate 
[29,32]. Some traits seem to have evolved in 
a parallel fashion among populations experiencing 
similar spawning temperatures, suggesting that 
adaptive evolution, rather than neutral genetic 
drift, is the main driving force for these changes 
[27,33]. For example, increased growth rate of 
muscle mass combined with delayed skeletal devel
opment in populations spawning in relatively 
colder water may posit an adaptive trade-off to 
maximize larval body mass, which is a key factor 
affecting later over-winter survival in colder- 
watered environment [33]. However, plasticity 
explains much of the observed embryonic gene 
expression patterns among populations and may 
thus have an important role affecting the adapta
tion process [30].

Research on adaptive responses to changing 
environmental temperatures at different levels of 
molecular variation is still scarce, particularly for 
organisms with relatively long generation times. In 
the grayling system specifically, despite considerable 
previous research, the potential role of epigenetics 
remains unstudied. Here, we first describe the gen
ome-wide embryonic methylation variation in gray
ling and hypothesize that during the short 
adaptation time period to changes in environmental 
temperatures, the role of epigenetic mechanisms is 
magnified, and thus displaying more molecular var
iation, in comparison to the role of genetic mechan
isms. We expect this magnification to be detectable 
for previously reported divergent phenotypes either 
between populations from different thermal origins 
(evolutionary change) or between different develop
mental temperatures (plastic response). We test this 
hypothesis by first identifying patterns in the gen
ome-wide methylation variation within and between 
populations with potential relevance for thermal 

adaptation. We compare the evolutionary and plastic 
components shaping methylation level variation to 
the underlying single nucleotide polymorphisms 
(SNPs) and resulting transcription levels. We then 
assess the effect of karyotype and sequence function
ality on the methylation patterns. Finally, we quan
tify the site-specific methylation plasticity and report 
on candidate genes that may be under epigenetic 
developmental regulation and, thus, contribute to 
the phenotypic plastic response to developmental 
temperature variation.

Materials and methods

Grayling samples

We sampled five grayling populations in the study 
system with variable water temperatures during 
spawning and the early development period 
(Supplementary Figure 1). The ancestral population 
(sampled at Otta in River Gudbrandsdalslågen, down
stream from Lesjaskogsvatnet) is isolated from the 
other populations by a partly impassable waterfall 
for an unknown number of generations. The other 
four of these populations share a common ancestor 
that inhabited River Gudbrandsdalslågen in the 
1880s, approximately 22 grayling generations before 
sampling [26]. Since then, human activities that are 
traceable from historical records [26,33] have led to 
the sequential colonization of several nearby lakes and 
streams (referred to subsequently as ‘divergence 
order’; Figure 1). The typical spawning temperatures 
in River Gudbrandsdalslågen at Otta (hereafter Otta), 
as well as River Steinbekken, flowing into Lake 
Lesjaskogsvatnet, and Lake Hårrtjønn, can be 
described as relatively warmer in comparison to the 
colder conditions of the spawning populations in 
Rivers Valåe and Kvita, flowing into Lake 
Lesjaskogsvatnet and Lake Aursjøen, respectively 
[29,30], with the average difference between warmer 
and colder conditions estimated at 3.7°C in 2013 
(Supplementary Figure 1, Supplementary Figure 2). 
The populations spawn in relatively colder and war
mer waters, i.e., their ‘thermal origin’, herein referred 
to as the colder- and warmer-origin populations, 
respectively. Details of the common garden experi
ment are outlined in [30] and summarized in Figure 1 
and in Supplementary Table 1. Briefly, mature fish 
were collected from each of the five sampling 
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locations during the spawning period in spring 2013. 
Eggs and sperm were extracted under anaesthesia at 
the natural sampling locations, stored on ice and 
transported to the experimental facility located at the 
University of Oslo. For each population, a mixture of 
eggs from four to five females was pooled and ferti
lized with a pool of sperm from four to six males from 
the corresponding population. Eggs were reared at 
mean developmental temperatures of 7.0°C and 

10.2°C, a range similar to the natural variation during 
early development of the grayling in the water system. 
At the average predicted age of 205 degree days after 
fertilization, matching the eyed-egg embryonic stage, 
embryos from each population were sampled. We 
sampled pre-hatching embryos because by then, 
a typical teleost embryo has established sperm-like 
methylation blueprint and the tissue-specific methy
lation patterns have already differentiated, while the 
young age still minimizes the noise caused by further 
methylome modifications in response to time and 
internal or external stimuli [34,35]. The samples 
were immediately frozen on dry ice and stored at 
-80°C until DNA extraction for individual sequencing 
of four or six embryos from each population, includ
ing two to three individuals per population reared at 
both warmer and colder developmental temperatures.

Methylation dataset

Altogether, 26 embryos were processed for bisul
phite sequencing. DNA from each embryo was 
extracted using a salt extraction protocol [36]. 
Sample concentrations were measured using Qubit 
Fluorometric Quantitation (Life Technologies) and 
quality controlled before and after library prepara
tion using Advanced Analytical Fragment Analyser. 
The ordering of the samples was randomized to 
avoid lane effects. Library preparation protocol 
was adapted from [37] for samples diluted to con
tain 1,000 ng of genomic DNA at The Finnish 
Functional Genomics Centre. During the library 
preparation, genomic DNA was first fragmented 
with Covaris focused-ultrasonicator using target 
peak size 200 of base pairs, purified and size- 
selected (100–600 base pairs) with AMPure mag
netic beads. Then, the adapter ligation step included 
poly(A) tail repair using End-It DNA end repair kit 
(Epicentre) and Klenow fragment (3�-5� exo), 
a second round of purification and size selection 
(>100 base pair) of the DNA with AMPure mag
netic beads, and the ligation of unique Illumina 
TruSeq indexing adapter (1:10 dilution) for each 
sample. After two rounds of bead SPRI clean-ups, 
Invitrogen MethylCode Bisulphite Conversion Kit 
was used to convert unmethylated cytosines in the 
DNA fragments to uracils. Six cycles of PCR were 
performed with KAPA HiFi Uracil+ Polymerase 
and the final libraries were extracted using SPRI 

Figure 1. Schematic summary of the experimental design used 
in the study. Spawning adults were collected from the wild, and 
gametes stripped, and fertilizations conducted for pools of 
males and females from each study population. Then, the 
embryos were reared in a common-garden environment until 
sampling during the eyed-egg stage.
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bead clean-up. Finally, the samples were pooled and 
sequenced using the Illumina HiSeq3000 platform 
and TruSeq v3 chemistry to produce 75 base 
paired-end reads at the average estimated amount 
of 21.3 (19.4–24.5) gigabase pairs of sequence for 
each sample, resulting in the average of 12.3x per- 
sample coverage (10.7x-13.4x) in the genome of the 
estimated size of 1.5 gigabase pairs (Supplementary 
Table 1) [38].

The sequenced reads were quality trimmed 
using ConDeTri software [39] with a minimum 
trimmed read length of 30 base pairs, followed by 
reference-based assembly of the reads against the 
recently published chromosome-level genome 
assembly [38] with Bismark bisulphite mapper 
v. 0.16.1 [40]. Following assembly, CpG methyla
tion information was collected for each sample 
using the bismark_methylation_extractor script 
included in the Bismark package in paired-end 
mode and filtered so that each CpG locus used in 
the subsequent analysis had information from at 
least 16 samples with 8–30 read coverage after 
combining the methylation levels from each strand 
of the symmetrical CpG sites. The sex of each 
sampled individual was determined by extracting 
the read coverage in a region including the sexu
ally dimorphic Y-chromosome gene and 100,000 
base pair flanking sequences with BEDTools 
coverageBed v. 2.26.0 [38,41]. Individuals without 
coverage at the sdY locus were assumed to be 
females.

Messenger RNA dataset

We utilized previously sequenced mRNA reads 
(NCBI BioProject PRJNA419685) originating from 
the same common garden experiment [30], which 
included 34 embryos from four of the five study 
populations used here (excluding the Steinbekken 
population) that had been raised at similar warmer 
and colder developmental temperatures. The 
mRNA samples had been collected at 140 degree 
days post fertilization and sequenced using the 
Illumina HiSeq 2000 platform with 100 base paired- 
end reads, resulting in an average of 78.7 million 
read pairs per sample. We complemented the pre
viously reported de novo assembly of the mRNA 
reads [30] with a reference-based assembly against 
the genome sequence [38] using TopHat assembler 

v. 2.1.1 [42], followed by quantification of transcrip
tion levels using HTSEQ-count v. 0.9.0 [43]. The 
transcription levels were normalized using the 
remove unwanted variation (RUV) method RUVr 
[44] implemented in the R package RUVseq 
v. 1.16.0 [44], which uses residuals from 
a generalized linear regression model of counts 
taking into account the covariates of interest, 
which were the population of origin, resembling 
evolutionary natal temperature, and experimental 
developmental temperature in this case.

Single nucleotide polymorphism dataset

We identified SNPs in the methylation sequence 
assembly using BS-SNPer [45] that excludes the 
SNPs resulting from the underlying methylation 
differences [46]. The SNP filtering steps excluded 
triallelic loci, polymorphisms in only one sample, 
loci where the methylation-corrected BS-SNPer 
genotypes disagreed with those extracted using 
the regular SNP calling pipeline, and C/T poly
morphisms. We then re-extracted the genotypes 
with the regular SAMtools SNP calling procedure 
including the commands mpileup and bcftools call 
to verify the homozygous genotypes that could be 
called but were not extracted during the BS-SNPer 
analysis. Finally, we excluded the cytosine loci at 
which nucleotide polymorphism was detected 
from further methylation analysis.

Annotating the CpG loci

To categorize the CpG loci based on functional 
genomic regions, including promoter, 5’UTR, cod
ing and 3’UTR sequences, we overlapped the CG 
dinucleotide positions in the genome assembly 
[38] with the associated gene predictions. For sim
plicity, we allowed each CpG locus to have one 
grayling transcript annotation for each functional 
region type. For example, we allowed only one 
promoter annotation for each CpG locus, but 
simultaneously the locus could have one 3’UTR 
annotation. Promoter intervals were determined 
as the 500 base pair flanking sequences upstream 
from each annotated mRNA region. We used this 
relatively short interval to reduce the possibility of 
misannotations to unrelated genes. We also pre
dicted the locations of CpG islands with cpgplot 
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implemented in the EMBOSS package (v. 6.5.7.0) 
with a window size of 200. Finally, we defined 
genomic intervals outside functional genomic 
regions as intergenic.

Genome-wide methylation variation in 
comparison to nucleotide and gene transcription 
variation

To investigate the molecular variation between indi
viduals without any prior assumptions about the 
effects of the variables, we performed principal com
ponent analysis of the methylation level estimates, 
SNPs and z-score normalized gene transcription 
levels including observations without any missing 
data. To compare the relevant patterns in the mole
cular variation between populations, we calculated 
the mean pairwise Euclidean distances between 
populations along the two first principal compo
nents of each level of molecular variation. To further 
explore the contributions of multiple explanatory 
variables at the different levels of molecular varia
tion, we performed distance-based redundancy ana
lysis [47] of the pairwise Euclidean distances 
between individuals. This nonparametric method is 
tolerant of zero-inflated datasets, which is often the 
case in methylation data. The following explanatory 
variables were included: (1) Divergence order was 
used to describe the effect of neutral evolutionary 
processes, such as genetic drift, that would separate 
the most distantly related populations most strongly 
from the common ancestor. Divergence order was 
assigned for each sample based on the historical 
records of the colonization times of each water 
region (Figure 1, Supplementary Figure 1). It was 
described using a rank scale ranging from the ances
tral population with rank one, and populations inha
biting Lesjaskogsvatnet with rank two, to Lake 
Hårrtjønn and River Kvita populations with ranks 
three and four, respectively; (2) thermal origin was 
assumed to originate from non-neutral selection 
processes that would result in parallel evolution of 
the populations inhabiting environments with simi
lar developmental temperatures; (3) experimental 
developmental temperature and (4) sex of each 
embryo. We repeated the analysis for the methyla
tion, SNP, and normalized transcription dataset. The 
significance of the explanatory variables was verified 
using ANOVA-like permutation tests. R functions 

dist, dbrda, and anova.cca in the stats v. 3.4.0 and 
vegan v. 2.4.6 packages were used in the analysis.

To quantify the changes in the overall chromoso
mal methylation levels linking to several evolution
ary, plastic and chromosomal architecture variables, 
we calculated chromosome-specific mean methyla
tion levels for each individual and used them as the 
dependent variable in a linear mixed-effects model 
per-chromosome methylation mean ~ developmental 
temperature + sex + (1 | population) + (1 | chromo
some) + (1 | homeolog) + (population | developmental 
temperature), where individual developmental tem
perature and sex were used as independent fixed 
effect variables, supplemented with random inter
cepts for the five categories of sampling populations, 
chromosome identities and ancestral identities of 
homeologous chromosome pairs originating from 
the salmonid-specific whole-genome duplication 
event 80–100 million years ago [48-49]. The model 
was implemented with the lmer function of the 
lmerTest package v. 3.1.0 in R. We also estimated 
random slopes for population-by-developmental 
temperatures (°C). The significance of random 
terms was estimated by likelihood ratio tests between 
models with and without random terms fitted under 
residual maximum likelihood. The observed differ
ences between population-temperature combina
tions were further studied with pairwise t-tests of 
per-chromosome estimates for the population- 
temperature groups of individuals after removing 
the per-chromosome variation by taking residuals 
from a linear model that fitted methylation means 
for each chromosome identity.

Site-specific analysis to detect developmental 
plasticity and differentiation between 
populations

We compared the abundance of the CpG loci where 
the methylation levels changed consistently accord
ing to the thermal origin when a warmer-origin 
population colonized a colder environment to the 
abundance of the inconsistently changed CpG loci. 
The methylation level changes were detected 
between the two neighbouring (based on divergence 
order) warmer-to-colder-origin population pairs 
(Otta-Valåe and Hårrtjønn-Kvita) inhabiting sepa
rate water regions. We counted the number of CpG 
loci where the mean methylation response was 
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estimated to increase or decrease consistently by at 
least 50% in the two warmer-to-colder-origin popu
lation pairs. The number of consistently changed 
loci was then compared to the number of loci 
showing at least a 50% inconsistent change between 
the population pairs. The higher abundance of con
sistently than inconsistently changed loci was ver
ified with the Chi-squared test. For comparison, we 
also tested for a possible enrichment of consistent 
plastic methylation changes of at least 50% within 
the two warmer- or colder-origin populations; and 
repeated the analysis with adding the third possible 
population pair from the populations inhabiting 
Lake Lesjaskogsvatnet.

To reveal the specific chromosomal regions with 
a plastic response to the developmental temperature 
or the sex of the embryo, we used an approach similar 
to an epigenome-wide association study (EWAS). We 
tested the effects of several variables on CpG methyla
tion status in promoters, 5’UTR and 3’UTR 
sequences, and coding regions. We fitted a mixed 
logistic regression model (methylated read counts, 
unmethylated read counts) ~ 1+ temperature + sex + 
(1 | population) + (population | temperature) where, 
like above, we included fixed effects of temperature 
and sex, random intercept for the five population 
categories and random slopes for the population-by- 
developmental temperatures [50]. The model was fit 
with a logit link function under Laplace approxima
tion using the bobyqa optimizer implemented with 
the glmer function in the R package lme4 v. 4.1.1. 
Detecting variation for the random population term 
can be interpreted as the presence of differences 
among populations, whereas detecting variation for 
the population-by-developmental temperature inter
action term indicates the presence of differences in 
how populations respond to developmental tempera
ture, i.e., developmental plasticity. To reduce type 
I error caused by overdispersion, we estimated the 
dispersion factors for each model by dividing the 
estimated sum of the squared Pearson residuals with 
the residual degrees of freedom and added observa
tion-level random factors for models with 
a dispersion factor >1 [51]. Like above, we also esti
mated the significances of random variables using 
likelihood ratio tests and included random terms 
only if significantly improving the model (P < 0.1 
for the population term and P < 0.05 for the popula
tion-by-developmental temperature interaction term) 

[52]. If neither of the random terms was significant, 
we used a logistic regression model without random 
terms, implemented with the glm function of the 
R stats package. Finally, to link the underlying nucleo
tide sequence properties (upstream CpG richness) to 
the site-specific developmental plasticity, we com
pared the observed mean CpG abundance in the 
upstream regulatory sequences associated with tem
perature-plastic CpG loci to the distribution of the 
corresponding upstream CpG abundancies associated 
with random upstream regulatory sequences based on 
one hundred permutations.

Describing methylation patterns in functional 
regions

We described the abundancies of low- and high- 
methylated loci in different functional genomic 
regions by calculating the overall methylation 
state of each CpG locus as completely unmethy
lated (0% methylated), hypomethylated (<20% 
methylated), intermediately methylated (≥20% 
and ≤80% methylated) or hypermethylated (>80% 
methylated) based on the mean methylation levels 
across all samples, and compared the frequencies 
of loci with different methylation states between 
functional genomic regions. We visualized the dis
tributions with kernel density estimates obtained 
from the density function in R stats package 
v. 3.5.2 using Gaussian kernel smoothing function.

Gene list analyses

In order to annotate the grayling transcripts, we asso
ciated them with well-annotated genes of the model 
species, zebrafish (Danio rerio). We matched the pre
dicted grayling proteins to the best matching zebrafish 
proteins (v. GRCz11) from the Ensembl database [53] 
with Blastp+ v. 2.6.0 [54], resulting in zebrafish 
matches with an e-value <0.0001 and score >45.8.

To study the typical functions of the genes with 
consistently hypo- or hypermethylated upstream reg
ulatory sequences across all samples and low or high 
CpG content, we generated four subsets of zebrafish 
orthologous genes with CpG-poor or CpG-rich 
upstream regulatory regions (including promoters 
and 5’UTR regions) and a hypo- or hypermethylated 
methylation status. The median number of upstream 
CpG loci associated with each zebrafish orthologue 
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was used as a threshold for defining the CpG abun
dance category. To include equally sized groups of 
orthologous genes with a low or high methylation 
status observed repeatedly (here, in five CpG loci), 
we selected genes for which all of the analysed CpG 
loci were hypomethylated (excluding intermediately 
methylated loci) and equal number of the genes with 
the largest proportions of hypermethylated loci. We 
compared the four test categories against 
a background list including the combination of all 
four gene lists.

Gene ontology enrichments for genes with 
a plastic response detected in the site-specific analysis 
were identified for the temperature- and sex- 
sensitive grayling transcripts for which multiple sig
nificantly plastic (FDR < 0.05) CpG loci were 
detected. To test for genotype-by-environment inter
action, we used the genes associated with multiple 
CpG loci and best fit using models including the 
population-by-temperature interaction. All genes 
associated with multiple CpG loci included in the 
site-specific analysis were used as the background in 
the gene list analyses.

Each gene list comparison was performed with 
standard hypergeometric models implemented in 
the gene ontology enrichment analysis and visuali
zation tool [55] with the database version updated 
29 June 2019.

Data availability

The bisulphite sequencing reads were deposited at 
NCBI SRA under BioProject ID PRJNA588748.

Results

A total of 9,663,307 variable and 290,705 comple
tely unmethylated CpG loci remained in the ana
lysis after the exclusion of loci exhibiting low 
sample coverage or potential nucleotide variation. 
Of those, 207,380 loci were located in promoter 
sequences, 87,283 in 5’UTRs, 604,596 in coding 
sequences, 20,158 in 3’UTRs, 639,631 in CpG 
islands and 8,440,454 were intergenic. The esti
mated overall mean methylation level was 76.8%, 
including 8.2% hypomethylated and 72.1% hyper
methylated loci. 3,465,289 loci did not contain any 
missing observations. Similarly, the final SNP 
dataset consisted of 78,012 complete observations. 

The transcription levels of 22,526 mRNA tran
scripts were included in the mRNA data set.

Genome-wide methylation variation in 
comparison to SNP and transcription variation

Based on the methylation dataset, the average 
Euclidean distance between the individuals from the 
colder-origin populations along the two most impor
tant principal components was smaller than the mean 
pairwise distances between any of the other popula
tions, indicating that colder-origin population indivi
duals have very similar genome-wide methylation 
profiles. A one-way multivariate analysis of variance 
(MANOVA) for the two first principal components 
verified the between-population differences from zero 
in the principal coordinates (Pillai’s Trace = 1.5152, 
F8,42 = 16.41, P < 0.0001; Figure 2a), and Tukey’s post 
hoc tests for PC1 and PC2 detailed that the colder- 
origin populations were the only population pair with 
the difference not deviating from zero (Tukey’s 
adjusted P > 0.05, Table 1). Also in the SNP dataset, 
individuals from the colder-origin populations clus
tered together more tightly along the principal com
ponents (Figure 2b), but the mean distance between 
the colder-origin individuals was not different from 
the pairwise distances between individuals from other 
populations (Table 1). Instead, based on the SNP 
dataset, the individuals inhabiting Rivers Valåe and 
Steinbekken in Lake Lesjaskogsvatnet were the only 
population pair without significant differentiation 
between the principal components, verified by 
MANOVA (Pillai’s Trace = 1.843, F8,42 = 61.619, 
P < 0.0001; Figure 2b) and subsequent Tukey’s post- 
hoc tests for PC1 and PC2 (Tukey’s adjusted P > 0.05, 
Table 1). In contrast, the principal components 
derived from the gene transcription estimates did 
not reveal such differences between pairwise popula
tion distances (Figure 2c, Table 1). Based on the 
distance-based redundancy analysis and verified by 
ANOVA-like permutation tests, divergence order 
and thermal origin explained 4.5% and 4.3% of the 
variation in the methylation dataset (Supplementary 
Table 2, Figure 2d) and, similarly, 6.1% and 5.5% in 
the SNP dataset (Figure 2e). In contrast, for the tran
scription dataset, 32.0% of the variation was explained 
by developmental temperature, along with 4.6% of the 
marginally significant effect (P < 0.1) of thermal origin 
(figure 2f).
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To estimate genome-wide differences in the 
methylation levels, we chose, based on likelihood 
ratio tests, the model per-chromosome methylation 
mean ~ sex + (1 | population) + (1 | chromosome) + 
(1 | homeolog) + (population | temperature) 
(Supplementary Table 3). Further inspection of 
the homeologous chromosomes revealed that the 
chromosomal methylation levels averaged over all 
samples exhibited a correlation of 0.92 between the 
homeologous chromosome duplicates (t23 = 11.18, 
P < 0.0001, Supplementary Figure 3). The pairwise 
t-tests revealed distinct methylation levels (with 
P < 0.05) with an average of 0.9% absolute methy
lation difference found in 44 of the 45 pairwise 
population-specific developmental temperature 
comparisons (Supplementary Table 4). Among 
the comparisons, genome-wide hypomethylation 
was present at the lower developmental tempera
ture in the Otta, Valåe, Hårrtjønn, and Kvita 
populations (Figure 3).

Site-specific analysis to detect plastic and 
evolutionary changes

We identified 1.8-fold abundance (χ2
1 = 82.3, 

P < 0.0001) in the 715 CpG loci with consistently 
changed methylation levels between the two popu
lation pairs including warmer and colder origin, in 
comparison to 408 inconsistently changed loci 
(Figure 4). The observed consistent changes were 
enriched in coding sequences and 3�UTR 
sequences, and depleted from the upstream regula
tory regions (χ2

3 = 22.4, P < 0.0001; Figure 5). 
When adding the third possible population pair 
from Lake Lesjaskogsvatnet, the results were similar 
(Supplementary Figure 4A). In contrast to the con
sistency with thermal origin at the methylation 
level, there was no such enrichment of the devel
opmentally plastic changes within populations, with 
212 and 183 consistently changed plastic loci being 
not different in abundance from the 222 and 164 

Figure 2. The two first principal components of the methyla
tion (a), nucleotide (b) and transcription level (c) analysis, and 
the corresponding results from distance-based redundancy ana
lysis (d-f), including the percentages of variation explained by 
the most important axes. We used four (for Otta and Valåe) or 
six (for Steinbekken, Hårrtjønn and Kvita) individuals, including 
individuals from both developmental temperatures as indicated 
with symbols, in analyses A, B, D and E. Similarly, we used eight 
(for Otta and Valåe) or nine (for Hårrtjønn and Kvita) individuals 
in analyses C and F. Arrows in figures D-F represent the effects 
of the explanatory variables with significance levels indicated as 
follows: ‘***’ for P < 0.001, ‘**’ for P < 0.01, ‘.’ for P < 0.1. The 
symbols used for developmental temperatures and populations 
are listed below the figure. Red and blue symbols distinguish 
between the warmer and colder thermal origin.

Table 1. Mean pairwise Euclidean distances between methyla
tion, SNP, and gene expression signatures of grayling embryos, 
measured within (given on the diagonal) and between popula
tions from the two most explanatory principal components of 
each data set. We used four (for Otta and Valåe) or six (for 
Steinbekken, Hårrtjønn, and Kvita) individuals, regardless of the 
developmental temperature, to calculate the average distances 
at the methylation and SNP level. Similarly, we used eight (Otta 
and Valåe) or nine (Hårrtjønn and Kvita) individuals to calculate 
the average distances at the gene transcription level. The dis
tances between populations with similar thermal origins are 
marked with [1] and [2] for warmer and colder thermal origin, 
respectively, the comparisons between populations inhabiting 
Lake Lesjaskogsvatnet are marked with [3], and the compari
sons within population with [4]. The between-population dis
tances, which significantly deviate from zero along PC1 or PC2, 
are highlighted with bold font for Tukey’s corrected  P < 0.05.

Otta Steinbekken Valåe Hårrtjønn Kvita

Methylation
Otta 105.7 [4]
Steinbekken 148.0 [1] 55.6 [4]
Valåe 133.8 71.2 [3] 16.8 [4]
Hårrtjønn 164.2 [1] 149.9 [1] 81.0 34.9 [4]
Kvita 133.5 86.5 19.6 [2] 64.4 12.3 [4]
SNP
Otta 19.2 [4]
Steinbekken 77.8 [1] 7.7 [4]
Valåe 79.3 10.5 [3] 4.6 [4]
Hårrtjønn 118.1[1] 47.9 [1] 52.8 20.4 [4]
Kvita 112.3 63.6 54.6 [2] 93.2 16.9 [4]
Gene transcription
Otta 168.3 [4]
Steinbekken - -
Valåe 149.4 - 155.4 [4]
Hårrtjønn 159.2 [1] - 155.0 153.4 [4]
Kvita 141.0 - 134.5 [2] 154.0 135.0 

[4]
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loci that were inconsistently changed within the 
warmer or colder thermal origin populations, 
respectively (χ2

1 = 1.0, P = 0.308). Based on princi
pal components of the three pair comparison of the 
consistently changed loci without missing observa
tions, the first principal component now explained 
the majority (67.1%) of the variation and separated 
the populations by thermal origin, while the colder- 
origin populations remained as the most tightly 
clustered populations (t8 = 7.47, P < 0.0001) in 
comparison to the three warmer-origin populations 
(Supplementary Figure 4B, Supplementary Table 5). 
None of the loci were consistently responding to 
developmental temperatures within all populations. 
Based on separate analyses for warmer and colder 

thermal origin individuals, the first principal com
ponents based on consistently plastic loci within 
thermal origins explained 44.7% and 42.0% of the 

Figure 3. Estimated differences in the mean methylation levels 
of the study populations when reared in colder- in comparison 
to warmer developmental temperature. We used two (for Otta 
and Valåe) or three (for Steinbekken, Hårrtjønn and Kvita) 
individuals from each developmental temperature and popula
tion to calculate the mean differences. The differences are 
estimates from pairwise t-tests, reported with 95% confidence 
intervals and the significance levels of comparisons indicated 
with ‘***’ (P < 0.0001).

Figure 4. Consistently and inconsistently changed methylation 
levels in the CpG loci in two pairs of grayling populations with 
subsequent colonization events in the grayling study system 
(red = warmer-origin, blue = colder-origin populations). Of the 
total of 1,094 CpG loci with ≥ 50% change observed in the 
population means of the methylation levels, we here report the 
number of consistently and inconsistently changed CpG loci. 
The population means were calculated over four individuals 
from Otta and Valåe populations, each, and over six individuals 
from Hårrtjønn and Kvita, each, regardless of the rearing tem
perature. The arrow describes the relative divergence time 
using the colonization order of the population pairs as the unit.

Figure 5. The observed occurrences of temperature-plastic and 
sex-plastic CpG loci from the EWAS-like analysis, and of the 
consistently changed CpG loci between populations in different 
functional gene regions, in comparison to the expected fre
quencies based on the numbers of non-plastic and inconsis
tently changed loci. Two (Otta and Valåe) and three 
(Steinbekken, Hårrtjønn and Kvita) individuals from each popu
lation and developmental temperature were used in the EWAS- 
like analysis. The consistent changes were based on the popu
lation means of four (Otta and Valåe) or six (Hårrtjønn and 
Kvita) individuals.
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variation and separated the samples of the corre
sponding thermal origin by developmental tem
perature (Supplementary Figure 4 C-D). 
Interestingly, the loci identified in the colder- 
origin comparison also grouped the warmer-origin 
samples by developmental temperature and by 
population.

The EWAS-like site-specific analysis involved 
a total of 882,756 loci that were best described with 
models without any random effects. 21,566, 25,980 
and 72 loci were best described including a random 
term for population, the population-by-temperature 
interaction, or both, respectively. Plastic loci were 
enriched in the upstream regulatory regions and 
depleted from the coding sequences (Figure 5). 
A total of 1,806 and 2,271 loci in 1,059 and 1,393 
orthologous zebrafish genes were found to be plastic 
between the developmental temperatures, and 
between sexes, respectively (Supplementary Figure 
5 A and B, Supplementary Table 6). Among these, 
116 loci, associated with 68 zebrafish genes, were 
detected as responsive for both temperature and 
sex. The developmental temperature-plastic CpG 
loci were often located in genes with CpG-poor 
promoters, whereby the observed mean number of 
5.7 CpG loci was smaller (P < 0.001) than the mean 
number of 6.4 CpGs obtained from permutations of 
random promoters.

Describing methylation patterns in functional 
regions

We observed distinct patterns of CpG methylation 
among the functional genomic regions. In contrast 
to the overall state of hypermethylation in the gen
omes, methylation of the upstream regulatory regions 
exhibited a bimodal distribution, with only 43% of 
promoter and 39% of 5’UTR loci being hypermethy
lated while the abundance of hypermethylated loci in 
the other functional genomic regions was 72–81% 
(Supplementary Figure 6). Furthermore, completely 
unmethylated loci were concentrated in upstream reg
ulatory regions in comparison to the corresponding 
abundance in other regions (χ2

4 = 72.2, P < 0.0001).

Gene list analyses

Among the transcripts with low CpG content in the 
nucleotide sequences, we found a total of eight and 15 

enriched gene ontology terms among the 2,094 and 
2,324 transcripts with hypo- or hypermethylated 
upstream regulatory regions, respectively. Among 
these gene ontology terms, hypermethylated upstream 
regions were associated with terms such as cytokine 
receptor activity, myosin complex and signalling func
tions, located in membranes, whereas hypomethylated 
upstream regions were associated with terms localized 
to the intracellular parts, including organelles such as 
the mitochondrion but excluding the plasma mem
brane. The number of enriched gene ontology terms 
in the transcripts with a high upstream CpG content 
was greater, with 68 and 58 terms being associated 
with the 1,709 hypo- and 1,477 hypermethylated 
upstream sequences (Supplementary Figure 7 A-B, 
Supplementary Table 7). Among these terms, 
upstream hypomethylation was related to the devel
opment of the central nervous system and cell fate, 
and to numerous terms related to the regulation of 
transcription and gene expression or nucleic acid 
binding within the nucleus. In contrast, genes with 
hypermethylated upstream sequences were associated 
with cell adhesion and signalling receptors, especially 
in membranes.

The CpG loci for which the methylation changes 
were best explained (FDR < 0.05) by the models 
including the population-by-temperature-interaction 
term were associated with genes that were enriched for 
nine biological processes, 33 molecular functions and 
one cellular component (Supplementary Figure 7 C, 
Supplementary Table 7), including the myosin com
plex, motor activity, signal sequence binding, regula
tion of protein depolymerization and multiple terms 
related to Rho GTPases. The most overrepresented 
term was membrane depolarization during action 
potential. This term was, however, non-significant 
after multiple testing correction (FDR = 0.234), likely 
because of the small category size (only eight genes, 
among which seven were best explained with models 
including the gene-by-environment interaction) 
(Supplementary Table 7). No gene set with significant 
main effect of developmental temperature or sex 
showed any gene ontology enrichment.

Discussion

Methylation has often been proposed as a key 
regulator of gene expression in vertebrates, and 
the addition of methyl groups in the upstream 

EPIGENETICS 281



regulatory regions has been suggested to dynami
cally switch off gene expression [16]. The global 
methylation signatures revealed genome-wide 
changes at the evolutionary time scale, which 
may provide potential for the evolution of 
mechanisms behind phenotypic response. We con
firmed that the global methylation levels were 
dynamic in grayling during development and that 
temperature-responsive CpG loci were often 
detected in the upstream regulatory regions in 
the site-specific analysis. In contrast, the abun
dance of the loci with evolutionary signal in cod
ing sequences and downstream regulatory regions 
rather than in upstream regulatory regions suggest 
that functionally important cytosine methylation 
may also be frequent outside the promoter regions. 
Thus, we were able to find support for both the 
plastic response in a subset of CpG loci, and the 
evolutionary role of methylation divergence 
between populations adapting to contrasting ther
mal environments.

When evaluating the patterns in the genome- 
wide molecular variation based on principal com
ponents and distance-based redundancy analysis 
axes, we found both methylation and nucleotide 
variation between populations affected by the 
divergence order and the thermal origin, confirm
ing that both neutral evolution and local adapta
tion may have shaped the molecular variation. As 
expected, the most similar nucleotide variation 
was found between populations sampled from 
Lesjaskogsvatnet, which is explained by ongoing 
gene flow between these population [31]. 
Supporting the hypothesis of the magnified role 
of epigenetic mechanisms in comparison to 
nucleotide variation at the initial stages of adapta
tion, we found high similarity between the colder 
thermal origin populations, but not between the 
warmer thermal origin populations. Although 
understanding the underlying reason behind the 
high similarity between populations from colder 
thermal origin is clearly out of the scope of this 
study, it is tempting to hypothesize that since the 
ancestral population naturally spawns in relatively 
warmer temperatures, beneficial genetic variation 
may have been more abundant among the founder 
individuals of the newly established warmer-origin 
populations, making thermal adaptation require
ments less extreme. In contrast, in the absence of 

suitable nucleotide variation, epigenetic mechan
isms altering the patterns of cytosine methylation 
and, possibly, other epigenetic markers such as 
histone modifications or microRNA dynamics 
may have been invoked in the founders of colder- 
origin populations [30,35]. The relatively low 
amount of variation explained by the first princi
pal components in comparison to the residual 
variation at the nucleotide and CpG level (13.4% 
and 9.8%, respectively) may be explained by fac
tors such as the heterogeneity of divergence and 
differential natural selection among chromosomal 
regions at these levels of molecular variation. 
Particularly at the methylation level this may 
mean that the methylation state may be relatively 
constant in any population. Also, the portion of 
epigenetic variation influenced by the environ
ment or other stochastic events might be lower 
than the portion tightly linked to the nucleotide 
sequence itself because some of the CpG methyla
tion loci are affected by nucleotide sequence varia
tion either in cis (physically associated with the 
CpG locus) or in trans (located away from the 
CpG locus). In the most extreme sense, this may 
occur when obligatory methylation variation is 
directly determined by nucleotide polymorph
isms [56].

In contrast to other levels of molecular variation, 
we detected high plasticity and only a marginal 
effect of thermal origin in the global patterns of 
transcription variation, providing only limited evi
dence that populations from different thermal ori
gins have diverged at this biological level. 
Favourable genetic or, particularly, epigenetic mod
ifications may shape the gene expression response 
only during specific developmental time points, in 
specific tissues or post-transcriptionally. However, 
evolution may have been constrained by natural 
selection to produce an overall canalized response 
during complex developmental processes, resulting 
in steady transcription response between popula
tions [57]. This may also be reflected by the obser
vation that the majority (65.5%) of the total 
transcription level variance could be explained 
with the two first principal components. As we 
could not assess tissue- or time point-specific 
responses due to our whole embryo (and thus 
mixed tissue) samples, further research on specific 
tissues or a time-series experiment might reveal 
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more details of the transcriptional response, 
whether evolutionary or plastic. Whole-embryo 
analyses also place limitations on interpreting 
methylation data. Therefore, alternative approaches 
were not feasible due to the small size of the 
embryos. However, sampling the methylomes just 
after the environmentally sensitive period of early 
development may have compensating benefits. 
Early sampling reduces the amount of noise in the 
information content of the methylation levels, 
which would otherwise have accumulated with age 
and environmental exposure. Furthermore, study
ing embryonic mixed tissue methylation levels may 
provide sensitivity for detecting the trans- 
generational methylation patterns inherited from 
the parental generation [35] and present since ferti
lization. In addition, early life history stages have 
been early shown to be a critical time point for 
phenotypic adaptation in this system (Koskinen 
et al. 2002), therefore further justifying the chosen 
approach.

A portion of the variation in the methylation 
levels was explained by grayling chromosome 
identity. Interestingly, the strong correlation 
observed between the methylation levels of home
ologous chromosome duplicates suggests that 
some of the epigenetic patterns have originated 
prior to the salmonid-specific genome duplication 
[58] and have been conserved over 80 million 
years. Alternatively, the homeolog-specific methy
lation patterns may participate in the regulation of 
transcription of the homeologous gene duplicates 
[35]. After controlling for the variation explained 
by the grayling chromosome identity, we were able 
to detect global plastic responses to developmental 
temperature in the methylomes.

The temperature-plasticity of the embryonic tele
ost methylation machinery has been reported for 
the DNA methylatransferase gene family dnmt3 in 
whole-embryo samples [59]. However, the global 
hypomethylation observed here in the colder devel
opmental temperature in four of the five grayling 
populations studied contradicts the expected nega
tive relationship between temperature and methyla
tion levels, based on an among-species comparison 
of various fish species inhabiting colder or warmer 
environments [60]. Methylation levels may be 
altered by stochastic erosion processes caused by 
oxidative stress, which results from ageing and 

various unfavourable conditions such as hypoxia, 
glucocorticoid exposure, toxicant or nutritional 
challenges and sub-optimal temperatures, and may 
ultimately result in the embryonic origin of adult 
disease [18,61]. In cold-water fish species, such as 
grayling, oxidative stress may be induced in 
response to relatively small deviations from the 
optimal temperature, particularly during early 
developmental stages when the antioxidant defence 
may not function efficiently [62]. The reports of 
increasing methylation levels in response to tem
perature changes in fish [22,23] may raise the ques
tion of whether the global upregulation of the 
methylation levels under thermal stress is stochastic 
or adaptive. The regulation of global methylation 
levels may be necessary in order to maintain equili
brated reactions when variable temperatures change 
the pace of reactions in the cell. Alternatively, the 
underlying reason may be found from altered tis
sue-specific methylation patterns in highly abun
dant tissues such as muscle.

Further evidence supporting the importance of 
methylation differentiation in the adaptation pro
cess was provided by the observation that a subset 
of loci with consistent methylation level changes 
between populations adapted towards different 
thermal origins. This observation may also link 
phenotypic responses to methylation changes in 
some loci, as the consistent methylation changes 
were mainly located in three genes with well- 
annotated physiological and developmental effects 
affecting traits such as the regulation of photo
transduction [63], pigmentation [64] and ciliogen
esis [65]. Although the underlying causality behind 
the observed epigenetic patterns in the grayling 
system remains speculative, such epigenetic adap
tation in the same direction in the replicated 
populations may provide examples of facilitated 
epigenetic variation, which are variable only in 
specific genotype contexts (Supplementary Figure 
4B) [56]. Unexpectedly, the consistently changed 
loci were depleted from upstream regulatory 
regions, and enriched in coding sequences and 
downstream regulatory regions of genes. This 
may highlight the importance of considering also 
other regulatory roles for methylation besides 
transcriptional intensity adjustment, such as the 
regulation of the splicing of alternative transcript 
isoforms.
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Whereas the emergence of consistent methyla
tion changes may include adaptive processes 
resulting in fixed changes in the methylation levels 
of populations, consistent plastic changes between 
developmental temperatures within each thermal 
origin may be used to study the evolution of plas
ticity. Although partly limited by sample size and 
population replicates, the loci with consistent epi
genetic plasticity in the novel environment (colder 
thermal origin) within the grayling system were 
also plastic in the populations from the ancestral 
environmental condition (warmer-origin popula
tions). Further research may reveal if the epige
netic plasticity maintained in the novel 
environmental conditions consists of a core subset, 
selected from ancestral thermal plasticity.

The site-specific comparisons between the 
methylation levels of individual CpG loci among 
samples revealed 3,961 temperature- or sex- 
responsive plastic CpG sites in transcripts corre
sponding to 2,387 orthologous zebrafish genes. 
Either a mixed tissue effect caused by whole- 
embryo sampling or studying a less temperature- 
responsive developmental stage may explain why 
we did not observe any enrichments in the gene 
sets overlapping plastic CpG loci. It has been 
acknowledged that the study of such developmen
tally variable effects in teleosts is lacking [35,66]. 
For example, sex-biased expression was mainly 
observed in the hatching-stage larvae and not in 
the embryonic stage in grayling [67]. Studies com
paring the molecular mechanisms of thermal plas
ticity during multiple embryonic developmental 
points in teleosts are missing, but thermal plasti
city likely is more pronounced at some develop
mental stages than others. The temperature-plastic 
CpG loci were preferentially associated with CpG- 
poor upstream regulatory regions, which we pre
viously estimated to be less functionally enriched 
than the CpG-rich upstream sequences. We 
selected the grayling transcripts with multiple top 
developmental temperature-responsive outlier loci, 
based on P-values, as the strongest candidates for 
temperature-plastic genes (Supplementary Table 6, 
Supplementary Figure 5A). Among the most 
extreme outliers, we found a transcripts best 
matching to Atlantic salmon dyrk4 among salmo
nids (LOC106609440; score = 1,010; e-value < 
0.0001) which is a gene with well-reported roles 

in multiple key signalling pathways, important 
during developmental processes and cell homoeos
tasis [68] and possibly in phosphorylating voltage- 
dependent L-type calcium channels [69]. Most of 
the dyrk4-associated temperature-plastic loci were 
found in the CpG island-containing promoter 
region of the longer isoform. Among the top out
liers, we also found a transcript matching 
a salmonid voltage-dependent L-type calcium 
channel subunit cacna1d (LOC106583449; 
score = 1,712; e-value < 0.0001) [69], required for 
transmitting signals in excitable cells, for example, 
to initiate muscle contraction, or to regulate teleost 
heart contraction [70,71]. As expected based on 
previous reports of sex-biased methylation pat
terns in many vertebrates such as rats, birds and 
fish [22,72,73] we found loci with sex-related plas
ticity. Some of the grayling transcripts associated 
with multiple top sex-biased methylation outlier 
loci matched to genes associated with reproduc
tion [74–76] or reported with testes-biased expres
sion in the Expression Atlas (accessed 
24 May 2019) [77]. Such transcripts were matching 
to genes such as dyrk4, rangap1 (LOC111981245; 
e-value < 0.0001; score = 20,556), and fut9 
(Fucosyltransferase 9) (LOC106596297; e-value < 
0.0001; score 1,260).

Methylation variation was best explained by site- 
specific models including the population-by- 
developmental-temperature interaction term in 
26,052 CpG loci (2.8% of the loci analysed), indi
cating the presence of differences in how popula
tions respond to developmental temperature, i.e., 
gene-by-environment interaction. Many of the 
gene ontology terms that were enriched among 
genes with a potential gene-by-environment inter
action were related to myosin and motor activity 
and, possibly, membrane depolarization during an 
action potential, although this result was non- 
significant (Supplementary Table 7). Such functions 
may also be linked to some of the annotations of 
the top population-by-developmental temperature 
outliers (Supplementary Table 6). Among these, 
we found annotations for a giant muscle protein 
titin [78]; a synthetase of uridine monophosphate 
(UMP), which may promote muscle endurance 
[79]; and a gene encoding lipoxygenase homology 
domains 1b (Loxhd1b), which may cause effects 
similar to those of the myosin variant myo3a 
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when mutated [80]. Both functional plasticity of 
cardiac muscle and plasticity affecting muscle 
growth are key parameters altered by environmen
tal temperature in teleosts [81], including grayling.

The key features of the embryonic grayling 
methylomes closely resembled those of many ver
tebrates, including the overall high genome-wide 
methylation levels [18], contrasted by the more 
variable upstream regulatory regions. While the 
low frequency of CpG loci in promoters was 
related to the abundance of plastic CpG loci, as 
we observed in site-specific analysis, high 
upstream CpG abundance associated with func
tional gene ontology enrichments (Supplementary 
Table 7, Supplementary Figure 7 A-B). This may 
highlight the importance of reproducible methyla
tion dynamics during processes such as the devel
opment of nervous system and muscle tissue, and 
developmental growth [82–85]. Such processes 
were related to hypomethylated upstream 
sequences along with within-cell functions such 
as DNA binding, gene expression within orga
nelles and the regulation of cellular and metabolic 
processes, which may be regularly expressed 
within cells (Supplementary Table 7, 
Supplementary Figure 7A). Similar hypomethyla
tion patterns have previously been observed in 
zebrafish embryos but not necessarily in adults 
[82,84,85]. In contrast, we were able to link 
upstream hypermethylation to a set of genes 
enriched with cell communication functions, such 
as cell adhesion and transmembrane signalling, 
which may require more variable expression 
(Supplementary Table 7, Supplementary Figure 7 
B). Hypermethylation related to G-protein signal
ling, as found in our grayling samples, has also 
been reported in zebrafish embryos at various 
stages [82]. In contrast, although genes related to 
cell adhesion were hypermethylated in grayling 
embryos during eyed stage, the opposite has been 
reported during the very early stages of develop
ment in zebrafish [85]. Together, these observa
tions may be used as examples of the temporally 
variable epigenetic regulation of signalling.

Conclusions

Epigenetic regulation has been proposed as an 
important level of molecular variation in animals. 

Beyond the observed embryonic grayling methyla
tion patterns, which generally resembled those of 
a typical vertebrate, the observed methylation- and 
also nucleotide-level molecular variation was most 
strongly affected by both neutral evolution and ther
mal origin. Supporting the hypothesis of a magnified 
role of methylation in rapid adaptation in this gray
ling system, the colder thermal origin populations 
were very similar at the methylation level, whereas at 
the nucleotide level, patterns were affected by gene 
flow. Contrastingly, the resulting gene transcription 
response was mostly plastic, suggesting that epige
netic regulation may affect certain developmental 
points or tissues. Epigenetic regulation may also 
affect factors not related to the transcriptional inten
sity, such as alternative splicing, as suggested by the 
enrichment of coding sequences and downstream 
functional regions among the consistently changed 
methylation loci between population pairs with war
mer-to-colder transition in the environmental tem
peratures. The differences in the plastic cytosine 
methylation patterns in colder thermal origin popu
lations experiencing a novel environmental condi
tion in comparison to the warmer thermal origin, 
which resembles the ancestral condition in the gray
ling system, may provide further support for the 
importance of methylation in rapid adaptation. 
Although less obvious, we also detected genome- 
wide plasticity at the methylation levels as embryos 
raised in the colder developmental environment 
were hypomethylated in comparison to individuals 
raised in warmer developmental environment. 
Moreover, we found almost 2,000 independent cyto
sine loci, abundant in (often CpG-poor) upstream 
regulatory sequences, with a plastic response to 
developmental temperature. The identified candidate 
genes for thermal adaptation and plasticity may be 
interesting subjects for future thermal adaptation 
studies in other species.
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