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Abstract

Different sources of epigenetic changes can increase the range of phenotypic

options. Environmentally induced epigenetic changes and stochastic epimuta-

tions are, respectively, associated with phenotypic plasticity and diversifying

bet-hedging. Their relative contribution is thus expected to reflect the capacity

of a genotype to face distinct changes since these strategies are differentially

selected according to environmental uncertainty. To test this hypothesis, we

assessed the sources of epigenetic changes on clonal fish from predictable

(lakes) or unpredictable (intermittent streams) environments. DNA methylation

of clones from natural conditions revealed contrasting contribution of environ-

mentally induced versus stochastic changes according to their origins. These

differences were validated in common garden experiments. Consistent with the-

oretical models, distinct sources of epigenetic variation prevail according to the

environmental uncertainty. However, both sources act conjointly, suggesting

that plasticity and random processes are complementary strategies. This repre-

sents a rigorous approach for further exploring the capacity of organisms to

respond to environmental conditions.

Introduction

Epigenetic processes are known to extend the phenotypic

options of a genotype by fine-tuning gene expression and

triggering development of alternative phenotypes (Jaenisch

and Bird 2003; Kucharski et al. 2008; Matsumoto et al.

2013). Environmentally induced and spontaneous stochas-

tic modifications (epimutations) are two fundamentally

different mechanisms enabling epigenetic variation. Fol-

lowing the perception of an environmental signal, specific

genes may be epigenetically silenced or activated, resulting

in a modified and environment-specific phenotype (Rando

and Verstrepen 2007; Chinnusamy and Zhu 2009; Beldade

et al. 2011; Verhoeven and Preite 2014). Environmentally

induced epigenetic variation has therefore been proposed

to mediate phenotypic plasticity (Angers et al. 2010; Bollati

and Baccarelli 2010). This strategy depends on the percep-

tion and integration of environmental signals during

development (Pigllucci 1996; Bateson et al. 2014) and thus

results from interactions between environmental stimuli

and epigenetic processes. Theoretical studies demonstrated

that phenotypic plasticity would be selected for dealing

with predictable environmental changes, for example, when

environmental conditions change between generations but

remain stable within a generation, allowing organisms to

develop proper phenotypes until reproduction (Lachmann

and Jablonka 1996; DeWitt et al. 1998; Reed et al. 2010;

Scheiner and Holt 2012).

On the other hand, stochastic epigenetic changes can also

result in the production of different phenotypes (Cubas

et al. 1999; Rakyan et al. 2002; Manning et al. 2006; Miura

et al. 2009). Stochastic variation may be generated because

of the high error rate of DNA methyltransferase in the

establishment of methylation marks during DNA replica-

tion (Riggs et al. 1998). The rate of epigenetic changes is

extremely variable, and epimutations can be 104 times
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higher than somatic mutations in some genes (Bennett-

Baker et al. 2003; Massicotte et al. 2011; Schmitz et al.

2011). Epimutations can occur spontaneously (Becker et al.

2011), but their rates may also increase when organisms are

exposed to environmental stresses (Rapp and Wendel

2005). The stochastic establishment of epigenetic marks has

been proposed to be among the potential mechanisms

underlying diversified bet-hedging strategy (Piggot 2010;

Casades�us and Low 2013; Herman et al. 2014; Vogt 2015).

Indeed, this risk-spreading strategy is based on the stochas-

tic production of phenotypically variable offspring, irre-

spective of environmental conditions (Slatkin 1974;

Veening et al. 2008; de Jong et al. 2011). Stochastic pro-

duction of phenotypes makes this strategy more advanta-

geous to organisms coping with unpredictable

environmental changes, for example, when environmental

signals experienced during development do not predict

environmental conditions that individuals will cope with

until reproduction (Balaban et al. 2004; Kussell and Leibler

2005; Acar et al. 2008; Fraser and Kærn 2009; Rajon et al.

2014; Scheiner 2014; Botero et al. 2015).

Either environmentally induced or stochastic DNA

methylation variation can alter gene expression (Wolff et al.

1998; Morgan et al. 1999; Kucharski et al. 2008). These

mechanisms are not alternative to each other but comple-

mentary in producing phenotypic diversity in the absence

of genetic variation. The relative contribution of

environmentally induced and stochastic epigenetic varia-

tion is thus expected to differ according to the predictability

of environmental changes and reflect the capacity of a given

genotype to be either more plastic or more bet-hedger.

However, this hypothesis, fundamental to our understand-

ing of the capacity of a given genotype to respond to envi-

ronmental conditions, still needs to be empirically tested.

Our study aims at determining whether distinct contri-

bution of environmentally induced epigenetic changes

versus randomly established epigenetic marks would be

observed according to the predictability of environmental

changes. Theoretical models predict that organisms found

in predictably or unpredictably changing environments

are, respectively, more likely to be plastic or adopt bet-

hedging strategy (Kussell and Leibler 2005; Scheiner and

Holt 2012; Starrfelt and Kokko 2012; Scheiner 2013).

Therefore, our prediction is that high proportion of envi-

ronmentally induced epigenetic changes will be present in

organisms distributed in multiple and spatially different

but predictable environments, whereas high randomly

established epigenetic marks will be present in organisms

living in unpredictable environments.

We assess environmentally induced and stochastic epi-

genetic variation on a clonal organism to rule out the

effect of DNA polymorphism on epigenetic variation by

analyzing replicates of a genotype within and among envi-

ronments. Specifically, the asexual Chrosomus eos-neogaeus
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Figure 1. Model species Chrosomus eos-

neogaeus and study sites. (A) Adult individuals

of the complex C. eos-neogaeus. (B) Map of

southern Quebec (Canada) indicating the field

sites in Eastern Townships (circles) and

Laurentians (diamonds) regions. Colors refer

to distinct hybrid lineages (LR-1 = blue,

ET-1 = green, ET-2 = orange, ET-3 = gray and

ET-4 = red) and site names are in capital

letters.
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hybrid fish (Fig. 1A) provide a suitable system as several

lineages from distinct hybridization events occur naturally

(Schlosser et al. 1998; Angers and Schlosser 2007). These

fish are found in different and contrasting environmental

conditions such as ponds, lakes, and ephemeral streams

(Scott and Crossman 1973; Goddard et al. 1998; Schlosser

et al. 1998), which present different level of environmen-

tal predictability according to the fish ecology (Giller and

Malmqvist 1998; Wetzel 2001). Lakes are considered as

stable and predictable environments compared to inter-

mittent headwater streams given the morphology and the

short-term variability in physicochemical conditions of

the latter (Wetzel 2001). Intermittent headwater streams

present more unstable channel morphology because of

flowing water erosive action, resulting in a higher sensi-

tivity to flood variation and a higher dynamism and

unpredictability in fish habitats. Moreover, streams

respond more rapidly to precipitation events, resulting in

faster and larger changes in both physical and chemical

conditions (Weyhenmeyer et al. 2012). Because the

physicochemical conditions of water are primary regula-

tors of species composition, the numbers/diversity of prey

as well as predators is therefore more unpredictable in

intermittent streams than in lakes and ponds.

Environmentally induced and spontaneous stochastic

epigenetic changes were assessed by partitioning of epige-

netic variability within clonal lineages from distinct natu-

ral populations of C. eos-neogaeus. Specifically,

environmentally induced variation was inferred from epi-

genetic differences among sampling sites while stochastic

changes referred to residual epigenetic variation,

explained neither by genetic variation nor sampling sites.

Because confounding effects may be encountered in the

epigenetic signals from natural populations, epigenetic

variation was also analyzed in individuals reared in com-

mon garden experiments.

Materials and Methods

Ethics statement

This research was performed under institutional animal

care guidelines (permit #13-084 delivered by the Univer-

sit�e de Montr�eal) and conforms to the mandatory guideli-

nes of the Canadian Council on Animal Care. Sampling

permits were provided by the Quebec Ministry of Natural

Resources and Wildlife (MRNF).

Biological model, sampling and genetic
identification

The asexual C. eos-neogaeus results from hybridization

events between the redbelly dace C. eos and the fine-scale

dace C. neogaeus (Dawley et al. 1987) and reproduces

clonally by gynogenesis (Goddard and Dawley 1990; God-

dard et al. 1998). Distinct hybridization events have

resulted in the formation of multiple lineages (Angers

and Schlosser 2007). Hybrids are present in contrasting

environments (Schlosser et al. 1998). In addition, both

environmental and stochastic effects on DNA methylation

have been previously reported as sources of epigenetic

variation in C. eos-neogaeus (Massicotte et al. 2011; Mas-

sicotte and Angers 2012).

Two regions in southern Quebec (Canada) where the

presence of different C. eos-neogaeus lineages has been

reported (Angers and Schlosser 2007) were retained for

this study. Sampling of adults C. eos-neogaeus was con-

ducted in lakes (predictable environments) of the Lauren-

tians region (LR-1 lineage) and in Eastern Townships

(ET-2 to ET-5 lineages) streams (unpredictable environ-

ments) (Fig. 1B).

Total DNA from the caudal fin of each individual was

extracted according to Sambrook et al. (1989). Genetic

identification was performed according to Binet and

Angers (2005). The assignment of individuals to a given

lineage was achieved using the multilocus genotype of

eight hypervariable microsatellites amplified according to

Angers and Schlosser (2007): Pho-1, Pho-2, Pho-60, and

Pho-61 specific to C. eos and Ca-12, Seat-412, amplifying

both C. eos and C. neogaeus haplomes (Binet and Angers

2005; Skalski and Grose 2006; Angers and Schlosser

2007). A lineage is defined as all individuals expected to

originate from a given hybrid zygote; in the absence of

mutation, recombination, and segregation, individuals of

a given lineage are thus expected to be genetically identi-

cal (Angers and Schlosser 2007). Given the high mutation

rate of microsatellite loci, mutations (generally one or a

few number of repeats away from the consensus size) can

be observed at one or few loci between individuals of a

given lineage (Angers and Schlosser 2007). Therefore,

these markers allow the assessment of genetic differences

among individuals within a given lineage.

Common garden experiments

The common garden experiments allowed the elimination

of most of the confounding factors (e.g., lineages found

in different environmental conditions or genetic variation

among individuals from distinct sites). The experimental

setup was designed to provide a stable and homogeneous

environment in an aquarium: natural photoperiod, con-

stant temperature at 19°C, saturated oxygenation, and

ad libitum feeding to avoid competition. Thirty fish lar-

vae (<1 cm) per lineage were sampled randomly from

natural populations for lineages LR-1 from the lake LD

(46°05035.5″N 73°52015.7″W) and ET-2 from the
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intermittent stream EA (45°02035.8″N 72°21043.1″W)

(Fig. 1B; Table 1). Individuals were then reared together

in a constant and uniform environment until adults. After

5 months in the experimental conditions, individuals

reached approximately 5 cm; they were sacrificed and

genetically identified according to the procedure described

above.

Methylation-sensitive amplified
polymorphism analysis

Because epigenetic profiles are tissue specific (Shiota et al.

2002; Massicotte et al. 2011), the survey of DNA methyla-

tion was exclusively performed on the caudal fin. Epige-

netic analysis was performed on 156 individuals from five

lineages in natural populations (Table 1). An additional

20 individuals from two lineages (10 individuals ran-

domly selected for LR-1 and ET-2) reared in controlled

conditions were analyzed.

Survey of DNA methylation was performed using

methylation-sensitive amplified polymorphism (MSAP)

technique (Xiong et al. 1999). This method allows for a

genome-wide analysis of methylation patterns by using a

subsample of the whole variation. Massicotte et al. (2011)

confirmed that loci targeted by MSAP method are func-

tionally relevant, being located within genes, in gene regu-

latory regions or within transposable elements. In this

study, only the frequent cutter MspI or HpaII restriction

enzymes were used to increase the number of restriction

sites within a selective PCR. Three selective PCR were

performed using MspI/HpaII-CAG, HpaII-CCT, and

HpaII-CTC primers for both MspI and HpaII treatments.

Loci were separated by electrophoresis on denaturing 6%

polyacrylamide (19:1 acrylamide: bis-acrylamide) gels and

visualized by silver nitrate staining (Benbouza et al.

2006). Banding pattern was used to construct a presence/

absence matrix for both treatments. Loci within the HpaII

treatment associated with polymorphic loci within the

MspI treatment were excluded since these specific bands

are likely associated with genetic variation. To assess the

reproducibility of the method, three separate MSAP reac-

tions were performed for a subsample of 20 individuals

randomly chosen. Only clearly amplified and reproducible

bands over the three replicates were retained for analyses

and nonreproducible loci were discarded for all individu-

als.

Statistical analysis

The statistical programming environment R 3.2.2 was

used for the computation of all statistics. Specifically, we

used the vegan package 2.3-2 (Oksanen et al. 2015) for

multivariate analyses and adegenet 2.0-0 (Jombart 2008;

Jombart and Ahmed 2011) for genetic analyses.

Euclidean distances among individuals were computed

from the presence/absence matrix of MSAP bands and

Table 1. Epigenetic and genetic intrasite variation for each lineage. Individuals were grouped according to lineage and sampled environment. For

each group, intra-environment epigenetic variation (E-INTRA) refers to mean individuals’ distance to centroid (Anderson 2006) with standard devia-

tion (SD) and gene diversity was estimated with Nei’s gene diversity (Nei 1978).

Lineages Environments Geographic coordinates Sampling size

Epigenetic diversity

Gene diversity

(HE)

Number of

variable loci E-INTRA (�SD)

LR-1 LA 45°54018.9″N 74°19020.8″W 10 12 1.48 (�0.29) 0.07

LB 45°55003.1″N 74°04030.0″W 30 7 1.21 (�0.14) 0.03

LC 45°57058.3″N 74°01043.5″W 10 3 0.83 (�0.17) 0.14

LD 46°05032.4″N 73°52009.6″W 8 3 0.90 (�0.11) 0.06

Total 58 40 0.15

LR-1 Common garden – – 10 2 0.57 (�0.32) 0.08

ET-1 EC 45°14001.8″N 71°54028.0″W 10 22 2.08 (�0.15) 0.14

ED 45°12056.7″N 71°54031.5″W 8 19 2.12 (�0.29) 0.00

Total 18 27 0.10

ET-2 EA 45°02035.8″N 72°21043.1″W 10 25 2.12 (�0.41) 0.21

EB 45°03001.4″N 72°19003.2″W 10 22 2.04 (�0.41) 0.23

Total 20 31 0.25

ET-2 Common garden – – 10 9 1.37 (�0.23) 0.15

ET-3 EE 45°11004.5″N 71°33013.2″W 29 12 1.28 (�0.30) 0.12

EF 45°09015.1″N 71°32053.3″W 13 12 1.35 (�0.43) 0.15

Total 42 16 0.15

ET-4 EE 45°11004.5″N 71°33013.2″W 10 13 1.52 (�0.22) 0.29

EF 45°09015.1″N 71°32053.3″W 8 10 1.33 (�0.38) 0.15

Total 18 15 0.38
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were used to infer unrooted trees using the neighbor-join-

ing method. Relative support for the different groups was

assessed by bootstrap analysis with 1000 replicates.

Partial redundancy analyses (Borcard et al. 1992) were

used to determine the relative contribution of the lineage

and the environment (different sampling sites or aquar-

ium) on the total epigenetic variation. To investigate the

extent to which epigenetic variation was affected by the

environment for a given lineage, we performed redun-

dancy analyses by taking into account the degree of

genetic differences among individuals. First, genetic dis-

tances were calculated according to the number of muta-

tion steps among individuals of a given lineage. Genetic

distance was thereafter summarized according to a princi-

pal coordinate analysis. The percentages of the total epi-

genetic variation that can be attributed to the different

factors (genetics and environment) were based on the

adjusted R2 (R2
a) and significance of each fraction was

tested by permutation tests using 999 randomizations

(Peres-Neto et al. 2006). This approach has been shown

to be the most appropriate to decompose the variation

according to different factors (Legendre et al. 2005) and

provides a standard and comparable measure to describe

the environmental effect for the different lineages.

Stochastic epigenetic variation was assessed with the

residual epigenetic variation that cannot be attributed to

either genetics or the environment. In natural popula-

tions, confounding effect (e.g., intrasite genetic composi-

tion and/or spatial heterogeneity) may, however, blur the

environmental effect on epigenetic variation. Hence,

stochastic epigenetic variation was also assessed according

to the variation within a homogeneous environment

(common garden) for two lineages compared to the vari-

ation within their respective natural populations. Varia-

tion was assessed according to the dispersion of

individuals within a given environment, that is, mean dis-

tance to centroid (Anderson 2006). Analyses of multivari-

ate homogeneity of group dispersions, a multivariate

analogue of Levene’s test, were performed using Euclidean

distances matrix. Each group was defined by all individu-

als of a given lineage and from the same environment.

Distances between individuals and group centroids were

then computed with a bias correction for unequal sample

sizes (Stier et al. 2013). Pairwise comparisons of mean

distance to centroid of each lineage within a given envi-

ronment were performed with 999 permutations under

the null hypothesis that there is no difference in disper-

sion between groups.

Since genetic differentiation among populations can

affect epigenetic variation, we tested whether epigenetic

differences detected among sites were not related to

genetic differentiation. Correlation between genetic and

epigenetic intersite distances was assessed from Euclidean

and chord distance measured, respectively, on MSAP and

microsatellite loci. Similarly, genetic diversification of a

clonal lineage can also occur within a given site and thus

increase epigenetic variation. Nei’s gene diversity, unbi-

ased heterozygosity HE (Nei 1978), and mean individuals’

distance to centroid were used to estimate, respectively,

intrasite genetic and epigenetic diversity. Correlations

between intrasite genetic and epigenetic variation were

assessed. For both correlations, Pearson’s correlation coef-

ficient was performed and significance was tested with

999 permutations.

Environmental parameters (temperature [°C]; conduc-
tivity [S/cm]; dissolved oxygen [mg/L]; pH; oxidation–re-
duction potential) for each sampled sites were measured

using the YSI 556 Multiprobe System over a short period

of a week during summer 2013 to avoid temporal varia-

tion. Euclidean distances of standardized data were used

to construct a dissimilarity matrix for the different sites.

These parameters were used only to assess whether envi-

ronmental heterogeneity exists among sites containing the

five lineages because many other parameters may influ-

ence species’ ecology (habitat types, predations, distur-

bance patterns, substrate, etc.).

Results

Epigenetic diversity in natural populations

Genomic screening of DNA methylation of the five lin-

eages provided a total of 62 polymorphic loci from 113

reproducible fragments. Less than 3% of nonreproducible

bands were removed from the analyzed data. A total of

54 loci were variable in more than one lineage, whereas

eight loci were lineage specific. The number of polymor-

phic loci per lineage per site varied from 3 to 25 in natu-

ral populations (Table 1). The total epigenetic variation

also differs among lineages, as LR-1, ET-1, and ET-2 dis-

play more than twice the number of variable loci than

ET-3 and ET-4 (Table 1). The low variability detected in

some lineage/site combination is not correlated with sam-

ple size (R2 = 0.049; P = 0.488).

Neighbor-joining tree revealed that individuals clus-

tered according to lineage with groups supported by very

high bootstrap values for most of the lineages (Fig. 2A).

Epigenetic profiles strongly vary among genotypes, even

when they occur in sympatry (e.g., lineages ET-3 and ET-

4). Individuals of the widespread lineage LR-1 display a

site-specific epigenetic signature and clustered according

to their site of capture. This sharply contrasts with lin-

eages from the ET region where individuals of a given lin-

eage captured in different sites are intermingled.

Partition of total epigenetic variation revealed signifi-

cant contribution of lineage (R2
a = 9.83%; P = 0.001) and
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site (R2
a = 8.31%; P = 0.001). The variation explained

simultaneously by both factors is much higher (61.16%;

Fig. 2B) since the different lineages occur in some but

not all sites. Nevertheless, results indicate that pure genet-

ics and pure environment factors play a crucial role in

epigenetic variation in C. eos-neogaeus.

Partition of epigenetic variation was performed sepa-

rately for each lineage to remove the impact of genetic

differences. Mutations that occurred on the multiloci

genotype of the clones (Table 1) were also taken into

account in the partition of epigenetic variation. Results

revealed that all the lineages are not plastic since only

lineages LR-1, ET-2, and ET-3 display a significant pro-

portion of epigenetic changes in response to the envi-

ronment (Fig. 2C). The different genotypes may display

a specific epigenetic response when confronted with a

given environment as observed between the sympatric

lineages ET-3 and ET-4 (Fig. 2C). The widespread

lineage LR-1 displays the highest proportion of epige-

netic variation explained by the environment

(R2
a = 57.82%, 25.93% ≤ R2

a ≤ 65.96% for pairwise com-

parisons among sites), compared to ET lineages

(R2
a ≤ 21.50%, Fig. 2C).

Comparison of sympatric lineages ET-3 and ET-4

revealed a high lineage effect (R2
a = 57.08%, P = 0.001),

indicating that great important epigenetic differences may

exist among genotypes. However, the proportion of epige-

netic variation explained only by intralineage genetic vari-

ation was significant for none of the lineages (P > 0.05,

see Table S1). Moreover, no correlation was detected

between intralineage genetic and epigenetic differences

among sites (R2 = 0.007, P = 0.824), indicating that

greater epigenetic differences among environments are

not due to higher genetic differences among populations

(Fig. 3). Also, the low unexplained intrasite variation

found in LR-1 compared to ET lineages is not correlated

with intrasite genetic variation (R2 = 0.072, P = 0.354).

For instance, individuals of the lineage ET-1 from the site

ED are all genetically identical (HE = 0) and display at

the same time one of the highest intrasite epigenetic vari-

ation (Table 1).

Since all the different lineages of the hybrid C. eos-neo-

gaeus were not found in sympatry, they may experience

different environmental variation among sites. However,

no significant difference in the variation of physicochemi-

cal conditions was observed between ET and LR regions

(P = 0.758; Fig. 4 and Table S2).

Finally, 20.70% of the total epigenetic variation

remained unexplained by lineages and environments

(Fig. 2B). Unexplained variation (the variation explained

neither by site environment nor microsatellite variation,

Residuals = 20.70%
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Fig. 2C) accounts for a very low proportion of the total

variation in the widespread lineage LR-1, whereas it rep-

resents up to 98% of the total variation in lineages from

the ET region (see Table S1).

Common garden experiments

Epigenetic variability was measured on individuals reared

in controlled conditions and compared to individuals

from their respective sampled site for two lineages that

displayed the highest epigenetic variation in natural pop-

ulations (Table 1). No epigenetic variation explained

uniquely by intralineage genetic variation was observed

for both LR-1 (R2
a = 0.048%, P = 0.359) and ET-2

(R2
a = 4.37%, P = 0.264) lineages. For each lineage, epige-

netic profiles of individuals from natural environments

and those reared in controlled conditions clustered

together (Fig. 5A). The different epigenetic profiles

observed between lineages reared in the same controlled

conditions confirm the genetic influence on the epigenetic

response to the environment (R2
a = 86.57%, P = 0.001).

Importantly, both LR-1 and ET-2 lineages responded

to environmental changes as epigenetic profiles in con-

trolled conditions differed from the ones observed in nat-

ural conditions (Fig. 5A). However, both lineages did not

respond to environmental changes to the same extent.

Indeed, five monomorphic loci for individuals from natu-

ral populations have changed for all individuals in
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Figure 5. Epigenetic variation in controlled

conditions. (A) Unrooted neighbor-joining tree

constructed from Euclidean distances between

epigenetic profiles of individuals reared in

common garden (dotted line) versus field sites

(solid line). Numbers with bracket indicate the

number of identical individuals and bold

numbers refer to bootstrap support values

>50% for lineages and sites. (B) Proportion of

environmental effect on epigenetic variation.

Site and genetic joint effect (hatched) is

separated from the pure site effect (plain) and

P-values refer to significance of the proportion

of epigenetic variation explained uniquely by

site. (C) Boxplot with median, quartiles, and

range of individuals’ distance to centroids to

assess within-environment variation. Lowercase

letters refer to the results of the pairwise

comparisons of group mean dispersions.
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controlled conditions for LR-1, indicating a consistent

response to the transfer for individuals of this lineage. At

the opposite, no such loci are observed for ET-2. This is

also illustrated by the clear discrimination of LR-1 indi-

viduals in controlled versus natural conditions supported

by high bootstrap values, whereas ET-2 individuals do

not form two monophyletic groups (Fig. 5A). Partition of

variation analysis confirmed that epigenetic changes asso-

ciated with development in natural versus controlled con-

ditions are more extreme for LR-1 (R2
a = 69.83%,

P = 0.001) than ET-2 (R2
a = 18.91%, P = 0.001). Higher

pure environmental effect is also detected for LR-1

(R2
a = 60.14%, P = 0.001) than for ET-2 (R2

a = 8.17%,

P = 0.031) when taking into account the genetic variation

measured with microsatellites loci. At the opposite of nat-

ural populations (Fig. 2C), only a low confounding effect

with genetic variation is detected in common garden

experiments (Fig. 5B). Levels of epigenetic variation mea-

sured in common gardens therefore represent a response

to environmental change rather than a consequence of

genetic diversity. Interestingly, epigenetic changes in

response to transfer in experimental conditions are of the

same magnitude as those detected between different sites

in natural conditions for both lineages (LR-1: 57.82%,

ET-2: 21.50%, Figs. 2C and 5B).

The epigenetic variation measured in individuals reared

in uniform common garden conditions in the absence of

mortality is expected to reveal the stochastic variation. A

significant reduction in the intra-environment variation

was detected in both lineages LR-1 (P = 0.014) and ET-2

(P = 0.001), indicating that natural sites were heteroge-

neous compared to controlled condition (Fig. 5C). Never-

theless, the variation in ET-2 remains significantly higher

than the one detected in LR-1 in the same environment

(P = 0.001; Fig. 5C). Among the monomorphic loci for

individuals from the field sites, 4 of them turned to be

variable in common gardens for ET-2, whereas no such

response was observed for LR-1. Similarly, a higher pro-

portion of epigenetic variation remains unexplained by

microsatellite and environmental effects for the lineage

ET-2 (76.72%) compared to the lineage LR-1 (29.69%),

confirming the higher level of stochastic variation in ET-

2.

Discussion

This study shows that the contribution of environmen-

tally induced and stochastic epigenetic changes strongly

differs between predictable and unpredictable environ-

ments. Results from both natural sites and common gar-

den experiments revealed the predominant role of the

environment in modulating epigenetic variation in the

lineage LR-1, as expected from stable environments

(Angers et al. 2010; Pujadas and Feinberg 2012; Scheiner

2014). This lineage displayed very low amount of epige-

netic changes within site, the highest proportion of epige-

netic variation among natural sites, and the highest level

of epigenetic changes following the transfer to experimen-

tal conditions. Significant site effect on epigenetic varia-

tion indicates that the environmental signal(s) of a site is/

are consistently interpreted by individuals of the LR-1 lin-

eage.

On the other hand, the multiple lineages found in

unpredictable environmental conditions are all character-

ized by high amount of epigenetic variation, but more

particularly by a high contribution of stochastic epimuta-

tions. The high level of stochastic variation in the lineage

ET-2 is well illustrated by several monomorphic loci in

natural populations that turned out to be polymorphic

among individuals reared in a homogenous environment,

whereas no such loci were observed for the lineage LR-1

from stable environments. Several processes resulting in

diverse error rates are responsible for stochastic establish-

ment of epigenetic marks (Bird 2002). Even if the mecha-

nistic details behind these processes are not completely

understood yet, variation in the perception and/or inter-

pretation (Botero et al. 2015) of environmental cues can,

for instance, result in some errors/variations that may

explain epigenetic variation among individuals.

Altogether, our results suggest that organisms found in

predictable environments display environmentally induced

epigenetic changes, whereas those living in unpredictable

environments mostly exhibit randomly established epige-

netic marks. This relationship between the level of envi-

ronmentally induced epigenetic variation and the

predictability of environmental conditions is consistent

with our predictions.

Epigenetics, genetics, and environment

The epigenetic changes observed in all individuals trans-

ferred from natural to experimental conditions confirm

the environmental influence on epigenetic variation and

highlight the rapid epigenetic response of individuals fol-

lowing changes in environmental conditions. Epigenetic

variation measured within natural populations may result

from stochastic epigenetic variation but also from plastic-

ity due to the heterogeneity of environmental conditions

within a given site. The reduction in within-site variation

observed in controlled conditions suggests that environ-

mental heterogeneity may account for a part of the

observed epigenetic variation within natural environ-

ments. Such a reduction in variation could not be attrib-

uted to the elimination of unfit phenotypes resulting

from random changes because no mortality was recorded

during the experiment. The epigenetic variation detected
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within a given lineage in common garden experiments is

therefore expected to represent spontaneous stochastic

epigenetic modifications. As expected, stochastic variation

accounts for the lowest amount and the lowest propor-

tion of the total variation in the lineage LR-1.

The epigenetic response to a given environmental signal

is, however, strongly influenced by the genotype as evi-

denced by the distinct sympatric lineages in natural con-

ditions or reared in similar experimental conditions.

Because the extent of plasticity has a genetic basis (Schei-

ner 1993; de Jong 1995; Scheiner and Berrigan 1998),

each genotype may have a different perception or inter-

pretation of environmental signals, resulting in different

environmentally induced epigenetic responses. For

instance, the widespread lineage LR-1 found in a stable

and predictable system of lakes and ponds displayed

higher environmentally induced epigenetic variation than

ET lineages. LR-1 may have had therefore the highest fit-

ness in predictable environments because of its capacity

to adjust its phenotype to a wide range of environmental

conditions, explaining the higher success of colonization

of this lineage in the LR region (Angers and Schlosser

2007).

Genomic composition is known to play an important

role for obligatory and/or facilitated epigenetic variation

(Morgan et al. 1999; Richards 2006; Lippman and Zamir

2007; Furrow and Feldman 2014). Because of this genetic

effect, accumulation of mutations with coalescent time

within a lineage could make individuals of a sublineage

more epigenetically similar than individuals from different

sublineages. Long-term inheritance of epigenetic variation

(Bossdorf et al. 2008; Jablonka and Raz 2009; Bollati and

Baccarelli 2010) may also lead to the very same results.

However, these factors did not explain the epigenetic vari-

ation measured within lineages as no significant pure

genetic effect was detected. Comparison of individuals

from the same population but reared in different environ-

ments (field sites vs. controlled conditions) confirmed the

lack of correlation between genetic and epigenetic varia-

tion within a given lineage as no genetic effect was

detected either. Moreover, the high environmental and

genetic joint effect observed among natural populations

was strongly reduced in controlled conditions, while the

total environmental effect remained to the same extent as

the one measured in natural conditions. This is in accor-

dance with a previous study where individuals presenting

the same genotype but found in different environments

were epigenetically more different than distinct genotypes

found within the same environment (Massicotte and

Angers 2012).

The lack of correlation between pairwise genetic and

epigenetic distances indicates that higher epigenetic differ-

ences among sites for the lineage LR-1 cannot be

attributed to higher genetic differences among LR sites.

Similarly, the higher unexplained variation in ET lineages

could not be attributed to higher genotypic diversity. Fur-

thermore, using physicochemical parameters as a surro-

gate to environmental conditions, sites from the LR

region are as different as sites from the ET region. There-

fore, the largest environmentally induced epigenetic varia-

tion detected in the LR-1 lineage could not be attributed

to a larger environmental difference among sites in this

region.

Epigenetics, plasticity, and bet-hedging

Phenotypic plasticity and diversified bet-hedging are two

ecological models developed to describe how organisms

maximize their fitness in changing environments (Slatkin

1974; Stearns 1989; DeWitt et al. 1998; Simons 2011).

However, both strategies rely essentially on phenotypic

variability in coping with environmental fluctuations,

explaining why different sources of epigenetic variation

have been proposed as the underlying mechanisms of

these strategies (Bossdorf et al. 2008; Angers et al. 2010;

Piggot 2010; Casades�us and Low 2013; Herman et al.

2014; Vogt 2015). Environmentally induced epigenetic

changes underline the capacity of a genotype to adjust

the phenotype to match the environment for plasticity,

while stochastic epigenetic changes highlight the propen-

sity to randomly diversify the phenotypes for bet-hed-

ging.

The exact environmental parameters or genes associ-

ated with the survival of individuals can be different or

unknown according to the studied organisms. Thus, in

contrast to previous empirical studies focussing on phe-

notypic traits or fitness to assess the consequences of plas-

ticity or bet-hedging, we rather assessed the inherent

mechanisms of these strategies, namely epigenetic varia-

tion, to evaluate the capacity of a genotype to be plastic

or bet-hedger. As expected, our results are fully consistent

with theoretical studies, revealing that the contribution of

the different sources of epigenetic variation is clearly dif-

ferent according to the environmental uncertainty. In

addition, for a given lineage, each source of epigenetic

changes is largely predominant at the level of the genome,

with environmentally induced epigenetic marks for the

lineage in predictable environments or random epimuta-

tions for the different lineages found in unpredictable

environments. Therefore, we suggest the contribution of

environmentally induced versus spontaneous stochastic

epigenetic variation may provide information about the

capacity of a genotype to modify its phenotype according

to environmental conditions or, alternatively, to display

phenotypic variation notwithstanding environmental con-

ditions.
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Two sides of the same coin?

Plasticity and diversifying bet-hedging models seem to be

completely opposite to one another in their perception

and their response to the environment. However, our

results reveal that their respective source of epigenetic

variation acts conjointly, while at a different extents

according to environmental uncertainty. The inherent

mechanisms are not alternative to each other but comple-

mentary in producing phenotypic diversity. This also

indicates that plasticity and diversifying bet-hedging are

not mutually exclusive strategies.

Because variation in the predictability of environmental

conditions may be encountered, compromise between

plasticity and bet-hedging strategies may be optimal. Our

results indicated that even when individuals display a

consistent response to environmental signals, random

changes occurred resulting in stochastic variation around

the optimal epigenetic profile. Such a “mixed strategy”

may represent a compromise between pure strategies that

can be considered as both extremes of the response to

environmental uncertainty. For instance, it may provide a

higher survival rate than only bet-hedging if environment

changes turned to be temporarily predictable as well as a

higher survival rate than only plasticity if changes are

occasionally unpredictable. This idea of maximizing

sources of phenotypic variation has been already explore

in the conditional bet-hedging (Jablonka et al. 1995).

This concept is based on the principle that some individ-

uals of a population will modify their phenotypes accord-

ing to environmental changes, whereas the rest of the

population will retain phenotypes of the previous genera-

tion whatever the environmental conditions (Jablonka

et al. 1995).

Conclusion

This study performed in natural populations and con-

trolled conditions provides strong empirical evidence that

different sources of epigenetic variation can be conjointly

used, but at different extents to cope with environmental

uncertainty. Because both environmentally induced and

stochastic epigenetic changes may result in phenotypic

variation, they are expected to play a crucial role in plas-

ticity and bet-hedging strategies, although this remains to

be formally demonstrated for the latter strategy. This

study also highlights the importance of recognizing these

distinct sources of epigenetic variation because total varia-

tion is not sufficient to assess the capacity of a genotype

to respond to environmental changes. Therefore, we

believe this study provides a framework to further assess

the potential of organisms to respond to environmental

changes.

Acknowledgments

We are grateful to Eva Jablonka for valuable discussion

and comments on the manuscript. This research was sup-

ported by Fonds de Recherche du Qu�ebec – Nature et

Technologies (FRQNT), J-A Bombardier and �Etienne

Magnin Scholarships to C. Leung and research grants

from the Natural Sciences and Engineering Research

Council of Canada (NSERC) to B. Angers (# RGPIN/

238600-2013) and S. Breton (# RGPIN/435656-2013).

Conflict of Interest

None declared.

References

Acar, M., J. T. Mettetal, and A. van Oudenaarden. 2008.

Stochastic switching as a survival strategy in fluctuating

environments. Nat. Genet. 40:471–475.

Anderson, M. J. 2006. Distance-based tests for homogeneity of

multivariate dispersions. Biometrics 62:245–253.

Angers, B., and I. J. Schlosser. 2007. The origin of Phoxinus

eos-neogaeus unisexual hybrids. Mol. Ecol. 16:4562–4571.

Angers, B., E. Castonguay, and R. Massicotte. 2010.

Environmentally induced phenotypes and DNA methylation:

how to deal with unpredictable conditions until the next

generation and after. Mol. Ecol. 19:1283–1295.

Balaban, N. Q., J. Merrin, R. Chait, L. Kowalik, and S. Leibler.

2004. Bacterial persistence as a phenotypic switch. Science

305:1622–1625.
Bateson, P., P. Gluckman, and M. Hanson. 2014. The biology

of developmental plasticity and the Predictive Adaptive

Response hypothesis. J. Physiol. 592:2357–2368.

Becker, C., J. Hagmann, J. M€uller, D. Koenig, O. Stegle, K.

Borgwardt, et al. 2011. Spontaneous epigenetic variation

in the Arabidopsis thaliana methylome. Nature 480:245–249.
Beldade, P., A. R. A. Mateus, and R. A. Keller. 2011. Evolution

and molecular mechanisms of adaptive developmental

plasticity. Mol. Ecol. 20:1347–1363.

Benbouza, H., J.-M. Jacquemin, J.-P. Baudoin, and G. Mergeai.

2006. Optimization of a reliable, fast, cheap and sensitive silver

staining method to detect SSR markers in polyacrylamide gels.

Biotechnol. Agron. Soc. Environ. 10:77–81.
Bennett-Baker, P. E., J. Wilkowski, and D. T. Burke. 2003.

Age-associated activation of epigenetically repressed genes in

the mouse. Genetics 165:2055–2062.

Binet, M. C., and B. Angers. 2005. Genetic identification of

members of the Phoxinus eos-neogaeus hybrid complex. J.

Fish Biol. 67:1169–1177.
Bird, A. 2002. DNA methylation patterns and epigenetic

memory. Genes Dev. 16:6–21.
Bollati, V., and A. Baccarelli. 2010. Environmental epigenetics.

Heredity 105:105–112.

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 5243

C. Leung et al. Plastic and Random Epigenetic Variation



Borcard, D., P. Legendre, and P. Drapeau. 1992. Partialling

out the spatial component of ecological variation. Ecology

73:1045–1055.
Bossdorf, O., C. L. Richards, and M. Pigliucci. 2008.

Epigenetics for ecologists. Ecol. Lett. 11:106–115.
Botero, C. A., F. J. Weissing, J. Wright, and D. R. Rubenstein.

2015. Evolutionary tipping points in the capacity to adapt

to environmental change. Proc. Natl Acad. Sci. USA

112:184–189.

Casades�us, J., and D. A. Low. 2013. Programmed

heterogeneity: epigenetic mechanisms in bacteria. J. Biol.

Chem. 288:13929–13935.
Chinnusamy, V., and J.-K. Zhu. 2009. Epigenetic regulation of

stress responses in plants. Curr. Opin. Plant Biol. 12:133–139.
Cubas, P., C. Vincent, and E. Coen. 1999. An epigenetic

mutation responsible for natural variation in floral

symmetry. Nature 401:157–161.

Dawley, R. M., R. J. Schultz, and K. A. Goddard. 1987. Clonal

reproduction and polyploidy in unisexual hybrids of

Phoxinus eos and Phoxinus neogaeus (Pisces; Cyprinidae).

Copeia 1987:275–283.

DeWitt, T. J., A. Sih, and D. S. Wilson. 1998. Costs and limits

of phenotypic plasticity. Trends Ecol. Evol. 13:77–81.

Fraser, D., and M. Kærn. 2009. A chance at survival: gene

expression noise and phenotypic diversification strategies.

Mol. Microbiol. 71:1333–1340.
Furrow, R. E., and M. W. Feldman. 2014. Genetic variation

and the evolution of epigenetic regulation. Evolution

68:673–683.

Giller, P. S., and B. Malmqvist. 1998. The biology of streams

and rivers. Oxford Univ. Press, New York.

Goddard, K. A., and R. M. Dawley. 1990. Clonal inheritance of

a diploid nuclear genome by a hybrid freshwater minnow

(Phoxinus eos-neogaeus, Pisces: Cyprinidae). Evolution

44:1052–1065.

Goddard, K., O. Megwinoff, L. Wessner, and F. Giaimo. 1998.

Confirmation of gynogenesis in Phoxinus eos-neogaeus

(Pisces: Cyprinidae). J. Hered. 89:151–157.
Herman, J. J., H. G. Spencer, K. Donohue, and S. E. Sultan.

2014. How stable ‘should’ epigenetic modifications be?

Insights from adaptive plasticity and bet hedging. Evolution

68:632–643.

Jablonka, E., and G. Raz. 2009. Transgenerational epigenetic

inheritance: prevalence, mechanisms, and implications for the

study of heredity and evolution. Q. Rev. Biol. 84:131–176.
Jablonka, E., B. Oborny, I. Molnar, E. Kisdi, J. Hofbauer, and

T. Czaran. 1995. The adaptive advantage of phenotypic

memory in changing environments. Philos. Trans. R. Soc.

Lond. B Biol. Sci. 350:133–141.
Jaenisch, R., and A. Bird. 2003. Epigenetic regulation of gene

expression: how the genome integrates intrinsic and

environmental signals. Nat. Genet. 33:245–254.

Jombart, T. 2008. adegenet: a R package for the multivariate

analysis of genetic markers. Bioinformatics 24:1403–1405.

Jombart, T., and I. Ahmed. 2011. adegenet 1.3-1: new tools for

the analysis of genome-wide SNP data. Bioinformatics

27:3070–3071.

de Jong, G. 1995. Phenotypic plasticity as a product of

selection in a variable environment. Am. Nat. 145:493–512.
de Jong, I. G., P. Haccou, and O. P. Kuipers. 2011. Bet

hedging or not? A guide to proper classification of microbial

survival strategies. BioEssays 33:215–223.
Kucharski, R., J. Maleszka, S. Foret, and R. Maleszka. 2008.

Nutritional control of reproductive status in honeybees via

DNA methylation. Science 319:1827–1830.

Kussell, E., and S. Leibler. 2005. Phenotypic diversity,

population growth, and information in fluctuating

environments. Science 309:2075–2078.
Lachmann, M., and E. Jablonka. 1996. The inheritance of

phenotypes: an adaptation to fluctuating environments. J.

Theor. Biol. 181:1–9.

Legendre, P., D. Borcard, and P. R. Peres-Neto. 2005.

Analyzing beta diversity: partitioning the spatial variation of

community composition data. Ecol. Monogr. 75:435–450.
Lippman, Z. B., and D. Zamir. 2007. Heterosis: revisiting the

magic. Trends Genet. 23:60–66.
Manning, K., M. T€or, M. Poole, Y. Hong, A. J. Thompson, G. J.

King, et al. 2006. A naturally occurring epigenetic mutation

in a gene encoding an SBP-box transcription factor inhibits

tomato fruit ripening. Nat. Genet. 38:948–952.
Massicotte, R., and B. Angers. 2012. General-purpose genotype

or how epigenetics extend the flexibility of a genotype.

Genet. Res. Int. 2012:317175.

Massicotte, R., E. Whitelaw, and B. Angers. 2011. DNA

methylation: a source of random variation in natural

populations. Epigenetics 6:421–427.
Matsumoto, Y., A. Buemio, R. Chu, M. Vafaee, and D. Crews.

2013. Epigenetic control of gonadal aromatase (cyp19a1) in

temperature-dependent sex determination of red-eared slider

turtles. PLoS ONE 8:e63599.

Miura, K., M. Agetsuma, H. Kitano, A. Yoshimura, M.

Matsuoka, S. E. Jacobsen, et al. 2009. A metastable

DWARF1 epigenetic mutant affecting plant stature in rice.

Proc. Natl Acad. Sci. USA 106:11218–11223.

Morgan, H. D., H. G. Sutherland, D. I. Martin, and E.

Whitelaw. 1999. Epigenetic inheritance at the agouti locus in

the mouse. Nat. Genet. 23:314–318.
Nei, M. 1978. Estimation of average heterozygosity and genetic

distance from a small number of individuals. Genetics

89:583–590.

Oksanen, J., F.G. Blanchet, R. Kindt, P. Legendre, P.R. Minchin,

R. O’Hara, et al. 2015. vegan: community ecology package. R

package version 2.3-2. Available at http://CRAN.R-

project.org/package=vegan. (accessed 21 February 2016).

Peres-Neto, P. R., P. Legendre, S. Dray, and D. Borcard.

2006. Variation partitioning of species data matrices:

estimation and comparison of fractions. Ecology 87:2614–
2625.

5244 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Plastic and Random Epigenetic Variation C. Leung et al.

http://CRAN.R-project.org/package=vegan.
http://CRAN.R-project.org/package=vegan.


Piggot, P. 2010. Epigenetic switching: bacteria hedge bets

about staying or moving. Curr. Biol. 20:R480–R482.

Pigllucci, M. 1996. How organisms respond to environmental

changes: from phenotypes to molecules (and vice versa).

Trends Ecol. Evol. 11:168–173.
Pujadas, E., and A. P. Feinberg. 2012. Regulated noise in the

epigenetic landscape of development and disease. Cell

148:1123–1131.
Rajon, E., E. Desouhant, M. Chevalier, F. D�ebias, and F.

Menu. 2014. The evolution of bet hedging in response to

local ecological conditions. Am. Nat. 184:E1–E15.

Rakyan, V. K., M. E. Blewitt, R. Druker, J. I. Preis, and E.

Whitelaw. 2002. Metastable epialleles in mammals. Trends

Genet. 18:348–351.
Rando, O. J., and K. J. Verstrepen. 2007. Timescales of genetic

and epigenetic inheritance. Cell 128:655–668.
Rapp, R. A., and J. F. Wendel. 2005. Epigenetics and plant

evolution. New Phytol. 168:81–91.
Reed, T. E., R. S. Waples, D. E. Schindler, J. J. Hard, and

M. T. Kinnison. 2010. Phenotypic plasticity and

population viability: the importance of environmental

predictability. Proc. R. Soc. Lond. B Biol. Sci. 277:3391–
3400.

Richards, E. J. 2006. Inherited epigenetic variation – revisiting

soft inheritance. Nat. Rev. Genet. 7:395–401.

Riggs, A. D., Z. Xiong, L. Wang, and J. M. LeBon. 1998.

Methylation dynamics, epigenetic fidelity and X

chromosome structure. Pp. 214–227 in J. W. Sons, ed.

Epigenetics. Novartis Foundation Symposium, Chistester,

U.K.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular

cloning: a laboratory manual. 2nd ed. Cold Spring Harbor

Laboratory Press, New York.

Scheiner, S. M. 1993. Genetics and evolution of phenotypic

plasticity. Annu. Rev. Ecol. Syst. 24:35–68.

Scheiner, S. M. 2013. The genetics of phenotypic plasticity.

XII. Temporal and spatial heterogeneity. Ecol. Evol. 3:4596–

4609.

Scheiner, S. M. 2014. The genetics of phenotypic plasticity.

XIII. Interactions with developmental instability. Ecol. Evol.

4:1347–1360.
Scheiner, S. M., and D. Berrigan. 1998. The genetics of

phenotypic plasticity. VIII. The cost of plasticity in Daphnia

pulex. Evolution 52:368–378.

Scheiner, S. M., and R. D. Holt. 2012. The genetics of

phenotypic plasticity. X. Variation versus uncertainty. Ecol.

Evol. 2:751–767.
Schlosser, I. J., M. R. Doeringsfeld, J. F. Elder, and L. F.

Arzayus. 1998. Niche relationships of clonal and sexual fish

in a heterogeneous landscape. Ecology 79:953–968.

Schmitz, R. J., M. D. Schultz, M. G. Lewsey, R. C. O’Malley,

M. A. Urich, O. Libiger, et al. 2011. Transgenerational

epigenetic instability is a source of novel methylation

variants. Science 334:369–373.

Scott, W. B., and E. J. Crossman. 1973. Freshwater fishes of

Canada. Bull. Fish. Res. Board. Can. 184:966p.

Shiota, K., Y. Kogo, J. Ohgane, T. Imamura, A. Urano, K.

Nishino, et al. 2002. Epigenetic marks by DNA methylation

specific to stem, germ and somatic cells in mice. Genes Cells

7:961–969.
Simons, A. M. 2011. Modes of response to environmental

change and the elusive empirical evidence for bet hedging.

Proc. R. Soc. Lond. B Biol. Sci. 278:1601–1609.

Skalski, G. T., and M. J. Grose. 2006. Characterization of

microsatellite loci in the creek chub (Semotilus

atromaculatus). Mol. Ecol. Notes 6:1240–1242.
Slatkin, M. 1974. Hedging one’s evolutionary bets. Nature

250:704–705.
Starrfelt, J., and H. Kokko. 2012. Bet-hedging – a triple trade-

off between means, variances and correlations. Biol. Rev.

87:742–755.

Stearns, S. C. 1989. The evolutionary significance of

phenotypic plasticity. Bioscience 39:436–445.

Stier, A. C., S. W. Geange, K. M. Hanson, and B. M. Bolker.

2013. Predator density and timing of arrival affect reef fish

community assembly. Ecology 94:1057–1068.
Veening, J.-W., W. K. Smits, and O. P. Kuipers. 2008.

Bistability, epigenetics, and bet-hedging in bacteria. Annu.

Rev. Microbiol. 62:193–210.

Verhoeven, K. J., and V. Preite. 2014. Epigenetic variation in

asexually reproducing organisms. Evolution 68:644–655.

Vogt, G. 2015. Stochastic developmental variation, an

epigenetic source of phenotypic diversity with far-reaching

biological consequences. J. Biosci. 40:159–204.
Wetzel, R. G. 2001. Limnology: lake and river ecosystems. 3rd

ed. Academic Press, San Diego, CA.

Weyhenmeyer, G. A., P. Kortelainen, S. Sobek, R. M€uller, and

M. Rantakari. 2012. Carbon dioxide in boreal surface

waters: a comparison of lakes and streams. Ecosystems

15:1295–1307.
Wolff, G. L., R. L. Kodell, S. R. Moore, and C. A. Cooney.

1998. Maternal epigenetics and methyl supplements affect

agouti gene expression in Avy/a mice. FASEB J. 12:949–957.
Xiong, L., C. Xu, M. S. Maroof, and Q. Zhang. 1999. Patterns

of cytosine methylation in an elite rice hybrid and its

parental lines, detected by a methylation-sensitive

amplification polymorphism technique. Mol. Gen. Genet.

261:439–446.

Supporting Information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Table S1. Partition of epigenetic variation.

Table S2. Physico-chemical parameters of natural envi-

ronments.

Table S3. Genetic and epigenetic raw data.

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 5245

C. Leung et al. Plastic and Random Epigenetic Variation


